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We systematically review some standard issues and also the latest developments of modified
gravity in cosmology, emphasizing on inflation, bouncing cosmology and late-time acceleration era.
Particularly, we present the formalism of standard modified gravity theory representatives, like
F(R), F(G) and F(T) gravity theories, but also several alternative theoretical proposals which
appeared in the literature during the last decade. We emphasize on the formalism developed for these
theories and we explain how these theories can be considered as viable descriptions for our Universe.
Using these theories, we present how a viable inflationary era can be produced in the context of
these theories, with the viability being justified if compatibility with the latest observational data
is achieved. Also we demonstrate how bouncing cosmologies can actually be described by these
theories. Moreover, we systematically discuss several qualitative features of the dark energy era
by using the modified gravity formalism, and also we critically discuss how a unified description
of inflation with dark energy era can be described by solely using the modified gravity framework.
Finally, we also discuss some astrophysical solutions in the context of modified gravity, and several
qualitative features of these solutions. The aim of this review is to gather the different modified
gravity techniques and form a virtual modified gravity “toolbox”, which will contain all the necessary
information on inflation, dark energy and bouncing cosmologies in the context of the various forms
of modified gravity.
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I. INTRODUCTION

With this work we shall try to provide a concise pedagogical review on the latest developments in modified gravity
aspects of inflation, dark energy and bouncing cosmology. The attempt is challenging and it is conceivable that it
is impossible to cover all the different approaches in the field, since the number of these is vast. Hence we focus on
modified gravity aspects of early, late-time acceleration and bounce dynamics and we shall try to provide a pedagogical
text accessible by non-experts but also useful to experts.

One of the most fundamental questions in modern theoretical cosmology is, whether the genesis of the Universe
was singular or non-singular. This question is equivalent in asking if the Big Bang theory or the Big Bounce theory
actually describes the evolution of our Universe. Naturally thinking, the initial singularity described by the Big Bang
theory, is a mentally more convenient description, since we can easily imagine a zero sized Universe, with infinite
temperature and energy density, and also in which all fundamental interactions are unified under the yet unknown
same theoretical framework. However, no one can actually exclude a cyclic cosmological evolution, in which the
Universe never shrinks to zero. Actually the latter perspective seems to be supported by quantum cosmologies, as we
discuss later on. One of the main purposes of this review article is to present the tools to study these two types of
cosmological scenarios, in the context of modified gravity.

During the last 25 years, the cosmologists community has experienced great surprises, since the observations indi-
cated in the late 90’s [1] that the Universe is expanding, but in an accelerating way. This observation utterly changed
the cosmologists way of thinking and also it revived theories containing a cosmological constant. It was Einstein
that had firstly proposed a theory of cosmological evolution with a cosmological constant, and later on he admitted
that this was the greatest scientific mistake of his life. However, it seems that nature can actually incorporate such
a cosmological constant, so it seems eventually that Einstein was not wrong to some extent. We need to note that
finding the correct model for the late-time acceleration is not an easy task at all. The late-time acceleration era is
known as the dark energy era [2-15] (see also [16-19]), and up to date there are many proposals that try to model this
era, with other using a scalar field, known as quintessence models [20-38], while other models use modified gravity in
its various forms. With regards to quintessence, there exist various alternative proposals on this topic, see for example
[39-43], and also approaches with non-minimal coupling, see [44-47]. This field of research is still developing rapidly
up to date.

Apart from the late-time acceleration era, the Universe experienced another acceleration era during its first stages
of evolution, and the latest observational data have actually constrained this era [48, 49], which is known as inflation
[50-70]. During the inflationary era, the Universe increased its size at an exponential rate, so it expanded quite
quickly and gained a large size in a relatively small amount of time. From a theoretical point of view, the inflationary
description of the early time Universe, solved quite many theoretical problems that the original Big-Bang theory had,
for example the horizon problem etc. The inflationary evolution had originally two different forms, which now are
known as the old inflationary scenario [71], and the new inflationary scenario [53, 55]. From the time that the new
inflationary scenario was introduced, many models where proposed that could actually describe in a successful way
the inflationary era, with many of the models using a scalar field or multiple scalar fields, see [70] for details. Also
for supergravity models of inflation, see the review [69], and for string cosmology consult Refs. [59, 60]. There also
exist alternative scenarios for inflation, involving the axion field, see for example [68] for a review. In addition for
inflationary theories in the context of modified gravity in its various forms, see [62].

However, a successful model at present time (2017), has to be confronted with the observational data coming
from the Planck satellite, which severely constraints the inflationary era [48]. The Planck data have excluded many
inflationary models from the viable inflationary models list, and nowadays these data are a benchmark with regard to
the viability of an inflationary model. Thus, it is compelling that a model has to be compatible with the Planck data,



before it can be considered as a candidate for inflation. Apart from the scalar-tensor models of inflation, there are
alternative proposals in the literature that use modified gravity in its various forms [62, 72-78], in order to describe
this early-time era. We need to note that in this review we shall adopt the metric modified gravity formalism, but
there also exists the Palatini formalism, for which we refer the reader to Refs. [79-89).

Most of the metric modified gravity descriptions provide a consistent framework for the description of the early-
time acceleration, and also the compatibility of the model with the data can be achieved in many of these models.
Moreover, each modification of Einstein’s theory of general relativity eventually is confronted with the successes of
general relativity. Hence all the constraints on modified gravity imposed by local astrophysical data but also from
global constraints, have to be satisfied to an adequate level. Therefore it is conceivable that a modified gravity has
many challenges and obstacles to overcome in order to be considered as a viable cosmological theory. Apart from the
constraints, the ultimate goal in modified gravity is to offer a self-consistent theoretical framework in the context of
which the early-time and late-time acceleration will be described by the same theory. In this direction there are many
works using various theoretical contexts, that provide such a framework [90-108]. Also dark energy [109-118] and
other aspects of cosmological evolution and cosmological implications [119-131] are also explained in an appealing way
by modified gravity. In Refs. [95-98, 132, 133] the unification of A-Cold Dark Matter model (ACDM hereafter) with
inflation was developed, in the context of F(R) gravity, while in Refs. [90, 91], the same issue was addressed in the
context of phantom cosmology. In principle the possibility of phantom inflation always exists in various cosmological
contexts [134-139].

The first unified description of the inflation with dark energy in modified gravity was proposed in Ref. [140], while
in Ref. [93] the unified description of dark energy and inflation was developed in the context of string theory, and in
[91, 94] a holographic approach to the same issue was performed. Also in Refs. [102] the problem under discussion was
addressed in the context of a dynamical involving dark energy component, and in [105] the problem was addressed in
the context of modified F'(R) Horava-Lifshitz gravity. The most successful theory will be consistent with observations,
with the local and global constraints and will describe simultaneously all or at least most of the evolution eras of
our Universe. Finally for some different scenarios see [100-103, 141-147]. Also modified gravity usually brings along
various exotic features, for example the equivalence principle can be different in comparison to the ordinary Einstein
gravity [148], or the energy conditions may differ [149] and in addition the thermodynamic interpretation is different
[150], see also [151]. But inevitably modified gravity has eventually to confront the successes of the Einstein-Hilbert
gravity, so stringent rules are imposed from solar system tests. Some relevant studies with regards to solar system
implications and constraints of modified gravity can be found in Refs. [95, 152-160], while the Newtonian limit of F'(R)
gravity was studied in Ref. [161]. Also some studies on the stability of F(R) can be found for example in [162-165]
and a recent study on the observational constraints on F(R) gravity from cosmic chronometers can be found in [166].
Finally, we need to note that the phase space of modified gravity theories is quite richer in geometric structures, in
comparison to the Einstein gravity phase space, see for example [167, 168].

An alternative description to the inflationary paradigm and to the Big Bang cosmology, is offered by bouncing
cosmologies, see Ref. [169] for the original idea of a bounce cosmology, and for an important stream of reviews see
Refs. [170-179]. Particularly, in Ref. [170], the study was focused on the matter bounce scenario and various ways
that may realize this scenario were discussed. Also several observational signatures that may distinguish the matter
bounce from the standard inflationary paradigm were also discussed. A more focused review on bouncing cosmologies
is Ref. [171], were the origin of primordial perturbations was discussed in the context of bouncing cosmologies, and
also several examples that realize bounce cosmologies, including pre-big-bang scenarios, ekpyrotic scenarios, string
gas cosmology, bouncing cosmologies from modified gravity and string theory, were also discussed. Moreover, the
observational signatures that may distinguish a bounce from the inflationary paradigm were examined too, like for
example the existence of non-Gaussianities. In Ref. [172], the bouncing cosmologies were discussed and in addition
certain potentially fatal effects that undermine non-singular bouncing models were pointed out. Also, the unstable
growth of curvature fluctuations and the growth of the quantum induced anisotropy, in conjunction with the study
of various gravitational instabilities, were discussed too. In Ref. [173], the study performed covered the topics of
higher-order gravitational theories, theories with a scalar field, bounces in the braneworld scenarios and several
quantum cosmology scenarios. Also the cyclic Universes were discussed and the issue of perturbations in the context
of bouncing Universes were addressed too. In Ref. [174], the matter-ekpyrotic bounce scenario was extensively studied,
and also various realizations of this scenario were presented, like for example the two scalar field realization. Also the
observational constraints were thoroughly discussed and also several mechanisms for generating a red tilt for primordial
perturbations were presented too. In Ref. [175], the matter bounce scenario was also presented, and its realization
was achieved by using a single scalar field with a nearly exponential potential. The main result was that the rolling of
the scalar field leads to a running of the spectral index, and specifically a negative running is obtained. Also possible
theories that realize such a scenario are discussed, such as holonomy corrected loop quantum cosmology theories and
also teleparallel F/(T) gravity. In addition, and insightful study on the reheating process is discussed too. In Ref.
[177], several issues concerning cyclic cosmologies were discussed, including, the ekpyrotic phase of a bounce, how to



avoid chaos in such models, the Milne Universe and finally several ekpyrotic models were presented. Also, the scalar
and tensor perturbations were addressed, and in addition the link of these theories to a more fundamental theory,
like heterotic M-theory was discussed too. Also in Ref. [179], matter bounce scenarios in which the matter content
consists of dark energy and dark matter were reviewed. Specifically, the ACDM bounce scenario was discussed,
and also theories with interacting dark matter and dark energy were addressed too. Moreover, the observational
signatures that may distinguish bounces from the inflationary paradigm were discussed, and also several theories that
may realize a bounce were also presented, including, loop quantum cosmology, string Cosmology, F'(R) gravity, kinetic
gravity braiding theories and finally the Fermi bounce mechanism. Furthermore, some interesting information for the
occurrence of bounces can be found in [180] and for a pioneer version of the non-singular bounce in the context of
modified gravity see [181]. The Big Bounce cosmology [182-185] is an appealing alternative to inflation, since the
initial singularity which haunts the Big Bang cosmology is absent, hence these cosmologies are essentially non-singular
[186-188]. However, other types of singular bounces appeared in the literature, in which case the singularity which
occurs at the bouncing point is a soft type singularity [189-192]. In the context of bouncing cosmologies there are
various scenarios in the literature, and bouncing cosmologies are often studied in ekpyrotic scenarios of some sort
[193-195] (see Refs. [196, 197] for the ekpyrotic scenario per se). In the case of a bounce, the Universe is described
by a repeating cycle of evolution, in which initially the Universe contracts, until a minimal radius is reached, which
is called the bouncing point. After that point, the Universe starts to expand again and this cycle is continuously
repeated. Hence bouncing cosmologies are essentially cyclic cosmologies or equivalently oscillating cosmologies [198—
201]. Cosmological perturbations in bouncing cosmologies are generated usually during the contracting phase [171],
however this is not always true, see for example the singular bounce of Ref. [192], where the primordial perturbations
are actually generated during the expanding phase after the Type IV singular bouncing point. For some very relevant
studies of perturbations in bouncing cosmologies, see Refs. [202-205]. In principle, a scale invariant or nearly scale
invariant power spectrum can be generated by a bounce cosmology [171, 192], and also the recent observational data
can be consistent with cyclic cosmologies [206-208]. There are many bouncing cosmologies in the literature and some
of these scenarios naturally occur in Loop Quantum Cosmology [209-224]. One quite well known bounce cosmology
is the matter bounce scenario [175, 184, 185, 214, 224-235], which is known to provide a scale invariant spectrum
during the contracting phase, see for example [171]. Also for some alternative scenarios in the context of cosmological
bounces, see the informative Refs. [236-241]. An interesting bouncing cosmology scenario appeared in [236], called
quintom scenario, see Ref. [242] for a comprehensive review on quintom cosmology. The quintom scenario is highly
motivated by the current observations which indicate that the dark energy equation of state crosses the phantom
divide line. In order that the quintom scenario is realized two scalar fields are required, since a no-go theorem forbids
the single scalar field realization of the quintom scenario [242]. In the two scalar field realization of the quintom
scenario, one scalar field is quintessential and the other scalar field is a phantom one, and the drawback of these
theories is the existence of ghost degrees of freedom. Also the quintom scenario may be obtained from string theory
motivated higher derivative scalar field theories and from braneworld scenarios [242]. The quintom bounce can be
realized if the null energy condition is violated, and as we already mentioned, the no-go theorem in quintom cosmology
makes compelling to use two scalar fields. One important feature of the two scalar field realization of the quintom
bounce is the fact that for each scalar component, the effective equation of state needs not to cross the phantom
divide line, and thus the classical perturbations remain stable.

Some bouncing cosmologies scenarios have been proposed to describe the pre-inflationary era [243-245], and thus
in these scenarios the inflationary paradigm is combined with cosmological bounces. So bouncing cosmologies can
produce an exact scale invariant power spectrum of primordial curvature perturbations, for example the matter bounce
scenario [171] during the contraction era. However, in such cases, during the expansion era, entropy is produced and
the perturbation modes grow with the cosmic time [225]. Such a continuous cycle of cosmological bounces can be
stopped if a crushing singularity occurs at the end of the expanding era, as for example in the deformed matter
bounce scenario studied in Ref. [246], where it was shown that the infinite repeating evolution of the Universe stops
at the final attractor of the theory, which is a Big Rip singularity [30, 247-277]. Modified gravity in general offers
a consistent theoretical framework in the context of which bouncing cosmologies can be realized, without the need
to satisfy specific constraints which are compelling in the case of the standard general relativity approach. Hence
the study of bouncing cosmologies in the context of modified gravity is important, and these cosmologies need to be
critically examined with regards to their observational consequences. For some recent studies on bouncing cosmologies
in the context of modified gravity, see for example [278-281], see also Refs. [282-284] for bouncing cosmologies in the
context of Palatini gravity.

The modified gravity description of our Universe cosmological evolution is one physically appealing theoretical
framework, which can potentially explain the various evolution eras of the Universe, for the simple reason that it
can provide a unified and theoretically consistent description. There exist a plethora of modified gravity models,
that can potentially describe our Universe evolution and the most important criterion for the viability of a modified
gravity theory is the compatibility of the theory with present time observations. The observations related to our



Universe, mainly consist of large scale observations and astrophysical observations, related to compact gravitational
objects or gravitationally bound objects. In both cases, a successful modified gravity theory, should pass all the tests
related to observations. But there is also another feature that may render a modified gravity theoretical description
as viable, namely the fact that the theory will be able to predict new, yet undiscovered phenomena. We believe
that by studying alternative modified gravity models, even if we do not succeed in finding the ultimate modified
gravity theory, at least we will pave the way towards finding the most successful theory. In the context of modified
gravity, the new Lagrangian terms, introduce new degrees of freedom beyond the standard General Relativity, and
the Standard Model of particle physics. When these new terms are applied at a cosmological level, the extra degrees
of freedom alter the evolution of the Universe, and may have as an effect the desired behavior of the Universe. These
theories may however introduce certain pathologies or extra instabilities, as it happens for example in the case of
F (R, G) gravity, where superluminal extra modes appear, which are absent in the F'(R) gravity and the f(G) gravity,
or modified Gauss-Bonnet gravity cases, and of course these are absent in General Relativity.

Also with regards to astrophysical solutions, like black holes, neutron stars, and wormholes, modified gravity utterly
changes the conditions that are needed to be satisfied in order for the solutions to be consistent. For example, in
the case of wormholes in the ordinary Einstein gravity, an exotic matter fluid needs to be present, in order for the
wormbhole solution to be self-consistent. On the contrary, in the modified gravity case, the modified gravity part can
offer a theoretically appealing and simple remedy to this problem, see for example [285].

Our aim with this review is to present the latest developments in the description of the inflationary era, dark energy
and also in bouncing cosmology, in the context of modified gravity. Our motivation is the fact that up to date the
ACDM model is successful but does not provide a complete description of the Universe. Also we shall provide all
the necessary information for the models we shall study, that make these models consistent both at astrophysical
and at cosmological level. Our presentation will have a pedagogical and introductive character, in order to make this
review a pedagogical tool available to experts and non-experts. It is conceivable that our work does not cover all the
modified gravity applications on inflation, dark energy and bouncing cosmologies, this task would be very hard to
be materialized, since the subject is vast. However we shall provide the most important tools that will enable one
to study in some detail inflation and bounces with modified gravity. Also for completeness and in order to render
this review an autonomous study on modified gravity, we shall discuss some astrophysical applications of modified
gravity and specifically of F'(R) gravity, which is the most sound representative theory of modified gravity. In most
cosmological applications, the background space-time geometry will be that of the flat Friedmann-Robertson-Walker
(FRW) geometry. We will start our presentation with chapter I, where we shall present the most important modified
gravity descriptions. Specifically we shall provide the theoretical framework of each modified gravity version, and also
we also present some illustrative examples in each case. Specifically, in section II-A, we discuss the most important
representative theory of modified gravity, namely F(R) gravity. We present in detail the equations of motion of the
FRW Universe and also we discuss the criteria that render an F'(R) gravity theory a astrophysical and cosmologically
viable theory. We also discuss the stability, in terms of the scalaron mass, and we present the corresponding scalar-
tensor description in the Einstein frame. Several viable F(R) gravities are presented, and the conditions of their
viability are also quoted. Also we discuss in brief the case that a non-minimal coupling between the F(R) gravity
sector and the matter Lagrangian exists. In section II-B, we present the Gauss-Bonnet modified gravities. We present
the basic equations of motion, which can be used as a reconstruction method in order to realize various cosmologies.
Also we calculate the corrections to the Newton law due to the Gauss-Bonnet gravity corrections. The string inspired
gravity follows in section II-C, along with several characteristic examples. In section II-D, we discuss an important
modified gravity theory, namely that of an F(T') gravity, with T' being the torsion scalar. Both the f(G) and F(T')
gravity will be thoroughly discussed in this review article, since these theories have appealing characteristics and are
important alternative theories to F(R) gravity. In section II-E we discuss massive gravity and bigravity theories, and
in sections II-F and II-G, we discuss mimetic F'(R) and mimetic f(G) gravity. The mimetic framework has offered
a quite interesting appealing theoretical framework, so we present various versions of the mimetic framework. In
section IT-H we present another F'(R) gravity extension, namely that of unimodular F'(R) gravity, and in sections II-I,
I1-J, we discuss some combinations of unimodular and mimetic F(R) gravity, which are accompanied by illustrative
examples.

Chapter III is devoted on the study of inflationary dynamics in various theoretical contexts. Traditionally, inflation
was firstly studied in the context of scalar-tensor theory in its simplest form, namely that of a canonical scalar field,
the inflaton, but in this chapter we also present some modified gravity descriptions of the inflationary era. For
completeness in III-A we first study the canonical scalar field inflationary paradigm, and in order to illustrate the
methods, we calculate the spectral index of primordial curvature perturbations and also the scalar-to-tensor ratio. In
the same section we study the non-canonical scalar field case and we also discuss in brief the form of the inflationary
dynamics in multi-scalar theories of gravity. In section III-B we present the inflationary dynamics formalism for general
f(R, ¢) theories of gravity. We provide detailed calculations for the slow-roll indices and also for the observational
indices. Also we focus on interesting subcases of f(R, ¢) gravity, and particularly ¢f(R), mimetic F(R) gravity and



F(R) gravity, and we use various illustrative examples in order to better support the theoretical formalism. In the
same section we present a very useful reconstruction technique which offers the possibility of obtaining the F(R)
gravity from the Einstein frame theory with a given potential. In section III-C we present the study of inflationary
dynamics in the context of the modified Gauss-Bonnet gravity of the form f(G), where G is the Gauss-Bonnet scalar.
We use a different approach in comparison to the previous sections of this chapter, so we calculate directly the power
spectrum of primordial curvature perturbations, and from this we calculate the spectral index of the primordial
curvature perturbations. As a peripheral study we discuss how the perturbations evolve after the horizon crossing,
by exploiting a specifically chosen example. We also briefly present the formalism of inflationary dynamics in the
context of F(T') and one loop quantum gravity. Particularly, in the F(T) case we realize the intermediate inflation
scenario in section III-D, while section ITI-E is devoted to the singular inflation scenario and various phenomenological
implications of this cosmological evolution. Finally,in section III-F we present a useful theoretical approach for the
graceful exit issue and in ITI-G the reheating era in the context of modified gravity is studied. Usually in modified
gravity the graceful exit instance is identified with the moment that the first slow-roll index becomes of the order one.
However, the growing perturbations that are caused by the unstable de Sitter points can also provide a mechanism
for graceful exit from inflation. So we present in brief all the essential information for this alternative approach to
the graceful exit issue.

In chapter IV we address the dark energy issue in the context of modified gravity. Particularly, we discuss how
the dark energy era can be realized by F(R) and f(G) gravity, and also we discuss various phenomena related to the
late-time era realization with modified gravity. But firstly, we will show in sections IV-A and IV-B, how the successful
ACDM model can be realized by F(R) and f(G) gravity respectively. In sections IV-C and IV-D we will demonstrate
how it is possible to provide a unified description of early and late-time acceleration with F'(R) and f(G) gravity. In
section IV-E we discuss how a phantom cosmological evolution can be realized in the context of F(R) gravity. Finally,
in section IV-F we will discuss an important feature of F'(R) gravity when the late-time era is studied. Particularly,
we present the dark energy oscillations issue in F(R) gravity, and we discuss how this may affect the late-time era.
We shall use various matter fluids present, from perfect matter fluids to collisional, and we critically discuss how the
fluid viscosity may affect the dark energy oscillations issue.

In chapter V we discuss some astrophysical applications of modified gravity, emphasizing in F(R) gravity appli-
cations. We shall present some neutron stars and quark stars solutions in F'(R) gravity, and we briefly examine the
astrophysical consequences of these solutions, for general equations of state for the neutron star. Also we discuss
the possibility of anti-evaporation from Reissner-Nordstrém black holes in F'(R) gravity and finally we present some
wormbhole solutions from F(R) gravity.

In chapter VI we present the general reconstruction techniques which can be used in order to realize bouncing
cosmologies with F(R), f(G) and F(T) gravity. We shall present how to realize bounces by vacuum modified gravity,
but also in some cases we shall present how the results are modified in the presence of perfect matter fluids. In the
beginning of the chapter we provide an informative overview of bouncing cosmologies which is necessary in order
to understand the fundamental characteristics of a cosmological bounce. In section VI-A we discuss how a specific
bounce ca be realized with vacuum F(R) gravity, but we also present the case that perfect matter fluids are present.
In section VI-B we discuss the f(G) realization of the same bounce cosmology as before, and finally in section VI-C
we discuss the F'(T) gravity realization. In all three cases, we examine the stability of the modified gravity solutions
we found, at the level of the equations of motion. Specifically, we study the stability of the equations of motion, if
these are viewed as a dynamical system, and we demonstrate in which cases stability can be ensured.

Finally the conclusions follow at the end of this review, were we summarize the successes of modified gravity and
we outline its shortcomings as a theory. Also we discuss in brief various challenging problems in cosmology, which
still need to be incorporated successfully to a future theory.

II. MODIFIED GRAVITIES AND COSMOLOGY
A. F(R) Gravity

The theory of F(R) gravity could be considered as the most popular among modified gravity theories. In this
section, a general review of the F(R) gravity theory is given. In the literature there are various reviews also discussing
this topic, see [62, 72-75, 77, 78].



1.  General properties

The action of the F'(R) gravity [73] is given by replacing the scalar curvature R in the Einstein-Hilbert action which
(o 1
is,

R
SEH = /d4x\/ -9 (2%2 + £matter) P (1)

by using some appropriate function of the scalar curvature, as follows,

F(R)
2K2

Sra = | d‘*x\/fg( +£matter) . 2)
ndequation In Egs. (1) and (2), Latter is the matter Lagrangian density. We now review in brief the general properties
of F(R) gravity.

For later convenience, we define the effective equation of state (EoS) parameter for the F'(R) gravity theory. The
expression can be used in any other modified gravity context. We start with the FRW equations, which in the Einstein
gravity coupled with perfect fluid are:

3 1 .
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Then, the EoS parameter can be given by using the Hubble rate H, in the following way,

2H
Weff — —1 — @ . (4)
In principle we can use the expression given in Eq. (4) even for modified gravity theories, since it is useful for a
generalized fluid description of modified gravity.
By varying the action (2) with respect to the metric, we obtain the equation of motion for the F(R) gravity theory
as follows,
1 K2
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For the spatially flat FRW Universe, in which case the metric is given by,
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Eq. (5) gives the FRW equations,
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0=— % +3 (H2 + H) F'(R) — 18 (4H2H + HH) F"(R) + K pmaster » (7)

0 :@ - (H + 3H2> F'(R) +6 (8H2H +AH? 4 6HE + H) F"(R) + 36 (4HH + H) F"(R)

+ szmatter ) (8)
where the Hubble rate H is equal to H = a/a. In terms of the Hubble rate H, the scalar curvature R is equal to
R =12H? + 6H.

We can find several (in many cases exact) solutions of Eq. (7). Without the presence of matter, a simple solution

is given by assuming that the Ricci tensor is covariantly constant, that is, Ry, o g,.. Then Eq. (5) is simplified to
the following algebraic equation [140] (see also [286]):

0=2F(R) — RF'(R). (9)

1 We use the following convention for the curvatures and connections:

R=g""Ru,, Ru =R

1
A A A A A
wxvr Bupw = —Thpw + T, = Tipl0, + Tl FZA - 59% (Guwx + 9w = Gurw) -



If Eq. (9) has a solution the (anti-)de Sitter and/or Schwarzschild- (anti-)de Sitter space

2MG 2 MG 2\ —1
d52<1r¢£2> dt2+<1r ch.}) dr® +r2dQ? (10)

or the Kerr - (anti-)de Sitter space is an exact solution in vacuum. In Eq. (10), the minus and plus signs in +

correspond to the de Sitter and anti-de Sitter space, respectively. In Eq. (10), M is the mass of the black hole,

G = g—;, and L is the length parameter of (anti-)de Sitter space, which is related to the curvature as follows R = :I:%
(the plus sign corresponds to the de Sitter space and the minus sign to the anti-de Sitter space).

We now consider the perfect fluid representation and scalar-tensor representation of the F(R) gravity. For con-
venience, we write F'(R) as the sum of the scalar curvature R and the part which expresses the difference from the
Einstein gravity case,

F(R) =R+ f(R). (11)

Egs. (7) and (8) indicate that we can express the effective energy density peog and also the effective pressure peg
including the contribution from f(R) gravity as follows, (see, for instance, [287])

pest =$ <—;f(R) +3 (24 17) f'(R) ~ 18 (AH2M + HIT ) f”(R)> + Pmatter (12)

Pert :% (;f(R) - (3H2 n H) F(R)+6 (8H2H +4H% + 6HH + H) f"(R) +36 (4HH + H)2 f'"(R>)

+ Pmatter » (13)

which enables us to rewrite the equations (7) and (8) as in the Einstein gravity case (3),
3 5 1 5 .
pest = 5 H®, pe = —— (3H+201) . (14)

The fluid representation for the FRW equations, however, often leads to an unjustified treatment. For example, it is
often ignored that the generalized gravitational fluid contains higher-derivative curvature invariants. The viable dark
energy models of F(R) gravity are discussed in Refs. [288-292], while the unified description of inflation with dark
energy are discussed in Refs. [140, 293], for a review see [77].

2. Scalar-tensor description

We should note that we can also rewrite F'(R) gravity in a scalar-tensor form. We introduce an auxiliary field A
and rewrite the action (2) of the F/(R) gravity in the following form:

§= % / /=g {F'(A) (R — A) + F(A)} . (15)

We obtain A = R by the variation of the action with respect to A and by substituting the obtained equation A = R
into the action (15), we find that the action in (2) is reproduced. If we rescale the metric by a kind of a scale
transformation (canonical transformation),

Guv — egguu , 0 =— In F/(A) ) (16)

2

)

we obtain the action in the Einstein frame

I T B _
SE_Q;#/d xy/ g(R 59 0,00,0 V(U)),

2 Note that the difference between the F(R) (Jordan) frame and the scalar-tensor (Einstein) frame description, may lead to a number of
issues, for example the Universe in one frame may be accelerating, while decelerating in the other frame [294, 295], or the singularity
types changes from frame to frame [277, 296].
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A A
Vo) =g (=) =1 (0 (™)) = fogy — o )

Here g (e~ ?) is given by solving the equation 0 = —In (1 + f/(A)) = —InF'(A) as A = g(e~?). Due to the scale
transformation (16), a coupling of the scalar field o with usual matter is introduced. The mass of the scalar field o
is given by

F(A) ~ (F(A)? | F(A)

3
2 - 2 — —
mg_Q

2Vie) 3[ A 4F(A) 1
do? 2{ }’ (18)

and if the mass m, is not very large, there appears a large correction to the Newton law. Since we would like to
explain the accelerating expansion of the current Universe by using the F/(R) gravity, we may naively expect that the
order of the mass m, should be that of the Hubble rate, that is, ms ~ H ~ 10733 eV. Since the mass is very small,
very large corrections to the Newton law could appear. In order to avoid the above problem in the Newton law, a
so-called “realistic” model was proposed in [297]. In the model, the mass m, becomes large enough in the regions
where the curvature R = A is large or under the presence of matter fluids, as in the Solar System, or in the Earth.
Therefore the force mediated by the scalar field becomes short-ranged, which also introduces a screening effect in
which only the surface of the massive objects like the planets can contribute to the correction to the Newton law even
in the vacuum. This is called the Chameleon mechanism [298], which prevents the large correction to the Newton
law.
For example, we may consider the following model, [98] (see also [299, 300]),

F(R) =2Aeq (e7P = 1) . (19)

In the Solar System, where R ~ 10~%1 eV?, if we choose 1/b ~ R ~ (10733 eV)27 we obtain m2 ~ 1019%0eV?2 which
is ultimately heavy. In the atmosphere of the Earth, where R ~ 107%0¢V?, and if we choose 1/b~ Ry ~ (10_33 eV)Q,
again, we obtain m2 ~ 1010:000,000,000 62 " Then  the correction to the Newton law looks to be extremely small in this
kind of model. The corresponding Compton wavelength, however, is very small and much shorter than the distance
between the atoms. Since the region between the atoms can be regarded as a vacuum except several quantum
corrections and we cannot use the approximation to regard the matter fluids as continuous fluid, the Chameleon
mechanism does not apply. Therefore, the Compton length cannot be shorter than the distance between the atoms
and the scalar field cannot become so large, although this is not in conflict with any observation nor experiment.

We now also need to mention the problem of antigravity. Eq. (15) tells that the effective gravitational coupling is
given by kZ; = %. Therefore when F'(R) is negative, it is possible to have antigravity regions [140]. Then, we
need to require

F'(R)>0. (20)

We should note that from the viewpoint of the field theory, the graviton becomes ghost in the antigravity region.
It should be noted that the de Sitter or anti-de Sitter space solution in (9) corresponds to the extremum of the
potential V(o). In fact, we find,

V(o) F"(A
dA  F(4)

)3 (—AF'(A) + 2F(A)) . (21)

Therefore, if Eq. (9) is satisfied, the scalar field o should be on the local maximum or local minimum of the potential
and o can be a constant. When the condition (9) is satisfied, the mass given by (18) has the following form:

2_ 3 F(4)
= g (4 ) -

Therefore, in the case that the condition (20) for avoiding the antigravity holds true, the mass squared m? is positive,
showing that the scalar field is on the local minimum if,

F/(4)
F// (A)

—A+ > 0. (23)

On the other hand, the scalar field is on the local maximum of the potential if,

F'(4)
F// (A)

—A+ <0. (24)
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In this case the mass squared m?2 is negative. The condition (23) is nothing but the stability condition of the de Sitter
space.

Note that in the Einstein frame, the Universe is always in the non-phantom phase, where the effective EoS weg
in (4) is larger than —1 although in the Jordan frame, the Universe can be, in general, in a phantom phase. This is
because the scale transformation in (16) changes the time coordinate. We should note that we observe the expansion
of the Universe via matter. In the Einstein frame, the metric for the matter is not given by g,, but by ¢”g,,, which
is nothing but the metric in the Jordan frame. Therefore the observations in the Einstein frame is not changed from
the observation in the Jordan frame. This indicates that in the Einstein frame, the metric g,, is not physical but
€” g, is the physical metric [294].

We now shortly mention on the matter instability issue pointed out in [301]. The instability may appear when the
energy density or the scalar curvature is large compared with that in the Universe, as for example on the Earth. Let
Ry, the background scalar curvature and separate the scalar curvature R as a sum of R, and the perturbed part R,
as R = Ry + R, (|Ry| < |Ry|). Then we obtain the following perturbed equation:

FO)(Ry) F'(Ry)R,
0 =0R, pRyVPRy 4+
b+ FO(R )V » VP Ry + SFO)(Ry)
2F(Ry) R, FO)(Ry)
- OR, + 2 RyVPR, + U(RyR 25
SFE ()~ IFO(y) TR T2 () VeV e U R Ry, (25)

UlRY) = FO(Ry)  F®(Ry)?
o) =\ Fa(r,) ~ FO(R,)2
FOR)FO (Ry)Ry,  FUO(Ry) | 2F(Ry)F®(Ry)  FO(Ry)Ry
3F2)(Ry)? 3FQ)(Ry) 3F2)(Ry)? 3F2)(Ry)?

R
)v RyV’ Ry, + 3b

(26)

If we assume R;, and R, are uniform, we can replace the d’Alembertian the second derivative with respect to the time
coordinate and therefore Eq. (25) has the following structure:

0=—0?R, +U(Ry)R, + const. . (27)

Then, if U(Ry) > 0, R, becomes exponentially large with time ¢, we have R, ~ eVU()t and the system is rendered
unstable. We should note, however, that the scalar field in (17) is nothing but the scalar curvature and therefore the
above matter instability occurs when the mass of the scalar field is negative, m2 < 0. Conversely, if we choose F(R)

for large R in such a way, so that the mass becomes positive, m2 > 0, then the instability does not occur.

3. Viable F(R) gravities

Using the previous arguments, we summarize the conditions that need to hold true in order for an F(R) gravity to
be a viable cosmological model, which unifies the accelerating expansion of the present Universe and the early-time
acceleration of the Universe. The first unified inflation dark energy F(R) gravity model appeared in Ref. [140], and
in Refs. [95, 97-99, 302-305], various viable models of F(R) gravity unifying both of the late-time and the early-time
acceleration were proposed by requiring several conditions, which we list here:

1. A condition to generate the inflationary era is given by,

lim f(R)=—A;. (28)

R—
Here, A; is an effective cosmological constant characterizing the early Universe.

2. In order to generate the accelerating expansion of the Universe at present time, the current value of f(R) should
be a small constant,

f(Ro) = —2Ry, f'(Ro) ~0. (29)

Here, Ry expresses the present time curvature Ry ~ (10_336V)2. Note that Ry > RO because we need to take
into account the contribution from matter, since the trace part of Eq. (5) indicates that Ry ~ Ro — K2T patter-
Here, Thatter is the trace part of the energy-momentum tensor of all matter fluids. We should note that the
quantity f’(Ro) needs not to vanish completely but instead it should satisfy |f/(Ro)| < (10733 eV)4. This is
due to the fact that we consider the time scale to be 102713 years.
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3. The last condition is given by

lim f(R) =0, (30)

that is, a flat space-time solution (Minkowski space-time) should exist.

Let us consider the power-law model where F'(R) behaves as
f(R) ~ Fo + F1 R, (31)

when R is large. Here Fy and F) are arbitrary constants. The constant Fy may vanish but F} should not, F; # 0.
Then, the trace equation, which is the trace part of Eq. (5),

3Df/(R) =R + 2f(R) - Rf/(R) - KJQTmatter ) (32)
indicates that,
-1 _ | R when e < 0 or e =2

SRDRT = { (2—¢€)F1R° whene>1ore#2 (33)

We now assume that the Hubble rate has a structural singularity as follows,

h
H~——, (34)
(ts - t)

where hg and 3 are arbitrary constants suitably chosen so that the Hubble rate is real. Then the scalar curvature
R = 6H + 12H? behaves as follows,

12h2
(trt;’% when 8 > 1

R ~ ¢ Ghoti2hn] when =1 . (35)
_Bho __ when B < 1

In Egs. (34) and (35), the case 8 > 1 corresponds to a Type I (Big Rip) singularity, see Refs. [30, 248, 249, 253—
260, 262-271, 306-312]. The case 1 > 8 > 0 corresponds to a Type III singularity, the case 0 > 8 > —1 corresponds
to a Type II, and finally the case 5 < —1 (but 3 # integer) corresponds to a Type IV singularity.

The above classification of the finite-time future singularities was proposed in Ref. [313]. Particularly, the finite-time
singularity classification is the following;:

e Type I (“Big Rip”) : This type of singularity occurs for ¢ — ts5, a — 00, pe — 00 and |peg| — oco. Its
manifestations in various models and theoretical contexts, have been studied in Ref. [313].

e Type II (“sudden”) [275, 276, 314-322]: This type of singularity occurs for ¢ — t5, a — as, pegr — ps and
‘peffl — 0Q.

e Type IIT : This type of singularity occurs for ¢t — t,, a — as, peg — 00 and |peg| — 00.

e Type IV : This type of singularity occurs for t — ts, a — as, per — 0, |per| — 0 and higher derivatives of H
diverge. This also includes the case in which peg (por) or both pegr and peg tend to some finite values, whereas
higher derivatives of the Hubble rate H diverge. This type of singularity was proposed in [313].

Here, peg and peg are defined in Eq. (3).

Substituting Eq. (35) into Eq. (33), one finds that there are two classes of consistent solutions. One solution is
given by 8 =1 and € > 1 (but € # 2), which corresponds to the Big Rip (hg > 0 and ¢ < t5) or Big Bang (hg < 0 and
t > ts) singularity at t = ts. Another solution is € < 1, and 8 = —¢/ (e — 2) (—1 < 8 < 1), which corresponds to the
Type II future singularity. We should note that when e = 2, that is, f(R) ~ R?, there is no singular solution.

Therefore, if we add the above term R?f(R), where limg_,o f(R) = c1, limp_,o0 f(R) = ca to the action of f(R)
and if the added term dominates for large R, the modified gravity part of the F'(R) gravity, namely f(R), behaves
as f(R) ~ R? and the future singularity could disappear. On the other hand, if we add the term it dominates as it
behaves as an R™-term with n = 3,4,5,--- for large R. Then the singularity appears because this case corresponds
to e = n > 1, that is, the case of the Big Rip singularity. In case of 0 < € < 2, the future singularity does not appear
[323].
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In order to avoid the occurrence of a finite-time future singularity, an additional R-term is needed to be added in
the F(R) gravity Lagrangian. The addition of this term was first proposed first in Ref. [324] in order for the Big Rip
singularity to disappear. Furthermore, the R?-term, which effectively eliminates the future singularity, generates the
early-time acceleration simultaneously. In other words, adding the R? term to a gravitational dark energy model, may
lead to the emergence of an inflationary phase in the model as first observed in Ref. [140] and also the singularity is
removed. In Refs. [323, 325-327], it has been investigated that the R?>-term could cancel all types of future singularities.
The R%-term often solves other phenomenological problems [14, 328-331] of F(R) dark energy. Even for the models
of dark energy besides the F'(R) gravity, e.g., the models using the perfect fluid approach or in a scalar field context,
there could often appear a singularity in the finite future Universe, but by the addition of the R2-term, the singularity
can be eliminated [332].

Summarizing the above analysis, in order to obtain a realistic and viable F'(R) gravity model:

1. In the limit of R — 0, the Einstein gravity should be recovered,

F(R 1
}(32)%§. (36)

F(R) — R that is,

If this condition is satisfied, a flat space (Minkowski) is also an solution as in (30).

2. As we will discuss later, there should appear the stable de Sitter solution, which corresponds to the late-time
acceleration, where the curvature is small R ~ Ry, ~ (10_33 eV)Q. This requires that, when R ~ Ry,

F(R)
R2
Here, for, and fyp, are positive constants and n is a positive integer. In some cases this condition may not always
be necessary.

— for — fi (R— Rp)* 2 40 ((R - RL)2”+2> . (37)

3. As we will also discuss later on, the quasi-stable de Sitter solution that corresponds to the inflationary era,
in the early Universe should appear. In this case, the curvature is large R ~ Ry ~ (10'6~19 GeV)2. The de
Sitter space should not be exactly stable so that the curvature decreases very slowly. This requires the following
condition,

F(R) _
R2

Here, for and fi; are positive constants and m is a positive integer.

for— fir(R—Rp)*™ ™ +o ((R - RI)ZmH) . (38)

4. In order to avoid the curvature singularity when R — oo, we may assume that,

F(R) = fR* that is al ](%f) = foo - (39)

Here, fo is a positive and sufficiently small constant. Instead of (39), we may choose

F(R) [%
RZ ke

F(R) = fxR*° thatis (40)

Here, fx is a positive constant and the parameter € satisfies 0 < € < 1. With the condition (39) or (40), the
future singularity can be eliminated.

5. As shown in (20), in order to avoid the antigravity regime, we require the following condition,

F'(R) >0, (41)

2 (m(E0)) > -2, ”

6. By combining conditions (36) and (41), we find

which can be rewritten as follows,

F(R)>0. (43)
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The conditions (1) and (2) indicate that an extra, unstable solution describing the de Sitter space-time always appears
at R= R, (0 < R. < Rr). Due to the fact that the de Sitter solution R = Ry, is stable, the evolution of the Universe
will stop at R = Ry, and therefore the curvature will not become smaller than Ry, which indicates that the extra de
Sitter solution is not realized. An example of such F'(R) gravity is given in [333] (the models in [95, 97, 98] partially
satisfy the above conditions). Also for a study on the constraints of F/(R) gravity coming from large scale structures,
see [334, 335].

We may consider the non-standard non-minimal coupling of modified gravity with the matter Lagrangian [336-338]
(see also [339]),

sz/d4x\/?g{2i2+f(R)Ld}. (44)

Here, Ly is the Lagrangian density similar to that of a standard matter fluid. In a more generalized theoretical
context, we may extend the model of Eq. (44) in the form of an F(R) gravity,

Sz/d%\/fg{ﬂf)

2K

+ f(R) Ld} . (45)

Then by varying of the action (45) with respect to the metric we obtain,

OF(R)
OR

OF(R)
OR

1 OF(R) k2 -
0= ig,uuF(R) - R[Ll/ OR + ?Tma‘cter n oy (46)

- g,uulj

+V,.V,

where TNW is the effective energy momentum tensor defined as follows,
T = — f'(R)R" Lq+ (V'V" — g"'V?) (f(R)La) + f (R)T",

)

We should note that although TH is conserved, that is, V“T“” = 0, in contrast the tensor 7" is not conserved in
general. We can define this model by specifying the Lagrangian density L, to be that of a free massless scalar,

1
Lg = _5.9“”8“92681/(;5- (48)

In the FRW Universe (6), the (¢,¢) component and (i, j) component in Eq. (46) give the following equations,

0=-— @ +3 <H2 + H) F'(R) — 18 (4H2H + HH) F"(R) + x%p, (49)
0 =(TR) - (H + 3H2) F'(R)+6 (8H2H +AH? 4 6HH + H) F"(R) + 36 (4HH + H) F"(R)+x%.  (50)

Here p and p have the following expressions,

5=3 (H2 n H) F(R) Ly — 3HW + f(R)p, (51)
5= (f+302) f(R)La+ & (F(R)La) (f;l(t]f)Ld) +ag S UL (f/(d}:)Ld) + f(R)p, (52)

where p and p are the energy density and the pressure given by 7),,. This model may generate the accelerating
expansion of the Universe, due to the non-trivial coupling of the curvature, although there are problems with geodesics
[340].

As a variation of the F(R) gravity, we may also consider F'(R,T) gravity [341], whose action is given by,

2K2

F(R,T
SF(RrT) = /d4x\/ g( ( ) + Ematter) . (53)

Here T' stands for the trace of some “energy-momentum” tensor 7, in some sense. Then, by varying the action with
respect to the metric, we obtain,

1 OF(R,T)

igWF(R, T)— R, R

OF(R,T)

2
(R o OF(RT) 0T OF(R.T) _ &

- VD v = ——Thatter pv - 4
I TV TSR T agm oT g matter p (54)
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Due to the presence of the term including aag—T, the theory cannot be correctly defined without specifying the metric
»

dependence of T'. Usually, the energy momentum tensor 7},, is given by the variation of some action Sz with respect
to the metric. If the action St is given in terms of the fields, the action (53) can be expressed in terms of the fields
directly. We should also note that due to the existence of the F(R,T) term in the action of Eq. (53), the conservation
of T}, is violated in general. For the FRW Universe (6), the (¢,t) component and (i, j) component in Eq. (54) give
the following equations,

F(R,T)

OF(R,T) PF(RT) 0T OF(R.T)

B . B - ) OF(R,T)
0= B + 3 (H + H) 8R 18 (4H H + HH) 8R2 6gtt 8T K™ Pmatter » (55)
F(RT) ,\ OF(R,T) s ..\ ?F(R,T)
0 =0 = (4 3H2) S n = 6 (SH2H + A2 4 6H T + ) S 02
. N2OF(R,T) 1, 0T 9F(R,T)
36 (4HH + H) 52+ 2g7 Z— " 4 k*Pmaster - 56
+ ( + ) BV + 39 g, 0T + K Pmatt (56)

If we require the conservation laws for 7),,, the additional constraints must be imposed on the model. Furthermore by
imposing additional assumptions just for the solvability of the theory, several solutions have been studied [342-348].

B. Modified Gauss-Bonnet Gravity

We consider another class of models in modified gravity in which an arbitrary function of the topological Gauss-
Bonnet invariant is added to the action of General Relativity. We call this class of modified gravity theory “modified
Gauss-Bonnet gravity”. This class of modified gravity could be closely related with (super)string theory.

1. General properties

The starting action is given by [115, 349-352]:

S = /d“m\/?g (Q;R + f(G) + Emmer) : (57)

By varying the action with respect to the metric g,,, we obtain the following equations of motion,
1 N2 1 Qv 124 1 nv / Qv
0 =9, —RM + 29 R ) + Thatter + 29 f(G) —2f(G)RR

AL (G, RY — 2f (GYRMTRY,, — Af(G)RMT Ry +2 (VI '(G)) R

= 29" (V2f'(G)) R~ 4(V,V'f'(G)) R" — 4(V,V" () R**

+4(V2f(9) B* + 49" (Vo Vo f/(G) R = 4(V, Vo f(G)) R (58)
We should note that Eq. (58) does not contain higher-derivative terms, that is, the terms including third or higher
derivatives.

For the FRW metric with spatially flat part (6), we obtain the equation corresponding to the first FRW equation
as follows,

0= —%HQ — [(G)+Gf'(G) = 24Gf"(G)H? + pmater - (59)

In the FRW Universe (6), the Gauss-Bonnet invariant G has the following form: G = 24 (H 24+ H 4).
If the EoS parameter w = pmatter/ Pmatter 1S & constant, by using the conservation of energy equation:
pmatter +3H (pmatter + pmatter) = 07 (60)

we find that p = poa=3( %), If the function f(G) is given by,

F©) = folgl” . (61)
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in case 8 < 1/2 and in the small curvature regime, the f(G) term becomes dominant and we can neglect the Einstein
term. Then Eq. (59) has the following solution,

a=apt"® when hy >0, a:a()(ts—t)h0 when hg <0,

18 N ; S
301w "0 | (e 1) po A (LR} (o — 14 45) . (62)

Then we find that the EoS parameter weg in (4) is smaller than —1 if 8 < 0, and for w > —1, weg is given by,

ho =

2 1+w
wegz—1+3—hoz—1+;—ﬁ, (63)
which is again smaller than —1 if 8 < 0. Thus, in the case § < 0, we obtain an effective phantom evolution with
negative hg, even if w > —1. One could presume that in the phantom phase, a Big Rip singularity could occur at
t = ts. Near this Big Rip, however, the curvature becomes large and the Einstein term dominates, hence the f(G)
term can be neglected. This indicates that the Universe behaves as a = agt?/3(“*+1) and the Big Rip singularity does
not appear. Therefore the phantom era is transient regime.

We may consider the case that 0 < 8 < 1/2. In this case, the phantom phase does not appear because 3 is
positive. When the curvature is large, since the f(G) term in the action (57) can be neglected, the theory can be
approximated by the Einstein gravity solely. Then, if w is positive, the matter energy density pmatter Should behave as
Pmatter ~ £ 2, but f(G) goes as f(G) ~ t~4. At late times, so at large ¢ values, the f(G) term may become dominant
compared with the Lagrangian density of matter. Then by neglecting the contribution from matter, Eq. (59) has the
de Sitter Universe solution. Even if we start from the deceleration phase with w > —1/3, the asymptotically de Sitter
Universe emerges. Correspondingly, a transition from deceleration to acceleration of the Universe occurs. We may
also construct a model which can describe both the inflation and a late-time accelerating expansion of the Universe
in a unified way.

We now consider the correction to the Newton law. Let g(g) be a solution of (58) and we express the perturbation of
the metric as g, = g(oyur + hyuw- First, we consider the perturbation around the de Sitter background, whose metric
is taken as g(g),,- Then, the Riemann tensor is equal to

Ro)upe = Hi (90)up90wa = 90)uod0)p) - (64)
We may impose the following gauge condition: géLO”) hyw = Vé‘o)hw = 0. Then by using Eq. (58), we find

1

0=gal

v2h;w - 2H§h;w) + Tmatter 2 (65)
Then we find that the contribution from the Gauss-Bonnet term does not appear except in the length parameter
1/Hy of the de Sitter space, which is determined by taking into account the Gauss-Bonnet term. This could be due
to the topological structure of the Gauss-Bonnet invariant. From Eq. (65), we find that there is no correction to the
Newton law in the de Sitter space and also in the flat background, which corresponds to the limit of Hy — 0. This
property does not depend on the form of f. In the case of F(R) gravity, significant corrections appear in the Newton
law in 1/R gravity, as was shown in Refs. [353], which conflicts with the observations coming from the solar system.

We now consider the relation between the modified Gauss-Bonnet gravity and the scalar-Einstein-Gauss-Bonnet
gravity. By introducing two auxiliary scalar fields, A and B, we can rewrite the action (57) as follows,

1
S = /d4x\/ —g (2/{2R + B (g - A) + f(A) + ﬁmatter) . (66)
By the variation of the action (66) with respect to B, we obtain A = G. By substituting the expression into (66), the

action (57) is reobtained. On the other hand, the variation of the action (66) with respect to A in (66), we obtain
B = f’(A). Then we rewrite the action (57) as follows,

1
5= [dova (gah+ F0G - AF )+ ) (67)
By varying the action (67) with respect to A, we reobtain the relation A = G. The scalar field A in (67) is not

dynamic because there is no kinetic term for A. We may add, however, a kinetic term for A to the action by hand as
follows,

S— /d4x¢fg (2,121% ~ £0,A0" A+ J(A)G — AF(A) + f(A)) . (68)
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Then the resulting theory is a dynamical scalar theory coupled with the Gauss-Bonnet invariant and with a potential,
which is the scalar-Einstein-Gauss-Bonnet gravity. In general, the scalar-Einstein-Gauss-Bonnet gravity has no ghosts
and is stable. This model is related to string-inspired dilaton gravity, which was also proposed as an alternative model
for the dark energy problem [354-356]. Then, since we can obtain the limit of € — 0 smoothly, the corresponding
f(G) theory could not have any ghost and could be stable.

C. String-inspired Gravity

Superstring theory is a ten dimensional space-time theory. Since the observed space-time looks four dimensional,
superstring theory was equipped with a scenario which describes the compactification from ten dimensions to four.
The compactification technique makes use of many kinds of scalar fields, which are known under the names “moduli”
or “dilaton”, and these scalar fields are coupled with the curvature invariants. We now neglect the moduli fields
associated with the radii of the internal space and we only consider the following action of the low-energy effective
dilaton string theories. The general action of the theory is given by,

R
S:/d4.’1}\/—g|:2+£¢+£c+... . (69)

In the above equation, ¢ is the dilaton field, which is related to the string coupling, L4 is the Lagrangian of ¢, and
L. expresses the string curvature correction terms to the Einstein-Hilbert action,

Ly=—0,00"'p—V (o), L.= cla’eQ%L'gl) + ci,e4%££2) + 030/366%[:((:3) : (70)

In addition, 1/a/ is the string tension, Ef;l), 59, and ££3) express the leading-order (the Gauss-Bonnet term G), the
second-order, and the third-order curvature corrections, respectively. The Gauss-Bonnet invariant G, which is defined
by

G =R? 4R, R"™ + R,,¢, R"*° . (71)
The explicit forms of the terms Egl), ££2) and c&” are given by,

5
L =0y, L£P =203+ RYRRN LP = L5 —0uLls — 73533 . (72)

()
Here, g and §y equal to 0 or 1 and

Qy =G,
Q3 OCG:U'VPUTWEH/V/'D/O./T/"/Ruyy/y/Rpf’g/Ran’n/ ’
v, do o
L3 :<(3)RWPUR o8 (ngﬁRcw - 2RH%QR57 ) ’
Lap =% (RppasRo8)? 1 Lp 6 pop asp w1
32—§(waﬁ )+1 po s e e = Sl
2 roo v o (e}
£33 = (RILVOCIBRMVQB) - ].ORMVQ/BRM Rgf\/épRﬂnﬂ;p - RuyaﬁRM gRB 'Y‘SR&YP . (73)

6 0
R,PR R R —R, R VR, OR 1

The values of 0 and é depend on the type of string theory. The dependence is encoded in the curvature invariants,
in the coefficients (¢, ¢2, ¢3) and finally in the parameters dg, 05, as follows,

e For the Type II superstring theory: (¢1,ce,c3) =(0,0,1/8) and g = dp = 0.
e For the heterotic superstring theory: (c1,c2,c3) = (1/8,0,1/8) and iy = 1,65 = 0.
e For the bosonic superstring theory: (c1,ca,cs3) = (1/4,1/48,1/8) and dy = 0,55 = 1.

Motivated by the string considerations, we now consider the theories of the scalar-Einstein-Gauss-Bonnet gravity®
based on [354, 358]. It was first proposed in Ref. [354] to consider the scalar-Einstein-Gauss-Bonnet gravity as a
gravitational model of the dark energy.

3 For pioneering work on the scalar-Einstein-Gauss-Bonnet gravity, see [357].
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The starting action is given by,
R 1
5= [dova |5 - 50,000~ V(o) - €(0)0] ()

Here, we do not specify the forms of the potential V' (¢) and the Gauss-Bonnet coupling £(¢), which could be determined
by the non-perturbative effects in string theory (70). We should note that the action (74) is given by adding the
kinetic term for the scalar field ¢ to the action of the f(G) gravity in the scalar-tensor form (67) or by putting A = ¢
and € = 1 in (68).

By varying the action (74) with respect to the metric g,,,, we obtain the following equation,

(
( R4 3R+ 50%000 - 100,000 — Lg" V(o)
2

2(VIVE(9)) R — 29" (V*E(9)) R — (VpV“§(¢))R”” —4(V,V¥E(9)) R
+4 (V2 (9)) B + 49" (V,V4€(9)) R +4(V,Vo&(0)) R*7 (75)

where we have used the following identity which holds true in four dimensions: 0 = %g‘“’g — 2RRM — ARV R"P —
2RMPOTRY, .+ 4RMPYT R,r. We should note that in Eq. (75), the derivatives of curvature such as VR, do not appear,
which tells that the derivatives higher than two do not appear.

This situation is contrasted with a general aR? + SR, R*" + YR .50 R*F7 gravity, where fourth derivatives of g,
appear in general. This tells that for the classical theory, if we specify the values of g,, and g,, on a spatial surface
as an initial condition, the time dependence is uniquely determined. This situation is similar to the case in classical
mechanics, where we only need to specify the values of the position and of the velocity of particle as initial conditions.
On the other hand, in general aR? 4+ SR, R + YR, - R*P° gravity, as initial conditions we need to specify the
values of §,, and ¢ ,, in addition to g,., §.. in order to obtain a unique time evolution. In the Einstein gravity, we
only need to specify the values of g, and g,,,. This may tell that the scalar-Gauss-Bonnet gravity could be a natural
extension of the Einstein gravity.

In the FRW Universe (6), Egs. (75) have the following form,

3 dg(o(t))

1.
=— SH*+-¢° 24H?
0 o +2¢ + V() + T (76)
Loy 1. d*¢(4(t)) + dE(o(1)) de((t)
=— (2H +3H?) + =¢* — —8H*— -~ —16HH =~ — 16H* >~
0=z (2 +3H2) + 56— V(o) - sH* = 0 i O (77)
In particular when we consider the following model inspired by string theory [354],
_2¢ 2¢
V=Voe %, &(¢)=Eoeo, (78)
we find that the solution which describes the de Sitter space is,
H2=pf2=-2" =
0 860/432 9 ¢ ©o , (79)

where g is an arbitrary constant. When ¢y is larger, the Hubble rate H = Hy is smaller. Then in the case § ~ O(1),
if we choose pg/¢o ~ 140, the value of the Hubble rate H = Hy becomes consistent with the observations of the
current Universe. There is also another exact solution for the model (78) which is,

h

t
H:70, ¢ = ¢oIn— when ho >0,
1

ho

H=- ,
ts —t

ts —1
¢ =¢oln ; when hy < 0. (80)
1

Here the constant hg is determined by solving the following algebraic equations:

3h3 480} 480
0:—7+@+v0t§f ng, 0= (1—3ho) ¢ + 2VotT + fgo(hofl). (81)
1 1

We can realize an arbitrary value of hg by properly choosing the values of Vj and &. By appropriately choosing
Vo and &, it is possible to obtain a negative hg, which corresponds to an effective phantom regime, where the EoS
parameter (4) is less than —1, weg < —1. We should note that the phantom era cannot be realized by a canonical
scalar in the usual scalar-tensor theory without the Gauss-Bonnet term.
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D. F(T) Gravity

As a gravitational theory besides Einstein’s general relativity, we may consider “teleparallelism” with the
Weitzenbock connection, where the torsion 7' is used as a fundamental ingredient instead of the curvature R, de-
fined by the Levi-Civita connection [359-365]. In order to explain both of the inflationary era and the accelerating
expansion of the current Universe, we may consider a model whose Lagrangian density is extended to be a function
of T as F(T) [146, 363, 366-392], from the teleparallel Lagrangian density given by the torsion scalar T instead of R
in the Einstein gravity.

In contrast to other modified gravity theories studied in this review, the F(T') gravity theory does not have the local
Lorentz symmetry in general. Particularly, the torsion is not invariant under the local Lorentz transformation. This
is due to the fact that we start with globally defined vierbein fields and in effect, the theory depends on the choice of
the vierbein even if the metric induced from the vierbein is identical. In the case of general relativity for example, we
cannot define the vierbein field globally in general, because there is a curvature for the local Lorentz symmetry. The
exception to this rule is the case that the action is linear to the torsion T. The difference from the Einstein-Hilbert
action, when we write the action in terms of the vierbein, is a total derivative and therefore the symmetry is enhanced
in this case, and the action becomes invariant under the local Lorentz transformation. Although the torsion is not
invariant under the local Lorentz transformation, the torsion is invariant under the global Lorentz symmetry. The
global Lorentz symmetry is the symmetry of the tangent space of the space-time manifold. Therefore, if we choose
the vierbein to be diagonal, the space-time has the Lorentz symmetry, which is inherited from the global Lorentz
symmetry. The lack of the local Lorentz symmetry, however, generates some difficulties. For example, we cannot
consistently couple the spinor fields with F/(T') gravity, and therefore the model cannot be realistic.

We need to note that the lack of the local Lorentz invariance is a crucial difference between F(R) gravity and F(T')
gravity, as it was explained in [361]. Particularly, when the standard formulation of F(T') gravity is used, the Lorentz
invariance is absent or strongly restricted, since the spin connection vanishes. The latter assumption makes the theory
simpler for the derivation of solutions, at the expense of having local Lorentz invariance violation and therefore the
theory is frame dependent. The Lorentz violation issue can cause serious complications in the theory, which may
become apparent when spherically symmetric solutions are discussed. The only way to construct a Lorentz invariant
F(T) theory is to impose covariance in the formulation, where both the vierbein and the spin connection are used,
in which case the resulting connection makes the theory covariant, see for example [393]. However, for the FRW
space-time, the absence of local Lorentz invariance is not an important issue, so for the sake of simplicity we shall use
the standard formulation of F/(T') gravity.

In the context of F(T) gravity, it is possible to explain the late-time acceleration of the Universe [146, 366, 367, 370,
380, 384, 394-401], but there exist also local astrophysical solutions, and various metric solutions, see for example
[373, 375, 379, 385, 390, 402]. Finally for inflationary, bouncing cosmology and perturbation evolution studies, see
[368, 369, 374, 381, 388, 391, 403-405].

We shall use the orthonormal tetrad components e4(z*) for the teleparallelism theory analysis. We assume that
the index A runs over 0, 1, 2, 3 for the tangent space at each point z* of the manifold and e’; form the tangent vector
of the manifold. The relation with the metric g"” is given by g,,, = 74 Beﬁef . The torsion 7, and contorsion K}
tensors are defined as,

1
— A A v v v v
T",, = e (Oue) — dueyy) K”p:—i(T“p—T h—T,"). (82)
Furthermore the torsion scalar T is defined by [360, 363],
v | Zg— 1 v (677 v 63
r=smMT,, S}t :§(K“p+5;jTa—§pT ") (83)

Then the action of the modified teleparallel gravity describing F'(T') gravity [367] is given by,

5= [ e [F @ , ,cmm] . (4)

2K2

Here |e| = det (el‘f) = /=g. Upon variation of the action Eq. (84) with respect to the vierbein vector field e’y we
obtain, [366]

KZ2

1 v v v 1 v v
O (e ) [ = eAT! S+ S L0, Tf" + 164F = S Tmasier,” - (85)
We consider the FRW metric with flat spacial part (6) and then we find the tetrad components e,’j = diag (1, a,a,a),

which yields g,, = diag (17 —a?, —a?, —a2). Then we find that the torsion scalar T is given by T = —6H?2. In the flat
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FRW background (6) , Eq. (85) takes the following form,

3 1 :
?HZ = Pmatter + PDE E (H2 + H) = Pmatter + PDE (86)
where,
1 , 1 / " T /
pos = 5.5 (“T = f+2Tf) , pow =55 (4= 4f ~STf")H - T~ f+27f) . (87)

We should note that ppg and ppg in Eq. (87) satisfy the standard continuity equation
0 = ppE + 3H (ppE + PDE) - (88)
In the vacuum case, that is when ppatter = Pmatter = 0, since T' = —6H?, the first Eq. (86) gives
O=—f+2Tf, 0=f+2Tf", (89)

which can be integrated and we obtain,

[N

HT) = fo(T)2, (90)

where fj is a constant. Therefore, the only consistent F'(T') is uniquely given by (89). On the other hand, if F(T)
is given by (90), Egs. (86) can be satisfied regardless of what the choice of H is, which indicates that an arbitrary
cosmological evolution can be realized by (90). There are many works related with F(T") gravity and several solutions
have been found, see for example, [361, 378, 379, 395, 402, 406—411].

E. Massive F(R) Gravity and Massive Bigravity

In the gravity models we presented in the previous sections, the accelerating expansion of the Universe is achieved
by the condensation of scalar quantities. If there could occur the condensation of a vector field, and especially of
the spatial components of the vector field, the isotropy of space could be broken and therefore the theory would be
rendered inconsistent. Besides the case of a scalar quantity condensation, the condensation of a rank-two symmetric
tensor field, does not always break the isotropy of space, if the spatial components of the tensor field are proportional
to the spatial components of the metric tensor. Usually the rank-two symmetric tensor field corresponds to spin-two
particles. Since the massless mode cannot condense, we need to consider a theory of massive spin-two particles, which
could be regarded as massive gravitons. Since the typical scale of the accelerating expansion of the present Universe
is about 10733 eV, it is natural to expect that the mass of the massive graviton would be almost 10733eV. Since
the mass is so small, we may naively expect that the interaction of the massive graviton could not be changed from
that of the standard massless graviton, although the situation is not so simple because the degrees of freedom of
the massless spin-two particle are two, which corresponds to the helicity, but the degrees of freedom of the massive
spin-two field are five. There is a very long history in the study of the massive spin-two particles. The free theory was
found by Fierz and Pauli in 1939 [412]. It was soon found that if the massive spin-two field couples with the matter
fields as in the Einstein gravity, the extra three degrees of freedom do not decouple, because their coupling with
matter diverges in the massless limit, which is called as vDVZ discontinuity [413, 414]. It was found, however, that
the extra three degrees of freedom can be screened by the Vainshtein mechanism [415] if we introduce a non-linearity
as in the Finstein gravity case. The non-linearity, however, generates an extra degree of freedom, which is a ghost
called the Boulware-Deser ghost [416]. The symmetric tensor field has ten components in four dimensions. In case of
the Einstein gravity, the re-parametrization invariance removes four degrees of freedom and one lapse function and
three shift functions give in total four constraints and therefore only two degrees of freedom, corresponding to the
helicity remain. In the case of the massive graviton model by Fierz and Pauli, the three components corresponding
to the shift functions can be solved with respect to other components and the component corresponding to the lapse
function becomes the Lagrange multiplier field, which is not dynamical and gives one constraint, and therefore there
remain five degrees of freedom. If we introduce the non-linearity in the theory, however, the shift function does not
become the Lagrange multiplier field but the shift function is solved with respect to other components and does not
give any further constraint.

Then there appears one extra degree of freedom, which corresponds to the Boulware-Deser ghost. After that, there
had not been much progress in the study of the massive gravity for a long time until the dRGT model [417, 418] was
found. In the formulation of the dRGT model, it becomes clear how we can introduce the non-linearity to keep the
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shift function to be the Lagrange multiplier field and therefore there does not appear any ghost. It is possible if the
massive spin-two particle coupled with the standard gravity, which is called as bigravity and even in this model, the
ghost does not appear [419]. For the general review on the massive gravity, see [420] and for a more recent review,
see [421].

In the massive gravity, the same cosmological constant is replaced by the small mass of the massive graviton.
Therefore, the problem of the cosmological constant is never solved, but we need to explain the unnaturally small
mass of the massive graviton. The massive gravity model could be, however, a low energy effective theory, because the
unitarity is broken in high energy regime, even for the dRGT model. Therefore, the small mass might be explained
by a more fundamental theory. Another problem could be that it is difficult to generate the accelerating expansion
of the Universe only by the massive gravity theory or the bigravity theory. Then we need to extend the models to
the F(R) gravity form in the way we demonstrate in the present section. By such an extension, however, we need to
introduce more small parameters beside the graviton mass and therefore the situation of the cosmological constant
problem becomes much more complicated than in the standard ACDM model. In spite of such difficulties, we may
expect that a more fundamental theory could solve the problem and the study of the F(R) extension we present in
this section may provide new hints for the more fundamental theory.

Now we consider a model of massive gravity which is an extension of F'(R) gravity, whose action is given by,

4
Smg = M; | d*z/=detg F (R‘” + 2m” / dizy/=detg > Buen (V g—lf)> + Stmatter - (91)
n=0

Here R is the scalar curvature for g and f,, is a non-dynamical reference metric. We define the tensor /g=!f
2 p
by the square root of g"* f,,, (\/g—lf) (\/g—lf) = g"? f,,. For a general tensor X*,, we define the quantities
P v

en(X)’s as follows,

e(X) =1, e(X)=I[X],
= L((X]® - 3[x][X?] + 2[X?)),

) e2(X) =
)

ea(X) = 37 ([X]" = 6[X]?[X?] + 3[X*)* + 8[X][X?] - 6[X7])
)

([x72 = 1x7)),

1
2
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er(X)=0 fork >4. (92)

Here [X] expresses the trace of arbitrary tensor X#,, [X] = X#,.
In the following, just for simplicity, we only consider the minimal case, where,

2m? i B en (\/gflf) = 2m? (3 —try/g~1f + det \/gflf) . (93)
n=0

Then the equation motion which are obtained from the action when it is varied with respect to the metric, have the
following form:

0=M? (;ng (79) = ROF (R9) +9,9,F (R9) - g, 72F (R<g>)>

+m2M2F (R<9>) {;f,m (\/gflf)_lp o+ %fyp (\/gflf)

—1

P 1
— 9uv det V glf} + iTmatter 172 (94)
°w
Here,

RO = RO 1 o2 (3 —try/g 1 f + det ﬁ) : (95)

Now the covariant derivative V, is defined, as usual, in terms of the Levi-Civita connection defined by the metric
guv- In this section, we do not use the covariant derivative with respect to the metric f,,. First we observe that,

v (;%»F (R(g)) ~ RYF (f{(g)) +V, VL F (R(g)) — G V2F (R(@))

=m?F’ (R(g)) d, (—tr Vg~ f + det \/gflf) , (96)
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which can be obtained by using the Bianchi identity 0 = V# (%gwR(Q) — R,(Lg,,) ) By multiplying the covariant

derivative V# with respect to the metric g with Eq. (94) and using the conservation law 0 = V*Tatter uv, we find
the following equation,

0=F' (R(g)) 0, (—tr Vg~ f + det \/gflf)
o () {10 () b (V7)™ i)
o (R@) 2 {;fﬂp (\/ﬁ)_lp o+ %fup (\/ﬁ)_lp . G et \/glf} : (97)

We consider that the metric g,, is the flat FRW Universe and flat Minkowski space-time for f,,,. We also use the
conformal time ¢ with metric g, as follows,

3 3 3 3

= 3 gtstas” ol (-t (0 ) 0= 3 fstart < a3 o
p,v=0 i=1 w,v=0 i=1

Then, although the v =i component in (97) is trivially satisfied, the v = ¢ component gives the following equation,

0=0 (74a71 + a74) F’ (é(g)) + ((fl — a74) O F' (R(g)) =a"%9, {F’ (R“”) (a3 — 1)} ) (99)

which further gives a constraint,

F'(R9) (@ -1)=C. (100)

Here C is a constant. By using Eq. (100), we can determine the form of F’ (R(g)). For a given evolution of the scale
factor a = a(t) with respect to the time, we can find the ¢-dependence of R(9), R(9) = R(9)(t). This equation can be
solved with respect to ¢ as a function of R, t = ¢ (R(9)>. By using the obtained expression and Eq. (100), we find

the following form of F”’ (R(9)>,

F (RW - ¢ : (101)

a(t (7)) -1

We should note that as we show shortly, the time evolution of the scale factor a = a(t) cannot be arbitrary. Furthermore

F’ (R(g)) diverges when the scale factor a goes to unity.

In the FRW metric with conformal time in (98), the (u, v) = (¢,t) component in (94) has the following form:

1 - . - - . ~ 1
0=—5a7%F <R<9>> +3HF (R<9>) — 3HO,F' (R<9>) +(~a+ad)F (R(9)> + gzt (102)
and the (p,v) = (i,7) component gives,
1 . - : . . - ~ 1
0= 5072F (R) — (H+20) F'(R9) + (0} + HO,) F' (RV)) = (—a+a™*) F' (R) + Pt (10)
By combining Egs. (102) and (103), we obtain,
) - - 1
0 =2 (H — H2> F, (R(Q)) + (8? - 2H8t) F/ (R(q)) + @ (pmatter + pmatter) . (104)

In contrast to the Einstein gravity case, Eqs. (102), (103), and the conservation law (60) are independent equations.
Note that the form of the conservation law in terms of the conformal time is not changed from that in terms of the
cosmological time. We now treat Egs. (100), (104), and the conservation law (60) as independent equations. By using
Eq. (100), we can rewrite Eq. (104) as,

[ (~a® = a®+2) + H (13a° + Ta* - 2) } €

0= +
(a3 —1)° 2M?2

(pmatter + pmatter) . (105)
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This equation (105) describes the dynamics of the Universe, which does not depend on the form of F (]:Z(g)).

Since it is difficult to solve (105) explicitly, we consider the following three cases, that is, a) The a — 1 case, b) The
a > 1 case, ¢) The a < 1 case. In the following, for simplicity, we consider the case that the matter has a constant
EoS parameter w.
a) The a — 1 case. By putting a = 1 + da and by using (105), we find,

0~ —9H + 18H? ~ —96ida + 18 (6a)* = —9 (6a)® — ( ba ) , (106)

which can be solved as,

O

- , 107
=G (107)

Here we denote the constants of integration by C7 and Cs. By using Eq. (107), we find that the limit ¢ — 1 (da — 0)
is realized in the infinite past or future in conformal time, ¢ — +o0.
b) The a > 1 case. In this case, we can approximate Eq. (105) as,

. 1
0~ Ca™3 (—H + 13H2) + $p0a—3<w+” . (108)

1. The pg = 0 case. In this case, we find that the solution of (108) is,

1
H= TEIek (109)

This solution describes a phantom Universe which has a Big Rip singularity at ¢ = ¢y, because we assume a > 1.
2. The pg # 0 case. In case w # 0, we find the following power law solution,
a = agts . (110)
Here ag is given by solving the following equation,

2C 26 w41 _4
=— 14+ — oo . 111
0 ( + 3w) + 5 %0 Po (111)

3w
On the other hand, for the case w = 0, we obtain a solution describing the de Sitter Universe:

o
H? = 2. 112
26C (112)

This could be interesting because the accelerating expansion of the present Universe can be realized by dust,
which could be identified with cold dark matter. Then we find

sePo ~ (107 eV)? . poa® ~ (1073eV)" . (113)

¢) The a < 1 case. We find the approximated form of Eq. (105) as follows,
. 1
0=—20 (- 1)+ %poa*?’(wm . (114)

1. The pg = 0 case. The solution is given by,

1

= — 115
— (115)

with ¢y being a constant of integration . The expression (115) is valid when ¢ — 400 because we are assuming
a < 1. Then, regardless of the form (115), there does not always occur a Big Rip singularity.
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2. The pg # 0 case. The solution of Eq. (115) is given by,

a = agtT@D . (116)

The constant ag is given by solving the following equation,

4C 2 w+1 _4
_ 1 o . 11
0 3(w+1)< 3(w+1))+ g o o (117)

Then we find that the qualitative behavior is similar to the Einstein gravity coupled with matter having a
constant EoS parameter w.

Just for comparison reasons, instead of the model in Eq. (91), we may consider an F'(R) gravity extension of massive
gravity proposed in [422], whose action is given by

4
Smg = Mg /d4x - detgF (R(g)) + 2m2M§/d4x \ detg Z Bn €n (\/ g_lf) + Smatter . (118)
n=0
For simplicity, we only consider the minimal case in the following, so as in (93) we have,

Smg = Mg d*zy/—detg F (R(g)) + 2m2Mg2 d*z\/—detg (3 —try/g—1f +det \/gflf) + Smatter » (119)

Then upon variation with respect to the metric g,,,,, we find,
1
0 =M (Qg,wF (R9) — ROF (R9) +9,9,F (RD)) - g, 9F (R<9>)>

—|—szg2 {g,w (3 —tr \/9_71f) + %fw (\/g_ilf)ilp v + %fy’) (\/g_ilf)ilp u} * ; matter (120)

2

Then, instead of Eq. (96), we have the following equations,
0=Vv* @ guF (R9) = ROF (R9) + V,V,F' (R?) - g, V2F' (R<9>)) : (121)
and
1 —1p —1p
0= —gu V" (trV/g1f) + 5 V" {fup (Vo 5) "+t (Vo TF) u} : (122)

which corresponds to Eq. (97). We choose the g, metric to describe the FRW Universe and the metric f,,, describing
a flat Minkowski space-time and also we use the conformal time ¢ as in Eq. (98). Then the (¢,¢) component of (120)
has the following form,

O = —3M§H2 — 3m2M92 ((12 - a) + Pmatter » (123)

and (4, j) components are given by,
0= M2 (207 + H2) + 3m2MZ (® = @) + Prnavicr- (124)
On the other hand, Eq. (122) gives the following constraint:
a
- =0. 125
’ (125)

In contrast to Eq. (100), the identity (125) shows that a should be a constant a = ag. This indicates that the only
consistent solution for g, is the flat Minkowski space. Therefore, we cannot obtain the expanding Universe without
extra fields and/or fluids.

Before we close this section, we also review in brief the construction of ghost-free F(R) bigravity by following
Ref. [423]. The consistent model of bimetric gravity, which includes two metric tensors g,,, and f,,, was proposed in
Ref. [419]. This model contains a massless spin-two field, corresponding to graviton, and also a massive spin-two field.
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The gravity model which only contains the massive spin-two field is called massive gravity but now we consider the
model including both the massless and massive spin-two field, which is called bigravity. The Boulware-Deser ghost
[416] does not appear in such a theory.

We start with the following action,

Shi :Mg/d‘laz\/—deth(g) +M§/d4x\/—detfR(f)
4
+2m2Mezﬁ/d4x\/—dethﬁn én (\/g—lf) . (126)
n=0

Here R is the scalar curvature for Juv again and RY) is the scalar curvature for fuv- The massive parameter Mg
is defined by,

Miﬂz = ]\;3 - ]\% . (127)
Furthermore, the tensor \/ﬁ is defined by the square root of g"” f,, again.
In order to construct a consistent F'(R) bigravity, we add the following terms to the action (126):
Sp=—M; / d4WTetg{;9“”8wayw + v(@} * / ' Lonasier (€2 Gy, :) (128)
Se = — M7 / d4x\/Tetf{§f“”8M§8V§ + U(g)} . (129)

By using the conformal transformations g,, — e’“”gfw and fu, — e’gfiy, the total action Sgp = Sui + S, + S¢ is
transformed as follows,

Sp =M} [ d'zy/=det f1 {e R — e 2U(g) |
4
Ry Reerrrd SERESla N ()
n=0

+ Mg2 d*zy/—det ¢’ {e_wR‘](-") - 6_2“"/(90)} + /d4xﬁmaner (9;]“,,(1)1-) . (130)

Then the kinetic terms for ¢ and £ vanish. By the variations of the action with respect to ¢ and &, as in the case of
convenient F'(R) gravity [140], we obtain,

4
0 =2m>MZ% S Bn (g - 2) e(5-2)e-3¢, (\/gJ_lfJ) + M2 {—e-vR“g) + 2072V () + e—%v'(ga)} . (131)
n=0

4

0=—2m’M% Y B”T“e(%*)w%fen (\/gJ_lfJ> + M3 {—e—fRJW + 207 %U(€) + e-QfU'(g)} . (132)

n=0

Then, Egs. (131) and (132) can be solved algebraically with respect to ¢ and € as ¢ = @ (RJ(Q), R e, <\/ ngfJ>)

and £ = ¢ <RJ(9), R e, ( gJ_lfJ)>. Substituting the ¢ and ¢ we found above, into (130), one gets the F(R)

bigravity which is described as follows:

Sr :MJ% dix/— det fJF(f) (RJ(9)7RJ(f),en (1 /ngfJ>)
4
+2m2 M2 / d*zy/—detg Z ﬁne(%d)“’(RJ(g)’e"(V nglf‘I))en ( ngfJ>
n=0
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F(9) (RJ(g),RJ(f),en (, /ngfJ>> - {e«P(R"‘“%R""(f'%en(\/W))Rxg)
2o (RO R e, (VO T (<P (RJ(g),RJ(f)’en (W)))} 7

f (RJ(9)7RJ(f)7€n (, /gJ—lfJ>> _ {e—g(Rum,Rmen(\/gJ—lfJ))Rch)
7e_2£(RJ(g)7RJ(f))en (\/nglfJ))U (5 (RJ(Q),RJ(f)76n < g‘]_lf‘]>))} .

(134)

Note that it is difficult to solve Egs. (131) and (132) with respect to ¢ and £ explicitly. Therefore, it might be easier
to define the model in terms of the auxiliary scalars ¢ and £ as in Eq. (130) (for details see [424]).
In Ref. [425], another kind of non-linear massive F'(R) gravity has been proposed. The action is given by,

4
Smg = M2 [ d'a/~detg F (R‘-‘” dom? [ day/=detg Y fuea (V g-lf)) + Satter (135)
n=0

In this action, f,, is a non-dynamical reference metric. By using the Hamiltonian formulation in the scalar-tensor
frame, it has been shown that this kind of F'(R) theory is ghost-free.

F. Mimetic F(R) gravity

Mimetic gravity is a modified gravity theory for which the conformal symmetry is respected as an internal degree of
freedom [426] (for its generalizations, see [427-431]). The terminology mimetic gravity firstly appeared in Ref. [426],
and since then, several works were devoted on mimetic gravity in various contexts, see the recent review [432]. For
example in Ref. [433], see also Refs. [434-437] the generalization of mimetic gravity in the context of F(R) gravity
was performed and in Refs. [438-441] the mimetic gravity extensions of various modified gravity models were studied.
In Refs. [442-448] several cosmological applications of mimetic gravity were studied in various theoretical contexts.
In addition, in Refs. [449-453] various astrophysical solutions in mimetic gravity were presented. Finally for some
late-time applications of mimetic gravity, see [454, 455] and for some more involved mimetic unimodular gravity
models see [456, 457].

Although we usually regard the metric g, as a fundamental variable of gravity, in the case of mimetic gravity, the
metric is expressed in a different way by using new degrees of freedom. We may consider the variation of the action
with respect to the new degrees of freedom and the obtained equation may admit a new or wider class of solutions
compared with the equations given by the variation with respect to the metric g,,,. In the case of mimetic gravity,
we use the following parametrization of the metric,

Guv = 7gpaap¢aa¢g/wa (136)

and we consider the variation with respect to g,, and ¢. Since the parametrization is invariant under the Weyl
transformation g, — e (@) Juv, the variation over g, gives the traceless part of the equation. In fact, in case of the
Einstein gravity, whose action is given by,

/d4 T/ — gum(b ( gw,gb +£matter> ) (137)

the variation with respect to g, gives the traceless part of the Einstein equation:

. . . R
0= R (G, 9), + 59 G 0),, B (Gpuv, 9) + 52Ty + 0,00, 0 (R (Guv, ) + £°T) . (138)
Here T is the trace of the matter energy-momentum tensor T}, T' = g (guv, $)"" Tp. Eq. (136) shows
g (g/un gb)lﬂ’ au¢8u¢ =-1. (139)

Usually, the variation with respect to the Weyl factor in the metric gives the equation for the trace part, that is, in
the case of the Einstein gravity, R + 2T = 0, but due to the parametrization in Eq. (136), the variation with respect
to ¢ gives,

0=V (9 9),) " (06 (R (G 0) + 5°T)) (140)
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Note that V, is the covariant derivative with respect to g,,. Eq. (140) shows that there can be a wider class of the
solutions in the mimetic model, compared with the Einstein gravity. In fact, Eq. (140) effectively induces dark matter
[426], which will be discussed in the following section for the case of the F(R) extension of the mimetic model. We
should note that in Eqgs. (138) and (140), §,. appears only in the combination of g, in (136) and therefore §,, does
not appear explicitly.

Now we discuss the mimetic F(R) gravity which was developed in Ref. [433]. This theory seems to be a ghost-free
theory, like the conventional F'(R) gravity, and in addition, it is a conformal invariant theory. In the literature it
was shown how early-time and late-time acceleration of the Universe, can be realized in the context of mimetic F'(R)
gravity [434]. Also it was shown that an inflationary era which can be consistent with the current observational data,
may be realized in the context of mimetic F'(R) gravity [435, 436]. Furthermore, it was shown in [434], that the
reconstruction of ACDM model is also possible, as well as the unification of early-time acceleration with the late-time
acceleration can be done, in the spirit of first proposal in F(R) gravity [140]. Also, cosmological bounces can be
realized in the context of mimetic F(R) gravity. We need to note that a specified cosmological evolution which is
realized by an F(R) gravity, in principle it is realized by a different mimetic F(R) gravity. In addition, like in the
case of usual mimetic gravity, the mimetic F'(R) theory can be extended to include a scalar potential and a Lagrange
multiplier.

We start from F(R) gravity, whose action is given by,

S - /d4x\/jg (F (R) +£matter) . (141)

The function F(R) is some function of the scalar curvature R and Lpaster is matter Lagrangian. If we parameterize
the metric as in Eq. (136), upon variation of the action with respect to the metric, we get,

Oguv = §"70Grwg”’ 0p 0o b — §°° 0p$06 906G — 297 0p$06 0 G - (142)

In effect, in the case of F(R) gravity, by using the parametrization of the metric as in Eq. (136), the action can be
written as follows,

S = / /=9 (302 6) (F (R (G0 8)) + Linatrer) - (143)

Note that in principle any solution of the standard F'(R) gravity, is also a solution of the mimetic F'(R) gravity.

Assume that the background geometry is the flat FRW space-time (6), where ¢ depends only on the cosmic time ¢,
and due to Eq. (139), we find that the cosmic time can be identified with ¢, that is ¢ = ¢t. For the FRW space-time,
we obtain,

=% —2F(R) — RF'(R) — 30F'(R) + %T
dF'(R)

&2F'(R) 1
H _
dt? +9 dt + 2

—2F(R) — 6 (H + 2H2) F'(R) +3 (—p+3p) (144)

where Cy is an arbitrary integration constant. Since the term containing C, behaves as a3, the case Cy, # 0 describes
mimetic dark matter. We also obtain the following equation,

d*F'(R) dF'(R)
2H
T
By combining Eqgs. (144) and (145), we obtain,

L. (145)

0=
2

. (H + 3H2> F'(R) + %F(R) +

d2F'(R)
- H
dt? dt

dF'(R) . 1 ac,

+2HF’(R)+§(p+p)+—. (146)

0= =

In the case Cy = 0, the FRW equations above are identical to the ones corresponding to the standard F(R) gravity,
or in other words, in the case that Cy # 0, the FRW equations and therefore the corresponding solutions, are in
principle different from those corresponding to the standard F(R) gravity.

Let us briefly illustrate how it is possible to realize an arbitrary cosmological evolution, in the context of mimetic
F(R) gravity. Consider an arbitrary cosmological evolution with scale factor a(t) and assume that the explicit p and
p depend explicitly on the scale factor, as it happens usual perfect fluids. Consider the differential equation:

d*f(t) df(t)

0= dt

— H(t)=—= + 2H(t)f(t). (147)
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We denote the two solutions of Eq. (147) as f1(t) and f2(¢). Then F’(R), which is the solution of Eq. (146), is equal

to,
F'(R(t) /dt’ ( +f2 /dt __OAE)

W (f1(t'), f2(t"))
v(t) = - 2(p+p) 46%,
W (f1, f2) =f1(t) f2(t) = fa(t) f1(2) . (148)

By using the explicit t-dependence of the scalar curvature R = R(t), we find the cosmic time ¢ as a function of the
scalar curvature R, that is t = t(R). Therefore, one gets the explicit form of the expression F’(R).

In Ref. [427], it has been proposed that instead of parameterizing the metric tensor as in Eq. (136), the condition
of Eq. (139) can be imposed in the theory, by adding the Lagrange multiplier auxiliary field A. In effect, instead of
Eq. (143), we may consider the following gravitational action,

5= /d4x\/jg (F (R (QW)) + A (g’“’@uqﬁ&,d) +1) + Lumatter) - (149)

In addition, a scalar potential V(¢) can be added as follows,

5= / 04y =G (F (R (g0)) — V() + A (0 0,00,6 + 1) + Lomasrer) - (150)

This gravitational action is a modified gravity with Lagrange multiplier constraints. These Lagrange multiplier
techniques were developed in [458-461], see also [462]. Then by appropriately choosing the scalar potential V(¢), in
principle any arbitrary cosmological evolution can be realized. Since the standard F'(R) gravity has no ghost issues, the
explicit addition of the Lagrange multiplier constraint, in principle, does not violate the ghost-free property that the
standard F'(R) version has. Therefore, it can be expected that the mimetic F'(R) gravity theory under consideration,
it is also a ghost-free theory, although this should be verified explicitly by using the Hamiltonian formulation of the
theory. In a similar way, it can be expected that the same applies for the Newton law, so in principle it should be the
same as in standard F(R) gravity.

G. Mimetic f(G) Gravity

The mimetic framework can be extended in the context of the modified Gauss-Bonnet gravity, and in this section
we present the essential features of this framework based on Ref. [440]. Consider the following f(G) gravity action,

§= / doy=g [21:2 + f(g)} + Sumatter - (151)

with Shatter denoting the action for the matter fluids present. The Gauss-Bonnet scalar is given in (71). The signature
for the Riemannian metric is (— + ++), and also x% = 87G/c* = 1, with G being the Newtonian constant.

In order to introduce the mimetic formalism in the Gauss-Bonnet gravity, we make the following parametrization
of the metric [426, 428]:

Guv = _gp08p¢ao¢guu . (152)

Upon variation of the metric, we obtain,

59#1/ :ngégrwgwgap¢aa¢guu - gpgap¢aa¢5guu
—29"70,¢00500G v - (153)

Moreover, upon variation of the action (151), with respect to the metric §,,, and also with respect to the scalar field
¢, the gravitational equations are equal to,

1
R/u/ - §Rg;uz

R
+ 8 R,upua + Rpugcm - Rpcrgu,u - R,ul/gop + R,uogyp + =

5 (g;wgcrp - g;mgl/p) vpvofg + (fgg - f(g)) Guv
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#0,00,6 (~R-+8 (B + 3Ry ) VOV g 44556 - 1(9)))
=Ty + 000,07, (154)
with fg being equal to fg = df(G)/dG. Also the covariant derivative V,,, acts on vectors as follows,
V.V, =0V, —T),Vi. (155)

Also, upon variation of the action (151), with respect to the mimetic scalar degree of freedom ¢, we obtain,

z (am (—R T3 (—Rpg + éRg,w) VIV fo + 4(foG - f<g>) - T)) 0. (156)

For the flat FRW metric, with line element (6), the scalar curvature and the Gauss-Bonnet invariant are given by
R=6 (g + %) = 6(H +2H?), and G = 2444 = 24H>(H + H?). with H(t) being the Hubble rate H(t) = a(t)/a(t).
From Eq. (152) we obtain that,

9" 0,0, ¢ = —1, (157)

and due to the fact that the mimetic scalar ¢ has an explicit dependence solely on the cosmic time ¢, from Eq. (157),
we have ¢ = t. In effect, the (¢,t) component of Eq. (154), is equal to,

2
dfg +8H2d fg

g 2 g 2
2H +3H* + 16H (H + H?)—/ g

- (fe9 - f(9)) = —p, (158)

and as it can be checked, the same equation results if one considers the (r,r) component. Upon integration, Eq. (156)
yields,

1 C
“R+8 (—R,m + 2Rg,m) VIV fo +4(fod — (@) +p—3p =, (159)

and after some algebra we obtain,

P C

UG- @)+ 5-2 =2 (160)

fg fg

H +2H? 4H2
+ + o

<2H 4 3H2)

with C being an arbitrary integration constant. By combining Eqs. (158) and (160), we get,

2d*fg dfg _ 1
dt?

H+ 4H
+ dt 2(

+4H((2H — H*) 22

C
ptp) = - (161)

where the constant C' is redefined for notational simplicity. We introduce the function g(t), g(t) = dgtg , which satisfies
the following equation:

4H2dz—(t> +4H(2H — H?)g(t) = —H — % (p+p) - a% : (162)

For the value C' = 0, both Eqs. (158) and (161) are identical with the Friedmann equations of ordinary f(G) gravity.
If the right hand side of the above equation is equal to zero, that is,

B{#)=—H 3 (p+p)— 5 =0, (163)

then we easily obtain the following solution,

a(t) = g0 (1;[;)2exp </Ot Hdt> , (164)

where g is an integration constant and also Hy = H(0). For non-vanishing right hand side of Eq. (162), which means
that B(t) # 0, then we obtain the following solution,

o(t) = g0 (FI{;>Qexp (/Ot Hdt) + ﬁ /Ot ity B(ty) exp (/:H(T)d7> . (165)
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Hence, given a cosmic evolution H(t), then we can find the function g(t), by applying the formulas we quoted above.
Therefore one can specify the cosmic evolution of the Universe, in terms of the Hubble rate H(¢) and then obtain
the function g(¢) and we may obtain the function f(t), fg(t) = [ g(t)dt. By also finding the function ¢(G), we may
substitute it in the above equation, and then we can find the function fg(G). From this a simple integration with
respect to the Gauss-Bonnet scalar, yields the function f(G).

Let us apply the method we just presented in order to realize the following cosmological evolution,

. a>0. (166)

The Gauss-Bonnet invariant for the evolution (166) is equal to G = 24%

is, g(t) = go (1 + at)H"/ @2 For a Universe that does not contain any matter or mimetic dark matter, which means

that p = p = C = 0, the function g(t) is, g(t) = go (1 + at)0/*T2 — 1 arft- Hence, the function fg(t) is,

fot) = fo(1+ o<t)H°/aJrg - SalHo (i:ﬁ()]z By inverting the Gauss-Bonnet scalar, we can find the function ¢ = ¢(G),

. For B = 0, the solution to Eq. (162),

and eventually the function fg(G) is equal to, fg = AG—'~Ho/3« 4 DG=2/3 D = —m (24HZ (o — HO))2/3.
By integrating with respect to G, we obtain the non-mimetic f(G) gravity,
£(G) = FoGg~Ho/® 1 3DGY/3 . (167)

In the case that matter and mimetic dark matter is present, in which case we have C # 0, p = poa2, p = 0, the
function g(t) is,

Hg/a+2 1 1+ ot C’ 1 1 3(1—H0/a) ~
- t c=cC 168
THoa+ He T 2y —aamz t T ’ T po, (168)

g(t) = go (1 + at)

and therefore fg(t) is equal to,

fo(t) = AG=1-o/3e 4 DG=2/% y pGt/3+Ho/e, (169)
with E being equal to,
p-C a (24H2 (o — Hp)) >~/ (170)
4HZ2 (4Hy — o)(4a — Hy) 0 0 '
Hence, the mimetic f(G) gravity is equal to,
F(G) = FogHola 43DV 1 5% pg-1/s+Ha/a (171)
3H0 —

By comparing Eqgs. (171) and (167), we can easily spot the differences between mimetic and non-mimetic f(G) gravity.

There is another formalism for mimetic f(G) gravity, which employs a Lagrange multiplier function, in order to
realize the constraint for the mimetic scalar we found in the previous formalism, namely Eq. (157). In this case, the
gravitational action is,

S = [ d'ay=g (~eg0,00,0 - V(9) 172)

where a mimetic potential is included too. The values of the parameter ¢ = 41, correspond to a canonical and a
phantom scalar and also for € = 0, the theory is conformally invariant, and the above action is rendered equivalent to
an f(G) gravity, with U = 1 and V = 0. We consider the following generalized action with Lagrange multiplier and
mimetic potential,

R
S = /d4x\/ —g (2 + f(g) - 59uyaﬂ¢8u¢ - V(¢) + )\(g/wa#qgau(ﬁ + U(¢)) + ﬁmatter) , (173)
and upon variation with respect to g,., we get,

311+ 2410 P9 4 G) (66 = p e + V() - M+ U9 (174)
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2 —sa - 3299 o w2 Y9 L p6)g - p(6) = p et - Vo) - M- U(). (175)
for the flat FRW metric. In addition, upon variation with respect to A , we obtain.
¢* —U(9) =0, (176)
which is a subcase of the constraint (157). Moreover, by varying with respect to the mimetic scalar, we get,
20,((\— €)9) + 6H (A — €)p — V'(¢) + \U'(¢) = 0. (177)
In the case that non-relativistic matter is present (p = 0), the mimetic potential V' (t) and the corresponding Lagrange

multiplier A(t), are equal to,

2
V(t) =2H + 3H" + e¢” + 8H2%§g) +16H(H + H2)df37§g)

A(t) =2 (’2) + H+4H(2H — H?) fgdi ) L am? dQ‘ZiQ( )> +e. (179)

—16(9)9+1(9), (178)

Hence, given the function f(G), we can find the cosmological evolution and the scalar potential that can realize
such an evolution. The method can work in the inverse way, so for a given potential and also for an arbitrary cosmic
evolution, we can find the f(G) gravity which may realize such an evolution. We refer to Ref. [440] for some illustrative
applications of this reconstruction method.

H. Unimodular F(R) Gravity

In principle the cosmological constant can be regarded as the vacuum energy, but in the context of quantum field
theory, the magnitude of the vacuum energy is around 60-120 orders higher in comparison to that of the observed
cosmological constant. For this problem, the unimodular gravity theory [463-488] may offer an interesting and
conceptually simple theoretical proposal. However, this theory cannot provide a full solution to the problem of the
cosmological constant [476]. In this section, we review the extension of unimodular gravity, in the context of F(R)
gravity. This was proposed and studied in detail in [489].

For the standard Einstein-Hilbert unimodular gravity case, the determinant of the metric is fixed, and therefore
a constraint of the metric exists, g,.,0g"” = 0. We assume, without loss of generality, that the determinant of the
metric is constrained to be equal to one,

Vg=1. (180)

Since the above unimodular constraint of Eq. (180) is not satisfied by the metric (6), we need to redefine the cosmic
time coordinate to be dr = a(t)3dt and we rewrite the FRW metric (6) in the following way,

ds® = —a(t(r)) Cdr’ +a(t(7)? Y (d')” . (181)

-

=1

In effect, the metric of Eq. (181) satisfies the unimodular constraint (180). By using the coordinate 7, the de Sitter
Universe, for which a(t) = ef0!| is expressed as follows,

3
ds? = — (3Hyr) > dr® + (3Hor)3 Y (da')” . (182)
=1

h
On the other hand, for the Universe with a power-law scale factor, a(t) = (%) O, we find that,

—6hg 3
h 1 3hg+1 h 1 3h +1
ds? = — (<30+)T> e <(30+> ’ Z ) (183)

to to =
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We should note that the metric of Eq. (182) becomes identical with that of the de Sitter Universe, when hg,ty — oo,

by keeping W to be finite, that is, W — 3Hy. Hence, we can unify the form of the metric in the following
way,

) - —6.fo ) ’ 2fo 3 o
ds® = — (7'0> dr* + (ﬁ)) Z(dmz) , (184)

i=1

where the parameters 79 and fj are arbitrary constant real numbers. The case for which fy = % corresponds to the de
Sitter Universe. On the other hand, if the condition 1< fo<3 L holds true7 which occurs when, hy > 1, the Universe
is described by a quintessential evolution. In the case that 0 < fo < 7 which implies, 0 < hg < 1, the Universe is
expanding but in a decelerating way. Finally, when fo < 0 or if fo > % 3 Which in turn implies, ho < 0, the Universe’s
evolution is a phantom evolution [247, 252, 306, 490-503].

Let us now see how the Newton law becomes in unimodular F(R) gravity. First, as in the case of standard F(R)
gravity theory, we can rewrite the action in a scalar-tensor theory form,

S = /# { ( (R—gwmwm V@O—*ﬁ>+%+&mw®%w&% (185)

where the scalar potential V(¢) is given in Eq. (17). The unimodular constraint of Eq. (180) is modified in the
following way e??,/—g = 1. By eliminating the scalar field ¢, the action of Eq. (185) can be written in the following

way,
4
S = /d T/ — (2,{2 (
(0)

Now we consider the perturbation of the metric tensor g,,, around the background metric g, , in the following way,

Juv = g,g,),) + hyy. In addition, we assume that the background metric is a flat metric, hence we have, g;(g,) = Nuv- In

effect, we can obtain the following equations,

3 1
32929HV8#9(9U9 14 ( ln( )))) —+ Smatter ((—9)4 Juvs \II) . (186)

13
Ny — 0,07y — 0,0 hay + 00y h + 1,070 hypy — T

77,“,0)\8 h—m nuyh = K2 (T,u, — inMVT> , (187)
with 7}, being the energy-momentum tensor of the matter fluids present, and in addition 7" stands for the trace of 1},
T =n"°T,,. In order to study the Newton law, we may consider a point source at the origin of the coordinate system,
so that the components of the energy-momentum tensor have the following form, Tyo = Mé (r), T;; =0 (¢,5 = 1,2,3),
so we seek a static solution of Eq. (187). In the case of the Einstein gravity, four gauge degrees of freedom exist,
but in the unimodular F(R) gravity case, only three gauge degrees of freedom exist, since the unimodular constraint
(180) needs to be satisfied. In effects, we additionally impose three gauge conditions, d°h;; = 0. Moreover, by using
appropriate boundary conditions, and by defining the Newtonian potential ® as follows, hgg = 2®, we may obtain
the Poisson equation that the Newtonian potential ® satisfies, which is, 8;0°® = %M d (r). Hence, by redefining

the gravitational constant k by BL — k? = 871G, we easily obtain the standard Poisson equation satisfied by the

Newtonian potential U, which is, 8 0'® = 47rGM S (r), the solution of which is given by,

g (188)
r
The result we found above is quite different from the solution in the context of the standard F'(R) gravity (for reviews,
see [73-75, 77]), in which case the propagation of the scalar mode ¢ = —In F’(A) yields a non-trivial correction to
the standard Newton law of gravity. In the case of unimodular F(R) gravity, due to the fact that the unimodular
constraint (180) is rewritten in the following way, e2?\/—g = 1, the degree of the freedom corresponding to the scalar
mode ¢, is eventually eliminated from the resulting field equations, and in effect, the scalar ¢ does not propagate. In
effect, no correction to the Newton law of gravity occurs.
We need to note that since the unimodular constraint (180) needs to be satisfied, the unimodular F(R) gravity is
not a fully covariant theory. A covariant formulation of the unimodular Einstein gravity was proposed in Ref. [465].
By using this formulation, we may start from the following action,

S = /d4l‘ { vV —g (‘Cgravity - )\) + )\eﬂypaap,al/po'} + Smatter (gp,l/7 \Il) ) (189)
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with £ being the Lagrangian density of any gravitational theory, and a,,s is a three-form field. Upon variation with
respect to a,,,, we obtain the equation 0 = J, A, so in effect, A is a constant. On the other hand, upon variation with
respect to A, yields,

V=g = euypoa,uaupcr ) (190)

instead of the unimodular constraint. Since Eq. (190) can be solved with respect to a,,,, there is no constraint
imposed on the metric g, .

We should note that the quantity a,.,, has four degrees of freedom. The gravitational action is invariant under the
following gauge transformation da,,, = 0,b,, + O,b,yu + 0,by, With b, being an anti-symmetric tensor field, that
is, by, = —by,, which contributes in total six degrees of freedom. We should note that the gauge transformation is
actually invariant under the following gauge transformation, db,, = d,c, — d,¢,. The quantity c, is a vector field,
which contributes four degrees of freedom. Note that the gauge transformation of the original gauge transformation is
actually invariant under the following gauge transformation dc, = d,¢. The field ¢ is a scalar field which contributes
a degree of freedom. Therefore, the total number of degrees of freedom in the gauge transformation is 6 —4+1=3
and the number of degrees of freedom of the quantity a,,, is 4 —3 = 1. In effect, we may choose the following gauge
condition,

atij (= ajui = aije) =0, i,j=1,2,3, (191)

and we find that the only remaining degree of freedom is given by a;;x (¢,7,k = 1,2,3). We can rewrite the action as
follows,

Sre = /d4w)\ (—\/—g + e“”f"’auay,,,,) = /d4x)\ (—\/—g + 8toz) , (192)

where o = %algg. The system described by Eq. (192) might yield a non-trivial correction to the Newton law, or it
might be a ghost and it can contribute negative norm states in the corresponding quantum field theory. We can use
an analogy with the quantum mechanical system with Lagrangian,

L = By, (193)

which describes the massless limit of a charged particle in a uniform magnetic field B. Then, we find the following
commutation relations satisfied by the fields A and «,

[a, A] = id (z) (194)

with « = (2!, 2%, 2%) and the Hamiltonian H is given by,

H= / N (195)
S

with S being an arbitrary space-like surface.
In effect, regardless that A is a constant, the time evolution of the quantity « is given equal to,

do

E:i[H,a]:\/— , (196)
which is compatible with the classical equation which is obtained by the variation of the action of Eq. (192) with
respect to the quantity A\. The eigenstate of the Hamiltonian H, could be provided by the eigenstate of A. In the
representation of the quantum states by using «, the commutation relation of Eq. (194), yields A = i%. In effect, the
eigenstate Wy, («) of A with the eigenvalue A\g can be expressed as follows,

Uy, (@) = exp (i)\o /S dSa (m)) . (197)

The eigenvalue of the Hamiltonian (195) is infinite, due to the fact that the volume of S is infinite, and in addition
unbounded from below. Note however that no quantum transition between the states occurs, and in effect, the states
may be considered quantum mechanically stable.

In the case that covariant unimodular F(R) gravity is considered, the action is,

F(R
»Cgravity = % ’ (198)
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and as in the standard F(R) gravity case, we may rewrite the action in a scalar-tensor form as follows,
3
S = /d4 { ( (R — fg“”a,@am V(¢)> — /\ew) + )\e“l’p"auaupg} + Smatter (e¢gw, \I') . (199)

In the action of Eq. (199), one obtains 0 = J,A and therefore A is a constant in this case too. Thus, the scalar
potential V' (¢) is effectively changed as follows,

’ A(¢) ( (¢)) 2.2
V(p) = V(p) = + 262 Xe2? 200
Then if the mass of field ¢, which is defined to be mi = % z&(d)) is small, a large correction to the Newton law of
gravity could appear. By using the equation ¢ = —In F’(A4) and Eq. (200), the explicit expression for the mass mi
is given by,
3 A(o) 4F (A (o)) 1 8Kk2\
ms = - - + + : 201
v 2 {F’ (A(9))  F(A(9)? F"(A(9)  F (A(9)) (201)

The last term is a characteristic feature of the unimodular F'(R) gravity theory but since A is constant, the last term
can be absorbed into the redefinition of F(R), that is, F(R) — F(R) + 2x*X. The expression for mJ obtained by
the above redefinition, is identical to the expression in the standard F(R) gravity. Therefore, there is no essential
difference in the Newton law corrections, between the covariant unimodular F'(R) gravity and the standard F'(R)
gravity [73-75, 77]. This feature is quite different from the non-covariant unimodular F(R) gravity version, where the
standard Newton law is recovered.

I. Unimodular Mimetic Gravity

The unimodular gravity formalism may be extended in the context of mimetic gravity, and in this section we discuss
the formalism of mimetic unimodular (U-M) gravity, which was developed in [456]. The formalism we shall present
constitutes a reconstruction method, and we now we shall briefly present the essential features of this reconstruction
method. The standard Einstein gravity approach for unimodular gravity [470, 472, 475, 477, 479-485], is based on
the basic assumption that the determinant of the metric is a fixed number, so that the metric satisfies g,,0g"" = 0,
which in effect implies that the various components of the metric can be appropriately adjusted, so that the resulting
determinant of the metric v/—g¢ is some fixed function of space-time. Hence, it can be assumed, that the metric tensor
satisfies the unimodular constraint of Eq. (180). In order to satisfy the unimodular constraint, we shall employ the
Lagrange multiplier method, and in effect the unimodular constraint will appear as a part of the resulting equations
of motion. Bearing this in mind, we can generalize the mimetic gravity with potential and Lagrange multiplier [427],
in order to take into account the unimodular constraint of Eq. (180). Hence, the generalization is the following,

5= [ {v=a (5 + 10 = V() = 1(0:00°0+ 1) = A) + 2] + St (202)
with ¢ being the real mimetic scalar field, and R is the scalar curvature. Moreover, Spyatter Stands for the action for
the matter fluids present. We need to note that the action of Eq. (202) describes the action in (11), but we shall take
f(R) = 0. The case with f(R) # 0 will be studied in a later section. The Lagrange multipliers 1 and A correspond to
the mimetic gravity constraint and to the unimodular constraint respectively. We can easily see that by varying the
action of Eq. (202) with respect to 7, in which case we obtain,

0,00"6 = —1, (203)

which is the mimetic constraint we discussed earlier. Moreover, by varying the action of Eq. (202), with respect to A,
we obtain the unimodular constraint appearing in Eq. (180).

Both the functions n and A are functions of the cosmic time variable, which can be identified with the field ¢, as
we show shortly. The last identification is owing to the mimetic constraint. Upon variation of the action (202), with
respect to the metric, we obtain the equations of motion,

1 R
0= 59w <2H2 —V(¢) —n (0,00 ¢+ 1) — )\> 5 Ry + 10,00, ¢ + T;w , (204)
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where T),, denotes the energy-momentum tensor of the perfect matter fluids which are present. In addition, upon
variation of the action (202), with respect to the field ¢, we obtain,

0=2V* (A\3,0) — V'(¢). (205)

By assuming that the metric is the flat FRW metric, we can see that the metric does not satisfy the unimodular
constraint (180), so the cosmic time variable needs to be redefined as follows, dr = a(t)3dt. In effect, the FRW metric
of Eq. (6) can be rewritten as in Eq. (181). We shall refer to the metric of Eq. (181) as “the unimodular metric”
hereafter. For the unimodular metric of Eq. (181), below we quote only the non-vanishing components of the Ricci
tensor and of the Levi-Civita connection, which are,

If,=-3K, Tl =dKé;, Il =T} =K5',
dK

dK

In Eq. (206), the function K is a direct generalization of the usual Hubble rate, in terms of the 7 variable this time,

that is, K = %g—f_. In addition, the scalar curvature R as a function of the 7 variable is given below,

dK
R=a° (6 + 30K2> . (207)
dr

Due to our assumption that the auxiliary scalar field ¢, is only dependent on the cosmic time ¢ (or 7), we can rewrite

the mimetic constraint as follows,
Ao\ 2
a=® (¢’) =1, (208)
dr

which can be rewritten in terms of the cosmic time ¢ by employing dr = a(t)3dt, in the following way,

@f)z _1 (209)

Therefore, we may identify the auxiliary scalar field ¢ with the cosmic time coordinate ¢, that is ¢ = ¢t. The (r,7)
and (4,7) components of the equations appearing in Eq. (204) are equal to,

3a6K2 Vig) , A 14

0__ﬁ +T+§+77+§, (210)
a® [, dK 2\ _ V) A p

O_M(Q(h+9]<>_2_2+27 (211)

with p and p denoting the energy density and the pressure of the matter fluids which are present. We need to note
that in order to get Egs. (210) and (211), we employed the constraint of Eq. (208). Egs. (210) and (211) can be
rewritten by making use of the cosmological time ¢ variable, as follows,

3H* V() | A p
O__W+T+§+n+§, (212)
1 9 dH Vig) X p
Ow<3H ”dt>22+2~ (213)
In addition, Eq. (205) may be written in the following way,
dA

By making use of Egs. (213) and (214), we may eliminate A from the equations of motion, and hence we have,

dp 1 dH  d?H
=6H —3V'(¢) —6Hp —2— + — | —18H® —6H— +4—— | . 21
0=6HV(¢) —3V'(¢) — 6Hp dt+m2< 8 6 Tl dt2> (215)
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Since we identified ¢ = t, we can integrate Eq. (216) and we obtain the scalar potential V (¢),

al(t = 2 ¢ 2
vig) = 2022 [ dtat? {—6H(t)p(t) RPN (—18H(t)3 o0 4 ;ﬁ”)} (216)

Therefore, by specifying the cosmological evolution in terms of its scale factor, and also by specifying the functional
dependence of the energy density and pressure in terms of the scale factor, by employing Eq. (216), we can find the
mimetic potential which generates the cosmology with scale factor a(t). In addition, by employing Egs. (213) and
(212), we can easily find the functions A(¢) and 7n(t), and the complete unimodular mimetic gravity which realizes
a(t) is determined. Actually, the Eqgs. (216), (213) and (212) constitute a reconstruction method for finding the
unimodular-mimetic theory which can realize a specific cosmological evolution.

J. Unimodular Mimetic F(R) Gravity

The unimodular mimetic F'(R) gravity framework [457] uses the Lagrange multiplier formalism. So we introduce
two Lagrange multiplier functions n and A, and the corresponding mimetic unimodular F(R) gravity action with
mimetic potential and Lagrange multipliers is,

§= / d* (V=g (F(R) — V() + 1 (9" 0,60,6 +1) — ) + A) . (217)
Upon variation of the above action (217), with respect to the metric, we obtain the gravitational equations of motion,

‘(]"7” (F(R) = V(¢) + 0 (9" 0,0p + 1) = X) — Ry, F'(R) — 10,60,6 + V.V, F'(R) — g, OF (R) =0.  (218)

Moreover, upon variation with respect to the mimetic scalar ¢, we obtain,
—2V" (n0u¢) — V'(¢) = 0. (219)
By varying the action (217) with respect to the function n we get,
9" (G, 9)0, 00, ¢ = 1, (220)
while varying the action with respect to the function A(t), we obtain,
V—g=1. (221)

For the flat FRW metric, the (¢,t) components of the expression appearing in Eq. (218), are equal to,

~F(R) + 6({ + H*)F'(R) - 6HdFC;iR) — (@ + 1)+ A+ V() =0, (222)
while the corresponding (7, j) components are equal to,
F(R) — 2(H 4 3H?) + 2% + 4H$ —n(@* 1) =V(p)—A=0, (223)
For the flat FRW metric, Eq. (219)can be written as follows,
2‘1(0’{775‘;5) +6Hno —V'(¢) =0. (224)
Finally, from the mimetic constraint we have,
¢*—1=0. (225)

We need to note that in Eqgs. (222), (223), (224), and (225), the “prime” indicates differentiation with respect to R,
the scalar curvature, and also with respect to the mimetic scalar. By taking into account Eq. (225), the equation
(222), can be rewritten as follows,

dF'(R)

~F(R) +6(H + H*)F'(R) — 6H yr

— 2+ A+ V(p) =0, (226)
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and in addition Eq. (223) is rewritten in the following way,

. 2F/ F’
F(R)—2(H + 3H?) + 2dT§R) + 4HdT§R) ~V(p)—A=0. (227)
Furthermore, Eq. (225) becomes,
d
2d—’t7 Y 6Hy—V'(t) = 0. (228)

If we eliminate A from Egs. (226) and (227), we get,

dF'(R) d2F'(R)

6(H + H*)F'(R) — 2H U 2(H + 3H?) 4 2 s — V() =0. (229)
From Eqgs. (229) and (228), we get,
—2V'(t) = 3HV(t) + fo(t) =0, (230)
with the function fy(t) being equal to,
. dF'(R) . d*F'(R)
_ 2\ v a2 _ 2
folt) = [18H(t) (H v H ) F'(R) — 6H*“— = — 6H (H3H ) +OH
.. . - dF'(R) dF'(R) d*F'(R) . . d*F'(R)
H 4+ 2HH)F' HH H? —2H —2(H+6HH 22—~ 231
6(H + VF'(R) + o +6 o 2 ( +6 )+ 2 (231)
The differential equation of Eq. (230) can be solved and we get the following general solution,
3/2 t
v =50 [ oo, (25

where a(t) is the scale factor. Hence, given an arbitrary cosmological evolution, quantified in terms of its scale factor,
and also the form of the F(R) gravity, we can use Eq. (232) in order to obtain the mimetic potential, and with it,
by using Eq. (227), we can obtain the function A(¢). Eventually, by using the resulting function A(¢) and also the
potential V'(¢), we can substitute these in Eq. (226), and we can obtain the function 7(t). Several illustrative examples
on how this reconstruction method works, can be found in [457].

In the previous sections we provided a quick review for a number of modified gravities. Definitely, the models
we presented are not all the models one can construct, different approaches and generalizations of the above can be
constructed. In the next chapter we shall present cosmological applications of the above models in more detail.

III. INFLATIONARY DYNAMICS IN MODIFIED GRAVITY

The Standard Big Bang cosmology had several issues which rendered the theory incomplete. Particularly, the
flatness problems, the monopole problem, the entropy problem and the horizon problem, found a successful explanation
in the context of inflation. In some sense the horizon problem can represent all the above problems, since it is related
to all of the above. The horizon problem refers to the question how two distinct parts of the Universe which are very
far away at present time, could be in causal connection in the past. These two distinct parts of the Universe seem
to have almost the same density at present time, so this could not be explained at a microphysics level, unless these
two parts were in causal connection in the past. If someone adopts the Big Bang cosmology evolution, and solves the
equations following the cosmic time backwards, then two parts of the Universe which are now very far away and seem
to have almost the same density, cannot be causal connection in the past. The inflationary paradigm solved this issue
by adding a period of nearly exponential accelerated expansion during early times.

The inflationary paradigm [50-54, 56-71] is up to date one of the most successful descriptions of the early Universe,
since in most cases the outcome is a nearly scale invariant power spectrum. It is quite common in the cosmology
literature to use a single canonical scalar field which slow-rolls on its potential, in order to describe the inflationary
era, and actually this was the original approach of inflation [50-54, 56-70]. In the literature there are many reviews
on this topic and in this section we shall provide a quick overview of the various approaches on inflation, emphasizing
in the modified gravity description. We shall not expand our description going into many details, but we provide a
concrete and condensed description of the quantitative features of an inflationary theory, that is, the calculation of the
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spectral index of the primordial curvature perturbations and of the scalar-to-tensor ratio. We start off with the single
and multi-scalar field descriptions of inflation and then we proceed to the modified gravity description. For simplicity,
in all the cases we shall assume that the inflationary dynamics is controlled by the vacuum modified gravity, but the
same issue can be addressed in the presence of perfect matter fluids. The original papers and reviews on cosmological
perturbations can be found in Refs. [51, 504], but we do not discuss perturbations in detail here.

The Hubble radius Ry, defined as Ry = 1/(aH), where a is the scale factor of the Universe and H the corresponding
Hubble rate, quantifies perfectly the conditions that have to be satisfied in order for inflation to occur. In terms of the
Hubble radius, the primordial modes before the inflationary era were well inside the Hubble radius, and during the
inflationary era these exited the Hubble radius, since the Hubble radius shrunk exponentially. In terms of the Hubble
radius, the conditions for inflation are, Ry < 0, which implies that ¢ > 0. In turn the latter conditions indicate that
the Universe described by the scale factor a is accelerating, and this is why the inflationary era is often referred to as
early-time accelerating era.

A. Scalar Field Descriptions
1. Canonical Scalar Field Inflation
Consider a Universe described by the FRW metric and a canonical scalar field ¢, with the following action,
R 1 "
§=v=9 (5 — 30606~ V() , (233)

where V() the canonical scalar field potential. The energy momentum tensor 7}, corresponding to the scalar field
action (233) is equal to,

1
TNV = ;AD&/QO — Guv (29“”8M§06u§0 - V(Sa)) ) (234)

and therefore from this we obtain that the energy density is T¢) = p, that is,

1,
p=5%"+V(). (235)
Also from the component T; = —P(5§, we obtain that the total pressure in a Universe filled with a canonical scalar
field is,
1.,
P= 3¢ -V(g). (236)
The Friedmann equation is,
2
H? = %p, (237)

so by substituting the energy density (235) and taking the first derivative with respect to the cosmic time ¢, by also
using the expression for the pressure (236) we obtain,
2
. K
H=-=¢%, (238)

which combined with the above leads to the Klein-Gordon equation for the canonical scalar field ¢,
G+3Hp+V' =0, (239)

where the prime denotes differentiation with respect to the scalar field ¢. The slow-roll indices € and 71 are defined in
terms of the Hubble rate as follows,
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The slow-roll conditions for the canonical scalar field require that the slow-roll indices satisfy €,77 < 1, so in terms
of the scalar field and the potential, this means $¢? < V(¢). This means that the Friedmann equation (237) is
simplified as follows,

2 V

H? ~ 3 (241)

In terms of the scalar field ¢, the slow-roll indices can easily be found by using Eqs. (237) and (238), so these are,

K2¢2 ;‘432@2 QO

The second slow-roll condition n < 1 implies that ¢ < H¢p, so the Klein-Gordon equation (239) is simplified as
follows,

3Hp~ V. (243)

By using the expressions for the slow-roll indices (242) and combining these with the slow-roll conditions (241) and
(243) we finally obtain the slow-roll indices € and 1 in terms of the canonical scalar field potential V (),

1 VY1 V()
EM(V«D)) 3 V) (244)

Moreover, the graceful exit from the inflationary era occurs when the first slow-roll index becomes of the order
€ ~ O(1). Having the above at hand, one can easily calculate the spectral index of primordial curvature perturbations
ng and the scalar-to-tensor ratio r, which for a slow-rolling canonical scalar can be expressed in terms of the slow-roll
indices as follows,

ns ~1—6e+2n, nx16e, (245)
where the slow-roll indices are calculated at the horizon crossing. Let us use the single scalar field inflation formalism

in order to calculate the slow-roll indices and the corresponding observational indices for the Starobinsky model of
inflation [505], or Higgs inflation [506],

V(p) = ap? (1 - e‘\/g“’)2 ; (246)

where for simplicity we use the physical units system in which & = ¢ = 87G = k? = 1. So let us calculate the slow-roll
indices (244) at the horizon crossing, which we assume it occurs for ¢ = ¢y, and these are,

A 4 <e\/?0k f 2)

3 (eVFer —1) 3 (eVEer —1)
Then, the observational indices ng and r, calculated at the horizon crossing read,
—14eV 3¢k 2¢/2pr _ 4
o eV 3Pk 4 3eV 3 5’ 6 (248)

3 P
3 (Vi —1) 3(eVier—1)

We can express the observational indices as functions of the e-foldings number N, which for a slow-rolling canonical
scalar field is,

o [TV
N_/W V’(tp)d@’ (249)

where ¢y, is the value of the scalar field at the horizon crossing and ¢y is the value of the scalar at the end of inflation.
By using the potential (246), the e-foldings number at leading order is,

N ~ _Tge\/g“’f + %e\/g‘pk , (250)
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and the expression containing the value of the scalar field at the end of the inflationary era can be determined by the
condition €(¢s) ~ 1, which yields the condition,

4
S (251)
3 (e\/g"”f — 1)
Combining Egs. (248), (250), and (251), and also for large e-folding values, we finally obtain the observational indices
of the Starobinsky model, which at leading-N order are,

2 3 12

nszl—ﬁ—ﬁ, T (252)
Before we close this section, it is worth discussing an interesting aspect with regard to the graceful exit from inflation
in the context of inflationary theories with a single canonical scalar field. Actually, the slow-roll parameters € and 7 are
the lowest order terms in the Hubble slow-roll expansion [507-509], and there are many more higher order parameters
in the expansion. Then it is possible that the graceful exit might occur even at higher order and thus much more
earlier than in the case where € ~ O(1). The slow-roll expansion [507-509], quantitatively completes the slow-roll
approximation, and it actually enables us to securely find the final inflationary attractor of the theory. It is worth
recalling some fundamental features of the slow-roll expansion, and for details we refer to [507-509]. According to
the Hubble slow-roll expansion, the physical system has an inflationary attractor, to which all the slow-roll solutions
tend to asymptotically. Then, we may write the single canonical scalar field Friedmann equation as follows,

2 —1
(o) = T3V o) (1 3eo)) (259)

where we expressed the slow-roll parameter € as a function of the canonical scalar field ¢. By employing the binomial
theorem, we can obtain the perturbative expansion of Eq. (253) in terms of the slow-roll parameters ey, £y and 7y

8k 4 2 32 5 10 2
H?(p) ~ 7? V() (1 +e— §€2 + 3€V + 363 + §677‘2/ - 36277‘/ + 665‘2/ + (94) , (254)

where in the expansion above we kept terms up to fourth order in the parameters 7y, &y, which in terms of the
slow-roll parameters € and 7, are defined below,

nv=0B-€""(Be+3n—n"—¢&) , (255)
Ev = (3—¢) ! (27en + 9&3; — 9en® — 12063, — 30}, + 3¢ +noyy) .

In addition, the parameters 5 and oy appearing in Eq. (255), are also functions of the slow-roll parameters € and 7
and are defined as follows,

1 1
Si=en—\|ver, oh =& —n) =\ F-Ve€uly (256)
Note that in the above equations, the prime indicates differentiation with respect to the canonical scalar field ¢, and
in addition we assumed the Hubble rate solution H(t) is the final attractor of the theory.

Having the slow-roll expansion (254) at hand, it is easy to support our argument that the slow-roll expansion might
actually break down much more earlier than the slow-roll approximation does, and this is due to the existence of the
higher order terms in the expansion. In the case of the slow-roll approximation, ones takes into account only € and 7
which are simply the lowest order terms. Moreover, as was also noted in Ref. [507-509], the Hubble slow-roll expansion
can break down for large values of the slow-roll parameters or if a singularity occurs in the perturbative expansion. For
example, if the canonical scalar field potential has the following form V() ~ ¢?, then the Hubble slow-roll expansion
contains inverse powers of the canonical scalar field, and the inflationary era might end before e ~ O(1). In fact,
although definitely the end of inflation occurs at ¢ = 0, where the absolute minimum of the potential is, the Hubble
slow-roll expansion might break down earlier, due to the fact that the expansion contains terms ¢ =", with n > 0 and
this is clearly an indication that inflation might end earlier. For similar results on instabilities of the second slow-roll
index 7 and its connection to the graceful exit from inflation, see [510-513].
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2. Non-Canonical Scalar Field Inflation

Consider now a non-canonical scalar field, in which case the gravitational action is,

S / d4x\/jg{2l12R _ %w(qﬁ)@ufb@“gb V() + meer} . (257)

In this case the appearance of the kinetic term w(¢), makes the scalar field ¢ non-canonical, so it is conceivable that
the slow-roll indices in this case, are related to this kinetic function w(¢). In principle the kinetic function is irrelevant
and can be easily absorbed by making a redefinition of the scalar field ¢, as follows,

¢
o= / do\/a(@). (258)

where it is assumed that w(¢) > 0. Then, one can obtain a canonical scalar field action, since the kinetic scalar term
becomes,

7w(¢)a,u¢au¢ = - u@aHSOa (259)

Then, only in the case for which the resulting expression from the integration (258), is an invertible function of ¢,
then if we find the function ¢ = ¢(p), we may substitute ¢ in the action (257) and then we have the canonical scalar
theory at hand. However, in the case that the result of the integral (258) is not an invertible function of ¢, then it is
not possible to obtain the canonical scalar theory, and therefore we need an alternative way to calculate the slow-roll
indices. This case was studied in detail in [507-509], and the slow-roll indices as functions of the non-canonical kinetic
term w(¢) and of the scalar potential V (¢) are given below [52, 507, 514],

-3 (%) (78~ s (3

1 |d¢ d (do ., A
=) mm(w)”‘f’”@) Vi)

I S L CO NN
B K2V(¢){ gw(¢)2V(¢)+w<¢)V (@) - (260)

Then, one may study the analytic slow-roll of the non-canonical scalar field ¢, following the research line we presented
in the previous section, but we will not go into details for brevity.

Before closing this section we need to note that in the case w(¢) < 0, the non-canonical scalar ¢ is a phantom field,
and in this case instead of the integration performed in Eq. (258), one should perform the following redefinition of
the scalar ¢,

2V ()

@
0= / dpr/—w(9) . (261)
In this case then, the kinetic term reads,

—w()0,00" P = 000" ¢, (262)

instead of the corresponding expression appearing in Eq. (259). However, in the case of a ghost scalar field, the
situation is rather physically not appealing, since phantom inflation occurs. In this case, the total energy density is
unbounded from below when one deals with the classical theory at least. However, in the quantum theory, the energy
becomes bounded from below, at the cost of having a negative norm in the Hilbert space states.

3. Multi-Scalar Field Inflation

The slow-roll formalism for inflation we developed in the previous sections for a single scalar field, can be generalized
in the case of multiple scalar fields. In this section we briefly outline the fundamental features of this formalism and
for details we refer to the original papers that address this issue, see Refs. [515-518].

The gravitational action in the presence of multiple scalar fields ¢! reads,

s= [aav <2]§ - LG 00" v<¢1>) , (263)
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with I, J = 1,2,..N, where N is the total number of the scalar fields present. The metric G17(¢!) depends solely on
the scalar fields and therefore it is the metric in the configuration space formed by the scalars ¢!.
The FRW equations corresponding to the gravitational action (263) are given below,

K2

1 T . 1 . .
H? = 3 <2G1J90190J + V(spl)> , H= _?GIJQOISDJ, Dd)l + " F%KaﬂquaugbK _ GIKVK =0, (264)

where V¢ = 0V/0¢" | and also the Christoffel symbols I',. = T'1, (¢, ¢) are the connections in the configuration
space formed by the scalar fields ¢!, equipped with the metric Ff K-
We introduce the scalar field function o and the vector field 67, which are defined in terms of the scalar fields and

the metric as follows,
i
N RIS TRV I S 265
o o'e’, o 5 (265)

The FRW equations (264) can be rewritten in terms of the variables & and 67, in the following way,
2 K2 (1, 3 K2,
H :3<Qd +V), Hz—?d , 06+3Ho+V,=0, (266)
where V, = &1 V1. Finally, the generalized multi-field slow-roll indices, as functions of the scalar fields, are equal to,
352 1 6767 ML 1 5787 M7
= S o naa:ﬁiJa ?755277‘], (267)
62 +2V \%4 K \%

where the vectors 67 and 57 = w!/w are the unit vectors of the adiabatic and iso-curvature directions respectively,
in the curved configurations space of the scalar fields. In addition, the vector w’ is the turn-rate vector given by
wl = D61, with w = |w!| and Dy the covariant derivative along the t-direction, which on an arbitrary vector field A’
acts as follows,

DAl = AT 4 1L A7 5. (268)
For a recent work with a detailed computation with two scalar fields, we refer the reader to Ref. [513].

B. Inflation in f(¢, R) Theories of Gravity

A quite general class of inflationary theories can be described by the following action [519-525],

f(R,¢) 1 v
5= [dtav=g ( ) @) 9,60,0 ~ V(6) ) (269)
where f(R,¢) is a smooth function of the scalar curvature and of the scalar field, which is in general a non-canonical
scalar field, if the kinetic term satisfies w(¢) # 1. It is conceivable that the F'(R) gravity theory, the canonical and
non-canonical scalar field gravity, and also theories of the form f(R, ¢) = f(¢)R, are subcases of the theory described
by the action (269). In this section we present the essential features of the inflationary dynamics for the general action
(269) and later on we specify how the dynamics are modified in each of the F(R) and f(R,¢) = f(¢)R cases, since
the single scalar field case was studied in the previous sections. The slow-roll indices for the action (269) have the
following general form,
H ¢ fr E
—_—— = — = = 2
H2’ €2 H¢ ) €3 2HfR ) €4 ( 70)

‘= OHE'

where fgr = %ﬁ"ﬁ). Also the function E appearing in Eq. (270) is equal to,
_ 3/%
E = frw+ i (271)
In addition for later convenience, we define the following function, Qs,
. E
Qs = ¢ (272)

fRH?(1 + €3)%”
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which plays an important role for the calculation of the scalar-to-tensor ratio during the slow-roll era. Assuming the
flat FRW background, then by varying the action (269) with respect to the metric and also with respect to the scalar
field, we obtain the following equations of motion,

3fr(R,O)H> _ w(¢)d®

FV(0) + 5 (RIR(R,6) — [(R,6)) ~ 3H[n(R,6)

2 D)
B @H = w(@)¢*fr(R.¢) — Hir(R.6).
¢5+3H¢5+%@¢) (w('aﬁ)sﬁ—,;({ﬁgz’@”?;) -0 o

During the slow-roll era, the following relations hold true between the Hubble rate, the scalar field and the functions

f(R,9), w(9),

v 1, trg? s Wdes , (274)
H2fp H2fgr Hfr
and in view of the relations (274), the equations of motion (273) become,
3 R, H2 R R7 B R7
RO ), BIalRd) = (R)
- 1 ‘s 1 Of(R,9) ovy

In the context of the slow-roll approximation, where the slow-roll indices satisfy ¢; < 1, i = 1, ...4, the spectral index
of primordial curvature perturbations has the following form [519-524],

ng ~1—4e; — 2e9 + 2€3 — 2¢4 . (276)
Also, the general form of the scalar-to-tensor ratio r, as a function of the function s, which we introduced in
Eq. (272), is equal to,
(277)

For example, in the case of a canonical scalar field, the function @, is,

(;'52

Qs = 13> (278)

and the slow-roll approximation yields, P = —i—é[, so the resulting scalar-to-tensor ratio is 7 ~ 16¢1, as we saw in the

previous section. Also in the pure F(R) gravity case, the parameter @ is,

c 2
3
Qs = % . (279)

and so the resulting scalar-to-tensor ratio is r = 48¢3. In the following sections we shall present several examples of
inflationary theories, which belong to some types of the model (269).

1. Inflation in f(¢)R Theories of Gravity

As a first example of a theory belonging to the class of the model in action (269), we consider f(¢)R theories of
gravity, which describe non-minimally coupled theories of gravity, in which case the action is [441, 519-523],

5= [dev=g (f DR 1w, 60,6 - V(¢>) , (280)

2K2 2
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where f(¢) is an analytic function of the scalar field ¢. By varying the action (280) with respect to the metric and
with respect to the scalar field ¢, we obtain the following equations of motion,

3f 72

K2

PP f 2f o o f f

. .1 _df  dVv
¢+3H¢72—H2R£+d—¢:0, (281)

with the “dot” denoting as usual, differentiation with respect to the cosmic time. The slow-roll indices in the case of
a non-minimally coupled scalar theory, are equal to,

H ¢ f E

- _ . g = —2 = 282
CTTHE Ty “TaHf T 2HE’ (282)
and in this case the function E is equal to,
32
E=f+ — . 283
I+ 5 (283)

The spectral index of primordial curvature perturbations ng and the scalar-to-tensor ratio in terms of the slow-roll
indices, are equal to,
.2 @s
ng ~1—4e; — 265 + 2¢3 —2¢4, 17 =8k 7, (284)
and it is assumed that the slow-roll indices satisfy the slow-roll condition ¢; < 1,4 =1, ..,4. In addition, the parameter
Qs in the case at hand is equal to,

E

2

s =P . 285
Q (b fH2(1 + 63)2 ( )
We can find an approximate expression for the function @, by using the slow-roll approximation, so we find the

slow-roll approximated gravitational equations of motion, which take the following form,

3fH? . 6H?
¢2:%_2if, (287)

with the “prime” denoting this time differentiation with respect to the scalar ¢. In view of the slow-roll approximated
equations of motion, the parameter (5 becomes,

o 3f
T — 2
@ H?  2x2fH?’ (288)
and in conjunction with Eq. (287), the parameter Qs finally becomes,
Hf  2fH
G~ ma  em (289)

Hence, by combining Eqgs. (284) and (289), we can find a simplified expression for the scalar-to-tensor ratio during
the slow-roll era, which is,

T~ 16(61 + 63) . (290)

Moreover, we may express the spectral index of the primordial curvature perturbations ng as a function of the slow-roll
indices in the slow-roll approximation, which takes the following form,

ns~1— 26 <?’§j+2> — 2¢y — 6es <§2f—1> . (291)

The formalism we just developed, enables us to calculate analytically the observational indices during the slow-roll
era, for any given function f(¢). As an example we shall consider theories in which the function f(¢) has a special



45

symmetry 5 — %, where 8 > 1. These kind of potentials were considered in [526]. So suppose that the function f(¢)
is equal to,

o) — 1+¢ (eﬁ"; + e_%”"ﬁ) |

(292)

where the parameters £ and n are positive real parameters. The scalar potential V(¢) will be chosen in such a way so
that it does not affect the dynamics, in comparison to the function f(¢), for example it can contain higher powers of
the exponential appearing in Eq. (292). However, in the case at hand we can simply choose V(¢) = A, with A being
a positive constant parameter. Notice that the function f(¢) of Eq. (292), is symmetric under the transformation
8 — % By using the formalism we developed earlier, we shall calculate analytically the slow-roll indices and the
corresponding observational indices for the case at hand. For simplicity we shall choose a physical units system for
which k2 = 1, and in addition we choose ¢ = 1 in order to simplify the intermediate expressions. It can be shown
though that the resulting expressions for ns and r do not depend on the parameter £. For § > 1, the function f(¢)
can be approximated as follows,

_E¢
flg)~ ~Ee (203)

and by using the slow-roll equations of motion, we get the following expression,

b~ —He B9 (294)
B
Moreover, the function f during the slow-roll era, can be written as follows,
: 20725
fo ”e# (295)

We can then calculate the slow-roll indices, with the first one being approximately equal to,

N .
[2) 1 f
€~ <H 5 ol (296)
By combining Egs. (294) and (295), the index e; reads

n2e 2%

Accordingly, the slow-roll indices €5 and €3 can be calculated, and these are equal to,

n2 —2g
622?6 BY +€1, €3>e€1. (298)
Finally, the observational indices ns and r can be easily found by combining Eqgs. (290), (291), (297), and (298), so
these read,

2 2
ng=1- 2%e—%¢, r o 16%6_2%¢. (299)

It is more appropriate to have the resulting expressions for ngs and r as functions of the e-foldings number, so we shall
make use of the following relation-definition,

ty ¢f H 2 "

N= [ H(t)dt :/ —dep ~ f%eﬂ, (300)
tk ¢n @ n

with t; being chosen as the horizon crossing time instance and in addition, ¢, is the value of the scalar field at

the horizon crossing time instance. Finally the time instance ¢ is the time that inflation ends, and also ¢ is the

corresponding scalar field. Not that for the derivation of relation (300), we made use of the approximation ¢y > ¢y,
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2

which holds true during the slow-roll era. From Eq. (300) we easily obtain that %ef%‘z’ =
indices can be expressed in terms of N as follows,

%, so the observational

2 1632
A quite interesting choice for the parameter n is n = %, and the observational indices become,
2 1232
nszl—ﬁ, T (302)

The final expressions for the observational indices (302) are identical to the ones corresponding to the a-attractor
models [527-537], with the difference being that 8 < 1 in the case of the a-attractor models.

2. Inflation from F(R) Theories

As another example of a theory belonging to the general class of models of Eq. (269), we shall consider F(R) theories
of gravity. As we showed in section II, the F(R) gravity has a unique Einstein frame canonical scalar theory, so in
many cases a viable cosmological model in the Einstein frame has a unique F(R) gravity in the Jordan frame, which
is also viable. In this section we shall present the theoretical study of slow-roll inflation in the pure F(R) gravity
case. For simplicity we shall consider only a vacuum theory, but the results can be easily extended in the case that
perfect matter fluids are present.

Consider the F(R) gravity. The detailed study of inflation for modified gravities was developed in Refs. [519-
524, 535] (see also [538] for a study on the evolution of density perturbations in F'(R) gravity), and the dynamics of
inflation are determined by four generalized slow-roll indices, namely €1 ,e2, €3, €4, which we shall intensively use in
this section. The parameter €; is simply equal to €; = —%, and in the case of the pure F(R) gravity of Eq. (2), the
slow-roll parameters can be expressed in terms of the slow-roll index €; as follows [519-524, 535],

€1

€y = 0 €] &~ —€3 €4 =~ *361 + .
i ’ H€1

(303)
The spectral index of primordial curvature perturbations and the scalar-to-tensor ratio in the slow-roll limit, have the
following form,

ne~1—6e; —2ey, 1 =48€2. (304)

The expressions (304) are valid only in the slow-roll limit where €;,e4 < 1. Let us apply this methodology in order
to calculate the observational indices ns and r for some special cases.

The R? model of inflation [505], is widely known and also has very appealing features since it is compatible to the
latest (2015) Planck data [48]. In this case, the F(R) gravity is F(R) = R+ %7 where H; has dimensions of mass?.
During the slow-roll era of inflation, it is expected that F'(R) ~ R/(18H;). For the FRW metric, the FRW equations
read,

. 2 . ..
H—ﬁ+3HiH:—3HH, R+3HR+6H,R=0, (305)

and during the slow-roll era, the first two terms in the first equation of Eq. (305) can be neglected, hence the evolution
during the inflationary era is the quasi-de Sitter evolution of the form,

H(t) ~ Hy — Hy(t — t). (306)

The time instance can be arbitrarily chosen, but we assume that this is the time instance that the primordial curvature
modes exit the horizon. Now let us proceed to the calculation of the indices, so at first let us note that the slow-roll
approximation ends when the first slow-roll parameter becomes ¢; ~ O(1), and by assuming that this occurs at the
time instance t = ¢; at which point H(tf) = Hy, the condition € (tf) ~ 1 yields the relation H; ~ /H;. Accordingly,
by substituting in Eq. (306), we obtain,

Hf*Hoszi(tfftk), (307)
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and by substituting H; we obtain,

Hy H,

tr—ty = -2
PR T T OH,

(308)

Both the parameters Hy and H; are expected to have large values during the slow-roll era, so we may omit the second
term in Eq. (308), and hence,

H
tp =tk = FO : (309)

In terms of the Hubble rate, the e-foldings number N is equal to

N = / Y Hinar. (310)

k

By using the Hubble rate (306), and performing the integral in Eq. (310), we obtain,

H;(ty —t1,)?
N = Hofty — 1) - 20— (311)
and by using (309), we finally get,
13
= . 312
SH, (312)
So at leading order we have,
2N
tr—tp >~ — 1
f k HO ) (3 3)

and now we can calculate the observational indices by combining Eqgs. (303), (304), and (306), so we finally have,

AH, ASH?
AP . .. . - (314)
2H; N 2H; N
(=) (o —25)

By taking the large N limit, the observational indices take the following form,

H? 3H;
ng~1-— HNE r= N (315)
so by using Eq. (312) we finally obtain,
2 12
nszl—N, re o (316)

As it can be seen by comparing Eqs. (252) and (316), the Einstein frame R? model and the Jordan frame R? model
yield the same observational indices at leading order, as it was possible expected. This equivalence of the indices in
the Jordan and Einstein frame is not accidental, see for example [539-543]. It should be noted that the graceful exit
from inflation in these theories occurs due to the R? term. Indeed this term induces graceful exit from inflation, since
the de Sitter point becomes unstable. Particularly, as it was shown in [544], the final attractor of the theory is a
de Sitter vacuum and by perturbing this solution, it is shown that the perturbations grow. Thus the final de Sitter
attractor is unstable, and hence the graceful exit comes as a result of growing curvature perturbations.

3. Inflation in mimetic-F(R) Theories of Gravity

Another interesting class of models that belongs to the models with action (269), is the mimetic F(R) gravity
models, with Lagrange multiplier and potential. These models were introduced in [433] and further studied in [142].
In this section we shall be interested mainly on the study of inflationary dynamics in the context of these theories.
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Also, another issue that is related to these theories is the study of graceful exit, which in general can be a tedious
study. We will address this issue at the end of this chapter.

The theoretical framework of mimetic F'(R) gravity in principle provides us with much freedom in realizing various
cosmological scenarios, in a viable way, meaning that the theories are compatible with the recent observational data.
In the literature there are various approaches for these kind of theories, with one approach being based on the perfect
fluid description [434], and the other description deals with the mimetic F(R) gravity as it is an F(R) gravity in
the presence of a non-canonical scalar field. In this section we discuss the second paradigm, in order to apply the
formalism of the previous sections, since the mimetic F'(R) gravity can be viewed as a special case of an F(R,¢)
scalar-tensor theory. The slow-roll conditions are in this case,

H< H?, H<HH, (317)

with H being the Hubble rate. The mimetic F(R) gravity action describes a special class of F(R,¢) scalar-tensor
theory, since the mimetic F'(R) action can be written in the following way,

5= [vea{ e+ A@0,00% + X0) - V(e | (318)

and therefore, the kinetic term is, w(¢) = —2A(¢), while the scalar potential is, V(¢) = A(¢) — V(¢). The slow-roll
indices for the general F(R, ¢) gravity are [545-547],

_% ) €2 = ]l‘([b(b ) €3 = F/(R7 (b) €4 = i (319)

‘= T 2HF'(R,¢)’ 9HE’

where the function E(R, ¢) is,
3F(R, $)?
L3R
292

In the case of mimetic F(R) gravity, owing to the fact that ¢ = ¢t and w(¢) = —2X(¢), the slow-roll indices take the
following form,

E(R,¢) = F(R, ¢)w(0) (320)

H _ F'(R,9) E

A= @=0 e=oppRg “T mE (321)
with the function E(R, ¢) being equal to,
3E'(R, ¢)?
E(R,6) = 2F (R, )A(9) + “LTLOT (322)

2

Then, given the form of the F(R) gravity, it is possible to calculate analytically the slow-roll indices and the cor-
responding observational indices. However, note that without the slow-roll approximation, the calculation of the
slow-roll indices can be tedious, so we assume that the slow-roll approximation holds true. Therefore, if the slow-roll
indices €;, i = 1, .., 4 satisfy €; < 1, the observational indices can be written in terms of the slow-roll indices as follows,
[545-547],

ng ~1—4e; —2ey +2€3 —2¢4, T = 16(61 + 63) . (323)

Then, by specifying the explicit form of the F'(R) gravity and also the Hubble rate, we can realize various cosmological
scenarios which are compatible with the observational data coming from Planck [48] and the most recent BICEP2/Keck
Array data [49]. For convenience we quote here the Planck constraints, for the spectral index of the primordial
curvature perturbations ngs and for the scalar-to-tensor ratio r, which are constrained as follows,

ng = 0.9644 +0.0049, r < 0.10. (324)
In addition, the latest BICEP2/Keck-Array data [49] further constrain the scalar-to-tensor ratio to satisfy,
r < 0.07, (325)

at 95% confidence level. For the purposes of our analysis, we shall consider two quite popular F'(R) gravity models,
first the R? inflation model,
R2
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and secondly the power-law model,
F(R) = aR", (327)

with n > 0. With regards to the non-mimetic R? model, this model is compatible with the observational data, but
the non-mimetic version of the model (327) is not compatible with the data. As we shall demonstrate, the mimetic
version of the power-law model (327), can be compatible with observations, if the parameters of the model are suitably
chosen.

Let us first consider the case that the F(R) gravity is the R? model of Eq. (326), so by using the mimetic F(R)
formalism, we shall realize the cosmological evolution,

d
H(t) = Hy — 6(t —t) + c(t —to)?, (328)
with Hy, d, ¢ and tg being arbitrary free parameters of the theory. These parameters must be chosen in the following
way, in order for the slow-roll condition to hold true,

Hy > d, ety . (329)

In addition, the parameter ¢y must be ¢y < 1, since this time instance corresponds to the beginning of the inflationary
era. Moreover, we need to note that the slow-roll approximation is valid for the Hubble rate (328), due to the fact that
the cosmic time take values in the interval (1073% 107!%)sec, and therefore the time-dependent terms of Eq. (328),
have extremely small values. The mimetic potential and the Lagrange multiplier have to be chosen appropriately in
order to realize the cosmological evolution (328). Due to the slow-roll conditions (317), the F'(R) can be simplified
as F'(R) ~ R/(3M?), and also in the same way, F’ ~ 8HH/M?. Therefore, the mimetic R? gravity gravitational
equations are simplified as follows,

. H> M°H : V(¢) —2A\(¢)
H—- — = 3HH + M>—~_—""°
Vi + 5 3 + 0 , (330)
and by neglecting the first two terms in Eq. (330), we obtain,
M2H L LV(6) = 20(9)
= -3HH + M*>—~~_—"77 1
5 3 + Vi (331)
Consequently, for the cosmological evolution (328), the Lagrange multiplier and the potential satisfy,
—d + M? +12c(t — to)) (—6Hp + (t — to)(d + 6c(—t + to)))?
V(t) _ 2)\(15) — ( C( 0)) ( 0 ( 0)( C( 0))) ) (332)
6M2
We can find the exact forms of the Lagrange multiplier and of the potential as follows,
10cdp  120c*tpg  60c2¢?
M) =dep —— = =~ + - TAL (333)
with the constant A; being,
d d? 12¢H 10cdt 60c%t2
A =—+ o —4ct0+7c 0 €0 (334)

3 3M? M? M? M?

In the same way we can easily find the mimetic potential, but we omit this for brevity. The slow-roll indices €3 and
€4 can be simplified during the slow-roll era, in the following way,

A

SN (335)

€3~ —2€1, €4

and the slow-roll index €; remains the same. By combining Eqs. (333) and (328), we can find the observational indices,
which are,

4 —2¢(t —tg)
€1 = €3 =X —

(Ho — Ld(t — to) + e(t — t9)2)*
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18¢ (=5d + 2 (M? + 30c(t — to)))
(d2 — d (M2 + 30c(t — to)) + 12¢ (3Hq + (M2 + 15¢(t — to)) (t — to))) (6Ho — (£ — to)(d + 6¢(—t + t0)))

(336)

€ =~

Accordingly, by using the e-foldings number N, we can express the spectral index ng as a function of NV, as follows,

1 48(d — 12¢z) 36¢ (—5d + 2M? + 60cz) (337)
ng~1— - ,
(=6Hp + z(d — 6¢z))?  (6Ho + z(—d + 6¢z)) (d?> — d (M? + 30cz) + 12¢ (3Hg + z (M? + 15¢z)))

and the N-dependence of ng is given in terms of the parameter z, the explicit form of which is,

L %2 B 144c¢Hy — M*
T 12¢

1/3
6 22/3¢ <4326H0M2 +2M + 5184¢2N + \/ 4 (144cHy — M#4)® + (—432¢Ho M2 + 2M6 + 518462N)2>

1/3
<—432€H0M2 +2M© + 5184¢2N + \/4 (144cHy — M4)® + (—432¢HoM? + 2M6 + 518462N)2)

+ 12 9173, (338)
In the same way, the scalar-to-tensor ratio is equal to,
SP (%d_ 2c2) . (339)
(o~ % +)
By assuming that the free parameters have the following values,
N =50, ¢=0.0000009, M =0.085, Hy=0.26, d=0.002, (340)
the observational indices ngs and r, take the following values,
ng = 0.967429, r ~0.0134796, (341)

which are in concordance with the Planck data (324) and also with the BICEP2/Keck Array data (325). It is
conceivable that the results we just presented, strongly depend on the choice of the free parameters, and specifically
on the parameter Hy, and the compatibility with the observational data is achieved at the expense of having fine-
tuning. For more details on this model, see [142] for a detailed analysis.

As we just showed, the mimetic R? model is compatible with the observational data, or at least can be by appro-
priately choosing the free parameters of the theory. As we now show, the mimetic version of the power law model
of Eq. (327) can also be compatible with the observations, although the ordinary power-law model is not compatible
with the observational data. Particularly, in the ordinary power-law case, the slow-roll indices of Eq. (319) are equal
to,

2—n (1-mn)(2-n) n—2
S — =0, = , = , 342
T m-DeEn-1 ° ST I+ (—1+2n) “T -1 (342)
and the resulting spectral index ng is,
—7+5n

s X 5, 343
T T 30+ 2n? (343)

and in addition, scalar-to-tensor ratio r is,

16(—2 2

r e (=2+n) (344)

(—14+n)(—=142n)"

In the ordinary power-law F'(R) gravity model, the only free parameter is n, so by choosing n = 1.8105, the spectral
index and the scalar-to-tensor ratio become,

ne ~ 0.966191, 1~ 0.27047, (345)

so only the spectral index can be compatible with observations. As we show, the mimetic power-law F(R) model can
produce results compatible with observations. We first consider the quasi-de Sitter evolution of the form,

1) =~ 20— 10), (346)
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with Hy > M?. Since t < 1, then the slow-roll conditions of Eq. (317) hold true for the evolution of Eq. (346). The
gravitational equations during the slow-roll era in this case become,

. V(t) — 2\(t)
and therefore the Lagrange multiplier is,
1 2(—14n)
o) = =233 734\ 20 (2 — n + 4AM?(—1 + n)n) « (HO + 6M2(t0 - ¢>)) : (348)

while the mimetic potential becomes,

36M2n
(6Ho + M?2(ty —

V(g) =334~ (2 —n 4+ 4M?(—1 + n)n) « (9 — ¢))2> <Ho + %M2(to - ¢)> ' . (349)

We can easily find the slow-roll indices in the slow-roll approximation, which are,

A

s~ —(n—Der, e, (350)
so by using Eqs. (346), (348), and (349), we obtain,
M? M?(1—-n 6M2(—1+n
€1 = 1 5, €3= 1( ) 5, €4=— (2 ) 5 - (351)
6 (Ho — ¢ M2(t —tg)) 6 (Ho — ¢ M2(t —tg)) (6Ho + M2(—t +tg))
As in the R? case, we shall express the observational indices as functions of the e-foldings number, so we have,
3H — M?(2+ N 8M?(—2
Ng = 0 3 ( + ), 7":—5 +n) . (352)
3HF — M2N —3H5 + M2N
By assuming that the free parameters and N have the following values,
N =50, Hy=12.04566, M =2, n=1.8, (353)
the spectral index ng and the scalar-to-tensor ration become,
ns ~ 0.966, r ~0.0272, (354)

and therefore compatibility with the observational data is achieved. It can be shown that compatibility with the
observations is always achieved if M and Hj satisfy Hy = 6.0228 x M, and if n is appropriately chosen in each case.
As a second example, consider the following cosmological evolution,

H(t) = Hy — d/6(t — to) + c(t — t9)?, (355)
and the Lagrange multiplier that generates (355), for the power-law gravity (327), is at leading order,
Mp) ~ =21 F2n3=1rne g 201 4 onyna, (356)
Accordingly, the leading order mimetic potential is,
V(g) = 127" H "2 q (—=16c(—1 4+ n)n + Ho (2 + 4n(d + 12c(to — ¢)) — n(1 + 4d + 48¢(to — ¢)))) . (357)

Then, the spectral index ns and the scalar-to-tensor ratio can be easily found, but we do not quote their explicit form
here for brevity. It can be shown [142] that if we choose the parameters as follows,

N =50, ¢=0014, d=-01, n=11, Hy=11, (358)
the observational indices take the following values,
ns ~ 0.966121, r ~0.0176679, (359)

which of course are compatible with the current observational data. As we also mentioned in the B2 model, compati-
bility is achieved at the expense of having to fine-tune the parameters, so we refer the reader to [142] for more details
on the allowed ranges of the parameters.

Also, in the context of mimetic F(R) gravity and for similar theories, it is very difficult to address the graceful exit
issue by using the methods we already described in this chapter. So at the end of this chapter, we devote a whole
section for this issue.
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4. Reconstruction of F(R) gravity from Finstein Frame Scalar Potential

In chapter II we demonstrated how to obtain the Einstein frame canonical scalar theory, from the Jordan frame
F(R) gravity, so in this section we shall demonstrate how it is possible to obtain the F(R) gravity which corresponds
to an inflationary potential. As we showed in chapter II, the Einstein frame potential of the canonical scalar field is,

003 (e~ piap) =3 (RO S TR ()] o

The Einstein and Jordan frames are connected via the following canonical transformation,

p= \/gln(F’(A)) , (361)

so by solving Eq. (361) with respect to A, we may obtain the scalar curvature R as a function of the scalar field,
since A = R. Then, finding the F(R) gravity from a given canonical scalar potential is a straightforward task, since
we have only to combine Egs. (360) and (361). Particularly, taking the first derivative of Eq. (360), with respect to

R, that is with respect to the scalar curvature, and also by using g—}ﬁ = \/g f,/,,((g)), we get the following differential

equation,
3d (Vi)
RFR = 2\/> — | —— ], 362
R 2dp (e—Q(,/z/s)g; (362)
where Fp = 92 Given the above differential equation, in conjunction with the canonical transformation Eq. (361),

will give us the resulting F'(R) gravity, given the potential V(). Let us demonstrate how the method works by using
two simple examples. Firstly let us assume that the potential in the Einstein frame is the Starobinsky potential of

Eq. (246), so by substituting the Starobinsky potential in Eq. (362), and also due to the fact that Fr = e\/g“”, we
finally get the following algebraic equation,

FrR — (A4Fjp® — AFpp®) = 0. (363)
By solving the algebraic equation (363) with respect to Fg , we easily obtain,
4> + R
Fr=——— 364
R 4/142 } ( )

and in turn, by integrating with respect to the scalar curvature R, we get the corresponding F(R) gravity, which is
2
F(R) =R+ {&.
As another example consider the following limiting attractor potential studied in Ref. [526],

V(p) ~ pa (1 - 2ne*i\/g“") . (365)

The Starobinsky model tends asymptotically, that is for large field values, to the potential (365) and also the E-

attractor models and T-attractor models [527-530], also tend to the potential (365). Moreover, a special class of

attractors, the inverse symmetric attractors [526], also tend to the potential (365). The differential equation (362),
for the potential (365), becomes,

R 1-L . n

Fr=——F, °(—+2n). 366

R 4CKILL R (OZ + n) ( )

The algebraic equation (366) has a particularly simple solution during the slow-roll era, since Fr > 1 during this

era. Therefore, for a > 1, the second term in the right hand side of Eq. (366), satisfies the inequality 1 — é <1,

and therefore the term ~ F 113_%, becomes subdominant at leading order. Therefore, during the slow-roll era we have
Fr ~ &, and in effect, upon substitution in Eq. (366), we finally obtain,
2 n
F(R) ~ 8]27 - %Rz—i +A, (367)
“a 1t)
where the parameter A is an arbitrary integration constant.

An extensive analysis of various phenomenologically interesting canonical scalar field potentials was developed in
Ref. [535]. In Table I we have gathered the most interesting outcomes of the research carried out in Ref. [535]. As
it can be seen in Table I, we present the canonical scalar field potential in the Einstein frame and the corresponding
Jordan frame F(R) gravity. The parameters cg, ¢; and n in Table I, are positive numbers.
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TABLE I: Scalar Potential and the Corresponding F'(R) Gravity

Scalar Potential F(R) Gravity
2

V(@) =co+ cle_\/gmo + CQQ_Q\/gMP F(R) = _ZCTIOR + % + :Tlo — C2

_1_ n+2
Vip) = coe—"V 3re (zi;) (4(n+2)) m (%) " R>
V(p) = <4 — e Vise F(R)g%JrGR— ¥ (AR/c1 +3)*+< R>a

c n c1 ,—"n K R? =n -n
V(p) = 2251 — genVine F(R)~ 565 + 3 1n(m) R R>a

C. Inflation from Gauss-Bonnet Theories of Gravity
1. Ezplicit Calculation of the Power Spectrum

In the previous section, we calculated the spectral index of the primordial curvature perturbations by finding the
explicit form of the slow-roll indices. However, there are more direct ways towards the calculation of the spectral
index, for example by calculating directly the power spectrum of curvature perturbations. In this section we shall
present the general calculation for a vacuum f(G) theory of gravity [327, 548, 549], with G being the Gauss-Bonnet
invariant.

We shall realize a quite popular inflationary scenario, namely that of intermediate inflation [550-557] in which case
the scale factor is,

a(t) = e (368)
and the corresponding Hubble rate is,
H(t) = fo(a+ 1)t (369)

with —1 < a < 0 and also fy > 0. Also for notational simplicity we set 8 = fo(a+ 1). Note that we use a somewhat
strange notation for the intermediate inflation scale factor and there is a specific reason for this (later on we shall
change this “heavy” notation). The reason is that the intermediate inflation scenario is a type of singular inflation,
and specifically a Type III singular inflation, as it can be seen by looking at the scale factor (369) and the singularity
classification after Eq. (454). The intermediate inflation scenario is quite popular, and in Refs. [553, 554] the scalar-
tensor description of this scenario was confronted with observational data. Here we shall realize the intermediate
inflation with f(G) gravity. The background metric will be assumed to be the flat FRW metric. Before we calculate
the power spectrum we need to find which f(G) gravity can realize the intermediate inflation Hubble rate (369),
emphasizing on early cosmic times. To this end we shall use some very well known f(G) gravity reconstruction
schemes [327, 548, 549]. Also a detailed presentation of the issues that follow can be found in [191]. The starting
point of our analysis is the Jordan frame vacuum f(G) gravity, with the action being,

S= 5 [ V=g (R4 19 (370)

with k2 = 1/M§1, and M) = 1.22 x 1019GeV, and g is the trace of the background metric g,,. If we vary the action
with respect to the metric tensor g,,, we easily obtain the following gravitational equations of motion,

1
Ry — §glwf(g) - (_QRR#V + 4R, R — 2R Rypor + 4gap950RuauBRpa) F'(G)

= 2(VuVuF'(G)) R+ 29, (OF'(G)) R — 4(OF'(G)) Ry +4(V, VL F'(G)) RY
+4 (VPVVF/(Q» — 49 (VPVUFI(Q)) R +4 (VPVUF/<Q)) gapgﬁgRuaVB =0. (371)

Recall from the previous sections that for the flat FRW metric, the Gauss-Bonnet invariant can be expressed as a
function of the Hubble rate as follows,

G = 24H? (H + H2) , (372)
and also for the flat FRW metric, the equations of motion (371), can be written as follows,

6H? + f(G) — GF'(G) + 24H3GF"(G) = 0
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AH +6H? + £(G) — GF'(G) + 16HG (H + H2) F"(G)

+ 8H2GF"(G) + 8H?G*F"(G) = 0. (373)

A vital element of the reconstruction method we shall use, is the introduction of an auxiliary scalar field ¢, which can
be identified eventually with the cosmic time, as it was shown in [327, 548, 549]. Then, by using two proper functions
of the cosmic time, namely P(t) and Q(t), the Jordan frame f(G) gravity action (370), can be rewritten as follows,

1
S=5 /d4x\/—g (R+P(t)G+ Q1)) , (374)
so by varying the above action with respect to the cosmic time ¢, we get the following differential equation,
dP(t) dQ(t)
— —= =0. 375
dt G+ dt (375)

Then, one may solve Eq. (375) with respect to ¢ = ¢(G), and eventually by substituting the result in the following
equation,

f(G) = P(t)g +Q(), (376)

one may obtain the resulting f(G) gravity. Hence, the functions P(t) and Q(t) are very important for the calculation
of the resulting f(G) gravity which may realize a specific cosmic evolution, so now we demonstrate how to find these,
given a specific cosmological evolution. Combining Egs. (376) and (373), we get the following differential equation,

dP
Q(t) = —6H?(t) — 24H3 (t)ﬂ , (377)
and in addition, by combining (376) and (377), we get,
d>P : P .
2 _ g2 il —
2H? (1) + 2H (1) <2H(t) H (t)) A1) =0. (378)

By solving the differential equation (378), we can obtain the analytic form of the function P(t), and eventually the
function Q(t). So by substituting these in Eq. (375), we obtain the resulting form of the function ¢ = ¢(G), and having
this at hand, enables us to obtain the f(G) gravity, by simply substituting ¢t = ¢(G) in Eq. (376). Let us apply this
method for the intermediate inflation cosmology (369), at early times, in which case the differential equation (378)
becomes,

2 1,0 P

e A5+ 120, (379)

and by analytically solving this we obtain,

e = 2t%a — 260 4 2a8C)
PO = ——— O T o208 + o (380)

By combining Egs. (380) and (377), we get the function @Q(t), which is,
Q(t) = — 2t~ 12232

— 7t~ 333 (—

g2 (g — 2671 a?) 21— 2a) (¢ — 2t% — 2048 + 2C’1aﬂ)>

2(-1+a)(-1+2a)8 2(—1+ a)(—1+2a)8

L oapteg? t729(1 = 2a) (71T — 2t 71T a?) 172 (72 (<1 4 a)a — 2072 (=1 + a)a?)
(—14a)(—142a)8 2(-1+a)(-1+2a)8

—1—-2« 1— o [
+t (1 —-2a)a(t* —2t% 2Clﬂ+201a5)> 7 (381)
(-1+a)(-14+2a)8
Finally, by using the resulting Q(¢) and P(t), we can obtain the final form of Eq. (375), which is,
t=1729 (432083 (11t~ — 1201 8) — Gz (t* — 2C
( apf’( 18) — Gz ( 15)) 0. (382)

26
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We shall be interested for early times, so we solve the algebraic equation above for ¢ — 0, in which case, the algebraic
equation (382) becomes,

C1Gt 2> — 240t H2aB3 =0, (383)
which results to,

1
Ba—1)
t= 7g —, (384)
(240[&3) Ba—1)

Substituting (384) in P(¢) and Q(¢) and also by making use of Eq. (376), the resulting f(G) gravity which realizes
the intermediate inflation scenario at early times reads,

F(9) = C2G + AG=5 4 BG=rtw | (385)

where the parameters A and B are equal to,

A =11 24755 g2 (af%) 755

—2a —2a 1431220 1-2a 1=2a 1-2a
(24%01 TR Oy — 2T RS TS a> (af?) =5
B =
1 —3a+ 202
— 4w 0, G =it 8 (aﬁ?’)ﬁ ' (386)

We can further simplify the resulting f(G) gravity, by using the fact that we are interested in early times. Particularly,
the Gauss-Bonnet invariant is equal to,

G = 24t~ 1H320 33 4 2qtopt (387)

so for t — 0, we also have G — 0. Hence we can simplify the f(G) gravity by keeping only the leading order terms in
the small-G limit, so we finally have,

f(G) ~ C4,G + BG =T+ . (388)

Having the resulting f(G) gravity at hand, we can easily calculate the power spectrum of the primordial curvature
perturbations, which will determine how the perturbations evolve.

To proceed to the calculation of the power spectrum, consider scalar linear perturbations of the flat FRW metric
of the following form,

ds? = —(1 + )dt* — 2a(t)0;Bdtdz" + a(t)? (3;; + 2605 + 20;0;7) dx'da? (389)

where ¥, ¢, v and [ are smooth scalar perturbations. The primordial perturbations are analyzed by studying a gauge
invariant quantity, so we shall use the comoving curvature perturbation, which is equal to,

=g 20 390
¢ : (390)

where £ = g—g. In the case of f(G) gravity, there are no k* scalar propagating modes, where k is the wavelength, so
in this case there is no superluminal propagation. Hence the propagation of the scalar perturbations contains only k2
terms, and the evolution of perturbations is governed by the following equation,

W);Q(t)jt (a(t)3Q(t)<i>) + Bl(t)aft)p ~0, (301)

and it can be seen that the k2 terms dominate the evolution. The speed of the propagating modes is determined by
By (t), which for an f(G) theory is,

Bi(t) =1+ 2H (392)
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In addition, the term Q(t) which appears in Eq. (391), for a general f(G) gravity is,

o - S ¢ (1 wen), (393)
(1 + 6HF~(g)g)

where we used & = ZL;Q . Note that the “prime” in Eq. (393) denotes differentiation with respect to the Gauss-Bonnet
scalar, while the “dot” denotes differentiation with respect to the cosmic time. We shall try to find an approximate
solution of the differential equation (393) corresponding to early times. The differential equation (391) can be recast
as follows,

at)>Q(1)d + (3a(t)2dQ(t) + a(t)BQ(t)) d 4 BI()Q(1)a(t)k2® = 0. (394)

Then after some calculations, the leading order differential equation which governs the evolution of the perturbations
at early times reads,

e — 1900 + M =0, (395)

where the explicit form of the parameters ; (i = 1,2,4) is,

=4+ £ g—1+ =25z g2y2 (1-20)% (aﬂzz)ﬁ

Q =
' (1—3a)*p7 ’
q 93+ =P 31+ = B2 (1 — 20)%a (o) T
o (1 —3a)!pe ’
Q _2_5+%3—5ﬁ32 (1-2a)%a (aﬁg’)ﬁ
5 (1—3a)4(1+a)B° ’
2a
90+ =5 31+ =5 B2(1 — 20)% (o) T+
Q= ( F (@) (396)

(1—3a)*s°

We need to note that for deriving the resulting differential equation, we omitted a term ~ (ngbt)%‘, since the term
t*Qs® dominates, and the explicit form of the parameter Q3 can be found in Eq. (396). The differential equation
(394) can be solved and the solution is,

13 1—a

D(t) = Ayt =070 J, (G2 ) 4 Agt im0 J_ (¢t 7)) (397)

where the parameters p and (, are equal to,

_ Qe 2V
P T o) (—1+ 1)/’

and J,(y) is the Bessel function of the first kind. Also the explicit form of the parameters A;, i = 1,2 appears below,

(398)

1\* _B B « Qs
Ay=|-14+— kQ, 202 CsT
1 ( +a> B [—1+a+ (—Ha)ﬂj’
3p
1 g 2 QQ 294 OéQ4
Ag=|—-14+— ka2 Q04T — . 399
2 ( +Oé> @ 1 474 |:Q4—CYQ4+Q4—()¢Q4 Q4—O{Q4 ( )
We can further simplify the solution by using the small argument limit of the Bessel function,
yr2—H
J, ~ = 400
so the solution (397) is simplified as follows,
Q—H(H (2—2a+02)p
D(t) ~ A ¢ x 2-TFe) (401)

T+ 4
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Hence, from Eq. (401) it is obvious that the evolution of the primordial curvature scalar perturbations depends linearly
on the cosmic time ¢. Now we investigate whether the power spectrum is nearly scale invariant and also whether this
can be in concordance with the observational data. The gauge invariant function ® of Eq. (390), satisfies the following
equation [558],

. 1. 1 ¢
= [ dx*a(t)®Qs [ 2@ — = —25(V®)? 402
5= [artawpQ. (5 - 5o (var) (402
with @, being this time, Q, = 5 Q(t) and the function Q(t) was defined in Eq. (393). The power spectrum of the
primordial curvature perturbations for the gauge invariant variable ®, can be calculated by using standard approaches
in cosmological perturbation theory [50-54, 56, 58-70], and it is equal to,

4k
Pr= =Py - 403
R (27T)3| ‘kfaH ( )
If we look at the analytic forms of the parameters €;, As and ( above, one may easily conclude that the power
spectrum is not scale invariant, and we demonstrate that now in some detail. The parameters Q1, Ao, ¢ contain the
wavenumber k implicitly via the parameter 21, and in detail we have,

O~k (L, A~ QR (404)
Due to the fact that the power spectrum depends on A(H, the from Eq. (404), we get,

2—2r1+012)u 2
Pr~ k> |Cy(t —ts) 2070 ) (405)
k=aH

However it is not obvious if the above spectrum is scale invariant, since the constant of integration contained in the
parameter Ay in Eq. (399), namely Cjy, depends on k, and its exact form can be found if the initial conditions on
2—2a+a?)pn

the gauge invariant quantity ®(t) are given. Moreover, a hidden k-dependence exists in the term t(%fﬂv)), since
the power spectrum is calculated at the horizon crossing time instance, where & = aH. So let us calculate these in
detail. Since we are working for ¢ — 0 cosmic times, the conformal time 7, which is defined as dr = a~1(t)dt, satisfies
T ~ t, since for t — 0, the scale factor in Eq. (368), is approximately equal to a ~ 1. In addition, for ¢ — 0, we
approximately have k ~ H at the horizon crossing time instance, and therefore the following relation holds true,

Bt ~ k. (406)

By solving the above equation with respect to the cosmic time ¢, we obtain,

1

. (g) . (407)

It is obvious that Eq. (407) determines the k-dependence of the cosmic time ¢, at the horizon crossing. Having
found this, let us now proceed to find Cy as a function of k. We introduce the canonical variable u = z,®, where,
zs = Q(t)a(t), and owing to the fact that a(t) ~ 1 for t — 0, we finally conclude that z; ~ Q(¢), and this implies that,

un~ dQ(t), (408)

with Q(t) being defined in Eq. (393). Then we can write the action of Eq. (402), in terms of the variable u, at early
times, as follows,

li 1 1
Sy =~ /d3dr B —5(Vu)’ + S| (409)

Zs

with the prime this time indicating differentiation with respect to 7 ~ t. Assuming a Bunch-Davies vacuum state for
—ikT

o . .
T Note that the imaginary

phase plays no role, since we are interested in calculating |®(t = t4)|?. Due to Eq. (408), we get,

the canonical scalar field u [61], before the inflationary era starts, then we have u ~

®(tg) ~ Cy ~ , (410)

VEQ(t)
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where t indicates the start of the inflationary era. In addition, the function Q(t) is equal to,

970+ =ia 371 = B2(t — 1,) 749 (1 — 2) (a8%) s
Qt) ~ (1~ 30) 158 . (411)

Then, by using Eq. (407), we obtain,
Qt(k)) = Zik o = Z k™4, (412)
with the parameter Z; being equal to,

) X 20
L 2R R B (1~ 20)° (af?) T (413)
= (1—3a)1p051/0 '

By combining Eqs. (412) and (410), we obtain that,

1 1 7
~ — ~ k2. 414
T2 Vkk (414)

Finally combining Eqgs. (414), (407), and (405), the power spectrum Pr as a function of k is,

272&«#(22)/,1.

Pr ~ k33T T (415)

and it can be seen that the resulting power spectrum is not scale invariant. We can compute the spectral index of
primordial curvature perturbations if we combine Eqs. (398) and (396) and in effect we get, u = 11/(1 — ). Then,
the spectral index of the primordial curvature perturbations is,

dinPr 7 2 — 20+ a? 11
s— 1= = - —pu=1-— . 41
" dnk 2 Y 3@-n * 2(a — 1)2 (416)
There can be agreement of ns with the observational data for two values of a;, namely for o = 13.9 and for a = —12.

The latter is not allowed by the intermediate inflation scenario, and the same applies for the former, so we can see
that the intermediate inflation scenario, when realized by an f(G) gravity, does not result to a power spectrum which
scale or nearly scale invariant and it is not compatible with observational data.

2. Ewvolution of Perturbations After the Horizon Crossing

As another task relevant to the dynamics of the inflationary era, we shall now investigate whether the cosmological
perturbations remain constant or not after the horizon crossing. We are mainly presenting this issue in order to have
a complete idea of all the topics related to the inflationary era.

In many scenarios, the conservation of the comoving curvature perturbations does not occur, like for example in
the matter bounce scenario [61], so this issue should be properly investigated. The focus is on cosmological times
for which the wavenumber satisfies & < a(¢t)H(t). Due to the last relation, the differential equation (391) can be
simplified since the last term of it can be safely neglected, so it becomes,

1 d 3 B —
and by analytically solving this we obtain,
1
O(t) =C; +Co / POEI0) dt, (418)

where Q(t) is defined in Eq. (393). Clearly the integral in Eq. (418), determines the evolution of the comoving curvature
perturbations after the horizon crossing. It is therefore crucial to find the function Q(t) and also to determine the
f(G) gravity which governs the evolution for k < a(t)H(t). Since the condition ¢ — 0 holds true after the horizon
crossing and for t < 1sec, the f(G) gravity which generates the evolution is still the one appearing in Eq. (388), and
in effect, the function Q(t) is,

Qt) ~ Zot™1. (419)
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Hence, due to the fact that a(t) ~ oot the term m, has the following behavior,

1 t4a
a(t)?Q(t) ~ efor T

(420)

Since the exponential term dominates the evolution, the integral term eventually decays, as the cosmic time increases,

so in effect we have,
/ _ (421)
a(t)*Q(t) '

Therefore, the comoving curvature perturbation can be approximated as follows,
d(t) =C, (422)

and therefore the comoving curvature perturbation is conserved after the horizon crossing, since ®(t) is constant.

D. Inflation from F(T) =T + f(T) Theories in the Jordan Frame

In this section we shall present in brief the formalism for obtaining the power spectrum of primordial curvature
perturbations in the context of F(T) =T + f(T') gravity. For detailed analysis on these issues we refer to Refs. [146,
366-371, 373, 375-390], and we adopt the notation of Ref. [368]. The analysis that follows has been presented in detail
in Refs. [404, 405]. We consider only the longitudinal gauge, so only scalar-type metric fluctuations are considered,
with the perturbed metric being of the following form,

ds® = (14 2®)dt* — a(t)*(1 — 20) > da?, (423)

and the scalar fluctuations in the metric are quantified in terms of the functions ® and W. The perturbation of the
torsion scalar in terms of the scalar perturbations ¥ and @, at leading order, is equal to,

OT = 12H(® + HV), (424)
with H being the Hubble rate. The F(T) = T + f(T) gravity perturbed gravitational equations corresponding to the
metric of Eq. (423), are equal to,

V2 . .
L+ F»T)ﬁ‘l’ ~3(1+ fr)HY —3(1 4 fr)H?*® + 36 f 770 H*(¥ + H®) = 47Gép,
1+ fr —12H? frr) (¥ + HP) = 4nGéq,
1+ fr)(¥ — @) =8rGos,
L+ fr— 12H fop)V + 3H(1+ f.p — 12H? f pp — 12H f.pp + A8H?H f o) ®

1+ fr
2a2

(
(
(
(

V(U — @) = 47Gdp,  (425)

SH2(1+ fr — 12H2f ) + 2H(1 + for — 30H2f 7 + T2H* f,TTT)] o+

where fr, stands for Op f(T), and the rest of the derivatives, namely frr and fprr are defined correspondingly.
Also, the functions dp, dq, ds, dp, are the fluctuations of the total energy density, of the fluid velocity, of the anisotropic
stress and of the total pressure respectively. By assuming that the matter fluids present consist of a canonical scalar
field with potential V' (¢), we obtain the following relations,

3p = (36 — d®) + V.3dp, dq=¢dp, d5s=0, Op=(3¢—dd)— V6. (426)

Due to the above equations, it can be shown [368] that we have ¥ = ® and also that the gravitational potential ®
can be completely determined by the scalar fluctuation d¢. Hence it is conceivable that the minimally coupled F(T')
gravity to a scalar field, has only one degree of freedom.

The evolution of scalar perturbations is governed by the following differential equation,

.. . k2
P + a®y + M2<I>k + C?@‘:I)k =0, (427)
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where @, is the scalar Fourier mode of the scalar potential ®, and the functions «, u? and ¢? are the frictional term,
the effective mass and the speed of sound parameter for the potential ® respectively. These functions are equal to,

2V, HH — 4H?
a=TH+ 2% 36 (f,TT f,TTT)

& 1+ fr—12H?frp
2 = 6H2 4 2H + 2H¢.)V,¢ B 36]i25;£Tj ;zzif;f;zTT) 7
= 1+ f,T1+1JCQ,22f,TT . (428)
By taking into account that the gravitational equation of motion for the canonical scalar field is,
b+3H)+Vy=0, (429)
and also by rewriting the second F(T) gravity Friedmann equation as follows,
(a+ fr—12H>frr)H = —47G¢? (430)
the evolution of scalar perturbations differential equation (427), becomes,
&y + (H—H> dy, + <2H—HH> <I>k+cgls2¢>k:o. (431)
H H a

By looking at the evolution equation (431), we can see that it is identical to the one corresponding to the Einstein-
Hilbert case, except for the speed of sound parameter.

The physical quantity that quantifies perfectly the cosmological inhomogeneities is the comoving curvature fluctu-
ation (, expressed in comoving coordinates, which in this case is,

H /.
C:(D——.(CIH—H(I)). (432)
H
The parameter ( is a gauge invariant quantity, and it can be used to simplify the calculation of the power spectrum

and of the corresponding spectral index of the primordial curvature perturbation. Particularly, we can introduce the
variable v which is equal to,

v =2z(, (433)
with z being equal to,

z = aV/2e, (434)

and with e being the first slow-roll index € = —%. Eventually, the differential equation that determines the evolution
of the primordial perturbations is [368],
" 21.2 ZH _
vy + | ik - v =0, (435)

where the sound speed parameter was defined in Eq. (428). The prime in Eq. (435) denotes differentiation with
respect to the conformal time, which is defined as follows,

- / dt%. (436)

In order to demonstrate how the calculation of the power spectrum works in practise, we shall realize the intermediate
inflation scenario [551-557], in which case, the scale factor and the Hubble rate are,

a(t)=eM" | H(t) = Ant" 1, (437)

where 0 < n < 1 and also A > 0 (here we use for notational convenience, the notation n for the exponent in the scale
factor). In Refs. [551-553], the intermediate inflation scenario was realized in the context of scalar-tensor theory, but
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here we shall realize the intermediate inflation in the context of vacuum F(T) gravity, and after that we shall calculate
the power spectrum in detail. For a similar presentation to ours, see [555]. Notice that the F(T') gravity function
appears implicitly in Eq. (435), via the sound speed parameter ¢;. For the FRW background, the first Friedmann
equation of F(T') gravity in vacuum is,

T(t
and also T' = —6H?, which in the case of the intermediate inflation Hubble rate, we get,
T = —6A%n2t*=2 (439)

which can be solved with respect to ¢ and we get the function ¢(T),

1 T -2
H(T) = 6~ 7= (A2n2> . (440)

By inserting the intermediate inflation Hubble rate from Eq. (437) in the Friedmann equation (438), and also by
substituting ¢(7T") from Eq. (440), we can easily solve it to get the approximate F'(T') gravity, which is,

T

F(T) = aT% - (441)

where ¢; is an arbitrary integration constant. Since we are interested in the inflationary era, which corresponds to
early times, when the intermediate inflation scenario is considered, the conformal time 7 defined in Eq. (436) can
be approximately equal with the cosmic time ¢, since the exponential for small values of ¢ is approximately equal to

et ~ 1. Therefore, since t = 7, we can calculate z(t), which is,
2(1 = n)t—™
t)y =\ ———— 442
(1) pu (442

and in addition, by using Eq. (441), and also the explicit form of the Hubble rate for the intermediate inflation
scenario, we can calculate the sound speed parameter which is,

An
2

» Acin6 s (An — 2) (—AZn22n=2) 2 — 12A%n%(An — 1)¢*n 2
Cg = An An )
‘ 2(An — 1) (0167 (An — 2) (—A2n22n-2) %" _ 6A2n2t2n—2)

(443)

and since the dominant term in the above expression during the inflationary era, is ~ t>*~2, the sound speed parameter
can be approximated as ¢? ~ 1. Therefore, the evolution equation (435) becomes as follows,

24
v (t) + <k2 — (2;2)n> ve(t) =0, (444)
which can be analytically solved to yield,

k(t) = C1VtTnss (kt) + CoV/tYup (t) (445)

where J,(z) and Y,,(z) are the Bessel functions of first and second kind respectively, and also Cy, Cy are arbitrary
constants. We can approximate the expression in Eq. (445) for small values of the argument of the Bessel function,
so we have,
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so by keeping the most dominant term, we finally have,

| OV (2T () (k)2

Vi (t) -

(447)

The power spectrum of the primordial curvature perturbations can be written in terms of the function v, and z as
follows,

k3 2

" o2

Vg

Pe (448)

; k=aH ’
which is evaluated at the horizon crossing k¥ = aH. So our aim is to express the quantity |%’“|2 in terms of the
wavenumber k. We have already calculated the function vy (t) which appears in Eq. (447), however the integration
constant Co has a hidden k-dependence, which can be determined if we assume that at some initial time %y, the
—1ikt

function vg(to) is described by a Bunch-Davies vacuum, that is vy ~ <=, so in this way we obtain that the constant

V2k
(5 is equal to,

n

7T2_5_%]€n/2tn/2
(=)

Also the cosmic time in Eqgs. (447) and (449) can be expressed in terms of the wavenumber k, by using the fact that
the power spectrum is evaluated at the horizon crossing, so when k = aH, and since a ~ 1 for the intermediate
inflation scenario, we obtain,

= : ) . (450)
n n—1

Therefore, by combining Eqs. (442), (447), (449), and (450), the power spectrum of Eq. (448) becomes,

- (n} 72T A1) T s
< 4m2(1 = n) ’

which is not scale invariant. However, the spectral index can be compatible with the 2015 Planck data of Eq. (324),
by suitably choosing the parameter n. Indeed, the spectral index of the power spectrum is,

_ dInP;
ne = 1=k (452)

so in the case at hand, the spectral index is,

1
n—1

ng = +4, (453)
so by choosing n = 0.670576, the spectral index becomes n, = 0.9644, which is identical with the 2015 Planck
constrains on the spectral index.

E. Singular Inflation

Recently, another type of inflationary dynamics was introduced in the relevant literature, under the name “sin-
gular inflation” [559, 560], where the terminology singular refers to a soft singularity type which occurs during the
inflationary era. The most interesting type of singularity is the Type IV singularity, which according to the classi-
fication of singularities we did in section II-A-3, the Type IV singularity is not of crushing type and the Universe
may smoothly pass through it without having catastrophic consequences on physical observable quantities. These
singularities were studied in the literature in various contexts, for example in the context of scalar-tensor gravity, see
Refs. [512, 513, 559-561], while in the context of modified gravity in general, see [189, 510, 511, 562-564]. Also when
inhomogeneous equation of state fluids are considered, see [565].

In this section, we shall present how a Type IV singularity can be incorporated to the B2 model, and the details
on this issue can be found in Ref. [510]. As it was shown in [510], and we now briefly discuss, the incorporation of a
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Type IV singularity during the slow-roll era of the R? model, leads to dynamical instabilities in the second slow-roll
index, which indicates that the exit from inflation might occur due to these instabilities. We can easily incorporate
the Type IV singularity in the R? model if the quasi-de Sitter Hubble rate of the R? model is modified as follows,

2

M
H(f)’:HZ—?

where the singularity occurs at ¢ = t,. The singularity structure which the Hubble rate (454) implies is the following,

(t—ti)+ fo(t —ts)", (454)

e o < —1 corresponds to the Type I singularity.

e —1 < a < 0 corresponds to Type III singularity.
e 0 < a < 1 corresponds to Type II singularity.

e o > 1 corresponds to Type IV singularity.

Therefore, in order for a Type IV singularity to occur, we must require that a > 1. Moreover, we assume that
H; > fo, M > fp and in addition that fy < 1. When these conditions hold true, the singularity term in Eq. (454),
is much more smaller when it is compared the first two terms. In effect, near the singularity, the F'(R) gravity that
generates the Hubble rate (454) is the following,

F(R)=R+ R?, (455)

6M?2
with M > 1. By calculating the Hubble flow parameters [510] for the Hubble rate (454), these read,

2
—MT + fo(t — ts)_1+o‘a

€1 = — 1 3
(Hi — §M2(t — t;) + fo(t — ts)%)
Folt = ta) "2 (=1 + a)a + 4 (H; — LM2(t — ;) + fo(t — t.)%) (—M{ ¥ folt — ts)—1+aa)
€= M2 lag2(— 2 ’
M2 (1 + 2(‘T+2(H"+M‘;M (~t+t0)) )) (H; — LM2(t — 1) + folt — ts))
2 2
Lo H(E)(E — t) (=1 + a)a+ folt — t,) 3 (=2 + a)(=1 + a)a+4 (=2 + fo(t — t,)""+*a)
€4 = 3 456
! H(t) (fo(t —ts) "2t (=1+ a)a+4H(t) (— 2= + fot — ts) "1 Hea)) (456)
and near the Type IV singularity at ¢t = ¢, these become,
M2
€1 = 2
6 (H; — gM2(t — 1))
folt = )72 (=1 + a)a + 4 (H; — M2 (¢ — 1)) (- 2£)
€= M2 172 2 ’
M2 (1 n 2(—T+2(HiL§M (~t+t0)) )) (Hi — 1M2(t —1,))
o = MY dfy (Hy — SMP(t— 1)) (t — 1) 72F (=1 + a)a + folt — t) 73T (=2 + a)(~1 + a)a (457)

(Hi — §M2(t — t;)) (—3 M2 (H; — § M2(t — t;)) + fo(t — ts) 72 (—1 4+ a)a)

As it can be seen from the equations above, the parameter €; is identical to the one corresponding to the R? model,
and the difference can be found when the parameters €3 and €4 are considered. In the case of €3 the difference is due
to the presence of the term ~ (t —t4)~2%® which may render the parameter €3 singular, only in the case 1 < a < 2, at
t = t,. In the case of €4, the terms ~ (t —t,)~2+* and (¢ — t,) 2%, may become singular. So we have three possible
scenarios which may occur, and now we discuss these in brief.

1. Scenario I

If the singularity occurs before inflation ends, which occurs at ¢ = tf, then we have t; < t¢, and if 2 < o < 3, the
slow-roll parameter €, has a singularity at ¢t = ¢, and it is simplified as follows,

3 (MT 4 folt — )Pt (—2 + a)(—1 + a)a)
2M2 (H; — sM2(t —t;))’

~

, (458)

€4
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while the rest slow-roll parameters are finite. As it was argued in Ref. [510], this singularity indicates that the slow-roll
expansion breaks at a higher order, so this can be viewed as a dynamical instability of the system. Therefore, this
mechanism may serve as a mechanism for generating the graceful exit from inflation. Also by calculating the spectral

index of primordial curvature perturbations ns and the scalar-to-tensor ratio r, in the case at hand, we get,

6H(ts) = . 2 nH(ts) =0,

where N is calculated in the interval [t;, ¢s]

2

N = /ts H(t)dt = Hi(ts — t;) — —

2
ts — 1),
()

7

and upon solving with respect to the difference (t5 — t;), we obtain,

2 (3H: +V3y/3HZ = M°N)
t = . .

ts — U
M
Finally by substituting in Eq. (459), we get,
M2
ts = 5 ts =Y,
e (ts) GH? — 2M2N i (ts) = 0

which are identical to R? inflation model ones.

2. Scenario I

In the case t; < tf, and if 1 < o < 2, the second Hubble slow-roll parameter ng becomes,

folt —ts) 72 (=1 + o)
2 (H; = gM2(t = 1) + fo(t — 1)) (— 7§ + fo(t — ta)¥a) |

nH = —

(459)

(460)

(461)

(462)

(463)

In the present case, the parameters €3, €4 and ny diverge at t = t,, which indicates a strong instability at this time

instance, and therefore inflation ends abruptly at that point.

8. Scenario III

In the case that ¢y < ¢y and o > 3, all the parameters €3, €4 are not singular at ¢t = t,, and therefore inflation ends
when €; becomes of order one. The difference of this scenario with the ordinary R? model is that in the case at hand,

the second slow-roll parameter is not exactly zero, but it is equal to,

folty —t)* (-1 + a)a
H; = §M2(ty —t;) + fo(ty —t)*) (=26 + folty — t.)~1Hea)

UHE*Q(

Hence, in this case, the spectral index n, is equal to,

9fo(ty —ts) 1T (=14 a)a

nNg = —

(= VOHZ =BMZN + 3fy(ty — t,)*) (M2(~t +t,) + 6folty — t,)"a)

(464)

(465)

However, the observational differences between this scenario and of the Starobinsky model are minor, as was shown

in [510].
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4. The Scenarios with ts =ty

Finally, let us consider in brief the case that the singularity occurs at the end of inflation, so that we have t; = t;. If
2 < a < 3, the Hubble flow parameter €4 diverges at t = ¢;. This case is similar to Scenario I, so inflation ends when
€1 ~ 1, but since ¢4 diverges at t =ty = t,, the graceful exit from inflation becomes more pronounced in comparison
to Scenario I. The same situation occurs in the case 1 < a < 2, since the slow-roll indices €3, €4 and ng diverge at
t =ts. In the case that a > 3, the situation is similar to Scenario III, with the only difference being that the second
Hubble slow-roll index is zero in the case at hand. Hence this case is indistinguishable for the ordinary R? model.

In conclusion, the Type IV singular R? model has the advantage that inflation ends more abruptly in comparison
to the ordinary R? model. Also, although the singularity term is insignificant at early times, it becomes dominant
at late times, so this term can be responsible for late-time acceleration, see [510] for details. Moreover we need to
note that the F'(R) gravity of Eq. (455) generates the singular Hubble rate of Eq. (454) only at early times, so at
late times this description no longer holds true, and therefore a different description applies, as was shown in detail
in Ref. [510].

F. A Qualitative Study for the Graceful Exit from Inflation Issue

In the previous sections we discussed the inflationary dynamics in various modified gravities, and as we showed, in
many cases, the graceful exit from inflation quantitatively occurs when the first slow-roll index becomes of the order
O(1). In the cases of F(R) gravity and also in the case of a single scalar field this is easy to address in a quantitative
way. However, in more complicated cases, like for example in the mimetic F'(R) gravity, this problem is difficult to
handle with, by using conventional approaches. In this section we shall discuss the graceful exit issue in the context
of complicated theories. The formalism we shall develop is quite general and can be applied in various theories of
gravity. In order to make the presentation more clear and for illustrative purposes, we shall discuss the graceful exit
problem in the context of the mimetic F'(R) gravity we discussed earlier in this chapter. Specifically, we consider
the power-law model of Eq. (327), so the Lagrange multiplier and the mimetic potential are the ones appearing in
Egs. (348) and (349). As we showed, cosmologically viable results for this specific model are obtained when n = 1.8,
and as we show this crucially affects the graceful exit from inflation.

The formalism for the graceful exit from inflation that we now discussed, is based on the existence of the unstable
de Sitter attractors in the theory. These unstable de Sitter vacua generate curvature perturbations which grow with
time, so this mechanism triggers the graceful exit from inflation. More theoretical details on this issue can be found
in Refs. [434, 544]. To proceed with the method, the gravitational equation for mimetic F'(R) gravity can be written
as follows,

V(t) — 2\(t)
~12H(t)2 + 6H' ()

6anH (t)> — (an — a) (12H(t)> + 6H'(t)) + 6an(n — 1)(24H (t)H'(t) + 6H" (t)) =0. (466)

We investigate whether the de Sitter solutions to the above equations exist, so we seek solutions of the form H(t) = Hy,
and by substituting this in (466), we get the following algebraic equation,
6H3ina — 12H3(—a + na) — 1272 H 22 (—2(—1 4+ n)a + na) =0, (467)
which when solved, yields,
Hy = (275+2mg=5tn) e | (468)

Having found the de Sitter vacuum for the theory, we need to investigate whether this is unstable or not, towards
linear perturbations, so we set H(t) = Hq + AH(t) in Eq. (466, and we keep only linear terms in AH (¢), AH'(t) and
AH"(t). After expanding and keeping only linear terms in the aforementioned variables, we obtain,

1 n n
ey el (—4H, (864Hj + 12" H3") (-2 + n)AH(t)
+ (—12"H7" (=2 +n) — 1728HF(—1 + n) + 41472H (-1 + n)n + 3" 74> H T2 (—1 + n)n) AH'(t)
+2H, ((—864H7 + 12"H3") (=2 +n) + 5184H4(—1 + n)nAH"(t))) = 0. (469)

This differential equation can be solved analytically, so we obtain,

864 H3 — 22n3n [ 2n

AH(t) = —
()="3 (864H2 + 22n3n H2")

+ 1Mt + cget2t (470)
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where the detailed form of the parameters u; and s is,

_ @+ V@ _ o — B )
M= 5 (C10368H2n + 10368H2n?) " M~ 2(—10368H2n + 10368H2n?) ’

where ¢; stands for,

q1 = — 1728 H? — 2! 72"3" [12n 1 1728 H3n + 41472H3n

+ 223N {3 4 24 PENg I [y 41472 H3n? — 24Nl iting2 (472)
while ¢o stands for,
g2 = — 4 (6912H7 + 2°+2"3" H 72" — 3456 Hyn — 2°12"3" H;7*"n) (—10368Hin + 10368 H n?)
+ (1728H7 + 2'T2"3" H3" — 1728 Hin — 41472Hjn — 2*"3" H3"n — 24121310 [} T2y
HATAT2H3N? 4 242l pritan,2)2 (473)
and also ¢y, co are arbitrary integration constants. So by combining Eqgs. (468) and (470), for n = 1.8, we have,
AH(t) = —(.499989 4 Cle0.077543215 + 0260'00195451t , (474)

which tells us that the perturbation AH (¢) is exponentially growing with time. It is more convenient and useful to
have the solution (474) in terms of the e-foldings number, so now we demonstrate how this can be done formally.
Assume that the graceful exit occurs at the time instance ¢, so from the condition €;(t¢) ~ O(1) and from (346), we

obtain HJ% ~ MTZ. Therefore, at ¢ = ¢, the quasi-de Sitter evolution of (346), yields,

M2
Hy=Ho— T(tf —to). (475)

By solving with respect to ty — to, and also by substituting H? ~ MTQ we obtain,

6 M

The definition of the e-foldings number N is,

tr
N = / H(t)dt. (477)
to
By choosing the initial time ¢ to be the time instance that the horizon crossing occurs, then we have from (477),
M2
N = Ho(ty —to) — ﬁ(tf —t0)?, (478)
and by substituting (t; — t9) given in Eq. (476), we obtain,
3HZ 1
N~=—0_ 4
7z 3 (479)
Combining Egs. (476) and (479), we get,
2(N +1 6
Hy M6
and by substituting (t; — t9) in Eq. (474), we get,
0.0775432 (2842 6 0.00195451 ( 20F2) _ s
AH(N) = —0.499989 + c;e <H° Mﬁ>+@e (HO Mﬁ>. (481)

Having the resulting perturbation AH as a function of N, enables us to decide if enough inflation is produced for at
least N ~ 50. For the example at hand, if we choose Hy = 12.04566 and M = 2, we obtain,

3 1
AH(N) = —0.499989 + ¢; exp {0.0775432 l—\/; + 0.166035 (2 + N)
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3 1
+ coexp {0.00195451 [—\/g%- 0.166035 <2 + N) } .

In effect, even for small values of N, we find AH ~ —0.5+0.9¢; + 1.0cq, and therefore unless ¢; and cq, are chosen to
be extremely small, the perturbation AH is of the order O(1) at the beginning of inflation, so not enough inflation is
produced. As a conclusion, we need to note that the qualitative results of the method we presented, are quite model
dependent, however, the quantitative approach is quite general, and can be applied in quite complicated modified
gravity theories.

Before closing it is worth discussing an important question related to the graceful exit issue in different frames. The
question is whether the Universe can exit from the inflationary era in both of the Jordan and Einstein frames, and if
yes what is the physical reasoning. The answer to this question is not easy to address because this issue is strongly
model dependent. It is known that conformal invariant quantities have the same description in both of the Jordan
and Einstein frames, for example the observational indices of inflation [539-541], that is the spectral index ng and the
scalar-to-tensor ratio r, so only the conformal invariant quantities are the same in the Jordan and Einstein frame.

The point is that for slow-roll inflation, the Einstein and the Jordan frame give the same indexes. Then, the graceful
exit occurs in both of the Einstein and Jordan frames. For example in the vacuum R? gravity the graceful exit occurs
in the F(R) frame and at the same time it occurs in the Einstein frame [506]. However, the two frames are effectively
equivalent only in the vacuum case only. When we have matter fluids present, due to the fact that F(R) gravity with
matter is not equivalent to the Einstein frame with same matter fluids (rather it is the Einstein frame with matter
coupled to a scalar field), then we expect that there is a difference between the two frames, and the impact of the
difference can be seen in the graceful exit issue too. In this section we assumed that the physical theory is the F'(R)
gravity one, so we focused on the F(R) gravity frame only.

Differences between the Jordan and Einstein frames were pointed out in the literature. As it was shown in [295],
the acceleration in one frame corresponds to deceleration in the other frame, so the physical interpretation in the two
frames is totally different. However the graceful exit issue is more involved and we remain skeptical on answering the
question with a simple yes or no, in the case that matter fluids are present. Traditionally, the exit is triggered when
the first slow-roll index becomes of the order one, however this ends the slow-roll era but not inflation to our opinion.
Practically, in order for the inflationary era to come to an end, the unstable de Sitter solution must exist in the theory
and if this exists, it has to be the final attractor of the cosmological dynamical system. The de Sitter instabilities
generate uncontrollable curvature perturbations which cease the inflationary era. According to Refs. [295], the de
Sitter solution in the Jordan frame may not be the de Sitter solution in the other frame, when matter fluids are
present, and in fact it may describe a totally new physical evolution. So we refrain from going into deeper details for
this intriguing issue and we defer the study to a focused future research paper.

Thus we presented the various models in which inflation can be realized in the context of modified gravity. Basically
speaking, all modified gravities we presented may describe the inflationary era of the sort appearing in this chapter.
What now remains is to briefly discuss the reheating issue in the context of F'(R) gravity. This is the subject of the
next section.

G. Reheating in F(R) Gravity

Describing successfully the inflationary era is one step towards the understanding of early-time dynamics, however
the inflationary era must be followed by the Friedmann evolution, as this is described by standard Big-Bang cosmology.
The reheating period fills the gap between inflation and the radiation and matter domination era, and it is actually the
most important mechanism in order to thermalize the cold Universe that results after the inflationary era. However,
it is conceivable that the full understanding of how the Universe transits from a supercooled state at the end of
inflation, to a thermal radiation dominated epoch, is a very complicated task. Actually, the conceptual understanding
of the Universe’s evolution in the era between the ending of the inflationary era and Big Bang Nucleosynthesis,
is still an active research stream [566]. In some sense, during this era, the energy that drives the quasi-de Sitter
inflationary evolution should be endowed to the matter fields present, which are Standard Model particles. Now in
most descriptions, the inflaton directly transfers its energy to the Standard Model particles [567-569], however there
are alternative ways in order for this reheating process to occur, such as the modified gravity description of reheating
[570].

Although the reheating study can go quite deep in theoretical descriptions, for example considering non-perturbative
resonances as preheating sources [566], in this section we shall discuss in brief this thermalization era, and we shall
try to outline the basic facts about reheating, always in the context of modified gravity. Particularly, we shall focus
on the F(R) gravity theory description of reheating, since this is the prominent and most representative modified
gravity theory. The modified gravity description offers a more refined reheating theory since the reheating occurs as a
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back-reaction effect on the metric, due to curvature fluctuations acting as matter sources in the field equations. This
description is more refined in comparison to standard inflaton approaches, since in the modified case there is no need
to fine-tune the couplings of the inflation to the Standard Model fields, in order for these to be extremely suppressed
during the inflationary era.

We shall focus on the Starobinsky R? model we used earlier,

R2

(482)

where H; has dimensions of mass?, and as we will see will play an important role in determining the reheating and
Friedman temperature. We shall base our analysis on Ref. [570]. Let us note here that by using the terminology
“Friedman evolution” or “Friedman temperature”, we refer to the era that the Big Bang description for the Universe
evolution apply, so this era refers to the radiation domination era and after. During the reheating era, the first term
of the second differential equation in Eq. (305), namely R cannot be neglected anymore. Therefore, the evolution
of the scalar curvature looks like a damped harmonic oscillation, as the differential equation in Eq. (305) suggests,
with the restoring force being ~ 3H;. The parameter H; has a prominent role in the theory for three reasons, firstly
since the observational indices of inflation strongly depend on this as we showed earlier, secondly since it affects
the reheating temperature and thirdly since it affects the Friedman temperature and evolution. With regard to the
reheating temperature, it has to be high enough in order for the baryogenesis to occur, but also it has to be low
enough in order for the grand unified theories phase transitions not to occur, in which case the monopoles will be
absent. Hence the parameter H; is strongly constrained by the above requirements as we show later on in this section.
The evolution of the Hubble rate is given in the first differential equation of Eq. (305), which we quote here too for
reading convenience,
HQ
H 2H—i-BHH_ 3HH. (483)
During the slow-roll era, the first and second term in Eq. (483) can be neglected, due to the slow-roll conditions and
since the following condition holds true,

3HH) 484
2m| < ‘ (484)

so as we showed earlier, the evolution during the slow-roll era is the quasi-de Sitter evolution given in Eq. (306).
When the condition (484) ceases to hold true, then the reheating phase begins, which is an oscillatory era, in which

case the terms ~ H and ~ ﬁ dominate, but the term ~ HH becomes subdominant. Then by solving the differential
equation (484), we obtain the following solutlon,

cos?w(t —t,)
243t —t)+ & sin2w(t —t,)

(485)

where t = t,. is the time instance that the quasi-de Sitter phase stops and the reheating era starts, which occurs when
the following equality holds true,

H2 ’SHH‘ (486)

Also the scale factor during reheating is equal to,

a(t) = a, (1 n M)w : (487)

H2
where a,. is equal to a, = aoeff})fl*l?, and ag is the scale factor corresponding to the onset of inflation. The parameter
w appearing in Eq. (485) can be found by using the equation (486) and matching the quasi de-Sitter solution with
the solution (485) at ¢ = t,, so the parameter w and the reheating time ¢t = ¢, are,

3H;
2

t, ~ H;Hy, (488)
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where Hy is the Hubble rate at the onset of inflation. During the reheating phase, the scalar curvature is approximately
equal to R ~ 6 H, and this is to be contrasted with the slow-roll era, in which case the scalar curvature is approximately
equal to R ~ 12H?. Hence, during the reheating era, the scalar curvature is approximately equal to,

6w sin 2w(t — t,.)

R(t) ~ —(% T %(t—tr) T %sin2w(t—tr)) .

(489)

It is conceivable that the scalar curvature appearing in Eq. (489) is an approximation and not an exact solution of
the differential equation (305). Also notice how the parameter H; affects the resulting scalar curvature and Hubble
rate via the parameter w, and it affects the shape and size of the reheating phase.

During the reheating phase, the matter fields present will be excited and the Universe will be reheated. Let us
consider the simplest case of a matter field by considering the effects of curvature oscillations on a scalar field ¢, with
equation of motion g"¢.,, = 0. The energy density of this scalar field strongly depends on the averaged square of
the scalar curvature as it was shown in [570], and the evolution of the energy density is determined by the following
differential equation,

dp wR?
P _ _4oH .
dt P 1500

(490)

The differential equation above can determine the way that matter fields are affected by the curvature oscillations, and

when the reheating era ends, the last term in (490) can be neglected, so the differential equation becomes d’;‘f =0,
and the corresponding equation of state of the matter fields is p = %, which perfectly describes a radiation domination

era. However, during the reheating era, the equation of state of the matter field becomes,

1 wR?

3P T 1is2rH (491)

p =
Hence it is obvious that the curvature oscillations affect significantly the matter content during the reheating era, and
this in turn has a back-reaction effect in the equations of motion. Indeed, by using (491), the curvature evolution
during reheating in the presence of matter is,

GNH;

R+3HR+6H,R =
+ + ST

wR?, (492)
where the factor NV denotes the number of matter fields that are involved in the reheating process, excluding the
massless conformal fields which are not excited during the reheating era. Also the (¢,t) component of the field
equations is,

1 R? 8
H? + ST (HR — 1231#) = ?Gpmmer, (493)
where the term ppatter iS equal to,
N [t ow -
matter = —r R2%a*dt. 494
Pmatter = /t 11527 ° (494)

After discussing the back-reaction of the reheated matter on the equations of motion, we can have a qualitative estimate
of the reheating temperature by using Eqs. (487) and (489), so for t ~ ¢, + 10w, we obtain p ~ 7776 x 10~"H2, and
the corresponding reheating temperature is,

—1/2

1

T, ~ 4 x 107 GeV, (495)
(36H1-lr2)1)

where [ is the Planck length. The reheating temperature 7;. imposes further restrictions on the parameter H;, which
recall that is restricted from the inflationary observational indices. Particularly, the reheating temperature has to be
large enough in order for the baryogenesis to take place, and at the same time it has to be smaller than the grand
unified theory phase transition temperatures, so that the theory remains monopole free. Specifically, the reheating
temperature imposes the following constraint on the parameter H;,

3671107 — 107212 < H; < 10721 2. (496)
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For cosmic times t > t, + %, the energy density pmatter Decomes approximately,
3 32 Nud
51152wt —t, '

and the matter energy density term pmatter tends to zero, so the solution of (493) tends to the radiation domination
solution. Finally, it can be shown that the Friedman temperature is equal to,

(497)

Pmatter =

—3/4

1 .

Tp ~10'7 < AL ) N73/4GeV, (498)
i'pl

but no important constraint can imposed on this parameter.

IV. LATE-TIME DYNAMICS AND DARK ENERGY

The ACDM model is up-to-date quite successful in fitting the pre-2000 observational data, and specifically it
predicted the location and existence of the baryon acoustic oscillations. Since this model is quite important in
cosmology, in this chapter we shall demonstrate that it can be realized in the context of modified gravity. Also we
shall discuss various phenomenological aspects of the late-time evolution of the Universe, which is now known as the
dark energy era. Special emphasis shall be given on an especially appealing feature of modified gravity, which enables
one to provide a unified theoretical description of early and late-time acceleration. Moreover, we shall discuss in brief
the possibility of having a phantom dark energy era in the context of modified gravity, and we shall present in brief
the implications of a phantom dark energy era in modified gravity. Finally, we shall present a vital feature of the
F(R) gravity description of the late-time era, namely, the dark energy oscillations era, by using various matter-fluids,
not necessarily of non-interacting matter. Also the evolution of the growth index in F'(R) gravity is briefly addressed
too.

A. ACDM Epoch from F(R) Gravity

In this section we shall demonstrate how the ACDM model can be realized in the context of F(R) gravity. This
issue has been addressed in detail in Refs. [571, 572]. We shall consider the approach of Ref. [571], so the ACDM
Hubble rate is equal to,

3 2 3

= HZ + poa™. (499)

K2
We shall use the reconstruction technique we developed in section IV-B, so it is vital to find the function G(N) which
is equal to G(NN) = H?(N), which in the case at hand is,

2

G(N) = H§ + %poag?’e‘” : (500)
and by using the fact that the scalar curvature in terms of G(IV) is given in Eq. (688), we can express the e-foldings
number as a function of R, so we get,

1 (R—12H}
3\ K2poa,
and therefore, Eq. (692) becomes in our case,
R F(R
3(R—9H3)(R —12HZ)F"(R) — (5 —9H2)F'(R) — % =0, (502)

where the prime this time denotes differentiation with respect to the scalar curvature R. The differential equation
(502) can solved analytically since it is the hypergeometric differential equation, which has as solution the Gauss
hypergeometric function F(a, 8,7;z), with the parameters «, 8, v and = being equal to,

o=t 1 _£R
¢ T e 7T 76 U732

The analysis performed in Ref. [572], has the same result for the F(R) gravity that realizes the ACDM model, see
[572] for details.

a+pf=-— ~3. (503)
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B. ACDM Epoch from Modified Gauss-Bonnet Gravity

The ACDM epoch can be realized by a modified Gauss-Bonnet gravity, and we now present the essential features
of this realization. The action of Eq. (57) can be rewritten by introducing an auxiliary scalar field ¢, as follows:

S - /d4$\/jg |:2]I32 - V(QZS) - §(¢)g + Ematter . (504)

In fact, upon variation of the above action with respect to the auxiliary scalar field ¢, yields the following algebraic
equation,

0=V"(¢)+£ ()G (505)

The equation (505) can be solved with respect to the scalar field ¢, to yield the function ¢ = ¢(G).
By substituting the obtained expression of ¢(G) into the action of Eq. (504), we reobtain the action of Eq. (57),
where,

f(G) ==V (6(9) +£(0(9) G- (506)

We employ the formalism of Refs. [115, 349, 350], and we review the reconstruction method of scalar-f(G) gravity.
The equations of motion are obtained by the varying the action with respect to the metric, and for the FRW Universe,
these have the following form,

0=— %HQ +V(g) + 24H3% + Pmatter »
_ 1o d*¢(4(t) - d€(0(1)) d§(4(t))
0 7? (2H * 3H2) N V((’b) a 8H2 dt2 —16HH dt - 16H3 dt + Pmatter (507)

which can be easily integrated in the following way,

£(6(0) = [ dn g W),
V(0(0)) =5 H(0? = Ba(OHOW (1) + prasenlt)
W(t) E/ acg_i) (;H(tl) + Pmatter (tl) +pmatter (tl)) . (508)

We should note here, that there is no kinetic term for the auxiliary scalar field ¢ in the action (504), and therefore
we can redefine the scalar field ¢ properly, and identify ¢ with the cosmological time, that is, ¢ = ¢. In effect, if we
consider the following potential V' (¢) and &, given in terms of a single function g as follows,

V((b) :%g/ (¢)2 - 39/ (¢) eg(¢)U(¢) + pmatter(t) 9
1 [? e9(d1)
60) =5 [ dor s UG).
é
U((b) E/ d¢1 (;e_g(¢l)g// (¢1) + pmatter(tl) +pmatter(t1)) ) (509)

we can find the following explicit solution,
a=aped) (H=gt). (510)

The energy density pmatter and the pressure density pupatter Of the matter fluids present, can be often expressed
as the sum of the contributions from various different matter fluids, with different but constant EoS parameters w;.
Since the energy density pmatter; With a constant EoS parameter w; behaves as, pmatteri = pOia_?’(H““) and also since
the pressure pmatter; With a constant EoS parameter w; is given by pmatteri = WiPmatteri, we may rewrite Eq. (509)
as follows,

3 C3(14wi) —3(14ws
V(9) =5 ()" =39 (9) " @U(9) + Y posag ™20,

K2
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¢ eg(¢1)
€0) =5 | o5z UG).

U(d)) E/ déy (e—g(¢1) " 1)+Z(1+wi) POiao3(1+wi)e_3(1+wi)g(tl)> , (511)

where we have used the expression in Eq. (510).
Instead of the cosmic time ¢, we can use the e-folding number N, and we may rewrite Eq. (509) as follows,

/dN1 TN W(Ny),

V(6(N)) = 52 H(N)? —3eNH(N )W )+ Z poidy —3(14w;) =801+ wN)
W(N) = TN, H Ny) (1 =3(1+wi)  —3(1+w;) Ny 519
(W) = oM\ k2 1) + Z + w;) ag Poi€ . (512)

We can now identify the auxiliary scalar ¢ with the e-foldings number N, that is, ¢ = N, instead of the cosmic time
¢ = t, and therefore if V(¢) and £ are chosen as follows,

V(g) :%h (¢)* — 3h(¢) ?U(¢) + ZpOiagg'(“wﬁe%(Hwi)@ ,

%

/ A1 (),
E/ e <,{2h/ (¢1) + Z (1 +w;) Poz‘a03(1+wi)e3(1+wi)¢l> ) (513)

we obtain the solution H = h(N).
We now consider the evolution in ACDM cosmology, without CDM (Cold Dark Matter). In case of the ACDM
model, we have

3
?HQ = A+ poe 3N, (514)

Here A is a constant corresponding to the cosmological constant and pg is simply a constant. The second term in
Eq. (514) expresses the contribution from the CDM. Therefore, we find,

W) = /'S (A + poe9). (515)

In effect, by substituting the expression from Eq. (515) into Eq. (513), we obtain the model which reproduces the
ACDM universe.

C. [Unification of Inflation with Dark Energy Era in F(R) Gravity

As we already discussed in the introduction, in the context of modified gravity it is possible to construct cosmological
models which describe in a unified way the early-time acceleration with the late-time acceleration of the Universe. In
the literature there exist various proposals on this, see for example [95, 97, 98]. In this section we shall be interested
in the unified description of the inflationary era with the dark energy era, in the context of F(R) gravity. Before we
start, let us summarize the conditions that need to hold true in order for the unified F(R) models, to be viable:

1. The first condition is of course that the model can generate the inflationary era. This condition could be given
by Eq. (28). Here we suppose that F(R) = R + f(R). The viability condition indicates that f(R) goes to
a constant A;, which plays the role of an effective cosmological constant in the early Universe. In effect, the

following requirement must be satisfied A; > (107336\7)2 and we may naturally assume that A; ~ 1029~38 (eV)z.

Since the inflationary era should not be eternal, but it should stop at some point, the de Sitter space-time
described by Eq. (28) should not be the stable de-Sitter point, but a quasi-stable de Sitter point. We assume
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that the de Sitter space-time is realized in the limit of large curvature, that is R ~ Ry ~ (1016N19 GeV)z, and
in effect, the quasi-stability condition requires Eq. (38). Note that, for and fi; are positive constants and also
m is a positive integer. If the following condition is satisfied,

F'(R
g, 4 PR

<0, (516)

the de Sitter space-time solution is rendered strongly unstable.

In order to generate the inflationary era, there are other possibilities, for example, we may assume that,

lim f(R)=aR™. (517)

R—o0

Here the parameter m is a positive integer greater than unity, m > 1 and also « is a constant. In order to avoid
an antigravity era, which would imply that f/(R) > —1, we need to require that a > 0, which indicates that
f(R) should be positive during the inflationary era.

. The second condition is the condition that the F(R) gravity model should generate the present-time cosmic
acceleration. This condition could be realized by simply requiring that the f(R) function in the current Universe,
behaves as a small constant, as in Eq. (Uf3). We denote the curvature of the present Universe by Ry, Rg ~

(10_33eV)2. We should note that Ry > Ry due to a small extra contribution to the curvature by the matter
fluids present.

Eq. (29) indicates that f(Rg) behaves as an effective cosmological constant and by using the Einstein equations,
we effectively obtain Ry = Ro— k2 Timaster- Note that Tinaster €xpresses the trace of the matter energy-momentum
tensor.

Since we are now considering the time scale to be a few billion years, this implies that f'(Rg) does not need to
vanish completely but instead it should behave as, | f/(Ro)| < (10723 eV)4.

We should note that Eq. (29) indicates that f(R) could be negative at the present Universe. Then, if we consider
the model of Eq. (517) in the early Universe, f(R) should cross zero in the past.

The de Sitter space-time given by Eq. (29) should be stable. This requires that when R ~ Ry ~ (10’33 eV)2,
the function F(R) behaves as in Eq. (37). In some cases this condition might not be strictly necessary, but
we can use this condition in order to avoid a future finite-time singularity. In the case n = 0, the condition of
Eq. (37) can be expressed as follows,

F'(Ro)
F//(RO)

—Ry + >0. (518)

. The third condition is given by Eq. (30), which indicates that there is a flat space-time solution. Furthermore
if we require that in the small curvature limit, that is when R — 0, the Einstein gravity solution should
be recovered, we require Eq. (36). If the condition of Eq. (36) is satisfied, then the condition Eq. (30) is
automatically satisfied.

. In some models of F(R) gravity, a curvature singularity is easily generated, when the density of the matter
present is large. In order to avoid this issue, we may require that in the large curvature limit, the F(R) gravity
behaves as in Eq. (39). Instead of Eq. (39), F(R) may behaves as in Eq. (40).

. Since the expression 1/F’(R) plays the role of the effective gravitational constant, that is 1/F’(R) ~ k2, in order

to avoid the antigravity era, we should require (41) or (42). If the antigravity era occurs, the graviton becomes
a ghost and in effect it generates negative norm states in the corresponding quantum theory.

. By combining conditions (36) and (41), we find the following condition, that is, (43), and we need to note that
this is not an independent one.

. As pointed in Ref. [301], an instability could occur due to matter itself, that is a matter instability. When one
considers matter perturbations of the scalar curvature, in the Einstein gravity, the perturbations often increase
rapidly. In order to avoid the matter instabilities, we need to require the following,

_ Ry FYOR)FO(Ry)R,  FU(Ry)  2F(Ry)F®(Ry)  F®(Ry)Ry

U(Ry) = —
(Fo) =3 3F@)(R,)? 3F)(R,) 3F()(R,)? 3F?)(R,)?

<0. (519)
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If the function U(R}) is positive, the time scale of the instability is given by the expression 1/4/U(Rp). Then, if

we consider the model F(R) = R — “—}; for example, the time scale becomes of the order 10~?5sec on the earth,
and in effect the gravitational field would be very strong.

8. If we rewrite the F'(R) gravity in a scalar-tensor form, it can be seen that the corresponding scalar field o has
a direct coupling with matter. If the mass of the scalar field o has the same order as the typical scale of the
accelerating expansion of the Universe at present time, the propagation of the scalar field o generates long range
forces and hence it generates large corrections to the Newton law. In effect, if the Chameleon mechanism is
used, the mass of the scalar field o becomes large enough, and in effect, the force induced by the propagation of
the scalar o becomes short range. Hence, there would be no conflict with the present solar system experiments
or observations. Therefore, the mass of the scalar field o in Eq. (22), should become large enough owing to the
Chameleon mechanism.

It should be noted however, that a very large mass could be in conflict with the matter abundance, see for
example Ref. [573]. If we quantize the scalar field o, a scalar particle is produced, which may be created by the
reheating process. If this scalar field is very heavy, the particle may decay to the standard model particles very
excessively, which could be in conflict with observations.

If we require both the conditions of Eqs. (37) and (36), the extra, unstable de Sitter solution at R = R,
(0 < R. < Rp) may occur. As it is known, the evolution of the Universe will stop at R = Ry, since the de Sit-
ter solution R = R should be stable, and therefore the curvature never becomes smaller than Ry. In effect, the extra
de Sitter solution could not be realized in the evolution of the Universe.

In Ref. [333], an F(R) gravity model was proposed, which satisfies all the above conditions, and it is the following,

P o (i B) — X (B3 ) (o (Ris ) — X (B )
+Xom (Rp; By) X (R Ro)™™ 2 + fﬁ:ﬁ}ﬁ ! (520)

where,

2m
X, (Rp:R) = (2m + 1) Ry

= . 521
(R—Ry)*™ ' 4 Ry ! (521)

We choose the parameters n and m to be integers greater or equal to unity, that is n,m > 1, and also the parameter
R, is related to the curvature R, as follows,

2n +2) X (Ry; Ry) X (Ry; X (Rp;
X (Rii R = 22 (R”ngnfzf’&” (Br; Ro) (522)

In addition, it is compelling to assume that,
0< Ri < Ry<R;. (523)

Let us see how the inflationary era can be realized by the model (520). The behavior of (38) in the limiting case
when R ~ Ry, is given below,

for ={ (Xon (Rii Rp) = Xon (Rii R0)) (Xon (Rt B) = Xon (R Ro))™"

+Xom (Rp; Ry) X (Rr; Ro)™ 2 + fiﬁ”s}

2m+1

fur =gy { (X (Rr: Br) = X (R R0)) (X (Ryi Ry) = X (Rp: R
1

2(n+1)
2n+3

+Xom (Rr Ra) Xon (Brs Ro)*™* 4 f2053 L7 {(Xo (s Ri) = X (R o)™

+ (20 +2) (X (Rrs Rr) = Xon (Rps R0) (X (Rp Rr) = Xon (Rp; Ro))" ' } (524)

Therefore, the condition (38) is satisfied. In effect, a de Sitter space-time solution exists, and this solution describes
the inflationary era. Due to the fact that the condition (38) is satisfied, the de Sitter solution is quasi-stable, and
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specifically it is stable at large curvatures, but as the curvature decreases, it gradually becomes unstable. Due to
the quasi-stability, the exit from inflation occurs in this theory, something guaranteed by the gradual decrease of the
curvature during the inflationary era.

Now we demonstrate how the model at hand can realize the present-time acceleration of the Universe. In the limit
R ~ Ry, we have,

J .
2n+3

for = {Xm (Rp; Ry) X, (Rr; Ro)™™ 2 + f§§+3} ;

2(n+1)
T 2n+3

fiL = {Xm (Rr; Ba) Xom (RI§RO)2n+2+f02:+3} (Xom (Rp; Ry) — Xon (Rr; Ro))

2m + 3

4(m+1) . 4m(m+1)
L @mt1) {Rr (Ro — Rp)} ' (525)

m m 4(m+1)
{(Ro — R1)2 oy R? +1}

In effect, the condition of Eq. (37) is satisfied and therefore the stable de Sitter solution exists, which corresponds to
the current accelerating expansion of the Universe.

We now discuss the conditions of Egs. (30) or (36). The function X (Ry; R) should be a monotonically decreasing
function of the curvature R and we should also require that, in the limit R — 0, the function X (Ry; R) behaves as
follows,

1
X (Ri;R) — R (526)
Therefore, in the limit R — 0, the F(R) gravity in (520) actually reproduces the behavior of Eq. (36) and in addition
it satisfies the condition (36).
An important issue must be discussed at this point, having to do with curvature singularities, generated when the
matter density is large. In the large curvature limit, that is when R — oo, we find the following,

(2m + 1) R2™

X (Rl; R) — R2m+1

-0, (527)
which tells that F(R) behaves as (39) and therefore it is not possible for a curvature singularity to occur.

Also we can easily check the conditions for the absence of an antigravity era, namely (41) or (42), since the F'(R)
function in (520) satisfies Egs. (36) and (39) in the limiting cases R — 0 or R — oo. In the interval R, < R < Ry,

Eq. (41) or (42) are trivially satisfied because the function F};];) is a monotonically increasing function of the curvature

R. Even in the interval R} < Ry < R < Ry, Eq. (41) or (42) are again satisfied, since the function F}(;j)
(530). Therefore, an antigravity does not appear for all curvature values that are considered.

Now let us investigate whether the model is free from matter instabilities as in Ref. [301], an issue completely
determined by the condition (519). Since R; < Ry < R < R; on the earth or the sun, we find that the behavior of
the F(R) function is given as in Eq. (530) and hence we find the following expression for U(R;) in Eq. (519),

behaves as

U(Ry) ~ — 6?” <o, (528)

which indicates that the matter instability does not occur for the F(R) model at hand, due to the fact that the
function U(R,) is negative.

At this point it would be interesting to check whether the Chameleon mechanism [298, 574] applies in the case at
hand, or not. In order to see this, we should study the behavior of the mass of the scalar field o in Eq. (22). Since
we are interested for the mass of the scalar field ¢ in the present-time Universe, we may focus our investigation in the
interval R; < Ry < R < Ry, where we can approximate the function X,, (Ry; R) as follows,

1 1 1
Xm (Rb R) ~ E 5 Xm (Rb Rl) ~ Rf 5 Xm (RI, RO) ~ Ri . (529)
1 0

By using Eq. (529), we can approximate the functional form of the F'(R) gravity as follows,

fn _

F(R)
RQ

R+ (2n+2) Rof*" % f*" 2
(2n + 3) Ry R3" R

(530)
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Note that we have assumed R; ~ Ry in the last equation of (530). In the limit foo R < f,, that is,

1
i3 RR3™2, (531)
by using Eq. (22), we obtain,
3
m2 ~ T (532)

In the region inside the earth, since 1g ~ 6 x 103 eV and also, 1e¢m ~ (2 x 107° eV)fl, the density of the matter
is approximately equal to pmatter ~ 1g/cm?® ~ 5 x 1018 eV* and in effect, the curvature is approximated by R ~
K2 pmatter ~ (10’19 eV)z. On the other hand, in the atmosphere of the earth, we find, pmatter ~ 10~ %g/cm?® ~ 10'2 eV?
and therefore R ~ £2pmatter ~ (10_25 eV)2. In the solar system, where the interstellar gas exists, since one proton
(or a hydrogen atom) is contained in a volume of the order 1 cm?® in the interstellar gas, we find Pmatter ™~ 10—° eV4,
Ry ~ 10761 V2, Then, we find that the condition of Eq. (531) is satisfied. As an example, we may choose f%o ~ MeV?,
which yields a very small Compton length of the scalar field and in effect the resulting corrections to the Newton law
are practically negligible.

Now we discuss in brief some general cosmological features of the model (520). Particularly, after the exit from
inflation at R = Rj, radiation and matter could be produced, during the reheating process. It is possible that matter
and radiation may dominate over the contribution from the f(R) gravity (recall that the f(R) gravity is the modified
gravity part of F(R) = R+ f(R)) and therefore the cosmological evolution thereafter is identical with that of the
Einstein gravity. In effect, the radiation domination and the matter domination era of the Universe may be realized.
Eventually, when the curvature of the Universe becomes of the order R ~ Ry, the late-time acceleration of the Universe
is realized.

An interesting possibility of having a double-inflationary era could be realized, if the condition (40) holds true.
Recall that the condition (40) expresses the fact that large curvatures cannot be generated, and hence an R? term
may be generated in the very large curvature limit of the theory. It is well known that such R2? terms are responsible
for inflation. This new inflationary era might be added to the inflationary era which occurs when R = Ry, if the
Universe started its evolution with a very high curvature, that is R > Rj.

In some models in the literature, the phenomenological implications are quite interesting, although not all the
viability conditions are satisfied. For example, the following realistic model was proposed in Ref. [95]

aRZn _5Rn

F(R) = 1+~R"

: (533)

where, «, 8, and « are positive constants and the parameter n is a positive integer. The model of Eq. (533) has the
de Sitter space-time solution, with its curvature being, [95]

{0

and, therefore, the quantity R in Eq. (29) takes the following form,

~ « (1 - %) 1+ %
f(Ro) ~ —2Ry = —3 1+ (535)
" 244/1+ &
Then we easily find that,
a~ 2R Ry?™, B ~A4ARER;*R}™, v ~2RoRy* R}, (536)

As it was shown in [95], the correction to the Newton law is small for the model (533). This is due to the fact that
the mass m, appearing in Eq. (18), is given by m2 ~ 10~160+109n eV? in the solar system and m?2 ~ 107 144+98n eV?
in the atmosphere of the earth, and therefore it is large enough [95].

Now we discuss another model which has some interesting cosmological features, which was proposed in Ref. [575]
(see also [98] and [576]) which has the following form:

F(R) =R —2A (1—&3%) A (1—e‘<§i)n> +yR™. (537)



7

For later convenience, we may define,

fi=—A (1 - e(’%)n> ; (538)

We choose the constants R; and A; to have the typical values of the scalar curvature and of the expected cosmological
constant during the inflationary era, respectively, that is, R;, A; ~ 1020738¢V2. We also assume the parameter n to
be n > 1. In the last term of (537), namely ~ vR®, the parameter v is assumed to be a positive constant and « is a
real number. We need to note that the latter term is important in order to achieve the exit from inflation.

Let us first discuss how inflation and the exit from the inflation can be realized in the context of the model (537).
Since the curvature R should be large during the inflationary era, we may assume that R > R;. Then, f; behaves as
a cosmological constant f; ~ —A;, which effectively generates the early-time acceleration of the Universe. In order to
satisfy the condition of Eq. (41), and to avoid antigravity, we must have,

n—1

-1 " n—1
Ri > Ain (nn ) et (539)

Let us illustrate the previous arguments by using a simple example and by choosing n = 4, Eq. (539) is satisfied
for R; > 1.522 A;. Although f; behaves as an effective cosmological constant, we shall investigate if the de Sitter
space-time solution actually exists. We denote the de Sitter space-time curvature as R = Rqs and when the curvature
Rgs is very large, that is, Rqs > R;, since A; ~ R;, the condition for the existence of the de Sitter solution, namely,
0 =2F (Rqs) — RasF’ (Rgs) has a non-trivial solution if A; ~ R;, and in turn this holds true when,

2<a<3. (540)

By using Eq. (516), we find that the resulting solution describing the de Sitter space-time, is strongly unstable and due
to this fact, the graceful exit from inflation comes as an outcome. Indeed, the instability of the de Sitter space-time
is the following,

5/2<a<3, (541)

and we can estimate the characteristic time of the instability as follows,

1
v Ras

Hence, the graceful exit from inflation surely occurs.
The inflationary era study of the model (537) has also been investigated in detail in Ref. [576] and the following
estimates of the e-foldings number have been found,

~ 10719 — 1079 sec. (542)

ty ~

N ~107 (for a=5/2), N~64 (for a«=8/3), N~51 (for a=11/4). (543)
More concretely, if we specify the parameters in Eq. (537) as follows,

5
n=4, a=_, (544)
2
and also if we choose the value of the curvature R; as,
R; = 2A;, (545)

then we find that R; satisfies the condition (539) and in effect, the antigravity era is avoided. The de Sitter space-time
solution can be found by solving the equation, 0 = 2F (Rgs) — RasF” (Ras) and this has as solution,

Ras = 4A;. (546)

Since we choose n to be large enough, the curvature Rqg becomes sufficiently large, when it is compared with R;,
and we find that f;(Ras) ~ —A;. In addition, it can be seen that the only non-trivial solution of the equation
0 = 2F (Raqs) — RasF’ (Ras), is given in Eq. (546), and it can be seen that this solutions satisfies the de Sitter
instability condition of Eq. (516). In turn, this indicates that the Universe ultimately exits from inflation, and tends
towards a minimal attractor at R = 0. Alternatively, it is possible that the Universe might develop a singularity when
R — oo. In order to avoid the curvature singularity, we need to require that the condition (38) for the quasi-stability
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is satisfied. In effect, the de Sitter solution is stable at large curvatures, but as the curvature gradually drops, the de
Sitter solution becomes unstable.

Let us now discuss how the late-time acceleration era can be realized in the context of the F(R) gravity model at
hand. First let us point out that prior to the late-time acceleration era, the matter domination era occurs, and the
parameter n in Eq. (538) was introduced in order to avoid the effects of inflation during the matter domination era.
In fact, since R < R;, if n > 1, we find

Rn

R>|fi(R)| ~ W:

(547)

and therefore f; is suppressed during the matter domination era. The last term vR® in Eq. (537) was introduced in
order to generate the graceful exit from inflation, as we already discussed. If we choose v ~ 1/ RiO“1 and o > 1, the
contribution from this term becomes practically negligible, when the small curvature regime is considered, and hence
during the matter domination era, when R < R;. In fact, we find that,

(o3

R> (548)

a—1 "

It is easy to check that Eq. (30) or (36) are satisfied.
In order for the late-time acceleration to occur, it is compelling to have the stable asymptotic de Sitter solution in
the theory. This is guaranteed if the condition in Eq. (518) is satisfied, and this happens when,

n>a. (549)

Also the de Sitter vacuum exists at late time, with curvature R = Rqg [576]. For the model (544), R; satisfies the
condition in Eq. (539), and hence the antigravity era is avoided.
A variant model of that developed in [575], was constructed in Ref. [98], in which case the F(R) gravity contains

only the first two terms of (537), namely, R—2A (1 - C_R%). During the late-time era, the other terms in (537) can be

neglected, and the model of Ref. [98] coincides with that in Eq. (537). In the limit R > Ry, we have F(R) ~ R — 2A,
and hence the model mimics the ACDM model. For simplicity, consider the model of Eq. (544). In the late-time era,
we have,

F(R) = R —2A(1 — e~ #/Fo) (550)
and therefore,
F'(R) =1 — 28 —r/mo , (551)
Ry
F"(R) :Lﬁe—R/Ro . (552)
Rg

In the limit R > Ry, the second term in F'(R) appearing in Eq. (551), can be safely neglected. In effect, we find
F'(R) ~ 1, and therefore the antigravity is avoided in the present model at late times. Since F(R) ~ R in the limit
R > Ry, we expect that the matter dominated era can be realized as in the Einstein-Hilbert action. At late times, a
non-trivial solution of the equation 0 = 2F (Rg4s) — RasF’ (Ras), is R = 4A, as in the case of (546). In contrast to the
inflationary era de Sitter solution, the late-time de Sitter vacuum satisfies the condition (518) for small curvatures,
and hence this solution is stable. Hence, this late-time de Sitter vacuum is the final and stable attractor of the model
at hand.

By using the expression in Eq. (22), the mass of the scalar field during the late-time era is estimated to be equal
to,

RQ@
efo
2 W

ma 4A )

(553)

which is positive, and hence the late-time asymptotic de Sitter space-time is stable. Since A in Eq. (537) plays the
role of an effective cosmological constant in the late-time Universe, we have,

A~ Ry~ (1073 eV)? . (554)

In the solar system, we find R ~ 107%1eV?, and in effect we find that m2 ~ 101,000 eV?, which is ultimately
heavy. In effect, the corrections to the Newton law are negligible. Indeed, in the atmosphere of the earth, we have
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R ~ 107%%¢V?, and even in the case we choose 1/b ~ Ry ~ (1()’33 eV)27 we find that m?2 ~ 1010,000,000,000 eV2.
Therefore the corrections to the Newton law are negligible. There is an issue however having to do with the effects
of having such a large mass, due to the excess of the particles produced by the scalar during the reheating, and this
could be in conflict with current observations. In addition, if the Compton length of the scalar particle becomes
smaller that the interatomic distance, the matter fluids cannot be approximated in the general relativistic way, that
is as perfect fluids, and hence, the Chameleon mechanism cannot work in this case. This however could set an upper
limit constraint on the mass of the scalar particle o.

Let us work out some essential features of the dark energy era corresponding to the model of Eq. (537). The focus
will be on the dark energy density evolution, which is equal to ppg = pegr — p/F’(R). From the FRW equation we
can identify the dark energy density as follows,

3 1 .
ZH? = pesg = —— — |(F —~ F(R)) —6HF' .
2 Pett = FilR) {p+ 92 {( (R)R — F(R)) —6 (R)H (555)
We also use the new variable yyg defined by
__ PDE o H2 —3 _4

where pSS) stands for the energy density of matter at present time, and 7m? is the mass scale

(0)

2
2 _ K Pm

m? = =t = 15 10757ev?. (557)
Also we define x as follows,
p(O)
X = % ~3.1x107%, (558)
Pm

where p£°> is the energy density of radiation at present time.

By using the conservation law,

dppE

P (ln a) +3 (pDE —|—pDE) =0, (559)

we obtain the following expression for the EoS dark energy EoS parameter wpg,

DPDE 11 dyn
wpp = ——=—-1—--—

PDE 3 Ya d (111 a) '

(560)
By combining Eq. (555) and the expression of the scalar curvature for the FRW Universe, which is, R = 12H? + 6 ,
we find the following differential equation,

d*yn dyu
d(lna)? T d(lna)

+ Joyn + J3 =0, (561)

which completely determines the evolution. The functions Jy, Js, and J3 are defined as follows,
1 1—F'(R) B 1 2 — F'(R)

Y+ a3+ xa=*6m2F"(R) 7? " yn+ a3+ xa—1 3m2F"(R)

(1-F'(R))(a"®+2xa™*) + (R— F(R))/(3m?) 1

Ji=4+

)

Jy=—3a"3 - . 562
e Y a3+ ya 62 F (R) (562)
In Eq. (562), the scalar curvature R is expressed in terms of the quantity yy as follows,
d
R = 3m? (yH +dyy + a3) . (563)
dlna

Also we choose the free parameters appearing in Eq. (537) as follows,

A= (793)m?, A;=10""A, R;=2A;, n=4,
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o= —,

; V= GEger Fo=06A, 08A, A (564)

In Ref. [575], Eq. (561) was solved numerically, in the range of Ry <« R < R;, which includes the matter domination
era and the current acceleration epoch. Then yy can be expressed as a function of the redshift, which is equal to
z= % — 1. For the numerical calculations, the initial conditions at z = z; were chosen in Ref. [575], as follows,

dyH o - A
d(z)|. ~ 0 WHla T 3520

23

(565)

which are practically the initial conditions of the ACDM model. By using these initial conditions, the cosmological
evolution of the model at hand, is very close to that of the ACDM, when the large redshift regime is considered. We
can choose the values of z;, in such a way so that, RF”(z = z;) ~ 107°, by simply assuming that R = 3m?(z + 1)3.
In effect, we have, z; = 1.5, 2.2, 2.5 for Ry = 0.6A, 0.8A, A, respectively. Note that the choice of the parameters were
made in view of the latest WMAP results, in combination with Baryon Acoustic Oscillations and Supernovae surveys
[677]. The results of the numerical analysis indicate that the dark energy EoS parameter is very close to the phantom
divide line —1. At the present epoch, where z = 0, we find that wpg = —0.994, —0.975, —0.950 for Ry = 0.6A, 0.8A,
A respectively. When R, decreases, the behavior of the model at hand (537), becomes indistinguishable from the
ACDM model, in which case wpg = —1. Also the numerical analysis shows that the phantom divide crossing does not
cause any serious phenomenological issues to the model at hand (537). Particularly, in the limit 2 — —17, the scalar
curvature R, becomes approximately equal to 12/m2yg(z — —17), and it acts like an effective cosmological constant.
Practically, this effective cosmological constant is the stable late-time de Sitter attractor of the theory.

It is known that for some viable models, the dark energy density oscillates during the matter domination epoch,
and the corresponding frequencies might diverge [576]. These dark energy oscillations were also pointed out in
Ref. [578]. Due to the fact that the F(R) gravity equations of motion include fourth order derivatives, the scalar
modes oscillations occur, in addition to the graviton oscillations. In the scalar-tensor form of the F'(R) gravity, the
corresponding oscillations are quantified in terms of the scalar field o, and hence the frequency of the oscillations are
affected by the mass of the scalar field o. Practically, the scalar field ¢ is the scalar curvature R, and therefore any
high-frequency oscillations occur, the background will also oscillate rapidly. This in effect could make the perturbative
analysis inapplicable [576], due to the occurrence of non-linearities. In a later section we shall discuss the dark energy
oscillations issue in a more concrete way.

D. Unification of Inflation with Dark Energy Era in Modified Gauss-Bonnet Gravity

We may use the formulation of Eq. (513) for the model that unifies the inflationary era with the accelerating
expansion in the present Universe. Then, we may consider a model, for which the Hubble rate H becomes a large
constant during early times, that is, for small @ = eV, and at late times, the Hubble rate becomes a small constant.
For example, consider the following model,

B H.e N + HieN

H(N) e N N

(566)
Then at early times, where N — —oo, we have H — H.. On the other hand, in at late times, where N — 400, we

have, H — H;. Then if we choose H, > Hj, the inflationary era and the late-time acceleration can be realized. Then,
by choosing h(¢) in Eq. (513) as follows,

. H€€7¢ + Hle¢

hé)=— %o (567)

the unification of early and late-time acceleration can be achieved easily for the Gauss-Bonnet gravity, by using the
formalism we presented in sections II and ITI. We do not proceed in the details of this for brevity, since details of this
can be found in the previous sections.

E. Phantom Dark Energy Era

An intriguing possibility for the late-time Universe is that the effective equation of state (EoS) of the Universe,
namely weg, ultimately crosses the phantom divide line which is weg = —1. This possible evolution era of our Universe
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is known as phantom dark energy era, and in this section we shall present how this era can be realized in the context
of F(R) gravity. The motivation for studying a phantom dark energy era comes from the latest Planck data [579], but
also from the earlier WMAP data [580] and from Type Ia supernovae gold dataset, where the possibility of crossing
the phantom divide line is stressed. Particularly, with regard to the Planck data, the EoS parameter is constrained
to be weg = —1.54f8:§%, which is approximately 20 in the phantom domain, so this clearly is a significant motivation
to study a phantom dark energy era.

The possibility of having a phantom dark energy era in the context of modified gravity was stressed in Ref. [490],
and in this section we shall present the most significant outcomes of this work. Apart from the modified gravity
approach, there exist in the literature various different approaches with regard to the phantom dark energy era, for
example in Ref. [249] a superacceleration era is realized, in Refs. [581, 582] a phantom dark energy era is realized in
the context of scalar-tensor theories with non-minimal gravitational coupling between the scalar field and the scalar
curvature, and in Refs. [354, 355] a non-minimal coupling between the scalar field and the Gauss-Bonnet term. Also
in Ref. [583] the problem was addressed in the context of a scalar field with non-linear kinetic terms, and in Ref. [313]
phantom dark energy was coupled with dark matter. Also in Ref. [250] a thermodynamical inhomogeneous dark
energy model was introduced, and in Ref. [584] a multiple k-essence model was studied. Models with multiple scalar
fields were studied in Refs. [585, 586], and in Refs. [252, 263, 587], quintom models were studied, which consisted of
canonical and phantom scalar fields. Finally, string inspired models were studied in Refs. [588, 589).

Obviously the literature is rich on this issue, but in this section we shall briefly discuss how the phantom dark
energy era can be realized by F(R) gravity.

We start off our presentation by briefly mentioning the reconstruction method we shall use, which was developed
in [293]. Consider an F(R) gravity with action,

S— % / &2/ =GF(R) + Soa(gprs Urn) (568)

where S;, denotes the action of all the matter fluids present. For the FRW metric, the first FRW can be obtained by
varying the action with respect to the metric, so it reads,

2 F(R) | o

~18 <4H(t)2H(t) + H(t)H(t)) F'(R)+3 (H2(t) + H(t)) F'(R) — —= + 1% =0, (569)

where F'(R) = dI;S%R). By using an auxiliary scalar field ¢, the F'(R) gravity action (151) can be written as follows,

S = / d*z/=g (P(®)R + Q(¢) + Lumatter) (570)

where the term L,, stands for the matter Lagrangian. The auxiliary functions P(¢) and Q(¢) will eventually enable
us to determine the F(R) gravity which realizes a specific cosmological evolution. By varying the action (570) with
respect to the auxiliary scalar field ¢, we obtain,

P'($)R+Q'(4) =0, (571)
which will yield the function ¢(R). Then, the resulting F'(R) gravity is,
F(¢(R)) = P(¢(R)) R+ Q(o(R)) - (572)
The function P(¢) satisfies the following differential equation,
—6m2P(o(1) - QUott) ~ 6 O 4 o,
2
(4H + 6H2) P(o(t) + Q(o(1)) + 24 i(f;(t)) + dP(d(i(t» +pi =0, (573)

where H(t) is the Hubble rate of a given evolution. By eliminating the function Q(¢(t)), we obtain,

d*P(¢(t))

S5 2H(OP(@(1) + 4 POM) pi+pi =0, (574)

2
dt

where p;, p; stand for the total energy density and pressure of the matter fluids which are present, respectively. As
it is proved in the Appendix of Ref. [293], due to the mathematical equivalence of the actions (151) and (570), the
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auxiliary scalar field is identified with the cosmic time, that is ¢ = ¢t. Then, by assuming that the given cosmological
evolution has the following scale factor,

a = apedW (575)
we can rewrite the differential equation (574) as follows,

idzi(f;(t)) - 2g’(¢)idp(ci(t)) +4g"(O)P(9(1)) + D (1 + wi)proay e — g, (576)

?

2

where w; are the effective equation of state parameters for the perfect matter fluids that are present. Eventually, by
finding the function P(¢), we may find easily Q(¢), by using Eq. (573), and its final form is,

Q(9) = —64'(9)*P() — 6g’(¢)%(f) + Y[+ wipigag et d9(0) (577)

Let us apply this method in order to find the F(R) gravity that realizes a cosmology which crosses the phantom divide
line. Consider the vacuum F(R) gravity case, in which case a solution to the differential equation (574) is,

- v+1
P(¢) =e92p(¢), g(¢) =—101n (;’i) _C <Zz) ] 7
L+ +£/1+1007(y +1) -
2 bl

p(¢) =pro® +p_¢’, By=

with v and C' being arbitrary positive constants, ¢g is the present time and py being arbitrary constants. The function
g(9) diverges at the time instance t; which is equal to,

ty = toC ™Y/ G+ (579)

so a Big Rip singularity occurs at t;. Therefore we consider only the era 0 < t < t5, before the Big Rip singularity
occurs. When t < t,, the Hubble rate is approximately,

H(t) ~ —, (580)

and by using the reconstruction method we just presented, the resulting F'(R) gravity for ¢t < ¢, is [490],

5
(£1/607(20y — 1)R-1/2) 5y —1- B
F(R) ~ o RY =I5 (60v(20y — 1)]%/2RFi/2 581
(R) RSN oGy Yy VR Z 20,1 Pil60(207 = 1) (581)
Accordingly, when t — ¢4, the Hubble rate reads,
10
H(t) ~ (582)
and therefore the resulting F(R) gravity is [490],
5
& [ts — 3V140R1/?]" 8;
o~ i~ 3y/1a0r-1/2]"”
F(R) - [1 - 140371/2} RYp, [ts 3v/110R }
ts Jj==*
20 [ 15 1
L=/ = |t — 15)R™1/2 583
[ 2t -9 (58

It can be easily checked that the phantom divide is crossed for the above cosmology, since the EoS parameter
Weg = —1 — % for t — 0 is equal to,
1

of = —1 4+ — | 4
Weft +157 (584)
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which satisfies weg > —1. Accordingly, for ¢ > t,, the EoS is equal to weg = —16/15, which satisfies weg < —1, so
the phantom divide line is crossed. It can be found that the phantom divide line is crossed at the time instance t.,
which is equal to,

te =ts (—27—1— 4y2 + T
~y

1/(2y+1)
=)

(585)

The phenomenological implications of a phantom scalar-tensor theory, when this is considered in the Jordan frame,
are quite interesting and these were studied in [490], and as it was shown, a phantom scalar-tensor theory corresponds
to a complex F'(R) gravity, when this theory is considered in the Jordan frame.

F. Dark Energy Oscillations in F(R) Gravity Theories and Growth Index

In this section we shall address two important issues relevant to late-time dynamics, namely the dark energy
oscillations issue [200, 576, 590-597] and the evolution of the growth index [576, 598], in the context of F(R) gravity.
Both issues are related to higher derivatives of the Hubble rate, so these are higher order effects in the late-time
dynamics, and therefore these are non-trivial effects.

1. Dark Energy Oscillations

In order to reveal the dark energy oscillations issue, and to study it more formally, we rewrite the F(R) gravity
gravitational equations as follows,

1 .
3F' H? = k? pmatter + 5(F’R ~F)—-3HF'
- 2F,H = k? (pmatter + Pmatter) + F - HF) (586)

where pmatter 1S the total mass-energy density, which contains all the matter fluids present. In order to provide a
generalized picture, we shall not restrict ourselves to perfect matter fluids, but we shall assume that the matter fluid
consists of collisional matter [599, 600] and radiation, and therefore the total matter energy density is in the case at
hand,

Pmatter = Em + ,05-0)&74 s (587)

where &, is,

e = P 1+H0+wln<p(’g)ﬂ , (588)
Pin
and also p,, is,
0 ap\?
pm = Photarer (=) (589)

It is conceivable that the non-collisional matter case is described by solely p,,,. So by combining Egs. (588) and (589),
we eventually have,

Pmatter = PVa "3 [1 4 Ty + 3win(a)] + p Va4, (590)

Moreover, Ppatier Stands for the total pressure of the matter fluids present. We can rewrite the first equation in
Eq. (586), as follows,

dH 1 dR pmatter
H*—(F-1)|H-——+H? )+ 2(F-R)+ H’F'— = 591
( )< dina )+6( )+ dlna 3 7 (591)
with R denoting the scalar curvature as usual, which can be rewrite as follows,
dH
R=12H? +6H (592)

dlna’
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In order to provide a more generalized picture regarding the various types of collisional matter, we assume that p,,
has the following form,

prnatter = Pl 9(a) + p{¥a™t = pD (g(a) + xa™*) (593)
where pES) and pfﬂo) = prg) denote the values of the mass energy density and of radiation, at present time. Also,

X =~ 3.1 x 1074, and it is defined to be the ratio pgo) / pS,?’. Effectively, the non-collisional nature of matter is quantified
in terms of g(a), and in the case of collisional non-relativistic matter, it is,

g(a) =a 31+ Ty — 3wln(a)] . (594)

The dark energy oscillations are higher order effects, and in order to perfectly quantify these effects, we need to
introduce new variables in Eqgs. (591), with the characteristic property that these new variables will vanish at high
redshift regimes. During these regimes the F(R) gravity modifications are expected to be negligible [596]. The new
variables are,

ppe  H? _
yHE@:ﬁ_g(a)_Xa 4 (595a)
R dg(a)
=— - b
Y m?2  dlna’ (595b)

where ppg the total dark energy, energy density. Hence, the variable that quantifies the evolution is yg(z), which is
the scaled dark energy density with the scaling factor being p£2). By using,

H2 oM H2 )

A e O R U T (90

from (595a), and by dividing Egs. (591) by m?, we get,

1 dR H dH  H? 1 1
— = |- Fo1)( sy ) = = (F— R)| = 597
w2 ding | vt )52 dma T2~ G )| (597)
Differentiating Eq. (595b), with respect to the variable Ina we obtain,
dyr 1 dR  d%g(a)
= — — 598
dlna m2?2dlna dlna?’ (598)
and by using (597), we have,
dyr d*g(a) y H dH  H? 1 1
S - Fo)( oy 2y (F-R)| o
dma = dlma |V Gz dma T2 " e )| e (599)
Differentiating Eq. (595a) again with respect to the variable In a, we have,
H dH  H? 1dyg  1dg(a) 4
w2 dina "2 - 2dina T 2dlna 4TI X (600)
where we also used of Eq. (595a). By using Egs. (600) and (599), we obtain,
dyr d*g(a) , 1 dyy 1dg(a) 4
dlna  dlna? | myn (1) 2dlna ' 2dlna +yn +g(a) = xa
1 1
—(F—-R . 601
6 )} m?F" (yg + g(a) + xa™*) (601)
So by differentiating Eq. (597) with respect to the variable Ina, we obtain,
dyg 2H dH  dg(a) 4
= — — 4 . 602
dlna m2dlna dlna +dxa (602)
Upon combining Egs. (592) and (595a) we obtain,
2H dH R 4H* R
— = - = — dyy —4g(a) — 4xa™*
A dng 3l mE ame wm —dgla) —dxa (603)

m 3m
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and therefore Eq. (602) becomes,

dyg R dg(a)

- Ay — 4
dlna 3m2 dlna yu — 4g(a)
YR 2dg(a)
IR gy — - . 4
gy~ 209 gta) (604)
Moreover we can rewrite the scalar curvature as follows,
N dyn | dg(a)
=3m? |4 4 .
R =3m ( yH + g(a)+dlna+ Tna (605)
By differentiating Eq. (604) with respect to the variable Ina, we get,
Py dyr  Addyn  2d%g(a) 4d9(a)
dlna? 3dlna dlna 3dlna? dlna’
so by using Eq. (601), we get,
deH 1-F dyH 2—F
4
T+ (1 G T ) 1 (TPt s )
dg(a _ —
d2g(a) dg(a) (1-F") (3 dglfuz + 6g(a) — 6xa 4) + szR 0 606
T\ dma dlna 18m2F" (yy + g(a) + xa=*) - (606)
By using the following relations,
d d
= — 1 _
dlna (z+ )dz ’ (6072)
d? d d?
—_—= 1)— 12— 607b
dlna? (z+ )dz+(z+ ) dz? ( )

we can express all the previous results in terms of the redshift z, so by applying the above relations in Eq. (606), we
obtain the following master differential equations, which dictates the way that the Universe evolves, which is,

Pym 1 (_ B F'(R) ) dyn

dz? (z+1) 6m2F"(R)(yg +9(z) + x(z+1)%) ) dz

N 1 1—F'(R) e + (d2g(z) 3 dg(2)
(z+ 1)23m2F"(R)(yu + 9(Z) + x(2 + 1)) dz2 (z+1) dz

3m
C(z+1) 6m2F" (R)(yzr — 9(2) + x(z + 1)%) =0. (608)

1 FUR) (=2 + D22 4 2g(2) — 22 + D)) + 55

It is conceivable that the above differential equation is not easy to solve analytically, so we shall solve this numerically
and we study the late-time evolution in terms of the resulting numerical solution. The matter profile shall be assumed
to be that of Eq. (594), and we shall compare the cases that the matter is non-collisional to the collisional matter
case. We assume that the F'(R) gravity is a modified exponential gravity of the form [576, 596],

n R 1/3
F(R) =R —2A (17ebA) —AA (3m2> , (609)
where A = 7.93m? and 4 = 1/1000 [576, 596, 597]. Also we assume that Q5 = 0.279, where )/ is the present value

of the total energy density, and also that w = 0.2 and w = 0.8, so we study both these cases for collisional matter.
Also the initial conditions are assumed to be [576, 596, 597],

A zp+1 A1
) sy 57 (1 50 ) + ) == 50 (610

where zy = 10 and also A is A ~ 11.89eV? .
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FIG. 1: Comparison of the scaled dark energy density yu(z) = p‘(%‘;: over z, for w = 0.2 (left) and w = 0.8 (right). The red line

corresponds to non-collisional matter and the blue one to colhslonal matter.

We start our analysis with the numerical solution for yg(z), both for non-collisional and collisional matter, and
we use the two values for the parameter w, namely w = 0.2 and w = 0.8. In Fig. 1 we compare the resulting yp(z)
collisional and non-collisional matter cases. The blue curves correspond to collisional matter with g(a) being given
in Eq. (594), and the red curves correspond to non-collisional matter with g(a) = a=3. The left plot corresponds to

w = 0.2 and the right plot to w = 0.8. As it can be seen, the scaled dark energy yp(z) = p?ol“f for the collisional

matter, has a strong oscillatory behavior in comparison to the non-collisional matter. This behav1or becomes more
intense as the parameter w increases, and note that the two cases coincide when w = 0.

Let us now investigate the behavior of the dark energy oscillations, so we quantify these in terms of the dark energy
equation of state parameter, which is defined as wpg = Ppgr/ppr. The dark energy density in terms of the redshift
and also in terms of yy(2), is equal to,

dyp(2) .

wDE(z) =—-1+ yH(Z) e

Legn

3 (611)

In Fig. 2, we have plotted the behavior of the dark energy equation of state parameter, for collisional matter (blue
curves) and for non-collisional matter (red curves), for w = 0.2 (left plot) and w = 0.8 (right plot). In this case, the

wpg(2)
wpEg(2)

FIG. 2: Behavior of the dark energy equation of state parameter wpg(z) as a function of the redshift z, for w = 0.2 (left plot)
and w = 0.8 (right plot). The red curves correspond to non-collisional matter while the blue curves correspond to collisional
matter.

same behavior as in the case of yy(z) occurs, so as the value of the parameter w increases, the oscillations become
more pronounced.

Finally, let us see how the scalar curvature R(z), the Hubble rate H(z), and the total equation of state weg(2)
behave as a function of z. Starting with the H(z), this can be expressed in terms of y(z) as follows,

= Vm?yn(z) + gla(2)) + x(z + 1)1, (612)

so by using the numerical solution we found for yg(z), in Fig. 3 (left plot), we plotted the evolution of the Hubble
rate as a function of z, for w = 0.8, both for collisional (blue) and non-collisional matter (red). As it can be seen,
the behavior of H(z) in both the collisional and non-collisional matter, is the same. The same applies for the scalar
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FIG. 3: Comparison of the Hubble parameter H(z) over z for w = 0.8. The red line corresponds to non-collisional matter while
the blue corresponds to collisional matter.

curvature, which can be written as,

d d
R =3m2 (ayy + 49(2) — (= + D PE _ (o 1)WY (613)
dz dz
Finally, let us discuss the behavior of the total equation of state parameter weg(z), and in Fig. (4), we compare the
collisional (blue curves) and non-collisional (red curves) matter cases, for w = 0.2 (left plot) and w = 0.8 (right plots).
Note that we used the formula,

FIG. 4: Comparison of the effective equation of state parameter weg(z) over z, for w = 0.2 (left) and w = 0.8 (right). The red
line corresponds to non-collisional matter while the blue corresponds to collisional matter.

weir(2) = —1+ mdi?. (614)

By looking at the behavior of the dark energy equation of state parameter and the total equation of state parameter,
we can see that the total equation of state parameter never crosses the phantom divide line, however the dark energy
equation of state parameter, has strong oscillations around the phantom divide line w = —1.

2. Growth Index Evolution

As a final issue, we shall study the evolution of the growth index in the context of F(R) gravity, assuming a
general profile for the matter fluids. It is known that the cosmological evolutions corresponding to various F(R)
gravities can be distinguished by using the cosmological perturbation theory. Particularly, it might happen that two
F(R) gravity models might generate similar cosmological evolutions in terms of the Hubble rate or in terms of the
evolution of the scalar curvature in the two cases. In the previous section we came across with one situation like
this, since the exponential F(R) gravity model for collisional matter was indistinguishable from the non-collisional
evolution, when the Hubble rate was considered. However, the cosmological perturbations may distinguish the various
modified gravity models, since the cosmological perturbations differentiate the evolution caused by each model, from
the background evolution [576, 601, 602]. In this section we shall focus on the matter density perturbations, in the
subhorizon approximation, where the theory is consistent with the Newtonian limit [576, 601]. We shall address the
matter perturbations issue in the context of F(R) gravity with a general collisional mass profile. In the context of
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the subhorizon approximation, the wavelengths that are considered comoving with the spacelike hypersurface which
describes the evolution, are much shorter in comparison to the Hubble radius Ry = 1/(aH) of this hypersurface, that
is, [676, 601],

2 )
5> (615)

with k£ and a being the wavenumber an the scale factor respectively. The subhorizon approximation breaks down
before the matter domination era, so we focus on the matter domination era and onwards. In the case of a generalized
collisional matter profile, the matter density perturbations are quantified in terms of & = 5;:7, where ¢, is the
collisional matter-energy density given in Eq. (588). The non-relativistic non-interacting matter case, can be easily
obtained from the collisional case, if the self interactions are zero in (588), which means if IIy and w are zero in

Eq. (588). The parameter ¢ satisfies the differential equation [576, 598, 603],

6+ 2H — AnGeg(a, k)emd = 0, (616)

where Gegt(a, k) is the F(R) gravity theory effective gravitational constant, which is,

G EF!/(R)
2 F’(R)
Gesi(a,k) = — 1 ¢ (617)
9 k2 F”(R) 9
F'(R) 1+ 35 53
where G is the Newtonian gravity gravitational constant. By using the quantity f,(z) = gigg, and also the relations,
- dH
H= 5(24' 1H(z),
6= Hfyo,
6=Hf, 0+ Hf, 0+ Hf,0, (618)
we can express the differential equation (616) in terms of the redshift z,
dfy(2) 1+ 2dH(z) fo(2)  4Am Geg(a(z), k)
_9_ - m=0. 619
dz H(z) dz Jo(z) 14z G (z+ 1)H2(z)€ (619)

The term Geg(a(z), k) determines the effects of F(R) gravity on the matter perturbations, and note that it depends
explicitly on the wavenumber, something that does not happen in the general relativistic case. Now we numerically
solve (619) and we use the same initial conditions we used in the previous section, with zs, = 10. In order to respect
the subhorizon approximation, we need to be cautious by choosing the values of the wavenumber, so by using the
present time values of the Hubble rate and of the scale factor, we easily find that the wavenumber has to satisfy
k > 0.000156, for non-collisional matter, while in the collisional case, we have k£ > 0.0001174. So by disregarding
radiation, in which case,

gla) = a ®[1 + 1y + 3wln(a)] , (620)

in Fig. 5 we plotted the growth factor f,(z) as a function of the redshift, for collisional (blue curve) and non-collisional
matter (red curve), by using k¥ = 0.1Mpc~! and w = 0.8 As we can see in Fig. (5), unlike in the Hubble rate comparison
for collisional and non-collisional matter, where the two cases are indistinguishable, the matter perturbations differ
significantly in the collisional and non-collisional cases. This justifies our statement that the matter perturbations are
valuable since these can be used in order to distinguish the effects of different modified gravity theories.

Before closing we need to mention that in the case of mimetic F'(R) gravity, if the potential is appropriately chosen,
the dark energy oscillations do not occur, see Refs. [454, 455] for more details on this issue.

Thus in this section we discussed the dark energy issue and how to describe inflation and dark energy in a unified
way in the context of modified gravity.

We need to note that our presentation intended to describe the procedure of model building in the context of
modified gravity, and how modified gravity models can harbor the two acceleration eras. So we did not attempt to
solve any of the phenomenological models that the ACDM model suffers from, like the coincidence problem. This issue
would require more advanced techniques, unknown so far, so this issue is out of the scope of this review. We believe
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FIG. 5: Plots of the growth factor f,(z) = 429 as a function of the redshift z, for K = 0.1Mpc™" and w = 0.8. The blue curve

dlna’
corresponds to collisional matter and the red curve to non-collisional matter.

that a potential way to solve such intriguing problems such as the coincidence problem? is to use cosmographic
principles[8, 19, 124, 397], or similar approaches, that may provide insightful hints. However, we mainly focused
on describing certain aspects of late-time evolution and also to theorize how the unification of early and late-time
acceleration can be achieved. It is conceivable that a the presentation of a complete cosmological model that describes
all the evolution eras, is what most theoretical cosmologists seek for the moment, so it is not possible to present it in
a review article, since this issue is the focus of the research of many cosmologists today (2017). Some insights may be
provided by modified gravity, see for example Ref. [511], in which the unified description of all cosmological eras of
our Universe was achieved in the context of F'(R) gravity, but in the model of Ref. [511], partial solutions were given
due to the lack of analyticity. But the challenge in every cosmological theory is to find the ultimate theory which
will combine all the features we just discussed. The path towards this theory is long and light will be shed by the
observational data. As theoretical physics history dictates us, the cosmologists working today are particularly lucky
since the existence of petabytes of cosmological data show the way on how to construct viable models, unlike what
happens in string theories, due to the lack of experimental data.

V. ASTROPHYSICAL APPLICATIONS

A complete review on modified gravity could not be complete without even a small chapter devoted on astrophysical
applications of modified gravity. Hence, although we deviate conceptually from the title of this review, in this chapter
we shall briefly present the latest developments of modified gravity on astrophysical objects and solutions. We shall
be interested in neutron and quark stars, the anti-evaporation phenomena in black holes and finally wormholes, in
the context of F'(R) gravity.

A. Neutron and quark stars from F(R) gravity

Modified gravity offers the possibility of having new types of neutron stars allowed, that cannot be described by the
standard Einstein gravity. Recently, in Refs. [604—607], massive compact neutron stars with mass Mys ~ 2Mg have
been found, where M is the solar mass. In the contexts of the standard Einstein gravity and modern hadron physics,
it is rather impossible to realize such super-massive neutron stars. The conceptual approaches towards understanding
the neutron stars, are mainly realized by two streams of research, namely, the particle physics approach, and the
gravitational theory approach. From the viewpoint of particle physics approach, the EoS of the matter which consists
the neutron star, practically determines the physics of the neutron star. On the other hand, the gravitational approach
may have new insights to offer since this is a much more fundamental approach, affecting the inner structure of the
neutron star in a geometric way. Since the size of the compact stars is determined by the balance between two
competing forces, the degeneracy force and the gravitation force, there are three approaches that may explain the
mass of the neutron star, which we list here:

4 The coincidence problem refers to the question why dark energy and dark matter energy densities are similar in magnitude at present
time.
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(I) The repulsive force is considered to be stronger in comparison to the force corresponding to Quantum-Chromo-

Dynamics originating equations of state. Such examples of EoS, can be due to new types of interactions, as in
Refs. [608, 609].

(IT) The attractive force is weaker in comparison to the one predicted from the standard Einstein gravity.
(IIT) Both cases (I) and (IT) apply.

Here we shall consider the viewpoint of the approach (II), that is, we shall try to explain the massive neutron stars
solutions, by using F(R) gravity, as in Refs. [610-619] or by using the dRGT massive gravity coupled with matter,
which is described by using standard equations of state [620].

We shall base the F'(R) gravity approach on neutron stars on Ref. [621], and for similar approaches on relativistic
stars in the context of modified gravity, see Refs. [330, 622-631].

We consider the following form for the F(R) gravity functions,

F(R) = R+ ah(R). (621)

At a later point we shall assume that « is small enough, but for the moment « is arbitrary. We shall consider a
spherically symmetric and static metric of the form,

ds* = —e2?Pdt? + e dr? + r2(dh* + sin® 0d¢?) . (622)

Also the energy-momentum tensor corresponding to the perfect fluid which consists the neutron star, is 7, =
diag(e?? pc?, 2 p, r2p, 12 sin? 0p), were p and p are the energy density and the pressure of the perfect fluid respectively.
In effect, we find the following components of the field equations,

—81G

P = 2 e 1 = 20N )2 4 ahp(—r 2 4 e P (1 = 2PN ) )
c
1
— ioz(h — hrR) +e Pa [hpr (2 —1N) + K], (623)
871G

T D= e (14200 ) ahp(—r? e (14 2rg)r7?)

- %a(h —hgrR) + e Pabpr 1 (2 +r¢'), (624)

where the prime denotes the derivative with respect to the radial coordinate r. We also introduce the function M (r),
which corresponds to the mass variable for the Schwarzschild space-time, which is equal to,

g 2GM(r) -

625
2, (625)

e
We shall identify the value of M(r) on the surface of neutron star, to be the gravitational mass of the neutron star.
By using the conservation of the energy momentum tensor V#T,,, = 0, we get in component form the continuity
equation,

dé
dr’

L e o+ P

I (626)

In the same way as in the standard Einstein gravity, we can obtain the second Tolman-Oppenheimer-Volkov (TOV)
equation by substituting d¢/dr from (626) in Eq. (624). In order to write down the TOV equation, for convenience
reasons, we shall introduce the dimensionless variables in the following way,

M =mMg, r—rgr, p—>pM®/r2, p—>pM®c2/r§’,

R— R/r}. (627)

Recall that Mg denotes the mass of the Sun and r, is equal to r, = GMg/c? = 1.47473 km. Then, by using these
new variables, Eqgs. (623) and (624) can be rewritten as in the following way,

1 d 1 2 2h!
(1 +arZhp + Qargh'Rr) TN drpr? — Jar’r? (h — hpR -2 (1 - ;”) ( R h’,;)) , (628)

dr r

m 2m 2 14,
8mp = =2 (1 +arghp) 5 — <1 - T) (T(l +arjhg) +m§h'R) (p+p) 10725
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— 5ars (h —hrR—4 (1 = ;”) hrR) . (629)

For a non-vanishing «;, it is compelling to include the equation corresponding to the trace of the field equations, which
has the following form,

2 3m dm 2m dp d 2m\ d?
2 i AN A (I i I SR 1— 220 = 2 — 2arih —
sarg ((r r?2  rdr ( r ) (p+p)dr) ar " ( r ) drz) h+arghplt =2arsh = R
= —8n(p—3p). (630)

At this point it is necessary to specify the EoS inside the neutron star, in order to find a solution to the above
equations. The simplest choice for an EoS is to use a polytropic EoS of the form p ~ p?, but we can use more realistic
EoS for the matter of the neutron star.

We now perform a perturbation of the pressure, the mass density and the curvature in terms of the parameter « in

(621) as follows,
p=p +ap® .. p=pO 4ap® ... m=m® +am®+... R=RO 4faqRM 4.... (631)

Then by keeping terms of the order of O(«), we obtain the following equation,

d 1
d—T =4mpr? — ar? <47rp(0)hR +t1 (h— hRR)>
1 d d?
+ 50 <(2r —3m® — 47rp(0)r3) e +r(r— Qm(O))er) hr, (632)
r—2m dp _ 2 m 2 (0) 1 (0) (0),.3 th
ST dr —47rrp—|—r —ar (47rp hR—|—4(h—hRR) —a(r—3m + 27p r) o (633)

Note that we disregard terms of the order O (a2) as m = m(9 +am® and p = p» +ap). Since the scalar curvature
appears only via the terms hg and h, at order O(«), we only need to keep terms of the order O(1), for R, in the
following way,

R~ R =8r(p® —3p®). (634)

If the EoS for the nuclear matter for large densities is specified, the equations (632) and (633) can easily be solved.
For example, the cases of SLy [632-634] and FPS [635] equations of state can be expressed in a unified manner,

3
OO e ap) + (07 + s lan(ano —©)

+ (a11 + a12€) f(a13(a14 — §)) + (a15 + a16§) f(ar7(a1s — §)) , (635)

where £, ¢ and f(x) in the above equation are,

¢

1
¢ = log(p/dynem™?), ¢ = log(p/gem ™), f(z) = op(@) +1° (636)
The detailed form of the coefficients a; for the SLy and FPS equations of state, can be found in Ref. [636]. We can
also consider a neutron star model, with a quark core, in which case the EoS called Tis, is as follows,

po = alp— 4B), (637)

where a is a constant and the parameter B takes values from ~ 60 to 90 Mev/fm3. The value of the parameter a in
the case of quark matter, with a massless strange quark, is a = 1/3, but here we shall assume that a = 0.28, which
corresponds to ms = 250 MeV. For the numerical calculations performed in Ref. [621], Eq. (637) was used under the
assumption that p > p¢., with p¢, being the transition density for which the pressure of the quark matter is equal to
the pressure of ordinary dense matter. For the case of an FPS EoS, the transition density is equal to py, = 1.069 x 10'°
g/cm? (B = 80 Mev/fm?), while for a SLy EoS, it is pi, = 1.029 x 10'® g/cm? (B = 60 Mev/fm?).

In Ref. [621], various F(R) models for neutron stars have been studied, for example the exponential model in which
case the F(R) gravity is,

F(R) = R+ BR(exp(—R/Ro) — 1) . (638)
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In this case, for the neutron star models of (637), with a quark core assumed, there is no significant difference in
comparison with the Einstein gravity. For the case of a simplified EoS as in Eq. (635), interesting results are found,
although the model with a FPS EoS is ruled out by the latest observational data [607, 637]. In the case 8 < 0, and
for large central densities, stable stellar configurations occur when dM/dp. > 0. Studying the model with a SLy EoS,
could potentially be more interesting, since the upper limit of neutron star mass is of the order ~ 2M. In addition,
there exists a second branch of stable stellar configurations, in the large central density regime, which describes the
observational data better, in comparison to the model with a SLy EoS, in the context of the Einstein gravity. Another
interesting model studied in Ref. [621], has the following F(R) gravity function,

F(R) = R+aR*(1+R). (639)

For this model, the neutron star configuration is stable, and neutron star solutions can be generated, which result
to smaller radii in comparison to the Einstein gravity solutions. If a SLy EoS is assumed, the model at hand can
describe neutron stars with mass ~ 2M,.

Let us now discuss in brief the massive gravity description of neutron stars, in which case the corresponding Einstein
equations are G, + m3l,, = £*T,,. By using the Bianchi identity V#G,, = 0 and in addition the conservation of
the energy-momentum tensor V#T),,,, we obtain the constraint V#I,, = 0. This constraint plays an important role
in massive gravity and it drastically changes the qualitative behavior of static and spherically symmetric solutions.

We assume that the dynamical metric g,,, and the reference metric f,, are both static and spherically symmetric,
with the corresponding line elements having the following form,

Guvdatdz” = — 2P dt? 1 e*P)dp? 4 D?(p) (d6? + sin® Ody?) | (640)
fupdatde” = — dt2 +dp*+p (d92 + sin? Odyp ) , (641)

where the radial coordinate is represented by using the variable p. By introducing a new variable r, defined in such
a way so that D(p) = r?, the line elements of Eqgs. (640) and (641), can be rewritten as follows,

Gupdrtdz” = — *?dt? + e dr® + r? (d6? + sin® 0de?) | (642)
fupdztda” = — dt* + (X’(r))2 dr* 4+ x*(r) (d6” + sin® 0dp?) . (643)

Note that the scalar function x(r) quantifies the Stuckelberg field degree of freedom. In the case of minimal dRGT
massive gravity, the parameters 3,, are chosen in the following way,

60237 61:_1a 52205 ﬁBZO (644)

Then the following equations are obtained,

r m(r)\ >
m(r) =B + 502 (ryMo)’1? [3 20y (1- 22 ] , (645)
8mp(r) = — riz + %2 [1—2(p+p) 'pr] (1 - %;(r)) +a? (ryMg)* (3 — 2XT(T> — ef<P+ﬁ)1P'd"> : (646)

8mp(r) = [— ((p+ ﬁ)’lp’)/ S ) —(r+ ﬁ)lp/} <1 - 2";(’”))

o2 -2

/
(rgM@)< M (1—2’”(”)”—ef<p+ﬁ>lp’df'). (617)

r

In addition, the constraint is given as follows,

0= (—(p+p”)‘1p’+i> (1_2m(7“)>1/2_i (648)

r

A detailed numerical study can show that the mass-radius relation in the context of dRGT massive gravity, is more
constrained in comparison to the standard Einstein gravity, and we showed that the maximal mass becomes smaller
for quark and neutron stars. In effect, the compact massive neutron stars cannot be explained by using this specific
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version of dRGT massive gravity, a result which is in contrast with the F(R) gravity case [613, 621]. We need to
note that the results obtained in Ref. [620], do not always exclude the dRGT massive gravity description from being
a viable one, due to the observational data. Indeed, for the calculations we took into account the standard EoS in
order to find the maximal mass, and in addition the study was specialized by using a particular minimal model of
massive gravity. It may be the case that a massive neutron star can be realized in the context of massive gravity, if
alternative EoS are used, or more complicated versions of massive gravity are used, at the expense of having more
free parameters in the theory.

B. Black holes in F(R) Gravity and anti-evaporation

In this section we shall present some recent studies on black holes solutions, in the context of F(R) gravity, based
on Ref. [638]. For other astrophysical solutions and various metric solutions from F(R) gravity and modified gravity
in general, see for example Refs. [285, 330, 452, 617, 639-648].

In Ref. [638], it was demonstrated that anti-evaporation of the Nariai space-time may possibly occur in the context
of F(R) gravity. In the usual descriptions of black holes in the Einstein gravity, the horizon radius of the black
hole, in vacuum, decreases in size, since the black hole looses energy via the Hawking radiation. However, as was
demonstrated by Hawking and Bousso, if someone includes quantum corrections, then it is possible that the Nariai
black hole [649, 650] may increase its size, with this phenomenon being known ever since as anti-evaporation of black
holes [651]. The Nariai black hole is a limiting case of a Schwarzschild- de-Sitter space-time, and it can be obtained if
the cosmological horizon of the Schwarzschild- de-Sitter black hole coincides with that of the black hole horizon. The
metric of the Nariai space-time has the following line element,

1

ds® = ———
A2 cosh? z (

1
dQ?,  dQ? = db? +sin’ Odg? . (649)

2 2
—dt* + du )+F

The parameter A stands for a mass scale and also dQ2? denotes the metric of the two dimensional unit sphere. Since
the scalar curvature is equal to, R = Ry = 4A?, by using Eq. (9), we obtain,

0=F (4A%) — 2A*F’ (4A%) . (650)
We shall consider the perturbations of Eq. (650), so we assume,
ds® = D) (—dt® + da®) + e 2 ("Dd0? . (651)

By considering that the perturbations have the following form, p = —In (A coshx) 4+ dp and ¢ = In A + d¢p, in effect
we find the following perturbation equations,

:—F’ (Ro) + 2A%F” (RO)cSR __F(Ro)
2A2 cosh? A2 cosh? z
+tanhxF" (Ry) 0R' + F" (Ry) 0R" ,
S (Ro) + 20°F" (R) . F(Ro)
2A2 cosh? A2 cosh? z
+ F” (Ro) 0R + tanh 2 F" (Ry) R,

‘ o F'(Ro) (o :
I (Bo) + 202 (Ro) o F(Ro)
2A2 A2

— cosh? zF" (Ry) (—5R + 6R") . (652)

0

dp — F' (Ro) (—6p + 25¢ + 6p” + 2tanh zd¢")

0=-—

SR+ dp — F' (Ro) (6p + 269" — §p” + 2tanh xdyp’)

0=— 8 — cosh? zF (Rg) (—6¢ + 6¢")

By setting dp = ¢qg coshwt cosh?  where o, and w are arbitrary constants, we find,

” = . (653)

- o 1 19 — 8 o 2A2FH (Ro) F (Ro) F// (RO)
w==+6, ﬂ2<1i )7 4= F" (Ry) F' (Ry)?

The above relations indicate that if @« < 0 or o > %, £ and in effect w are real. Since the real part of the parameter
w is always positive, the solution corresponding to the Nariai space-time is rendered always unstable.
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The horizon is determined by the following equation,
9"V Ve =0. (654)
Then we find
dp = Sy = o cosh? Bt . (655)

Since Eq. (651) indicates that e~ % can be viewed as a radius coordinate, by using Eq. (649), the radius of the horizon
may be defined by r, = ¢~%%» /A and then we obtain,

e~ %o cosh? Bt

A

rh = (656)
In the case that ¢y < 0, the radius r, increases, and hence anti-evaporation occurs. If 8 and w are complex, instead
of d¢ = g cosh wt cosh” &, we obtain the following solution for %)

s =R{(Cre’ + Cre Pty P}, (657)

where the parameters Cy are complex numbers, and we expressed the real part of numbers as R. Since the real part
of the parameter (3 is always positive, if C # 0, when ¢ increases, the parameter dp also increases and in effect the
perturbations increase. As a result, the solution corresponding to the Nariai space-time is rendered unstable.

As a particular case, we may consider the following solution of Eq. (657), which is,

t+x 1 —t4x - 1 -
5p = 63n = b0 4 05 (cos LEFE) _ L 7EFDY | =g (=) L DN g
2 ol 2 2 0% 2

It should be noted that the solution (658) is chosen to satisfy the initial condition d¢ = 0 at ¢t = 0. Also we expressed
the parameter 3 as,

ﬁ:1<1j:i 8_;9a>=;(1+i7). (659)

Then Eq. (654) takes the following form,

2
t —
0= 7532”072142& siny(t;@ in 24 . 2) (660)

and hence we find that an infinite numbers of horizons occur,

A)z=—t+2"" or Bz =t + 20T (661)

v v

On the horizon, we find that,

nx nm 1
(A) o = dpo(—1)" {ev +e <COS (vt) + —sin ('yt)) } , (662)

v

nx nx 1

(B) ¢ = dpo(—1)" {ev +eft <cos (yt) — 5 sin (’yt))} . (663)

Hence, the radius of horizon, which is defined by the condition 7, = e~ %%» /A, oscillates, so we have a constant
interplay of evaporation and anti-evaporation. Particularly, for the case (B) of Eq. (663), the amplitude of the
oscillations gradually becomes larger.

C. Wormbholes in F(R) Gravity

As in most applications in modified gravity, the physical description of a phenomenon or quantity that modified
gravity offers can be entirely different when compared to the Einstein-Hilbert gravitational description. In this section
we shall consider an exotic and intriguing physical solution of the Einstein gravity, namely that of a wormhole. The
wormbhole solution [652-656] is a geometric space-time tunnel through which an observer can theoretically travel
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through it. The focus in this section will not be on the theoretical implications of a wormhole geometry per se, but
we shall focus on the fact that modified gravity allows these solutions to exist without the need of having some extra
exotic matter present. Indeed, in the ordinary Einstein-Hilbert description of wormholes, an exotic matter component
is needed in order the solution is consistently defined, and this exotic matter is called exotic because it violates the
null energy condition T, k*k” > 0, where k* is an arbitrary null vector. As it was shown in the literature [285], in the
context of F(R) gravity, wormhole geometries can consistently be realized. We shall base our analysis and notation
on Ref. [285] where the F(R) gravity realization of wormholes geometry was performed in detail. In the literature,
several modified gravity and alternative approaches to the wormhole geometry existence can be found. For example
in Refs. [265, 657-661] the possibility of having traversable wormholes was studied in various contexts, see also [662]
for a quantum field theoretic approach on traversable wormholes. Also in Refs. [663-666] the stability of wormholes
was studied in various theoretical contexts, and in Refs. [667, 668] the energy conditions of wormholes were examined.
The possibility of having a wormhole supporting phantom energy was discussed in [669], or a phantom scalar [670],
while in Ref. [671], various wormhole solutions were studied in the context of brane worlds. Finally in Refs. [672, 673]
wormhole solutions were studied in the context of extra dimensions.

In the rest of this section we follow the presentation developed in Ref. [285]. Consider the spherically symmetric
and static metric with the following line element,

1
ds?* = e 2*Mge? 4 Wdﬂ + 12 (d6? + sin® 0d¢?) (664)
with ®(r) and b(r) being arbitrary functions of the radius r, which are called the redshift and the shape function
respectively. The radius value r = ry denotes the location of the throat, where b(rg) = ro. Two compelling conditions
that need to be satisfied, in order for a wormhole solution to exist, are the following,

b(r) =V (r)r b(r)

ok >0, 1-

>0, (665)
where the prime denotes differentiation with respect to r, and in addition, at the throat, the shape function must
satisfy 0'(rg) < 1. Tt is exactly due to the imposition of the above conditions that in the ordinary Einstein-Hilbert
description, an exotic form of matter, violating the null energy condition, is needed. As we shortly see, this violation
of the null energy condition is not needed in the case of F(R) gravity. For simplicity we set ®(r) = const, so that
®'(r) = 0. Consider an F(R) gravity with matter fluids present, in which case the action is given as usual in (1), and
the corresponding equations of motion can be found by varying the action with respect to the metric, and the result
can be written as follows,

1 eff
RNV — §Rguy = TMV B (666)
with T, = w + 15, and Frp = g—g. The energy momentum tensor Tinagter u coOrresponds to the ordinary
matter fluids present, while T, is equal to,
C 1 1 /
T, = T V.V, Fr — 1 (RFp+0Fr+T) ), (667)

where T is the trace of Tiatter uv- In the case of modified gravity, the total energy momentum tensor of the matter
and of the modified gravity that threads the wormhole is supposed to satisfy all the energy conditions, and this
condition will eventually impose certain restrictions on the functional form of the F(R) gravity. Particularly, the
energy momentum tensor is assumed to have the following decomposition,

T;w = (P + pt)UuUu + Ptguv + (pr - pt)XMXV ) (668)
with U, being the comoving four-velocity, and x, being the unit spacelike vector along the radial direction,

that is, x, = {/1— @(5“. Also p(r) is the energy density, p,(r) is the radial pressure along x, and fi-

nally p:(r) is the transverse pressure along the orthogonal direction to x,. In effect, the energy momentum is
Th = diag[—p(r), pr(r), pt(r), p+(r)], and the equations of motion become,

¥ p+H

7‘2_ FR ’

b Dy 1 b
N o AT —— 1— 2
7’3 FR+FR (( 7")
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br—b p 1 b Fp
——— =t —|[1--E-FH
T T K ; (669)

where H is,
1
H(r)= Z(F}zR +0Fp+T), (670)

and the prime this time denotes differentiation with respect to the radius r. By using the line element (664) for

® = const, the scalar curvature reads R = 271’2/, and also the term OF7Y, reads,

ot (1)
T

In the case at hand, by taking into account the gravitational equations, the null energy condition violation T},, k*k" < 0
takes the following form,

br—0b 2F}

F//_F/
LT T N

(671)

Vr—20
3

<0, (672)

which holds true due to relations (665). Also at the throat of the wormhole we have,

p"’pr 1_bF71/z
FR 2r FR

<0. (673)

T=To T=To

Therefore, in order for the conditions (665) (actually the second condition in Eq. (665)), to be satisfied, the functional
form of the F'(R) gravity must be restricted at the location of the throat r = r¢ as follows,

2r(p + pr)
!
Frl—y, < e (674)
if F;, > 0, while in the case F;, < 0, the functional form of the F'(R) gravity is restricted as follows,
2r(p + pr)
F! _ZP T pr)
RBlr=ry > = . (675)

By assuming that the matter fluids present, which are quantified by the energy momentum tensor 7),,, satisfy the
null energy conditions, then, the functional form of the F(R) gravity, must satisfy the following inequalities,

>0
rz2 7 2r2 r

F / 2F Fl Jon
‘b (2FRr +1rFR)(0'r b)_Fg(l—b)ZO- (676)

Then if the shape function b(r) is specified in a way that the above are respected, we may easily find the F'(R) gravity
that satisfies the above conditions and also that it can generate the wormhole geometry (664). Indeed, by specifying
the shape function b(r), then the scalar curvature can be found as a function of r, that is r(R), by using the relation
R = i—l;/, and by also specifying the equation of state for p,. and p,, we can obtain the functional form of Fgr(r)
and by using the function r(R) and integrating once with respect to the scalar curvature, we may obtain F'(R). In
Ref. [285] several examples where worked out, and we shall briefly present one of them, for which the energy and
pressure density functions satisfy —p + p,. + 2p; = 0, so the resulting equations of motion become,

/ _2 /e
F;g<1—b>—br+b Te Y 0. (677)

r 212 273

Then, by assuming that the shape function is b(r) = r2/r, the resulting Fr(r) solution is,

Fgr(r) = Cysinh l\@arctan <TO> + C3 cosh

V2arctan (7%)2)] , (678)

2 _
r? —rg
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where C;, i = 1,2, are integration constants, and the energy and pressure density functions p, p, and p;, can be found
by combing Egs. (678) and (669). Then, by using R = —2r2/r?, we can find the resulting F(R) gravity, which is
[285],

F(R) = —C1Rsinh [\/5 arctan (RO> + Cs cosh [\/iarctan (RO> ) (679)

VR — R? VR — RZ

where Ry = —2/r3, so it is a negative value. In Ref. [285] many other examples were worked out, but the method is
the same, so we refrain from going into further details. In the literature there exist various studies on wormholes in
the context of modified gravity, and for important stream of papers we refer the reader to Refs. [674-684], where the
F(R) gravity case was studied, both in metric and Palatini formalisms, and in Refs. [373, 685-691] for other modified
gravity and Brans-Dicke approaches.

VI. BOUNCING COSMOLOGIES FROM MODIFIED GRAVITY
A. General Features of Bouncing Cosmologies

The cosmological bounces [170-179, 182, 184, 216, 231, 233, 236, 692, 693], are quite appealing alternative scenarios
to the standard inflationary paradigm, and the most appealing feature of these cosmologies is the absence of the initial
singularity. In principle, a successful bouncing cosmology must solve all the problems that the inflationary scenario
solved, and also it is required that a nearly scale invariant power spectrum is produced. There are many bouncing
cosmologies in the literature, and in this chapter we shall discuss how these cosmologies can be realized by vacuum
modified gravities. In particular we shall investigate how these cosmologies can be realized by F(R), f(G) and F(T)
gravities. For studies in the literature on this issue, see [549]. Before we proceed to this task, let us recall some
essential features of bouncing cosmology.

One of the most important feature that a viable cosmology should have, is, the correct evolution of the Hubble
horizon at early and late times. Particularly, at early times the Hubble horizon should contract and at intermediate
and late times, the Hubble horizon should expand again. This is due to the fact that at early times, the Hubble horizon
should contract in order for the primordial quantum fluctuations to exit the horizon. Then the Hubble horizon in the
future should contract, so the initial modes will re-enter the horizon and will become physically relevant for present
times observations.

The Universe’s evolution in a general bouncing cosmology, consists of two eras, an era of contraction and an era
of expansion. In between these two eras, the Universe reaches a bouncing point, at which the scale factor reaches a
minimum, non-zero size, and eventually the Universe bounces off and starts to expand again. It is due to the fact the
Universe reaches a non-zero minimum size, that the initial singularity problem is solved in the context of bouncing
cosmologies. During the contracting period, the scale factor of the Universe decreases and it satisfies @ < 0. As the
Universe reaches the bouncing point, the scale factor satisfies the condition ¢ = 0, and after that, and during the
expanding period, the scale factor satisfies @ > 0. In terms of the Hubble rate H(t), the conditions for a bounce to
occur is that during the contraction, the Hubble rate satisfies H(t) < 0, at the bouncing point the Hubble rate is
H(t) =0, and as the Universe expands again, the Hubble rate is H(t) > 0. Suppose that the bouncing point occurs
at t = t,, then the conditions for a bounce to occur are summarized below,

Before the bouncing point ¢ < ts: a(t) <0, H(t) <0,
At the bouncing point t=ts: a(t)=0, H(t)=0,
After the bouncing point ¢ >t,: a(t) >0, H(t)>0. (680)

In the literature there exist various cosmological bounce scenarios, which we now briefly describe. First we consider
the matter bounce scenario [171, 175, 185, 214, 226, 228, 235, 278, 279, 694], which occurs quite often in the context
of LQC [695-699]. The matter bounce scale factor and the Hubble rate are the following,

3 2 : 2tpc
t)y=\(=zpt“+1) , H{)=—7>—, 681
o= (3o 1) O = 2w (681)
where the parameter p,. is critical energy density related to the underlying LQC theory. The cosmic time dependence
of the scale factor and of the Hubble rate can be found in Fig. 6. As it can be seen, the bouncing cosmology conditions
are satisfied, since H > 0 for ¢t > 0 and H < 0 for ¢ < 0, and the bouncing point occurs at ¢ = 0. In the matter bounce
scenario, the primordial perturbations are generated early at the beginning of the contraction era. A complete study
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FIG. 6: The scale factor a(t) (left plot) and the Hubble rate (right plot) as functions of the cosmic time ¢, for the matter

1
bounce scenario a(t) = (2p.t> +1)3.

of the Hubble horizon can describe this perfectly, so in Fig. 7 we can see the time dependence of the Hubble radius
Ry = 1/(aH), for p. = 2 x 105sec™2. As we can see, for ¢t < 0 the Hubble radius decreases from an infinite size at
t — —o0, until the bouncing point is reached. At the bouncing point the horizon reaches a minimal size and eventually
it starts expanding again, for t > 0. Thus the primordial modes relevant for present day observations are generated at
t — —oo, that is, at the beginning of the contracting phase. Another scenario with interesting phenomenology is the

10 A

o
%
T
L

o
>
T
L

Ry () (sec)™
o
g
|
—

=3

i
T
L

~1x106 ~500000 0 500000 1% 106

t (sec)

1
FIG. 7: The Hubble radius Ry (t) as a function of the cosmological time ¢, for the matter bounce scenario a(t) = (2p.t* +1)3.

superbounce scenario [193, 549, 700], which firstly appeared in the context of ekpyrotic cosmological scenarios [193].
For the superbounce scenario, the scale factor and the corresponding Hubble rate can be found below,
2

a(t) = (—t-i-ts)c% , H(t) = ErETEr

(682)

where the parameter c¢ is an arbitrary parameter. Note that the bouncing point is at ¢ = ¢;. The cosmic time
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FIG. 8: The scale factor a(t) (left plot) and the Hubble rate (right plot) as a function of the cosmological time ¢, for the
2

superbounce scenario a(t) = (—t + ts) 2.

dependence of the superbounce scenario can be found in Fig. 8, for ¢ = v/8 and t, = 10~ 3%sec, and as it can be seen,
the cosmological bounce conditions are satisfied in this case too, with the contraction occurring when ¢t < 0 and the
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expansion occurring when ¢t > 0. In addition, the Hubble horizon behaves in the same way as in the matter bounce
case, since during the contraction phase it decreases, and during the expansion phase it increases.

Another interesting scenario which we now briefly mention is the singular bounce scenario, which was developed
and thoroughly studied in [189, 191, 192, 562]. The new novel feature of this bouncing cosmology is that although
the initial singularity is avoided, a Type IV singularity [192] occurs at the bouncing point. In the singular bounce
scenario, the scale factor and the corresponding Hubble rate are,

fo (tfts)o‘+1

a(t) = e+l ) H(t) = fo (t - ts)a ) (683)

where the parameter satisfies fo > 0. The condition in order to have a Type IV singularity at ¢ = ¢4, is that o > 1,
and also for physical consistency, a should be chosen as,

_ 2n+1

_z2ntl 684
T omt1 (684)

with the integers n and m being chosen in such a way, so that a > 1. The singular bounce has a peculiar evolution of
the Hubble radius, since for ¢ — —oo, it has an infinite size and starts to decrease until near the bouncing point, where
it blows up. After the bouncing point it starts to decrease again. As it was demonstrated in Refs. [189, 191, 192, 562],
the power spectrum of the singular bounce for the modes near the bounce is not scale invariant, and therefore it has
to be combined with alternative scenarios, like the ones studied in Refs. [223, 701] in order to be a viable cosmological
bounce scenario.

In the following sections we shall present how the superbounce cosmology can be realized with F(R), f(G) and
F(T) gravity.

B. Bounce Cosmology from F(R) Gravity

In order to realize the superbounce of Eq. (682), we shall use a reconstruction method introduced in [571] (for
alternative methods see [702]), according to which the e-foldings number is used instead of the cosmic time, with the
e-foldings number being related to the scale factor as follows,

e N = %) . (685)

In terms of the variable N, we can re-express the F/(R) gravity equations of motion for the FRW Universe, as follows,
— 18 [4H*(N)H'(N) + H*(N)(H')* + H*(N)H"(N)] F"(R) (686)

F(R)

+3 [H*(N)+ H(N)H'(N)| F'(R) — 5

+K%p=0. (687)

Introducing the function G(N) = H?(N), for the flat FRW Universe we eventually have that,
R =3G'(N)+12G(N). (688)

The above relation will enable us to determine the function N(R). By writing the Hubble rate as a function of the
scale factor we have,
2

a7 (689)

and therefore by expressing a in terms of N by making use of Eq. (685) we get,

G(N) = Ae N, (690)

with the parameter A being A = iaaCQ. Combining Egs. (688) and (690), we can express N as a function of R, as

C4
follows,

N = _Ciz In [m] , (691)
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and by substituting in (686), we can rewrite it as follows,

OGN (R) HG(N(R) + G (VR)F(R) + [36(N) + 36 V()| F(r) = 200 4 =0, (692)

where G'(N) = dG(N)/dN and G"(N) = d*G(N)/dN?. The total matter energy density po; should be expressed
in terms of N(R). By assuming that the perfect matter fluids have constant equation of state parameters, so these
satisfy p; + 3H (1 + w;)p; = 0, eventually we have,

Prot = Z pioaSS(leri)e—3N(R)(1+w7¢) . (693)

By using the above relations, the FRW equation (692) becomes,

dQF(R) dF(R) F(R) 3(14w;)
R? R—7 -~ S;R™ <= =0, 694
Wi R Tt 2 +ZZ_: ’ (694)
where the parameters a; and as are equal to,
c? 2 —¢?
=T 3 = o 695
ay 4_627 az 2(4_02)7 ( )
and also,
’i2pioa_3(1+wi)
S; = - (696)
BAM - )]

By solving the differential equation (694), we can obtain the exact F'(R) which can generate the superbounce cosmology
(682).

We are interested in the vacuum F'(R) cosmology, so the differential equation (694) becomes a second order homo-
geneous Euler equation, which has the following solution,

F(R) = c;R”* + c,R"? (697)

with c;, co being arbitrary integration constants, and also p; and py are,

 —(a2 —a1) — V(a2 — a1)? +2a; . (698)

7((12 7&1)4’ (ag—a1)2+2a1
2(11 ’ 2&1

pL =
In the case that ¢ > 1, the F'(R) gravity becomes,
F(R) ~ iR+ caR™Y/2 (699)

so the resulting F'(R) gravity is a modification of the Einstein gravity. Let us now consider the case that matter fluids
are taken into account too. In this case, by solving (694), we obtain,

Cop1 c1p1 1 c15; 549
F(R) = _ R02+ + |: R i+2+p2
(®) { P2 P2(P2P1+1)} zl: p2(0i +2+ p2 — p1)
— Y " BiaR%*P2 4 ¢ R + R (700)
with ¢, ¢ being arbitrary integration constants, and also §; and B; are defined as follows,
3(1 4+ w;) — 2¢2 Si
c? P2t p20; (701)
In the limit ¢ > 1, the F(R) gravity above becomes,
F(R)~ R+ aR?+c;RY?2 + A, (702)

where we assumed that ¢co = 1, @ = 9 —2+2¢; >, 3 and A = — 3, A;. Note that this resulting F(R) gravity,
resembles a higher order R? gravity. At early times it is approximated by the R+ aR? (Starobinsky inflation) gravity,
while at late times it is R — R~Y/2 + A, so it resembles the ACDM model.
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1. Stability in the F(R) reconstructions

Having at hand the F'(R) gravity solutions that realize the superbounce, now we shall examine the stability of the
solutions. Particularly we are interested in the linear stability of the dynamical system that the FRW constitute.
More details on this issue can be found in Ref. [549]. So we consider linear perturbations of the function G(N), of
the following form,

G(N) =g(N)+6dg(N), (703)
and so by substituting this in the FRW equations (692) we obtain,

d*F(R)

=g(N) ——— 8" g(N
0=o() | o)
3 2
+ {3g(N) g (N + " (N)] & Z%(f) e [39(N) - ;g’(N)} d;ﬁf ) . }6’9(N>
3
n {ug(N) 49/ )+ 9] |
2
+ o)+ 20+ S| s T e, } S0(V). (704

where Ry = 3¢g’(IV) + 12¢g(N). The stability conditions for the perturbations of G(INV), are the following,

S Slag' (V) ;géf)\mmm e i((}fvv; - o
and also,
364 (N) + S (IMIET(R) . 6g(N)  3¢'(N) . F'(R)
2= F(R) 2w T e (706)

For the superbounce realizing vacuum F'(R) gravity solution of Eq. (697), the stability conditions of Eq. (705) and
(706) read,

Ji =6+ ¢ =26 [37e1Q7 (01 — 2)(p1 — 1)p1 + 372c2Q7? (p2 — 2)(p2 — 1)p2]
x [371c1Q7" (p1 — 1)p1 + 37 ¢2Q7% (p2 — 1)pa] > 0, (707)

with Q1 = —A(c® — 4)e=<"N, and
Jy=—12 —6¢% + 3¢t + N (legl_lpl + CQQSQ_po) Aing_l

—12¢2Qy [C1Q§1_3(P1 —2)(p1 = D)p1 + Q5 (p2 — 2)(—1+ p2)p2| Q3" > 0, (708)

with Qo = 3Ae’C2N(4 — ) and Q3 = 01Q§172(p1 —1)p1 + CQQ’Q’Tz(pQ — 1)p2. In the large-c limit, the stability
conditions read,

Ji =4 +6>0, Jy=3c"+18*-12>0, (709)

and therefore the F(R) gravity which realizes the superbounce is a stable solution.
Now we study the stability of the case that perfect matter fluids are present, so the F(R) gravity has the form
(700). In this case, the stability conditions of Egs. (705) and (706), read,

J1 =6+ — 67Qs [3’“*301(!)1 —2)(p1 — Dy Q7 > + 372 3¢y (pa — 2)(p2 — 1)p2Qf°
+3°272q1(pa — D)palpa + 1)Q> ™2 — 304P273Q0 27300 (5, 4 py — 2)(8; + p2 — 1)(8; + p2)
+36i+p271Qf1+p2_1QQ(5i + p2)(0; + p2 + 1)(6; + p2 + 2)
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< (37720 = 1p QP 48 ealor — Dpa@7 43 (e + QP

1
—302 7200 (8; + po — 1)(§; + p2) Q37277 + 3540205 (8, + pa + 1)(6; + po + 2)Q(1si+p2} ) (710)
where Q1 = —A(c — 4)e=<"N | and also,

Jo = — 12— 6¢% + 3¢* + A (Qs + Q) {eCQN [Clpng +eapaQ !

+QP (1 + p2) — Q2 g (8i + p2) + QYT (24 6 + pz)} }

+36Ac%e™ N (c? — 4) (Qs + Q)

x&@”ﬁm—mm—wm+mw*@—mw—nm

+QF 2qu(p2 — Vpa(pa +1) = Q322020 + p2 — 2)(8; + p2 — 1) (6 + p2)

+Qgi+p271(}2(5i+p2)(5i+02+1)(51’+02+2) , (711)
with Qo = 34~V (4—c?), Qs = c1Q5" *(p1—1)p1+2Q5> > (p2—1)p2 and Qs = Q52 qr1pa(1+p2) — Q5 72 22 (5, +
p2 — 1)(6; + p2) + Q5 P2 05(1 4 0; + p2)(2 + 85 + p2). By taking the large-c limit, we obtain,

Ji~ 62, Jyr~dt, (712)

so in this case too, the F(R) gravity solution is stable.

C. Bounce Cosmology from f(G) Gravity

In this section we shall investigate how the superbounce cosmology of Eq. (682) can be realized by using an f(G)
gravity. Using the reconstruction method we developed in the previous chapter, we introduce two functions P(t) and
Q(t), which are chosen in such a way so these satisfy Eq. (376) and therefore the f(G) the gravitational action (370) is
given in Eq. (374). By varying with respect to t, we get the differential equation in Eq. (375), which when solved with
respect to the function ¢ = t(G) it enables us to find the f(G) function, by simply substituting ¢t = ¢(G) in Eq. (376).
By combining Egs. (376) and (373), we obtain (377) so by further combining Eqs. (376) and (377) we get (378) and
hence we have the function P(¢). For the case at hand, the Hubble rate is, hence, the differential equation (378) reads,

d2p dpP ¢t
(t—t) 0y — C+a) o — St —t) =0, (713)

which can be analytically solved, and the solution is,

A t(2t, —t)
Plt) = ———= 14
®) 8(c2+2) (714)
By substituting the above in Eq. (377) we get the function Q(t),
32(c* - 1)
t) = 1
A ey (715)
Combining Egs. (375), (714), and (715) we get the following,
V2 [8(2 - 11¢2)G]* V2 [8(2—11¢2)g] !
t1(G) = t. — 8 )G , t2(G) =t. + 8 )9] . (716)
VG VG

Therefore, we substitute the functions ¢; and ¢ from Eq. (716) in Eq. (376), so finally we have the two f(G) gravities
that realize the superbounce cosmology.

2 _ 2 2 _ 2
Fl(g):ctg 8v/2(2 — 11¢?) Fz(g):ctg 4,/2(2 — 11¢?) 1+g (717)

8(c® +2) 8(202 +2)G
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1. Stability in the f(G) reconstructions

Now we examine the linear stability of the gravitational equations for the solutions (717), so we adopt the method
used in Ref. [549]. Consider the perturbation (703), so by inserting this in the gravitational equation (373), we obtain
the following stability conditions,

j—i >0, i—j’ >0, (718)
with J; and J; being equal to,
Ji =288g(N)*F"(G), (719)
Jo =4329(N)* {(29(N) + ¢'(N))F"(G)
+8g(N) [¢'(N)* + g(N)(4g'(N) + ¢"(N))] F"(G)} (720)
J3 =6 {1+ 249(N) {~89(N)* +3¢'(N)* + 69( )[39’(1\7 NI} F"(G
+24g(N)[4g(N) + ¢'(N)] {g'(N)? + g(N)[4g(N) + ¢"(N)] }F” } (721)

For the superbounce (682), we showed in the previous section that there are two f(G) gravity solutions which realize
this cosmology, namely F;(G), i = 1,2, so for the function Fi(G), we have,

Jo 3
in G )(16A2 202N _ ) >0, (722)

and also,

Js (=% +108c* + 26¢* — 8) +8Ae_C2N+A2 e N (118 — 46¢* + 30 — 4)
Ji 2 —11¢? 2 —11¢2

—V6(4 - 04)\/627_2 >0 (723)
12 —2~

where A = ;%aa < Hence, the solution F3(G) is conditionally stable. In the same way, for the function F5(G) we
have,

= g (¢ —2) (16422 2V 1) >0, (724)

and also,

Jz  4A% (16 — 60c* —190¢* + 207¢°)
Jl B Qa
4A3e™ N (=32 4 200¢ — 152¢* + 122¢5 — 68¢3 + 11¢10)
Qa
Ae™N (16 — 92¢2 + 30c* — 46¢5 + 11¢%) 2N (=8 4 262 + 117¢* — 99¢°)
+ +
Qa Qa
N 16v6A42(2 + ) (4 — 4c® + ¢*)/(2 — 11e2)(c2 — 2)
Qq

with Q, = (2 — 11¢?) [4A2(02 -2)+ ezczN]. Therefore, in this case too, conditional stability is ensured.

>0, (725)

D. Bounce Cosmology from F(T) Gravity

In this section we shall briefly investigate how the superbounce cosmology can be realized by an F(T') gravity. We
use the formalism we developed in chapter II, for F(T'), so for the flat FRW space-time, the field equations read,

TFr F K?

- T m — Y, 2
=T T =0 (726)
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2
. K
H(FT + 27_'F‘TT) - *?(pm +pm) 5 (727)

with p,, and p,, being the matter energy density and the pressure, and also for the flat FRW Universe we have,
T =—-6H?. (728)
The Hubble rate as a function of the scale factor is H = 2a—¢"/2 /2. So we can express N as a function of T,
Ne=—Lm (T) , (729)
where,
A=—-"ag® . (730)
In addition, by using the continuity equation for the matter fluids, we can write,

Pm = szoa_?’(”wb —3N(T)(1+w:) (731)

By substituting the above in Eq. (726) we have,

dF( 3(1+wl)
T - — 2
T + Z =0, (732)

where S; is defined by (696). Hence the solution of Eq. (732) is actually the exact F(T) gravity that realizes the
superbounce. Particularly, the vacuum F(T") solution reads,

N

FT)=c (-17)*, (733)

with ¢; being an arbitrary integration constant. In the case that the matter fluids are present, the solution reads,

3<1+wl>
F(T)= ¢ (-T)* - ZQZ -T)" (734)
with
262 piag —3(1+w;)
@i= 6(1 4+ w;) —c? (735)

As it can be seen, for ¢ = 3(1 + w;) (¢ = 3 for dust matter), the superbounce cosmology can be realized by the
teleparallel equivalent of General Relativity.

Hence in this chapter we demonstrated how bouncing cosmology scenarios can be realized in the context of F(R),
f(G) and F(T) gravity. We focused on the superbounce case and we also provided a stability analysis of the resulting
modified gravities, with the stability referring to the dynamical system corresponding to the cosmological equations.
For further details on these issues we refer the reader to Ref. [549].

Before closing this chapter we need to briefly discuss an important feature of the bouncing cosmology evolution
which we did not address. Particularly, the reheating issue should be carefully addressed for bouncing cosmologies in
the context of modified gravity. As we mentioned earlier the reheating era is extremely important for a cosmological
evolution, since even in the case of bouncing cosmologies, the Universe should be reheated and in effect the particle
content of a cosmological theory should be excited. However, in the literature this issue is not addressed appropriately
in the context of the modified gravities we discussed in this review. To our knowledge, the only serious approach
to the reheating issue in the context of bouncing cosmology was performed in Ref. [185] (see also section 6 of Ref.
[175] for an interesting approach on the matter bounce scenario), where the authors used a two-field scalar model in
order to realize the bounce. Particularly, the study was performed in the context of the ekpyrotic scenario, and some
fields were assumed to have K-essence terms, see [185]. The reheating issue should be appropriately addressed in the
context of the modified gravities we presented in this review, but this study is beyond the scopes of this work and
should be studied in a focused research article.
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VII. CONCLUSION

With this review we aimed to provide the latest developments in modified gravity, and also to provide a virtual
toolbox for studying inflation, dark energy and bouncing cosmologies in the context of modified gravity. We tried
to make the article self-contained, so we discussed most of the existing forms of modified gravity that appear in the
literature and we presented in detail the theoretical framework of each modified gravity model. We also presented the
essential information related to inflationary dynamics with various modified gravity theories, and also we demonstrated
how various bouncing cosmologies can be realized by using various popular modified gravity theories. Now the question
is, what can be the future in modified gravity theories, did we solved every existing problem, so that modified gravity
can be considered a theory very well studied? The answer is categorically no, since even after many years of extensive
research, we believe that we are still in the start of a long journey, and the theoretical challenges that need firstly
to be understood, and then correctly modeled, are quite many. Practically, where the ACDM model fails to provide
a consistent description of the observable Universe, modified gravity could fill in the gap. The ACDM model has
many successes in being compatible with the observational data, at least in the pre-2000 observational data, since
firstly, it predicted successfully the location and the existence of the baryon acoustic oscillations. Secondly, the ACDM
model fits very well the statistics of weak gravitational lensing. Thirdly, the polarization of the Cosmic Microwave
Background predicted by the ACDM model, fits very well the 2015 Planck data [48]. Particularly, the temperature
power spectrum (TT) peak, the temperature polarization cross spectrum peaks (TE), and the polarization spectrum
(EE) peaks, are very conveniently accommodated in the ACDM model predictions.

However, there are many challenging open problems and observational data, that the ACDM model does not suffice
to offer a successful description for these [703, 704]. Mainly, the dark matter and dark energy problems haunt the
ACDM model, since no dark matter particle has yet been observed in a particle accelerators or indirectly from direct
dark matter searches. Also, the dark energy seems to be undetectable by particle accelerators or from any other
laboratory apparatus, at least for the moment. Moreover, the ACDM model predictions on large scales are very
successful, however, on sub-galactic scales, many issues occur with regards to the predictions of many dwarf galaxies
and an excess of dark matter present in the innermost regions of the galaxies. However, it is still debatable if these
issues are actually problems of the model itself or a problem of statistical analysis of the current research approach
on these issues. In addition, there are several issues that are still in question with regard to the ACDM model, since
these are measured by taking into account several imposed conditions. It is therefore possible that a modified gravity
extension of the ACDM model might offer consistent answers to these problems. For example the redshift magnitude
of type la supernovae, depends strongly on the properties of stars that exploded during the early-time era of the
Universe, at least the first stages of the evolution. Also the gravitational dynamics of galaxies, gas and stars, and
especially their relative motion, strongly depends on the assumption that the light coming from stars is the source of
mass in the Universe. The same assumption applies when one considers gravitational lensing. Hence in some sense,
the current data that fit the ACDM model offer an accurate cosmological description, but not a precision cosmology.
It is thus possible that future data might not fit so well the ACDM model. Also a future challenging task for modified
gravity is to explain why the cosmological constant is very small, which conveniently allows for galaxies to form and
not to tear apart due to the gravitational acceleration.

There are two highly non-trivial problems that eventually modified gravity might provide consistent answers. The
first has to do with the physics before the inflationary era, and in some studies, this issue has already been addressed,
since it is speculated that a bounce preexisted the inflationary era. This issue is however highly non-trivial and it
requires much effort in order to find a consistent answer on this. The second issue is related to the question if the
cosmos comes to a crushing end eventually. In modified gravity it is possible that the Universe might abruptly end its
evolution on a crushing type finite-time singularity, like a Big Rip or a Big Crush. The effects of these singularities on
galactic scales might be evident even some million years before the occurrence of the singularity [247], so the question
is if such a scenario is possible.

In addition, modified gravity provides an alternative view of classical particle physics problems, like the baryogenesis
issue. Particularly, it is possible to generate non-zero baryon to entropy ratio in the Universe by using the gravitational
baryogenesis mechanism [705]. Then, in the context of modified gravity it is possible to generalize the gravitational
baryogenesis mechanism, and various proposals towards this issue have appeared in the literature [562, 706-717]. It
is conceivable that the phenomenology provided by modified gravity is quite rich and research on this topic is still
ongoing.

Moreover, modified gravity is one of the few theoretical frameworks for which inflation and dark energy can be
described in an unified way, and we believe that the most successful model will be the one which is most compatible
with observations and theoretical predictions.

Also a mysterious era to current cosmological research is the pre-inflationary era. In the existing literature there
exist various proposal describing this pre-inflationary era, for example there are considerations for a superinflationary
era [243] which occurs before the slow-roll inflationary era. Also a bouncing phase before the inflationary era is also an
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appealing alternative to the superinflationary scenario [243]. In both these scenarios, the initial singularity is absent,
so these are quite appealing alternative scenarios to the standard Big Bang cosmology. The motivation to look for a
pre-inflationary era is supported by certain features of the cosmic microwave background, and particularly from the
large scale power deficit of the TT-mode of the cosmic microwave background. This issue is verified by the latest
Planck data [48], as was pointed out in Ref. [243]. Actually the large scale anomalies can occur due to an existing
contracting or expanding phase before the slow-roll era, or some sort of an superinflationary phase. The corresponding
power spectrum of primordial curvature perturbations admit a large scale cutoff, which can potentially explain the
power deficit of the TT-mode. The bounces preceding the inflationary phase, were proposed in Refs. [243-245, 718
720], and these are known as the “bounce inflation scenario”. An interesting proposal that appeared in the literature
was the singular bounce [192] in which case a soft Type IV singularity occurs at the bounce point. The power spectrum
in the context of F(R) gravity is not scale invariant, so this scenario could be combined with a slow-roll inflationary
scenario which occurs after the bounce. In these cases modified gravity offers a conceptually simple description, so it
is interesting to look for combined scenarios in the context of modified gravity. It is interesting to note that in the
context of f(G) gravity, the singular bounce yields a nearly scale invariant power spectrum [191], so this is intriguing,
since a different modified gravity description of the same cosmological evolution yields entirely different results.

Moreover, with regard to the mysterious dark matter component of our Universe, it needs to be verified whether
it is a particle, in which case the lightest supersymmetric particle is a viable candidate [721] or it has a modified
gravity geometric origin [722-724]. Among many possible experimental ways that may determine the nature of dark
matter, one promising to our opinion is the direct dark matter determination [725] and especially the experiments
that use collisions of dark matter onto nuclei [726-728]. The latter method has the appealing feature of being costless
in comparison to other dark matter experiments. In some cases, it is possible that direct dark matter searches may
constraint the Big Bounce cosmology [728, 729], therefore the scientific future of dark matter is full of surprises for
cosmologists.

Another interesting perspective comes from the future observational data on gravitational waves, which might
bring new physics along, related to modified gravity to some extend. As it was noted in Refs. [730, 731] (see also
[732-738]), any newly discovered degrees of freedom of gravitational waves, may in some sense reveal the modified
gravity theory which may govern such new degrees of freedom. It is certainly an arena for future gravity tests, and
for alternative gravity tests at a cosmological scale, see [739] and also Ref. [733] for a study on massive relics of F'(R)
gravity gravitational waves. Along with primordial gravity waves and the F(R) gravity degrees of freedom, the issue
of primordial magnetic fields can be viewed as a consequence of F(R) gravity, since magnetic fields are known to
become amplified in F(R) gravity [740]. It is important to note that a cosmological bounce and also the Big-Bang
inflationary scenario are just two out of many proposed cosmological scenarios, like for example the emergent Universe
scenario [741, 742]. The future cosmological observations will indicate in a consistent way which cosmological scenario
fits the observational data in a successful way and also will determine how inflation and dark energy are constrained
[587, 743].

We need to note that one of the ultimate aims and challenges for theoretical physicists at least the last 100 years is to
find the theory that unifies gravity with all other interactions. This could be equivalent to finding a consistent quantum
gravity theory, which for some physicists is a rather intangible dream or a wishful thought. To our opinion, nature
represents its simplicity in various physical systems, so it could be that microphysics systems, like condensed matter
physics, might eventually show the way on how gravity manifests its quantum self. It can be that the micro-geometry
of space-time mimics to some extend microsystems and modified gravity might play an important role in this interplay
of disciplines, see for example Refs. [744, 745] for an insightful study on this. In principle we could go deeper from the
level of curvature fluctuations, and we could speak for and understand principles like the metric fluctuations. There
is a long way for completely understanding these principles, so the future might bring surprises. Also, the existence
of the mysterious cold spots [746-748] in the cosmic microwave background spectrum is an intriguing feature of the
late-time observations of our Universe, and the possible explanations [746] offer a fruitful background for theoretical
cosmology research. Eventually, modified gravity might play an important role towards the understanding of the
underlying physics.

We believe that modified gravity offers aspects of possible realities for our Universe, but in general it is an established
research principle in cosmology that the Universe will eventually surprise us. Hence what we can do is to humbly try
to find pieces of the reality of our Universe. The time is right for new studies in the cosmology of modified gravity,
since the theoretical cosmologists confront the same situation as the theoretical physicists in the beginning of the
twentieth century did, that is, too many data need to be correctly interpreted. Also at the time being, modified
gravity is mainly a phenomenological theory aiming for describing the evolution of the Universe. However, as we saw
in chapter II (super)string theory quite frequently induces modifications to General Relativity. Furthermore, after
the discovery of gravitational waves, we also tend to believe in a quantum gravity theory yet to be found. However,
any quantum gravity differs from General Relativity and in effect, it may be considered as a sort of modified gravity.
Also, by reconsidering standard approaches in cosmology, like for example the slow-roll era, and by replacing these



107

with other conceptual approaches, like for example an era of constant-roll during inflation, may bring new insights
in modified gravity cosmology [749]. In effect, modified gravity cosmology is a timely theoretical arena for the young
scientists minds.

Finally, in this work we reviewed some aspects of modified gravity which are mainly related with our research
interests. Clearly, quite a number of topics and models were not discussed or addressed properly. This is not strange,
as it is impossible to cover all the aspects of a vast and still quickly growing subject such as modified gravity, in a
single review. We aimed to address some important features of inflation, dark energy and bouncing cosmology, and
we hope that we contributed positively in the field.
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