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MODIFIED GRAVITY AND COSMOLOGY

SUMMARY

Having as a starting point the problem of dark energy described before, this
thesis studies modifications of General Relativity (GR), as possible gravitational
scenarios for the early and late time Universe, motivated by both classical as well
as quantum considerations. In particular, it focuses on modifications of GR of the
type f(R) as well as the f(R,G) ones, where R and G is the Ricci scalar and
Gauss—Bonnet term respectively. On the same time, a modification of GR based
on the Renormalisation Group approach to quantum gravity is considered, as well
as its link to f(R) gravity. The main goal of the investigations carried out in this
thesis, is to understand the structure, as well as the phenomenological implications
of non-linear modifications of GR for cosmology, at both the background as well as
the linear perturbation level.

In particular, chapter 2 presents a brief introduction to the dynamics of GR in
the presence of a “dark component” at the background, as well as at the linear
perturbation level, while chapter 3 is an introduction to the fundamental proper-
ties of non-linear modifications of GR, reviewing important results of the relevant
literature.

Chapter 4 elaborates with a fundamental property of non-linear gravity models,
namely the study of different representations of vacuum actions proportional to
f(R) as well as f(G), in view of Legendre transformations, for the case of spacetime
manifolds with a boundary. As it is explicitly shown there, although the dynamical
equivalence is always true in the bulk, it is not guaranteed on the boundary of the
spacetime manifold.

On the other hand, chapter 5 focuses on understanding the role of the effect-
ive anisotropic stress present in f(R,G) gravity models, attempting to construct
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particular models of the latter type, with a vanishingly small anisotropic stress, so
as to agree with current observations. As it turns out, suppression of the effective
anisotropic stress in this class of models is very difficult, highlighting the role of
the effective anisotropic stress as a smoking gun for testing modified gravity models
with current and future observations.

Chapter 6 serves as an introduction to the idea of the Renormalisation Group
(RG) and its applications in cosmology, while chapter 7 starts from an RG improved
Einstein—Hilbert action and studies its connection with f(R) gravity, as well as its
implications for the primordial and the late time acceleration of the Universe. It is
shown that the effective f(R) model has some remarkable properties and interesting
implications for both early and late time cosmology.
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Chapter 1

Introduction

The 2011 Nobel prize in physics was awarded to Saul Perlmutter, Brian P. Schmidt
and Adam G. Riess “for the discovery of the accelerating expansion of the Universe
through observations of distant supernovae” . The path for this discovery was the
study of the luminosity distant of a set of high redshift Supernovae of Type Ia (SNIa)
Riess et al. (1998); Perlmutter et al. (1999). The latter is a rather surprising obser-
vation, as one would expect that the large matter concentrations 2 in the Universe
gravitationally attract each other, yielding a slowing down the of the Universe’s ex-
pansion. In the context of Einstein—Hilbert gravity, such an accelerated expansion
could be achieved with the introduction of a new component in the equations, with
a rather special property: it should have a negative pressure, so that it counteracts
the gravitational force between the pressureless matter in the Universe, producing
this way an “antigravity” effect leading to the observed accelerated expansion of the
Universe. This mysterious yet component was termed as “dark energy”.

What makes supernovae special is the fact that they can be assumed as “stand-
ardisable candles”, in the sense that their absolute magnitude can be correlated with
their light curve, with brighter supernovae yielding broader light curves Hamuy et al.
(1996) and Amendola and Tsujikawa (2010) and references therein. This allows for
an efficient measurement of their luminosity distance, which in turn depends on the
energy—momentum content of the Universe. By studying a set of both high-redshift
as well as low redshift SN Ia data, Riess et al. (1998) showed that the dark energy

Thttp://www.nobelprize.org/nobel_prizes/physics/laureates/2011/
2With “large matter concentrations” here we mean clusters and superclusters of galaxies, as
the acceleration of the Universe is observable only at large scales.
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component has the form of a cosmological constant A at the 99% confidence level.
A positive cosmological constant, as we will describe also later on, is able to produce
negative pressure, while its density pa, which is constant at all times, is related to
the pressure as py = —pa. The old cosmological paradigm, the so—called Cold Dark
Matter (CDM) model, where the only components in the Universe were baryons,
radiation (including relativistic particle species), and the as yet undiscovered pres-
sureless dark matter, had to be extended to account for the mysterious dark energy.
In the presence of a cosmological constant, the old CDM paradigm was extended to

the so—called ACDM .

On the same time, the supernovae data were not the only observations indic-
ating the need for dark energy. Independent observations regarding the age of the
Universe, the large scale structure of the Universe, as well as observations of the
Cosmic Microwave Background (CMB) were leading towards the presence of a dark
energy component of the Universe, which is very close to a cosmological constant A,

i.e with an equation of state ppg >~ —ppE.

It is obvious that the age of the Universe should be larger than the age of any
galaxy or star. However, without the assumption of the dark energy, estimating the
age of Milky Way’s globular clusters Carretta et al. (2000); Jimenez et al. (1996);
Hansen et al. (2002) showed that there was a contradiction with the estimated age
of the Universe; while the latter was estimated to be about 10 Gyr, globular clusters
seemed to be older than 11Gyr. This crucial contradiction was resolved by the
assumption of dark energy, since as it turns out, the age of the Universe becomes

larger in the presence of a dark energy component.

On the other hand, the power spectrum of the CMB is also dependent on the
energy-momentum content of the Universe, and it provides with another independent
test of the existence of dark energy. In particular, the observed position of the
acoustic peaks, as well as the integrated Sachs—Wolfe (ISW) effect in the CMB
power spectrum, require dark energy in the form very close to the cosmological

constant.

Finally, observational evidence for dark energy comes from the large scale struc-
ture of the Universe, in particular the clustering of galaxies. The quantity describing

the strength of clustering is the matter power spectrum, and depends on the scale, i.e
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the wave number k in Fourier space. A key point here is that the scale corresponding
to the peak of the matter power spectrum is related to the wave number that entered
the cosmological (“Hubble”) horizon at the particular time of the Universe evolu-
tion, when the matter and radiation energy densities where equal. What is more,
the wave number at matter-radiation equality depends on the relative fraction of the
pressureless matter in the Universe today, QEB), in particular, decreases (increases)
with decreasing (increasing) QY. Since by definition the sum of all the particular
fractions corresponding to the different constituents of the Universe should equal
one, the presence of dark energy affects the matter fraction QES), and in turn the
position of the peak in the matter power spectrum, making the latter another test of
dark energy. For a study of the matter power spectrum from Luminous Red Galaxies

(LRG), as well as main galaxy data from the SDSS see for example Tegmark et al.
(2006).

Above three observational tests provide with independent evidence for the exist-
ence of an extra ingredient of the Universe, with the main property an antigravity
effect (negative pressure) at large scales, causing distant galaxies to recede away from
each other in an accelerating way. What is more, observations indicate that the dark
energy accounts for about the 71% of the total energy density of the Universe. As
for the remaining components, about 25% consists of the pressureless dark matter,
while a 4% of baryons, and a 0.005% corresponds to the observed CMB (black body)

radiation.

In order to get an idea about the nature of the problem of dark energy, as well
as the different resolutions suggested, one has to introduce the basic concepts of
Einstein’s General Relativity (GR), which is the fundamental framework for under-
standing the evolution of the Universe from the very early times of its evolution
up to now. For review works on the dark energy and the cosmological problem the
reader can refer to Copeland et al. (2006a); Peebles and Ratra (2003a); Frieman
et al. (2008); Perivolaropoulos (2006); Padmanabhan (2006); Durrer and Maartens
(2008); Sapone (2010); Padmanabhan (2003); Sahni (2002).
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1.1 General Relativity and alternatives

General Relativity (GR) is a theory for gravity. Its fundamental principle is the
Einstein Equivalence Principle (EPP), which in fact is the foundation of all metric
theories of gravity, not only of GR Will (1981). 3 The EPP is an extension of
the Weak Equivalence Principle (WEP), the latter stating that: If an uncharged
test body is placed at an initial event in spacetime and given an initial velocity
there, then its subsequent trajectory will be independent of its inertial structure and
composition Will (1981). The latter statement describes in a more formal language
the Newtonian Equivalence Principle that the gravitational mass equals the inertial
mass, i.e all masses fall in a gravitational field in the same way.

The great importance of the Einstein Equivalence Principle is that it generalises
the Weak one to include all laws of physics, like for example the laws of electro-
dynamics. In particular, the EEP assumes the WEP to be valid and further states
that any local nongravitational test experiment is independent of the velocity of the
freely falling laboratory, as well as from the particular point and time in the Universe,
the experiment is carried out. Independence of experiment of the particular space-
time point translates to general covariance, which forces the equations of motion to
be of tensorial character.

Following the argument in Will (1981), if a gravitational theory satisfies the EEP
it should also satisfy the three postulates of metric theories of gravity: Spacetime is
equipped with a metric g,,, test particles follow the geodesics * of the metric g,
and that in local freely falling frames (local Lorentz frames), Special Relativity is
the description of the nongravitational laws of physics. For the explicit argument
supporting the latter statement, as well as its implications and experimental evidence
the reader is referred to Will (1981); Ortin (2004). Here we will only use above
postulates as our starting point to discuss the action and equations of motion of
General Relativity.

Einstein’s fundamental idea to arrive at General Relativity, was to relate the
effects of a gravitational field, with the curvature of spacetime. What is more,

the principle of general covariance implies that the equations should be relations

3In the following discussion we shall be closely following C. M. Will’s book Will (1981).
4A geodesic is the curved space analogue of a straight line on the plane.
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between tensors. In this description, spacetime is modeled as a Riemanian manifold.
A Riemanian manifold is a differentiable manifold equipped with a metric (for a
description of these notions and their connection with General Relativity please see
for example Wald (1984); Schutz (2009); Hawking and Ellis (1974)). The significance
of the metric is that it allows to measure lengths of curves on the spacetime manifold

through,
ds? = gagda™da’ = Z Z Japdrda’. (1.1)
a B

The metric is associated with a covariant derivative V., used to parallel transport

vectors along the spacetime manifold, and when applied on a tensor 7% yields
VT = 9,7 + 0 TH 4+ T8 T, (1.2)

where I is the connection or Christoffel symbol defined in (1.4). A straightforward
generalisation of above formula to tensors with more than two indices (see for ex-
ample Wald (1984)). Above, and for the rest of this thesis, unless otherwise stated,

repeated indices will imply summation, i.e

ABY = AB° + ... + A, B". (1.3)

The object Ffw introduced in the expression for the covariant derivative above,

is the Christoffel symbol or the connection defined as

« 1 (67
Fuu = 59 g (98w + 9o — Guw,8) » (1.4)
and is symmetric with respect to its lower indices, i.e I}, = IJ . The latter

symmetry is true only when the derivative operator V, is torsion free, i.e when

V.V.f =V,V,, with f any scalar function.

An important property of the metric is that it satisfies the so—called compatibility
condition,

Vg = 0. (1.5)

We can use the covariant derivative in order to parallel transport a vector V*

along a closed loop, in order to describe the intrinsic curvature of the manifold,



through the Riemann tensor R¥,,z5 as
[V, VeV, = Vo VeV, — VsV V7 = Rop, Vs, (1.6)
with the Riemann curvature tensor defined as
Ry = D5y — U5 + 10,135 — Tosl G, (1.7)

The Riemann tensor satisfies the following (anti) symmetry relations under com-

mutation of its indices
Ry = —Rg%5 = —R%gsy = Rg%s. (1.8)

We can also define the Ricci tensor and Ricci scalar through contractions of

R% s with the metric field as

Ros = " Ruavp: (1.9)

R= gaﬂRaﬁ. (110)

Equipped with a Riemannian manifold, as well as with the underlying principle
of GR, that the gravitational field of matter fields expresses itself as spacetime

curvature, Einstein introduced the following set of equations
Gap + Ngop = 881G Ty, (1.11)

with Gag = Rag — 39apR known as the Einstein tensor, and T,z is the energy—
momentum tensor associated with any matter fields present. A is the cosmological
constant to which we shall come back in a while. Notice that because of the index
symmetry of the metric both Gs and 1,5 are symmetric tensors.

Equations (1.11) are the fundamental field equations of GR. They describe the
way curvature (1.h.s) reacts to matter (r.h.s), and vice verse. With “matter” here
is meant any sort of matter, e.g baryonic, relativistic or dark energy as well, as we

will see later on.

By virtue of the Bianchi identities the covariant derivative of the Lh.s of (1.11)
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is identically zero, implying energy—-momentum conservation of the r.h.s. What
is more, the tensorial nature of the equation makes its form independent of the
coordinate system. For details on its derivation and its significance, along with
historical remarks we refer to Schutz (2009).

The field equations (1.11) can be formally derived through a variational principle,
from the Einstein—Hilbert action (see for example Carroll (2003)),

R —2A
167G

5 = s[g] = / Ioy/ =g T Sulg ), (1.12)

with R being the Ricci scalar, G and A Newton’s and cosmological constant re-
spectively, and Sy, denoting collectively the part of the action corresponding to any
matter field content.

Notice that integration in the action integral is assumed along the spacetime
manifold. A consistent initial value formulation of GR for a manifold with a bound-
ary requires the introduction of the so—called Gibbons—Hawking terms in the action
Gibbons and Hawking (1977). We leave this issue until chapter 4.

Let us get back to the problem of dark energy. As was mentioned also before,
observations indicate that there should be an extra “matter” component in the
Universe, with the peculiar property of having a negative pressure. In view of the
Einstein field equations (1.11), the problem accounts in a missing component in
the equations that could account for dark energy (let us assume for a moment that
A = 0 in the equations). There are two paths that have been suggested here: Either
to modify the 1.h.s or the r.h.s of the equations respectively. In the first case, we are
dealing with a modification of gravity, while on the second case with the addition
of an extra energy—momentum component with the desired properties. However,
such a distinction is only a formal one, as one can always move any term from the
l.h.s to the r.h.s of the equations, interpreting it as some sort of an effective energy
momentum tensor. The equations of motion themselves are not able to make such
a distinction.

The simplest scenario for dark energy is that of a cosmological constant A in
equations (1.11). A cosmological constant has a constant energy density pya., where
“vac” stands for “vacuum”. On the one hand, it can be thought as a purely classical

term allowed by the symmetries of GR, on the other hand, from a quantum mech-
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anical point of view, it should receive contributions from the zero-point fluctuations
of the different fields present in the Universe. In the latter case, the cosmological
constant represents the vacuum energy associated with the zero point fluctuations
of some fields, naturally those being the fundamental fields of the Standard Model
of Particle Physics. However, this assumption leads to a much larger value for the
cosmological constant than the one observed, which is also known as the problem of

magnitude.

To be more precise, all fields present in a our description of the Universe, should
fluctuate around their vacuum expectation value, first predicted by Casimir Casimir
(1948). The fluctuations are associated with a particular amount of energy, which
is expected to contribute to the Einstein equations in the semiclassical limit as the

expectation value of an energy-momentum tensor on the r.h.s, i.e

chﬂ = 87TG<T00>V3,C7 (113)
with
Ac
< TOO >vac™ V k24 ka’Qdk. (114)

0
Above integral sums up the zero point energy of some field with mass m, up to the
cut—off energy scale A.. The latter has to be introduced, otherwise the integral will
yield an infinite result, which would not make sense physically. In fact, the cut—
off dependent, bare zero point energy (1.14) does not correspond to the observed,
renormalised one. The latter should be given as the sum of the bare and suitable
counter terms. For the expectation value < Ty >yac, it can be seen that it diverges
as the fourth power of the cut—off, i.e ~ Al. By assuming a Planck scale cutoff, this
yields < Thy >vac™ myuc®/h? ~ 107°GeV? 5. However, the observed value for the
cosmological constant is ~ 1074"GeV*, which is 123 orders of magnitude smaller
than the bare one. Therefore, the counter terms to be added to the bare energy to
yield the renormalised one, should be such that they cancel the very high value of
the bare part, which requires an extreme fine tuning. This is the magnitude problem

associated with the cosmological constant.

Notice that the discrepancy between the bare and the observed vacuum energy

5Notice that here we recover the speed of light ¢, which we had set equal to one.
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can be made smaller by choosing the cut—off at a lower scale, like the QCD scale,
but even there the difference between the bare and the observed value can be found
to be unacceptably large (~ 40 orders of magnitude, since Agep ~ 1073GeV?).

The second problem associated with the cosmological constant is the so—called
coincidence problem, which is related to the fact that the present value of the cosmo-
logical constant is of the same order of magnitude. In principle, this is a surprising
observation, as a priori one would have not expected these two numbers to be re-
lated in such a way, also implying that we are living in a very special time of the
Universe evolution. ¢ For interesting reviews on these issues the reader is referred
to Sahni (2002); Peebles and Ratra (2003b); Padmanabhan (2003); Copeland et al.
(2006b), as well as Hollenstein et al. (2012) for a recent and interesting discussion
on the renormalisation of zero point fluctuations.

Above two problems associated with the ACDM model, together with motivation
coming from particle physics, has lead cosmologists to study alternative scenarios
to describe the late time acceleration of the Universe. Many alternatives have been
suggested in the literature, which can be broadly divided in two main categories:
models that modify the r.h.s (energy-momentum part) of the Einstein equations,
and those that modify the L.h.s (gravitational part) of the equations respectively.

Typical examples of the first category are minimally coupled to gravity scalar
field models with either canonical (quintessence) Ratra and Peebles (1988) or non-
canonical (k-essence) Chiba et al. (2000); Armendariz-Picon et al. (2000) kinetic
terms. When non-minimally coupled to gravity, above models do not exhibit any im-
perfections at the linear level, like anisotropic stress or momentum flux (see chapter
2 for a definition of these terms.) Although, the positioning of a particular contri-
bution on either side of the Einstein equations is a matter of convention, we classify
these models as a modification of the r.h.s of the field equations in the sense that
their interaction with gravity is minimal, i.e they do not “mix” with gravity in any
non—trivial way as the models described below.

On the other hand, models where the modification of the equations has a purely
gravitational origin (or more formally speaking, those that modify the Lh.s of the

equations) include non-linear modifications of GR like f(R) or f(R,G) gravity mod-

SFor an interesting discussion about other problems related to the ACDM model see Perivolaro-
poulos (2011, 2008).
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els, where (G is the Gauss—Bonnet term, or scalar—tensor theories Brans and Dicke
(1961); Bergmann (1968); Wagoner (1970); Nordtvedt (1970); Amendola (1999);
Uzan (1999); Chiba (1999); Bartolo and Pietroni (1999); Perrotta et al. (1999); Fujii
and Maeda (2003); Charmousis et al. (2012) the most well known probably being
the Brans—Dicke gravity Brans and Dicke (1961) (For a review on f(R) gravity see
Sotiriou and Faraoni (2010); De Felice and Tsujikawa (2010), while for more general
models Nojiri and Odintsov (2006a); Durrer and Maartens (2008); Capozziello and
Francaviglia (2008); Clifton et al. (2012) and references therein). Non-linear modi-
fications of gravity modify the GR action to include non-linear curvature terms,
yielding equations of motion of fourth—order for the metric field, while scalar-tensor
theories introduce a non—minimal coupling between the scalar field and curvature
in the action. The non—minimal coupling to gravity is the cause of the appearance
of imperfections at the linear level, like anisotropic stress, in contrast for example
to quintessence or k—essence models. A description of the fundamental properties
and dynamics of these models, as well as of some more general ones, can be found

in chapter 3.

We stress that at the classical level there is a link between non—linear modifica-
tions of gravity and scalar—tensor theories, as the two classes of theories are formally
related via a Legendre transformation through the introduction of auxiliary fields.

We will explicitly discuss this issue in chapter 4.

Furthermore, there are models which combine both of the above formal classes,
in the sense that although they possess non-minimal couplings between a scalar
field and curvature, their non—minimal coupling to curvature cannot be eliminated
through an appropriate transformation like for example in f(R) gravity. Examples
of such theories are general scalar—tensor theories described by the Horndenski lag-
rangian Horndeski (1974), as well as kinetic gravity braidings Pujolas et al. (2011);
Deffayet et al. (2010) and galileon models Deffayet et al. (2009a,b); Silva and Koy-
ama (2009).

Another class of modifications of gravity include higher-dimensional models, like
for example braneworld models, a characteristic example being the DGP one, ac-
cording to which, our Universe is confined on a 4-dimensional (341) surface (brane),

embedded in a 5-dimensional bulk space. Standard model particles are restricted
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on the brane, but gravity is allowed to propagate in the bulk space. For reviews
on braneworld cosmology see for example March-Russell (2000); Langlois (2002);
Wands (2002); Brax et al. (2004); Maartens and Koyama (2010) and references
therein.

A very interesting approach to the dark energy problem has been suggested in
the context of the Renormalisation Group (RG) cosmology, where the cosmological
constant is promoted to a dynamical variable running with cosmic time. As it turns
out, this scenario can successfully account for dark energy, and will be explicitly
studied in chapters 6 and 7. This approach shares many common features with
Brans-Dicke and f(R) theories, as we will discuss in chapters 6 and 7.

Let us close this section by referring the interested reader for more details on
the theory of General Relativity and its applications in cosmology to the following
textbooks Misner et al. (1973); Wald (1984); Carroll (2003); Hawking and Ellis
(1974); Will (1981). What is more, studies of the theoretical and observational
foundations of modern cosmology can be found in Dodelson (2003); Liddle (1999);
Peebles (1993); Peacock (1999); Amendola and Tsujikawa (2010); Mukhanov (2005).

1.2 Notation and conventions

Unless otherwise stated, we will work in units where ¢ = h = 1. We will also use
the metric signature (— + ++). We shall denote both Newton’s constant and the
Gauss—Bonnet term with “G”, and the distinction will be made explicit wherever
there is a danger of confusion. Newton’s G is related to the Planck mass as m, =
G~1/2 =1.2211 x 10" GeV.

Whenever no particular reference is made about the values of indices, those are
assumed to represent abstract tensor ones. We also adopt the Einstein convention

for indices, i.e repeated indices will imply summation, unless otherwise stated.
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Chapter 2

Theory of cosmological

perturbations

In this chapter we will introduce the basic background equations of GR in a Friedmann—
Lemaitre-Robertson-Walker (FLRW) background, as well as review the theory of
(scalar) linear perturbation equations in a component language, that will be helpful

for the analysis in some of the next chapters.

The importance of perturbation theory in a cosmological context lies in the fact
that it allows us to understand how small inhomogeneities in the matter distribution
collapse to form the bound structures as we observe them in the Universe: stars,
galaxies, clusters of galaxies, and so on. At the scales of cosmological interest,
k/H > 1, where k is the wave number associated with some typical cosmological
scale, the perturbations are well described by the linear approximation, that is
ignoring terms of second and higher order in the perturbative expansion of the fields

involved.

In principle, the metric field carries tensor, vector and scalar modes. However,
in the study of cosmological perturbation theory, only tensor and scalar modes are
of interest, since vector modes decay very quickly, unless there are active sources
such as defects or primordial magnetic fields. On the other hand, tensor fluctuations
in a cosmological context are predicted by the theory of cosmological (primordial)
inflation, with their production occurring in the very early Universe, for this reason
also called “primordial gravitational waves” (for details see for example Lyth and

Liddle (2009)). Their detection poses a big challenge for observational cosmology,
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and there are prospects of being detected with future experiments Krauss et al.
(2010).

The scalar modes are of the greatest interest for late time cosmology, since they
are responsible for the formation of bound gravitational structures, i.e their role
is to act as a source for the gravitational force that makes matter inhomogeneities
collapse. On the same time, as said before, we will be interested in first (linear)
order terms in the perturbative expansion. This is justified by the fact that, at
large scales in the Universe, gravitational (or matter) fluctuations are assumed to

be small, at least small enough to be consistently described at first order.

2.1 Background equations

The action of General Relativity (GR) in the presence of (any sort of) matter fluids
is described by

1
S = E /d4l'\/ —gR—l— Sm + Sb + Sx, (21)

where R is the Ricci scalar and g denotes the determinant of the background metric
field, g = det gop. Sm and Sy, respectively stand for the part of the action describing
dark and baryonic matter respectively. The usual approach is to describe both as
perfect fluids with zero pressure.

On the other hand, Sx denotes the dark component which also takes into account
a possible modification of GR. In the latter case, it will be a function of the metric
and its derivatives, and at the level of the equations of motion it can be thought as

contributing an effective energy—momentum tensor on the r.h.s of the equations.

Variation of above action with respect to the metric,

55
=0, 2.2
Som (2.2)

gives rise to the background equations of motion

1 K2
G, =R/ = 59" R = o (Tw)"s + T + Teo™) (2:3)

which we call the Finstein equations.
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The Einstein equations satisfy the Bianchi identities,
V,.G" =0=V, (Tw)"s + Twm)"s + Tx)") (2.4)

which come as a result of the gauge invariance of the theory, i.e they are gauge
identities due to the diffeomorphism invariance of GR. Since the l.h.s is identically
zero, the r.h.s should be as well, leading to a set of conservation equations for the
(effective) matter fields. Below we will evaluate the latter for an energy—momentum

tensor described by a perfect fluid.

Cosmological observations show that our Universe is to very high accuracy iso-
tropic and homogeneous. The line element satisfying these requirement is described
by the four-dimensional homogeneous and isotropic spacetime, called Friedmann—

Lemaitre-Robertson-Walker (FLRW) spacetime
ds® = g datde” = —dt* + a*(t)dz'dx’, (2.5)

where ¢ is cosmic time and repeated indices imply summation. We have set the
spatial curvature equal to zero, as this is the case that we will consider throughout
this thesis. In fact, there is good observational evidence that the Universe is flat to

high accuracy coming from the CMB Komatsu et al. (2011).

We can also define the metric element in terms if conformal time defined as

n= /a‘l(t)dt. (2.6)

In the following we might use one or the other definition of the time variable, and

that will be made clear in the text.

In the homogeneous and isotropic background described by the FLRW metric,
either baryonic or dark matter are modeled as perfect fluids. The energy-momentum
tensor for a perfect fluid with energy density p = p(t), pressure p = p(t) and 4-
velocity u* reads as

™, = (/) + p)uﬂuv + o, p. (2'7)

In comoving coordinates, the the 4-velocity of the fluid is u* = (—1,0,0,0) and
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satisfies the timelike normalisation relation

utuy, = gputun” = —1. (2.8)

The FEinstein equations according to the FLRW metric, give rise to the so called

Friedmann, acceleration equation respectively,

2

K
H? = ? (pb + Pm + T(X)Oo) , (29)
3H2 —f- 2H = —HJQ (wbpb —|— Wm Pm —|— T(X)jj) . (210)

The r.h.s of the Einstein equations has to be covariantly conserved as well,
VMT(X)”V + T(m)‘uy =0, (2.11)

where we neglected the baryons’ energy—momentum tensor for simplicity. Above

equation allows for a general coupling between dark energy and dark matter as

V,U,T(X)HV = C(t), (2.12)
V“T(m)uy = —C(t), (2.13)

and when evaluated on an FLRW background they give

fm + 3H(L + wa)pm = —C(8), (2.15)

with no summation implied in T(jx) ; and a dot denoting differentiation with respect
to cosmic time. The coupling C(t) takes into account a possible interaction between

dark matter (or baryons) and dark energy.

H = H(t) is the Hubble parameter defined as

@, (2.16)

HO =105
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and the barotropic index w; with i = X, m, b, is defined as

(2.17)

In principle, w; will be a function of time. Baryonic and dark matter are usually
considered to be pressure less, i.e w, = w, = 0. We can also define the Hubble

parameter with respect to conformal time as

Hin) = ﬁ = H(t)alt). (2.18)

The background behavior of a given cosmological model is completely described

by two functions, which could for example be the Hubble parameter H = H(t), and
the barotropic index w; = w;(t). H = H(t) is determined through the Friedman
equation. On the other hand, knowledge of w; and H(t) allows to solve for the matter
density evolution. Mathematically speaking, we have two (first order) equations with

two unknown variables.

2.2 Linear perturbations and the choice of gauge

In this section we will describe the formalism needed to describe departures from the
smooth, homogeneous and isotropic Universe described in the previous section. More
precisely, we will consider small, linear fluctuations around the FLRW background
for both gravitational and matter degrees of freedom. As dictated by the Einstein
equations, a fluctuation in the Lh.s of the equation will source a fluctuation in the
r.h.s and vice versa. This analysis is essential to understand how the primordial,
quantum fluctuations generated at the end of inflation in the very early Universe,
are amplified to form the bound gravitational structures observed in the late time
Universe.

Small inhomogeneities in an expanding Universe collapse gravitationally to form
galaxies, clusters of galaxies and so on. According to the theory of inflation, small de-
partures from the smooth cosmological background are generated through quantum
fluctuations of the inflaton field, which are then amplified and finally become clas-

sical Lyth and Liddle (2009). Their treatment as linear perturbations holds as long
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as the fluctuations remain small, otherwise the validity of the linear approximation
fails.

What is more, different models of dark energy which are degenerate at the back-
ground, can give different predictions at the perturbation level. Therefore, cos-
mological observables related to perturbation variables are extremely important in
making predictions about the dark fluid. For example, two very important observ-
ables at this level is the matter power spectrum and the weak lensing potential.
The first describes how much (dark) matter clusters or in other words how densely
matter is distributed in space, while the second one is the gravitational potential
that forces light from distant galaxies to bend along the line of sight.

For an explicit presentation of the theory of cosmological perturbations in both

GR and non-linear gravity models, the reader is referred to Ma and Bertschinger

(1994); Mukhanov et al. (1992); Hwang and Noh (2005).

2.2.1 Perturbed field equations

In this section, we move from cosmic time ¢, to conformal time 7,
ds® = dt* — a*(t)yijda'da? = a®(7)(d7? — 7;da’da?). (2.19)

For the shake of simplicity, and unless otherwise stated, we will also denote the total
energy-momentum tensor as T*,, without referring to its particular constituents.
We want to consider small fluctuations around FLRW spacetime in the Einstein

equations (2.3), sourced through the field fluctuations as

Guw = Guw + 0Gu, pi — pi + 0p;. (2.20)

Notice that similar relations will hold for any other field variable present in the field
equations. In the above notation, the dark component is included in p;.

The perturbed Einstein equations then read as
G", +6G*, = K* (T", + 0T",) , (2.21)

and assuming the background equations hold, i.e G*, = k*T*, we arrive at the
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linear perturbation equation

SGH, = K*0T",. (2.22)

Above equation tells us that a fluctuation in the gravitational part of the Einstein
equation will generate a fluctuation in the matter part and vice versa, which is
the key idea of gravitational instability. In order to make use of it, we have to
express both sides in terms of the fields fluctuations. We shall begin with the
Einstein tensor perturbation, and later on we will also discuss the explicit form of

the energy—momentum tensor perturbation. The perturbed Einstein tensor reads as
1
0G", =0R", — 56“,,5]%, (2.23)

with ¢#, the Kronecker delta, which should not be confused with the variation
symbol. The Ricci tensor and scalar variations have to be calculated by varying
their explicit expressions in terms if the connection. For example, for the variation

of the Ricci scalar one finds,
IR=0 (gaﬁRaﬁ) = 5gaﬂRa3 + gO‘B(SRa@, (2.24)

which assumes knowledge of 0R,5. Of course, given the metric fluctuation, the first

quantity that has to be calculated is the fluctuation of the connection given by

« 1 ak 1 ak
0T, = 509" (20x(37) = G31) + 59° (2095, — 99375 (2.25)

with (A, B) = %(AB + BA).

Having in hand all the expressions for the perturbed curvature tensors, the next
step is to choose an explicit expression for the metric fluctuation dg,,. The metric,
being a rank two tensor field, carries in total 10 degrees of freedom, and one can
write down a general decomposition consisting of scalar, vector and tensor modes

respectively. The general decomposition of the metric perturbation reads as

8gu = a*(n) ) (2.26)

Y and ¢ are spatial scalars, w; is a 3-vector and h;; is a traceless spatial rank two
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tensor field, i.e §7h;; = 0.
We can further decompose the components of the perturbed metric element

(2.26). The vector part w; can be decomposed into longitudinal (curl free) and

transverse (divergence free) component as
w; = wl' +wit = Viw + wi = w,; + wi, (2.27)

since the longitudinal part, being curl free, i.e V x wl' = 0, can be expressed as the
gradient of a scalar function.!The vector part satisfies V - w;- = 0.

In a similar fashion, the tensor part of (2.26) can be expressed in terms of pure
scalar, vector and tensor part respectively as

hij = hi; + hi + b7, (2.28)

YR

with 7" standing for transverse. hi|j and hj; can be further decomposed into scalar

and vector parts while hg;- is pure transverse and cannot be decomposed any further.

We have

1
1
hij = 5 (hig + hya), (2.30)

with h and h; denoting the pure scalar and vector parts respectively, and 9* =

§0;0;. The following relations hold for the different components

52'th|], =0, (2.31)
§h;; =0, (2.32)
§7h =0, 6%h, =0. (2.33)

Therefore, the scalar part h‘z‘] is symmetric and traceless, the vector hfj is symmetric
and traceless, and hiTj is symmetric, transverse and traceless.
We can sum up all the different modes included in the perturbed element dg,,,:

There are four scalars (¢, ¢, w, h), two vectors (w;, h;) and a tensor part hg Re-

IThe comma here denotes partial derivative, i.e ,; = 0;.
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member that the total degrees of freedom of the metric field add up to ten. Among
these the four scalars contribute four, the 2 vectors are subject to two constraints
and contribute two, and the tensor mode satisfies 4 constraints and contributes two
degrees of freedom respectively. Adding up, the sum gives ten, as it should. Not
all of the ten degrees of freedom are physically relevant, and in order to calculate
physically meaningful quantities one has to choose a gauge, a procedure that will
describe in the following. All we can say for now is that, choosing a gauge artifact
degrees of freedom are removed from the calculation of observables.

An important point is that at the linear perturbation level, which we are in-
terested in, the different modes, scalar, vector and tensor ones, propagate inde-
pendently, i.e there is no mixing between different modes. At the linear level, each
mode sources a different part of the perturbed energy-momentum tensor (r.h.s of
the Einstein equations) and vice versa. As mentioned also before the scalar modes
are responsible for gravitational collapse. They source perturbations in the energy
density, pressure and scalar part of the velocity of the energy-momentum tensor
on r.h.s. On the other hand, vector modes source rotational velocity perturbations
and since they decay in time, they are not of cosmological interest. Finally, tensor
modes represent gravitational waves, and in a cosmological context are suspected
to be generated at the end of the inflationary era (primordial gravitational waves),

and could be potentially observable in CMB.

2.2.2 Perturbed energy-momentum tensor

We saw in the previous section how to express the perturbed L.h.s of the Einstein
equation. In this section we will present how the r.h.s should be perturbed, which
corresponds to perturbations in the energy-momentum tensor of the fluid(s).

We will restrict ourselves to the case of the energy-momentum tensor of a perfect
fluid which is the most common case in cosmology, at least concerning baryonic and
dark matter fluids. The case of perturbations in a general energy-momentum tensor
will be described in a following chapter, where we will discuss perturbations for a
general dark fluid. Notice also that in the case that the energy-momentum tensor
T (x)s is of geometrical origin, in that case its explicit perturbed form is derived in

the same way as the Lh.s of the Einstein equations. (Remember that by moving an
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energy momentum tensor of purely gravitational origin to the r.h.s is just a matter of
taste, so that we can view the equation as GR on the 1.h.s sourced by some effective

“fuid” on the r.h.s.)

For a general fluid, the energy momentum-tensor has the form
T = (p+ p)uug + pd*, + (2q@us) + 0ap), (2.34)

with p the energy density, p the pressure, u® the fluid rest frame velocity, g, the
momentum flux and o, the anisotropic shear. For a perfect fluid, ¢, = g,3 = 0.
Also notice that even for an imperfect fluid, ¢, and o,5 will be zero at the FLRW
background, but not at the perturbation level. The fluid velocity is a timelike vector

satisfying u®u, = —1, and at the FLRW background takes the form

"y = ﬁ(—m, 0,0). (2.35)

Perturbing the energy-momentum tensor we have that

6T = (dp + dp)u“ug + (0p + 0p) (duug + u*oug) 4 dpd*,, (2.36)

= p [0(1 4+ )uus + (1 + w)(6uug + u*dug) + 266, ] , (2.37)

where the sound speed, relating the pressure with the energy perturbation, is defined

as

® N

(2.38)

Il
gls

At the linear level, knowledge of the sound speed is essential as it closes the system
of equations, by relating the energy with pressure perturbations, in a similar way
the barotropic index does for pressure and energy at the background. In particular,
for the case of a barotropic fluid where p = p(p) the sound speed becomes ¢? =

dp/dp = p(p)/p. However, in general pressure depends on entropy too, so

Sp(p,s) Op  Opds _ , ,
op - dp + 0s Op = Cs(a) + Cs(na)» (2.39)

Cc

2
s

with cﬁ(a) the adiabatic and cz(na) the non-adiabatic part of the sound speed. Obvi-

ously, for a barotropic fluid, it is ci(na) = 0.
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The sound speed is associated with a characteristic length, the Jeans length A,

which is defined as Padmanabhan (1993)

with ¢ is the sound speed of the collapsing component under study, and p the energy
density of the dominant component in the case of a multicomponent Universe. At
a given time, the growth of modes smaller than the Jeans length, A < A; will be
suppressed, while the opposite will be true for modes outside the Jeans length. In
the latter case, pressure support of the matter density cannot counterbalance the
gravitational attraction and the small inhomogeneity collapses under gravity, as the
timescale for gravitational collapse tgray ~ (Gpm)_l/ ? is smaller than the one need

for pressure re adjustment #pess ~ A/Cs.

In fact, in a multicomponent Universe, gravitational collapse of the perturbed
species can be prevented even for modes outside the Jeans, when the background
expansion is fast enough to prevent collapse. In that case, the expansion timescale
1/

texp ~ (G Pdominant) ? is smaller than the timescale for gravitational collapse tgray ~

(Gpm)_l/ ?_In such situation it is texp < tgrav < lpressure Padmanabhan (1993),

_ _ A
(Gpdominant) 1/2 < (G,Om) 1/2 < —. (241)

]

For a detailed presentation of above issue the reader is referred to the textbook

Padmanabhan (1993).

Let us now elaborate with perturbing the energy momentum tensor, which we
assume to have a perfect fluid form. Considering only scalar perturbations, the

components of the perturbed energy-momentum tensor are

6T = —6p, (2.42)
6T = —6T" = (1 4+ w)pu;, (2.43)

§T'; = c25pd';. (2.44)
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For the 4-velocity perturbation u® — u® + du® we have,

1
u = _(1_\I]7Ui>7 ua:a(_(1+‘;[]);vi_wi>, (245)

a

with a = a(n) and v* = dz'/dn = au® is the matter, coordinate peculiar velocity.
Notice that the timelike normalisation is preserved.

The set of the perturbed Einstein equations (2.21) is supplemented with the per-
turbation of the conservation equations for the fluid(s) energy-momentum tensor(s)

on the r.h.s. of the equations. This leads to

§(VaT%) =0=06 (T — D517 + T5T7) (2.46)

~ 06T + T6T + T6T, (2.47)

with the last line being a schematic representation of the kind of terms one finds
after evaluation of the variation on the first line. We will derive explicit expressions

for above equation considering particular cases for fluids in the following.

2.2.3 Choice of gauge

As mentioned before, there is gauge freedom in the perturbed, gravitational field
equations. In the context of perturbation theory in gravity, the gauge freedom lies
in the different ways one can move from the unperturbed (background) manifold to

4

the perturbed one. The latter corresponds to the “real”; observed Universe.

Let us look at this issue a bit more closely. Let us recall the notion of a gauge
transformation. The gauge transformation of some field variable, is the change in
that variable induced by an infinitesimal diffeomorphism, generated by a vector
field €~. (The change in the field induced by such transformation defines the Lie
derivative.) In particular, for the metric field a gauge transformation transforms the

field as,
9aB 7 Gap 2v(a§5)7 (248)

with (A, B) = 5(AB + BA).
In the context of perturbation theory in gravity, by doing a gauge transformation

of some field (e.g the metric), one changes the point in the background spacetime
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corresponding to a point in the physical space Ellis and Bruni (1989). Therefore,
even for quantities which are scalars under gauge transformations, the value of
the perturbation will not be invariant under the transformation if the quantity is
non-zero and position dependent in the background Ellis and Bruni (1989). This
results in the Walker-Stewart lemma Stewart and Walker (1974) which simply states
that quantities which are constant or zero in the background spacetime will be
gauge invariant. The latter is the standard approach in constructing gauge invariant
variables, especially in the covariant approach to perturbation theory of Ellis and
Bruni (1989); Bruni et al. (1992). Following Ellis and Bruni (1989), for the metric

perturbation we have,

5gaﬁ = Gap — gaﬁ7 (249)

with the bar indicating the background metric field. If from observations we were
able to fully reconstruct the “real” metric g,5, there is no unique way of recon-
structing the idealised, background metric gag; the gauge freedom allows for different
mappings from the background to perturbed Universe. In order for the calculation
of observable quantities to be meaningful, spurious degrees of freedom have to be
removed, or in other words a particular mapping from the background (homogen-
eous) to the perturbed (inhomogeneous) spacetime has to be chosen, through the
“gauge fixing” procedure. After the gauge is fixed, the different local coordinate
transformations of the metric field are uniquely fixed, and the extra gauge degrees
of freedom are eliminated.

Let us describe the most commonly used gauge choices for scalar perturbations
in cosmology. The condition B = w = 0 ? defines the so—called Newtonian or
longitudinal gauge. The advantage of this gauge can be seen by the fact that in
the solar system limit W plays the role of the Newtonian potential. Morover, it is
the combinations of ® and ¥ that comes into Weak Lensing (WL) measurements,
making it extremely useful for calculating observables. Another important point is
that in this gauge, ® and ¥ coincide with the gauge invariant potentials ®¢r, Y
Mukhanov et al. (1992). Note also that in this gauge the 0 — 0 Einstein equation
plays the role of the generalized Poisson equation, well known from its Newtonian

gravity analogue.

2This w should not be confused with the barotropic index.
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The condition ¥ = w = 0 defines the synchronous gauge. This is the gauge
where all observers agree on the notion of time. Although the metric shift is zero,
the energy-momentum tensor includes a velocity perturbation v; in its 0 — ¢ com-
ponent. For the metric evolution equations in this gauge see for example Ma and
Bertschinger (1994). The coordinates in this gauge are not totally fixed, leading to
the appearance of unphysical gauge modes. The latter fact requires one to be cau-
tious when interpreting results calculated in this frame Bednarz (1985); Mukhanov

et al. (1992).

One can also work with gauge invariant perturbation variables, an approach
introduced by Bardeen Bardeen (1980) (see also Mukhanov et al. (1992)). The
introduction of gauge invariant variables refers to the construction of expressions
relating perturbation variables of different gauges, in such a way that any gauge

transformation leaves them invariant.

Finally, another approach is to work in the so—called covariant formalism, which
is background independent. In this approach, one works with manifestly, gauge
invariant fluid quantities. For details of this approach one can look at Ellis and

Bruni (1989); Bruni et al. (1992) and references therein.

In this thesis, we shall work in the Newtonian gauge, which as described before is
defined through w = h = 0, and therefore characterised by the two scalar potentials
U and ¢. We will refer to them as the “Newtonian potentials”. In this gauge, the
components of the perturbed Einstein equations in the presence of multiple perfect

fluids and a “dark” energy-momentum tensor T{x)”g take the following form

a262G 0 SHHY - ) + V0 =~ (5p, — 5T ") (2.50)
a2vi25(;0i VR0 — ) — /82 ? (1 + wi)pis + 0Tx)%) (2.51)
aQézGij = 0" 4 IHD — HY — (H? + 2H' )T = Kza (cidpi +0T1a's)  (2:52)
<5Gi]’ B %5Gkk) — <aiaj _ %akak) (®+ ) = RQ;Z ol xy, (2.53)

where 01l x) is the scalar anisotropic stress contribution of the dark component
X, and is defined thI‘OUgh (SH(X)Z] = 6T(X)Z] — %5ZJ5T(X)’€]€ = (8Z i — %8’“&;) 5H(X)

Furthermore, we have also defined the velocity gradient 6 as 6; = V'v;. Notice also
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that on the r.h.s of the above equations we assume that the perfect fluid components
are summed over. i.e dp; = dp; + dps + .... For baryonic and dark matter we have
w=c=0.

The set of perturbation equations is not complete yet. We still have to perturb
the fluid(s) conservation equations, as shown in equation (2.46). We will do it for the
case of a perfect fluid with barotropic index and sound speed w; and c,; respectively,
in the Newtonian gauge, yielding two first order equations, as follows Amendola and

Tsujikawa (2010),

0+ (10 =30+ —2 ) o= —v2 [~ g 1w (2.55)
‘ ’ 14+ W; b 1+ W; ! ' ’

Above equations are a result of energy and momentum conservation respectively.
One can also derive a single, second order evolution equation with respect to time,
for the fraction d;, by differentiating the energy equation with respect to time, and
then substituting the momentum one to eliminate 6; and its time derivative.

Notice that for the case of pressure less matter, like for example dark matter,
where w = w’' = ¢ = 0, above equations simplify a lot.

The system of perturbation equations is now complete ®. Notice that only two
of the Einstein equations are independent. We have therefore two gravitational
equations for two gravitational variables (¢ and W) and two equations for each two
fluid variables (§; and 6;). In the sub horizon approximation (H?/k?* < 1), which is
the appropriate approximation when studying structure formation in the late time
Universe, the two gravitational equations that are used is the Poisson equation,
coming from the 0 — 0 component of the Einstein equations, and the anisotropy
equation. We will use this approximation in the following chapters when we will
evaluate the equations for particular models of the dark component T x)gz.

Relativistic species, like neutrinos, also contribute to the anisotropic stress, how-
ever their contribution becomes important at the early stages of the cosmological
evolution, and we can neglect them when studying the Universe at later times. No-

tice that in the absence of any anisotropic stress contribution, we get & = —W,

3For the transition to Fourier from real space, given a variable f it is: f = [d®k fre™® T with k
the Fourier mode.
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which is a signature of GR or scalar field models like quintessence or k-essence (but
not true for galileon models). It is no longer true in non-linear gravity models like
f(R) gravity, and therefore any departure from |®/W¥| ~ 1, will signal a modification
of gravity. We will come back to this issue in a later chapter, when we will discuss
the significance of anisotropic stress as a key observable in testing modified gravity
theories.

The weak lensing potential in the Newtonian gauge is defined as

owL =¥ — O. (2.56)

It is the potential to which light rays respond when passing close to some large
concentration of matter, like a cluster of galaxies. Therefore, the potential ¢y,
can be extracted from weak lensing surveys. In fact, the light rays correspond to
the scalar potentials and not directly to the matter concentrations. This means
that the scalar potentials might acquire modifications compared to their GR value,
either due to the presence of some unknown clustering component, or because of a
possible modification of gravity itself. This fact has to be taken into account when
constructing phenomenological dark energy parametrisations at the linear level (see
for example Amendola et al. (2008)).

The approach we used above to discuss linear perturbations is using the language
of components. In fact, complicated models of the scalar—tensor type, especially
those with second derivatives in the energy—momentum tensor, the simplest of this
case being f(R) theories, the component language can become quite complicated
when analysing the physics. A more intuitive approach one can use is the covariant
language of fluids. In this context, the dynamics of the model can be expressed
as the evolution of fluid variables like energy, provided knowledge of appropriate
closure relations between energy and pressure.

Our aim is not to discuss this subject in details, and for details we refer the reader
to the work in progress Sawicki et al. (2012), which is soon to appear. However, let
us present the fundamental equations in the context of a scalar—tensor theory.

Given a particular action, which apart from the metric included also a scalar

field 4, the starting point for a covariant fluid description is to start off by defining

4We do not make any particular assumption about the form of the kinetic term or the potential
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the scalar frame, which is the frame of an observer comoving with the fluid, with

velocity U*,
o
_ j%, (2.57)

with X = —%&igb@“gb, which is positive, X > 0, in our metric signature (— + ++).

U*

Notice that with this definition, the velocity vector U* is time like. All other velocity
fields, like for example the dark matter one, can be decomposed into perpendicular
and parallel components to U*.

The covariant derivative of the velocity acquires the decomposition into the kin-

ematical quantities a,, 6 and o, as
1
V.U, = =Usa, + 0y + 3 1,0, (2.58)

with
a, =U"V,U, (2.59)

the acceleration, o, the transverse, traceless symmetric shear, and 6 = V#U, the
expansion. In a FLRW background it is § = 3H.

All tensor quantities can be then decomposed covariantly, into parallel and per-
pendicular components to U¥. In particular, the energy—momentum tensor is de-
composed into its “irreducible” fluid quantities, namely energy &£, pressure P, mo-

mentum flux g, and shear 7, according to
T = EUVUA L P4 2Uwaw) + Ty, (2.60)

with the projector perpendicular to the velocity U, defined as L,,= g, + U,U,,
with g,, the background spacetime metric.
Covariant conservation of energy and momentum are derived by projecting out

the covariant derivative of the energy—momentum tensor appropriately,

UPNY Ty = E + (E+P)O — UG, + V,ug" + 0,0, (2.61)
4
J—)\ VVHT;W = (8 + P)a/\“_ J—l; Vup + gqu_'_ J—u)x q'M + O—;Mqu‘{' J—)ﬂ/ VMTIW’
(2.62)

of the scalar field here.



29

while the Einstein equations are obtained in a similar fashion, for example for the

00, 0z and ij we have

ururaG,, =utur,,, (2.63)

U* 1, ”GW =U" 1, ”T#,,, (2.64)
ap 1 | of ap 1 uv | o

11, _§ 11 GW = L% Lg, _5 11 T, (2.65)

with 7},, here just denoting the total energy-momentum tensor for simplicity.

It is important to note that the conservation equations (2.61)—(2.62) are true
at all orders. Evaluated at a FLRW background the first leads to the usual en-
ergy density conservation, while the second one is identically zero. To study linear
perturbations the procedure is then similar to the component approach presented
before; one chooses a gauge, and linearises the conservation equations,as well as the
gravitational ones. What is more, in the context of scalar perturbations, vector and
tensor quantities, like for example the momentum flux ¢,, can be expressed as the

spatial gradient of a scalar function as

qu =1" uvHQa (266)

with ¢ = ¢(t) a background function dependent on cosmic time ¢. A similar decom-
position exists for the shear tensor 7,,. We will not elaborate more on this issue
and we refer the reader to the work soon to appear in Sawicki et al. (2012).

Let us close the chapter with a little summary. We described the background
gravitational equations in the presence of multiple perfect fluids and a dark com-
ponent X for the homogeneous and isotropic FLRW metric. We then discussed how
to perturb the background equations to describe small departures from homogeneity
and isotropy, a procedure that leads to understanding gravitational instability and
therefore formation of structures in the Universe. We described the different gauge
choices and then presented the perturbation equations in the so-called Newtonian
gauge, a gauge which is very useful when calculating observables, and we will also

be using in the following.
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Chapter 3

Non-linear gravity

3.1 Introduction

We discussed in chapter 1 that in order to model the dark energy various modi-
fications of GR have been studied. In this chapter, we will focus on the case of
non-linear gravity models. The latter, modify the standard GR action through the
inclusion of non-linear curvature terms. These can be either non-linear functions of
the Ricci scalar, or more general combinations of the Riemann tensor and the metric
field. We can formally write down the most general action of this class of models in

four dimensions as

5= / 23/ =GF (G Rprs) + S (G 1), (3.1)

with S, denoting collectively the action of any sort of matter field present.

From above action, one can construct infinitely many scalar combinations, through
the operation of contraction. In principle, the equations of motion resulting through
variation with respect to the metric, will be of fourth order (with respect to the
metric) for this particular type of action, except for particular non-linear curvature
combinations known as the Lovelock scalars, which have the property of retaining
the second-order character of the equations of motion. The most famous of such a

scalar is probably the Gauss-Bonnet term defined as

G =R’ —4R" R, + R"™ R (3.2)
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The Gauss-Bonnet term is the second order term in an infinite sum of curvature

combinations introduced by Lovelock Lovelock (1971).
5= / Ao/ mGRI RO 6ot (3.3)

where 531151 1%%5 " is the alternating tensor, which is antisymmetric with respect to
the interchange of two neighboring indices, and n an integer number, n =0,1,2,.. .,
and d the spacetime dimensionality. Notice that the action integral is defined in
d dimensions. For a given spacetime dimension d, not all terms of the infinite
series in above action contribute to the equations of motion. The non vanishing
components in the action are these that satisfy n < d/2. This is an immediate result
of the antisymmetric properties of the alternating tensor. The terms that satisfy
the inequality n < d/2, are non-zero and contribute to the equations of motion. On
the other hand, the term with n = d/2 is non-zero, but is a total derivative, only
yielding a surface term. The latter term starts to contribute at dimension d + 1.

In particular, for d = 4, we have n < 2. The term with n = 1 corresponds simply
to the Ricci scalar, while the one with n = 2 to the Gauss—Bonnet one. One sees
that the latter will be a total derivative in d = 4, and will only start to contribute
in d = 5. The third order term, n = 3, is non-zero in d = 6 (total derivative) and
starts contributing to the equations of motion from d = 7 and on. Notice that the
cosmological constant corresponds to the trivial zeroth order term, n = 0, in above
expansion.

Although the Gauss—Bonnet term is a total derivative in four dimensions, this
is not true anymore if it is coupled to a scalar field, or enters the action in a non-
linear form. The latter case will concern us in the following where we will study
the so-called f(R,G) models. In fact, as we will see in chapter 4 the two cases are
related, i.e one can always re-express an f(R,G) model in a scalar—tensor form. A
Gauss—Bonnet term coupled to a scalar appears in the low energy limit of string
theory, where the scalar field is the dilaton Zwiebach (1985).

It is interesting to note that action (3.3) can be written as a sum of a bulk and
surface term, with a particular relation relating the two terms. This means that
knowledge of the bulk term only is enough to determine the surface one Kolekar and

Padmanabhan (2010). This is called the holographic property of the action. It is
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an important feature when studying gravity from a thermodynamical point of view

(see Padmanabhan (2011) and references therein).

Let us now go back to the more general case of action (3.1). As mentioned before,
this class of actions will give at most fourth order equations of motion for the metric
field. This implies that the structure of these theories is going to be richer than that
of GR. We will start by discussing the vacuum structure for the actions described by
(3.1). Recall that in GR without a cosmological constant, the only vacuum solution
is Minkowski spacetime, which is stable. (Anti-) de Sitter spacetime solutions are
only possible through the addition of a cosmological constant, and in that case the
solution reads as R = A/4. The situation is very different for the case of non-linear
models (3.1). In general, their vacuum solutions include Minkowski spacetime as well
as (anti-) de Sitter solutions, even in the absence of a cosmological constant. Vacuum
solutions are characterised by a constant Ricci-curvature, i.e R = Ry = constant,
and correspond to maximally symmetric spaces. Therefore, the Riemann tensor is
given by

1
Raﬁ'y(s = RO@EW(S = ERO (g’yagﬁﬁ - gaégﬂv) ’ (34)

with “0” denoting evaluation on the vacuum solution. Substituting above expression
into the function “f”, the latter becomes a function of Ricci scalar only, i.e f = f(Ry.
Then, using the equations of motion resulting form action (3.1) after variation with
respect to the metric, one can show that vacuum spacetimes are solutions of the

following equation

Rof'(Ro) — 2f(Ro) = 0, (3.5)

with f'(Ry) = df(Ry)/dRy. Similar equations to the above hold for the more par-
ticular cases of f(g,., Rap) and f(R). Now, for different forms of the function “f”
one can in principle find multiple (anti-) de Sitter solutions. Their stability can be
found by performing a linear analysis around the background solution. Obviously,
the existence of a stable de Sitter solution is the key in describing the dark energy

problem in the context of non-linear gravity models.

The question that arises is, what the criteria are for a particular form of f to be
acceptable. In order to answer this question we have first to define what we mean

by “acceptable”. From a mathematical point of view, it should be obvious that
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any scalar combination will be acceptable, since it will preserve general covariance
(of course, general covariance has deep physical implications too). The restrictions
should then come from the physics: a generally viable gravitational action should
behave correctly both at classical and quantum level. Let us start with the classical
one. There, one has to make sure the dynamics are free from: singularities and any
sort of dynamical instabilities that could endanger the phenomenological viability of
the theory. Furthermore, the theory should have the correct sequence of cosmological
eras and the proper (post) Newtonian limit. A viable cosmological evolution should
include an early de Sitter era (inflation), followed by a radiation and matter era
respectively, leading to a late time acceleration period. The particular physics of
each era pose each own restrictions to the model; during inflation the primordial
density perturbations are generated, while during radiation the light elements form,
also known as the Big Bang Nucleosynthesis (BBN). On the other hand, during
matter domination, the large scale structures form. The late time de Sitter era
correspond to the presently observed acceleration of the Universe. Consequently,
the radiation and matter eras should be stable enough, to allow for the correct
BBN and structure formation to occur. On the other hand, a crucial restriction
at the quantum level is that the theory should be ghost-free and renormalisable.
In particular, the presence of ghost-like degrees of freedom will violate unitarity
of the theory.Furthermore, renormalisability ensures that calculation of observable

quantities, like the mass or the charge of a particle, yields finite numbers.

From above discussion it turns out that it is important to understand the field
content of non-linear gravity models. In GR, the only propagating degree of freedom
is the massless, spin-two particle, the well known graviton. In models described by
action (3.1), the situation is more complex. Following Hindawi et al. (1996) we can
get an idea about the propagating fields in these theories by looking at the Cauchy
problem of the theory. Since the theory is diffeomorphism invariant, the independent
components of the metric can be reduced from ten to six, as in GR. However, the

1

metric field satisfies fourth-order equations of motion *, which means that initial

data will require specification of the field itself as well as its first, second and third

In fact, we can re-express the original fourth-order theory, in a dynamical equivalent fashion,
as a second-order one through the introduction of auxiliary fields. This will be the subject of
chapter 4.
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derivative respectively. This makes up in total twelve degrees of freedom for the
theory as defined in action (3.1). However, we know that six of these degrees of
freedom should correspond to the two helicity states of the graviton. Therefore, the
remaining six degrees of freedom should be attributed to some new fields present in

the theory.

In order to understand the new propagating fields present in the theory, we can
expand action (3.1) up to second order in curvature, around some vacuum solution
characterized by R = Ry = constant. The result is Chiba (2005a); Hindawi et al.
(1996)

o ﬁ / 4 1 1 2 1 uv 1 2
S=55 [ daev=g|R 2R°+6ng 2 RuRY =R, (36)

with 3, mZ m3 constants. To identify the field content of above action one can
perform a linearised analysis to identify the field propagators, as was done in Stelle
(1978); Nunez and Solganik (2005a). In any case, as a first step, it is useful to re-
express it as a second-order one through the introduction of two new field variables,
x and 7, as was done for example in Hindawi et al. (1996); Chiba (2005a) and
after a conformal redefinition of the metric g,, = eXg,, arrive at the dynamically

equivalent action

. 3 = 3 1 ~ 1
5= [[dioy/=a | R@) - S0 = 1 = =GR = G+ L7~ )]

2 2

(3.7)
with C;’W the Einstein tensor. We first notice that the new scalar y is a canonical,
massive scalar field. As for 7, it can be shown from the equations of motion for
the metric field, that it satisfies a transverse, traceless condition; therefore it is a
spin-two field. As a result, the last term in the action describes the interaction
between two spin-two tensor fields, g"” and 7#. The latter interaction violates the
no—go theorem Aragone and Deser (1980); Boulanger et al. (2001) which states that
the only possible ghost-free interaction between two spin-two fields is the massive
Fierz-Pauli one 2. This way, we find that 7 is a ghost field. From a calculation

point of view one could see this explicitly by making a field redefinition in order to

2Remember that the mass term in the massive Fierz—Pauli action, in an expansion around flat
spacetime, gu, = Ny + My, is —2m? (W hy,, — h?). For details see for example Ortin (2004).
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diagonalise the kinetic terms of the spin two fields, and show that one of them will
have the wrong sign.

We conclude that the field content of general theories described by (3.1) is a
massless, spin two field (graviton), a massive spin-two ghost field, and a massive
scalar.

However, it has been shown Navarro and Van Acoleyen (2006) that for the par-

ticular theories that admit the form

S = / d*v/=gf(R, Ry R — AR, R*), (3.8)

the spin-two ghost field disappears, i.e m,* = 0 in the action (3.6). To this spe-
cial class of theories belong the cases of f(R) and f(R,G) gravities that will be
studied in more detail in the following sections. The absence of the ghost spin-two
tensor field makes these theories obviously more attractive. Notice however, that
the massive, scalar degree of freedom still exists, and one has to make sure that it
is not ghost-like or tachyonic, and it is also well “hidden” at solar system scales,
where GR is expected to be recovered. The key point here, as was further showed in
Navarro and Van Acoleyen (2006), for this type of theories the scalar mass acquires
a dependence on the background curvature and therefore its effects are suppressed
at high curvature environments like the solar system, while it becomes light at low
curvatures, e.g large scales of the order H, and can act as a source of dark en-
ergy. The latter property is essentially the chameleon mechanism first suggested in
Khoury and Weltman (2004). The idea behind it is that the mass of the scalar is
dependent on the matter background density, making it very light at cosmological
scales where the matter density is low, while at high density environments like the
solar system, the scalar becomes very massive, and therefore effectively unobserv-
able. The chameleon is not the only screening mechanism for scalar fields. The
Vainshtein Vainshtein (1972); Deffayet et al. (2002) as well as the symmetron Hin-
terbichler et al. (2011) mechanism have been also suggested as ways to screen a
scalar at high density regions. The former becomes significant in the presence of
derivative self couplings of the scalar, which dominate in high density regions, while
the latter is based on making the vacuum expectation value of the scalar dependent

on the environment mass density.
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As mentioned earlier, a viable gravity model should reproduce the correct back-
ground cosmological evolution. The analysis in Carroll et al. (2005) is one of the

first attempts to study the (late) cosmology of general models of the type

4dn+2

_ Z
I = e+ VR 4 CRyypp RV
(Z (z

(3.9)

with a, b, c dimensionless constants and n > 0. Notice that “f” acquires a large
value at sufficiently small curvatures, which is the reason it makes it interesting
for describing the late time acceleration of the Universe. It was found that models
of this type poses an unstable late time de Sitter solution, as well as other power
law attractors that could account for the observed late time acceleration, when the
mass scale yu ~ Hy. Probably the most well studied models in the literature have
been the f(R) and R+ f(G) ones, that will be described in more detail in the next
sections. However, it is worth mentioning here that it has been found that by a
suitable choice of the function f, models of this type have the correct sequence of
cosmological eras, from scaling solutions to a late time, stable dS attractor Amendola
et al. (2007b); Zhou et al. (2009). Furthermore, in a similar context, early and late
time acceleration unifying models have been also investigated in detail in Nojiri and
Odintsov (2011). In the following, we will mainly focus on f(R) and f(R, G) models,
which are the cases that have been widely studied in the literature, as they are free

from the unwanted, ghost spin-two field.

The behavior of f(R) and f(R,G) models has been also well studied at the linear
perturbation level, where they pose some distinct signatures that distinguish them
from ACDM or scalar field models like quintessence or k—essence. Both class of
models enhance the growth of structure, by modifying the matter power spectrum
Gannouji et al. (2009); Bean et al. (2007); Tsujikawa (2008a); Pogosian and Silvestri
(2008); De Felice and Suyama (2011a). However, the characteristic signature of non—
linear gravity models in general, is the existence of an effective anisotropic stress,
which is a key observational quantity that can be extracted from combining galaxy
clustering with weak lensing surveys Amendola et al. (2008); Saltas and Kunz (2011).
Furthermore, because of the fourth order nature of non-linear gravity, one expects in
principle to find superluminal modes at the linear perturbation level, as was shown

for general f(R,G) gravity in De Felice and Suyama (2009). The special case of



37

R+ f(G) models has been ruled out, due to a singularity present at the linear level

in the presence of matter De Felice et al. (2010Db).

Non-linear gravity models suffer in principle from various types of early or
late singularities, which are absent in GR. In particular, for f(R) gravity an early
time curvature singularity was found in Starobinsky (2007) and explained in Frolov

(2008), while other types of singularities have been studied in Abdalla et al. (2005).

In principle, one expects that non-linear modifications of the GR action will
yield corrections to the corresponding solar system limit, which is what is found in
practice. For the case of the models described by (3.9), it was found in Navarro and
Van Acoleyen (2006) that they poses an acceptable Newtonian limit at small distance
from the source, but they can have observationally significant effects at galactic
scales. In particular, for the models given by (3.8), in Navarro and Van Acoleyen
(2006) it was found that the scalar degree of freedom present in the theory acquires
a dependence on the environment curvature, and effectively decouples in the vicinity
of a matter source like a star so that solar system tests are successfully passed. The
latter behavior is the so-called chameleon mechanism, and is also present in the
special case of f(R) models. For the case of R + f(G) models it was shown that
they can accept a viable solar system limit upon a suitable choice of the function f

Davis (2007a); De Felice and Tsujikawa (2009c¢).

Let us close our review of non-linear gravity by mentioning a special type of
non-linear gravity models, the so called conformal gravity. As its name declares,
the special thing about this type of gravity is that it is invariant under conformal
transformations of the metric. More precisely, invariance here means that both
action and equations of motion will be unaffected after conformally redefining the

metric field.

The form of a conformally invariant action for gravity depends on the spacetime
dimensionality. The very first hint for this is given by the transformation of the

action measure under a conformal transformation g,z — Q%(2#)gags,
/ d"x/—gL — / d"z\/—GQ "L, (3.10)
1% v

which implies that £ should transform appropriately if the action has to be con-
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formally invariant. In four dimensions, the action for conformal gravity is

S = ag/ d*2/—gC® 5,500, (3.11)
|4

with C%g,s the Weyl tensor, and o, a dimensionless coupling. The Weyl tensor is

the trace part of the Riemann tensor, and is defined as

2

2
C%s = R0 — —— (9“1, Rs15 — Rg® Rg® . (312
Bé Brvo = o (g [yft]8 — 9By ) + (n—1)(n—2) 9 w908 ( )

Notice that the Weyl tensor is conformally invariant when in the form with one
raised index and the rest being low, i.e C“ 3,5, while it possesses the same symmetries
with the Riemann tensor. Expressing the Weyl tensor in terms of the Riemann tensor

and its contractions, action (3.11) can be expressed in the equivalent form
1
S = 2a, / d'z/—g <R‘“’RW - gRQ) : (3.13)
1%

where we dropped the Gauss—Bonnet term, as in four dimensions it only contributes
a surface term. The second form of the action makes obvious the connection with

the non-linear gravity theories described before.

In four dimensions, cosmological and astrophysical aspects of conformal gravity
have been studied. In particular, in this context, galactic rotation curves have been
successfully fitted, see for example Mannheim and O’Brien (2010); O'Brien and
Mannheim (2011); Mannheim (2012) and references therein. On the cosmology side,
it has been claimed that the cosmological problem accepts a solution in view of a
conformally invariant action proportional to the square of the Weyl term, Mannheim
(2012) and references therein, while for a study of the unitarity of the theory one

can look at reference Bender and Mannheim (2008).

We can find a generalisation of the conformally invariant gravity action in any
dimensions using as our starting point the Lovelock action (3.3). The flow of thinking
is as follows: the action that has to be constructed should consist of some product of
Weyl tensors. What is more, the Weyl tensor has the same symmetries under index
permutations as the Riemann tensor. Therefore, we can try to use the same form

with the Lovelock action, but with the Riemann tensor substituted by the Weyl one.
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Therefore, we can attempt to write a conformally invariant action in n dimensions
as

5= [ veassaones i, .14

1%

with 1,2... = g, fi, . . . for simplicity and &5 37~ " denotes as in the Lovelock case
the antisymmetric tensor. Above action is indeed the correct action in n dimensions,
and it has been also used in Deser and Schwimmer (1993) in an analysis of conformal
anomalies in (even) arbitrary dimensions.

In this section, we reviewed some fundamental properties of non-linear gravity
actions. In the following, we will focus on the special class of actions proportional to
f(R), and f(R,G) respectively. For detailed reviews on modified gravity models the
reader is referred to Sotiriou and Faraoni (2010); De Felice and Tsujikawa (2010);
Clifton et al. (2012); Capozziello and Francaviglia (2008); Durrer and Maartens
(2008); Nojiri and Odintsov (2006a).

3.2 f(R) gravity

3.2.1 Equations of motion and dynamics

f(R) gravity is the simplest case of the general action (3.1). It modifies GR by
promoting its action to an arbitrary function of the Ricci scalar. One of the first
studies of f(R) theory was its application to describe primordial inflation Starob-
insky (1980a), and after then it has been also suggested as a candidate for the late
time acceleration of the Universe. Different formulations of f(R) gravity have been
studied in the literature, namely the metric Buchdahl (1970), the Palatini Buch-
dahl (1970) and the metric-affine formalism Sotiriou and Liberati (2007a,b). It is
important to note that although for an action linear to the curvature R, the metric
and Palatini formalism yield the same set of equations of motion, this is not true
for the non-linear case of f(R) theories. In this thesis, we will be interested in the
metric formalism, where the only independent field variable is the metric g,g, and
the equations of motion are of fourth—order. Below, we will first derive the equations
of motion and then we will discuss the background dynamics and reconstruction, as

well as the stability conditions for metric f(R) models.
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The action for f(R) gravity in four dimensions reads as

B 1
C2K2

S / 040/ =Gf(R) + S (G 05), (3.15)

where Sy, denotes collectively all matter fields present.

Let us for the sake of illustration derive the equations of motion for above action
explicitly by varying it with respect to the metric field. Variation of the matter part

will yield the matter energy-momentum tensor,

5 _ =2 S
VAT

(3.16)

Varying the gravitational part, omitting for the moment the factor 1/x?, we get,

0St(r) :/d4x\/—_g (—%f(R)gaﬁégaﬁ + fRéR) , (3.17)

with fr(R) =df(R)/dR. For the second term in the variation we have,

/ d*z\/—gfroOR
— [ @' n(R) [Rusdg™ + V,(g0T5, — 97514,

Evaluating B by integration by parts we get,

Coy = /az d*xv/—hfr(R) (g“ﬁéf‘gﬁ - g“péf‘gu) Ny
— /E d'z\/=g (¢*76T0; — g**0T% ) V, fr(R)
= 03 - 047 (319)
with 0% denoting the boundary of the four-dimensional manifold Y. The first term
(C) is a surface term and won’t contribute to the equations of motion. In the case

the boundary is taken to be infinity, the surface term C5 can be assumed to vanish,

ieas 0X — oo, U3 — 0.

On the other hand, evaluating the Christoffel symbol variation in the bulk term
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(Cy), and using integration by parts again we arrive at

Cy=— /M dM~/=g [(V*V* fr(R)) 6gra + (V*V . fr(R)) ga55gaﬂ} . (3.20)

Plugging above relation in the original action variation, while keeping only terms
integrated along the bulk ¥ and requiring the variation to be zero we arrive at the

equations of motion,

52

1 1
GO&/B = mTaﬂ + m (g,uagub’ - gul/gaﬁ) VqufR(R) + §gaﬂ (f(R) - RfR(R))

(3.21)

Let us come back to the surface term (Cj) derived in (3.19). After integrating

by parts and using the definition of the extrinsic curvature (A.7) it takes the form
C3 =2 / d*xv—hK fr(R), (3.22)
ox

where K = K is the trace of the extrinsic curvature tensor and h = h", is the trace
of the metric on the boundary surface 0%, also known as the ”projection operator”.

It reduces to the surface term encountered in GR, for fzr = 1.

For a spacetime with a boundary, the surface term (3.22) has to be cancelled in
a formal way, by introducing a suitable counter term in the original action. In GR,
the form of the appropriate term, also known as Gibbons-Hawking term Gibbons
and Hawking (1977), is that of (3.22) with fr = 1, which after variation with respect
to the metric, will cancel the normal derivatives of the metric field on the boundary
surface. However, in the case of f(R) gravity, in principle there does not exist such
a term. We will come back to this issue in chapter 4 where we will discuss the
dynamical equivalence between different action representations, and will see that
in contrary to the original representation of f(R) gravity described by (3.15), the
corresponding Jordan and Einstein frame representations always possess a Gibbons—

Hawking term.

What does the equation of motion (3.21) tell us about f(R) gravity? The first
thing to note, in contrast to GR, is that the equation is fourth order with respect

to the metric field. More precisely, it includes second derivatives of fr(R), and the
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latter in turn hides second derivatives of the metric field. This implies that the

range of solutions will be larger than in GR.

Let us take the trace of (3.21),

av, K2
Ofa(R) - —2% = 5T, (3.23)
with T = ¢*°T,s, and
dVir 1
= - (2f(R) — Rfr(R)). 3.24
U0 = 2 (2f(R) - Rfn(R) (3.24)

Above equation is a Klein-Gordon equation for fr(R), sourced by a scalar potential
of gravitational origin and the trace of the matter energy-momentum tensor. This
tells us that in f(R) gravity there is an extra, massive scalar degree of freedom
propagating, apart from the massless spin-two tensor field, the well known graviton.
In the original f(R) action (3.15) the scalar degree of freedom, described by fr(R),
has pure gravitational origin, however it can exist as an independent, true scalar field
in the Jordan or Einstein frame representation, as we will see later. In the literature

the scalar degree of freedom of f(R) gravity has been dubbed as “scalaron”.

We can define the effective mass of the scalaron as

s _ PVim

fr— Rfrr
Mg :

1
dR* T 3 frr

(3.25)

Looking at the equation of motion (3.21), we see that we have moved the extra
part coming from the modification of the action to the r.h.s, while keeping GR on
the Lh.s, interpreting this way the gravitational modification as an effective energy-
momentum tensor, which we will denote as Ti.g)“s. Notice that it corresponds to

Tix)“s of the previous chapters.

The degrees of freedom in metric f(R) gravity should satisfy a set of stability
conditions if the theory has to be viable. What are they? To answer this question,
let us first re-express the original action in the so-callled Jordan frame through the

introduction of a scalar field ¢

S, = / V=G UFo(O)R — (655(0) — F(0)] + Sy ), (3.26)
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with f,(¢ = df(¢)/d¢, and original action is recovered for ¢ = R. We will not get
into more details on the transition to the Jordan frame action, since a more detailed
study on the subject will be made in a next chapter.

Now, looking at (3.26) we see that the Ricci scalar R has the correct sign, i.e
graviton is not a ghost, if f,(¢) > 0. In the original representation therefore,
graviton is not a ghost for fr(R) > 0. Furthermore, the scalar fg is not a tachyon
for m2; > 0. The latter condition is also required for the stability of de Sitter space

Faraoni and Nadeau (2005).

3.2.2 Cosmological evolution and reconstruction

f(R) models modify the cosmological equations by introducing new, fourth order
terms with respect to the metric. In equation (3.21) we have moved them on the
r.h.s, interpreting them this way as an effective fluid, of gravitational origin. The

0 — 0 and 7 — 7 components of (3.21) evaluated on a flat FLRW background read as

2
5 K 1 |1 .
- —~ |Z(FR— f) — 3HF 2
o (o Pm) 55 {2( R—f)—3 ] (3.27)
. ) K2 17T. . 1
2H — 3H :F(wbpb+wmpm)+ﬁ F~|—3HF+§(f—FR) : (3.28)

where we denote fr = F, f(R) = f for simplicity, and dots denote derivative with
respect to cosmic time ¢. It is trivial therefore to extract the effective energy density

and pressure for f(R) gravity,

et = 3% B(FR —f) - 3HF] : (3.29)
Peft = % [F +3HEF + %(f - FR)} . (3.30)

In the standard way, one can define an index weg for the effective fluid as

we = 28 (3.31)

Peft

Today, weg should be close to —1, i.e mimic a cosmological constant at the back-
ground. A reconstruction method for constructing f(R) models given a background

evolution, the so-called “designer method”, will be described explicitly later.
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Cosmological evolution of f(R) models by means of a dynamical system analysis
has been studied in Amendola et al. (2007b). It has been shown that a variety of
cosmological fixed points exist, and upon a suitable choice of the function “f” one
can achieve a viable evolution from a radiation/matter domination period to a late

time de Sitter attractor.

Let us know describe the so called “designer f(R)” method, i.e how to recon-
struct, at least numerically, an f(R) model given a background expansion history
H = H(t). Because, of the higher order nature of f(R) gravity, there are multiple
forms of f(R) able to reproduce a given background expansion. The degeneracy is

only uplifted at the perturbation level.

We begin by parametrising the Friedmann equation as

KZ

H* = 5 (P + px), (3.32)

with px stands for the energy density of dark energy. Then, we define the following

dimensionless quantities as

J(R) M

HE = Fg’ (3.33)

y:

with Hy the value of the Hubble parameter today. A simple parametrisation for the
quantity E is
E=(1-Qpg)a®+ Qa 30+, (3.34)

neglecting radiation and assuming constant equation of state for the dark energy
fluid. This could be generalized to account for w = w(a) or include radiation as

well. The evolution of the Ricci scalar is given by
R =6(H + 2H?). (3.35)

Using the dimensionless quantity £ we can write,

/ d d
B ram), B _smriap), Lom

HZ H? dt dlna’ (3:36)
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and

of af dma f 1 .

— =F = (74 ) .

aR aln(l aR R/ 3 4El + E// (3 37)
Here, we use the following notation for derivatives: ' = ﬁ = ad% and = % .

Using above relations and after a bit of algebra, we can re-express the Friedmann
equation 3.27 as,
v [y 1E N AE"+E® 7 , 1 (AE'+E"\ K’ 4B+ E"
Y 2 ap e T2\ E )V Tm\TE )
(3.38)

The second order nature of above differential equation is related to the fourth order
nature of f(R) gravity. Being a second order differential equation, it allows for
a family of solutions depending on the initial conditions chosen, i.e there is not a
unique f(R) model corresponding to a given expansion.

As it was shown in Hu and Sawicki (2007), if y+ correspond to the two solutions

of the homogeneous part of (3.38) at the high curvature regime, with y. oc aP*, then

TV

. (3.39)

b+

The p_ branch will violate the requirement that the f(R) model will mimic GR at
high curvature, and its amplitude is set to zero. Then, at the high curvature regime

a particular solution of the full equation was shown to be

65 a 30w, (3.40)

Jpart = 6002 ¥ 5w — 2

with w constant. Therefore, the initial conditions at some initial time a; at the high

curvature era are given by

y(Ina;) = Ayt (Ina;) + Ypare(Ina;), (3.41)

v (Ina;) = Apyyi(Ina;) — 3(1 + w)ypart(In a;). (3.42)

Different values of the constant A, will yield different f(R) models with the same

expansion history. The degeneracy is only uplifted at the linear perturbation level
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(see for example Hu and Sawicki (2007)).

At the level of linear, scalar perturbations around FLRW, f(R) models are char-
acterised by two main regimes, namely the regime where s, lla®/k* and Ay, >
a®/k? respectively. As, denotes the Compton wavelength of the scalaron and k
is the wave number. The first regime corresponds to modes outside the scalaron
range, and in this regime the growth of structure evolves as in GR, i.e §,, o a o t2/3
during matter domination. In the second regime, the growth of structure is en-
hanced, and grows like d,, o ¢(V33-1/6 Since the scalaron Compton radius evolves
as Ag, o t4"+1) " a mode which initially lies in the first regime can enter in the second
one after some time during matter domination. The calculation of observationally
relevant quantities like the matter power spectrum and the ISW effect on the CMB
have been worked out in Tsujikawa (2008b).

It is important to note that, f(R) models do not modify weak lensing explicitly,
i.e the weak lensing equations has the same form as in GR, and the modifications
enter implicitly through the different evolution of the Newtonian potentials ® and
. 3 In the ¥ and Q language of Amendola et al. (2008) this means that for f(R)
gravity @ # 1 and X = 1.

3.3 f(R,G) gravity

3.3.1 Equations of motion

In this section we will be concerned with a more general class of non-linear gravity
models, these that are a function of both Ricci scalar R and Gauss—Bonnet term G.

They are described by the following action

5= /M & 2/=G (R, G) + Luatter] . (3.43)

where R and G are the Ricci and Gauss—Bonnet scalar respectively, M denotes
the four dimensional spacetime, and Lyater is the Lagrangian for any matter fields
or fluids present.The form of the function f is constrained by both classical and

quantum stability requirements, as well as agreement with large scale and solar

3That should be expected, since they are equivalent to Einstein gravity plus a canonical scalar
field non—minimally coupled to matter.
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system data. (We will revisit this point in Section 5.3.) In the following, we will

work in natural units where G = ¢ = 1, unless otherwise stated.

The Gauss—Bonnet term was introduced and described in section 3.1, but let us

recall its definition for convenience,
G =R —4AR"™R,, + R""™ R, (3.44)

The curvature scalars R and G are both functions of the metric and its derivat-
ives, however they enter the function f as independent degrees of freedom, in the
sense that the dependence of f on them is in principle arbitrary. Varying action
(3.43) with respect to the metric g"”, and using the Bianchi identities, we get the
equations of motion Carroll et al. (2005); De Felice and Suyama (2009)

matter ff
FGy = T2 4 T, (3.45)
where Tlsle,ﬂr) the effective energy-momentum tensor for f(R,G) gravity defined as

uv

T E(V,NVF — 9w OF + 2RV, V, € — 29,, RO — 8R(,"V,. V)€ + 4R, 0¢

1
+ 490 ROV VAL + AR VIVAE = gV (R, G)), (3.46)

and we used the additional definitions *

of(R,G)

£=Jfo= %;;G), (3.48)
V(R,G) = RF +£G — f(R,G). (3.49)

Taking the limits ¢ — 0 and F' — 1 in (3.45), we recover the f(R) and R +
f(G) equations of motion respectively. We chose here to bring all the non-GR
gravitational contributions to the l.h.s of the equations of motion, and treat them
as an effective energy-momentum tensor. However, this choice is rather a matter of

convenience.

“Here we follow the notation of De Felice and Suyama (2009).
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Looking at (3.45) one can see that the equations of motion of f(R,G) gravity
will be of fourth-order with respect to the metric field, as was expected. For their

trace, we get

(39’“’% - 40“”33) ViVof(\ o) + (FR+26G = 2f) = T, (3.50)
o

For the case where the Ricci and the Gauss—Bonnet scalar enter in a particular
combination in f through some function Q = Q(R,G), and f(R,G) = f () then

above equation reduces to an evolution equation for the single scalar 0 f(€2)/0€2.

In contrast to f(R) gravity, which can be expressed as a scalar—tensor theory
through the introduction of an auxiliary scalar, we expect that for the case of f(R, G)
models two scalars will be needed, one corresponding to the Ricci and the other to
the Gauss—Bonnet scalar respectively. Following De Felice and Suyama (2009) we

can introduce two scalar fields A and o and re-express the action (3.43) as

S = / A2 /=g [RF(\, o) + GEN, o) — V(N 0) + Lunatter] (3.51)

Varying above action with respect to A and o we get the following equations of

motion for the scalar fields

(R—=NFy\+ (G —0)F, =0, (3.52)
(R=NE, + (G —0)&, =0, (3.53)

with F\ = 0F /0, and so on. Above system of equations admits the solution
A=R, 0=0G, (3.54)

which can be plagued into (3.51) to recover (3.43). The equivalence holds also at
the level of the equations of motion through (3.54).

Equations 3.52 and 3.52 are independent from each other only if
P\, — F2 #0. (3.55)

In the case condition (3.55) is satisfied the two scalar degrees of freedom A and o
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are independent from each other, while in the opposite case they are not. Condition
(3.55) plays a key role at the stability of linear perturbations of f(R,G) gravity as
we will discuss later in this section. One can notice that for the special cases of f(R)

and R+ f(G) models condition (3.55) is not satisfied.

3.3.2 Cosmological evolution and stability

We can compute effective fluid quantities for f(R, G) gravity, as we did for the f(R)

Tﬁﬁ’towl) although covariantly

case. We have to keep in mind in this case too that
conserved, is not an energy-momentum tensor in the usual sense, since it is a function
of the spacetime geometry and its first and second derivatives.

In the following, as usual we will be interested in homogeneous, isotropic and

flat cosmologies, described by the flat, four dimensional FLRW metric
ds® = —dt* + a(t)*dx?, (3.56)

with a(t) the scale factor. In this background, the two key quantities, R and G, can
be expressed purely as a function of the Hubble parameter H = H(t) and its time

derivative,

R(t) = 6 (2H2 n H) , (3.57)
G(t) = 24H? (H2 + H) . (3.58)

The t—t component of the f(R, G) equations of motion (3.45) gives a modified version

of the usual Friedman equation which reads as

1

BH? = ST, 4 T, (3.59)
. 1 , ;

2H — 3H? = ST 4 701, (3.60)

with the effective “fluid” components defined as

1 : 1

TER0) = pog = = (—HF —4H%¢ + gv) : (3.61)
1 /. . . q. 1

TN = pg = = (F +4H*¢+2HF + 8Hg§ — 5\/) : (3.62)
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with dots denoting differentiation with respect to cosmic time ¢. Notice that the
above equation is of fourth order with respect to the scale factor, in contrast to the

usual Friedman equation.

We saw previously that we can reconstruct an f(R) model, in a way that it
reproduces a given background expansion using the “designer method”. For con-
sistency, in this subsection we will extend this method for the case of f(R, G) models.
Remember that as we noticed for f(R), there was in fact a class of f(R) models,
parametrised by a single parameter, that was able to reproduce a given expansion
history. We expect the same to be true for the f(R,G) case, and what is more in
this case there is an additional freedom due to the different combinations between

the curvature scalars R and G.

We can start by proceeding in a similar way as in f(R) gravity, by defining
the following dimensionless quantities in terms of the “dimensionless background”

E = E(a),

G= % — 12(EFE' + E?), (3.63)
HO
_of _ f _of _ f
‘=T a "TamrTw (3:64)

Then, after some algebra, the Friedmann equation (3.59) can be re-written as

1 P
B + By + ~y=-Lm .

with the functions £, and E, defined as

E 1
Ey=F 3.66
1 (EE" T (EPraEE | BT+ 4E’) ’ (3.66)
o L] 2E E(F' +2E) E'+4E  2E(EY +4E")
2_2 E//+4E/ E(E//+4E/)+E’2 E//+4E/ (E"+4E’)2

2E? (A4E? + E (E®) + 4E") + 3E'E")

5 (3.67)
(E(E"+4E") + E72)

For a given background expansion, the solution y = y(t) provides us with no
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information on the dependence of the function f(R,G) on R and G respectively,
unless we make from the start some ansatz, e.g f(R,G) = f(R+G/M?). Therefore,
in principle, and in contrast to the case of f(R) gravity, in this case there is an extra
degeneracy when trying to reconstruct the function f, coming from the different

ways R and G can be combined in f.

To set the initial conditions, we work as in f(R) gravity, by choosing a time
at the high curvature regime, where the dark energy contribution is negligible and

y o< a’*+. We find that
1412

YRR (3.68)

P+ =

with only acceptable solution the positive branch, p, = 11/4.

The background dynamics of f(R,G) gravity have been studied extensively only
for the particular case of R+ f(G), first in Li et al. (2007) where it was claimed that
these models cannot reproduce arbitrary background expansion histories, because
of the change of sign of the Gauss-Bonnet term from positive on negative at a
particular time of the cosmological evolution. However, in Zhou et al. (2009) the
background evolution for these models was revisited by means of a phase space
analysis, and the problem pointed out in Li et al. (2007) was cured by replacing G
with its absolute value. It was found that they exhibit rich phase space dynamics,
and in particular they possess de Sitter, radiation as well as matter domination
cosmological solutions. There, it was also found that upon a suitable choice of
the function f(G), a viable cosmological evolution from radiation domination to
late time acceleration can be obtained. In De Felice and Tsujikawa (2009a) the
conditions for cosmological viability of f(G) models was studied, where it was found

that a stability of a radiation/matter domination as well as a de Sitter era require

that d*f(G)/d*G > 0.

At the linear level, it was shown in De Felice et al. (2010b), that for f(G)
models in the presence of a perfect fluid, the density perturbations of the latter
exhibit an UV instability irrespective of the form of the function f(G), rendering
effectively these models incompatible with large structure observations. The linear
scalar perturbations around an FLRW background for the more general f(R,G)
models was studied in De Felice and Suyama (2009) for the vacuum case. There,

it was found that for these models a new instability can arise, associated with the
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group velocity of short-wavelength modes depending linearly on the wave number
k, yielding an in principle superluminal propagation for these modes. The latter
instability was shown to persist in the presence of a perfect fluid, in De Felice et al.
(2010a). It is interesting to note that the particular subclasses of f(R,G) models,
the f(R) and f(G) ones, do not share this instability.
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Chapter 4

Dynamical equivalence of

non-linear gravity models

4.1 Introduction

In this chapter, we shall be closely following the collaborative work with M. Hind-
marsh reported in Saltas and Hindmarsh (2011).

The topic we will be elaborating on below regards a fundamental aspect of non—
linear gravity actions, namely their dynamical equivalence to different represent-
ations, an issue that has been the subject of research and intense debate in the
literature from the early days of non-linear gravity.

What the term “dynamical equivalence” means is that a particular gravitational
action can be re-expressed as a new one, with a new set of field variables, and
that there is an invertible mapping that relates the two sets of field variables, as
well as the two actions (or Lagrangians) respectively. The variational principle of
the new action will in principle require different boundary conditions and possibly
different Gibbons-Hawking (GH) terms as well. The GH terms are required for a
well posed variational principle in the case of a manifold with a boundary. Probably
the most well known example of such an equivalence is that of the f(R) action
to Brans—Dicke and Einstein—Hilbert one, the first through the introduction of an
auxiliary scalar field Higgs (1959); Bicknell (1974); Teyssandier and Tourrenc (1983);
Whitt (1984); Schmidt (1987); Wands (1994), and the second through a conformal
transformation of the metric Higgs (1959); Teyssandier and Tourrenc (1983); Whitt
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(1984), Magnano et al. (1987); Ferraris et al. (1988); Jakubiec and Kijowski (1988);
Maeda (1988); Barrow and Cotsakis (1988).

The motivation of re-expressing a gravitational action by introducing a new set
of field variables might be related mainly to two things. The first is mathematical
simplicity and convenience, if the new set of variables is to make the calculations
one wants to perform simpler. Furthermore, if one is able to move from a variational
principle that will lead to fourth order equations of motion to another that will lead
to second order ones, that could be a benefit, since second order equations are in
principle easier to handle as well as to interpret physically. The second possible
motivation is related to physics. One gets more intuition and understanding of a
gravitational theory, by studying its equivalence to other ones (like the equivalence

between f(R) and Einstein gravity).

From a physical point of view care must be taken in the interpretation of phys-
ical quantities in the two different representations. The question that often arises is
which of the two representations is the physical one. For example, in the case of the
conformal equivalence between f(R) and Einstein gravity, the inclusion of matter
in the action can raise the question of along which of the two metrics (original and
conformally transformed one) do matter particles actually fall. For some interesting
discussions on the subject one can refer to Brans (1988); Sokolowski (1989a,b); Mag-
nano et al. (1990a); Magnano and Sokotowski (1994); Sokolowski (1995); Magnano
(1995); Faraoni and Gunzig (1999); Capozziello et al. (1997); Sotiriou et al. (2008).

Given the equivalence between the bulk parts of two actions, this does not mean
that the equivalence holds for the surface parts as well. More precisely, given the
GH term of an action in one representation, then the GH term calculated using the
equivalence with the other reresentation is possible to be problematic as far as the
particular variational principle is concerned. As we will discuss later on, this is the
case for f(R) and R+ f(G) gravity, when the equivalence between the original and
the Jordan frame action is considered. As we will see, the latter equivalence breaks

on the boundary surface.

In this section, we will focus on f(R) Nojiri and Odintsov (2006a); Capozziello
and Francaviglia (2008); Sotiriou and Faraoni (2010); De Felice and Tsujikawa (2010)
and R+ f(G) Nojiri and Odintsov (2006a, 2005); Nojiri et al. (2005) models, where
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G is the Gauss—Bonnet (GB) term Lovelock (1971), also defined before in a previous
section

G = R* —AR*’R.5 + R%s,5 R, (4.1)

“f” being an in principle non linear function of its arguments. We will study the
dynamical equivalence of above theories to other representations in vacuum, using
as our main tool the rather general approach of Legendre transformation, which for
the case of f(R) coincides with the standard procedure of introducing an auxiliary
scalar field followed by a conformal transformation, something which is not true for
R+ f(G) theories, i.e. the latter cannot be conformally transformed to a minimally
coupled, scalar-tensor frame. However, for the R + f(G) theory, we will show how
using a Legendre transformation we can re-express it as a second order theory, with
a new extra rank two tensor field. We will work at the level of the action and we will
include in our analysis the relevant Gibbons-Hawking terms Gibbons and Hawking
(1977), which are important for the consistency of the initial value formulation of
the theory. Furthermore, we will calculate them explicitly wherever necessary.

Let us sketch the structure of this chapter. In Section 4.2 we will briefly describe
the approach of Legendre transforming a higher order gravitational action. In view
of the latter approach, in Section 4.3 we show the equivalence of the full (including
the relevant GH term) f(R) action to the Einstein-Hilbert one. We also discuss the
equivalence between the relevant GH terms. Then, in Section 4.5 we consider the
R + f(G) action and after calculating the GH term in the Jordan (scalar—tensor)
frame, we explicitly study the effect of conformal transformation on the full Jordan
frame action. Finally, in Section 4.6 we re-express the original R+ f(G) action with
one scalar and two extra tensor fields present (apart from the metric), one of them
though being independent, and then discuss the classical dynamics of the system.
We include various useful formulas and explicit calculations in the Appendix. In

this section, we will work in natural units, c = G = 1.

4.2 Establishing dynamical equivalence

In this section we will briefly describe the idea and motivation behind Legendre

transforming a gravitational action as a tool of moving to a new, dynamically equi-
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valent variational principle of second-order, first applied in Magnano et al. (1987,
1990b).

The higher order nature of non—linear gravitational Lagrangians like the f(R)
or R+ f(G) ones, comes from the fact that they are non-linear with respect to
the second derivatives of the metric, since “f” is an in principle non-linear function
with respect to its arguments, and R%s.,; = R%s.5 (9%, (Vg)?, V3g).

However, we can try to re—express higher order gravitational Lagrangians linearly
with respect to V2g, by making them linear with respect to the curvature tensors !
through the introduction of the appropriate “velocities” and “momenta”, in a similar
fashion to the ordinary Hamiltonian formalism. The new variational principle will
then lead to second order equations of motion for the new set of field variables.

The appropriate identification for the generalised “position” and “momenta” as

well as the Legendre transformed Lagrangian will read schematically as

44 Gaps G & (R R, R%.5), (4.2)

L(—g)™"* = gipi — [qi(q,p)pi — (—9)_1/2L(q,p)} = ¢ipi — H(q, p), (4.3)

assuming the invertibility condition holds, 92L/(9¢;0¢;) # 0. Quantities entering L
will be in principle tensor objects. Different gravity actions give us different options
in defining generalised “velocities” and “momenta”. This will be made clear in
Sections 4.4 and 4.6, where we will apply the above formalism for the case of f(R)
and R + f(G) gravity respectively.

4.3 Dynamical equivalence of f(R) gravity, part I

It is well known in the literature that through the introduction of an auxiliary scalar,
the f(R) action can be re-expressed as a non—-minimally coupled scalar-tensor one
(also called Jordan frame action), and it is the latter that is usually conformally
transformed to the so-called Einstein frame action. In this section, we we will focus
and attempt to clarify the role of the relevant GH terms in the two representations,

original and Jordan frame one. Then, in the next subsection we will demonstrate

!This is because curvature tensors are linear with respect to V?2g.
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the equivalence of the full action (bulk and surface part) using the general approach
of the Legendre transformation.

Starting from the bulk f(R) action on a manifold M,

5= [ awv=ss(n) (4.4)

through the introduction of an auxiliary scalar 1, one can re-express it in a dynam-

ically equivalent way as

9:4ﬂ%¢%@ﬂ@—W@L (4.5)

with ® = f'(¢), and V(®) = @/~ 1(®) — f (f~(®)). For the latter we require that
f"(¥) # 0, so we are able to solve for 1) = f~1(®). Action (4.5) is the so-called
Jordan frame action.

The transition to the Einstein frame action will be shown explicitly in Section

4.4 by means of a Legendre transformation.

4.3.1 The f(R) Gibbons—Hawking term in the Jordan frame

When considering gravitational actions on manifolds with boundary X, the variation
gives boundary terms containing normal derivatives of the metric variation vis Jas-
However, a well defined variational principle requires that only a particular set of
dynamical coordinates (g, and possibly its derivatives up to some order depending
on the theory) is fixed on the boundary. In order to cancel the extra, unwanted
surface terms, one needs to add a so-called Gibbons-Hawking (GH) term in the
action Gibbons and Hawking (1977). The appropriate modification of the Einstein-

Hilbert action turns out to be

SEH:/Md"x\/_—gR—FQ/Zd”_lx V—hK, (4.6)

where h is the induced metric on the surface X, and K is the trace of its extrinsic
curvature. Variation of (4.6) is then performed keeping only the metric g,z fixed on
the boundary.

In the original f(R) action (4.4) there is no natural GH term which cancels the
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extra unwanted higher derivative boundary terms, except for the particular case of
maximally symmetric spacetimes Madsen and Barrow (1989). The implication of
this is that there is no counter term that can be added in the action, in order to
cancel the normal derivatives of the metric field after variation of the action with
respect to the metric. The non—vanishing of the latter terms can pose the variational
principle of the action problematic for the case of an action defined on a manifold
with a boundary. However, if one only cares about eh local equations of motion of
the theory, it can be assumed that in the action variation, the variation of the metric
together with its first, second and third derivatives are zero. For a nice discussion

of these issues see Dyer and Hinterbichler (2009).

However, in the Jordan frame of f(R) one can find an appropriate Gibbons—
Hawking term in full generality, and then under the assumption that the dynamical
equivalence between different representations holds on the boundary surface, one is
able to re-express it in the original f(R) representation. Let us examine this more

carefully.

First we want to find the GH term in the Jordan frame, and so we vary (4.5)

with respect to the bulk metric and after discarding the bulk contributions we get
555 = — / A" 'aV=hV, (0 g*76I7 ;) =2 / d" 'z v/ —h®SK. (4.7)
) 2
Therefore, the GH term that should be added in the Jordan frame action (4.9) is
Sf=—2 / d" o/ —hOK, (4.8)
2

and variation should be performed with (d¢,s, 0P) vanishing on ¥. After using the
correspondence between Jordan and original frame, ® < f/(R), we find the GH

term in the original frame to be ?

Sy =—2 / d" e v—=hf(R)K. (4.9)

2We obtained the GH term in the original f(R) representation by substituting the equation
of motion for ®, V'(®) = R(g), into equation (4.8). This makes clear that the equivalence is
demonstrably valid only on-shell (i.e. at the level of the classical equations of motion).
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However, variation of this boundary term generates a new term
08y = —2/ d" 'z —hf"(R)KSR, (4.10)
b

which vanishes only by requiring that R = 0 on the boundary. In Dyer and
Hinterbichler (2009) it has been shown that the GH term (4.9) is necessary in order
to derive the correct Wald entropy for f(R) gravity. *However, keeping R fixed on
the boundary surface can be problematic. Since R includes both the first and the
second derivatives of the metric, keeping it fixed would in principle require that the
second derivatives of the metric are held fixed too, which overconstrains the actual
formulation. The only possibility that would prevent the latter from happening
would be that the condition R = 0 is satisfied through some special configuration
of the field variations on the boundary, something that would restrict the generality
of our variational principle.

Therefore, we see that equivalence between the two representations breaks down
at the boundary, when the consistency of the variational principle is considered. This
failure indicates that the two theories cannot be truly equivalent. Furthermore, the
two theories are inequivalent at the quantum level as well; considering the path
integral defined in the Jordan frame, the integration over ®, will generate extra
terms in the effective action, making the latter inequivalent to the one defined in

the original representation.

4.4 Dynamical equivalence of f(R) gravity, part 11

We now want to exploit the dynamical equivalence between the full f(R) and
Einstein—Hilbert action, using solely the Legendre transformation approach, presen-
ted in section 4.2, which is more general and for the f(R) case gives the same result
with the conformal transformation. This was done in Magnano et al. (1987) for the
bulk Lagrangian, discarding a total derivative. In the following we will show how to

cure this by Legendre transforming the GH term, apart from the bulk part, getting

3The Wald entropy extends the notion of entropy to black holes, and applies to any metric
theory of gravity. In particular, the Wald black hole entropy formula relates the entropy of the
black hole with the area of the black hole’s horizon, S = cA, where A is the horizon area and c a
constant. For more details see Wald (1984).
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this way the correct Einstein-Hilbert GH term as well. *

Let us begin with the action

S:/Md”x\/—_gf(R)nL/Ed”‘lm\/—_hf’(R)K, (4.11)

including the GH term found in the previous section®. As we will see below, the
inclusion of the latter is indeed a good choice. We will need separate variables for

the boundary surface, and the Legendre transfomed action will be of the form

S [ oV tamn— o)+ [ @R G - ), (112)

with H; = H;(q,p). Let us first naively associate for the generalised bulk velocity,

g <> Ryp. Then we get the bulk conjugate momentum as

af

= f'(R)g*. (4.13)

pB(q7 Q) s g

We see that the definition of the conjugate momentum defines a conformal relation
between two different metrics. In fact, as we will see below, g4 is the metric in the
Einstein frame. However, the correct association for ¢ is not exactly R,g, but R,

since relation (4.13) cannot be inverted for R,gs.

We proceed by identifying

ip < R, ¢ < K, (4.14)
pp(,4) ¢ & = = 0ke — f(R), (4.15)
pE(Qa Q) b= ;_ha%(i) = f/(R)' (4-16)

Now, using the intuition gained from (4.13), and using (4.15)-(4.16), we define the

4The transition to the Einstein frame by means of a conformal transformation, including the
relevant GH terms, has been studied in Dyer and Hinterbichler (2009).

5As it was previously discussed, the GH term (4.9) can be in general problematic, however it
turns to be neccessary here in order to cancel extra surface terms after Legendre transforming the
action.
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following relations for the bulk and surface metric respectively

3 = @ﬁgo‘ﬁ and h*? = oD pos, (4.17)

The invertibility condition is not satisfied on the boundary X, since 9*Ly /OK? =
0. However, the surface part of L can be still defined, with the only difference that
the surface Hamiltonian will vanish identically, Hy, = 0. The bulk Hamiltonian is
calculated after solving one of relations (4.15) for R, Hg(®) = @ f~1(®)—f(f~1(®)).
Using this together with (4.14)-(4.16), and substituting in (4.12) we arrive at

- / /=g [OR(g) — Hy(®)] + / "oV ZROK. (4.18)

For the transition to the Einstein frame we will use the general equations (A.26)
and (A.28) relating two Ricci (extrinsic curvature) tensors, evaluated for two dif-
ferent metrics gos (Rag) and Jas (has). Defining & = exp[(1/v2w) ¢] and w(n) =
(n—1)/(n—2) we get

5o = = fyy v [ R0) - 30.00° - eV E (o)
+ Q)2 [, d e —h(0% )T, (4.19)

Sy= [.dlav/—h [2}?@) ~ (2w(n)? (aw)m} , (4.20)

and after summing up we arrive at

5= /M e/~ {é@ 00 el’ﬁz@%(@} +2 /Z eV =hK(R), (4.21)

n, denoting the normal vector to . We see that we arrive at the correct, full
Einstein—Hilbert action, following a conceptually different and more fundamental
procedure. The conformal relation between the two metrics was revealed naturally

through the definitions of the conjugate momenta.
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4.5 Dynamical equivalence of f(G) gravity, part 1

In this section we will aim to express the Jordan (scalar-tensor) frame of the R +
f(G) action as a minimally—coupled theory by means of a conformal transformation.
Firstly we will derive the GH term in the Jordan frame, and then find the appropriate
one in the original frame, as dictated by the equivalence between frames. Then, in
subsection 4.5.2 we will continue with conformally transforming the full, Jordan

R+ f(G) action.

Our starting point is the R + f(G) action

5= /M &'z /=g laR + F(G)], (4.92)

with G defined in (4.1) and « a dimensionless constant.

Through the introduction of an auxiliary scalar field ¢ we get the Jordan frame

action as

ST = / d"zv/—glaR+ ®G — V (D)), (4.23)

with @ = f/(¢), and V(®) = [®f'~1(®) — f (f~1(D))], assuming that (1) # 0.

4.5.1 The f(G) Gibbons—Hawking term in the Jordan frame

The motivation of this subsection is the same as in the f(R) case, as explained in
Section 4.3.1. We will derive the appropriate GH term in the original action (4.22)
as dictated by the equivalence with the Jordan frame, by first calculating the Jordan
frame one, presenting the explicit results of the surface parts of the action variation.

Some useful variation formulas and definitions used can be found in A.2.

We start from the Jordan frame action (4.23) and vary each of the Gauss—Bonnet
terms separately with respect to gnp using relations (A.3)— (A.15). We focus on the
f(G) term, since the GH term for R is given by (4.9) for f'(R) = 1. We will again
present only the boundary part of the variation, as well as work in Riemann and

Gaussian normal coordinates Misner et al. (1973). With the aid of integration by
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parts, and using equation (A.3), we get

08y = =4 [gd" eV =h QRIK, (4.24)
6532 =—4 fE dn_lx v —h® |:2nﬁRaan - n)\RaBV)\ - nAhQBRHAVIm

—no‘nﬂnnR“’\V,\] 0Gap; (4.25)

053y = [ d" e V/=h ® [ny\R** V] 6gas. (4.26)

The geometric relevance of the above terms becomes evident if we express them in
terms of tensor objects defined on the boundary surface using the Gauss-Codacci
equations Misner et al. (1973). Doing this, and adding up all three terms together,

we arrive at

5SL = / d"lay/=h ® [2 (2(%51% + 2K, P K"K,
3

2K KP16K g, + K20K — KWKO‘“(FK)} , (4.27)

with G#7 the Einstein tensor defined on 3. Since we require that § Jop =0 o0n X (or
Ohes = 0), it follows that 5§a5 =0and 6K, = 0K = §K*; on ¥ as well. Using
those facts, we can go backwards in (4.27) and check that it is the variation of the
following quantity

S) = / e/ "h @ [2 (zéaﬁKaﬁ + Jﬂ , (4.28)
>

with J = $K?, K" K,, — KK K" + K3 The appropriate supplement for the
initial scalar—tensor action is therefore equation (4.28) with a minus sign instead.
The GH term for a simple Gauss-Bonnet action (L o« /—¢G) has been derived
under more general assumptions in a braneworld context in Davis (2003), as well as

in Myers (1987) using the calculus of differential forms.

Now, as in the f(R) case, we can use the equivalence f'(G) <> ®, to find the GH

term in the original f(G) frame if the equivalence is to hold on the boundary,

S = — /E "'z V"R f(G) [2 (2@“5&/3 + J)] . (4.29)
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Now, variation of the action requires dg,s = 0 and 0G = 0 on X. The latter condition
can yield a problematic variational principle for the same reasons discussed in Section
4.3.1. Therefore, for R + f(G) theories as well, true equivalence on the boundary

surface is broken.

4.5.2 Conformal transformation of the Jordan frame action

We now want to study if the non—minimally coupled, full Jordan frame action (4.29),
can be decoupled from ® and written in a G+ scalar field form, similar to the f(R)
case, using a conformal transformation of the metric.

Before we start with the calculations, let us introduce a notation that will make
our equations look shorter. So, only for the rest of this section, we shall define:
n; = (n —1i) and r; = 1/n;, where n is the spacetime dimensionality. n; is not to be
confused with the surface normal n,,.

We shall begin with the bulk term. Using the transformation formula (A.23)

together with the conformal factor identification
Q= oY= = pr1, (4.30)

and omitting the potential which transforms trivially, the action (4.23) after the

redefinition ® = exp|¢| becomes

[y d"e V=g ®G v [, d"z \/_—g{é
—8ryns [qffaﬁ - T4n5gb’°‘¢’ﬁ} Eaﬁ — 2ryng [37"4n4gz§”“gz§7,.G —20¢ — ae(k“"?)d’] R

—|—47‘f11n3n2 [2715%3 + % — 3(17‘27},5”16(1_7"4712)¢] (¢,K‘,¢”€>2

+4r3nsnznsg {gb,a(?,ﬁ + 2‘#;01,31 (¢’a¢”8)

+4rinsn, [[j¢ — 14 (2n5 +n1) QTP + 2ar4nle(1_7"4n2)¢] )

—4r2nany P gb;aﬁ}, (4.31)

with 0 = V*V,.

Identification (4.30) breaks down for n = 4, and in fact it is valid only for n > 5.
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This means that we are unable to decouple the scalar ¢ from the Gauss-Bonnet
term unless n > 5. For n > 5, the GB term is minimally coupled to the scalar
® = expl¢|, but there are new couplings between the derivatives of ¢, the Ricci
tensor and Ricci scalar. In this case, action (4.31), plus the scalar potential term of
(4.23), describes a fourth order, non minimally coupled scalar—tensor theory.

Let us now turn attention to the conformal transformation of the relevant GH
term, calculated in A.3. One can see that the variational principle requires that we
impose apart from dg = 0 and d¢ = 0, the extra conditions 65?] = (0 and %&b =0 on
Y. The R+ f(G) action cannot be expressed as a second order, minimally—coupled

scalar tensor one, in contrast with f(R) gravity.

4.6 Dynamical equivalence of f(G) gravity, part 11

The richer structure of the R + f(G) action gives us more options in identifying
generalised velocities, compared to the f(R) one. In this section we want to take
advantage of the latter fact, and re-express the original R + f(G) action as a new
one with not only a new scalar, but with new tensor fields as well, by means of a
Legendre transformation. The new variational principle will be of second order.

Our starting point is the action

S— /M &'z /=g [aR + F(C)]. (4.32)

We proceed with defining our conjugate momenta as

P U= o0k =a +2Rf(G), (4.33)
p2 ¢ %0 = Sgpe = —8f'(G)RY, (4.34)
ps > 00" = gl = 2f(G)R. (4.35)

Defining ® = ®(G) = f/(G), the inverse of the above relations read

R=5:(¥—a), (4.36)
RS = —Lgod, (4.37)

R2(®,g,5,0) = ﬁaaﬂw, (4.38)
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with §%, = g™ G.x and f'(G) # 0. In fact, we will use g, to raise and lower indices

for the rest of the section.

For the calculation of the Hamiltonian we will need to express the Gauss—Bonnet
term in terms of the new fields (¥, g*%, 0,77). Using the inverse relations (4.36)-

(4.38) we get

G =R*—4R"™R,, + R", o R, = (¥, g,0), (4.39)

T 492

with the function I' defined as

~
F(\I}7g70') = (\Ij - a)Q - % + U#Vpogﬂypg. (440)

Furthermore, we assume that we can invert relation (4.39) % and express the Gauss—

Bonnet term in terms of the function I' as
G=G1T)=J(I), (4.41)
so that
F1(G) = ) = F(T). (1.42)

Using all the above, we can now calculate the Hamiltonian as

H(F(\IJ7 g? U)) = ‘IIR(\IJ7 97 U) + gaﬁRaﬁ(qj7 g? U) + O-aﬁ'yéRa,B’y(S(\Ija ga U) - (_9)71/2[’(\1” ga U)

— s = FLID)). (4.43)

Notice that the fields (¥, 5%, 0,%7%) enter implicitly in the Hamiltonian through the

function I'.

The Legendre transformed action then reads

SW%@ﬂZAﬂ%WQ VR(g) + 37 Rap(g) + 0" Rpys(g) — H('(¥,3,0)) | . (4.44)

To get the equations of motion we vary the action S with respect to the four fields

6The necessary condition is that [(f' (G))* G]' # 0, implying that f(G) # C1vVG + Cs.
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(U, §°°, 0,7, Jap) to get

8 — R(g) —2H' (¥ — ) =0, (4.45)
5205 = Rap(9) + 3H'Gap = 0, (4.46)
thi—%w = Ra[g,ﬂ;(g) — 2H/0'O‘575 = O, (4.47)

5S
6ga5

= UG — VoA + gPVrY, U — V, Vieghe
+1VPV 507 + LgoBY, VG — 2V, Voo
_%gaﬁ |:§K)\R/i/\(g) + O-HAMVRNAMV(Q) - H(F)}

i [SO—W%B)W — gn(agﬁm} —0, (4.48)

with G* = R — 1g*fR, H' = H'(T') = 0H/OT and covariant derivatives V,
defined with respect to gug.

Variation with respect to g,s yields surface terms oc Vg,5. We want to keep only
the fields fixed on ¥ and not their derivatives, so we have to add in action (4.44)

the following GH term
Sy, = /Edn_lx vV—"h (@K + gaﬂfg[ﬁnm —+ O-a/8751‘\ghn6}>, (449)
with [A, B] = } (AB — BA).

If we now contract equation (4.47) with g,” and add it to (4.47) we get the

relation

1.
O"chﬁ = Oap = —Zgaﬂ. (450)

The latter implies that 0,45 can be expressed as some combination of g,s and gag
plus some traceless part, while the trace of that expression should give (4.50). To

find the latter expression we can expand the Riemann tensor in terms of he Ricci



68

tensor and scalar according to

Raﬁ'yé = Caﬁwé — Qp (ga[éR'y]B + gﬁ[’yRﬂa) - bnRgahgé}ﬁv (451)

Withanzﬁ,bnz( 2

(=) and Cyp the Weyl tensor which is traceless in all

its indices. After use of equation (4.46), relation (4.51) can be expressed as

n, . . by -
Rogys = Capys + 7H’ (9asGy18 + 9811 96)a) + 5H'99ahgéw7 (4.52)

and plugging the latter into equation (4.47) to substitute for the Riemann tensor,
we get a relation between o,.5, gag and gags

bn

O—OC/B’Y‘S = 4

1 ay, N - -
7Capro(9) + 5 (9alsGrs + 9slyola) + 7 Galr9o)s- (4.53)

2H'
Combining equations (4.45) and (4.46) we can find a similar relation for W

U(g,9) = o — 4, (4.54)

with § = ¢*gaps. One would like to be able to solve equation (4.53) for c,p,5 =
0apv6(7,9). However, this is not in principle possible unless H' = constant (cor-
responding to the trivial case of f(G) = G) or Cupy(g) = 0. The latter case
includes the case of the FLRW spacetime or maximally symmetric spacetimes like
the Minkowski one. In that case, all fields can be expressed in terms of g,3 and gaz
and we can get a solution for the latter ones by solving the appropriate system of

second order differential equations, which we derive below.

Now, we want to derive a system of evolution equations for the set of fields
(9aps Gap). The first equation we will use results from equation (4.46) after taking
its trace once, together with some simple algebra. To get the second equation, we
use relations (4.53) and (4.54) together with the C,p,s5(g) = 0 ansatz to express
the last of the equations of motion, equation (4.48), in terms of g,p and g,z alone.
This way we arrive at the new system of second order equations for the set of fields
(9ap, Jap)

L1
G = —5 1 (gaﬁ SE» ﬁ) | (4.55)
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~ (aB) ~ L R 3
(P:,f‘) VHV,\g’“’ o H/gozﬁ [pngmgm + Qn92 —aj— 2%]

i [rngmgm + 5,93°% + 20°| =0, (4.56)
with H = H(I'(g,g)) and the operator P= ﬁ(g) defined as

.\ ()
(Rﬁ? ) = (1—an) [cng”(agﬁ PG = €ag®? g g — 46N D85 + 2975968 + 2920556

urv

(4.57)
while the constants a,, b, ¢n, Pns G, Tn, Sp Tespectively
ap = %, bn = m, Cp = 11:2041):7 (458)
a?
Pn=an—g-(1+ba), ¢n= 111 — an(a, — 2b,)], (4.59)
ra =201 —%(n—4)], s,=32an(a, —2b,) - 1]. (4.60)

To arrive at equation (4.56) we have used the following relations

L=T(9,9) = Kl e 1)) -1 (Z - ;’) aﬂ”aﬂy} ()

and

1

-3
af=pp — NPl —9 n = o 4.62
S _2) {9 9" Gou + (0 —4)3" 3", (n_l)gg } (4.62)

o0 (9, 9) =

as well as 0%3,5(g, §) given by (4.53) with C%s,5(g) = 0.

A look at the first equation of the new system, equation (4.55), shows that at
the level of the equations of motion we can express the dynamics as GR, minimally—
coupled to an effective energy—momentum tensor (the r.h.s of the equation) described
by the spin two field gqg.

There is one extra constraint the fields satisfy, that is the Bianchi identities.
Since the Lh.s of equation (4.55) is covariantly conserved, as dictated by the Bianchi

identities, then the r.h.s should be as well,

1

ve [H’ (gaﬂ _ §gaﬁg>} —0. (4.63)
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The latter equation is a condition the set of fields (gag, as) have to satisfy, together
with the equations of motion.

We will not seek solutions of the system described by equations (4.55)-(4.56) in
this paper, leaving this for a possible future work. However, it is easy to see that
Minkowski space is a solution for (gag, Gag) = (Mas,0).

We see that at the classical level of this representation there are two independ-
ent fields, (gag, Jup), satisfying a system of second order equations together with
a second order condition, the Bianchi identity. These equations should be classic-
ally equivalent to the original fourth order ones, as g,s is related to the second
derivatives of g.s. It should be noted that there is no reason to expect complete
equivalence of the quantum equations, as the measure of the path integral in the

different representations can introduce new terms.

4.7 Conclusions

Let us close the chapter with a summary and some remarks on the previous ana-
lysis. It is clear, that Legendre transformations are a fundamental tool to study
the dynamical equivalence between different modified gravity actions, with the aim
of understanding better the nature of the theories under study. When working the
level of the action, a consistent analysis should take into account the appropriate
Gibbons-Hawking (GH) terms (full action). Although in a general context there are
no natural GH terms for both f(R) and R + f(G) actions, however one can define
them considering the dynamical equivalence between two different representations of
the particular action on the boundary surface, as it was done in Section 4.5.1, when
we considered the equivalence between the original action and the Jordan frame
one. However, the GH terms found through this procedure turn out to render the
variational principle inconsistent.

The disagreement between the GH terms in two different frames is associated
with the fact that the two representations are not equivalent at the quantum level,
as pointed out in Section 4.3.1.

Due to the structural simplicity of the full f(R) action, the Legendre trans-

formation yields in this case the same result as a conformal transformation of the
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original action. On the other hand, the R + f(G) Jordan (non—minimally coupled)
frame action cannot be re-expressed as a second order theory through a conformal
transformation, despite the fact that the auxiliary scalar decouples from the Gauss—
Bonnet term for dim > 5. The resulting theory is still of fourth—order, as was
calculated explicitly for the full action in Section 4.5.

However, the more complex structure of the R + f(G) action, allows one to re-
express it, by means of a Legendre transformation, as a second order theory with
extra tensor fields apart from scalars. In the new representation, it turns out that
only two fields are the independent ones, the metric g,s3 and the rank two field
Jap- At the level of the equations of motion, we are able to recover GR, sourced
by an effective energy-momentum tensor, which is a function of g,s. Although the
two representations are classically equivalent in vacuum without boundary, at the
quantum level they differ, as integrating out the extra fields generates new terms
in the effective action. We briefly comment on the physical equivalence between

different representations in the next section.

4.8 Physical equivalence between different rep-

resentations

In this section we would very briefly like to review and comment the arguments
presented previously in the literature favoring one frame instead of the other. The
physical predictions and validity of either frame has been in fact a long controversy
in the literature. We shall restrict ourselves to Brans—Dicke gravity, as it has been
the most studied theory in terms of the dynamical equivalence, on the same time
being one of the simplest cases one can consider. Notice that the case of f(R) gravity
corresponds to Brans—Dicke gravity with w = 0.

Let us start by noting that the analysis in the previous sections was performed
for the case of vacuum, without including matter fields, as we were interested purely
in the gravitational sector of the theories. However, the introduction of matter fields
complicates things; in the original f(R) or Jordan frame representation, the matter
fields are minimally coupled to gravity, which is no longer true after performing a

conformal transformation to the Einstein frame. This implies that in the original
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representation matter fields follow the geodesics of the Jordan frame metric, but the

similar is not true for the Einstein frame.

To begin with, in Magnano and Sokolowski (1994) it is argued that the “true
physical variables are exactly those which describe the equivalent general relativistic
model” (in the case of f(R) gravity the latter implies the Einstein frame variables).
Of course, one should first define what “physical” means. According to Magnano and
Sokolowski (1994) physical is the frame defined through a “ a set of field variables
which are (at least in principle) measurable and satisfy all general requirements of
classical eld theory”. What is more, in the same work it is argued that the Weak
Energy Condition can be violated in one frame, but not in the other. Although this
could be in principle true, in Flanagan (2004) it is argued that there is no physical
observable whose predicted value in all conformal frames is the sign of G, u* for a
timelike w*. In general, all observable quantities should be conformally invariant,
and therefore independent of the particular frame used. After all, at the classical
level a conformal transformation just accounts for a field re-definition, and of course

physical observables should be invariant.

What is more, starting from the fact that two conformally related metrics can
interact in a different way with external matter fields (e.g baryons) in the action,
in Magnano and Sokolowski (1994) it is argued that the physical metric should
be chosen such that its geodesic lines are those followed by external matter test

particles. A

In Faraoni and Gunzig (1999) it is explicitly demonstrated that in the Jordan
frame of Brans—Dicke theory, wave-like gravitational fields violate the weak energy
condition, implying an “infrared catastrophe” for scalar gravitational waves. How-
ever, again in this case the question is if there is any observable where this violation

manifests itself.

An important point regarding conformal transformations and sometimes neg-
lected in the various studies in the literature, is a point emphasized by Dicke’s
original paper Dicke (1962); a conformal transformation accounts to a change in
units. In particular, the new units run as some particular function of the conformal
factor and in turn as a function of the spacetime coordinates. This view is further

adopted in Flanagan (2004); Faraoni and Nadeau (2007) pointing out that the latter
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change of units should be always kept in mind when calculating physical observables,

and of course, physics should be independent of the choice of units.

However, it has to be stressed that one expects physical observables to be in-
dependent of the choice of variables; this means that one should always ask the
question of what is really observed before reaching any conclusions about the vi-
ability of one frame against another. An important example is the calculation of
primordial inflationary spectra in the context of non-linear gravity theories in both
Jordan and Einstein frame, yielding the same answer, Kolb et al. (1990); Kaiser

(1995) as well as De Felice and Tsujikawa (2010) and references therein.

It has been also pointed out Faraoni (2009), that different conformal frames give
a different effective mass and range for the scalar, and care must be taken when
for example confronting scalar-tensor theories with solar system experiments. In
particular, one should be careful with the definition of mass in different frames of

the same action.

One could ask the question of what happens with the physical equivalence
between different frames at the quantum level. From a path integral point of view,
different conformal frames will yield physically inequivalent theories, as the trans-
formation on the action as well as the path integral measure will yield additional

factors that will affect the path integral in a non-trivial way.

As it is argued in Flanagan (2004) the only case where two conformal frames
will yield physically equivalent theories at the quantum level is the semiclassical
case, where only the external matter fields are quantised, but not the metric and
the scalar, which should be expected as in that case the conformal transformation

accounts only for a redefinition of units.

When gravity is treated as a quantum effective field theory, i.e a quantum theory
which is accurate only up to a particular cut—off energy scale, an important role is
played by the equivalence theorem which states that the S- matrix is invariant under
non-linear, local field redefinitions (Chisholm (1961); Kamefuchi et al. (1961), as well
as Flanagan (2004); Faraoni and Nadeau (2007) and references therein). Conformal
transformations belong to this class of transformations, however the theorem only
holds at the regime where the perturbative approach is valid. As a result, calculation

of tree level quantities will yield equivalent results in different conformal frames,
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but this is not in general true beyond the effective description of the theory, i.e for

energies beyond the energy cut—off.
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Chapter 5

Anisotropic stress and stability in

non—linear gravity models

5.1 Introduction

This chapter closely follows the collaborative work together with M. Kunz reported
in Saltas and Kunz (2011).

In particular, we will elaborate on an important feature of modified gravity mod-
els, namely the effective anisotropic stress, and will try to understand its importance
for current and future cosmological observations.

Although strictly speaking cosmological probes in general cannot provide con-
clusive proof Kunz and Sapone (2007); Kunz et al. (2008); Hu and Sawicki (2007),
the presence of a significant anisotropic stress could be a smoking gun for a modifica-
tion of GR at large scales: canonical scalar fields do not create additional anisotropic
stress, while the modified-gravity (MG) models like scalar-tensor theories, brane-
world models like the Dvali-Gabadadze-Porrati (DGP) model Dvali et al. (2000)
and f(R,G) type theories generically induce a large effective anisotropic stress.

In this chapter, we investigate one specific class of models, f(R,G) type modific-
ations of GR, and ask the question whether it is possible to construct viable models
with a vanishing, or arbitrarily small effective anisotropic stress. Or in other words,
is it possible to mimic “GR” with these models, at least up to first order in perturba-
tion theory and in the sense that the extra anisotropic stress is small enough? Since

f(R) models have many things in common with scalar-tensor theories, we expect
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that our discussion is also relevant for those models, and as we discuss later, also
for DGP and other braneworld models.

The structure of the chapter is as follows: In Section 5.2 we discuss the notion of
anisotropic stress in general, and how this plays an important role in modified gravity
models and then we investigate the possibility of a vanishing anisotropic stress in
the particular cases of f(R) and f(G) models, before we look at the more general
f(R,G) case. In Section 5.3 we identify and discuss the link between anisotropic
stress and stability in modified gravity models in the context of both homogeneous
and inhomogeneous perturbations around de Sitter space. We further derive the
relevant stability conditions. We generalize the discussion to arbitrary backgrounds
in Section 5.4 and give some results for a matter dominated evolution. In Section 5.5,
we apply the above to characteristic toy models, and then discuss our conclusions.
Some explicit intermediate calculations and formulas can be found in the Appendix.

The f(R,G) models were introduced in section (3.3), where some of their funda-
mental properties was discussed. For convenience let us recall some equations that
will need in the following. In the flat, FLRW background the two key quantities, R
and G, can be expressed purely as a function of the Hubble parameter H = H(t)

and its time derivative,

R(t) = 6 (2H2 + H) , (5.1)
G(t) = 24H° <H2 + H) . (5.2)

We will also use the notation F' = fr = of (R 9 and E=fa = of (R <) , and over dots
denoting derivative with respect to cosmic time ¢.
Notice also that in this section we will be using ¢ and 1 to denote the scalar

Newtonian potentials, and ® and ¥ for the gauge invariant ones.

5.2 The effective anisotropic stress in higher or-
der gravity

Let us here introduce the notion of anisotropic stress in gravity. As a starting point,

we consider scalar perturbations around a flat FLRW background in the conformal
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Newtonian gauge, where the metric is of the form!
ds® = —(1+2¢)dt* + a(t)* (1 — 2¢) dx?, (5.3)

and the gravitational potentials 1) = ¥(x,t) and ¢ = ¢(x,t) are closely related to
observations: light deflection is sourced by the lensing potential ¢ + 1 and non-
relativistic particle motion by ¢ alone.

The scalar anisotropic stress I1 is then defined as the difference in the potentials

o — 1 =11(x,1), (5.4)

or the difference of the relevant potentials in some other gauge. Equation (5.4)
is called the anisotropy equation, and can be found by calculating the ij (i # j)

component of the perturbed equations of motion around the FLRW metric,

1 ) eff ;total)x

= e (5.5)

5Glj _ ggééGﬁn _ 5T(eff,t0tal)zj .

from which one then extracts the scalar part as usual to get
¢ —1p = 110, (5.6)

We emphasize that this is the anisotropic stress one would infer by assuming GR
to hold, not only the anisotropic stress from the matter fields. Indeed, here we are
precisely interested in the contribution to ¢ — ¢ due to a modification of gravity.
While relativistic particles do induce an anisotropic stress, it is small at late times
and we will neglect the contribution of T\5™"" in equation (3.45) to ¢ — ¢. Notice
that because of the nature of T, in modified gravity theories, the r.h.s of above
equation will in principle have a spacetime dependence, i.e it will be a function of
¢, as well as their first and second derivatives with respect to time (in Fourier
space), in contrast to GR, where the r.h.s is just a function of the matter content.

The usefulness of (5.6) is that it has a GR-like Lh.s., allowing to compute predictions

for cosmological observations as usual, while all the extra contributions are moved

!The general form of the perturbed line element is given in the Appendix.
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to the r.h.s. and interpreted as a “modified gravity energy-momentum tensor”.

In particular, for GR (and neglecting any relativistic species) we have I —
0 and therefore ¢ = 1 at all times. Therefore, the inequality of the Newtonian
potentials is a “signature” of departures from GR on large scales Kunz and Sapone
(2007).

The ratio ¢/, or variables derived from it, like n(¢, k) = % — 1, can be extracted
observationally by combining weak lensing experiments with e.g. galaxy surveys or
redshift space distortions, making cosmological observations a powerful test of GR
Amendola et al. (2008). In particular, one can extract the weak lensing potential
from weak lensing surveys, with the former being equal to the difference between
the two scalar potentials, ¢wi, = ¥ + ¢*. On the same time, measurements of
the peculiar velocities of galaxies can provide an estimation of the scalar potential
1 through the momentum conservation equation for the pressure less matter fluid
(Euler equation). Combining the two observations, i.e weak lensing and peculiar
velocities measurements, one can then extract the ratio ¥/¢ or equivalently the
parameter 7. Current limits on n are rather weak, with deviations of order unity
from n = 0 still allowed, but future probes will measure the ratio ©/¢ with an
accuracy of a few percent (e.g. Bean and Tangmatitham (2010); Daniel et al. (2010);
Zhao et al. (2010); Song et al. (2011)). For a discussion on a model independent

measurement of the parameter 1 see Amendola et al. (2013).

In this paper, we raise and investigate the following question: Can we construct
a viable modified gravity model with ¢/i¢» = 1, or in other words, is ¢ # 1 an
unavoidable consequence of modifying gravity to explain the dark energy? We will
try to answer this question step by step, by investigating the anisotropy equations

of f(R), R+ f(G) as well as of the more general f(R,G) gravity models.

The equations for general spaces tend to be complex and in general do not
admit simple solutions. For this reason in this paper we will first focus on the case
of a de Sitter background. On the one hand, solutions that explain the observed
accelerated expansion usually tend towards a de Sitter fixed point, and also the

observed background expansion requires no deviation from p = —p for the inferred

2Notice the different form of the lensing potential compared to the one defined in 2.56. The
difference here is due to the different sign used for the potential ¢ in the perturbed line element
(5.3) compared the one defined before.
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dark energy component. On the other hand, the equations simplify significantly
in this limit, which allows us to give explicit solutions that we can then discuss in
detail. We comment on the behavior for other backgrounds in section 5.4, but leave
a fully general study for future work. We nonetheless expect our conclusions to be

quite generic for models that try to explain the dark energy.

5.2.1 The anisotropic stress in f(R) models

Let us begin with the special case of f(R) gravity, described by the action

5 = /M /=g (), (5.7)

which corresponds to the limit of £ — 0 of the general f(R,G) models. It is well
known that these models are characterized by an extra, dynamical scalar degree of
freedom F', which is proportional to the first derivative of f(R), F = fr(R) = f'(R),
and its equation of motion given in (3.23). However, unless the theory is written in
the so—called Jordan frame, the latter degree of freedom (also called “scalaron”) is
still of geometrical origin.

In f(R) gravity, the anisotropic stress equation (5.15), defined in the Newtonian
gauge, becomes

_OF e

¢—¢ F R (5.8)

which holds for any spacetime, not just de Sitter.

Since 0F = frr(R)IR, the stress contribution is proportional to the derivative
of the extra scalar degree of freedom with respect to R, that is, it depends on the
evolution of the scalar F' = f/'(R). Seeking a form for the function f(R) that would
make I1C®) vanish at all times corresponds to solving the equation fzr = 0 with
a general solution f(R) = R+ A, i.e. of all f(R) models it is precisely GR that
satisfies this equation. In other words, the requirement of zero anisotropic stress in
f(R) theories is equivalent to suppressing the extra degree of freedom of the theory,
leading to the GR limit. (In the PPF framework of Hu and Sawicki (2007), frr — 0
corresponds to B — 0, B being a parameter introduced to quantify the modification

from GR).

Although it is not possible to make I exactly zero at all times without re-
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verting back to GR, one can try to make it sufficiently small for a given cosmological
period, by an appropriate choice of the model parameters. This corresponds to set-
ting frgr sufficiently small for some particular initial conditions and ensuring that
it stays small, by an approriate choice of model. This has been done for example
in Pogosian and Silvestri (2008). The price one pays is a rapid oscillatory behavior
for both the gravitational potentials and the curvature perturbation. What is more,
the amplitude of the latter can grow arbitrarily. We will come back to this this
later, when we will study the relevant stability conditions and will see that this is a
general feature of f(R,G) and other modified gravity models: the existence of an-
isotropic stress is related to the extra scalar degree of freedom of these models, and
an attempt to suppress it causes unstable behavior. In the f(R) case, suppression

of the extra scalar corresponds to frr — 0.

As can be seen from equation (5.8), another way to force HSH) = 0 would be to

impose the condition d R = 0. The crucial difference between R = 0 and frgr = 0, is
that the latter is a background requirement, i.e a requirement on the particular form
of the f(R) action. On the other hand, the condition R = 0 imposes a dynamical
condition on the potentials ¢, and their first and second time derivatives. If we
also take into account that in that case the L.h.s implies ¢ = 1, we find the equation
2 2

¢+5H¢+3H2<%+#+2)¢:0, (5.9)
which not only in general is unstable, but also fixes the perturbation evolution
needed to keep 0 R = 0, which is in general incompatible with the desired evolution
of the Universe, e.g. structure formation. In other words, the requirement 6R = 0
imposes an evolution that is in principle of no phenomenological interest. For this
reason, what we seek in this paper is a condition of the first kind, i.e. a condition

on model space rather than on the evolution of the perturbations.

5.2.2 The anisotropic stress in f(G) models

Since f(R) models do not allow for a vanishing anisotropic stress, we will instead

look at the other limiting case of f(R,G) models, namely those described by the
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action

5= /M de/=g[R+ F(G)]. (5.10)

These models posses an instability in the presence of a matter fluid, irrespective
of the form of the function f(G) De Felice et al. (2010b), which rules them out as
realistic scenarios, but here we just want to see whether it is possible to construct
f(G) models that contribute no additional effective anisotropic stress.

The first term in the action does not contribute any extra anisotropic stress.
In an FLRW background, these models posses an extra scalar degree of freedom,
proportional to £ = f¢(G) = f/(G). The anisotropy equation in a general spacetime

in this case reads as
¢ — o = 1D :4H€¢—4£¢+4<H2+H> 3¢, (5.11)

with 0§ = faedG. For a de Sitter background, the equation simplifies to ¢ — ¢ =
4H§ faadG. One possibility to have no anisotropic stress is to set fgg = 0 at all
times, leading to the model f(G) = G + A. In four dimensions G is a topological
invariant Lovelock (1971), i.e. it is a total derivative and so it has no contribution to
the equations of motion, and we are left only with R+ A for the relevant gravitational
Lagrangian, which is equivalent to GR. Alternatively we require 6G = 0 which suffers
from the same problems as R = 0 and does not allow in general for a sensible
evolution of the perturbations.

For a general background, the similarity to the case of f(R) is spoiled by the first
two terms in the anisotropy equation. In general, the condition on the evolution of
¢ and v imposed by those terms will again be difficult to enforce as a function of
time. On the other hand, if the background quantities vary only slowly, 5 ,é ~ 0,

then the anisotropy equation can be simplified as 3
¢ — 1 =1EY = —4 (1 + 3weg) 56, (5.12)

where we used the relation

H 3
m ~ —5(1+weﬁ"), (513)

3We obtain effectively the same condition on scales that are well inside the horizon, k > aH,
as 6€ is in general boosted by factors of (k/(aH))? relative to ¢ and .
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with wer = p/p being the effective equation of state parameter for the background
evolution. Now, the situation is again similar to the one encountered for f(R): one
has either to require either foo = 0, G = 0, or weg = —1/3. As discussed above,
the first condition leads to GR (in which case automatically £=¢=0at all times),
while the second does not allow for an acceptable evolution of the perturbations.
The third condition, which corresponds to the evolution of a Universe dominated by

curvature, is also not very relevant given current observational results in cosmology.

5.2.3 The anisotropic stress in f(R,G) models

We saw in the previous sections that the vanishing of the anisotropic stress in f(R)
and f(G) models corresponds to either trivial or unphysical situations. We now turn
to study the more general case of f(R,G) models. Here, the function f(R,G) has
two contributions, coming from the R- and G- part respectively, and from (B.25)

the anisotropy equation reads as De Felice and Suyama (2009)
1 : . .
6—v = 5F+4H5¢—4§¢+4(H2+H)5§] (5.14)

Unlike the f(R) case, where we simply had to demand that frr(R) = 0, the nature
of the anisotropy equation here does again not allow us to write down an explicit
condition for the function f(R,G) that would give a zero anisotropic stress contri-
bution in a general spacetime: as in f(G) models, we find extra factors of ¢, ¥ and
their time derivatives. The only case for which we can find a simple condition is for
the de Sitter spacetime, and therefore we shall restrict ourselves in this case for the
time being. Furthermore, for models that try to explain the dark energy, it is at
late times that we expect modifications of gravity to become important, and that
deviations from GR should appear in observations. For such a late-time accelerating

epoch, a de Sitter spacetime is expected to provide a reasonable approximation.

The anisotropy equation in de Sitter space reads as

é—1= % [6F + 4H5¢]

=18 4l = g, (5.15)
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where, as before, we have defined the contribution coming from the R- and G- part

of the action respectively as
and TEY = 4H2=>. (5.16)

Notice that this case is just the sum of the corresponding limiting cases of f(R) and

R+ f(G) gravity respectively, although now either term depends on both R and G.

We now ask the same question as before: Is it possible in this case to find a class

(eff)
¢

of f(R,G) models that give a zero anisotropic stress II;,

= 0, having at the same
time a sensible evolution of the perturbations? By inspection of (5.16) one can see
that in order for the total scalar anisotropic stress to be zero, we require that at all

times
™ — —prle™. (5.17)

In other words, we require that the particular anisotropic stress contributions have
equal magnitude and opposite sign at all times, or at least for the cosmological era

of interest.

We can rewrite condition (5.17) using the relations

6F = Fr(R,G)0R + Fg(R, G)dG, (5.18)
66 = Er(R,G)OR + £6(R, G)G. (5.19)

In de Sitter space we have additionally
G =4H}R, (5.20)

which implies that 6G = 4H2§R. Using the last relation together with (5.18) and

(5.19) (and so limiting ourselves to de Sitter backgrounds) condition (5.17) becomes
(frr +4H{ fre + AHG far + 16Hj foc) 0R = 0. (5.21)

If f(R,G) is an analytic function we have frg = fgr, and requiring that the above
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equation is valid for any variation JR (see discussion in f(R) section) we arrive at
frr + 8H{ fre + 16H fae = 0. (5.22)

The above equation is a second order PDE with constant coefficients, for the class
of functions f = f(R, G) that give a vanishing anisotropic stress in de Sitter space.

Its general solution is

f(R,G) = fi(Q)+ Rf2 (), (5.23)

with Q = R — G/(4H?), and f;, f, arbitrary but analytic functions of .
We specify the function f(R,G) in the action, which is agnostic of quantities like

Hy. For this reason it is preferable to consider a more general class of models with

0= (R - %) , (5.24)

with M a parameter with mass dimensions, so that II¢®) — 0 corresponds to the
special case of a model with a de Sitter expansion rate of Hy = M/2. As we will
also discuss later on, the mass parameter M controls which of the two contributions
in f(R,G) dominates.

Assuming that the de Sitter point exists and is stable, we see that it is in prin-
ciple possible to find a non-trivial class of f(R,G) models that give exactly zero
anisotropic stress in de Sitter space at all times, by selecting a model in the class
(5.23). However, as we will see by studying the stability of de Sitter space below, the
case M — 2H, corresponds to a singularity for the actual model, and therefore the
model cannot be viable. Furthermore, we will see that the anisotropic stress cannot
become arbitrarily small, since this will cause unstable behavior for the curvature

perturbations.

5.3 Anisotropic stress and stability for a de Sitter
background

There are different stability criteria that a gravitational theory aiming to describe

the late time acceleration should satisfy, each leading to a different condition for
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the form of the function f(R,G). At the background level, a viable model should
give rise to sufficiently long radiation and matter eras, as well as a transition to a
stable de Sitter era Amendola et al. (2007b); Nojiri and Odintsov (2006b); Zhou
et al. (2009). Furthermore, avoidance of singularities and of rapid collapse of per-
turbations (positivity of the sound speed) as well as agreement with local gravity
constraints should be ensured Davis (2007b); Amendola et al. (2007a); De Felice and
Tsujikawa (2009d). Of great importance is also the absence of ghost like degrees of
freedom De Felice et al. (2006); Chiba (2005b); Nunez and Solganik (2005b). For
the class of f(R,G) models the latter requirement translates into fr(R,G) > 0.

Modified gravity models of the type f(R) or R+ f(G) suffer from a curvature
singularity at very early times of the cosmological evolution Starobinsky (2007);
Tsujikawa (2008b); Frolov (2008); De Felice and Tsujikawa (2009b); Sotiriou (2007).
The latter singular behavior can lead to oscillations of the scalar degree of freedom
with infinite amplitude and frequency. As explained in Frolov (2008), the singularity
lies at a finite field value and energy level and therefore is easily accessible. We will

see in the following that this singularity is a feature of f(R,G) models as well.

In this paper we are interested in the classical stability, and particularly its
connection to the effective anisotropic stress. As we will show and discuss below,
the attempt of turning off or making sufficiently small the effective anisotropic stress
for a de Sitter background leads to serious stability problems that question the actual

viability of models with vanishing IT¢),

5.3.1 Existence of a de Sitter point

Since we will specifically study the behaviour near the de Sitter point, it is necessary
that this solution exists for the models of interest. De Sitter space is a vacuum,

maximally symmetric space described by the conditions
H = Hy=constant >0, R=G=F=¢=0. (5.25)

Furthermore, in maximally symmetric spaces any curvature invariant can be ex-

pressed as a function of the Ricci scalar, and particularly for the Gauss-Bonnet
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G="—". (5.26)

We can derive the condition for the existence of the de Sitter point by taking the
trace of the equations of motion (3.45) and using relations (5.25), (5.26), to arrive

at

F(R)R + 2G(R)¢(R) — 2f(R) = 0, (5.27)

where everything is assumed to be expressed in terms of the Ricci scalar and evalu-
ated on de Sitter space. The cases £ = 0 and F' = 1, give the relevant conditions for
f(R) and R+ f(G) gravity respectively. Solving the algebraic equation given above,
we get the de Sitter point solution, which in general is not unique. Minkowski space

corresponds to the special case of Ry = Hy = 0.

For the models of the type (5.23), we find with the help of equation (5.27) that

the de Sitter point is given by solutions of the equation

fi(uw) + ufy(u) = 0. (5.28)

and R = 2u. The next step in our analysis will be the study of the stability of de

Sitter space at both homogeneous and inhomogeneous level.

5.3.2 Homogeneous perturbations

Now we turn to study the stability of the de Sitter solution, first with respect to
homogeneous (background) perturbations. As we will see, there is a strong link

between effective anisotropic stress and stability in modified gravity models.

Let us consider the time-time component of the Friedman equation (3.45) and

perturb it linearly around the de Sitter solution H = H,

H(t) = Hy + 6H(t). (5.29)

Under perturbation (5.29) the perturbed function f(R,G) reads as

f = fo+ FodR + &0G, (5.30)
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and similar expressions hold for the other quantities of interest. The explicit formulas

and calculations for any space can be found in the Appendix.

Now, evaluating relations (B.13)—(B.15) and using conditions (5.25), we can write

the linearized perturbed modified Friedman equation (3.59) in the form
CyO0H + Cy6 H + C36H = 0, (5.31)

with the constants C,Cy and C5 defined in the Appendix. There is no constant
term since we know that de Sitter, 0 H = 0, is a solution. This equation then admits

an exponential solution of the form

SH = Ae®™" + Be® t, (5.32)
with
3 9 F
t="Hy+,/-H?—— —4H? .
a 2 0 4 0 3w o J» (5 33)
and
w = Fp+4H] (2Fq + 4H3G) | (5.34)

where we dropped the subscript “0” from Fr e.t.c for simplicity.

From solution (5.33), we can read off the condition for de Sitter space stability

with respect to homogeneous perturbations:

F
3[Fr+4H? (2Fg + 4H3Eq)]

—4H > 0. (5.35)

The latter condition ensures that the de Sitter point is an attractor for the particular
f(R,G) model under study, which is important for the viability of a cosmological
model of gravity. The limit & — 0 in (5.35) gives the corresponding condition for

f(R) gravity, that has been derived before in Faraoni (2005),

ja
T 4H? > 0, (5.36)

while when F' — 1 we get a similar condition for the R 4+ f(G) models also derived
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in De Felice and Tsujikawa (2009b)

1

— _4H?>0. 5.37
48HY faa 0= (5.37)

The stability condition (5.35) is general, but now we can check what it tells us for
the class of models that give a zero anisotropic stress, described by equation (5.24)
as M? — 4HZ. We can see that in this case necessarily w — 0, and so the eigenvalues
(5.33) tend to infinity?. In particular, when w is exactly zero, which corresponds to
the case of a vanishing anisotropic stress, it is not possible to reach the de Sitter
state without triggering a singularity in the model: the quantity ¢} = 18 Hw in
equation (5.31) goes to zero as we approach de Sitter, together with Cy — 0 (see
appendix B.1). In general 6H ~ (Cs/Cy)6H — oo which requires 6H to diverge
in order to satisfy the evolution equation, except possibly for a lower dimensional
and thus infinitely fine-tuned set of trajectories in specific models. We will show
and discuss this explicitly in section 5.5 considering examples for particular f(R, G)
models.

If the effective anisotropic stress is not exactly zero, but sufficiently small, in that
case the rapid and large background oscillations render the linear analysis unreliable,
i.e the evolution becomes non linear. We will come back to this again in section 5.5.

Similarly, in the f(R) and R + f(G) cases, where the zero anisotropic stress
condition was that frr(R) = 0 and fga(G) = 0 respectively, conditions (5.36) and
(5.37), give the obvious result that one gets infinities when trying to suppress the
extra degree of freedom. The difference with the more general f(R,G) models is
that the singularity appears for a finite value of the mass parameter M of the model,
while in f(R) and R+ f(G) the same happens for rather trivial cases. We conclude
therefore that a f(R,G) type model that has no anisotropic stress in a de Sitter

background cannot dynamically reach this background solution.

5.3.3 Inhomogeneous perturbations

In this subsection we will study the behavior of inhomogeneous perturbations in de

Sitter space and we will first show that the stability condition coincides with the

4Since the no-ghost condition requires that F > 0, the question whether the background solution
moves towards or away from de Sitter depends on whether w — 0% or w — 0™.
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stability condition derived in the section on homogeneous perturbations. We will
then make the relation between anisotropic stress and stability clear by studying
the evolution of the perturbations. The full set of perturbation equations together

with some useful relations can be found in the Appendix.
We follow De Felice and Suyama (2009) and choose the gauge invariant expression

1

o =
2F

[0F + 4H{o¢] . (5.38)
for the gravitational potential, as it reduces to ¢ in the Newtonian gauge and remains
well-defined for a de Sitter background. For that background, we find that the

potential is just given by

(frr +8HZ fre + 16H] fae) OR

o —
2F ’

(5.39)

where we used the fact that fre = fgr and that in de Sitter space we have 0G =
4H?*0R. From condition (5.21) we see that in de Sitter space and for models that
have no anisotropic stress, ® is necessarily zero. However, let us assume that we are
not exactly in this limit. Then by substituting the expression of R in terms of the

gauge invariant ®, relation (B.31), we arrive at the evolution equation,

. . k2
® + 3Hyd + (—2 + mgﬁ) d =0, (5.40)
a
with
F
2 = _4H? 5.41
meff 3w 0> ( )

for w defined in (5.34), and a(t) oc exp(Hot). m2s is the effective mass of the Klein—
Gordon type equation for the scalar perturbation in de Sitter space, and has a purely
geometrical origin. Equation (5.40) reduces to that of f(R) and R+ f(G) for the

limits of & — 0 and F' — 1 respectively.

As k — 0, the requirement for superhorizon stability dictates that the effective
mass is positive,

meg >0, (5.42)

which leads to the same stability condition as derived before with the homogeneous
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analysis, equation (5.35). Therefore, the two stability criteria, with respect to homo-
geneous and inhomogeneous perturbations respectively, lead to the same conditions,

as it is the case for f(R) gravity as well Faraoni (2005).

Turning back to the effective anisotropic stress, we can see that considering again
the class of models found in (5.23) and requiring M — 2H, (ngg) — 0), will make
the denominator of (5.41) go to zero so that

lim mZ = lim (© — 4H2) = 4o (5.43)

Mo2H, T w50 \ 3w 0 ’ ’
depending on the sign of w as it approaches zero. In the case of positive infinity the
stability condition is not violated, while the minus infinity will obviously violate the

stability condition, as it would make the effective mass negative (tachyonic).

The effective mass going to infinity means that the scalar degree of freedom
becomes frozen and so it is effectively suppressed. This is also the case in the special
cases of f(R) and R+ f(G) gravity, as can be seen by inspection of equations (5.36)
and (5.37) for frrg — 0 and fge — 0 respectively. However, here the singularity
appears in a non trivial way, i.e for a critical value of the mass parameter M where
the two different contributions, i.e the R- and the G- contribution in (5.17) balance
each other. By consequence, in f(R, G) type models, the anisotropic stress is related
to the extra scalar degree of freedom of the theory. As the same happens in scalar-
tensor models (e.g. equation (43) of Amendola et al. (2008)), and also in DGP where
the absence of anisotropic stress requires the crossover scale to diverge, r. — oo,
which effectively restores GR, we conjecture that this is a quite general feature of
modified gravity models. In addition, in the f(R,G) case, turning the anisotropic
stress off (or trying to make it sufficiently small) has a direct impact on the stability

and time evolution of the model.

To see what happens when the mass diverges, it is possible to study the solution
of the evolution equation (5.39) using a WKB approximation for ® < 1. We discuss
the procedure in more detail in appendix B.3, where we show that the solution in
this regime, and for a sufficiently large effective mass meg, is approximately given
by

O(t) m Y CyelHox2iment, (5.44)
+
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with C4 constants and Hy, > 0. From the above solution it can be seen that the
frequency of the oscillations is proportional to meg. Suppressing the anisotropic
stress leads to a very large effective mass and thus to a very rapid oscillation of ®.
Although we have shown this here only for the de Sitter limit, we expect that the
result is more general, and similar oscillations have been seen for example in Pogosian
and Silvestri (2008) during matter domination for numerically reconstructed f(R)
models which mimic GR at early times.

From relation (5.41) it can be seen that a large effective mass corresponds to a
small anisotropic stress and a small potential . However, this is not true for the

curvature perturbation 0 R (or 6G) which has an amplitude that is o< Mg,
SR(t) = 6 (mZ; +4Hg) O(t) (5.45)

and as m?; > 1 one can get large curvature perturbations, that grow significantly at
earlier times. The latter behavior, occurring while we try to suppress the effective
anisotropic stress, is very similar to the one caused by the singularity found in
Starobinsky’s “disappearing cosmological constant” model, Starobinsky (2007) and
Frolov (2008). In that case, the singularity appeared in the high curvature limit of
the particular model, while in our case it appears in the model space of different
f(R,G) models respectively. The latter oscillatory behavior endangers the stability
of the actual model as has been pointed out in Starobinsky (2007) and Frolov (2008),
and for an explicit discussion on the subject the reader is referred to Starobinsky
(2007); Frolov (2008).

Another interesting aspect of the models of the type f(£2) concerns the sound
speed. The propagation speed in de Sitter space equals the speed of light (¢? = 1).
However, using the formula derived in De Felice and Suyama (2009) ° we find that

the sound speed in a general background is given by

81 2 \ H
2 —
=1+ —-=1 — | = 5.46
Mt Im e +(1—7)H2 (5.46)
where v = % is a dimensionless parameter (constant in a de Sitter background).

~ > 1 implies that the Ricci scalar part of the f(R,G) contribution to the aniso-

5Tt is relation (6.20) in De Felice and Suyama (2009).
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tropic stress dominates, while for v < 1 the Gauss—Bonnet part is larger. v = 1
corresponds to the case where the two contributions in f(R, G) models become equal

and cancel.

We can calculate H from the equations of motion, and for this particular class

of models we get L
T — (1_’Y>(H€_§)7 (5.47)
SH2(F 4 4HE)

which can then be substituted in (5.46). However, considering an expansion char-

acterized by an effective weg, equation (5.13), the sound speed takes the form

3(1 —I— weﬁ‘)

— (5.48)

Assuming a background with weg # —1, we immediately see that as v — 1, ¢ — oo.
The sound speed becomes negative for v < 1 (Gauss—Bonnet part dominates) and
positive for 7 > 1 (Ricci scalar part dominates) respectively. The value v = 1,
which corresponds to the effective anisotropic stress becoming zero is the critical
value where the sound speed diverges and changes sign. In other words, if one
wishes to enforce ¢, < 1 then one has to ensure that the model lies sufficiently far

from the regime where the two contributions balance.

5.4 General and matter-dominated background

In this section we extend the analysis to a general background evolution, and then
consider specifically the important case of matter domination. In general we have
to consider equation (5.14). In this equation, §F and 0¢ are functions of JR and
0G through Egs. (5.18) and (5.19). These in turn can be expressed in terms of
the metric perturbations, ¢ and v, see e.g. De Felice and Suyama (2011b). In the
small-scale limit, £ > aH, we find that ¢ = ¢ implies

frr + 16(H? + H)(H? + 2H) foe + 4(2H + 3H) fpe = 0. (5.49)
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In order to re-transform this condition into one involving only R and G, we can

eliminate H and H with the help of equations (5.1) and (5.2),

0 = %(}HM), (5.50)

H = —é\/R2—6G. (5.51)

Using this prescription we find for the general no-anisotropic-stress condition

0 = fan-t g (—9G+zR <R— m)) fee
+§ (R - 2VR = 6G) fre. (5.52)

While it is difficult to find general solutions, we can instead study the case for a
background evolving with a given weg, as defined in (5.13). We notice that in this

case equation (5.49) can be written as

0 = frr—2H*(5+ west) fra

+8H(2 + Ywer (1 4+ wer)) faa- (5.53)

For weg = —1 (de Sitter expansion) we recover equation (5.22), while for weg = 0

(matter dominated expansion) we find
frr — 10H? fre + 16H fae = 0. (5.54)

The Hubble parameter in the latter equation can be eliminated in favor of R and G

using equations (5.1) and (5.2) evaluated for a matter background,
2 4 49
R=3I’, G=-12l" G=- R (5.55)

We now try to construct an explicit example for a model that has no anisotropic

stress during matter domination. For this purpose, we make an ansatz
f(R,G) =R+ G"5(R) (5.56)

Here we take § as an a-priori general function of R. Inserting this model into
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equation (5.54) and using (5.55) we can re-express the condition in terms of R only.

We find that § needs to satisfy the following differential equation:
2n(n —1)B + 5nRp + 2R?*B" = 0. (5.57)
This equation has clearly a power-law solution, S(R) = ¢R™, with

(2 ~5n+ /4 +n(9n — 4)) , (5.58)

| =

myo =
and the general solution is of the form
f(R,G) =R+ cG"R™ + coG"R™ (5.59)

where m; = m;(n) is given by the equations for m; and my above.

A successful model with zero anisotropic stress should at the same time satisfy
the Friedmann equation as well. During matter domination we can write the latter

as

1 1
0 = R’frr—2G*fac + RGfra — ngR + ngG

1 3
—éf + ZpoR. (560)

Here we chose R and G so as to correspond to the partial derivatives, since the
choice is not unique. The final term is due to p,,(t) o< 2 o< R. Inserting a model

of the form (5.59) but for a general exponent m, we find the condition
—6m* +m(7—6n)+ (n—1)(12n — 1) = 0. (5.61)

A model of this form that satisfies simultaneously (5.58) and (5.61) allows for a
matter dominated evolution and contributes no anisotropic stress during that period.

This is the case for

1
n=os (11 + \/ﬂ) . m 61 + 11\/5) (5.62)

:@<

where one needs to use either both positive or both negative signs. An additional



95
solution is given by m = 0 and n = 1, which is just GR.

Therefore, there is at least one model in the context of f(R,G) gravity that is
able to give a zero effective anisotropic stress, in the subhorizon limit of a matter
background. Numerically we find that the evolution of the model close to the matter
point can be stable for a significant amount of time, although the matter point is
not an attractor solution (and thus the anisotropic stress does in general not vanish

exactly).

Let us now turn attention to homogeneous perturbations around the matter
point, keeping the function f(R,G) in its general form for the start. In Appendix
B.1 we calculate the evolution of homogeneous perturbations for a general expansion

a(t) o< t?. For the matter case we get for p = 2/3

0H Z +9H | 6H 2 O0H = 5.63
* (w * > M 18HW’ (5.63)

with the effective mass defined as

2 = & F (5.64)
3w_3[FR+4H2(2Fg+4H2§G)] ’

Equation (5.63) can be solved approximately at the WKB regime using an iter-
ative approach Starobinsky (2007); Tsujikawa (2008b),

0H (o5 is the solution describing oscillations of the scalar degree of freedom, ob-
tained setting dpy, = 0. dH(jnq.) denotes the matter induced part, which is obtained
by turning off all the derivatives on the Lh.s of equation (5.63). We assume that
0H (osc.) < 0H ing.), so that the deviations from GR are sufficiently small.

Stability in this case requires, apart from the no—ghost condition F' > 0, that
the effective mass is positive,

meg > 0. (5.66)

Let us turn attention to the oscillatory part of the solution (5.65). It can be

obtained using the WKB approximation, by assuming the solution is a slowly varying
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quantity in time,

0 Hose) = Ae'®), (5.67)

with § < 1. Plugging above ansatz into (5.63), and after some algebra, we find that

I W
5H(osc) %ZA:t exp |:—§/t dt’ (9H + ;>:|
+ 0

¢
X exp {i?i/ dt'mzﬁ} : (5.68)

to

with A a constant. Using the fact that H = H,,(t) = 2/(3t), and performing the

integration in the first exponential we arrive at,

A t
OH(oe) D 75175 OXP [ﬂz’ / dt’miﬁ] : (5.69)
W

+ to

The second integration can be performed after choosing a particular model. From
(5.69) one can see that the amplitude of the oscillating solution grows as one goes
backwards in time, which is exactly the behavior pointed out for f(R) models in
Starobinsky (2007); Tsujikawa (2008b); Frolov (2008), and was due to a curvature
singularity as explained in Frolov (2008). Therefore, f(R,G) models suffer from the

same problem too.

We also notice that the models of type (5.23) that have no anisotropic stress
during a de Sitter phase with specific expansion rate Hy = M /2 will pass through
w = 0 and thus mez — 00 in any background if the expansion rate H(t) crosses this

critical value M/2.

A different, general way to decrease the anisotropic stress is to move close to GR
by decreasing the deviations from the extra f(R, G) contributions, which effectively
implies

frR, frG: foe < 1. (5.70)

In this case, we also make w small while ' — 1. Again this will lead to rapid
oscillations, and we suspect that this is the reason for those seen in Pogosian and
Silvestri (2008). Once the genie of extra degrees of freedom is out of the bottle, it

is difficult to push it back in without further complications.
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5.5 Toy models

In this section we will study the de Sitter behavior for some characteristic cases of

the class of models found in (5.23). For the sake of generality we will consider

G

with € = +1. The particular class of models with a vanishing of the anisotropic
stress, found in (5.23), correspond to € — —1 and M — 2H,.

First note that, for the class of models (5.23), it is possible to parametrize both
the de Sitter existence and stability conditions in terms of the parameter v, which
controls the different regimes of the model. For simplicity and illustration let us

assume that fo = 0. Then, the de Sitter condition (5.27) becomes

(%i) fafo = f() =0, (5:72)
with fQ = fQ(Qo)7 and
o (27 +e€
Qo = 6H; ( . ) . (5.73)

Furthermore, for the de Sitter stability condition (5.42) we get

2
Y fao gl
> 2 Qo, 5.74
(72+267+1) fa — (27+6) ' o)

We will assume that 5 > 0, v > 0 and real. The limits v — oo and v — 0

correspond to the pure f(R) and f(G) regimes respectively.
In principle, we will assume that through (5.72) we can express {2y in terms of
~ and the other possible parameters of the model as Qg = Qg (7, ¢;), and then use

(5.74) to get a constraining condition.

5.5.1 f(Q)=Q+Qn(Q/)

Here, ¢ is a positive constant of mass dimensions. This model is able to re-produce
a late-time acceleration, since at late times 2 < 1, and the logarithmic term will
dominate. In four dimensions the linear term €2 is essentially equivalent to the

Ricci scalar R since the Gauss-Bonnet term does not contribute to the equations of



98

motion. The absence of a Minkowski solution makes this model rather unrealistic.

A non trivial de Sitter solution can be found using (5.27)
Qo = ce”, (5.75)

and the Hubble parameter is then trivially given by (5.73).
The stability condition (5.74) yields

272 — 1
2v+e —

(5.76)

For both branches, e = £1, de Sitter space is stable when v > v/2/2.
To illustrate the singularity when trying to reach de Sitter, we set v = 1 and for
simplicity ¢ = v/6e so that the de Sitter solution is given by Hy = 1. Expanding the

equation of motion in d H we find to first order,
2 (1 + 2(5H)2) SH + O ((6H)?) = 0. (5.77)

Only in the second order term a contribution § H (0H)? appears. We notice that it is
not possible to solve the first term for real JH, so that necessarily 6 H oc 1/6H will
diverge when we try to dynamically reach de Sitter. The only exception is 0 H = 0,

i.e. the solution that is always de Sitter.

552 f(Q)=Q+cQ"

In the context of f(R) gravity, models of this type were suggested as an explanation
for late time acceleration Capozziello et al. (2003); Carroll et al. (2004) with n < 0,
while models with n > 0 can lead to acceleration at early times and explain inflation.
Furthermore, it was found that de Sitter space is unstable unless cn < 0 Faraoni
(2005). Here, we assume that cn > 0, otherwise the no-ghost condition F' > 0 could
be violated.

The de Sitter point equation (5.72) gives two solutions, namely 3 = 0 which

corresponds to Minkowski spacetime and a non trivial de Sitter one,

1/(n—1)
Qo = i . (5.78)
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In order for €2y to be real and positive one has to ensure that the quantity in the
denominator in the latter relation is positive. We shall also require that the Hubble
parameter, as given implicitly in relation (5.73), will be real and positive too.

For both branches ¢ = £1, de Sitter is always unstable when n < 0. For n > 0,
it is always unstable if € = 1, but for e = —1, n > 2, the stability condition (5.74)

gives

1 V2 —1
n <”+nﬁg , (5.79)

<
n—2 "

with both €2 and H, being real and positive.

To avoid a superluminal sound speed, the model should lie in the f(R) regime,
characterized by v > 1, which is satisfied here, as the right branch of above inequality
approaches the value 17 as n — oo. Further, for n > 2, Minkowski space is always
stable.

To consider the equation of motion close to de Sitter, we set ¢ = —1, v = 1
and choose ¢ = —6(!=")_ for which Hy = 1. We also assume that n # 1. We again

expand in 6 H. The lowest order equation becomes now
<1+2n®HY)5H+49«dHV):0. (5.80)

Again the second derivative of §H appears only at order (§H)?. This time we
can in principle make the first order term vanish for n < 0, which would allow to
cross 0H = 0 with a finite second derivative. However, there are two problems:
Firstly, we can only cross, not move into and stay on 0 H = 0, since locally we need
SH ~ (t —t9)/v/—2n to avoid triggering the instability, and secondly this requires
an infinite amount of fine-tuning in the initial conditions: we need to reach de Sitter
at exactly the right speed, else we are either repelled, or a catastrophe engulfs the

Universe. So in reality again it is impossible to reach de Sitter dynamically.

5.5.3  f(Q) =Q+co) ((1 + 2y 1)

This is a straightforward generalization of Starobinsky’s disappearing cosmological
constant model Starobinsky (2007). It was proposed in the context of f(R) gravity
as a late time acceleration model, that has a vanishing cosmological constant in

Minkowski spacetime. It is trivial to check that Minkowski, f(0) = 0, is indeed a
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solution, but unstable since foq(0) < 0.
The model is characterized by three parameters, ¢y, A, v > 0.

From the de Sitter point equation, one can find an expression for A as a function

of v, and z1 = Qqy/co

1(go — 1)(1 4 2f)"*

)\ - 9
[23(2ngo + 1) — (1 4 )"+t + 1]

(5.81)

where g = (7 + €)/(27 + €). Taking the limit v — oo in the above expression one
recovers the one given in Starobinsky’s paper Starobinsky (2007).

Let us assume that cg is of the order of the de Sitter scale, Qy/co = z1 = 1. The

de Sitter stability condition then reads
2y +en? + 2y + Dn+ (27 +e)(1—-2") <0, (5.82)

For n = 1 de Sitter is stable if

2y
2y +€

(5.83)

which is never satisfied for both branches ¢ = +1. However, choosing z; = 1/2,n =
1, we find that de Sitter is stable for e = 1 and v > 1/2, as well as for ¢ = —1 and
v > 0.68.

Stability can be established for a wide range of the model parameters, but that
would require a detailed exploration of the parameter space of {cy, A\, n}, and we are
not interested in this here.

For the critical case ¢ = —1, v = 1, choosing the A of (5.81) and in addition
co = 6HZ for simplicity, we find to first order in §H

n (Hé - 2n(5H)2)
@ H

1—- 6H + O ((6H)?) = 0. (5.84)
This equation is of the same kind as the one found for the previous toy model,
and it leads to the same behaviour. The special case n = 1 leads to the equation
(6H)?6H = 0, which prohibits any crossing of §H = 0 as otherwise 6H has to

diverge.
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5.6 Conclusions

In this chapter we studied the anisotropic stress in f(R,G) type modified gravity
models. In this context, we investigated the possibility of finding models that are
able to mimic GR at least in the sense that they do not create an additional, effective
contribution to the anisotropic stress, i.e ¢ = 1 in the Newtonian gauge. For the
needs of our analysis, we also derived the necessary background stability conditions.
We started by considering the case of a de Sitter background, since this allowed us
to find the general class of models with vanishing anisotropic stress. The de Sitter
case is in addition interesting as current observations indicate that the Universe is
approaching this state. We further considered the general case in the small-scale
limit, and in more detail the case of a matter dominated expansion.

We find that for de Sitter expansion, the anisotropic stress is inextricably linked
to the presence of an extra scalar degree of freedom. The same is true for a matter
expansion in the subhorizon limit. Suppressing the effective, geometric anisotropic
stress is equivalent to suppressing the extra degree of freedom, which either requires
the model to revert back to GR or else leads to an instability in the background
evolution. In addition, it leads problematic effects like rapid oscillations of the
gravitational potential and the curvature perturbation (with possible runaway pro-
duction of scalar particles). The same problems appear when one tries to generally
decrease the extra degrees of freedom through a model reconstruction, in order to
obtain an evolution similar to GR. We think that this has been observed for numer-
ically reconstructed f(R) models in a matter dominated background Pogosian and
Silvestri (2008), indicating that it is more general and not restricted to de Sitter.

Furthermore, our stability analysis reveals that the curvature singularity present
in f(R) models Starobinsky (2007); Tsujikawa (2008b); Frolov (2008) appears in
the more general f(R,G) case as well. What is more, its unwanted effect on the
behavior of curvature perturbation is amplified for all models that try to suppress
the anisotropic stress by decreasing frr, fre and fgq. In these cases we find rapid
curvature oscillations with arbitrarily high amplitude.

In the case of a pure matter dominated background, we were able to construct
an explicit model that gives a zero effective anisotropic stress in the subhorizon

limit. At late times, when the gravity modifications are expected to appear and
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the evolution ceases to be matter dominated, this model will no longer give ¢ = 1.
This could possibly be avoided by constructing such models for a whole expansion
history including late-time accelerated expansion. However, such a procedure would
necessarily involve significant fine-tuning as changes in the expansion rate would
have to coincide with changes in the behavior of the function f(R,G), which would
in general depend sensitively on initial conditions. This appears to be rather difficult
to construct. In addition, as discussed above, such a model would not be able to
reach the de Sitter state without encountering a singularity.

While the link between effective anisotropic stress and the scalar degree of free-
dom of the theory was studied here in the context of f(R,G) models, it is also
present in scalar-tensor and DGP models: If a scalar-tensor model is coupled to the
Ricci scalar in the action through F'(¢)R then the anisotropic stress is proportional
to (F'/F)dp and the analogy to the f(R) case is obvious. In DGP, the effective
anisotropic stress vanishes for r, oc M?/M3 — oo where M, and Ms are the four-
and five-dimensional Planck scales Koyama and Maartens (2006); Lue et al. (2004).
In this limit, the 5-dimensional part of the action is suppressed and only the usual
4D FEinstein-Hilbert action remains.

We conjecture that suppressing the effective anisotropic stress in modified gravity
models is difficult, if not impossible, to achieve in a realistic scenario. In models
with a single extra degree of freedom that we looked at (f(R), f(G), scalar-tensor
models and DGP) it is not possible at all to have no effective anisotropic stress
except in the GR limit. In more complicated cases like f(R,G) it is possible to
cancel the contributions to the effective anisotropic stress coming from several extra
degrees of freedom, but this appears to be fine tuned and the resulting models tend
to develop fatal singularities. This reinforces the role of the anisotropic stress as a
key observable for current and future dark energy surveys. While the observation of
a strong anisotropic stress would point towards a modification of GR, the absence of
anisotropic stress would present a significant challenge for modified gravity models
and would require strong fine-tuning, which in turn favors scenarios where the dark
energy is a cosmological constant or an extra minimally-coupled field with negative

pressure.
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Chapter 6

Introducing Renormalisation

Group cosmology

In this chapter, we will describe the basic idea behind renormalisation, and then
discuss its application as a non-perturbative approach to quantum gravity. We will
then be interested to apply it in cosmology, and understand the basic steps needed
in order for the latter implementation to be consistent, working at the level of the
equations of motion.

Before we discuss particular applications in cosmology, we will first try to provide
a brief introduction to the following three questions: What is the idea behind renor-
malisation? Why do we need renormalisation in physics? How is it applied in the
context of quantum gravity? We will try to give a basic, but intuitive description

of above questions in the following sections.

6.1 An example from quantum field theory

In this section we shall be closely following Delamotte (2004) and describe an ex-
ample of renormalisation at the perturbative level, of the kind that is typically
appearing in Quantum Field Theory (QFT).

Let us consider an abstract theory with one coupling constant, say gg, with gg
being the bare coupling. It is important to stress that this is not the observed
coupling, i.e the one that is measured in an experiment. We will come back to

this below. Let us also assume that we would like to calculate perturbatively a
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particular physical quantity which we shall denote as F'(x). The quantity F(z)
could represent for example the amplitude for a particular scattering process, in

which case the variable x would denote particle energy-momentum.

Since we want to use perturbation theory we can start by expanding F(z) in

powers of the bare coupling gy as
F(z)=go+goFi(z) + ...+ O(gd). (6.1)

In QFT, the functions F; would correspond to loop integrals over infinite virtual
particle states in momentum space, and it is common that they are divergent. A

typical example of a divergent integral in QFT would be a logarithmically divergent

Fix) = /Ooo dt (6.2)

t+ax

one,

As said above, gg is the bare coupling, and it is not a physical quantity. What is
measured in an experiment at x = p is F'(u). Since there is only one coupling in
this toy theory, one measurement will be needed to fix gy so as to reproduce the
physical quantity F(u) at a given order in perturbation theory. In other words,
the principle idea is to start with a theory with a particular set of parameters
(couplings), calculate physical quantities (e.g scattering amplitudes) in terms of
the bare parameters, and then use experimental input to re-parametrise physical
quantities in a way that they re-produce the experimental measurements. This is

done using the renormalisation prescription,

F(p) = gr, (6.3)

with gr denoting the renormalised coupling. The particular complications with this
procedure enter when the expansion (6.1) is singular, e.g logarithmically divergent

in our particular example.

Let us point out that we can expand the bare coupling as a power series of the

renormalised one, i.e

go=9gr+ 029+ ..., (6.4)

with 6,9 ~ O(g}). At this point enters the question of renmormalisability of the
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theory: If the theory is renormalisable, it should be possible to convert the ill-defined
perturbative expansion into a well defined (non-singular) one, by re-parametrising
in terms of measured parameters, instead of the bare ones. It should be stressed
that, in view of the perturbative expansion of a given quantity, renormalisability

should be studied at each order of perturbation theory separately.

The first step for renormalising the perturbative expansion (6.1) is by regu-
larising the expansion through the introduction of a cut-off or regulator A in the
UV diverging integral, and if the theory (at the particular perturbation order) is
renormalisable; then by taking the limit A — oo, the original expansion should be

recovered.

Let us see this more closely. We introduce new, regularised functions F;(x) as
F(x) = Fa(c), (6.5)

such that the diverging integral(s) are well defined. The expansion (6.1) then takes
the form

F(x) — Fo(2)(2, 90, A) = go + o Faa(x) + ...+ O(gd). (6.6)

For example, the integral (6.2) can be written as

Fi(@) - Fia(z) = / dat (6.7)

o t+x

Now, we can use the renormalisation condition (6.3) together with the well-defined
expansion (6.6) to re-parametrise the latter in terms of the measured coupling gg.
If the renormalisability hypothesis holds then after this procedure we should be able
to safely take the limit A — oo, at a given scale x = p and a given measurement for

the coupling gg.

As also mentioned before, given a perturbative expansion, the renormalisation
procedure should be applied order by order. Here, for illustration we shall restrict

ourselves only in the first and second order. At first order in g,

Fy(z) = go+ O(gp), (6.8)
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and using the renormalisation condition (6.3) we have

gr = 9o + O(gr). (6.9)

In other words, at first order the renormalisation condition just tells us that the

bare coupling gg should equal the measured one. i.e gy = gg.

At second order, things become more interesting. At this order it is,

Fy(z)(z, go, ) = go + g5 Fia(x) + O(gq), (6.10)
which after using the coupling expansion (6.4) yields
Fa(z)(x, go, A) = gr + 629 + gpFia(z) + O(gy)- (6.11)

Using condition (6.3) we get,

009 = —grF1a(1), (6.12)
which is explicitly equal to
A
dt A+p
800 = —0ug> — = —agilog : (6.13)
Blo t+u R

which diverges as A — oo.

Plugging above expression into (6.11), to eliminate do¢g in favor of the renormal-

ised coupling we find

Fa(z)(2, 90, A) = gr + g% (Fia(z) — Fia(p) + O(g3) (6.14)
ZQR+QW—$M%A @:;%ﬂ:5+0@®’ (6.15)

which is well defined for A — oo, i.e
Alim Fi(z)(x, gr) — finite quantity. (6.16)
—00

Therefore, the theory is renormalisable up to second order.
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Although we shall not continue to discuss above procedure for higher order per-
turbation theory, at this level we can still extract a couple of general features of
above procedure which are true at all orders in perturbation theory. As we saw
before, the divergence in the second order term was cancelled by a term coming
from the expansion of the first order bare coupling gy in powers if the renormalised
one gg; this behavior is true at all orders n. The second point to be stressed out is
that it would not be possible to cancel the divergence in F 5 (x) using Fy \(p), if the
former would depend on z; in that case, one would need an extra renormalisation
condition for the divergence to be removed. For details one can refer to Delamotte
(2004).

In this section we presented a simple, but typical example of renormalisation
at the perturbative level. In the next section we will discuss it at the level of the

action, using a non-perturbative approach.

6.2 The Functional Renormalisation Group and

Asymptotic Safety

In this section we will be interested to discuss renormalisation techniques beyond
perturbation theory, i.e in a non-perturbative fashion. The main tool to do this is the
so—called Exact Renormalisation Group (ERG) or the Functional Renormalisation
Group (FRG). The word “functional” declares that the actual analysis is performed
at the level of the action, i.e using functional methods. Therefore, the starting
point is the definition of an action which describes the degrees of freedom of our
theory as well as all the interactions between them. Then the ERG approach is the
mathematical machinery to employ the following, and fundamental statement about
physical systems:
The properties of a particular physical system depend on the scale one performs an
observation on the actual system.

Above statement says something very deep about physical systems: one expects
the properties of a given physical system to be scale dependent, i.e dependent on
the energy (or length) scale on performs a particular experiment. This fact has tre-

mendous applications both in physics and mathematics, from fractals to quantum
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gravity. A simple example of this behavior can be found by looking at a gas: Mac-
roscopically, the gas can be described as a fluid with a temperature, entropy, e.t.c.
However, as one “zooms” into the fluid, i.e studying it at smaller scales, discovers
that it consists of molecules with a velocity (effectively described by Brownian mo-
tion), and even at smaller scales the molecules consist of atoms, which in turn are
built up from electrons, neutrons and protons, and so on. It can be seen that at
each particular scale, different physics sets in, e.g at large scales fluid mechanics is
sufficient to analyse the gas behavior, while at smaller scales one has to take into

the quantum properties of the particles the gas consists of.

In above example, it is important to explain the way the term “macroscopic”
is used. With the latter term, we mean the scales where the gas can be effectively
described ignoring its molecular structure; this would be true for scales much larger
than the correlation length of its particular degrees of freedom (e.g molecules), i.e
for scales A that satisfy

A > Asep, (6.17)

with A¢p denoting the typical separation between internal degrees of freedom.

It has to be pointed out that in principle, a particular system will exhibit many
degrees of freedom per correlation length, that can range from a few to infinity.
If the interaction range is ro, and assuming locality for the interactions, then one
can then split the system into different patches of length rq. The next step is to
“coarse grain” the system over patches of characteristic length ry, and successively
apply the coarse graining procedure each time over neighboring patches. The ERG,
provides us with an analytic tool to perform such a “coarse graining”. Below, we will
discuss how this is applied to understand the non—perturbative renormalisability of

quantum gravity.

Let us now focus on the significance of the ERG for QFT, following mainly Gies
(2006). A great advantage of the ERG is that it does not require for the couplings
to be small; this is why it also termed as an non—perturbative approach. The applic-
ation of the ERG requires a functional formulation of the particular theory. Armed
with with these two, i.e a functional formulation of our theory together with the RG,
the idea is to study the fluctuations of the system successively at different scales,

in a “coarse—grained” fashion. In particular, in this context, one studies the change
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of the correlation functions of the theory, induced by an infinitesimal momentum
shell of fluctuations. Application of this procedure leads to a flow equation, which
describes the evolution of the generating functional of correlation functions, under
the process of integrating out degrees of freedom. From the flow equation, it is
then possible to extract the evolution equations for the couplings of the theory as a
function of the cut—off energy scale.

Now, we will briefly sketch the derivation of the flow equation focusing on scalar
field theory, but the extension to more complicated theories, like gravity can be
found in the work where it was first introduced Wetterich (1993). For more details
on the derivation and interpretation one should also refer to Gies (2006); Reuter
and Saueressig (2012); Litim (2008a); Reuter and Saueressig (2007a). We start with

the notion of the generating functional Z[J] of n-point correlation functions,
Z[J) =WV = / DpeSle+] e, (6.18)
J = J(x) is the source and we also defined

/Jgoz/deJ(x)go(m). (6.19)

The n-point correlation functions for a scalar field theory are then derived from Z[.J]
through functional differentiation . W/[J] is the generating functional of the n-point
connected correlation functions.

The effective action I'[¢] is defined through a Legendre transformation,

Plg] = supy ( [ 10- W[J]) , (6.20)

with “sup” standing for “supremum”, and

(6.21)

In the context of the RG, the effective action can be calculated in a very intuitive
and efficient way, by integrating out momentum modes shell by shell. To achieve

this we first define a variation of the effective action, the effective average action I'y,

'Please refer to standard QFT textbooks for details, e.g Peskin and Schroeder (1995).
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parametrised through the cut—off scale k. By definition the action I'; interpolates
between two extreme limits, the UV and the IR one, corresponding to k& — oo and

k — 0 respectively.

The action T’y can be derived through a modification of the functional Z[J],
through an IR regulator ASj as

Zi[J] = eWelJ] = /DSOG_S[W]_ASIC[‘P]J"IJW, (6.22)

with the regulator defined as

asifel =3 [ b e-amielo) (623

The IR regulator term above can be viewed as a momentum-dependent mass term,
since it is of quadratic nature with respect to the field ¢. The regulator function
Ri(q), is a matrix-valued cut-off and its form can in principle be chosen arbitrarily,

however it is subject to the following three conditions,

lim 24
QQ/}CQ—)O Rk(Q) > 07 (6 )
li = 2
k2/1qr2n—>o Ri(q) =0, (6.25)
Ii — 0. 2

The first condition implements the idea of an infrared regulator, i.e that the
regulator suppresses the integration over the IR momentum modes, the second one
that the regulator vanishes as k& — 0, while the third one that the functional integral
is dominated by the stationary point of the action in this limit, justifying this way the
saddle-point approximation. The second condition ensures that the usual generating

functional is recovered as k — 0.

The effective average action I'y can be defined formally through a Legendre

transformation as before,

rlo] = sups ([ 76 - W171) - asifel, (6.27)
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One can then derive the flow equation of T'y[¢] as a function of the cut—of scale k,
_ 1 ) !
OTle) = 5T | AR (rk + Rk> , (6.28)

with the inverse propagator defined as

82T,
0000

r® = (6.29)
and “Tr” standing for the trace of the r.h.s of the equation, or in other words
defining the integral over all momentum modes k. For the case of a field with index

structure, like gravity, (6.29) should be modified appropriately.

Above equation is an exact functional equation for I'y, having an 1-loop structure.
[y can in principle include all possible operators of the field. Equation (6.28) then
interpolates between the two extreme cases: the UV case, where the bare action is
recovered, I'y,_,0 = ['pare, and the IR case where I',_,oo = I'g. Different solutions of
equation (6.28) give rise to different families of effective field theories, I'y, = I'k[g,.]
with 0 < k < oo, defining a Wilsonian RG flow on the theory space. With the
term “theory space” one means the space consisting of all diffeomorphism invariant
functionals I'y[g,,]. The solution of (6.28) defines a curve on the “theory space,

which is the space characterised by all functionals I'y.

The existence of the regulator Ry, in the denominator of (6.28), ensures that the
IR regulation, i.e that sufficiently low momenta will be suppressed. On the same
time, the term O0,Rj, in the numerator, together with the conditions (6.24)-( 6.25)
takes care of the UV regulation, restricting the integration between a momentum
shell near p? ~ k2. This is in pure agreement with the underlying idea of the
Wilsonian procedure of integrating out momenta shell by shell.

The regulator can be in principle chosen arbitrarily, however, one has to make
sure conditions (6.24)-(6.26) are satisfied. The precise form of the trajectory on the
theory space depends on the particular form of the regulator, however the endpoint
of the trajectory should not, as implied by relations (6.24)-(6.26). As a consequence
the choice of the regulator should not influence the position of a possible non-trivial

fixed point in the UV or IR.

Once the field content, ®(x), of the theory is defined, the theory space is defined
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as @ — I'[®], i.e of all action functionals of the particular field(s) which are com-
patible with the symmetries of the particular theory. We assume that the effective

action can be expanded in a basis of operators P,
L[®) = gi(k)i[@], (6.30)
i=1

and we also define the dimensionless couplings §;(k) = k=% g;(k), with d; the canon-
ical mass dimension of the dimension full coupling g;(k). No assumptions about the
smallness of couplings are made. One then defines the couplings g;(k — o) as the

“bare” couplings, whereas g(k — 0) as the “dressed” or the “renormalised” ones.

Differentiating (6.30) with respect to “RG time” ¢ = logk, and taking into

account that the operators do not depend on the RG scale, we find,

dl,
— = (g, k) P[], 6.31
i = 2 i KR (6:31)
with the functions (; defined as
. dgi(g;. k) _ , dgi(g;, k)

The functions 3;(g;, k) are called the beta functions, and it is important to emphasize
on the fact that they are not restricted to small couplings as in the usual perturbation
theory. The explicit form of the beta functions can be found by expanding the r.h.s
of the RG equation (6.28) in powers of the operators P;, and comparing with the
r.h.s of (6.31). The beta functions define a vector field 3 on the theory space, which’
integral curves are the effective functionals k — I'j, running from the UV, k — oo,
to the IR, k — 0. The couplings of the action as a function of scale k is found by

solving a system of coupled, first order differential equations,

kokgi = Bi(g;), (6.33)

with j in principle running from 1 to co. In other words, one ends up with an
infinite set of differential equations. However, for practical calculations, the effective

action has to be truncated, i.e a particular ansatz with a finite set of operators (and
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couplings) has to be assumed. The truncation where only the linear and zeroth
order curvature terms are kept, the Ricci scalar and the cosmological respectively, is
called the Einstein—Hilbert truncation, sometimes also referred as the RG improved
Einstein—Hilbert action. In this truncation there are two couplings present, namely

Newton’s and the cosmological “constant” respectively.

Fixed points under the RG, are the points where the beta functions vanish, i.e
Bi(gj) = 0. They can be distinguished into two main categories: Trivial fixed points
or Gaussian Fixed Points (GFP) are the ones where g; = 0 for all i’s, i.e where the
theory is “free”. It is around a GFP where usual perturbation theory applies. The
second class of fixed points are the non-trivial ones, where the couplings acquire

non-zero values.

Let us consider the linearised flow around a (non trivial) fixed point,

9P

94, ~=(3; — Gj«) = M;(G; — Gj); (6.34)

atgz

—0();

= Jin + ZCJ B/, ( ) , (6.35)

with §, the fixed point value, C; integration constants, BJ are eigenvectors of the
matrix M, ¢ and ko some reference energy scale. The quantities 0i) = — i, where \;

is an eigenvalue of M ]’ are called the critical exponents.

The critical surface (also called unstable manifold) around a (non trivial) fixed
point is defined as the collection of all points in the theory space that evolve towards
the fixed point with increasing energy k (inverse RG flow). Its dimensionality is
defined by the number of attractive directions in theory space. Asymptotic Safety
requires that the dimensionality of the critical surface is finite, i.e a finite number
of relevant couplings exist in the vicinity of the UV fixed points.

The idea of Asymptotic Safety relies on the existence of a non-trivial fixed point
under the RG, in the UV, first proposed by Stephen Weinberg Hawking S. W. (1979);
if such a fixed point exists, then the limit & — oo can be safely taken, and the theory
is UV complete, i.e is well defined at high energies and does not suffer from any UV

divergences as k — oo.

Different investigations have shown that a non-trivial UV fixed point exists in
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the Einstein-Hilbert truncation Reuter (1998); Souma (1999, 2000); Lauscher and
Reuter (2002); Litim (2004); Reuter and Saueressig (2002); Percacci and Perini
(2003b,a) (see also Litim (2004) and references therein), as well as in higher trunca-
tions Narain and Percacci (2010); Narain and Rahmede (2010); Codello et al. (2009,
2008a); Fischer and Litim (2006), providing strong evidence that quantum gravity
is renormalisable in a non-perturbative way. Recently, the existence of a non—trivial
RG fixed point in the IR has been also investigated Donkin and Pawlowski (2012);
Nagy et al. (2012).

Before we close this section let us refer the reader to Gies (2006); Reuter and
Saueressig (2012); Pawlowski (2007); Litim (2008a); Reuter and Saueressig (2007a);
Percacci (2007, 2011) for detailed reviews on RG, Asymptotic Safety and its applic-

ation to gravity.

6.2.1 The flow equation of Einstein—Hilbert gravity

Before we discuss the non—perturbative flow equation for Einstein—Hilbert gravity
under the RG, let us first pause and briefly discuss why the standard perturbation
approach to quantum Einstein—Hilbert gravity fails. We shall mainly follow the
discussions in Zee (2010), Hambert (2010), to which we refer the reader for more
details. In the context of perturbation theory, and for the case where the action is

described by the Einstein-Hilbert one 2,

1
5= 167G

[ av=gria| (6.36)

the first step consists in expanding the spacetime metric as
g[.LV == guy _l_ \% 167TGh/MV7 (6-37)

with g,, being a classical background metric field, and A, represents the quantum
fluctuation. What is more, the coupling G is the bare Newton’s constant. The
standard approach followed in the context of perturbation theory is the so—called
dimensional regularisation which accounts to performing calculations in n dimen-

sions and in the end taking the limit of n — 4.

2Here, we assume that the cosmological constant is zero.
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Substituting above expansion for the metric field in the lagrangian, the latter

can then be expanded up to different orders in the fluctuating field, i.e
L~ Oh?*)+ OR*) +Oh*) + Lys + Lyhost (6.38)

with the last two terms corresponding to the gauge fixing and ghost terms respect-
ively. The introduction of the gauge fixing term makes the graviton propagator
well defined, and on the same time gives rise to the ghost part according to the
Faddeev-Popov procedure®. The quadratic part of the action will give the graviton
propagator, while the higher order terms in h the different interaction vertices of

the relevant order, and the Feynman rules then follow accordingly.

Einstein—Hilbert quantum gravity, with or without a cosmological constant, is
known to be perturbatively non-renormalisable, due to the problem of the UV
divergences. One could expect this behavior by looking at the dimensionality of

Newton’s constant which scales as
G~ E*™, (6.39)

where E' is an energy scale, and n the spacetime dimensions. Notice that for n > 2
Newton’s constant has negative mass dimensions, which is the root of the problem
of the UV divergences of Einstein—Hilbert quantum gravity. If with A we denote a
UV cut—off energy scale, the lowest order loop diagrams will be proportional to the
dimensionless product

~ GA"2, (6.40)

which implies that for n > 2 loop corrections of first order will be divergent with
increasing cut—off A. In particular, for the case of n = 4, the 1-loop correction to
the graviton-graviton scattering we will require evaluation of the following type of
integral

A
~ GQ/ d*k(1/k*) ~ G?A?, (6.41)

which is divergent as A — oo. On the same time, for the amplitude M of the

3For details see for example Rivers (1987); Peskin and Schroeder (1995); Hambert (2010).
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graviton-graviton interaction it will be
M~ G+ G*A* + O(G?), (6.42)

which in turn implies that the effective Newton’s constant will run as a function of

the cut—off energy scale as

% ~ 14 GA+ O(G?), (6.43)

which is also divergent as A — oc.

In general, in n spacetime dimensions the graviton propagator in momentum
space will scale as ~ 1/k?, the vertex functions as k?, while the measure in n

dimensions as d"k, yielding for the superficial degree of divergence!
D=2+ (n-2)L, (6.44)

where L is the number of the loops involved. From relation (6.44) one can see
that for spacetime dimensions greater than two, n > 2, the superficial degree of

divergence D will be proportional to the number of loop corrections L.

Using above simple arguments, we see that in the context of perturbation theory
Einstein-Hilbert gravity is perturbatively non-renormalisable in n > 2, with the
root of the problem lying in the negative mass dimensions of Newton’s constant (for
n > 2). The resolution that Asymptotic Safety provides to the latter problem is the
assumption that a fixed point exists for Newton’s constant G under the RG, in the
limit of the cut—off going to infinity. If the UV fixed point exists, this means that
the dimensionless product GA? in relation (6.43) tends to a finite value as A — oo,
ensuring on the same time that scattering amplitudes are UV finite. The flow of the
coupling(s) to the UV fixed point, if the latter exists, is a non—perturbative effect
that in principle cannot be seen with standard perturbation methods. Below, we
will discuss how one can go beyond perturbation theory using RG methods for the

case of gravity.

Let us now proceed with discussing how the non—perturbative flow for the grav-

4For a discussion of the derivation see for example Zee (2010).
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itational couplings under the RG is calculated, having as a starting point the exact
RG equation defined in (6.28). Before we focus on the particular case of an Einstein—
Hilbert action with a cosmological constant, we will discuss the more general case

of an action including higher order curvature terms in the so—called f(R) ansatz.

The first thing to point out is that in order to proceed with the evaluation of the
flow equation (6.28) for the effective action one has to assume a particular ansatz
for the latter. In gravity, general covariance dictates that all scalar curvature com-
binations compatible with it should be included in the action functional. However,
for practical calculations a specific ansatz has to be chosen, as an infinite number of
operators will yield an infinite set of beta functions, which is obviously impossible to
solve. Furthermore, simple truncations provide with valuable insight of the behavior
of metric gravity under the RG, on the same time allowing a set of equations which

is relatively easy to cope with.

In the f(R) context, an ansatz widely used in the literature has been the one

where the f(R) function is expanded in positive powers of the Ricci scalar R °,

R —2A
167G

Tilg] = /d4$\/—_gf(R) = /\/—_gd4a: ( +eRP+ 3RP+ ...+ cnR”) .
(6.45)

An ansatz with negative power of the curvature R has been studied in Machado and

Saueressig (2008). Before we proceed, let us note that in the following, and unless

otherwise stated, we will use the letter k to denote the RG cut—off scale, and A the

dimension full cosmological constant respectively.

We will not get into the details of the derivation of the flow equation for above
ansatz, however let us sketch the basic steps involved in the calculation as these were
followed for example in Codello et al. (2009), and with the appropriate modifications

they apply to any action, not only a (purely) gravitational one:

e Assumption of a particular ansatz for the effective action I'y, which should be
then supplemented with the suitable gauge fixing and ghost terms. In principle,
one can consider all curvature combinations that preserve general covariance. For
example, (Codello et al. (2009)), Machado and Saueressig (2008) Codello et al.

(2008b) have investigated the asymptotic safety scenario assuming an f(R) form

SFor a rather complete treatment of the RG application on f(R) gravity see Machado (2010).
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for the effective action, while (Narain and Rahmede (2010); Narain and Percacci
(2010)) assuming a general scalar—tensor one. However, inclusion of other curvature
combinations have been studied, as for example, in Benedetti et al. (2009) for the
case of an action supplemented with the square of the Weyl tensor.

After assuming a form for the gravitational part of the action, a choice for the
IR regulator function R has to be made. One expects that any particular regulator
choice that satisfies the general requirements described before, (6.24)—(6.26), will
not alter the qualitative features of the RG flow, like for example the fixed point
structure. In fact, the position of the fixed point fluctuates with changing the
regulator function, as well as new spurious ones are generated. A fixed point solution
to be accepted, should persist under regulator or gauge variations.

e The next step is the calculation of the second variation of the effective action
with respect to the field variables of the effective action. At this point, the metric
fluctuation is decomposed into its irreducible components, as well as the background
is fixed. A commonly used choice for the background metric is a Euclidean de Sitter
one, which is also used in Codello et al. (2009). Both the decomposition in term of
the irreducible components as well as the choice of a spherical background allow for
an exact inversion of the kinetic operator. ®Then, the inverse propagators for the
different irreducible modes are computed, and inserted together with the explicit
expression of the regulator function into the RG equation (6.28). Evaluation of the
trace over momenta on the r.h.s of the RG equation requires the use of a heat kernel
expansion. The result yields the flow equation for the particular effective action,
which is an in principle non—linear differential equation that involves the couplings
and their derivatives. The form of the flow equation can be simplified significantly
for particular choices of the gauge.

e After the flow equation has been derived, the beta functions, as well as the
fixed points and the corresponding critical exponents of the theory can be calculated,
though Taylor expanding both sides of the flow equation and comparing similar
terms. That will be made more explicit in the following for the case of a polynomial
ansatz for the effective action.

One expects that truncating the action leads to a particular error, as in this way

6In a cosmological context, spherically symmetric backgrounds play an important role too, as
both the FLRW as well as de Sitter spacetime belong to this class of backgrounds.
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the effect of higher order contributions allowed by the symmetries of the theory is
neglected. In a non—perturbative context, however, there is not any standard way of
allowing such an estimation. However, one can still get an estimation by studying
the dependence of universal quantities, like the critical exponents, on the choice of

the regulator function.

What is more, the existence of a particular type of a non-trivial fixed point un-
der the RG for a particular truncation, is not itself enough to claim its existence in
general. In fact, one has to confirm its existence and stability for different trunca-
tions, cut—off schemes, as well as gauge choices. Even a successful outcome of such
a procedure might not again provide a conclusive proof for the existence of the fixed

point, but it will still be a rather strong evidence.

Let us now present the beta functions for Einstein—Hilbert gravity, as these were

derived in Litim (2004, 2008b). They read as

24g(3g+3(1-33))
2g—2(1-20)2

2
019 = By(g, A) =29 + 49,%11—‘(1%)27 (6.47)

O = Br(g,\) = -2\ — 129 — (6.46)

where ¢ = Ink, and 3y, 3, the beta functions, and we also defined the dimensionless
couplings

g(k) = K*°G(k)/24n, k)= A/JK>. (6.48)

In above equations the factor of 247 is included to remove phase space factors.
Above beta functions were calculated using the optimised cut—off and a type of

harmonic background field gauge introduced in Litim (2004).

There are two fixed points of the above RG flows, a free or Gaussian one, and

an interacting one which is attractive in the UV (k — 00), with
(g, M)erp = (0,0), (g%, \)uy = (0.015625,0.25), (6.49)

(Refs Litim (2008b)-Reuter and Saueressig (2007b) and references therein). The
different types of trajectories arising from above beta functions can be seen in figure
6.1. In particular, the trajectories of type I1a define the “separatrix”, which separate

the trajectories starting off from the UV fixed point and evolving towards negative
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and positive values of X respectively. The observationally accepted trajectories are
those of Type Illa, leading to a positive A at late times, and a classical regime

around the Gaussian Fixed Point.

The eigenvalues corresponding to the linearised beta functions around the UV
fixed point are complex conjugate with negative real parts, leading to the spiraling
behavior of the evolution in that regime. The sign of the real parts of the eigenvalues
imply that the UV fixed point is attractive (repelling) for increasing (decreasing)
cut—off energy k. However, the complex nature of the eigenvalues is not generally

true for higher truncations, see for example Codello et al. (2008b).

A phenomenologically viable trajectory is one that starts at high energies from
the UV fixed point and then evolves towards smaller values of g as k is lowered,
passes close to the GFP, until it turns to the right towards increasing values of .
A trajectory passing sufficiently close to the GFP will have a long classical regime,
ie G ~ Gy, A ~ Ay, with “0” here denoting the present value. In other words, the
closer the trajectory passes to the GFP, the larger amount of “RG time” ¢ it spends
close to it. In the vicinity of the GFP the couplings acquire tiny values’, leading to
a large hierarchy between classical and UV (~ m,) scales. Under the requirement
of the existence of a classical regime, a small (and constant) cosmological constant
comes for free. From the linearised solutions around the GFP, one can see that
the dimensionless couplings in this regime scale canonically, implying constancy for
the dimensionfull ones. The classical regime covering many orders of magnitude in
scales is required by terrestrial, solar and galactic tests, as well as consistency with
cosmological evolution since Big Bang Nucleosynthesis. We shall come back with a
more detailed analysis of above beta functions in chapter 7, where we will discuss
how classical GR arises, as well as the emerging early and late time cosmology for
the RG-improved Einstein—Hilbert action. For a nice presentation of the solar and
astrophysical scales limit of the RG improved Einstein—Hilbert action see Reuter

and Weyer (2004a).

"In chapter 7 we will come back to this issue where we will also discuss the relevant orders of
magnitude for these couplings.
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Figure 6.1: The different types of trajectories of the theory space in the Einstein—
Hilbert truncation. Plot is taken from Reuter and Saueressig (2002). The obser-
vationally accepted trajectories are those of Type IIla, spiraling around the UV
fixed point for large values of the cut—off scale k, and evolving towards the Gaussian
Fixed Point (GFP) with decreasing k. At some point very close to the GFP, the
trajectory turns right and evolves towards larger values of X in the IR. The classical
regime, covering from earth to astrophysical scales, is realised in the vicinity of the
GFP, where both the dimension full cosmological and Newton’s constant acquire
constant values.
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6.3 The flow equation in f(R) gravity

After having presented the flow equation of Einstein—HIlbert gravity, and for the
sake of completeness, let us now go back to the ansatz (6.45), in order to present
the form of its flow equation. We will be following the approach of Codello et al.
(2009), 8

We start by trivially writing (6.45) as

Tulg] = / V=gd'zf(R) =V x f(R), (6.50)

where V' denotes the volume of spacetime. Differentiating above action with respect
to RG time ¢t = log k, we get

It is very convenient to work with dimensionless quantities, so let us proceed by

defining
R=k2R, f(Rk)=k"'f(Rk)=kfu(R k), (6.52)

Notice that the dependence of f (I%, k) on the RG scale k comes through the run-
ning couplings §(k), i.e f(R, k) = f(R, §(k)). We these definitions, and remembering
that B

n OR 0
r Ot OR

0 0

%= 3 (6.53)

t
with the bar implying that the corresponding variable is to be kept fixed during
differentiation, we have the following relations between dimensionless and dimension

full quantities,

Oifr = k* (fo;; +2Rfap + 3tfz;z) : (6.54)

o, f = k* <4f—2RfR+akf). (6.55)

We shall restrict ourselves to (Euclidean) spherical symmetry, as the flow equa-

tion itself is evaluated on a (Euclidean) de Sitter background, which means that the

8The reader is referred to Codello et al. (2009) for details regarding the choice of the regulator
function as well as the choice of the gauge in the derivation of the flow equation presented here.
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volume element acquires the following form

~384n?

V 7

(6.56)

After following the procedure schetched before, and for the regulator and gauge
conventions of Codello et al. (2009), the flow equation for f(R) gravity reads as
Codello et al. (2009)

e 3sar [ 1008 (511R%—360R—1080) 2016 (607A° — 3607 — 2160)
dt  30240R2 R-3 E_4

(311R3 — 1262 — 226801 + 45360) B, fr — 252 <R2 + 3600 — 1080) Fa
o 3fr— (R —3)fn

+ [1008 (291%2 4 OT3R? — 3240) 74 (1851%3 + 365412 + 22680R + 45360) o, f

— 2016 (291%3 VOT3R? — 3240) B, frr — 9 (181R4 32483 + 15288R2 — 90720) } X

[fRR(R 324 2f+ (3 2R)f3} _1] . (6.57)

Above equation is a non-linear differential equation with partial derivatives,
whose complexity makes it in general impossible to be solved analytically unless a
particular form for the function f(R) is chosen, such as an expansion in positive
powers of the curvature scalar R. Notice that the r.h.s of (6.57) is expressed solely

in terms of dimensionless quantities.

If we differentiate the effective action (6.50) with respect to t = logk we get

Of —2Rfr+4f = V19,I. (6.58)

The beta functions can be then derived by expanding both sides with respect to

the dimensionless curvature R around R = 0,

dg; _ 19" 1dly
dt ORIV dt |5,

(6.59)

where it is assumed that everything is expressed in terms of dimensionless quantities.

On the fixed point, the RG derivative of the dimensionless version of f vanishes,

i.e d,f, = 0. We can work out the fixed points for a particular f (R) ansatz straight
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from above flow equation. To do this, we set all the derivatives of dimensionless

quantities with respect to ¢ in (6.58), e.g 9;f = 0, to get
—2Rfr +4f = V19,1, (6.60)

Expanding both sides around R =0, and comparing equal powers of the expansion,
we can arrive at a set of n x n coupled, algebraic equations, where n is the order of
the truncation, i.e the maximum power of R in the effective action.

For the case of the f(R) ansatz in a polynomial expansion in powers of R, a strong
evidence for the existence of the UV fixed point would require the investigation of as
much of the truncation space as possible, i.e by including even more powers of the
Ricci curvature (together with the associated couplings) in the truncated action. In
particular, in Codello et al. (2009), the case of a truncation up to the power i = 8 was
studied, where it was found that the fixed point value for Newton’s and cosmological
constant couplings, is stable with increasing the truncation order. What is more, in
the same work, and for the same effective action ansatz up to order ¢ = 8, it was
found that the dimensionality of the critical surface is three.

In a following chapter we will present the explicit form of the beta functions for
the Einstein—Hilbert truncation, and we will also discuss the fixed points as well as

the phenomenologically relevant trajectories in the theory space.

6.4 RG improved Friedmann equations

As also explained before, Einstein gravity without a cosmological constant, although
successful at solar and galactic scales, is challenged by cosmological observations of
the early and late time Universe. Both early (inflation) and late time accelera-
tion of our Universe require either the introduction of an extra degree of freedom
in the action, like a scalar or tensor field, or a modification of gravity itself. On
the same time, the trivial extension of GR, i.e the introduction of a cosmological
constant, is plagued by the magnitude and coincidence problem described at an
earlier chapter. Modifications of the gravitational action like scalar-tensor actions
or non—linear extensions of Einstein—Hilbert action, probably the most famous being

the Brans—Dicke one Brans and Dicke (1961) and f(R) theories respectively Starob-
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insky (1980a); Nojiri and Odintsov (2006a); Capozziello and Francaviglia (2008);
Sotiriou and Faraoni (2010); De Felice and Tsujikawa (2010); Clifton et al. (2012).
A common characteristic among scalar-tensor and modified theories alike is that
they lead to a modification of Newton’s constant G, which acquires a scale de-
pendence, for example in scalar-tensor theories through the coupling of gravity with

a scalar field.

GR with a cosmological constant A has been very successful in describing the
late time acceleration of the Universe from a phenomenological point of view, but it
is unable to account for a primordial inflationary era. One of the most challenging
problems a cosmological constant faces from a theoretical point of view is the order
of magnitude problem, i.e why it has such a tiny value, as well as the coincidence
problem, or in other words why it is only at recent times that A becomes dynamically
relevant. In the context of scalar field or modified gravity models, the vacuum energy
is replaced by a dynamically evolving, effective energy-momentum tensor, but this
only partly solves the problem, as any effective energy-momentum tensor has to

reproduce the tiny value of A today.

In this section we will briefly present the standard approach to combine the
renormalisation group with cosmology. We will work at the level of the equations
of motion, and we will discuss how the usual cosmological equations are modified
and how one can solve them. For simplicity and illustration we will focus only on
the Einstein—Hilbert truncation, where the only couplings are Newton’s G = Gy (k)
and the cosmological constant A = Ay(k), with k the renormalisation group cut-off
scale. The running of G and A changes the cosmological dynamics resulting from
the action, and has also been suggested as a possible resolution to the coincidence
problem Bonanno and Reuter (2002a, 2004); Weinberg (2010); Tye and Xu (2010);
Bonanno et al. (2011); Contillo (2011); Reuter and Weyer (2004a); Grande et al.
(2011). In particular, Shapiro and Sola (2000, 2002, 2008, 2009) have studied the
cosmological consequences of a running Newton’s G, while Shapiro et al. (2005);
Bauer (2005b,a) studied the case of a running cosmological constant. Comparison
with cosmological observations, including supernovae data, has been carried out in
Guberina et al. (2003); Shapiro and Sola (2004); Espana-Bonet et al. (2004); Shapiro
et al. (2005).
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6.4.1 Cut—off identification in cosmology

In a cosmological context, it is attractive to think of the cut-off energy scale k as
dynamically evolving with cosmic time Bonanno and Reuter (2002a,b); Reuter and
Saueressig (2005). There are different ways to understand this connection in an
expanding Universe. Since in the effective action modes with momentum p? > k2
are integrated out, k defines the energy scale of the theory, i.e. the typical scale at
which the couplings in the effective action are evaluated.

This identification can be either performed at the level of the equations of motion
or the action. What is more, the identification can be done through an ansatz or in
a dynamical way. In the latter case, the identification results naturally through the
cosmological equations, by requiring that the Bianchi identities are satisfied. On
the other hand, by doing some particular ansatz, k = k(t), it is not ensured that
the Bianchi identities will be satisfied. In fact, one has to pick up an ansatz that
will not violate the satisfaction of the Bianchi identities. We will make these points
more precise in the following.

Let us start by gathering some intuition about the form of the identification k£ =
k(t). The typical energy of particles in an expanding Universe with temperature 7" at
a particular time, is directly linked with the expansion; the Universe starts off from
a hot state and cools down as it expands with cosmic time ¢ and in particular, for a
homogeneous and isotropic Universe described by the FLRW metric, characterised
by the scale factor a(t), the typical energy of relativistic particles scales as 1/a(t).

One could then think of identifying the cut-off scale k as

ko knT() ~ % (6.61)

where kp is the Boltzmann constant and FE, a constant with dimensions of energy.
Alternatively, one can think that the horizon size of the Universe dy ~ 1/H(t),
with H = a(t)/a(t) the Hubble parameter, defines the typical scale of correlations

between different quantum degrees of freedom, and identify
k=t~ dp(t) ~ H(t). (6.62)

Notice that both identifications (6.61) and (6.62) are monotonically decreasing func-
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tions of cosmic time, in the context of a Hot Big Bang scenario. However, it is not
in principle guaranteed that a particular ansatz made at the level of the equations of
motion will prove to satisfy the Bianchi identities. The latter, provide the condition
for all consistent identifications Bonanno and Reuter (2002a); Babic et al. (2005);
Reuter and Saueressig (2005); Hindmarsh et al. (2011); Reuter and Weyer (2004b),
and in the following we shall expand on the following issue in more detail.

On the other hand, the cut-of identification can be also performed at the level of
the action, in a covariant way. In that case, the Bianchi identities will be automat-
ically be satisfied. That will be the subject of a later section, where we will identify

the cut-off scale with the scalar curvature, i.e k ~ R.

6.4.2 Evolution equations at the background

Let us start by stating our conventions for this section: a dot will denote derivat-
ive with respect to conformal time unless otherwise stated and primes will denote
derivative with respect to the cut—off energy scale k.

Let us begin with the RG improved effective action in the Einstein—Hilbert trun-

cation
1

167TGk

Slg. ] = / \/—_g{ (R~ 204) + Lonatter (gs 0) | | (6.63)

with Gy, = G(k), A, = A(k), and Lyaier collectively denoting all matter fluids

present.

The Einstein equations read as
G", = 8rG(k)T", — A(k)d",. (6.64)

The cosmological constant has been moved on the r.h.s and could be interpreted as
some sort of effective fluid.
Let us turn attention to the conservation of the r.h.s of the Einstein equations.
We have
vV, 87G(k)T", — A(k)d*,) = 0. (6.65)

In standard cosmology, where A and G do not depend on k above relation leads to

the usual conservation equation(s) for the matter fluid described by T*,. We assume
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that k is some function of cosmological time ¢, i.e k = k(t). In addition, we can
require that the energy—momentum tensor of matter fluids is separately conserved.

In this case we arrive at the following two equations

87G(k)V,T", = 0, (6.66)
87T,V ,G(k) — V,A(k) = 0. (6.67)

The second equation will be referred as the “consistency condition”.

The first equation will yield the usual matter conservation equations, while the
second one a consistency relation between A(k) and G(k) that will ensure that the
Bianchi identities are satisfied. One can see that the second constraint in fact implies
that the time evolution of G and A should be such that the Bianchi identities are
satisfied. The presence of an extra equation in our system, reflects also the fact that

there is a new variable, the RG cut—off scale k.

The consistency condition for v = 0 yields
8tG + A =0, (6.68)

while for v = i we get a trivial equation, since all quantities depend only on time in
the FLRW background. The conservation of matter fluids yields the usual equation,

which we write again here for convenience

p+3H(1+w)p=0. (6.69)

Following the standard approach in cosmology, if we try to solve for a(t) and
p(t) for some given index w (assuming a single fluid for simplicity), we see that
our system is overdetermined since we have three equations, i.e the Friedmann,
matter conservation and consistency condition for two variables. In fact, one of the
equations should be used to identify the scale k as a function of time, i.e k = k(?).

Let us see how this is done below.

From the consistency condition (6.68) one can solve for p = p(k(t)),
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1 G (k(1))

p(t) = TS N (R(D) (6.70)

where we assume that k£ is some function of cosmic time, that we will find later.

From the matter conservation equation we get the usual solution p oc a 30+%)

I

which after combining with (6.70) gives an expression for the scale factor

__1

a(t) = C {—%} - (6.71)

with the constant C given by C' = a0(87r,00)3<11+w>.

The only unused equation so far is the Friedmann equation. We can use it to
find an expression for the identification k = k(¢). Plugging (6.70) and (6.71) above
relations into the Friedman equation we arrive at an equation which’ solution will

provide k = k(t),
dk

1 a(k)
dt — 3d'(k)

[A(K) + 87G(k)p(k)] . (6.72)

The system of equations (6.70), (6.71) and (6.72) is now closed. For a given tra-
jectory in the RG phase space, k — (G(k), A(k)), we get a background cosmological
evolution described by (6.70), (6.71), (6.72). Background quantities like the matter
density parameter ), and the deceleration parameter can be expressed in terms of
RG data, i.e the beta functions, the couplings and their derivatives (see for example

Reuter and Saueressig (2005)).

It is important to notice that it is not a-priori obvious if a given RG trajectory
will give a sensible cosmological evolution. In Reuter and Saueressig (2005) above
procedure was followed and was found that one can induce a physically acceptable
cosmological evolution, which starts from very high energies (UV) and asymptotes

to a de Sitter phase at late times (IR).

Let us close this section by mentioning that other approaches in the RG cos-
mology have been used in the literature. In Grande et al. (2011), in the context of
the Einstein—Hilbert truncation, a particular RG-inspired ansatz was used for the
running of G(k) and A(k), and it was also shown that the identification k = H, is

consistent with the Bianchi identities. The particular approach used there was an
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expansion of the form,

pa = X, Cnk*, (6.73)
G =%,D,k*", (6.74)

with n an integer number and py = A/(167G). The coefficients C,,, D,, in above
expansions depend on different fields of masses M;. For k < M; the series are ex-
panded with respect to the small parameter k/M;, and k is assumed to be of the
order of some characteristic energy momentum-scale in an FLRW cosmological con-
text. What is more, in the same work, it was shown that assuming the identification

k = H and a quadratic evolution law for pj,
pr = Co + CLH?, (6.75)

with Cy, C constants defined as

3v
O() = PAO — 8—7Tmfpk‘(2], (676)
3v
C, = S—Wm%, (6.77)

one can then use the differential constraint (6.68) to obtain a suitable evolution for

G = G(k),
" G(H,v) = Go (6.78)
T m(HHE) ‘

with G(Hy) = Gy = 1/m%. The parameter v is defined as

1 M>

vV=+t——, (6.79)
127 m%

with + corresponding to whether bosonic or fermionic fields contribute to the mass
spectrum below the Planck scale. One can see that for v > 0 Newton’s G decreases

logarithmically with H, a slow enough evolution to account for a viable phenomen-
ology.
Let us stress that above ansatzs for py and G~! do not arise from a particular

exact RG flow, but they are rather effective relations attempting to “catch” general

RG features, and we refer the reader to Grande et al. (2011) for a detailed present-
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ation of the issue. On the other hand, the approach we will use in chapter 7 to
study the early and late time cosmological dynamics is based on an RG flow coming
from an exact RG equation for gravity. A disadvantage of the latter approach is
the fact that in principle it does not exist an analytic solution for the running of
the couplings for the complete RG flow, however one can always resort to numerical
techniques as well as analytical methods for particular parts of the RG evolution as

we will see later.

6.4.3 Equivalence with Brans—Dicke gravity

We discussed before how we can handle a running Newton’s G and cosmological
constant at the level of the equations of motion. In this section, we will still focus
at the level of the equations of motion, but we will present how one can find a link
between the RG improved Einstein equations and Brans—Dicke gravity, as was also
shown in Reuter and Weyer (2004b); Cai and Easson (2011)

The starting point is the usual RG improved Einstein—Hilbert action (in four

/ d'zy/—g (ﬁﬁg)) (6.80)

dimensions),

considering vacuum for simplicity. It is important to remind here that the couplings
are functions of the cut-off £ but not of the metric. This is an important point when
it comes to deriving the equations of motion. Let’s vary the action with respect to

the metric field. Schematically, we get

1 —2A
tey/— — 20 —2A — / -
/d x [ (5R 20A) — 67TG<R )(5G1 ) 16 e
(6.81)
with the variation symbol here implying variation with respect to the metric, i.e
=0,

Since the couplings do not depend on the spacetime metric we have
0G = 6N =0, (6.82)

yielding

68 = /d4x\/_16 el /5\/_( _2A>. (6.83)
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The variation of the Ricci scalar reads schematically as
SR = 0O(g9) + O(Vg) + O(V?g). (6.84)

After the necessary integrations by parts, we then arrive at the equations of motion

which read as,

G DG+ Gy + Mgy = 87GT,,, (6.85)

with lA)W a second order differential operator. Now, one can see that the equivalence
with Brans-Dicke is revealed through the identification ¢ = G7%, ie it is G!
that plays the role of the Brans—Dicke scalar field. Notice also, that is has mass

dimensions two, as we would expect for the Brans—Dicke scalar to have.

As we also discussed before, when performing the identification for the cut—off at
the level of the equations of motion, it has to be ensured that the Bianchi identities
are satisfied, mainly playing the role of an integrability condition for the Einstein
equations. Let’s see explicitly how this is achieved for the “Brans—Dicke” equations
of motion derived above. The latter, equation (6.85), can be trivially re-written in
the form

1 ~
RMV - §gij = 87TG(k’)T$ - Aguy + GDMVG_I' (686)

Covariant differentiation on both sides of above equation then requires that
VAG,, = 0 = 87T, V*G — g, V*A + (V*Q)D,, G~ + GV*D,,G™',  (6.87)

since V*G ), = 0 identically and assuming also that the matter fields are conserved
separately. Let us focus on the V“ZA)WG_l term on the r.h.s of equation (6.87). It
yields

V*D,, G = VH[(V,V,)G ] = V,(0G™) (6.88)
= (V"V, = V,V*)V,.G!
= R,\V*G™. (6.89)
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Using the latter relation in equation (6.87) we arrive at

G [87GT,, + GZA)WG*] VG — VA + GRAVG = 0,

G (G + Mg V'G = V,A + GRAVAG =0,

—(R-— 2A)%Vyk = 20V, k, (6.90)

with G, = 0G/0k and similar definitions hold for the other quantities.

Relation (6.90) is a differential constraint equation for the running couplings
G(k), A(k), complementing the equations of motion. As in a cosmological context
we expect the RG scale k to be related to cosmological time ¢, k becomes a dynamical
variable at the level of equations of motion. Equation (6.90) then provides us with
an extra condition that dictates the consistent dependence of k on time ¢ so that

the Bianchi identities are satisfied.

Let us make a point regarding the above way of establishing equivalence between
an RG-improved action with Brans—Dicke gravity, i.e by working at the level of the
equations of motion. Although it works for the Einstein—Hilbert truncation, in fact,
it not very helpful if we would like to see if higher truncations are still equivalent

with Brans—Dicke. To see this, let’s consider the more general action

5= [t (G + bR+ 0 + Ol = [ dey=aiR),
(6.91)

Varying the action with respect to the metric field, we get schematically

55 = / /=g fn(R)OR + / 26/ =5 f(R) (6.92)

~ (VY)Y + (V)] fr(R) + frG*™ + ..., (6.93)

with (VV)g and (VV), denoting differentiation with constant R and constant k
respectively. Now, it can be seen that the simple identification G=! = ¢ that
was made in the Einstein-Hilbert truncation is not enough to provide us with the
equivalence with Brans—Dicke, due to the existence of more couplings other than

G(k).

The way out to this, is study the equivalence with BD through a covariant cut—
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off identification, like for example k? = pR, arriving at an f(R) model, which can
then be expressed in the Jordan frame. This cut—off identification will be performed

in a later section for the case of the Einstein—Hilbert truncation.

6.4.4 Evolution at the linear level

We discussed in the previous section how the RG improvement applies for the
Einstein—Hilbert action in an FLRW cosmology. Here, for the same theory, we
will go beyond the background, and will describe how in this context the linear,
scalar perturbation equations around FLRW are derived. As the couplings now run
with the energy scale, we will describe how that should be taken into account at the
linear level, and in fact will find that it leads us to a non-trivial modification of the

usual linearised Einstein equations.

Let us first point out that there is an important change of notation that we will
be using below: in particular, we will still represent the Fourier mode with a k, and
we will use the symbol krg for the RG scale. Furthermore, dots and primes will

imply differentiation with respect to conformal time n and RG scale respectively.

We will be considering a perturbed FLRW background in the Newtonian gauge,

with the line element reading as
ds* = a*(n) [—(1 + 20)dn* + (1 4 2®)da?] (6.94)

with @ and ¥ the scalar Newtonian potentials.

We can now proceed with perturbing the Einstein equations. Of course, we have

to take into account the running of the coupling constants,

G(t, k) = G(t) + 6G(t, k), (6.95)
A(t, k) — A(t) + 0A(t, k). (6.96)

Notice that the perturbed coupling constants acquire a dependence on space, or on

the mode k in Fourier space.
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We then arrive at the perturbed Einstein equations which read as

0G oA
oG!, =8rG | T, — + 0T", — o, . 6.97
g < G 817G > (6.97)
Furthermore, we will assume that the energy—momentum tensor of the matter
species in the Universe, like baryons or dark matter, acquires the form of a perfect

fluid with a barotropic index w = py,/pm,

T = —pm, T'j=wpmd';, (6.98)

(STOO = —5pm, (ST(J,L = (1 + w)pmﬁiv, (699)

with v; the velocity field which we express as the gradient of a scalar, since we
are interested in scalar perturbations only. We also define the velocity gradient as
0 = V'

We will be interested in the evolution of small inhomogeneities at scales well
inside the horizon, i.e we will be focusing on those modes that satisfy k < H. In
this sub-horizon regime, the 0 — 0 part of the perturbed Einstein equations gives the

Poisson equation,

oA
Ed = 47a? ) ) — 1
Ta Gpm(g—l— m+87TGpm>’ (6.100)
with the definitions
OPm oG
Oom = ——, O0g=—. 6.101
.’ CT G (6.101)

One notices here that the r.h.s of the Poisson equation, acquires a contribution of

the perturbed G and A apart from the matter perturbation.

On the other hand the off-diagonal part of the i — j(i # j) component of the

Einstein equations gives the anisotropy equation

O+ U =0. (6.102)

The r.h.s of above equation is zero, since here we are interested in cosmological
periods well after radiation domination, where the anisotropic stress coming from

relativistic species is negligible. On the other hand, the running of the coupling
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constants does not yield any anisotropic stress contribution either.

The Poisson and the anisotropy equation are the main gravitational equations
we will need. As described in a previous section, at the linear level of an FLRW
background we also have two conservations equations, one corresponding to energy

and the another to momentum conservation respectively,

O = =B — 3D, (6.103)

Oy = —HO,, — K*V. (6.104)

Remember that 6,, = ik'u; is the velocity divergence of the pressure less matter
velocity field in Fourier space. Using the Poisson equation (6.101), equation (6.103)

can be written as

e:-%e+§9mwg+@@, (6.105)

where we neglected a 6 term suppressed by k2.

The second term on the r.h.s of (6.104) can be neglected in the sub-horizon
regime we are interested in. This can be seen as follows. Differentiating the Poisson
equation (6.101) with respect to conformal time, and using the perturbed Bianchi
conditions (6.107)-(6.108), one can check that the term @ contributes four terms,
proportional to 8, Oy, Om, 0, all being suppressed by H2 /k?, which is very small in

this regime. Therefore, equation 6.103 reduces to

Om = —Op. (6.106)

However, the system of equations is not yet complete. In fact, we should also
perturb the integrability condition (6.67), which ensures that the Bianchi identities
are satisfied. Remember that in the background these equations had to be satisfied
as a result of the Bianchi identities not identically satisfied due to the running of the

couplings. Considering also relations (6.95) and (6.96), perturbing (6.67) linearly
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we arrive at the following equations (for ¥ = 0 and v = i respectively),

: A
Y (0, + dg) + 0 + 6. =0, (6.107)
87Gpp,
12 (wpmde — 22 ) = (14 w)ve (6.108)
pm G 87TG - ) .

where we defined the quantity Y = G /G, which describes the relative variation
of Newton’s G' with respect to conformal time. We shall assume in the following
that the relative time variation of G is sufficiently small during matter domination,

therefore neglecting second time derivatives of G as well as terms of order Y?2.

Remembering that,

A

= — 6.109
PA=8rG ( )
relation (6.108) can also be re-expressed in terms of p, as

E? [6c(wpm + pa) — 6pa) = pm(1 4+ w)Y . (6.110)

Relation (6.108) tells us something very interesting. Noting that,

dG(kre)
dkra

dA(kre)

3G (kre) = 0G = T

(Sk’Rg, (SA(k?Rg) =0\ = (SkRg, (6111)

we can express the perturbed Bianchi condition (6.108) as

7

1 .
( brc s (6.112)

w —

~—

Okre =

!/

Qal =
|5

| +
2|0

m

Above relation shows that the perturbation of the cut—off scale kg is proportional
to the velocity gradient of the matter fluid present. A similar result has been found
in Contillo et al. (2012a) in the context of scalar field inflation. Notice that it is
0krg = 0, for the case of a A-dominated Universe, i.e w = —1, as well as whenever

the background cut—off scale stops evolving, kre = 0.

Apart from the two scalar potentials ® and W, there are four more variables at
the linear level, namely 0,,, ¢, dr(or dpy) and 0. Equations (6.103)-(6.104) describe
the evolution of d,, and 6 respectively, while equations (6.107)—(6.108) provide us

with constrains between different variables. In particular, (6.107) relates the time
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derivative of ¢ with that of JA, while (6.108) relates dg and dA with the velocity
gradient 6. Therefore, taking also into account the two gravitational equations, we

have six equations and six variables.

Differentiating equation (6.108) and with the aid of the following equations

pin + 3H(pm + Pm) = 0, (6.113)
. _(0G\ _ . 4G G o
g = (?> =do =7 —d¥, F=Y+V? (6.114)

we arrive at a first order evolution equation for dq,

: 0 3Y (14 w) I6] Y Y
b =aY — + |2 - P 6.115
¢=a k2+{2 k2 +1—|—w l+w| ¢ 1+w ( )
For convenience we have defined
W Y
=——+—4+Y —(2 A1
a 1+w+Y+ (2 + 3w)H, (6.116)
3w
= —H —w—wY. 117
B T w’H W —w (6.117)

For consistency, we have derived above equation without fixing w, however in this
section we are interested in the case of a pressure less matter dominated Universe,
i.e w = 0. However, setting w = 0, and neglecting second derivatives of G as well

as terms of order Y? we get

. o 3
0 = —2HY 75 — SYb6 — Y. (6.118)

Equations (6.104),(6.106) and (6.118), form a closed system of coupled, first
order evolution equations for d,,, 6 and dg. Notice that for Y = A = 5 = 6A = 0,

the system reduces to the ordinary linear equations with constant G and A.

The variation of Newton’s GG affects the evolution of the system in two ways;
By affecting the scalar potential in the Poisson equation through the variation of
G, as well as the appearance of the new term dg = §G/G on the r.h.s of the
equation. What is more, the variation of G implicitly affects the evolution the
Hubble parameter H. The running of A affects itself the scalar potential in the

Poisson equation as well.
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We notice that the way the running of the coupling constants here affects the
evolution of the linear equations shares some common features with scalar tensor
theories, where the scalar field non—minimally coupled to curvature in the action
plays the role of the effective (running) Newton’s GG, while the scalar field perturb-
ation also appears on the r.h.s of the Poisson equation. An important difference in
the RG scenario we have studied and scalar-tensor theories, is that in the former, a
crucial role is play by the Bianchi identities, which provide the necessary constraint
equations to close the system.

It would be worth trying to find solutions for above equations, to understand
the way the growth of matter is affected by the evolution of the coupling constants.
We shall leave this for future work, as the main goal of this section was mainly to
only present the form of linear equations in this scenario. We shall also notice that
similar analysis has been performed in Fabris et al. (2007); Grande et al. (2010,
2011).
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Chapter 7

Effective f(R) action from running

couplings

7.1 Introduction

In this chapter, we will be closely following the work done together with Mark Hind-
marsh in Hindmarsh and Saltas (2012). In the previous chapter we introduced the
application of the RG to quantum gravity, and we also discussed its application in
cosmology. In particular, as we previously discussed, in a cosmological context, one
needs to identify the RG scale k with some function of cosmic time, focusing on the
case of the Einstein—Hilbert truncation, and working at the level of the equations of
motion. As it turned out to be, it is crucial that the identification chosen satisfies
the Bianchi identities, a fact that itself introduces significant complications to the

actual analysis.

In this chapter, we will consider a different cut—off identification, namely one
which is performed at the level of the action, motivated by an analogous procedure
which generates the effective potential for a scalar field theory. We will associate k
with the scalar curvature, i.e

k* ~ R, (7.1)

through which we can view the RG improved Einstein-Hilbert action as an effective
f(R) model. We will then go on to study the properties as well as the resulting
cosmology of the particular f(R) model.
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The idea of Newton’s G running with curvature has been suggested previously
Frolov and Guo (2011), although not with the correct beta-function, and here we
include the cosmological constant with the full non-perturbative beta functions for
both couplings. The resulting f(R) model does not include the renormalisation
effects of matter, or any gravitational invariants other than R, and so it should
be viewed as a prototype. However, it will turn out that it has some remarkable
properties, also allowing us to study the RG improved action in an elegant way. One
feature is that the scale identification is performed at the level of the action, in a
covariant fashion, so there is no need to add extra dynamical conditions through the
Bianchi identities as described above.

In the following, we will be working in a unit system with ¢ = A = 1, unless
otherwise stated, as well as use G = m,; 2 — 8nk?%. Unless otherwise stated, mass

scales will be presented in Planck units.

7.2 RG improved Einstein—Hilbert action

This section will serve as an introduction to the basic concepts and notation that
we will use in the following, reminding also briefly about notions introduced in the
previous chapter.

Our starting point is the RG improved effective action in the Einstein—Hilbert

truncation,

ool = [ atev=g K%‘(jf’“) " cmatterw,g)} , (7.2

with k is the renormalisation group cut-off scale, which sets the momentum scale
above which modes are integrated out. The effective, “coarse-grained” action func-
tional, T'x[g, 1], interpolates between the true effective action in the infrared (IR,
k — 0) and the bare action defined in the UV at a cut—off scale kyay. The in-
terpolation of the effective action as a function of scale is controlled by the exact
renormalisation group equation (ERGE) Wetterich (1993). If kpax can be taken to
infinity the theory is renormalisable, signaled by a UV fixed point in the couplings
of the theory.

The quantum corrections can be encoded in the evolution of the coupling con-
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stants as a function of energy,! whose beta-functions can be extracted from the
ERGE. The form of the latter depends on the choice of the cut-off function choice
and the gauge. We will follow the conventions of Litim (2000); Litim and Manuel
(2001), noting that different choices of cut-off function and gauge do not change the
qualitative features of the beta functions.

In the standard approach, one defines the dimensionless Newton’s and cosmolo-

gical constant as

g(k) = K*°G(k)/24n, k) = A/K?, (7.3)

and the running of the dimensionless couplings in d = 4 is described through the set
of first order, coupled differential equations Litim (2004, 2008b),
24g(3g+3(1-3)))

g = By(9:N) = 20 + 155 (7.5)

O\ = Ba(g,\) = =2\ — 129 — (7.4)

where t = Ink, and 3, B, the beta functions. In above equations the factor of 247

is included to remove phase space factors.

There are two fixed points of the above RG flows, a free or Gaussian one, with
(9", \*)arp = (0,0), and an interacting one which is attractive in the UV (k — o0),
with (¢*, A*)uv = (0.015625,0.25) (Litim (2008b)-Reuter and Saueressig (2007b)
and references therein). The existence of a UV fixed point points to consistent
quantum behavior of the system at high energies, realising Weinberg’s Asymptotic
Safety scenario Hawking S. W. (1979). The Gaussian fixed point (k — 0) describes
a free theory.

A phenomenologically viable solution (trajectory) of the system (7.4)-(7.5) on
the g — A plane is one that starts at high energies from the UV fixed point and then
evolves towards smaller values of g as k is lowered, passes close to the GFP, until it
turns to the right towards increasing values of A\. A trajectory passing sufficiently
close to the GFP will subsequently have a long classical regime, i.e G ~ Gg, A ~ Ay,
with “0” here denoting the present value. The classical regime covering many orders
of magnitude in scales is required by terrestrial, solar and galactic tests, as well as

consistency with cosmological evolution since Big Bang Nucleosynthesis.

'For a cautionary note see Anber and Donoghue (2011).
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Figure 7.1: A viable RG trajectory (blue, continuous curve) on the g — A plane in
the Einstein—Hilbert truncation for the choice p = 1 and the initial conditions (7.35).
It spirals around the UV RG fixed point and evolves towards the IR as curvature
R decreases. The intersection of the phase curve with the de Sitter line (black,
continouous) corresponds to a de Sitter point in the cosmological evolution, while
intersection with the dashed (black) one is where for the slow roll parameter ¢y = 1.
The regions where m2; > 0 (m?Z; < 0) are seperated by the dotted lines, with mZ;
the Jordan frame mass squared, defined in (7.14). The dotted curve consists of two
separate curves (green and red dots) corresponding to the vanishing of the numerator
(denominator) of m2;. They join at the upper part of the dotted “ellipsis”, where
m?2g remains finite and non-zero. Along the lower part of the “ellipsis” (green) m2g
vanishes. The dotted curves outside the “ellipsis” (red) correspond to m?Z; — oo.
Notice that beyond the red dot at A, ~ 0.27 on the A\-axis, m?Z; becomes negative,
and therefore de Sitter space unstable too.

The Einstein-Hilbert truncation has a couple of features which may not be
present in all truncations. The eigenvalues of the linearised flow in the vicinity
of the UV fixed point are complex conjugate, causing oscillatory behavior of the
trajectory around it (see Figure 7.1). Also, the flow (7.4,7.5) has a singularity at
A = 1/2, which terminates the classical regime. It has been conjectured that this
is an artifact of the truncation, and that there may actually be a non-trivial fixed

point in the IR Bonanno and Reuter (2002b).

7.3 Scale identification & effective f(R) action

As explained before, the first step in studying the cosmology of an RG improved

action is to identify the cut-off scale k with as a function of cosmic time k = k(t).
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In this section, we will work at the level of the action and use a particular ansatz
that will allow us to view the effects of RG running of the couplings as an effective
f(R) model, by identifying

k* = pR, (7.6)

where R is the Ricci scalar and p is a dimensionless constant. Here, with the
particular identification (7.6) the dimensionless couplings are defined as g(k) =

pR x G(R), A(R)=A(R)/(pR), and action (7.2) takes the following form

R2A(R)
Ot = / SR v

_ / dw_—g@ + S, 9), (7.8)

with A(R) = p(%), and the extra factor of 247 appearing in the first line because
of the rescaling of g performed in the beta functions (7.4) and (7.5). We absorb it

into the factor &% = 19272,

The quantum corrections are now expressed in the non-linear effective action,
which takes the form of an f(R) model (7.8). This provides us with a different view
of the RG effects on the Einstein-Hilbert action (7.2). What is more, the particular

scale identification preserves general covariance of the action.

We can compare this procedure with the RG-improvement of the effective poten-
tial in scalar field theory Coleman and Weinberg (1973). There, if one starts with
the tree potential V = A\¢?/4!, solves the RG equation for the coupling, and makes

the identification k = a¢, one obtains at one loop

vl Ao
T 41T — b(No) In(ag ko)

9%, (7.9)

where b(\) = 3X/1672, which recovers and improves on the one-loop effective poten-
tial calculated by the standard graphical methods. The constants are constrained

by a renormalisation condition such as

v

—_— = A, (7.10)
d¢4 @0

where ), is the physical coupling as inferred, say, from a scattering experiment with
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the background field set at ¢y. Normally, we can avoid all mention of o by writing
V o= A¢t/4! with A = A /(1 — b(\) In(é/¢g)). However, it is still implicit in the
relationship between ¢y and the scale k.
The renormalisation conditions for the effective Einstein-Hilbert action can be
taken as
R Rfr—f

= =A A1
fR|R0 87TG07 2fR A 0> (7 )

where R, is the curvature scalar evaluated today.

Some remarks regarding the action (7.8) are in order. Firstly, we can see that
on a fixed point, where h(R) is constant, the Lagragian is effectively R?, which
is renormalisable Stelle (1977). Secondly, there is a singularity of the RG flow in
the Einstein—Hilbert truncation Litim (2008b); Reuter and Saueressig (2005): the
beta functions diverge for 49 = (A — 3)?. We will therefore restrict ourselves to
cosmological evolution which does not reach the singularity.

Finally, let us comment on the dimensionless parameter p, defined through our
identification (7.6), relating the RG scale k and the cosmological scale R. We will
see in equation (7.33) that it determines the scalaron mass, and so in principle could
also be fixed. However, as we do not know the scalaron mass, we will leave p free,
and investigate what range of values give an acceptable cosmology. As p describes
to what extent the RG scale k follows the curvature R, we would hope to find that
p ~ 1: it is natural to think of the RG scale as the scale of the important dynamics,

which in the cosmological context is given by the curvature. It will in fact turn out

p ~ 1 gives a viable cosmology.

7.4 Stability and the GR limit

7.4.1 Degrees of freedom and stability conditions

As a first step to understand the resulting effective f(R) action from the renormal-
isation group (7.8), we want to study its stability and its approach to the limiting
case of GR. Below we remind ourselves about some basic facts about f(R) gravity
that will be necessary for the rest of the chapter Starobinsky (1980a); Nojiri and
Odintsov (2006a); Capozziello and Francaviglia (2008); Sotiriou and Faraoni (2010);
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De Felice and Tsujikawa (2010); Clifton et al. (2012).

As described also in a previous chapter, it is well known that f(R) models exhibit
an extra, massive scalar degree of freedom, dubbed “scalaron”. It satisfies a Klein—
Gordon type equation, which can be found by varying action (7.8) with respect to

the metric and then taking the trace,

Ofr(R) + cﬂ/%](:%) = %QTm), (7.12)

where O is the d’Alembertian associated with the metric gag, T(m) = 6" T (m)uw is

the trace of any matter sources present, and

AVe(R) 1
dj”—R =3 [Rfr(R) —2f(R)]. (7.13)

From (7.13) we can deduce the scalaron’s mass in the frame defined by action (7.8),

d*Veg (R - R
gﬂ d}l}%( ) _ fR 3fRRfRR' (7.14)

m

Expression (7.14) also appears as the effective mass in a stability analysis around de
Sitter spacetime Sotiriou and Faraoni (2010) (and references therein).> Therefore,
stability of the scalaron propagation (i.e avoidance of tachyonic instability), as well
as stability of de Sitter spacetime requires that m?Z; > 0.

While an unstable scalaron just means that long-wavelength scalar fluctuations
will grow, the graviton kinetic term must certainly have the correct sign, in order

to avoid ghosts. This means that

which at small values of the couplings A and g, is ensured through condition

’O?R > 0. (7.16)

In order to make the connection with the RG, we will express both stability condi-
tions, for the scalar and for the graviton, in terms of the beta functions, using the

explicit form of action (7.2).

2Note that there is another definition for the scalaron mass in the Einstein frame, which we will
present later.
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In the RG-improved Einstein—Hilbert action derivatives of f can be expressed in

terms of RG data, as

d 0 1 0 0
R - — 7.17
iR~ OR 2R (ﬁgag+ﬁ*m>’ (7.17)
For example, for fr we have,
1 2
r=2R|h— @(hﬁg +2p°B)) | (7.18)
while the second derivative is
fRR =2h + & (_Gh + Qh& + 2P2& - hﬂg,g - QPQBA,Q>
4g g g
B 2 o 2
"1 8 +4p” — 5t hBgx + 20" | - (7.19)

Plugging above relations into expression (7.14), and using the beta functions (7.4,7.5),
the scalar mass m?; can be re-expressed as m2; = m2¢(R, g, \). The same is in prin-

ciple true for fr and other quantities of interest as we will see later.

In particular, from the explicit expression of fr in terms of the couplings, one
can check that the no-ghost condition (7.15) is always satisfied in the domain of
interest, 0 < A < 0.5, 0 < g < 0.02 and of course R > 0. (see also Figure 7.2 for a

plot of fr and Figure 7.1 for the phase space of a viable RG trajectory.)

7.4.2 The f(R) model in the perturbative regime

Let us now see how GR is recovered in this framework. Let us remind the reader
that the phase diagram of the Einstein—HIlbert truncation was presented in section
6.2.1. If an RG trajectory is to be viable, it should have a sufficiently long classical
regime, where any quantum corrections are suppressed enough not to be observed
in astrophysical or solar system tests, and therefore the coupling constants should
be effectively constant, and acquire the values observed at these scales. Therefore,
GR is recovered in the sense that under the RG flow Newton’s constant acquires its
classical value, G ~ Gy = 1/ mf, for a sufficient “RG time”, large enough to cover

the range of classical scales (earth, solar and galactic). In the classical regime, A
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has to have a negligible variation too. It has been shown that both requirements
are achieved if the viable RG trajectory passes sufficiently close to the GFP at
(g,A) = (0,0) Reuter and Weyer (2004a). It is after the close passage to the GFP
when the classical regime starts, and it turns out that the closer the trajectory passes
to it, the longer it lasts in RG time, and the greater range of scales the classical

regime covers.

We will therefore need to first linearise the system of beta functions (7.4)-(7.5)
around the GFP Reuter and Weyer (2004a). To make the analysis more clear, it
would be better to first proceed with the linearisation of the equations without

assuming any identification for k, i.e keeping k as the independent variable in (7.4)-

(7.5). We get,

O\ = —2) + 2ayg, (7.20)

dg = 29, (7.21)

with renormalisation group time ¢ = In(k/kq), and ko a reference scale. The para-
meter a cut-off function dependent, but is always positive and of order 1. For the

optimised cut—off, used to derive the beta functions (7.4)-(7.5), a = 6.

The solution of the linearised system reads

/{32
9=k’ =gr (7.22)
T
1 9 Co 1 ]{72 k’%
A= 50&01]{? + ﬁ = §>\T (k}_% + ﬁ 5 (723)

with k7 the value of the cut-off scale around the turning point in the vicinity of the

GFP, and g1 = g(kr), A\r = g(kr). Notice also that is,

Ar/gr = a, (7.24)

which implies that Ay ~ gr, since o ~ O(1). From the above linearised relations we
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get for the dimensionful couplings,

8t
7 =a= Z—g = const. (7.25)
1 1. kK 1
A= 50(61](34 + Ccy = 5)\T% + 5)\7“]?%, (726)

following the notation of Reuter and Weyer (2004a). Equation (7.25) tells us that
in this regime, Newton’s G becomes a constant, and we identify ¢; = 87Gy/#?. For

scales k < kr, A is also effectively constant, and we may identify ¢, = Ag. Hence

grir  8mGolg

2 R2

167TGOA0 /%2/\0 i
=\ —— k= . 7.28
IT=\N"are 7 (a47rGo (7.28)

From the observed values of Ay and Gy, we have

: (7.27)

and

gr ~Ap ~ 107 kp ~107%m,,. (7.29)

Let us now turn to the solution of the system under the identification k?> = pR.
The linearised equations are not enough as higher-order terms contribute already at
O(R?). An efficient way to include the higher-order terms is to substitute into the

Talyor expansion around the renormalisation point Ry (7.11)

F(R) = (Ro) + falgy (R~ Ro) + 5 frnlg, (R—Rol’. (730

We find that for the optimised cut-off where o = 6,

,%2

f(R) ~ G (R —2Ag) +6(2 — p)p(R — Ro)™. (7.31)

From the small coupling expansion of (7.14) the scalaron mass squared in the clas-

sical regime is given by

— 1
mig, = Jr— Rfrr ~ @, (7.32)
’ 3fRR Ro 36(2 — p) g
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(see also equation 7.49) and we see that it is positive provided 0 < p < 2. Using the

renormalisation condition (7.11) we find

=2
9 1 K

Meff0 = 369 — ) 871Gy’

(7.33)

and observe that the scalaron mass is safely at the Planck scale, so large deviations
from GR at laboratory, solar and astrophysical scales are avoided.

To get an idea of the realistic values of the couplings in the classical regime we
can evaluate them at solar and galactic scales, taking k? ~ R. With RV? ~1AU

sol
3 and Rg_all/2 ~ 10%'m we find that

Jsol = Rsol X Gsol ~ 10_927 Jgal = Rgal X Ggal ~ 10_1127 (734)

assuming that Ggu = G ~ 1077 m?. We see that the classical value of the
dimensionless coupling g acquires a tiny value. For A\ we cannot follow the same
analysis, since A has been only measured at cosmological scales, k ~ Hy, with
H, the Hubble parameter today. However, the product g\ ~ GgoAg, s0 A < 1.
Therefore, the values of both g and A on solar and galactic scales lie extremely close
to the GFP. However, it is intriguing to note that by this reasoning, A\ evaluated at
the Hubble scale is of order 1, where non-perturbative effects in the beta functions
are important Reuter and Weyer (2004a).

The form of a phenomenologically viable RG evolution on the g — A plane is

given in Figure 7.1, for the choice of p =1 and *

Ruin =8x 107", Ry =5 x 1073, Ryax = 50,
MRr) =102 g(Ry) = 1077, (7.35)

where Rr is the curvature at the turning point close to the GFP, in Planck units.
The above initial conditions are not realistic, but they allow for a good numerical
illustration. Figure 7.2 shows the evolution of the derivative fr(R) of the resulting

f(R) model, for the above choice of initial conditions.

31AU ~ 1.496 x 10! m.

4Numerical solutions in this paper are obtained using Mathematica’s differential and algebraic
solvers, making use of the stiffness option as well as increasing the maximum step number when
appropriate. Plots are also produced with the same software.
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df (R
dr

Figure 7.2: The derivative of the f(R) model for the initial conditions (7.35) (in
Planck units). For large values of R, the model effectively behaves as R? gravity,
since fr(R) ~ R. For smaller R, the evolution enters the classical regime near the
Gaussian fixed point. The Einstein-Hilbert term dominates, fr(R) becomes nearly
constant, with a small positive slope reflecting the positivity of the scalaron mass-
squared. At very small R (not shown) there is a departure from the Einstein-Hilbert
action due to the IR divergence in the beta functions. This part of the action is
never encountered as the system freezes at the IR de Sitter point.

7.5 Cosmological dynamics

Now, we proceed with studying the cosmological dynamics of the model, i.e the
cosmological fixed points, their stability and the transition from one cosmological

era to the other, as well as if inflation can be viable in this scenario.

A viable cosmological model, aiming to describe the background evolution of the
Universe from early to late times, should have a period of accelerated expansion at
early times (inflation), followed by a radiation and matter era respectively, evolving
asymptotically towards de Sitter at late times. Each particular period has its own
requirements in order to be viable. For example, a UV de Sitter point should be
unstable, while an IR one stable, while the matter point should be a saddle with

damped oscillation, so that strucutre formation has enough time to take place.
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7.5.1 Transition to the Einstein frame

It will be useful for the latter analysis to first calculate the Einstein frame action,
as an aid in calculating inflationary quantities, like the slow roll parameters. To do
this we will introduce an auxiliary field and then conformally transform the metric
appropriately. However, in the context of action (7.8) the latter transformation
requires care, since Newton’s GG is running with curvature.
Let us see this in more detail. Our original action (7.8) is a function of R, g(R), A(R)

and implicitly of the metric through the Ricci scalar R. In the standard way, we
introduce auxiliary scalars ¢ and ¢, and write our original theory in the Jordan

frame as

S = 5 [ V@R~ (o) = F(o) (7.36)
= 5m [ VIR - V(0), (7.37)

with V(¢) = ¢o(¢) — f(o(¢)), and ¢ = f'(0). We require that f”(o) # 0, so that
the function f’ can be inverted to find ¢ as a function of ¢. Note that the equation

of motion for ¢ gives the constraint which reproduces the original action, i.e 0 = R.

The Jordan frame scalar ¢, plays the role of the inverse of Newton’s constant in
front of R. For the transition to the Einstein frame, Newton’s constant will have to
be re-introduced through the conformal redefinition of the metric, and the question
that arises in our scenario, is which Newton’s constant should that be, since using
a running G = G(R) could lead to ambiguities. We can resolve this issue by using

Newton’s G today, denoted G = Gj.

We can now perform the conformal redefinition of the metric as

N 8rGod
Gap = —=5  Yab (7.38)

combined with a redefinition on the scalar ¢

¢ = doexp ( 16”G°<I>> , (7.39)

3

with ¢y constant. Performing above two field redefinitions in action (7.37), we finally
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Figure 7.3:  The Einstein frame scalar potential (in Planck units), described by

relations (7.41)-(7.42), for p = 0.8 (red, dashed), p = 1 (back, continuous) and p =

1.15 (blue, dotted) respectively. Cosmological evolution starts from the maximum

of the potential, which corresponds to the unstable UV de Sitter point, and evolves
towards smaller values of the field .

end up with the Einstein frame action

S = /d4x\/—_§ <16;G0§ - %(Wb)? - U(cb)) + S (G, 10, D). (7.40)

The scalaron potential in the Einstein frame is then given in parametric form as,

> Rfr(R) — f(R)

U(R)Zz(&rGo)2 fr(R? (741)
B(R) = 163 o fu(R). (7.42)

The mass of the scalar ® is defined in the usual way through the Einstein frame
potential as
~9 d*U

Mg = E (743)

We will use the above two relations later when we will work out the inflationary slow
roll parameters. The Einstein frame potential for different values of p is plotted in
Figure 7.3. The maximum corresponds to the unstable de Sitter point in the UV,
with the cosmological evolution occurring “to the left” of it, i.e to smaller field

values.
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7.5.2 de Sitter solutions

Let us now look for the simplest cosmological solutions, which are the maximally
symmetric constant curvature ones. In f(R) gravity, they correspond to the points

where the potential in (7.12) has an extremum, i.e solution of the algebraic equation
Rfr(R) —2f(R) = 0. (7.44)

One can check that the same condition is also derived in the Einstein frame by
requiring that dU/d® = 0.
Using relation (7.18), condition (7.44) implies that

20795 + (1 = 2pA) B, = 0. (7.45)

For B, B, non-zero, and a given p, equation (7.45) defines a family of solutions,
described by a curve in the g — A plane, which is the locus of all de Sitter points. Any
intersection of it with the RG trajectory will imply a de Sitter era in the particular
cosmological evolution. It is interesting to note that any RG fixed point will always
satisfy the de Sitter condition (7.44) or (7.45), since there, 5, = By = 0. This is
an identity for fixed points, as f(R) o< R? there, but we can check that they are de
Sitter by inspecting the Einstein frame potential. In particular, the UV RG fixed
point is a always a de Sitter point, as the potential (7.41) stays finite as R — oo.

The location of the de Sitter line depends on the value of the parameter p, which
shifts the scale of both early and late time de Sitter points. As a starting point, we
can get an idea of the de Sitter points structure by setting p = 1 in equation (7.45)
and working out the resulting de Sitter line, which is shown in Figure 7.1. The
de Sitter line passes through the UV RG fixed point, yielding this way an infinite
number of de Sitter points. This can be seen as follows: as pointed out before, the
RG UV fixed point is a de Sitter point itself. On the same time, the behavior of the
RG evolution in the vicinity of the RG UV fixed point is described by an unstable
spiral, which circles the fixed point infinitely many times as k& — oo (or R — 00).
As a consequence there will be an infinite number of intersections between the de
Sitter line and the RG phase curve. The UV RG fixed point is the limiting de Sitter

point of the above infinite set of de Sitter points.
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Furthermore, as Figure 7.1 shows, there is an “outer” de Sitter point in the UV

regime, and another one in the IR. For the case p = 1, we find

(gas, Aas)uv =~ (0.02,0.27), (7.46)

while it is easy to show that

(9as, Aas)ir =~ (0,0.25). (7.47)

Notice that the “inner” UV de Sitter points cannot be accessed, since they are
protected by the outer one. At least in the Einstein—Hilbert truncation, and under
the cut—off identification considered here (k* = pR), this seems to be a general
behavior: There is always an infinite set of UV de Sitter points, all hidden by
the most outer one, and a de Sitter point in the IR. As a consequence, classical
cosmological evolution cannot reach the extreme UV regime around the UV RG
fixed point, i.e for k? = pR — oo.

We now want to understand how the de Sitter line changes as we vary the
dimensionless parameter p in our cut—off identification. There are two extreme
cases leading to two limiting de Sitter lines, one for p — oo and another for p — 0.
Solving equation (7.45) for g and taking the limit p — oo the limiting curve is
described by

1
gonoN) = o (12)\2 — AN — 3+ V144N + 67205 — 82402 + 216\ + 9) . (7.48)

which for a realistic RG evolution gives a de Sitter point at the UV, and another
one very close to the GFP, i.e A\ ~ g ~ 1073%. Therefore, by tuning the parameter
p to very large values, both UV and IR de Sitter points are shifted towards the UV
along the RG trajectories. Notice that letting A — 0 in (7.48) we get g, 0o — 0, i.e
the curve passes through the GEFP at (A, g) = (0,0).

On the other hand, as p — 0, the de Sitter line becomes

1
Gps0(A) = E(l - 2)‘)27

which again gives a de Sitter point in the UV and a second one for (g, \) ~ (0,0.5),
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Figure 7.4: The limiting de Sitter (continuous) and slow roll lines (dashed) respect-
ively. Red colour corresponds to p — oo (“bell” shaped curves), and the green to
p — 0 respectively. For p — oo both de Sitter and slow roll line go to zero as A — 0.

as g < 1 in the IR regime, but now both points are shifted towards the IR. The
de Sitter lines corresponding to the extreme cases described above can be seen in
Figure 7.4.

To summarise: the general trend is that by making p smaller, the position of the
UV de Sitter point is shifted towards smaller values of R (i.e moving away from the

RG UV fixed point), while the situation is the opposite for increasing p.

Let us turn attention to the stability of the de Sitter points. As said before, a de

Sitter point is (un)stable if (mZ; < 0) m2%; > 0. Therefore, the equation
mZz(R,g,\) =0

will in turn define a line on the g — A plane along which the square of the mass
becomes zero. Another useful line on the g— A plane is the one along which the square
mass diverges, i.e its denominator becoming zero. Both mZ; = 0, and m%; — oo
lines will divide the ¢ — A plane into regions of positive and negative mass squared.
This can be seen in Figure 7.1 for p = 1. If the UV de Sitter point should play
the role of an inflationary era, it should be an unstable, while the IR one should
be stable. We will see later that this can be achieved for a range of values for the
parameter p.

The general expression for the scalaron mass in terms of the dimensionless coup-
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lings is quite complicated, but it simplifies reasonably in the classical and IR regime,

where g < 1. In this case, the mass takes the form

o R(2\ —1)?
IR ™ 369 (8A3p + 4X\2p + A(8 — 6p) + p — 2)’

(7.49)

where we neglected terms of order ¢? and higher. The critical points where the
denominator of the scalaron mass vanishes will signal a singularity, with the scalaron

mass going to infinity.

Let us study the positivity of mzﬂ(m) by first studying the special case of the
GFP regime, where in addition to ¢ < 1, it is also A < 1. In this case, relation
(7.49) simplifies to

2 R

meff(GFP) = 369 (2 —_ p)7 (750)

and the sign of it is positive when p < 2, while for p — 2 it blows up. We recall
that the renormalisation condition (7.11) fixes pRy/go ~ m¥, so the scalaron has a

Planck-scale mass near the Gaussian fixed point.

In the IR regime, where A ~ O(1), we have to study the full relation (7.49).
We distinguish two regimes, one when p < 2 and another when p > 2. For p < 2,
the vanishing of the denominator of (7.49) has only one relevant solution A = A\.(p)

being a function of p.

0< A<\, :mZz >0, (7.51)

A <A< 0.5:m2; <0. (7.52)

In the limiting case of p — 0, A\, — 0, while as p — 27, it is A\, >~ 0.31.

On the other hand, for p > 2, there are two relevant solutions, A1) and A, ().

We have the following cases

0 <A< A :mig <0, (7.53)
)\*(1) <A< )\*(2) : mzﬁs > 0, (7.54)
Ae@) <A< 0.5:m2; <0, (7.55)

with both A.1), Ay2) varying with p, i.e A1) = Ay (p), As2) = A2)(p). In particu-
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lar, we have that as p — 2% Ay = 0 and A9y >~ 0.31, while for p — oo A1) >~ 0.2
and )\*(2) ~ 0.5.

We conclude from the above analysis that the case p > 2 is rejected, since mZg
is negative around the GFP. On the other hand, for p < 2 the mass m2; is positive
around the GFP (A <« 1) and it stays positive for A < A, with A, approaching
A ~0.3as p— 2.

An important point when p < 2, concerns the position of the IR de Sitter point.
From above, it is understood that both the position of de Sitter points as well as the
critical point A.(p), beyond which mqg becomes negative, depend on the parameter
p. What it turns out to be is that the corresponding position of the IR de Sitter
point, will lie ahead of A, on the M-axis for p < 0.9, which means that the de Sitter
point will be unstable. As a result, all trajectories with ¢ < 1 and p < 0.9, will
posses an unstable IR de Sitter point. In other words, the RG trajectory will pass
through the mass singularity point ., making m2; negative, before the trajectory

reaches its actual terminating (de Sitter) point.

From the above stability analysis, we see that the parameter p has been con-
strained to be 0.9 < p < 2. In the next section, we will further constraint p by
requiring that the different cosmological periods are connected with each other in a

viable way, finding that p ~ 1.

7.5.3 Dynamical evolution from UV to IR

We saw that in principle we can have de Sitter solutions, and the existence of
a classical regime ensures for a standard radiation/matter era respectively. It is
important though, that the cosmological eras are connected dynamically in a viable
way. This will be the subject of this section. More precisely, we will consider action
(7.8) in the presence of a perfect fluid with barotropic index w = p/p, and study
its dynamics by means of a dynamical system analysis, by improving the dynamical
system for f(R) gravity, presented in Amendola et al. (2007b), to account for our
RG-inspired f(R) model.
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We can start by defining the following dimensionless variables,

P L
Hfr’

- —f
> G6HfR

R

xs3 @;
_ _Ep
YT 3H2fR

with an over dot denoting derivative with respect to cosmic time.

(7.56)
(7.57)
(7.58)

(7.59)

The Hubble

parameter is defined as H = a/a, with a the Universe scale factor. In the absence

of radiation it is x4 = 0.

Then, the background dynamics can be expressed in terms of the dynamical

system Amendola et al. (2007b),

/ 2
x] = —1—29 — 312 + 2] — T123 + 24,
T1
rh="— —x9(2x3 — 11 — 4),
x3
—X1T3
Ty = — 2x3(x3 — 2),
m
/
Ty = —2$3I4 + T1T4,
with the constraint
~2
K=p
Q,, = o =1—2 — Ty — X3 — Xy
3 ’

f— ﬂ g
and primes here denoting differentiation with respect to Ina.

The quantity m = m(r) is defined as

m:dlnfR:RfRR
din R fr’
dinf  Rfr 3
= dlmnR  f  ao

(7.60)
(7.61)

(7.62)

(7.63)

(7.64)

(7.65)

(7.66)

m = m(r) characterizes the particular f(R) model, and it needs to be given a priori

in order for the dynamical system to close. In principle, given a particular f(R)

model, one is able to invert » = r(R) and plug into m to get m = m(r). However, in
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our case the form of the f(R) model is dictated through the particular running of the
couplings g(R), A(R), by solving the system of beta functions. Therefore, in order
to close the dynamical system (7.60)-(7.63) we will need to evolve the couplings with

time as well.

In addition, the effective equation of state is given by,

1
Weff = —g (21’3 — 1) . (767)

For the dimensionless couplings we can write,

,_0ngdr_&8_R<8r , Or ,)7 (7.68)

I =R drdN 2R Or \org 2 " 9z,

, OXNdRdr  B\OR (Or , Or
A <8.¢1:2 T s :I;3) : (7.69)

T dROr dN ~ 2R Or

After some algebra, we get

;o 59 f2 $§9€2 - $/2953
97 2R (f;QzR—fRf—fRRfR> ( 35 >7 (7.70)

B I > (x:c —x;x3>
Y (sz R 2 ) (7.71)

where 2 = zi(x;, g, A) through the relevant evolution equation. The complete dy-

namical set of equations is now (7.60)-(7.63) supplemented with (7.70)-(7.71). Notice
that any fixed point of (7.60)-(7.63) automatically satisfies (7.70)-(7.71) as well.

One should be reminded here that the derivatives with respect to R, e.g fr, can
be explicitly expressed using (7.8), (7.18) and (7.19). In addition, both r and m are
implicit functions of curvature R, through r = r(A(R), g(R)) and g = g(A(R), g(R)).

The RG improved dynamical system with x; = 0 has three cosmological fixed
points: An early time de Sitter, a matter, and a late time de Sitter point respectively.
Of course, we expect that a radiation fixed point will appear by the time we introduce
x4. For a complete analysis and the fixed point structure and their stability one can

refer to Ref Amendola et al. (2007b).

The de Sitter point P;, the matter point P5 and the radiation point P;, are given
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in the general form P = (x1, 29, x3,x4) as,

P =(0,1,-2,0), (7.72)
3m0 4m0 +1 4m0 +1
= ,— , , , 7.73
> (m0+ 17 2(mo+1)2" 2(mg + 1) ) (7.73)
4my 2my 2my —5m(2) —2mp+1
Ps = ,— ) , 7.74
6 (mo —+ ]. (mo + ].)2 mo -+ 1 (mo —+ 1)2 ( )

The de Sitter point P, is characterised by r = —2, and is stable as long as

0<ml——g <1 (7.75)

On the other hand, the points P5 and Fy define a family of fixed points parametrized
by m, all lying on the line m = —r — 1. An acceptable matter era requires that
standard GR is recovered, i.e m — 0 (frr =~ 0), yielding Ps = (0,—1/2,1/2), and
therefore r = —1. For m ~ 0, and in the presence of radiation, a radiation fixed
point will also exist in the vicinity of P5. In particular, the existence of a saddle

matter era requires that at the matter point,

m|,._ o~ +0, > —1. (7.76)

The shape of the curve m = m(r) on the m—r plane can provide us with sufficient
information regarding the asymptotic behavior of the particular f(R) model. In
our case, we can work out the m = m(r) curve by integrating the system of beta
functions, and then evaluating both r = r(\,g) and g = g(},g). By choosing a
typical RG trajectory for p = 1 (i.e ¥ = R), and initial conditions for the system
of beta functions those of (7.35), we get the m — r curve shown in Figure 7.5. We
see that cosmological evolution begins from an unstable (r > 1) early time de Sitter
point, and then evolves towards the (radiation) matter point at (r,m) ~ (—1,0).
It then leaves the matter point and evolves towards a stable IR de Sitter point at
r = —2. Notice that the matter point is approached from positive values of m as

condition (7.76) requires.

Let us comment on a point regarding the crossing of the m = —r — 1 line on

the m — r plane, Fig. 7.5. In Amendola et al. (2007b) it is argued that the line
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m = —r — 1 cannot be crossed, and that cosmological evolution should be restricted
between successive roots on this line. In particular, it is straightforward to derive

the following equation for the evolution of r = r(N),

dr 1 dR
which implies that evolution of r = r(N) stops whenever m = —r — 1, provided

that dR/dN does not diverge. However, we would like to show that in our case
the derivative dm/dr diverges as the m(r) curve approaches the point (r,m) =
(—1,0). We start by noticing that for r,m expressed in terms of g, A\, the latter
point corresponds to (g,\) = (0,0), and therefore we expect the couplings to be
small as the curve approaches that point on the m — r plane. On the g — A plane,

this translates into lying close the GFP.

Under the assumption that g, A < 1, we can neglect higher order terms to find

m ~ 129 + O(g*, \?), (7.78)
re —1 -2\ 4+ 0(g% \?). (7.79)

What is more, for the derivative dm/dr we find that

d
L 09 . , (7.80)
dr (4g + 4\ —1)" (6g — N)

For our present analysis the linearised expressions are enough, and we will not
present the full expressions of m(g, A), (g, A), as they are rather complicated. From
(7.80) we see that when the couplings are small, the denominator becomes zero when

6g — A = 0, which when combined with expressions (7.78)-(7.79), gives
1
6g—)\:§(m+r+1), (7.81)

which in turn implies that the denominator will vanish when m = —r — 1, i.e when
the m(r) curve crosses the latter line. In fact, one can numerically show that the
vanishing of the denominator happens along m = —r —1 for the general expressions,

i.e not only at the linearised case. Therefore, for g # 0 the derivative dm/dr will
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diverge at the point (r,m) = (—1,0) according to (7.80)

dm

- .82
. — 00, (7.82)

m——r—1

allowing to bypass condition (7.77). We can also get an analytic expression for the
curve m = m(r) around r ~ —1, m ~ 0, by first using (7.78), (7.79) into (7.80) to

arrive at the following expression for the derivative

dm m

P —— (7.83)

Notice first that from the linearised expression (7.78) one can see that m is of order
¢ in this regime, i.e much smaller than one, but not exactly zero. Therefore, as the
line m+r+1 = 0 is crossed the derivative (7.83) diverges. Furthermore, differential

equation (7.83) can be solved to give

me~ —(r+1)£/(r+1)2 = (rp +1)2, (7.84)

with 71 a constant, and + denoting the positive and negative branch of the solution,
corresponding to that part of m(r) before and after the crossing with m+r+1=0
respectively. Omne can check that above solution indeed reproduces the expected
behavior, i.e as r — —1, m — 0, and it is worth noting that although the derivative
along the line m = —r — 1 diverges, the curve m = m(r) itself is continuous, as can
be also seen in figure 7.5.

Note also that the turn-around on the m — r plane corresponds to a turn-around
on the g — A plane. In particular, if we denote my = m(ry), with 7" denoting
the value at the turning point, it is straightforward to see that mr ~ 12¢gy and
re ~ —1 — 2\p, where gr and At are defined in (7.22) and (7.23). We also recall
that gr ~ A ~ v/GrAr from (7.28)—(7.29), allowing one to estimate how close the
turning point is to (m,r) = (0, —1). Classical GR-like evolution begins beyond the
turning point, on the lower branch. Therefore, on the g — A plane, radiation and

matter domination occur around the turning point in the vicinity of the GFP.

For illustrative purposes, Figure 7.6 shows the cosmological evolution from the
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m(r)

Figure 7.5: The m — r plane for p = 1 and the set of initial conditions (7.35), with
m(r) and r given by relations (7.65) and (7.66) respectively. Point A corresponds
to the unstable UV de Sitter point, point B to the saddle matter point, while C to
the stable IR de Sitter respectively, as described in section 7.5.3. The dashed lines
correspond to r = —2 and m = —r — 1 respectively.

matter to the IR de Sitter point in the coordinate space, while Figure 7.8 shows
the evolution of the effective index and slow roll parameter w.g and €y respectively,

from the UV de Sitter point to the matter one.

As it turns out, under a suitable choice of initial conditions for g, A and p, it is
possible to get a cosmology where the UV regime is correctly connected with the
IR one. The question that arises is if there are any bounds on the parameter p in
this direction. In fact, for p 2 1.1 the behavior of the evolution on the m — r plane
starts becoming unstable, and evolution does not reach the late time de Sitter point,
after leaving the matter era. What is more, as p increases the matter era happens
to be approached from negative values of m, which as explained before is forbidden.
Furthermore, as was also explained in the previous section, the positivity of m?Z; in
the IR regime (stability of IR de Sitter point) as well as in the GFP regime puts the
extra restriction 0.9 < p < 2.

Therefore, we conclude that the viability of both the classical regime and late
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x1

0503

Figure 7.6: The cosmological trajectory described by the dynamical system
(7.60) - (7.63), in the space of the coordinates (xi,zs,x3), leaving the matter
point and evolving towards the IR de Sitter. In particular, it spirals around
the unstable matter point, and then evolves towards the stable de Sitter in the
IR. The initial conditions chosen are (A, go) = (1072,107%), and (z19, Ta0, T30) =
((L’lo(m) + 10_5,1‘20(“1) — 10_6,$30(m) + 10_5>, with (ZIZlo(m),ZEQO(m)?Ig,()(m)) denoting
the coordinates of the matter fixed point given in (7.73), and mg is evaluated as
mo(Ao, go) using (7.65) and (7.18)-(7.19). Above initial conditions give ro ~ —1.02,
mo ~ 1.24 x 10~*. We also assumed that z, = 0. The amplitude of the oscillation
along the z; axis is of the order 107°.

-20 -15 -10 -5

Log(@)

Figure 7.7: The effective index weg and the slow roll parameter € (relations (7.67)
and (7.88) respectively) from the UV de Sitter to matter domination for initial
conditions: (l‘lo, 20, T30, )\0, g()) = (10_2, —1— 10_3, 2— 10_5, 026, 002> and hl(ao) =
—30, and € re-expressed as € = 2 — x3.
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time cosmology restricts p to lie in the range

09<p< 10 (7.85)

7.5.4 Inflationary dynamics

We showed that our particular f(R) model exhibits an unstable UV de Sitter point,
which can be dynamically connected with the radiation/matter era in a viable way.
We would like to understand if the UV de Sitter point, describing a primordial
inflationary era, could be observationally viable i.e if the scalar and gravitational
fluctuations amplitudes as well as the number of e-foldings are those that are required
according to observations. Recall that the only free parameter in our model is the
dimensionless parameter p.

Below, we will evaluate all inflationary quantities in the Einstein frame, ignoring
the non-minimal coupling between matter and the scalar field, since inflation is a
(almost) vacuum dominated period.

Let us first revise some standard notions of scalar field inflation. To start with,
the slow roll parameters ensure that the scalar field (inflaton) has a small kinetic en-
ergy during inflation, compared to the potential energy, so that the latter dominates.

The two slow roll parameters are defined as

= E v (7.86)
i) 1 de

with the overdot denoting differentiation with respect to cosmic time. For a scalar
field action with a kinetic term and a potential, they can be alternatively (and

equivalently to first order in €, 1) defined as

me /U 2
—__» (X2
€y 167 ( U ) s (788)
m2 U.
p YVoP
= —— 7.89
nv T U ) ( )

with the subscript ® denoting differentiation with respect to the Einstein frame

scalar field ® respectively.
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Inflation occurs as long as the slow roll condition is satisfied, i.e
v < 1,y <1, (7.90)

and ends when €y, ny ~ O(1). Smallness of €y, ensures that the spacetime during
inflation remains sufficiently close to de Sitter, while smallness of 7y, ensures that

variation of €y per e-fold is sufficiently small.

The number of e-folds is given by

by
Nem@a [ Yo, (7.91)
Qi @, Us

with a;, ar the scale factor at the start and end of inflation respectively, and the
slow roll approximation used in the last approximation. Above integral can be of

course evaluated in terms of the couplings and curvature R through,

obdg 0PdN 0P

db=|——-"=+——-—5+—==)dR 7.92

(8ng+6)\dR+8R) ’ (7.92)

and the integral (7.91) can be calculated between two points R; and Ry along the

RG trajectory. Notice that in the vicinity of a de Sitter point the number of e-folds
diverges since there Ugp — 0.

Fluctuations of the scalar field during inflation, generate scalar and gravitational

perturbations, whose power spectra in the slow roll approximation are given by (see

e.g. Lyth and Liddle (2009))

128 U3
Po= =t — , (7.93)
3 mpUs|,_.p
128 U
Py=o 2 (7.94)
3 Myl on

assuming evaluation at the horizon crossing of the relevant mode. The scalar power
spectrum becomes infinite when evaluated on a de Sitter point, reflecting the stand-

ard infra-red divergence. This behavior can be seen in Figure 7.8.

Notice that expressing the derivative of the potential as

U _OUOR _ [16nGy fn OU
o0d  ORODP 3  frrOR’

(7.95)
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Figure 7.8: Upper row: The scalar (left) and gravitational (right) fluctuation power
spectrum, as given by relations (7.98) and (7.99) respectively, as a function of the
couplings ), g, and setting p = 1. The scalar power spectrum peaks along the de
Sitter line, as on a de Sitter point it is P; — o0o. Lower row: The corresponding
contour plots of the scalar (left) and gravitational (right) spectrum of upper row.
In the scalar power spectrum the dotted line corresponds to the de Sitter line, along
which the power spectrum diverges. Higher values correspond to lighter shaded
areas.
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and using a similar expression for the second derivative, the slow roll parameters in

the Einstein frame can be calculated to be

1 /2f — Rfr\"
ev(R) = 3 (ﬁ) ; (7.96)

_ 2f12% + fRRfRR - 4fRRf
3 Jre(Rfr—[)

nv(R) (7.97)

These relations can also be viewed as a function of the scalar ® = ®(R), through

relation (7.42), as well as functions of g, A, p through relations (7.18) and (7.19).

The equation €y (g, A\) = 1 defines a curve in the g — A plane (“slow roll line”),
whose intersection with the RG phase curve corresponds to the end of inflation, and
is associated with the corresponding de Sitter line for a given p. The slow roll line

for p =1 can be seen in Figure 7.1.

In general, decreasing p, the slow roll lines shift away from the UV RG fixed point
along the RG evolution, and vice versa as p — oo. The opposite is true for the de
Sitter lines, which means that an increasing p increases (decreases) the scale where
inflation starts (ends), and the opposite is true for decreasing p. It is interesting
to note that for p — oo, the low energy de Sitter point lies before the point where

ey = 1. The limiting slow roll lines for p — 0, 0o are shown in Figure 7.4.

Let us now move to the power spectra, given in (7.93) and (7.94). In order to
match the scalar fluctuation amplitude according to the CMB observations Komatsu
et al. (2011), we need Ps ~ 2 x 107%, and P, < 0.2P,. The precise value of the
amplitudes depends on a set of values for (g, \, p) evaluated at the particular scale
of interest. It will be useful first to give the explicit expressions of the spectra in

terms of g, A and p, for the beta functions (7.4, 7.5). We find

128 A(g, A, p)B(g, \, p)?
b , 7.98
3p C(g, X, p)2D(g, A, p)? e

p _ 1284(g.2.p)B(g, A, p)
oo C(g,A p)?

(7.99)
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with the additional definitions

Alg, A p) =g (49 — (1 —2))%),
B(g,\,p) = 96g°p+ g ((—24X° + 4A +6) p — 6)
— (1 =20,
Clg, N p) =—192¢°p +4g (3 (4N* — 1) p+2)
+ (1 —2))?
D(g, A, p) = —192¢9°p + 4g ((12\* — 4X — 3) p+ 4)

4+ (1 =2X)2(4Mp — 1). (7.100)

We arrived at relations (7.98)-(7.99), using relations (7.95) and (7.18)-(7.19) to re-
express the spectra appropriately. Analgous (but more complicated) expressions can

be derived for beta functions with other gauges and cut-off functions.

We have seen in the previous sections that stability requirements of the classical
regime (GFP regime) as well as of the late time cosmology require that 0.9 < p < 1.1.
Therefore, the first thing to investigate is inflation can be observationally viable for

p in this range.

So, let us proceed by studying the case of p = 1. In this case, we also know the
values of the couplings at which inflation starts and ends , Pisgart = (gstart, Astart) =
(0.02,0.27) and Pena = (Gend, Aena) == (0.02,0.22), with P corresponding to the
UV de Sitter point, and Penq to the point where e, = 1 (see also Figure 7.1). For
the connection with observations one is in principle interested at the value of the
power spectra about 60 e-foldings before the end of inflation. Now, for p = 1, and
as can also be seen in Figure 7.5.4, between P+ and P,,q both power spectra are

smooth, decreasing functions of g and A, acquiring their lowest value at P.pq,

P, ~ 0.067, P, ~ 0.052. (7.101)

One sees that the (lowest) values of the power spectra (7.101), are too large to
agree with observations, yielding a non-viable inflationary period for p = 1. It is not
difficult to check that this behavior is true for all values of p between 0.9 < p < 1.1.

Therefore, a viable late time cosmology cannot be combined with a viable primordial
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inflation.

Having seen that an observationally viable inflationary era is not in agreement
with a viable late time cosmology, which requires p ~ 1, we ask the following
question: could inflation be viable on its own for some parameter p, away from
p ~ 17 Let us try to understand this by checking the behavior of the power spectra
(7.98) and (7.99) for the extreme cases of p — 0 and p — oo respectively. Assuming

a (finite) value of g and X we find that
EL% Py, Py = 00, (7.102)

which is obviously unacceptable.

On the other extreme, i.e when p — oo, the power spectra go to zero,
lim P,, P, = 0, (7.103)
p—00

which is potentially viable. For the scalar to tensor ratio we find that

P, | 48(48¢% + g (—1202 + 4N+ 3) — (1 — 2X)2))°
s = .

S 5 Ty (7.104)
s | pyoo (96g% 4+ g (—24X2 +4X +6) — (1 — 2X)2))

Remembering that when p > 1, the end of inflation, which is described on the phase
space of g — A by the slow roll line, is shifted towards smaller values of the couplings,
as can also be seen in Figure 7.4. Therefore, we can get an estimate of above ratio
by assuming that the fluctuations are produced at a point in the linear regime of the
RG evolution, where g ~ A < 1, yielding P,/Ps ~ O(1), which is observationally
unacceptable.

Before concluding this section, let us comment on another possibility of under-
standing inflation in this scenario, that is modeling it as R? inflation Starobinsky

(1980b) using the f(R) model found in (7.31) at large R:

,%2

J(R) = G (R = 280) +6(2 - p)pR2. (7.105)

Matching to the perturbation amplitude, R? inflation can account for the observa-
tions if the coefficient of the R? term is of order 10'! Starobinsky (1980a). Hence we

see in approximate way how tuning p to very large values suppresses the perturba-
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tions. However, this results in an unacceptable classical limit as well as a non-viable

late time cosmology for the reasons explained in previous sections.

To conclude this section, it turns out that primordial inflation in this scenario
cannot agree with observations unless p is very large, in which case the mass of
the scalaron diverges and becomes tachyonic in the subsequent evolution. Hence
the observed fluctuations must be generated at a later period of inflation, which
requires that more degrees of freedom should be introduced in the action, like for
example a scalar field. Scalar field inflation in the Asymptotic Safety scenario, and
with scale identification in the equations of motion, has been considered in Contillo
et al. (2012b). A more exotic possibility is that the extra degrees of freedom produce
a fixed point with a very small fluctuations. One notes that for small g, the tensor
power spectrum becomes

P, ~ 1289\ (7.106)

which is suggestive that a fixed point with small g\ could be viable. Note the ap-
pearance of the product g\ ~ GA, which is the expected scale of tensor fluctuations

in Einstein-Hilbert gravity in a de Sitter phase with cosmological constant A.

Closing this section we would like to make a comment on reheating after inflation.
Any observationally viable inflationary theory should predict a period of reheating
after the end of inflation, where the scalar field driving inflation (“inflaton”) decays
into relativistic matter, and of course the same should apply for asymptotically safe
inflation. However, in our analysis we did not consider reheating as inflation turn
out to be non—viable due to the large scalar and tensor fluctuations. Therefore, the
matter content we introduced to study matter domination earlier in this chapter,
was introduced rather by hand with the aim of understanding the occurrence of a
viable matter domination in this context. A viable cosmological model describing
the Universe evolution from its early to late stages, should provide us with a re-
heating mechanism generating the matter content in the Universe after the vacuum
dominated period of inflation, while on the same time predicting the correct order

of primordial fluctuations as well as yielding a viable late time cosmology.
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7.6 Discussion and conclusions

We studied the cosmology of an f(R) model generated by the RG improvement
of the Einstein—Hilbert action. The transition to f(R) gravity was achieved by

identifying the renormalisation group scale to be proportional to scalar curvature,
k* = pR, (7.107)

in the non-perturbative beta-functions calculated from the exact renormalisation
group equation.

We found that the resulting f(R) model has some remarkable properties. Firstly,
it maintains the correct sign for the graviton and scalaron kinetic terms. Very close
to a non-trivial RG fixed point it behaves like R? gravity, which is scale invariant,
while it reduces to GR in the vicinity of the Gaussian fixed point. At solar and
galactic scales, the scalaron’s mass is of the order of Planck mass, preventing ob-
servable departures from GR at these scales. On the other hand, in the vicinity of
the UV RG fixed point, the scalaron mass vanishes, reflecting the scale invariance
of the action in that regime.

The cosmological solutions of the f(R) model are also interesting. It naturally
exhibits an unstable UV de Sitter point which evolves to a stable one in the IR.
The effective cosmological constants are exponentially separated when Newton’s GG
and the cosmological constant are matched to their observed values. What is more,
there are an infinite set of de Sitter points as the UV RG fixed point is approached
(R — o0). However, classical cosmological evolution starts from the outermost de
Sitter point, and therefore the UV RG fixed point is hidden behind it, and cannot be
accessed. The Big Bang singularity is avoided, since the de Sitter point is reached
at infinite time in the past, i.e as t —+ —oo. The model therefore satisfies the
requirements of a successful f(R) model itemized in Nojiri and Odintsov (2011).

Introducing matter content to the cosmology, we found that the UV de Sitter
point can be connected to the IR de Sitter era through a radiation/matter era, with
a stable scalaron, provided

09<p< 10 (7.108)

Unfortunately, the fluctuations generated during inflation at the outer UV de Sitter
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point are too large to account for the observations (Section 7.5.4).

Therefore observable inflation requires extra degrees of freedom in the action, for
example a scalar field driving inflation at a lower scale. A more remote possibility
would be that the extra degrees of freedom move the fixed point to a smaller value
of gA, which could suppress the fluctuations.

To make the comparison with previous cut-off identifications in the literature,
performed at the level of the equations of motion, our constraint for the parameter
p, i.e p ~ 1, is broadly consistent with scale identifications made in the equations
of motion, rather than the action as here. In particular, in Reuter and Saueressig
(2005), it was numerically found that for the identification k? ~ ¢H?, the constant
¢ should be of order one, which is consistent with p ~ 1 in our identification.

This model can be improved by extending the analysis performed in this paper to
higher truncations, i.e by including higher order curvature terms in the action. It is
interesting to ask what features are generic. The existence of a UV fixed point seems
to be a universal feature of all truncations found so far, so we expect the Einstein
frame potential of the scalaron to tend to a constant at large values of the field.
However, we do not expect the presence of an infinite number of de Sitter points to
be generic, as it arose from the complex eigenvalues of the fixed point, which are
not present for the general four-derivative truncation Benedetti et al. (2009). We
should also include matter fields in the renormalisation group equations. With these
modifications it might turn out that there is a model for which both early and late

time cosmology agrees with observations.
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Chapter 8

Conclusions and outlook

As this thesis comes to its end, let us try to think about what the current status
regarding dark energy is, and if one should be optimistic about any future surprises.
Einstein’s “biggest blunder”, that is the introduction of the cosmological constant in
his field equations, is currently the simplest description to the dark energy problem,
on the same time supported by most of the current observations. However, its success
at the phenomenological level is not shared by theory, where as we discussed before,

conceptual problems like the magnitude problem, are a yet unresolved puzzle.

We should stress that until very recently, Einstein’s theory of gravity (GR), had
been only tested at solar system scales. It is only the last years that cosmologists
have access to large scale observations of the Universe. It is not obvious at all
that GR should be the theory of gravity at large scales, and it could be possible
that this is what the observations tell us. However, if gravity behaves differently at
the very large scales, that should have a characteristic imprint on observations at
the linear level, which includes the large scale structure of the Universe, as well as
weak lensing experiments. Probably one of the most distinct signatures for some
modification of gravity, beyond the ACDM paradigm would be the existence of a
non-zero anisotropic stress, which implies that |®/W¥| # 1, with ® and ¥ the scalar
Newtonian potentials. The fact that no anisotropic stress has been yet detected
in no way does provide any conclusive proof about these models, as the current
observational bounds are weak, with deviations of order unity for the ratio |®/¥| # 1
still allowed. Future observations of higher precision will be needed to put tighter

constraints, with an accuracy of a few percent. As we showed in chapter 5, the
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existence of a non—zero anisotropic stress is an essential feature of non—linear gravity
models and stability requirements do not allow it to be arbitrarily small, as its
suppression endangers the stability of both background and linear evolution of the
non-linear gravity model under study. Therefore, as it turns out, anisotropic stress
is a key observable in testing gravity modifications at large scales, as apart from
AC DM, minimally coupled scalar field models (e.g quintessence, k—essence) predict

a zero anisotropic stress contribution.

The recent discovery of the Higgs boson might be the start for possible future
discoveries at the Large Hadron Collider (LHC) at CERN, that could open new paths
for cosmology !. Searching for new particles at the laboratory is equally important as
studying the Universe at its largest scales, as it could be the case that the discovery
of a new particle with the properties of dark energy, could provide the answer to
the problem. What is more, the (non) discovery of the dark matter particles will
probably give strong hints about the nature of the dark energy. Furthermore, for
the case where the effects of dark matter are explained through a modification of
the gravitational law at galactic scales, the dark matter effects could be just a
manifestation of a more general gravitational law unifying both dark energy and

dark matter under the same framework.

It could be that the answer to the dark energy problem might be lying in a
combination of the current theories we have. In particular, Quantum Field Theory
predicts that the constants in Nature evolve with scale (or energy), and we know
that according to the Standard Hot Big Bang scenario the Universe’s size (and
temperature) has evolved from a tiny size of the order of Planck length up to the
current horizon scale today. Therefore, the fundamental constants of Nature are in
principle expected to vary from the very early (hot) up to the recent (cooled) state
of the Universe. In this context, it just happens that at the typical Earth and solar
system scales, they do acquire an effectively constant value, equal to the one we
observe at these scales. 2 A vacuum energy that runs with scale could provide a

way out to the magnitude problem associated with the cosmological constant, on the

'As far the Higgs boson is concerned, its large mass (125 — 126 GeV) implies that it
could not be responsible for the late time acceleration. (Higgs mass result according to
http://press.web.cern.ch/press/PressReleases/Releases2012/PR17.12E.html)

2A varying Newton’s constant G at solar scales could also have a huge impact on the stability
of the solar system.
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same time retaining the successful predictions of the ACDM model. What is more,
it could successfully provide a unification of the primordial with the observed late
time acceleration of the Universe, under a common framework, which is well motiv-
ated from the well known and studied methods of Quantum Field Theory. This was
the subject of chapter 7, where the running of Newton’s and cosmological constant
was suggested by the Renormalisation Group (RG) improvement of the action in
the context of the Asymptotic Safety scenario. Our analysis there revealed that
the (non—perturbative) running of the coupling constants under the RG describe
a successful background cosmology, from matter (and radiation) domination up to
recent times. An equally important result was that primordial acceleration cannot
be successful in the simplest implementation of such a scenario, due to the large
primordial fluctuations produced. The latter outcome is associated with a funda-
mental property of the theory space of the Einstein—Hilbert truncation, in particular
with the position of the UV fixed under the RG. However, that is not the end of the
story. A successful inflation in this context would call for the investigation of other
truncations, beyond the Einstein—Hilbert one, as well as the introduction of extra
degrees of freedom in the action. What is more, it is important to study and under-
stand the evolution of (linear) perturbations in this scenario, and possible distinct

signatures either at cosmological or astrophysical scales.

The hunt for the nature of primordial or late time acceleration, requires study-
ing different theories, and testing them against observations. The essence of such
a task lies not only in understanding the inflation or dark energy mystery, but also
understanding the nature of gravity itself. However, generalisations of GR, either
purely gravitational, or through the introduction of new (scalar) fields, possess in
principle a high amount of complexity, or dynamics with a whole new range of solu-
tions compared to the so far studied GR ones. Therefore, it is of great importance
to develop and investigate tools that allow us either to simplify the calculations
involved, or gain a deeper intuition about the structure of the different theories, by
comparing them with well known ones. A tool of this kind is the application of Le-
gendre transformations of higher order actions, as presented and studied in chapter
4 for the case of f(R) and f(G), with G the Gauss—Bonnet term, both suggested

in the literature as candidates for the description of the late time acceleration of
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the Universe. The equivalence of vacuum f(R) gravity with Einstein—Hilbert with
a minimally coupled canonical scalar field (Einstein frame), through a conformal
transformation, has been well known in the literature since while ago. In chapter
4 we explored a similar procedure in the context of models which are an arbitrary
function of the Gauss—Bonnet term, the so—called f(G) ones. As we showed there,
this class of fourth order theories can be re-expressed as second order ones through
the introduction of a new scalar and tensor field variable, leading to a kind of bi-
metric scalar tensor theory. The key tool for the transition to the new representation
was a Legendre transformation, which when applied in the f(R) context yields the
well known transition to the Einstein frame. What is more, as we found in the same
chapter, dynamical equivalence can be broken on the boundary spacetime. There-
fore, care must be taken when studying the dynamical equivalence between different
frames for spacetimes with boundary, as the equivalence does not always hold for

the Gibbons-Hawking terms of the two representations.

Any physical theory should have as its upper goal the confrontation with experi-
ment. The development of appropriate (unified) frameworks that allow for concrete
observational predictions about different gravitational theories is therefore of great
importance. What is more, investigating equivalent, but on the same time more in-
tuitive descriptions of gravitational theories, can reveal properties that went unseen
before, or make the prediction of observables easier. Such frameworks are especially
useful at the linear level as there one is able to break the background degeneracies
among different gravity models. In this context, a very useful tool is the covari-
ant fluid description of linear perturbations for (scalar—tensor) gravity models with
second order derivatives in their energy—momentum tensor, the most well known
example being probably f(R) or Brans-Dicke gravity. This is to be presented in an

upcoming work in Sawicki et al. (2012).

Cosmology is certainly entering a new era. Over the course of the last years, cos-
mological observations have seen a rapid development, allowing for testing (gravita-
tional) theories of both early and late time Universe, with future missions promising

an even higher accuracy of observations.

It is not the first time Einstein’s theory of gravity is in doubt. Until the year 1959

the small amount of observational evidence for GR (probably the most celebrated
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one being the deflection of light by the sun), led a number of physicists to suggest
various alternative theories for gravity. However, during the years 1959-1960 new
tests together with older ones performed with higher accuracy, enlarged significantly
the observational evidence supporting the validity of GR 3, establishing it as the
accepted (classical) relativistic theory of gravity. Today, Einstein’s theory is again
under question. The answer is probably to be revealed by the research to follow in

the years ahead.

3For a nice historical review see Will (1981).
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Appendix A

Dynamical equivalence of

non—linear gravity

A.1 Basic geometrical tools and definitions

In this section we will present some useful geometrical tools and definitions from

chapter 4.

As an aid in deriving the GH terms of sections 4.3 and 4.5, we combine two
special coordinate systems, the so—called Gauss and Riemann normal coordinates.
The first one is related with the spacetime splitting in (n — 1) + 1 form, while the
second with the coordinate choice around a point P on the (n — 1)-dimensional

hypersurface X.

To begin with, let (M, gos) be a globally hyperbolic spacetime, foliated by suc-
cessive (n— 1)—dimensional spacelike Cauchy hypersurfaces ¥,,, parametrised by the
coordinate n. Let also n* (or n = d/0n) be the unit normal vector to the hypersur-
faces X,,. One can now use the general ADM spacetime splitting to write the metric
gap in terms of the lapse function and vector Misner et al. (1973). However, in or-
der to make our calculations simpler, we consider a special spacetime splitting using
Gaussian normal coordinates (GNC) in the neighborhood of the (n—1)-dimensional

surface ¥,,. In this splitting the metric becomes

ds® = e tdn® + g;;dx'da’, (A1)



181

with € = n"n, = n.n = +1 for timelike and spacelike surface respectively. The
important property of this special spacetime splitting is that a geodesic which is
normal to a spacelike hypersurface, at some value of the parameter n, will intersect
normally to the next hypersurface, at n+dn Misner et al. (1973). The n coordinate,

in fact, measures lapse of proper time (or length) along the geodesic.

If we now pick a point F, on a hypersurface Y, we can always locally construct an
inertial frame, where free particles will move along straight lines (at least locally).
Such an inertial frame is described by the Riemann normal coordinates (RNC)
system. An important property of this coordinate system is that at the coordinate

centre Py it is

'3, () =0, (A.2)

or in other words, the space is locally flat. Using this property in the derivations
of the GH terms defined on the hypersurface ¥, and without losing generality, since

we are dealing with tensors, we set I'“s, (Fp) = 0.

The bulk metric g4 induces an (n — 1)-dimensional metric h,g on the boundary
surface ¥ as

haﬁ = goeﬁ :|: nang, (A?))

for a spacelike (4) and timelike (—) surface ¥ respectively. Its determinant, h, is
defined as the determinant of h;j, with i, j = 1... (n—1). Furthermore, we associate

a covariant derivative with hs denoted as D,.

We can then define a projection operator from the tangent space to the bulk
M to the tangent space to the boundary ¥ at a point F,, through the projection
operator

hag = gag + nanﬂ. (A4)

We will use the same symbol for both the induced metric and the projection

operator. The following relations hold
haghs® =hgs . 9% hgy =h%, h=g"hag=n—1, (A.5)

as well as

h*Png = 0. (A.6)
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Notice that the projection operator h,s sometimes is also denoted as L ,z.

The extrinsic curvature K,z is an (n — 1)—dimensional tensor that measures the

“bending” of ¥ in the bulk spacetime M, and is defined as

1
Kaﬁ — §£nhoc,3 = Vagﬁ = hvavwfﬁ

= ho'Vyng = ha” (0ynp — F,‘;Bnp) , (A.7)

where “£” is the Lie derivative, ¢? a unit tangent to the geodesic congruences
orthogonal to ¥, n® any other normal to ¥, and V,, defined with respect to the bulk
metric g.5. If we express K,z in the special coordinate system of GNC, giving up

for a moment the abstract index notation, we get

Kij = —F?J U
1 0 1
= _Qea_ngij = _§€£nhij7 (A8)

with € = £1 for a timelike and spacelike surface 3 respectively. Relation (A.8)
shows that K,s measures the rate of change of the induced metric h;; along the

geodesic congruence orthogonal to ..

The bulk curvature tensors are related to the extrinsic curvature of the surface X
and its derivatives through the Gauss-Codazzi equations Wald (1984); Misner et al.
(1973),

Raﬁ,y(g = ﬁaﬁws + € (K/BWK(SQ — Kﬁ(;Kaw) N (Ag)

Ry = €Rngys = € (DsKgy — Dy Kps) (A.10)

with the index n in the second equation being fixed and denoting direction along

the normal n®.
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A.2 Useful formulas

A.2.1 Variation formulas

The formulas we present in this subsection are used to calculate the GH terms presen-
ted in Sections 4.3, 4.5 and 4.6. They are evaluated using the special coordinate
systems of GNC and RNC respectively.

For the variation of the Christoffel symbol and Riemann tensor respectively we

have
1
oI? . = §ggp (69V[p,u] + ‘59;%1/) ; (A.11)
0R% 505 = 9" (0gnisin)s — O9prvale) - (A12)

with [A, B] = 3 (AB — BA). The variation of the Ricci tensor and scalar can be
found beginning from (A.12) and calculating the variation of the appropriate con-
tractions, for example, 0 Rgs = 3(g7aR%340)-

Variation of the extrinsic curvature, A.8, with respect to g,z gives

§Kap = —ha 0Ty ng (A.13)

1
= _5 ns hary g(spv[p(sgﬁha (A14)
and for its trace respectively

1
0K =6K°%, = §n"hva59a7. (A.15)

A.2.2 Conformal transformation formulas

If M is an n-dimensional manifold supplied with a metric g., and Q = Q(z?) is
a smooth, strictly positive function, then a conformal transformation (M, g,z) —

(M, Gop) is defined as gos > Jap = Q2gas. It follows that,

=072 578, = g g5, = 0%, (A.16)
hag = Vhas,  h% = h%;, (A.17)
VEi= Ve Voh= Ve (A18)
(A.19)

Ng = 2Ny, n* =Q 1n®,
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since in general, n, = (=N, 0,0,...,0) and N = QN, N being the lapse function.

The starting point for the transformation of the curvature objects is the trans-
formation of the Christoffel symbol and using this we get the transformation of
the Ricci tensor, Ricci scalar and GB term respectively. We have Wald (1984);
Dabrowski et al. (2009),

[0, =T05— Q7 000 + 0] Qa — gapQ7], (A.20)
Rag = Rap — Q72(n — 1)asQe Q" + Q7 (0 — 2) Qap + GapTQ) (A.21)
R=0? [E +2(n— 1) 10 — n(n — 1)9—2ga597a975] , (A.22)

G =0 {é — 4nzQ! (2?2&59?&5 - Em)
+ 2nanaQ 2 (2(&9)2 — 20 — EQ,JZ”*)
— ninanzQ % (4(00)Q Q" — nQ Q. 07)?) 1 , (A.23)
where in the last formula we use the convention n; = (n — 7), with n the spacetime
dimension.

Beginning from the definition of the extrinsic curvature A.7, and using property
A.6, we have
Kop = Q! [f(ab - Q*lﬁaﬁg,ﬁﬁﬁ] . (A.24)

Contracting with 2*% we find

K% =K=0Q [f{ —(n— 1)9—197@“} . (A.25)

For two different metrics gog and g,s, defined on the same manifold M, and not

necessarily conformally related, we have

Ram(s(g) — Ram‘s(g) = %505(” — %QC‘SM + CHOWC(S@{ — C’"‘BWC‘;%, (A26)
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~ 1 - 1
Kap(h) = Kap(h) = 5 £ahas = 5 £ahas (A.27)
= ho'Vyng — ha"Vong = —hy C* g, (A.28)

with C%., = %go“’(%ggw + ﬁvggg — V,9sy). The first relation results by starting
from the definition of the Riemman tensor and evaluating it for two different metrics.
Doing the necessary contractions in (A.26), we get similar expressions for the Ricci
tensor and scalar as well as the extrinsic curvature trace respectively. As it was
the case in Section 4.4, for two metrics conformally related, oz = ®gas (Q* = P),

beginning from (A.26) we get for the Ricci tensor

R(g) = |R(§) — ;L(n —2)(n — 1)®%0,29°® + (n — 1)6%(@*6@)} . (A.29)

and similarly contracting (A.28) with h®? for the trace of the extrinsic curvature
af 7 afe 1. af, K
h Kaﬁ =o |h Vanﬁ + §h n vnga/ﬁ
-~ 1 ~
— pl/2 {haﬂvaﬁg - §(n — 1)ﬁ“<I>1VH<I>] : (A.30)

with 7, = ®1/2n,,.

A.3 Conformal transformation of the Gauss—Bonnet

GH term

Here we will present the conformal transformation of the Gauss-Bonnet GH term,

(4.28). For the two terms of (4.28) we get respectively
/ A"/~ J / Ao/ —h QA @{f + Q! [f{2 - f(aﬂf(aﬁ] (Q,.71")
) 2

~ 1
— n3n2K Q_2 (Q’RﬁR)Q + gngngnlﬁ_?’ (Q’Rﬁﬁ)g } (A?)l)
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/Z A" —h PGP K 5 /E d" Lo/~ 94—%{5&5?{&5
g [%E(Qﬁfﬁ) b Ross — f(m]

T [% R(62,62%) = 00(8,60%) + m O, |

1
— §Q_3’I’L37’L2’I’L1 (Q7HQ’H)2 (Q7A77L>\) } <A32)

Adding up terms (A.31) and (A.32) we get the GB GH term in the conformally
transformed frame. However, boundary terms resulting by variation of action (4.31)
with respect to g.s and ®, will not be able to cancel with the GH subterms in
(A.31) and (A.32), as was the case in f(R). Consequently, we are left with terms
proportional to first and second order derivatives of both the metric and scalar
field on the boundary surface ¥, which should be held fixed in the initial value
formulation, together with g,s and ¢ themselves, in order for the GH term to be

zero in the total variation.
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Appendix B

Anisotropic stress and stability in

modified gravity models

B.1 Homogeneous perturbations of f(R,G)

Below we present some additional mathematical supplement from chapter 5.

We will first present the stability analysis of any fixed point of the the f(R,G)
Friedmann equation, using homogeneous perturbations around the relevant solution.
Our starting point is the ¢ — ¢ equation (3.59), which for convenience we reproduce
it here again,

. .1
SH?F 4+ 3HF + 12H*¢ — 5V —pi=0 (B.1)

If H = H(t) is a solution of above equation then perturbing around it as H(t) —
H(t) + 0H(t), and keeping up to first order terms we get for the curvature scalars

and their first time derivatives respectively
R— R+6 (4H(5H+5H), (B.2)

G—G+24 [2(21{3 + HH)GH + H25H] . (B.3)

The next step is to perturb the modified Friedman equation (3.59). Particularly,
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the scalar potential becomes

V =V + ROF + Go¢
=V + (RFr+ G&r)OR+ (RF; + G&¢)0G
=V + Vg0 R + V() 0G, (B-4)

and after evaluating the scalar field perturbations, it takes the form
V=V+6(Vig +4H* Vo)) 6H + 24 (HV ) + AH*V ;) 0 H, (B.5)

where subscripts in brackets simply denote indices, while those outside brackets

denote derivative with respect to the corresponding variable.

Using relations given above, and after some algebra, the modified Friedman

equation becomes

Cim0H + C(rySR + C)0G + Cjyy0R + C, ) 6G = 0, (B.6)
with

Cury = 6HF + 3F + 36 H%, (B.7)

. ) 1
C(r) = 3H?Fp + 3HFp + 12H¢ — 3V (B.8)

. . 1
Cio)=3H?Fg + 3HFg + 12H%¢; — SV (B.9)
Cliy = 3HFg + 12H°¢R, (B.10)
Cioy = 3HFg +12H¢g. (B.11)

Substituting for the perturbations of R, 6G and their derivatives we arrive at

Cy0H + Co6H + C36 H — 6p; = 0, (B.12)
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with

C1 =6 |Cpy +4C ) H?] . (B.13)
Gy = [ Cry + ACm H? + AC iy H + 16C o, (H* + HH)] | (B.14)
1. .
Cy = 6|HF + SF +6H +4C( H
+ 8C()(2H® + HH) + 8C g, (6HH + H? + H117)|. (B.15)

Defining w = Fg + 4H?*(2F + 4H?¢;), the generalisation of equation (5.34) for
arbitrary H, we find that always

C; =18Hw. (B.16)
For a polynomial background expansion, described by a(t) o 7, the other coefficients

become

Ca= 2% [pi + SH(L+ 3p)(6n + 2H760) + (L+ 3p)HF] . (Ba7)

Cy = %{pQF +2Hp*F — 12H*|2p*(Hw — W)
p
SV ApH(Ep + AHEG) — 2(10p + 4)H (€5 + 4H2gg)} } (B.18)
For a de Sitter expansion, a(t) o< exp[Hot], and H = Hy = const., we get
Cy = 3HoCh (B.19)

F
C3 = (5 - 4H§) C,. (B.20)
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B.2 Inhomogeneous perturbations and de Sitter

stability

The general metric element for scalar perturbations around a flat FLRW background

reads

ds®> = — (1 + 2a)dt* — 2a(t)0;3 dt dx’

The general form of scalar perturbation equations around FLRW for f(R,G)
models can be found in De Felice and Suyama (2009). Here, we shall present the

full set of equations for the case of de Sitter space only.

Before we proceed, let us define the gauge invariant variable ® as

SF + 4H25¢

d=9(t) = 5F

(B.22)

with H = H, as well as the rest of the background quantities evaluated on the de

Sitter point. The perturbation equations then read as

2 2
3H*Y + % (Hx +¢) +3Hp =3HD + (% — 3H?)®, (B.23)
Hy+¢=3— HO, (B.24)
X+Hx+¢—v¢=20, (B.25)

OR = —2|12H*) + 36 + 12H¢ + 3HY)

2

;(x‘+2Hx+2¢—w) : (B.26)

0G = —8|12H"a — 3H?*¢ + 3H> & — 12H3¢

2
+%H2(2Hx+x—2¢—a)]. (B.27)

Equations (B.23), (B.24) and (B.25) correspond to the 00, the 0i and the ij(i # j)
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components respectively. Particularly, equation (B.25) is the anisotropy equation,

and the choice of variable ® is now evident: it is the r.h.s of the latter equation,

(eff

describing the effective anisotropic stress in de Sitter space, ® = I1¢T) and therefore

is gauge invariant.

In order to re-express above equations in terms of gauge invariant variables only,
we need a second gauge invariant variable apart from ®. Following De Felice and
Suyama (2009) we define

V=0 +¢— Hy. (B.28)

Now, using equation (B.24) in (B.23) we get
& =0¢+ Hy, (B.29)
which can be inserted into (B.28) to give
T = 0. (B.30)

Using equations (B.24), (B.25) as well as (B.29) we can re-express the curvature

perturbation in terms of the gauge invariant potential ¢

a?

.. . 2
SR = —6 [@ +3HD + (k— - 4H§)} : (B.31)

B.3 Sub-horizon solution for ¢ in the WKB ap-

proximation

Considering the evolution equation (5.40) in de Sitter space for the gauge invariant

potential ¢, we assume a solution of the form

d = Ce'), (B.32)
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with C' a constant, and (t) < 1. Then, we can calculate that

t
O(t) =~ ZC’i exp {z/ dt’@i(t')} (B.33)
:t 0
t ~ ~
= Y Ciexp {— / ar (A() + iB(t'))]
+ 0
with
~ 2BB ~ AB
A = 3Hy, B=\[4(Ke-2t" 4 m?) — 9H, (B.35)
C2 = A2+4B% (B.36)

From solution (B.33) we can calculate the limit when m?2; > 1, which is the case

when I1¢*) — 0. In this case we have,

A~3Hy,, B =~ 2me, (B.37)

and the solution is approximately given by

O(t) ~ Y Ciexp[—Hot £ 2imegt]. (B.38)
+
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