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Abstract

Over the past decade, f(R) theories have been extensively studied as one of the simplest
modifications to General Relativity. In this article we review various applications of f(R)
theories to cosmology and gravity — such as inflation, dark energy, local gravity constraints,
cosmological perturbations, and spherically symmetric solutions in weak and strong gravita-
tional backgrounds. We present a number of ways to distinguish those theories from General
Relativity observationally and experimentally. We also discuss the extension to other modified
gravity theories such as Brans—Dicke theory and Gauss—Bonnet gravity, and address models
that can satisfy both cosmological and local gravity constraints.
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1 Introduction

General Relativity (GR) [225, 226] is widely accepted as a fundamental theory to describe the
geometric properties of spacetime. In a homogeneous and isotropic spacetime the Einstein field
equations give rise to the Friedmann equations that describe the evolution of the universe. In fact,
the standard big-bang cosmology based on radiation and matter dominated epochs can be well
described within the framework of General Relativity.

However, the rapid development of observational cosmology which started from 1990s shows
that the universe has undergone two phases of cosmic acceleration. The first one is called infla-
tion [564, 339, 291, 524], which is believed to have occurred prior to the radiation domination
(see [402, 391, 71] for reviews). This phase is required not only to solve the flatness and horizon
problems plagued in big-bang cosmology, but also to explain a nearly flat spectrum of temperature
anisotropies observed in Cosmic Microwave Background (CMB) [541]. The second accelerating
phase has started after the matter domination. The unknown component giving rise to this late-
time cosmic acceleration is called dark energy [310] (see [517, 141, 480, 485, 171, 32] for reviews).
The existence of dark energy has been confirmed by a number of observations — such as super-
novae Ia (SN Ia) [490, 506, 507], large-scale structure (LSS) [577, 578], baryon acoustic oscillations
(BAO) [227, 487], and CMB [560, 561, 367].

These two phases of cosmic acceleration cannot be explained by the presence of standard matter
whose equation of state w = P/p satisfies the condition w > 0 (here P and p are the pressure
and the energy density of matter, respectively). In fact, we further require some component of
negative pressure, with w < —1/3, to realize the acceleration of the universe. The cosmological
constant A is the simplest candidate of dark energy, which corresponds to w = —1. However, if the
cosmological constant originates from a vacuum energy of particle physics, its energy scale is too
large to be compatible with the dark energy density [614]. Hence we need to find some mechanism to
obtain a small value of A consistent with observations. Since the accelerated expansion in the very
early universe needs to end to connect to the radiation-dominated universe, the pure cosmological
constant is not responsible for inflation. A scalar field ¢ with a slowly varying potential can be a
candidate for inflation as well as for dark energy.

Although many scalar-field potentials for inflation have been constructed in the framework of
string theory and supergravity, the CMB observations still do not show particular evidence to
favor one of such models. This situation is also similar in the context of dark energy — there
is a degeneracy as for the potential of the scalar field (“quintessence” [111, 634, 267, 263, 615,
503, 257, 155]) due to the observational degeneracy to the dark energy equation of state around
w = —1. Moreover it is generally difficult to construct viable quintessence potentials motivated
from particle physics because the field mass responsible for cosmic acceleration today is very small
(mg ~ 10733 eV) [140, 365].

While scalar-field models of inflation and dark energy correspond to a modification of the
energy-momentum tensor in Einstein equations, there is another approach to explain the accelera-
tion of the universe. This corresponds to the modified gravity in which the gravitational theory is
modified compared to GR. The Lagrangian density for GR is given by f(R) = R — 2A, where R is
the Ricci scalar and A is the cosmological constant (corresponding to the equation of state w = —1).
The presence of A gives rise to an exponential expansion of the universe, but we cannot use it for
inflation because the inflationary period needs to connect to the radiation era. It is possible to use
the cosmological constant for dark energy since the acceleration today does not need to end. How-
ever, if the cosmological constant originates from a vacuum energy of particle physics, its energy
density would be enormously larger than the today’s dark energy density. While the A-Cold Dark
Matter (ACDM) model (f(R) = R — 2A) fits a number of observational data well [367, 368], there
is also a possibility for the time-varying equation of state of dark energy [10, 11, 450, 451, 630].

One of the simplest modifications to GR is the f(R) gravity in which the Lagrangian density
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f is an arbitrary function of R [77, 512, 102, 106]. There are two formalisms in deriving field
equations from the action in f(R) gravity. The first is the standard metric formalism in which the
field equations are derived by the variation of the action with respect to the metric tensor g, .
In this formalism the affine connection I'j, depends on g,,,. Note that we will consider here and
in the remaining sections only torsion-free theories. The second is the Palatini formalism [481]
in which g,, and I3, are treated as independent variables when we vary the action. These two
approaches give rise to different field equations for a non-linear Lagrangian density in R, while
for the GR action they are identical with each other. In this article we mainly review the former
approach unless otherwise stated. In Section 9 we discuss the Palatini formalism in detail.

The model with f(R) = R+ aR? (o > 0) can lead to the accelerated expansion of the Universe
because of the presence of the «R? term. In fact, this is the first model of inflation proposed
by Starobinsky in 1980 [564]. As we will see in Section 7, this model is well consistent with the
temperature anisotropies observed in CMB and thus it can be a viable alternative to the scalar-
field models of inflation. Reheating after inflation proceeds by a gravitational particle production
during the oscillating phase of the Ricci scalar [565, 606, 426].

The discovery of dark energy in 1998 also stimulated the idea that cosmic acceleration today may
originate from some modification of gravity to GR. Dark energy models based on f(R) theories
have been extensively studied as the simplest modified gravity scenario to realize the late-time
acceleration. The model with a Lagrangian density f(R) = R—a/R"™ (a > 0,n > 0) was proposed
for dark energy in the metric formalism [113, 120, 114, 143, 456]. However it was shown that
this model is plagued by a matter instability [215, 244] as well as by a difficulty to satisfy local
gravity constraints [469, 470, 245, 233, 154, 448, 134]. Moreover it does not possess a standard
matter-dominated epoch because of a large coupling between dark energy and dark matter [28, 29].
These results show how non-trivial it is to obtain a viable f(R) model. Amendola et al. [20]
derived conditions for the cosmological viability of f(R) dark energy models. In local regions
whose densities are much larger than the homogeneous cosmological density, the models need to
be close to GR for consistency with local gravity constraints. A number of viable f(R) models
that can satisfy both cosmological and local gravity constraints have been proposed in . [26, 382,
31, 306, 568, 35, 587, 206, 164, 396]. Since the law of gravity gets modified on large distances in
f(R) models, this leaves several interesting observational signatures such as the modification to the
spectra of galaxy clustering [146, 74, 544, 526, 251, 597, 493], CMB [627, 544, 382, 545], and weak
lensing [595, 528]. In this review we will discuss these topics in detail, paying particular attention
to the construction of viable f(R) models and resulting observational consequences.

The f(R) gravity in the metric formalism corresponds to generalized Brans-Dicke (BD) the-
ory [100] with a BD parameter wpp = 0 [467, 579, 152]. Unlike original BD theory [100], there
exists a potential for a scalar-field degree of freedom (called “scalaron” [564]) with a gravitational
origin. If the mass of the scalaron always remains as light as the present Hubble parameter Hy,
it is not possible to satisfy local gravity constraints due to the appearance of a long-range fifth
force with a coupling of the order of unity. One can design the field potential of f(R) gravity
such that the mass of the field is heavy in the region of high density. The viable f(R) models
mentioned above have been constructed to satisfy such a condition. Then the interaction range of
the fifth force becomes short in the region of high density, which allows the possibility that the
models are compatible with local gravity tests. More precisely the existence of a matter coupling,
in the Einstein frame, gives rise to an extremum of the effective field potential around which the
field can be stabilized. As long as a spherically symmetric body has a “thin-shell” around its
surface, the field is nearly frozen in most regions inside the body. Then the effective coupling
between the field and non-relativistic matter outside the body can be strongly suppressed through
the chameleon mechanism [344, 343]. The experiments for the violation of equivalence principle as
well as a number of solar system experiments place tight constraints on dark energy models based
on f(R) theories [306, 251, 587, 134, 101].
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The spherically symmetric solutions mentioned above have been derived under the weak gravity
backgrounds where the background metric is described by a Minkowski space-time. In strong
gravitational backgrounds such as neutron stars and white dwarfs, we need to take into account
the backreaction of gravitational potentials to the field equation. The structure of relativistic stars
in f(R) gravity has been studied by a number of authors [349, 350, 594, 43, 600, 466, 42, 167].
Originally the difficulty of obtaining relativistic stars was pointed out in [349] in connection to the
singularity problem of f(R) dark energy models in the high-curvature regime [266]. For constant
density stars, however, a thin-shell field profile has been analytically derived in [594] for chameleon
models in the Einstein frame. The existence of relativistic stars in f(R) gravity has been also
confirmed numerically for the stars with constant [43, 600] and varying [42] densities. In this
review we shall also discuss this issue.

It is possible to extend f(R) gravity to generalized BD theory with a field potential and an
arbitrary BD parameter wpp. If we make a conformal transformation to the Einstein frame [213,
609, 408, 611, 249, 268], we can show that BD theory with a field potential corresponds to the
coupled quintessence scenario [23] with a coupling ) between the field and non-relativistic matter.
This coupling is related to the BD parameter via the relation 1/(2Q?) = 3 + 2wpp [343, 596]. One
can recover GR by taking the limit @ — 0, i.e., wgp — 00. The f(R) gravity in the metric formalism
corresponds to Q = —1/4/6 [28], i.e., wpp = 0. For large coupling models with |Q| = O(1) it is
possible to design scalar-field potentials such that the chameleon mechanism works to reduce the
effective matter coupling, while at the same time the field is sufficiently light to be responsible for
the late-time cosmic acceleration. This generalized BD theory also leaves a number of interesting
observational and experimental signatures [596].

In addition to the Ricci scalar R, one can construct other scalar quantities such as R, R*”
and R, ,-R"P? from the Ricci tensor Ry, and Riemann tensor R,,,, [142]. For the Gauss-
Bonnet (GB) curvature invariant defined by G = R? — 4R, R84 Ragys R*PY9 it is known that
one can avoid the appearance of spurious spin-2 ghosts [572, 67, 302] (see also [98, 465, 153, 447,
110, 181, 109]). In order to give rise to some contribution of the GB term to the Friedmann
equation, we require that (i) the GB term couples to a scalar field ¢, i.e., F(¢)G or (ii) the
Lagrangian density f is a function of G, i.e., f(G). The GB coupling in the case (i) appears in low-
energy string effective action [275] and cosmological solutions in such a theory have been studied
extensively (see [34, 273, 105, 147, 588, 409, 468] for the construction of nonsingular cosmological
solutions and [463, 360, 361, 593, 523, 452, 453, 381, 25] for the application to dark energy). In
the case (ii) it is possible to construct viable models that are consistent with both the background
cosmological evolution and local gravity constraints [458, 188, 189] (see also [165, 180, 178, 383,
633, 599]). However density perturbations in perfect fluids exhibit negative instabilities during
both the radiation and the matter domination, irrespective of the form of f(G) [383, 182]. This
growth of perturbations gets stronger on smaller scales, which is difficult to be compatible with
the observed galaxy spectrum unless the deviation from GR is very small. We shall review such
theories as well as other modified gravity theories.

This review is organized as follows. In Section 2 we present the field equations of f(R) gravity
in the metric formalism. In Section 3 we apply f(R) theories to the inflationary universe. Section 4
is devoted to the construction of cosmologically viable f(R) dark energy models. In Section 5 local
gravity constraints on viable f(R) dark energy models will be discussed. In Section 6 we provide
the equations of linear cosmological perturbations for general modified gravity theories including
metric f(R) gravity as a special case. In Section 7 we study the spectra of scalar and tensor
metric perturbations generated during inflation based on f(R) theories. In Section 8 we discuss
the evolution of matter density perturbations in f(R) dark energy models and place constraints
on model parameters from the observations of large-scale structure and CMB. Section 9 is devoted
to the viability of the Palatini variational approach in f(R) gravity. In Section 10 we construct
viable dark energy models based on BD theory with a potential as an extension of f(R) theories.
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In Section 11 the structure of relativistic stars in f(R) theories will be discussed in detail. In
Section 12 we provide a brief review of Gauss—Bonnet gravity and resulting observational and
experimental consequences. In Section 13 we discuss a number of other aspects of f(R) gravity
and modified gravity. Section 14 is devoted to conclusions.

There are other review articles on f(R) gravity [556, 555, 618] and modified gravity [171, 459,
126, 397, 217]. Compared to those articles, we put more weights on observational and experimental
aspects of f(R) theories. This is particularly useful to place constraints on inflation and dark energy
models based on f(R) theories. The readers who are interested in the more detailed history of
f(R) theories and fourth-order gravity may have a look at the review articles by Schmidt [531] and
Sotiriou and Faraoni [556].

In this review we use units such that ¢ = h = kg = 1, where c is the speed of light, A is reduced
Planck’s constant, and kp is Boltzmann’s constant. We define x% = 87G = 87r/mf)1 = 1/M§1,
where G is the gravitational constant, mp = 1.22 x 10! GeV is the Planck mass with a reduced
value M) = myp1/v8m = 2.44 x 10*® GeV. Throughout this review, we use a dot for the derivative
with respect to cosmic time ¢t and “ x” for the partial derivative with respect to the variable X, e.g.,
fr=0f/OR and frr = 0*f/OR?. We use the metric signature (—, +, +,+). The Greek indices
p and v run from 0 to 3, whereas the Latin indices ¢ and j run from 1 to 3 (spatial components).

Living Reviews in Relativity
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2 Field Equations in the Metric Formalism

We start with the 4-dimensional action in f(R) gravity:

S =g [ AoVEIIER) + [ eLar(gun V). 1)

where % = 87G, g is the determinant of the metric g,,, and £y is a matter Lagrangian' that
depends on g, and matter fields ¥y;. The Ricci scalar R is defined by R = g"”R,,,,, where the
Ricci tensor Ry, is

Ry = R%u0p = AL, — 0,15, + T3, 10, =TT . (2.2)

In the case of the torsion-less metric formalism, the connections I'g, are the usual metric connec-
tions defined in terms of the metric tensor g, as

S <3gw . 99xs 3967) . (2.3)

sy = 99 oxP = Oxv Oz

This follows from the metricity relation, Vg, = g, /0z* — 9T = Gupl'hy = 0.

2.1 Equations of motion

The field equation can be derived by varying the action (2.1) with respect to g,,:

1
~f(R)guw — V.V F(R) + g, OF (R) = kT30, (2.4)

Y =F(R)R.(9) — 3

where F(R) = 0f/0R. T;Sy) is the energy-momentum tensor of the matter fields defined by the
variational derivative of £y in terms of g"”:

2 6L
M) — 2 =M 2.5
wy ,/—g (Sgl“’ ( )

This satisfies the continuity equation
M) _
VAT =0, (2.6)

as well as ,,,, i.e., V*¥,, = 0.2 The trace of Eq. (2.4) gives

Nz

30F(R) + F(R)R — 2f(R) = kT, (2.7)

where T' = g““T;SJDVI) and OF = (1/\/=9)0,(/—g9"*" 0, F).

Einstein gravity, without the cosmological constant, corresponds to f(R) = R and F(R) = 1,
so that the term OJF(R) in Eq. (2.7) vanishes. In this case we have R = —k?T and hence the
Ricci scalar R is directly determined by the matter (the trace T'). In modified gravity the term
OF(R) does not vanish in Eq. (2.7), which means that there is a propagating scalar degree of
freedom, ¢ = F(R). The trace equation (2.7) determines the dynamics of the scalar field ¢
(dubbed “scalaron” [564]).

! Note that we do not take into account a direct coupling between the Ricci scalar and matter (such as f1(R)Lps)
considered in [439, 80, 81, 82, 248].

2 This result is a consequence of the action principle, but it can be derived also by a direct calculation, using the
Bianchi identities.
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The field equation (2.4) can be written in the following form [568]
G = K2 (T;{,V” + Tlﬂf’)) : (2.8)
where G, = Ry — (1/2)g R and
KT = g (f = R) /24 Vu Vo F = g, 0OF + (1= F)R,,, . (2.9)
Since V#G ), = 0 and V“T,Sﬁ/[) =0, it follows that
VATD) = 0. (2.10)

Hence the continuity equation holds, not only for 3,,,,, but also for the effective energy-momentum

tensor T}/E) defined in Eq. (2.9). This is sometimes convenient when we study the dark energy
equation of state [306, 568] as well as the equilibrium description of thermodynamics for the horizon
entropy [53].

There exists a de Sitter point that corresponds to a vacuum solution (T" = 0) at which the Ricci
scalar is constant. Since OF(R) = 0 at this point, we obtain

F(R)R —2f(R) =0. (2.11)

The model f(R) = aR? satisfies this condition, so that it gives rise to the exact de Sitter so-
lution [564]. In the model f(R) = R + aR?, because of the linear term in R, the inflationary
expansion ends when the term aR? becomes smaller than the linear term R (as we will see in
Section 3). This is followed by a reheating stage in which the oscillation of R leads to the gravi-
tational particle production. It is also possible to use the de Sitter point given by Eq. (2.11) for
dark energy.

We consider the spatially flat Friedmann-Lemaitre-Robertson—-Walker (FLRW) spacetime with
a time-dependent scale factor a(t) and a metric

ds? = g, dotda” = —dt? + a®(t) dz?, (2.12)
where ¢ is cosmic time. For this metric the Ricci scalar R is given by
R=6(2H? + H), (2.13)

where H = a/a is the Hubble parameter and a dot stands for a derivative with respect to ¢. The
present value of H is given by

Hy =100 kmsec™ Mpc™' = 2.1332h x 107*2 GeV, (2.14)

where h = 0.72 + 0.08 describes the uncertainty of Hy [264].

The energy-momentum tensor of matter is given by T“l(,M) = diag (—par, Par, Por, Pag), where
pm is the energy density and Py is the pressure. The field equations (2.4) in the flat FLRW
background give

3FH? = (FR~ f)/2 — 3HF + x*pur (2.15)
—2FH = F — HF + &*(py + Py), (2.16)

where the perfect fluid satisfies the continuity equation

pv +3H (par + Par) = 0. (2.17)
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We also introduce the equation of state of matter, wys = Pas/pa. As long as wyy is constant,
the integration of Eq. (2.17) gives py a—3(+wa) In Section 4 we shall take into account both
non-relativistic matter (w,, = 0) and radiation (w, = 1/3) to discuss cosmological dynamics of
f(R) dark energy models.

Note that there are some works about the Einstein static universes in f(R) gravity [91, 532].
Although Einstein static solutions exist for a wide variety of f(R) models in the presence of a
barotropic perfect fluid, these solutions have been shown to be unstable against either homogeneous
or inhomogeneous perturbations [532].

2.2 Equivalence with Brans—Dicke theory

The f(R) theory in the metric formalism can be cast in the form of Brans-Dicke (BD) theory [100]
with a potential for the effective scalar-field degree of freedom (scalaron). Let us consider the
following action with a new field y,

S = 5z [ 40V=G 00+ LA 00R =01+ [ dLar(gumn ar). (218)

Varying this action with respect to y, we obtain

foox (R =x) =0. (2.19)

Provided fy(x) # 0 it follows that xy = R. Hence the action (2.18) recovers the action (2.1) in
f(R) gravity. If we define

¢ =fx(x), (2.20)

the action (2.18) can be expressed as

/d4x\/ { s5PR-Ulp )} +/d4:c£M(gW,\IIM), (2.21)
where U(y) is a field potential given by

X(@) ¢ — f(x(v)

2K2

Ulp) = (2.22)

Meanwhile the action in BD theory [100] with a potential U(¢p) is given by

5= [aevg |gor-ERTeP U] + [Wotulgu i), @2)
where wpp is the BD parameter and (Vp)? = g"0,,00, . Comparing Eq. (2.21) with Eq. (2.23),
it follows that f(R) theory in the metric formalism is equivalent to BD theory with the parameter
wpp = 0 [467, 579, 152] (in the unit k* = 1). In Palatini f(R) theory where the metric g,, and
the connection I'j. are treated as independent variables, the Ricci scalar is different from that in
metric f(R) theory. As we will see in Sections 9.1 and 10.1, f(R) theory in the Palatini formalism
is equivalent to BD theory with the parameter wgp = —3/2.

2.3 Conformal transformation

The action (2.1) in f(R) gravity corresponds to a non-linear function f in terms of R. It is possible
to derive an action in the Einstein frame under the conformal transformation [213, 609, 408, 611,
249, 268, 410):

Guv = 0? Juv (2.24)
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where Q2 is the conformal factor and a tilde represents quantities in the Einstein frame. The Ricci
scalars R and R in the two frames have the following relation

R=Q*R+ 60w — 65" 9,wd,w), (2.25)

where
—nQ =2 (o= 0, (v/=35"0 2.26
=1ndc, #w:@, w:ﬁ #( —99 uw)- ( )

We rewrite the action (2.1) in the form

5= /d4:m/7—g <2I1€2FR - U> + /d4m£M(gl“,, V), (2.27)

where
FR—f

U =
2K2

(2.28)

Using Eq. (2.25) and the relation /=g = Q~*y/—g, the action (2.27) is transformed as

1 ~ ~
S = /d”:m/—g [MFQZ(R + 60w — 65" 0,wdw) — Q4U} + /d‘lxﬁM(Q’Q G, Vr) -
R (2.29)
We obtain the Einstein frame action (linear action in R) for the choice

P =F. (2.30)
This choice is consistent if F' > 0. We introduce a new scalar field ¢ defined by
kK =+/3/2 In F. (2.31)

From the definition of w in Eq. (2.26) we have that w = k¢/\/6. Using Eq. (2.26), the integral
Ik d*z+y/—7 0w vanishes on account of the Gauss’s theorem. Then the action in the Einstein frame
is

Sp = / d*z\/—g [ R—fg’“’auqb&,(b V(o ] / A* 2Lyt (F~HD) G V) (2.32)

where U FR_f
V0) =12 =575 - (2.33)
Hence the Lagrangian density of the field ¢ is given by L4 = —%gwamam — V(¢) with the
energy-momentum tensor
- 2 6(v—gL ) 1.
(¢) — \WTI%~¢) Z a8
T;u/ - \/79 5 v u¢6u¢ guu 29 aa¢aﬁ¢+v(¢) . (234)

The conformal factor Q? = F = exp(y/2/3k¢) is field-dependent. From the matter ac-
tion (2.32) the scalar field ¢ is directly coupled to matter in the Einstein frame. In order to
see this more explicitly, we take the variation of the action (2.32) with respect to the field ¢:

o (OW=3Ls)\ | O(V=gLs)  OLm _
a"( 9(0,9) >+ ¢ * 00 =0, (2.35)
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that is
1 0Ly

~ 1
—_— O¢ = —0
V=g 9 V=g "
Using Eq. (2.24) and the relations /—¢ = F?\/—g and §"¥ = F~1g"” the energy-momentum
tensor of matter is transformed as

¢ — Vg + =0,  where (V/—=33"0,0). (2.36)

2 6Ly TV

T(M) — _ = 2.37
T =gogv T F (237

The energy-momentum tensor of perfect fluids in the Einstein frame is given by
TrM) = diag(—par, Pa, Pary Par) = diag(—par/F2, Par/F?, Pa ) F?, Py /F?). (2.38)

The derivative of the Lagrangian density Las = La(guw) = Lar(F 1 (4)gu) with respect to ¢ is

8£M 6£M ag“” 1 &CM 8(F(¢)g””) ~F¢ =(M) =
— — =—/—g=2T g 2.39

99~ o 96 F(9) g™ 09 Sap s (239
The strength of the coupling between the field and matter can be quantified by the following

quantity
Fo _ 1

=_te ___~ 2.40

@ 2KkF V6 (240)
which is constant in f(R) gravity [28]. It then follows that
oL = -

(7;” = /=3 rQT, (2.41)

where T = QWT‘“’(M) = —par + 3Py, Substituting Eq. (2.41) into Eq. (2.36), we obtain the field
equation in the Einstein frame: } ~
D¢ — Vg +kQT = 0. (2.42)

This shows that the field ¢ is directly coupled to matter apart from radiation (7' = 0).
Let us consider the flat FLRW spacetime with the metric (2.12) in the Jordan frame. The
metric in the Einstein frame is given by

ds? = 02ds? = F(—dt? 4 a2(t) dz?) ,
= —dt* +a*() dz?, (2.43)
which leads to the following relations (for F' > 0)
di =VFdt, a=+Fa, (2.44)

where
I — ¢~ 2QK0 (2.45)

Note that Eq. (2.45) comes from the integration of Eq. (2.40) for constant @). The field equa-
tion (2.42) can be expressed as

d?¢ do

4+ 3H— 4+ V4 =—kQ(pr — 3Py), 2.46

a2 P3G Ve KQ(Pm M) (2.46)
where .
- 1da 1 F

H=-—"=—"—|H+-—|. 2.47

adt /T ( + 2F> (2:47)
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Defining the energy density js = %(d¢/dt)? + V(¢) and the pressure Py = 1(de/dt)? — V(e),
Eq. (2.46) can be written as

d - - ~ - .d
08 3o + By) = ~rQprs — 3Par) 7 (2.48)

Under the transformation (2.44) together with py; = F2par, Py = F2Py, and H = FY/?[H —
(dF/dt)/2F), the continuity equation (2.17) is transformed as

dp - - . - .d

L{W +3H(pp + Py) = kQ(pur —3PM)£. (2.49)

d¢ dt
Equations (2.48) and (2.49) show that the field and matter interacts with each other, while the

total energy density pr = pg + pa and the pressure Pr = Py + Py satisfy the continuity equation
dpr/dt + 3H(pr + Pr) = 0. More generally, Eqs. (2.48) and (2.49) can be expressed in terms of
the energy-momentum tensors defined in Egs. (2.34) and (2.37):

VT = -QTV,¢, VT4 =QTV,6, (2.50)

which correspond to the same equations in coupled quintessence studied in [23] (see also [22]).

In the absence of a field potential V(¢) (i.e., massless field) the field mediates a long-range
fifth force with a large coupling (|Q| ~ 0.4), which contradicts with experimental tests in the solar
system. In f(R) gravity a field potential with gravitational origin is present, which allows the
possibility of compatibility with local gravity tests through the chameleon mechanism [344, 343].

In f(R) gravity the field ¢ is coupled to non-relativistic matter (dark matter, baryons) with a
universal coupling Q = —1/4/6. We consider the frame in which the baryons obey the standard
continuity equation p,, o< a3, i.e., the Jordan frame, as the “physical” frame in which physical
quantities are compared with observations and experiments. It is sometimes convenient to refer
the Einstein frame in which a canonical scalar field is coupled to non-relativistic matter. In both
frames we are treating the same physics, but using the different time and length scales gives rise
to the apparent difference between the observables in two frames. Our attitude throughout the
review is to discuss observables in the Jordan frame. When we transform to the Einstein frame for
some convenience, we go back to the Jordan frame to discuss physical quantities.
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3 Inflation in f(R) Theories

Most models of inflation in the early universe are based on scalar fields appearing in superstring and
supergravity theories. Meanwhile, the first inflation model proposed by Starobinsky [564] is related
to the conformal anomaly in quantum gravity®. Unlike the models such as “old inflation” [339, 291,
524] this scenario is not plagued by the graceful exit problem — the period of cosmic acceleration
is followed by the radiation-dominated epoch with a transient matter-dominated phase [565, 606,
426]. Moreover it predicts nearly scale-invariant spectra of gravitational waves and temperature
anisotropies consistent with CMB observations [563, 436, 566, 355, 315]. In this section we review
the dynamics of inflation and reheating. In Section 7 we will discuss the power spectra of scalar
and tensor perturbations generated in f(R) inflation models.

3.1 Inflationary dynamics

We consider the models of the form
f(R) =R+ aR", (a>0,n>0), (3.1)

which include the Starobinsky’s model [564] as a specific case (n = 2). In the absence of the matter
fluid (ppr = 0), Eq. (2.15) gives

3(1 + naR" HYH? = %(n —1)aR"™ - 3n(n — 1)aHR"2R. (3.2)

The cosmic acceleration can be realized in the regime F' = 1 +naR" ! > 1. Under the approxi-
mation F' ~ naR"!, we divide Eq. (3.2) by 3naR"~! to give

-1 :
2= (R - 6nH§> . (3.3)

6n

_ During inflation the Hubble parameter H evolves slowly so that one can use the approximation
|H/H?| < 1and |H/(HH)| < 1. Then Eq. (3.3) reduces to

H 2—n
— ~ —€, = 3.4
- YT h-D@En-) (34)
Integrating this equation for €; > 0, we obtain the solution
1
H~—, a o /e, (3.5)
€1t

The cosmic acceleration occurs for ¢; < 1,1i.e., n > (14+/3)/2. When n = 2 one has ¢; = 0, so that
H is constant in the regime F' > 1. The models with n > 2 lead to super inflation characterized
by H > 0 and a o [tg — t|~*/1] (ty is a constant). Hence the standard inflation with decreasing
H occurs for (1++/3)/2 <n < 2.

In the following let us focus on the Starobinsky’s model given by

f(R) =R+ R?/(6M?), (3.6)

3 There are some other works about theoretical constructions of f(R) models based on quantum gravity, super-
gravity and extra dimensional theories [341, 345, 537, 406, 163, 287, 288, 518, 519].
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where the constant M has a dimension of mass. The presence of the linear term in R eventually
causes inflation to end. Without neglecting this linear term, the combination of Egs. (2.15) and
(2.16) gives

. H? 1,
H— o+ oM H = —3HH, (3.7)
R+3HR+M2R:O. (3.8)

During inflation the first two terms in Eq. (3.7) can be neglected relative to others, which gives
H ~ —M?/6. We then obtain the solution

H~ H; — (M?/6)(t —t;), (3.9)
a~a;exp [H;(t —t;) — (M?/12)(t — t;)*] , (3.10)
R~ 12H* - M?, (3.11)

where H; and a; are the Hubble parameter and the scale factor at the onset of inflation (¢ = t;),
respectively. This inflationary solution is a transient attractor of the dynamical system [407]. The
accelerated expansion continues as long as the slow-roll parameter

H M2

—_~— 1
H? ~ 6H?’ (312)

€1 = —
is smaller than the order of unity, i.e., H2 > M?2. One can also check that the approximate relation
3HR 4+ M?R =~ 0 holds in Eq. (3.8) by using R ~ 12H?. The end of inflation (at time t = t)
is characterized by the condition €; ~ 1, i.e., H; ~ M/+/6. From Eq. (3.11) this corresponds
to the epoch at which the Ricci scalar decreases to R ~ M?. As we will see later, the WMAP
normalization of the CMB temperature anisotropies constrains the mass scale to be M ~ 10 GeV.
Note that the phase space analysis for the model (3.6) was carried out in [407, 24, 131].

We define the number of e-foldings from ¢ = ¢; to t = ty:

ty M2
NE/ H b o Hilty — 1) = - (b7 — 1) (3.13)

Since inflation ends at ¢y ~ t; + 6H; /M?, it follows that

3HY 1

N ~ ~
M? 261(151) ’

(3.14)

where we used Eq. (3.12) in the last approximate equality. In order to solve horizon and flatness
problems of the big bang cosmology we require that N > 70 [391], i.e., e1(t;) < 7x 1072, The CMB
temperature anisotropies correspond to the perturbations whose Wavelengths crossed the Hubble
radius around N = 55—-60 before the end of inflation.

3.2 Dynamics in the Einstein frame

Let us consider inflationary dynamics in the Einstein frame for the model (3.6) in the absence of
matter fluids (L = 0). The action in the Einstein frame corresponds to (2.32) with a field ¢

defined by
o= \/gl F= \/§ ( 3M2>' (3.15)
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Figure 1: The field potential (3.16) in the Einstein frame corresponding to the model (3.6). Inflation is
realized in the regime k¢ > 1.

Using this relation, the field potential (2.33) reads [408, 61, 63]
M? 2
Vig) =2 (1 - e*\/?/?’w) . (3.16)
42
In Figure 1 we illustrate the potential (3.16) as a function of ¢. In the regime k¢ > 1 the
potential is nearly constant (V(¢) ~ 3M?/(4x?)), which leads to slow-roll inflation. The potential

in the regime k¢ < 1 is given by V(¢) ~ (1/2)M?2¢?, so that the field oscillates around ¢ = 0 with
a Hubble damping. The second derivative of V' with respect to ¢ is

Vi = —M2e V230 (1 = g0 VoI5 (3.17)

)

which changes from negative to positive at ¢ = ¢1 = /3/2(In2)/x ~ 0.169m.
Since F' ~ 4H?/M? during inflation, the transformation (2.44) gives a relation between the
cosmic time ¢ in the Einstein frame and that in the Jordan frame:

[ F P M? )
- Fdt~ = |Hj(t—t;) — —(t—t; 1

where ¢t = t; corresponds to ¢ = 0. The end of inflation (t; ~ t; + 6H;/M?) corresponds to
ty = (2/M)N in the Einstein frame, where N is given in Eq. (3.13). On using Egs. (3.10) and
(3.18), the scale factor @ = v/Fa in the Einstein frame evolves as

L M> N\ L i
a(t) ~ <1 - 12H22Mt> a; e ) (3.19)
where @; = 2H;a;/M. Similarly the evolution of the Hubble parameter H = (H/v/F)[1+F/(2HF)]
is given by
S M M? M2 NP
Ht)y —|1—- — (1 — —=Mt 3.20
N 7z ( 1202 ) ’ (3:20)
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which decreases with time. Equations (3.19) and (3.20) show that the universe expands quasi-
exponentially in the Einstein frame as well.
The field equations for the action (2.32) are given by

2
3H? = &2 E (j{?) +V(a) (3.21)
d*¢ do
=+ 3H—= 5+ Ve=0. (3.22)

Using the slow-roll approximations (d¢/ dt)? < V(¢) and |d%¢/d#?| < |Hdé/di| during inflation,
one has 3H2 ~ 2V (¢) and 3H (dp/df) + V4 ~ 0. We define the slow-roll parameters

dH/dE 1 (V42 d2¢/di? 1%
& =— / 22<’¢) , gzL:gl— 299 (3.23)
2 262\ V H(dg¢/di) 3H?
For the potential (3.16) it follows that
4 M?2
o 28R _ )72 G~ + 3?6’\/2/3"4’(1 — 2™ V2/3rey (3.24)

which are much smaller than 1 during inflation (k¢ > 1). The end of inflation is characterized by
the condition {€1, |€2]} = O(1). Solving € = 1, we obtain the field value ¢ ~ 0.19 my,.
We define the number of e-foldings in the Einstein frame,

- ty i v
N = Hdt ~ k2 —do¢, (3.25)
i ¢ Vo

where ¢; is the field value at the onset of inflation. Since Hdt = Hdt[1 + F/(2HF)], it follows
that N is identical to N in the slow-roll limit: |F/(2HF)| ~ |H/H?| < 1. Under the condition
k@; > 1 we have

N ~ Ze\/ 2/3ki (3.26)

This shows that ¢; ~ 1.11my, for N = 70. From Egs. (3.24) and (3.26) together with the approxi-
mate relation H ~ M/2, we obtain

€] X ——, EQ >~ =, (327)

where, in the expression of €z, we have dropped the terms of the order of 1/ N2. The results (3.27)
will be used to estimate the spectra of density perturbations in Section 7.

3.3 Reheating after inflation

We discuss the dynamics of reheating and the resulting particle production in the Jordan frame
for the model (3.6). The inflationary period is followed by a reheating phase in which the second
derivative R can no longer be neglected in Eq. (3.8). Introducing R = a®/?R, we have

N 3 3 . N
R+ (M2 — ZH2 — 2H> R=0. (3.28)
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Since M? > {H? |H|} during reheating, the solution to Eq. (3.28) is given by that of the harmonic
oscillator with a frequency M. Hence the Ricci scalar exhibits a damped oscillation around R = 0:

R oc a3/ sin(Mt) . (3.29)

Let us estimate the evolution of the Hubble parameter and the scale factor during reheating in
more detail. If we neglect the r.h.s. of Eq. (3.7), we get the solution H(t) = const x cos?(Mt/2).
Setting H(t) = f(t) cos?(Mt/2) to derive the solution of Eq. (3.7), we obtain [426]

1
T C+ (3/A)(t — tos) + 3/(AM) SIn[M(t — top)] '

ft) (3.30)
where ¢, is the time at the onset of reheating. The constant C' is determined by matching Eq. (3.30)
with the slow-roll inflationary solution H = —M?/6 at t = t.s. Then we get C = 3/M and

3 3 3 LM

H(t) = i + 4(t tos) + i sin M (¢ tos)} cos [ 5 (t tos)} . (3.31)
Taking the time average of oscillations in the regime M (t — tos) > 1, it follows that (H) ~
(2/3)(t — tos)~'. This corresponds to the cosmic evolution during the matter-dominated epoch,
i.e., (a) o (t —tos)?/?. The gravitational effect of coherent oscillations of scalarons with mass M is
similar to that of a pressureless perfect fluid. During reheating the Ricci scalar is approximately
given by R~ 6H, i.e.

~1

3 3 3 . .
R~ -3 i + Z(t —tos) + oz S Mt —tos)| Msin|[M(t—tos)] - (3.32)

In the regime M (t — tos) > 1 this behaves as
4M

R~ -

sin [M (¢t — tos)] - (3.33)
0os
In order to study particle production during reheating, we consider a scalar field y with mass
my. We also introduce a nonminimal coupling (1/2)¢ Rx? between the field x and the Ricci scalar
R [88]. Then the action is given by

R 1 1 1
S = /d4x\/jg {J;(Kg - ig‘“’aﬂx&,x - imiXQ - §£RX2 , (3.34)

where f(R) = R+ R?/(6M?). Taking the variation of this action with respect to x gives
Ox —mix —E&Rx =0. (3.35)
We decompose the quantum field y in terms of the Heisenberg representation:

1

x(t2) = 5o / &3k (am(t)e*ik'm + asz(t)ei’M) : (3.36)

where aj and dl are annihilation and creation operators, respectively. The field x can be quan-
tized in curved spacetime by generalizing the basic formalism of quantum field theory in the flat
spacetime. See the book [88] for the detail of quantum field theory in curved spacetime. Then
each Fourier mode x(t) obeys the following equation of motion

]{72
Xk + 3Hxk + (a2+m§+§R> Xt =0, (3.37)
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where k = |k| is a comoving wavenumber. Introducing a new field ux = ax and conformal time
n = [ a~'dt, we obtain

2
dd:k {k2 +mla® + (5 - é) a2R] up =0, (3-38)

where the conformal coupling correspond to & = 1/6. This result states that, even though & = 0
(that is, the field is minimally coupled to gravity), R still gives a contribution to the effective
mass of u. In the following we first review the reheating scenario based on a minimally coupled
massless field (( = 0 and m, = 0). This corresponds to the gravitational particle production
in the perturbative regime [565, 606, 426]. We then study the case in which the nonminimal
coupling |¢| is larger than the order of 1. In this case the non-adiabatic particle production
preheating [584, 353, 538, 354] can occur via parametric resonance.

3.3.1 Case: {=0and m, =0

In this case there is no explicit coupling among the fields x and R. Hence the x particles are
produced only gravitationally. In fact, Eq. (3.38) reduces to

d2uk

o + k2up, = Uuy, (3.39)

where U = a?R/6. Since U is of the order of (aH)?, one has k? > U for the mode deep inside
the Hubble radius. Initially we choose the field in the vacuum state with the positive-frequency
solution [88]: u,(;) = e ™1 /\/2k. The presence of the time-dependent term U(n) leads to the
creation of the particle y. We can write the solution of Eq. (3.39) iteratively, as [626]

w(n) =+ 1 [ sinlkty — o sy (3.40)

After the universe enters the radiation-dominated epoch, the term U becomes small so that the
flat-space solution is recovered. The choice of decomposition of x into ax and dk is not unique. In
curved spacetlme it is possible to choose another decomposmon in term of new ladder operators
Ak and Ak, which can be written in terms of a; and ak, such as Ak = apai + Bka x- Provided
that i # 0, even though ay |0) = 0, we have Ay [0) # 0. Hence the vacuum in one basis is not the
vacuum in the new basis, and according to the new basis, the particles are created. The Bogoliubov
coefficient describing the particle production is

o0

’ Uy )e= 2% dyy (3.41)

Bk::‘—§E

The typical wavenumber in the 7-coordinate is given by k, whereas in the t-coordinate it is k/a.
Then the energy density per unit comoving volume in the n-coordinate is [426]

1 oo
W/ 4rk?dk - k| Bl
0

— oz [ anUe) [ vt [ ke ko
872 Jo 0 0

1 [® AU [~ U@
- dp— [ dy 222 3.42
3%2/0 ndn/o Ut (3.42)

where in the last equality we have used the fact that the term U approaches 0 in the early and
late times.

Pn =
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During the oscillating phase of the Ricci scalar the time-dependence of U is given by U =
I(n)sin( [, wdij), where I(n) = ca(n)'/? and w = Ma (c is a constant). When we evaluate the
term dU/dn in Eq. (3.42), the time-dependence of I(n) can be neglected. Differentiating Eq. (3.42)
in terms of n and taking the limit [,/ wdfj > 1, it follows that

dpy W 2 2 /n =
—t o~ 7 d 4
o= gl meos® ([ Twan) (3.43)

where we used the relation limy_, o sin(kz)/x = 7d(z). Shifting the phase of the oscillating factor
by /2, we obtain
dpy MU? B Ma*R?
dt — 327 11527
The proper energy density of the field x is given by py, = (p,/a)/a® = p,/a*. Taking into account
g« relativistic degrees of freedom, the total radiation density is

(3.44)

t 412

Jx s Ma*R
—Ix I 3.45
PM=qaln = ga f, Tiser O (3.45)

which obeys the following equation
) g« M R?

AdHpy = 3.46
py + A pay 1152 (3.46)

Comparing this with the continuity equation (2.17) we obtain the pressure of the created particles,

as
1 g« M R?

Py = —pyy — 22
M= 3PM = s 6n H

Now the dynamical equations are given by Eqs. (2.15) and (2.16) with the energy density (3.45)
and the pressure (3.47).

In the regime M(t — tos5) > 1 the evolution of the scale factor is given by a =~ ag(t — tos)?/?,
and hence

(3.47)

4
9(t — tos)?’

where we have neglected the backreaction of created particles. Meanwhile the integration of
Eq. (3.45) gives

H? ~ (3.48)

N g M3 1
T 2407 t —tos

where we have used the averaged relation (R?) ~ 8 M?/(t—t,s)? [which comes from Eq. (3.33)]. The
energy density pas evolves slowly compared to H? and finally it becomes a dominant contribution
to the total energy density (3H? ~ 8mpar/m2)) at the time tf =~ tos+40m? /(g M?). In [420] it was
found that the transition from the oscillating phase to the radiation-dominated epoch occurs slower
compared to the estimation given above. Since the epoch of the transient matter-dominated era
is about one order of magnitude longer than the analytic estimation [426], we take the value ¢t ~
tos + 40077112Jl /(g+M?) to estimate the reheating temperature 7). Since the particle energy density

pMm (3.49)

pa(ts) is converted to the radiation energy density p, = g.m*7T.?/30, the reheating temperature
can be estimated as*

3/2
T, <3 x 10 7gL/* (M) GeV. (3.50)

mpl

4 In [426] the reheating temperature is estimated by taking the maximum value of pys reached around the ten
oscillations of R. Meanwhile we estimate T} at the epoch where pj; becomes a dominant contribution to the total
energy density (as in [364]).
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As we will see in Section 7, the WMAP normalization of the CMB temperature anisotropies
determines the mass scale to be M ~ 3 x 10*6mp1. Taking the value g, = 100, we have T, <

5 x 10° GeV. For t > ty the universe enters the radiation-dominated epoch characterized by
axt/?2 R=0,and p, ox t2.

3.3.2 Case: |(| 21

If |€] is larger than the order of unity, one can expect the explosive particle production called
preheating prior to the perturbative regime discussed above. Originally the dynamics of such
gravitational preheating was studied in [70, 592] for a massive chaotic inflation model in Einstein
gravity. Later this was extended to the f(R) model (3.6) [591].

Introducing a new field X; = a®/ %y, Eq. (3.37) reads

. k2 9 9 o, 3.

Xk+<a2+mx+§R—4H —2H>Xk—0. (3.51)
As long as [¢| is larger than the order of unity, the last two terms in the bracket of Eq. (3.51) can be
neglected relative to {R. Since the Ricci scalar is given by Eq. (3.33) in the regime M (t —tos) > 1,

it follows that )
.. k 9 A4ME
Xy + [aQ +my — ;

sin{ M (t — tos)}} X ~0. (3.52)
os

The oscillating term gives rise to parametric amplification of the particle xj. In order to see
this we introduce the variable z defined by M (t — tos) = 22z + /2, where the plus and minus signs
correspond to the cases £ > 0 and £ < 0 respectively. Then Eq. (3.52) reduces to the Mathieu
equation

d2
@Xk + [Ar — 2qcos(22)] Xi ~ 0, (3.53)
where ) )
4k dm 8|¢]
Ay = —— X =—. .54
k= 22 + M2 q Mt — toy) (3.54)

The strength of parametric resonance depends on the parameters Ay and ¢q. This can be described
by a stability-instability chart of the Mathieu equation [419, 353, 591]. In the Minkowski spacetime
the parameters Ay and ¢ are constant. If Ay and ¢ are in an instability band, then the perturbation
X} grows exponentially with a growth index pg, i.e., Xj o< e#**. In the regime ¢ < 1 the resonance
occurs only in narrow bands around A = £2, where ¢ = 1,2, ..., with the maximum growth index
wur = q/2 [353]. Meanwhile, for large ¢ (> 1), a broad resonance can occur for a wide range of
parameter space and momentum modes [354].

In the expanding cosmological background both A and ¢ vary in time. Initially the field X}
is in the broad resonance regime (¢ > 1) for |{] > 1, but it gradually enters the narrow resonance
regime (¢ < 1). Since the field passes many instability and stability bands, the growth index
wr. stochastically changes with the cosmic expansion. The non-adiabaticity of the change of the
frequency wi = k?/a® +m2 — 4AMEsin{ M (t — tos)}/(t — tos) can be estimated by the quantity

k| |k2/a? 4+ 2ME cos{M (t — tos)}/(t — tos)]
Tna = ‘wz - M|k2/a2 —I—mi _4M£bln{M(t_tob)}/(t— tos)|3/2 ’ (355)

where the non-adiabatic regime corresponds to rn, 2 1. For small k and m, we have rn, > 1
around M (t — t,s) = mm, where n are positive integers. This corresponds to the time at which
the Ricci scalar vanishes. Hence, each time R crosses 0 during its oscillation, the non-adiabatic
particle production occurs most efficiently. The presence of the mass term m, tends to suppress
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the non-adiabaticity parameter ry,, but still it is possible to satisfy the condition 7., = 1 around
R=0.

For the model (3.6) it was shown in [591] that massless x particles are resonantly amplified for
|€] = 3. Massive particles with m, of the order of M can be created for || 2 10. Note that in
the preheating scenario based on the model V (¢, x) = (1/2)m3¢* + (1/2)g>¢*x* the parameter
q decreases more rapidly (¢ o< 1/t?) than that in the model (3.6) [354]. Hence, in our geometric
preheating scenario, we do not require very large initial values of ¢ [such as ¢ > O(10?)] to lead to
the efficient parametric resonance.

While the above discussion is based on the linear analysis, non-linear effects (such as the
mode-mode coupling of perturbations) can be important at the late stage of preheating (see,
e.g., [354, 342]). Also the energy density of created particles affects the background cosmological
dynamics, which works as a backreaction to the Ricci scalar. The process of the subsequent
perturbative reheating stage can be affected by the explosive particle production during preheating.
It will be of interest to take into account all these effects and study how the thermalization is
reached at the end of reheating. This certainly requires the detailed numerical investigation of
lattice simulations, as developed in [255, 254].

At the end of this section we should mention a number of interesting works about gravita-
tional baryogenesis based on the interaction (1/M?2) [ d*z\/=g J" 9, R between the baryon num-
ber current J* and the Ricci scalar R (M, is the cut-off scale characterizing the effective the-
ory) [179, 376, 514]. This interaction can give rise to an equilibrium baryon asymmetry which is
observationally acceptable, even for the gravitational Lagrangian f(R) = R"™ with n close to 1. It
will be of interest to extend the analysis to more general f(R) gravity models.
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4 Dark Energy in f(R) Theories

In this section we apply f(R) theories to dark energy. Our interest is to construct viable f(R)
models that can realize the sequence of radiation, matter, and accelerated epochs. In this section
we do not attempt to find unified models of inflation and dark energy based on f(R) theories.

Originally the model f(R) = R — a/R" (a > 0,n > 0) was proposed to explain the late-time
cosmic acceleration [113, 120, 114, 143] (see also [456, 559, 17, 223, 212, 16, 137, 62] for related
works). However, this model suffers from a number of problems such as matter instability [215, 244],
the instability of cosmological perturbations [146, 74, 544, 526, 251], the absence of the matter
era [28, 29, 239], and the inability to satisfy local gravity constraints [469, 470, 245, 233, 154, 448,
134]. The main reason why this model does not work is that the quantity frr = 9°f/0R? is
negative. As we will see later, the violation of the condition f rr > 0 gives rise to the negative
mass squared M? for the scalaron field. Hence we require that frr > 0 to avoid a tachyonic
instability. The condition f r = J0f/OR > 0 is also required to avoid the appearance of ghosts (see
Section 7.4). Thus viable f(R) dark energy models need to satisfy [568]

f7R>07 f7RR>07 for R> Ry (> 0), (456)

where Ry is the Ricci scalar today.

In the following we shall derive other conditions for the cosmological viability of f(R) models.
This is based on the analysis of [26]. For the matter Lagrangian £y in Eq. (2.1) we take into
account non-relativistic matter and radiation, whose energy densities p,, and p, satisfy

pm +3Hpm =0, (4.57)
pr+4Hp, =0, (4.58)

respectively. From Egs. (2.15) and (2.16) it follows that
3FH? = (FR— f)/2 = 3HF + k*(pm + pr) » (4.59)
—2FH =F — HF + K2 [pm + (4/3)p,] . (4.60)

4.1 Dynamical equations

We introduce the following variables

F f R K2py
= —— =—— = — = 4.61
NETHE T Termz T em2 T 3FH2 (4.61)
together with the density parameters
0, = FPm _ Q ) + g+ (4.62)
m = =1—21 — 29 —x3 — 24, r =24, =x1 + 29+ 23 .
3FH? 1 2 3 4 4 DE 1 2 3
It is straightforward to derive the following equations
dz
d—]\}:—l—xg—?)xg—i—m%—xlxg—&—m , (4.63)
d
diﬁ - x;f?’ —29(2e3 —4— 1), (4.64)
d$3 r1x3
s A —_9 . —9 4.
AN m $3($3 ) s ( 65)
dz
d—]\}l = —223%4 + X1 T4, (4.66)
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where N = Ina is the number of e-foldings, and

- dlnF - Rf7RR
m= 5= Fr (4.67)
dinf  Rfr a3
~ dinR f oz (4.68)

From Eq. (4.68) the Ricci scalar R can be expressed by xz3/xs. Since m depends on R, this
means that m is a function of r, that is, m = m(r). The ACDM model, f(R) = R — 2A,
corresponds to m = 0. Hence the quantity m characterizes the deviation of the background
dynamics from the ACDM model. A number of authors studied cosmological dynamics for specific
f(R) models [160, 382, 488, 252, 31, 198, 280, 72, 41, 159, 235, 1, 279, 483, 321, 432].

The effective equation of state of the system is defined by

wegg = —1 — 2H/(3H?), (4.69)

which is equivalent to weg = — (223 — 1)/3. In the absence of radiation (z4 = 0) the fixed points
for the above dynamical system are

Py (x1,10,23) = (0,—1,2), Q,, =0, Wee = —1, (4.70)
P2 : (.’1)‘1,.%‘27373) = (—1,0,0), Qm = 2, Weft = 1/37 (471)
Pg : (.’E1,£C271'3):(1,0,0), szo, weﬁ:1/3, (472)
Py (x1,22,23) = (—4,5,0), O =0, West = 1/3, (4.73)
3m 14+ 4m 1+4m
P = — 4.74
5 ($1,$27$3) (1+m7 2(1+m)2 ) 2(1+m)>7 ( )
m(7+ 10m) m
Qn=1— ——-, of = ———, (4.75
21 +m)? Weit =~ (479)
20—m) 1—4m (1 —=4m)(1+m)
Fs - = —
6 ($1,$27Jf3) ( 1 +2m 7m(1 +2m)7 m(l +2m) 5
2 — 5m — 6m?
Q= 0, i = T g7
weit = 5oy (470)
The points Ps and Ps are on the line m(r) = —r — 1 in the (r,m) plane.

The matter-dominated epoch (2, ~ 1 and weg ~ 0) can be realized only by the point Ps for
m close to 0. In the (r,m) plane this point exists around (r,m) = (—1,0). Either the point P
or Ps can be responsible for the late-time cosmic acceleration. The former is a de Sitter point
(wegg = —1) with » = —2, in which case the condition (2.11) is satisfied. The point Ps can give rise
to the accelerated expansion (weg < —1/3) provided that m > (v/3 —1)/2, or —1/2 < m < 0, or
m < —(1+/3)/2.

In order to analyze the stability of the above fixed points it is sufficient to consider only time-
dependent linear perturbations dx;(t) (¢ = 1,2, 3) around them (see [170, 171] for the detail of such
analysis). For the point P5 the eigenvalues for the 3 x 3 Jacobian matrix of perturbations are

—3ms £ \/ms5(256m3 + 160m2 — 31ms — 16)
dms(ms + 1)

3(1+mj), , (4.77)
where ms = m(rs) and my = 92(rs) with 75 ~ —1. In the limit that |ms| < 1 the latter

two eigenvalues reduce to —3/4 £ \/—1/ms5. For the models with ms < 0, the solutions cannot
remain for a long time around the point Ps because of the divergent behavior of the eigenvalues
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as ms — —0. The model f(R) = R — a/R" (a > 0,n > 0) falls into this category. On the other
hand, if 0 < ms < 0.327, the latter two eigenvalues in Eq. (4.77) are complex with negative real
parts. Then, provided that mf > —1, the point Ps corresponds to a saddle point with a damped
oscillation. Hence the solutions can stay around this point for some time and finally leave for the
late-time acceleration. Then the condition for the existence of the saddle matter era is

m(r) ~ 40, d—m>71, at r=-1. (4.78)

dr
The first condition implies that viable f(R) models need to be close to the ACDM model during
the matter domination. This is also required for consistency with local gravity constraints, as we
will see in Section 5.
The eigenvalues for the Jacobian matrix of perturbations about the point P; are

V25— 16
3, 3 V2= 16/m (4.79)

2 2 ’

where my = m(r = —2). This shows that the condition for the stability of the de Sitter point P,
is [440, 243, 250, 26]
0<m(r=-2)<1. (4.80)

The trajectories that start from the saddle matter point Ps satisfying the condition (4.78) and then
approach the stable de Sitter point P; satisfying the condition (4.80) are, in general, cosmologically
viable.

One can also show that P is stable and accelerated for (a) mj < —1, (v3—1)/2 < mg < 1, (b)
ml > —1, mg < —(1++/3)/2, (¢) mjy > —1, —1/2 < mg < 0, (d) m} > —1, mg > 1. Since both P;
and Ps are on the line m = —r — 1, only the trajectories from mj > —1 to mj < —1 are allowed
(see Figure 2). This means that only the case (a) is viable as a stable and accelerated fixed point
Ps. In this case the effective equation of state satisfies the condition weg > —1.

From the above discussion the following two classes of models are cosmologically viable.

e Class A: Models that connect Ps (r~ —1,m~+0)to P, (r=-2,0<m<1)
e Class B: Models that connect Ps (1~ —1, m ~ +0) to Ps (m = —r—1,(v/3—-1)/2<m < 1)

From Eq. (4.56) the viable f(R) dark energy models need to satisfy the condition m > 0, which is
consistent with the above argument.

4.2 Viable f(R) dark energy models

We present a number of viable f(R) models in the (r,m) plane. First we note that the ACDM
model corresponds to m = 0, in which case the trajectory is the straight line (i) in Figure 2. The
trajectory (ii) in Figure 2 represents the model f(R) = (R” — A)¢ [31], which corresponds to the
straight line m(r) = [(1 —¢)/¢]Jr +b—1 in the (r,m) plane. The existence of a saddle matter epoch
demands the condition ¢ > 1 and be ~ 1. The trajectory (iii) represents the model [26, 382]

f(R)=R—aR" (a>0,0<n<1), (4.81)

which corresponds to the curve m = n(1 + r)/r. The trajectory (iv) represents the model m(r) =
—C(r + 1)(r? + ar + b), in which case the late-time accelerated attractor is the point Ps with
(V3-1)/2<m<1.

In [26] it was shown that m needs to be close to 0 during the radiation domination as well as
the matter domination. Hence the viable f(R) models are close to the ACDM model in the region
R > Ry. The Ricci scalar remains positive from the radiation era up to the present epoch, as long
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0.40

Figure 2: Four trajectories in the (r,m) plane. Each trajectory corresponds to the models: (i) ACDM,
(ii) f(R) = (R*—A)®, (iii) f(R) = R—aR"™ with a > 0,0 < n < 1, and (iv) m(r) = —C(r +1)(r* +ar +b).
From [31].

as it does not oscillate around R = 0. The model f(R) = R — a/R™ (o > 0, n > 0) is not viable
because the condition f rr > 0 is violated.

As we will see in Section 5, the local gravity constraints provide tight bounds on the deviation
parameter m in the region of high density (R > Ry), e.g., m(R) < 1071 for R = 10°Rq [134, 596].
In order to realize a large deviation from the ACDM model such as m(R) > O(0.1) today (R = Ry)
we require that the variable m changes rapidly from the past to the present. The f(R) model given
in Eq. (4.81), for example, does not allow such a rapid variation, because m evolves as m ~ n(—r—1)
in the region R > Ry. Instead, if the deviation parameter has the dependence

m=C(—r—1)7, p>1,C>0, (4.82)

it is possible to lead to the rapid decrease of m as we go back to the past. The models that behave
as Eq. (4.82) in the regime R > Ry are

R Rc 2n )
(A) f(R)=R- MRCMI. with n,u, R. >0, (4.83)
(B) f(R) = R — uR. [1 ~(1+ RQ/Ri)’"} with n,p, Re > 0. (4.84)

The models (A) and (B) have been proposed by Hu and Sawicki [306] and Starobinsky [568],
respectively. Note that R. roughly corresponds to the order of Ry for ;1 = O(1). This means that
p=2n+1 for R > Ry. In the next section we will show that both the models (A) and (B) are
consistent with local gravity constraints for n 2 1.

In the model (A) the following relation holds at the de Sitter point:

(1+23")?

_ , 4.85
K 22" N2 + 202 — 2n) (485)
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where 4 = R1/R. and R; is the Ricci scalar at the de Sitter point. The stability condition (4.80)
gives [587]

220" — (2n — 1)(2n +4)22" + (2n — 1)(2n — 2) > 0. (4.86)
The parameter p has a lower bound determined by the condition (4.86). When n = 1, for example,
one has 24 > v/3 and p > 8v/3/9. Under Eq. (4.86) one can show that the conditions (4.56) are

also satisfied.
Similarly the model (B) satisfies [568]

(1+22)"2 > 14 (n+2)2% 4+ (n +1)(2n + 1)z, (4.87)
with

zq(1+ 22)" !
21+ 22+t —1— (n+1)23] "

= (4.88)

When n = 1 we have zg > /3 and p > 8\/?;/9, which is the same as in the model (A). For general

n, however, the bounds on g in the model (B) are not identical to those in the model (A).
Another model that leads to an even faster evolution of m is given by [587]

(C) f(R)= R — pR.tanh (R/R.) with p, R, > 0. (4.89)

A similar model was proposed by Appleby and Battye [35]. In the region R > R. the model (4.89)
behaves as f(R) ~ R — uR.[1 — exp(—2R/R.)], which may be regarded as a special case of (4.82)
in the limit that p > 1 °. The Ricci scalar at the de Sitter point is determined by p, as

xqcosh?(zq)
= . 4.
=3 sinh(x4) cosh(zq) — x4 (4.90)

From the stability condition (4.80) we obtain
> 0.905, xq > 0.920. (4.91)

The models (A), (B) and (C) are close to the ACDM model for R > R, but the deviation
from it appears when R decreases to the order of R.. This leaves a number of observational
signatures such as the phantom-like equation of state of dark energy and the modified evolution of
matter density perturbations. In the following we discuss the dark energy equation of state in f(R)
models. In Section 8 we study the evolution of density perturbations and resulting observational
consequences in detail.

4.3 Equation of state of dark energy

In order to confront viable f(R) models with SN Ia observations, we rewrite Eqgs. (4.59) and (4.60)
as follows:

BAH? = &% (pm + pr + poE) | (4.92)
—2AH = £ [py + (4/3)pr + por + Por] , (4.93)

where A is some constant and

k2ppE = (1/2)(FR — f) — 3HE + 3H*(A — F), (4.94)
K*Ppg = F +2HF — (1/2)(FR— f) — (3H? + 2H)(A - F). (4.95)

5 The cosmological dynamics for the model f(R) = R — uR. [1 — exp(—2R/R.)] was studied in [396].
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Defining ppg and Ppg in the above way, we find that these satisfy the usual continuity equation
ppE + 3H (ppE + Ppr) =0. (4.96)

Note that this holds as a consequence of the Bianchi identities, as we have already mentioned in
the discussion from Eq. (2.8) to Eq. (2.10).

The dark energy equation of state, wpg = Ppg/ppE, is directly related to the one used in SN Ia
observations. From Egs. (4.92) and (4.93) it is given by

w __2AH+3AH2—|—/£2pT/3 N Weft
PR TUBAH? — k2 (p + pr) 1 — (F/AQ

(4.97)

where the last approximate equality is valid in the regime where the radiation density p, is negligible
relative to the matter density p,,. The viable f(R) models approach the ACDM model in the past,
i.e., F — 1 as R — co. In order to reproduce the standard matter era (3H? ~ x2p,,) for z > 1,
we can choose A = 1 in Eqs. (4.92) and (4.93). Another possible choice is A = Fy, where Fy is
the present value of F. This choice may be suitable if the deviation of Fy from 1 is small (as
in scalar-tensor theory with a nearly massless scalar field [583, 93]). In both cases the equation
of state wpg can be smaller than —1 before reaching the de Sitter attractor [306, 31, 587, 435],
while the effective equation of state weg is larger than —1. This comes from the fact that the
denominator in Eq. (4.97) becomes smaller than 1 in the presence of the matter fluid. Thus f(R)
gravity models give rise to the phantom equation of state of dark energy without violating any
stability conditions of the system. See [210, 417, 136, 13] for observational constraints on the
models (4.83) and (4.84) by using the background expansion history of the universe. Note that as
long as the late-time attractor is the de Sitter point the cosmological constant boundary crossing
of weg reported in [52, 50] does not typically occur, apart from small oscillations of weg around
the de Sitter point.

There are some works that try to reconstruct the forms of f(R) by using some desired form for
the evolution of the scale factor a(t) or the observational data of SN Ia [117, 130, 442, 191, 621, 252].
We need to caution that the procedure of reconstruction does not in general guarantee the stability
of solutions. In scalar-tensor dark energy models, for example, it is known that a singular behavior
sometimes arises at low-redshifts in such a procedure [234, 271]. In addition to the fact that the
reconstruction method does not uniquely determine the forms of f(R), the observational data of
the background expansion history alone is not yet sufficient to reconstruct f(R) models in high
precision.

Finally we mention a number of works [115, 118, 119, 265, 319, 515, 542, 90] about the use of
metric f(R) gravity as dark matter instead of dark energy. In most of past works the power-law
f(R) model f = R™ has been used to obtain spherically symmetric solutions for galaxy clustering.
In [118] it was shown that the theoretical rotation curves of spiral galaxies show good agreement
with observational data for n = 1.7, while for broader samples the best-fit value of the power was
found to be n = 2.2 [265]. However, these values are not compatible with the bound |n — 1] <
7.2 x 1071 derived in [62, 160] from a number of other observational constraints. Hence, it is
unlikely that f(R) gravity works as the main source for dark matter.
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5 Local Gravity Constraints

In this section we discuss the compatibility of f(R) models with local gravity constraints (see [469,
470, 245, 233, 154, 448, 251] for early works, and [31, 306, 134] for experimental constraints on
viable f(R) dark energy models, and [101, 210, 330, 332, 471, 628, 149, 625, 329, 45, 511, 277, 534,
133, 445, 309, 89] for other related works). In an environment of high density such as Earth or Sun,
the Ricci scalar R is much larger than the background cosmological value Ry. If the outside of a
spherically symmetric body is a vacuum, the metric can be described by a Schwarzschild exterior
solution with R = 0. In the presence of non-relativistic matter with an energy density p,,, this
gives rise to a contribution to the Ricci scalar R of the order x2p,,.

If we consider local perturbations §R on a background characterized by the curvature Ry, the
validity of the linear approximation demands the condition d R < Ry. We first derive the solutions
of linear perturbations under the approximation that the background metric gig) is described by
the Minkowski metric 7),,,,. In the case of Earth and Sun the perturbation 0 R is much larger than
Ry, which means that the linear theory is no longer valid. In such a non-linear regime the effect
of the chameleon mechanism [344, 343] becomes important, so that f(R) models can be consistent
with local gravity tests.

5.1 Linear expansions of perturbations in the spherically symmetric
background

First we decompose the quantities R, F'(R), and T}, into the background part and the perturbed
part: R= Ry +0R, F = Fy(1+6p), and T, = (O)TW + 6T}, about the approximate Minkowski

background (g,(g,) ~ 7). In other words, although we consider R close to a mean-field value
Ry, the metric is still very close to the Minkowski case. The linear expansion of Eq. (2.7) in a

time-independent background gives [470, 250, 154, 448)

2
250 — M26p = 24T 1
VF r= 3ot (5.1)
where 0T = n*"6T1),, and
L[ f.r(Ro) ] Ry { 1 }
M25|:’—R = — -1 . 5.2
3 FrnRo) " T3 [in(Ro) (5:2)

The variable m is defined in Eq. (4.67). Since 0 < m(Ry) < 1 for viable f(R) models, it follows
that M? > 0 (recall that Ry > 0).

We consider a spherically symmetric body with mass M., constant density p (= —407T), radius
re, and vanishing density outside the body. Since d is a function of the distance r from the center
of the body, Eq. (5.1) reduces to the following form inside the body (r < r.):

d? 2d 9 K2

d’l"2 P, (53)

whereas the r.h.s. vanishes outside the body (r > r.). The solution of the perturbation dp for
positive M? is given by

e—]\/[r eMr 87TGp

(OF)r<r, = C1 +c2 . 32 (5.4)
e—Mr eMr
(6F>r>rc =C3 + c4 pn (5.5)
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where ¢; (i = 1,2,3,4) are integration constants. The requirement that (g)y~,, — 0 as r — oo
gives ¢4 = 0. The regularity condition at r = 0 requires that c; = —c;. We match two solutions
(5.4) and (5.5) at r = r. by demanding the regular behavior of dp(r) and 6% (r). Since dr x IR,
this implies that R is also continuous. If the mass M satisfies the condition Mr. < 1, we obtain
the following solutions

4Gp r?

(6F)r<r, = 3F, (rf — 3) , (5.6)
2GM. _y;,

(5F)T>T‘C ~ We M . (5.7)

As we have seen in Section 2.3, the action (2.1) in f(R) gravity can be transformed to the
Einstein frame action by a transformation of the metric. The Einstein frame action is given by
a linear action in R, where R is a Ricci scalar in the new frame. The first-order solution for
the perturbation hy, of the metric g, = Fo (uy + hu) follows from the first-order linearized
Einstein equations in the Einstein frame. This leads to the solutions hgy = 2GM./(Fyr) and
hi; = 2GM./(For) é;5. Including the perturbation ér to the quantity F', the actual metric g, is
given by [448]

Guv
Juv = % = Nuv + h,uu - 5F Nuv - (58)
Using the solution (5.7) outside the body, the (00) and (i¢) components of the metric g, are
26 M, 26 M,
9002—1-1-%, giizl“"%’% (5.9)

where Ggg) and v are the effective gravitational coupling and the post-Newtonian parameter,
respectively, defined by

3 — e—Mr

(5.10)

™ _ G U _nr
Geff :<1+€ >, Yy m

E 3

For the f(R) models whose deviation from the ACDM model is small (m < 1), we have
M? ~ Ry /[3m(Ro)] and R ~ 87Gp. This gives the following estimate

o,

2~
(Mr.)" ~ Qm(Ro) ,

(5.11)

where &, = GM,/(Fyr.) = 4nGpr?/(3Fp) is the gravitational potential at the surface of the body.
The approximation Mr. < 1 used to derive Egs. (5.6) and (5.7) corresponds to the condition

m(Ro) > ®.. (5.12)
Since Fydr = f rr(Ro)IR, it follows that

_ f.r(Ro)
f.rr(Ro)

The validity of the linear expansion requires that 6 R < Ry, which translates into dr < m(Rp).
Since 0p ~ 2GM./(3Fyr.) = 2®./3 at r = r., one has 0p < m(Ry) < 1 under the condition
(5.12). Hence the linear analysis given above is valid for m(Rp) > ®..

For the distance r close to 7. the post Newtonian parameter in Eq. (5.10) is given by v ~ 1/2
(i.e., because Mr < 1). The tightest experimental bound on v is given by [616, 83, 617]:

SR S . (5.13)

|y —1] <2.3x 1077, (5.14)
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which comes from the time-delay effect of the Cassini tracking for Sun. This means that f(R)
gravity models with the light scalaron mass (Mr. < 1) do not satisfy local gravity constraints [469,
470, 245, 233, 154, 448, 330, 332]. The mean density of Earth or Sun is of the order of p ~
1-10 g/cm®, which is much larger than the present cosmological density ¥ ~ 10-20 g/cm®. In
such an environment the condition §R < Ry is violated and the field mass M becomes large such
that Mr. > 1. The effect of the chameleon mechanism [344, 343] becomes important in this non-
linear regime (6R > Ry) [251, 306, 134, 101]. In Section 5.2 we will show that the f(R) models can
be consistent with local gravity constraints provided that the chameleon mechanism is at work.

5.2 Chameleon mechanism in f(R) gravity

Let us discuss the chameleon mechanism [344, 343] in metric f(R) gravity. Unlike the linear
expansion approach given in Section 5.1, this corresponds to a non-linear effect arising from a large
departure of the Ricci scalar from its background value Ry. The mass of an effective scalar field
degree of freedom depends on the density of its environment. If the matter density is sufficiently
high, the field acquires a heavy mass about the potential minimum. Meanwhile the field has a
lighter mass in a low-density cosmological environment relevant to dark energy so that it can
propagate freely. As long as the spherically symmetric body has a thin-shell around its surface,
the effective coupling between the field and matter becomes much smaller than the bare coupling
|@Q|. In the following we shall review the chameleon mechanism for general couplings @ and then
proceed to constrain f(R) dark energy models from local gravity tests.

5.2.1 Field profile of the chameleon field

The action (2.1) in f(R) gravity can be transformed to the Einstein frame action (2.32) with the
coupling @ = —1//6 between the scalaron field ¢ = 1/3/(2x2)In F and non-relativistic matter.
Let us consider a spherically symmetric body with radius 7, in the Einstein frame. We approximate
that the background geometry is described by the Minkowski space-time. Varying the action (2.32)
with respect to the field ¢, we obtain

d’¢  2d¢ dVes

diz2 T idi de

=0, (5.15)

where 7 is a distance from the center of symmetry that is related to the distance r in the Jordan
frame via 7 = VFr = e~ 9%y, The effective potential Vg is defined by

Verr (¢) = V(9) + 90", (5.16)

where p* is a conserved quantity in the Einstein frame [343]. Recall that the field potential V(¢) is
given in Eq. (2.33). The energy density p in the Einstein frame is related with the energy density
p in the Jordan frame via the relation p = p/F? = ¢*@%®p. Since the conformal transformation
gives rise to a coupling ) between matter and the field, p is not a conserved quantity. Instead the
quantity p* = e3@%%p = e~@%%; corresponds to a conserved quantity, which satisfies 7#p* = r3p.
Note that Eq. (5.15) is consistent with Eq. (2.42).

In the following we assume that a spherically symmetric body has a constant density p* = pa
inside the body (7 < 7.) and that the energy density outside the body (7 > 7.) is p* = pp
(< pa). The mass M. of the body and the gravitational potential ®. at the radius 7. are given
by M. = (47/3)73ps and &, = GM,/F., respectively. The effective potential has minima at the
field values ¢4 and ¢p:

Vig(a) + rQeV1ps =0, (5.17)
V(op) + rQe 5 pp = 0. (5.18)
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The former corresponds to the region of high density with a heavy mass squared m?% = Vet 06 (04),
whereas the latter to a lower density region with a lighter mass squared m% = Vet ,¢6(¢5). In the
case of Sun, for example, the field value ¢ p is determined by the homogeneous dark matter/baryon
density in our galaxy, i.e., pg ~ 10724 g/cmg.
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Figure 3: (Top) The potential V(¢) = (FR — f)/(2k*F?) versus the field ¢ = +/3/(167)mp1 In F' for
the Starobinsky’s dark energy model (4.84) with n = 1 and p = 2. (Bottom) The inverted effective
potential —V.g for the same model parameters as the top with p* = 10Rcmf,14 The field value, at which
the inverted effective potential has a maximum, is different depending on the density p*, see Eq. (5.22). In
the upper panel “de Sitter” corresponds to the minimum of the potential, whereas “singular” means that

the curvature diverges at ¢ = 0.

When @ > 0 the effective potential has a minimum for the models with V4 < 0, which occurs,
e.g., for the inverse power-law potential V(¢) = M*+t"¢~". The f(R) gravity corresponds to a
negative coupling (Q = —1/+/6), in which case the effective potential has a minimum for Vg >0.
As an example, let us consider the shape of the effective potential for the models (4.83) and (4.84).
In the region R > R. both models behave as

f(R)~R— puR. |1 — (R./R)*"| . (5.19)

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2010-3


http://www.livingreviews.org/lrr-2010-3

34 Antonio De Felice and Shinji Tsujikawa

For this functional form it follows that

F=eve" =1 oanu(R/R,)~ 2+, (5.20)
MRC 7i%n¢ *K¢ S%ﬁ

= Elee 11— (2n+1 . 21

V(o) = bl [ 1) (52) .21

The r.h.s. of Eq. (5.20) is smaller than 1, so that ¢ < 0. The limit R — oo corresponds to ¢ — —0.
In the limit ¢ — —0 one has V — uR./(2k?) and V,, — oo. This property can be seen in the
upper panel of Figure 3, which shows the potential V(¢) for the model (4.84) with parameters
n =1 and p = 2. Because of the existence of the coupling term e~"¢/ \/Ep*, the effective potential
Vett(¢) has a minimum at

.R 2n+1

Koy = —V6nu < > > . (5.22)
K2p

Since R ~ k%p* > R, in the region of high density, the condition |k¢as| < 1 is in fact justified (for

n and p of the order of unity). The field mass my about the minimum of the effective potential is

given by s
1 H2p* n
2
= R, . 5.23

"= gt () (5:23)

This shows that, in the regime R ~ k%p* > R,, my is much larger than the present Hubble param-
eter Hy (~ v/R.). Cosmologically the field evolves along the instantaneous minima characterized
by Eq. (5.22) and then it approaches a de Sitter point which appears as a minimum of the potential
in the upper panel of Figure 3.

In order to solve the “dynamics” of the field ¢ in Eq. (5.15), we need to consider the inverted
effective potential (—V.g). See the lower panel of Figure 3 for illustration [which corresponds to
the model (4.84)]. We impose the following boundary conditions:

do
=(F=0=0, (5.24)

¢(F — 00) = ¢5. (5.25)

The boundary condition (5.25) can be also understood as lim;_, o d¢/d7 = 0. The field ¢ is at
rest at # = 0 and starts to roll down the potential when the matter-coupling term xQpe®*® in
Eq. (5.15) becomes important at a radius 71. If the field value at 7 = 0 is close to ¢4, the field
stays around ¢4 in the region 0 < 7 < 71. The body has a thin-shell if 7 is close to the radius 7,
of the body.

In the region 0 < 7 < 7 one can approximate the r.h.s. of Eq. (5.15) as dVeg/d¢ ~ m% (¢ —da)
around ¢ = ¢4, where m% = R.(k?pa/R.)*" ) /[6n(n + 1)]. Hence the solution to Eq. (5.15) is
given by ¢(7) = ¢4 + Ae”™AT /i + Be™AT /i where A and B are constants. In order to avoid the

divergence of ¢ at 7 = 0 we demand the condition B = — A, in which case the solution is
A e—mAf _ e’mA’F
&(F) = pa + ( F ) (0 <7< 7). (5.26)

In fact, this satisfies the boundary condition (5.24).

In the region 7; < 7 < 7, the field |¢(7)| evolves toward larger values with the increase of 7. In
the lower panel of Figure 3 the field stays around the potential maximum for 0 < 7 < 71, but in the
regime 7 < 7 < . it moves toward the left (largely negative ¢ region). Since |V 4| < [kQpae®?"?|
in this regime we have that dVeg/d¢ ~ kQpa in Eq. (5.15), where we used the condition Qr¢ < 1.
Hence we obtain the following solution

(7)) = énQpAfQ — % +D (7 < T < 7o), (5.27)
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where C' and D are constants.

Since the field acquires a sufficient kinetic energy in the region 71 < 7 < 7, the field climbs up
the potential hill toward the largely negative ¢ region outside the body (7 > 7.). The shape of
the effective potential changes relative to that inside the body because the density drops from pa
to pp. The kinetic energy of the field dominates over the potential energy, which means that the
term dVeg/d¢ in Eq. (5.15) can be neglected. Recall that one has |¢p| > |¢pa| under the condition
pa > pp [see Eq. (5.22)]. Taking into account the mass term m% = R.(k%pp/R.)*" 1) /[6n(n+1)],
we have dVeg/d¢ ~ m%(¢ — ¢p) on the r.h.s. of Eq. (5.15). Hence we obtain the solution ¢(7) =
¢p + Bemme(T=7e) /i 4 Fems(T=Te) /i with constants £ and F. Using the boundary condition
(5.25), it follows that F' = 0 and hence

—mp (’F*’I’:(_)

o(F) = ¢p + E% (F > 7o) (5.28)

Three solutions (5.26), (5.27) and (5.28) should be matched at 7 = 7, and 7 = 7, by im-
posing continuous conditions for ¢ and d¢/d7. The coefficients A, C, D and E are determined
accordingly [575]:

s182((¢B — pa) + (77 — 72)kQpa /6] + [soFF (e ™A™ — e™AT1) — 5172]kQpa /3

C = / ! . (5.29)
ma(e~™ATL 4 eMmaTi) gy —mps)
1 ~
A=-—(C+ KQpaT/3), (5.30)
1
1
E=-—(C+ KQpate/3), (5.31)
2
1 1
D =¢p - EmeAfE + TT(C +E), (5.32)
c
where
51 = maFy(eT™ATL 4 gMmATL) 4 gT AT _ gmaTy (5.33)
so =1+ mpTe.. (5.34)

If the mass mp outside the body is small to satisfy the condition mpr. < 1 and m4 > mp, we
can neglect the contribution of the mp-dependent terms in Egs. (5.29)—(5.32). Then the field
profile is given by [575]

1 ]- —maT _ ,mAaT
() = pa — Ma(e—TATL 4 emar) [¢B —¢a+ inQpA(f% _ ,:g)} % 7
~3
(7)) = ¢ + %I{QPA(fz —372) + %
—mAaT1 _ ,maT1 1 ~
_ |:1 + mA:1 (e—MAF16+ emAfl):| |:¢B - ¢A + ifiQpA(f% — ’F?):| % ,
e (5.36)
= N

o(7) = ¢ — lfl((bB —¢a)+ éHQpAFE’ (2 + :;i) (1 _ ;1)

e—mAfl _ emAﬁ e—mB(F—?C)

{(bB —¢a+ %KQPA(f% - 7:3)}] _

mA(e_mAfl + emAfl)

(7 > 7e). (5.37)

T
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Originally a similar field profile was derived in [344, 343] by assuming that the field is frozen at
¢ = ¢4 in the region 0 < 7 < 7.
The radius 71 is determined by the following condition

m% [6(71) = ¢a] = KQpa. (5.38)
This translates into

6QP. maT(eMATL 4 eTmAT)

K(mat.)? emATL — g=mary

¢ — da+ %KQpA(ff —7) = : (5.39)

where ®. = k?M,./(87F.) = Kk%pa72/6 is the gravitational potential at the surface of the body.
Using this relation, the field profile (5.37) outside the body reduces to

- 209, o1 maTy(eMAT! 4 e mATL) Foe~mB(F=Te)
= — 1-— 3— _ _ S T I
d)(r) ¢B P fg + fc (mAfc)Q { emaT1 _ g—mafy 7

(7> 7). (5.40)

7

b

If the field value at 7 = 0 is away from ¢4, the field rolls down the potential for # > 0. This
corresponds to taking the limit 71 — 0 in Eq. (5.40), in which case the field profile outside the
body is given by

2Q GM,

o(F) = ¢ — TTce*mBWﬂ) : (5.41)

This shows that the effective coupling is of the order of @ and hence for |Q| = O(1) local gravity
constraints are not satisfied.
5.2.2 Thin-shell solutions
Let us consider the case in which 71 is close to 7, i.e.
AT =T — T L T (5.42)

This corresponds to the thin-shell regime in which the field is stuck inside the star except around
its surface. If the field is sufficiently massive inside the star to satisfy the condition ma7. > 1,
Eq. (5.39) gives the following relation

H((bB - ¢A) ~ A7:c + 1
6Q<I)c N ’Fc "TLA’FC7

€th = (5.43)
where €, is called the thin-shell parameter [344, 343]. Neglecting second-order terms with respect
to A7 /7. and 1/(ma7.) in Eq. (5.40), it follows that

o QQCH GMC e

—ms (F=7e) 5.44
T F ; (5.44)

o(F) ~ dp
where Qe is the effective coupling given by

Qeft = 3Q¢xn - (5.45)

Since e, < 1 under the conditions A7./7. < 1 and 1/(ma7.) < 1, the amplitude of the
effective coupling Qg becomes much smaller than 1. In the original papers of Khoury and Welt-
man [344, 343] the thin-shell solution was derived by assuming that the field is frozen with the value
¢ = ¢4 in the region 0 < 7 < 7;. In this case the thin-shell parameter is given by e, ~ Af. /7,
which is different from Eq. (5.43). However, this difference is not important because the condition
AF./Te > 1/(maT.) is satisfied for most of viable models [575].
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5.2.3 Post Newtonian parameter

We derive the bound on the thin-shell parameter from experimental tests of the post Newtonian
parameter in the solar system. The spherically symmetric metric in the Einstein frame is described
by [251]

d§* = §,,d7"di" = —[1 — 2A(7)]dt? + [1 + 2B(7)]d#? + #2d0? (5.46)
where A(7) and B(7) are functions of # and dQ? = df? + (sin? #) dp>. In the weak gravitational
background (A(7) < 1 and B(7) < 1) the metric outside the spherically symmetric body with
mass M, is given by A(F) =~ B(7) ~ GM., /7.

Let us transform the metric (5.46) back to that in the Jordan frame under the inverse of
the conformal transformation, g,, = eQngW. Then the metric in the Jordan frame, ds? =
e?@n9d3? = g, drtdz”, is given by

ds? = —[1 — 2A(r)]dt? + [1 4 2B(r)]dr?* 4 r2dQ2. (5.47)
Under the condition |Qk¢| < 1 we obtain the following relations

do(r)

F= e, A(r) = AF) — Qo) B(r) = B(7) — Qi ==

(5.48)

In the following we use the approximation r ~ 7, which is valid for |Qx¢| < 1. Using the thin-shell

solution (5.44), it follows that
_GM, GM,
r

[1 +6Q% (1 — r/rc)] , B(r) = . (1 - 6Q26th) , (5.49)

A(r)

where we have used the approximation |¢g| > |¢4| and hence ¢p ~ 6QP €/ k.

The term Qrép in Eq. (5.48) is smaller than A(r) = GM./r under the condition r/r. <
(6Q%€,) 1. Provided that the field ¢ reaches the value ¢p with the distance rp satisfying the
condition 75/r. < (6Q%*n) !, the metric A(r) does not change its sign for r < 7. The post-
Newtonian parameter v is given by

B(r) 1 —6Q%,

V= A T T 6Qen(l - 1/r) (5.50)

The experimental bound (5.14) can be satisfied as long as the thin-shell parameter e, is much
smaller than 1. If we take the distance r = r., the constraint (5.14) translates into

€tno < 3.8x107%/Q?, (5.51)

where €y, o is the thin-shell parameter for Sun. In f(R) gravity (Q = —1/+/6) this corresponds to
€th,® < 23X 1075.

5.2.4 Experimental bounds from the violation of equivalence principle

Let us next discuss constraints on the thin-shell parameter from the possible violation of equivalence
principle (EP). The tightest bound comes from the solar system tests of weak EP using the free-fall
acceleration of Earth (ag) and Moon (amoon) toward Sun [343]. The experimental bound on the
difference of two accelerations is given by [616, 83, 617]

|a@ - aMoonl

10713, 5.52
‘a®+aMoon|/2 = ( )

Provided that Earth, Sun, and Moon have thin-shells, the field profiles outside the bodies are
given by Eq. (5.44) with the replacement of corresponding quantities. The presence of the field
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é(r) with an effective coupling Q.g gives rise to an extra acceleration, a '™ = |Q.gVé(r)|. Then
the accelerations ag and ayoon toward Sun (mass Mg) are [343]

GMg O
ap > — [1 + 18@26452}1,@%] , (5.53)
GM, 2
aMoon =~ ’I“2® |:]- + 18Q2€%h7@ ‘b‘bf\’i[:| ) (554)
® oon

where ey g is the thin-shell parameter of Earth, and ®¢ ~ 2.1 x 109, Pg ~7.0x% 10710, ®proon ~
3.1 x 107! are the gravitational potentials of Sun, Earth and Moon, respectively. Hence the
condition (5.52) translates into [134, 596]

e < 8.8x1077/|Q), (5.55)

which corresponds to i g < 2.2 x 107¢ in f(R) gravity. This bound provides a tighter bound on
model parameters compared to (5.51).

Since the condition |¢g| > |¢4| is satisfied for ps > pp, one has €, ~ kPp/(6QPg) from
Eq. (5.43). Then the bound (5.55) translates into

|kpp.a| <3.7x 10715, (5.56)

5.2.5 Constraints on model parameters in f(R) gravity

We place constraints on the f(R) models given in Eqgs. (4.83) and (4.84) by using the experimental
bounds discussed above. In the region of high density where R is much larger than R., one can use
the asymptotic form (5.19) to discuss local gravity constraints. Inside and outside the spherically
symmetric body the effective potential Vog for the model (5.19) has two minima at

2n+1 2n+1
KA ~ —V6nu < R ) , kop ~ —V6nu ( R > . (5.57)

K2pa K%pp

The bound (5.56) translates into

n R, 2n+1
—_— <1.5x1071%, 5.58
x?z"“ (“2/’3) ( )

where x4 = R1/R. and R; is the Ricci scalar at the late-time de Sitter point. In the following we
consider the case in which the Lagrangian density is given by (5.19) for R > R;. If we use the
models (4.83) and (4.84), then there are some modifications for the estimation of R;. However this
change should be insignificant when we place constraints on model parameters.

At the de Sitter point the model (5.19) satisfies the condition p = 23""'/[2(22" — n — 1)].
Substituting this relation into Eq. (5.58), we find

R 2n+1
o ! <15x 1071, (5.59)
2(xs" —n—1) \K?pp

For the stability of the de Sitter point we require that m(R;) < 1, which translates into the
condition 22" > 2n? + 3n + 1. Hence the term n/[2(2%" —n —1)] in Eq. (5.59) is smaller than 0.25
for n > 0.

We use the approximation that Ry and pp are of the orders of the present cosmological density
10729 g/ cm® and the baryonic/dark matter density 10~2* g/ cm® in our galaxy, respectively. From
Eq. (5.59) we obtain the bound [134]

n>0.9. (5.60)
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Under this condition one can see an appreciable deviation from the ACDM model cosmologically
as R decreases to the order of R,.

If we consider the model (4.81), it was shown in [134] that the bound (5.56) gives the constraint
n < 3x 10719, This means that the deviation from the ACDM model is very small. Meanwhile, for
the models (4.83) and (4.84), the deviation from the ACDM model can be large even for n = O(1),
while satisfying local gravity constraints. We note that the model (4.89) is also consistent with
local gravity constraints.
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6 Cosmological Perturbations

The f(R) theories have one extra scalar degree of freedom compared to the ACDM model. This
feature results in more freedom for the background. As we have seen previously, a viable cosmo-
logical sequence of radiation, matter, and accelerated epochs is possible provided some conditions
hold for f(R). In principle, however, one can specify any given H = H(a) and solve Egs. (2.15)
and (2.16) for those f(R(a)) compatible with the given H(a).

Therefore the background cosmological evolution is not in general enough to distinguish f(R)
theories from other theories. Even worse, for the same H(a), there may be some different forms
of f(R) which fulfill the Friedmann equations. Hence other observables are needed in order to
distinguish between different theories. In order to achieve this goal, perturbation theory turns out
to be of fundamental importance. More than this, perturbations theory in cosmology has become
as important as in particle physics, since it gives deep insight into these theories by providing
information regarding the number of independent degrees of freedom, their speed of propagation,
their time-evolution: all observables to be confronted with different data sets.

The main result of the perturbation analysis in f(R) gravity can be understood in the following
way. Since it is possible to express this theory into a form of scalar-tensor theory, this should
correspond to having a scalar-field degree of freedom which propagates with the speed of light.
Therefore no extra vector or tensor modes come from the f(R) gravitational sector. Introducing
matter fields will in general increase the number of degrees of freedom, e.g., a perfect fluid will only
add another propagating scalar mode and a vector mode as well. In this section we shall provide
perturbation equations for the general Lagrangian density f(R,¢) including metric f(R) gravity
as a special case.

6.1 Perturbation equations

We start with a general perturbed metric about the flat FLRW background [57, 352, 231, 232, 437]

ds® = —(142a) dt* —2a(t) (8;8— Si)dt da’ +a>*(t) (8;j +296;5 +20;0;7+20; F;+hij) dz’ da? | (6.1)

where «, 8, 9, v are scalar perturbations, \S;, F; are vector perturbations, and h;; is the tensor
perturbations, respectively. In this review we focus on scalar and tensor perturbations, because
vector perturbations are generally unimportant in cosmology [71].

For generality we consider the following action

5= [A0vg |5 (R 0) ~ (@) 0,00,6 ~ V(o) + Sulgu W), (62)

where f(R, ¢) is a function of the Ricci scalar R and the scalar field ¢, w(¢) and V (¢) are functions
of ¢, and Sj; is a matter action. We do not take into account an explicit coupling between the
field ¢ and matter. The action (6.2) covers not only f(R) gravity but also other modified gravity
theories such as Brans—Dicke theory, scalar-tensor theories, and dilaton gravity. We define the
quantity F(R,¢) = 0f/0R. Varying the action (6.2) with respect to g,, and ¢, we obtain the
following field equations

1
FRW/ - §fguu - VMVVF + guVDF

1
= K2 [w <vﬂ¢vy¢ - 2ng*¢w¢) Vo + TS ﬂ , (6.3)
O¢ + E VAVap — 2V 4 + fo) _g (6.4)
2w \? ’ K2 ’
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where T,Sy) is the energy-momentum tensor of matter.

We decompose ¢ and F' into homogeneous and perturbed parts, ¢ = ¢ + 6¢ and F = F 4 §F,
respectively. In the following we omit the bar for simplicity. The energy-momentum tensor of an
ideal fluid with perturbations is

T = —(pm +0pn), TP = —(pm + Pu)Oiv, T} = (Py + 6Py)d% (6.5)

where v characterizes the velocity potential of the fluid. The conservation of the energy-momentum
tensor (V#T),, = 0) holds for the theories with the action (6.2) [357].

For the action (6.2) the background equations (without metric perturbations) are given by

1 . 1 .
3FH? = 5 (RF = f) = 3HF + K> [2w¢2 + V(o) +pum| , (6.6)
—2FH = F — HF + i*w¢® + £2(par + Pur) (6.7)
. . 1 9 f,¢
¢+3H¢+2w<w,¢¢ +2Vy4 — 112):07 (6.8)
pm +3H(prr + Prr) =0, (6.9)

where R is given in Eq. (2.13).

For later convenience, we define the following perturbed quantities

A
X =a(f+a¥), AES(Hoz—w)—px. (6.10)

Perturbing Einstein equations at linear order, we obtain the following equations [316, 317] (see
also [436, 566, 355, 438, 312, 313, 314, 492, 138, 33, 441, 328)])

A _ 1 2 - A o L2 o 2
a2¢+HA2FK3H +3H+a2) 6F—3H6F+§(n w g+ 262V, — f4) 66

+ K2wddp + (3HF — /f2qu.52)o¢ + FA+ f<;2(5pM] , (6.11)
Ho — 1) = % [n2w¢5¢+5F—H5F—Fa+n2(pM -|—PM)U} : (6.12)
1 .
)'(Jerfafz/):F(éFfo), (6.13)

: A 1 [ . . A .
A+2HA+ <3H + a2) a=sx [351? +3HSF — (6H2 + a2> OF + 4Kk2wdd o
+ (2K%w d% — 262V 4 + f.4)0¢ — 3FG — F A

— (4K*w¢? + 3HE + 6EF)a + k2 (Spnr + 5PM)} . (6.14)
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. . A 2 .. 1 -
6F +3HSF — (2 + I;) §F + §n2¢(5¢ + 5(52w,¢¢2 —4k*V 4 +2f 4)60
a
= %/{2(5;)]\4 —30Py) + F(A+a) + (2F +3HF + 252w¢2> o — %F&R, (6.15)
. N A )2 o2, —
5¢+(3H+ﬁ¢)5¢+ _72_’_(“}7(15) ¢+(7¢'f7¢') ]&b
w a w /.6 2 2w @
. . . . . 1
— i+ (2¢+3H¢+ ﬂdﬁ) a+¢A+ —F 4R, (6.16)
w 2w
. A
dpnm + 3H (0pnar + 6Puy) = (pvr + Pur) (A—SHOz—!—a21)) , (6.17)
1 d, 4 5Py
S +Py)v]=a+ —2 6.18
where 0R is given by
. A . A
R=-2|A4+4HA+ ¥+3H 04—1—2&—21/1 . (6.19)

We shall solve the above equations in two different contexts: (i) inflation (Section 7), and (ii)
the matter dominated epoch followed by the late-time cosmic acceleration (Section 8).

6.2 Gauge-invariant quantities

Before discussing the detail for the evolution of cosmological perturbations, we construct a number
of gauge-invariant quantities. This is required to avoid the appearance of unphysical modes. Let
us consider the gauge transformation

t=t+dt, i'=a"+599;0z, (6.20)

where §t and dx characterize the time slicing and the spatial threading, respectively. Then the
scalar metric perturbations «, 8, 1 and E transform as [57, 71, 412]

& =a—ot, (6.21)
B=pB—a'6t+adz, (6.22)
=1 — Hét, (6.23)
y=v—0x. (6.24)
Matter perturbations such as d¢ and dp obey the following transformation rule
S =0¢p— dot, (6.25)
dp=20p— péot. (6.26)

Note that the quantity JF' is also subject to the same transformation: §F = 6F — F§t. We express
the scalar part of the 3-momentum energy-momentum tensor 67, as

ST = 0;9q . (6.27)

For the scalar field and the perfect fluid one has dg = —¢d¢ and dqg = —(pm + Par)v, respectively.
This quantity transforms as

0qg =g+ (p+ P)dt. (6.28)
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One can construct a number of gauge-invariant quantities unchanged under the transformation
(6.20):

b—a- %[ 2y 4 8/a)], W= —+a®H(+Bla), (6.29)
H H H

sz—kméq, R6¢:'¢)_gé¢a R5F:¢_F5Fa (630)

dpq =6p—3Hdq. (6.31)

Since dg = —¢pd¢ for single-field inflation with a potential V'(¢), R is identical to Rs, [where we
used p = ¢?/2 + V(¢) and P = ¢2/2 — V(¢)]. In f(R) gravity one can introduce a scalar field ¢
as in Eq. (2.31), so that Rsp = Rse. From the gauge-invariant quantity (6.31) it is also possible
to construct another gauge-invariant quantity for the matter perturbation of perfect fluids:

Sur = 2PM LS H( 4 war)o, (6.32)
PM

where wyr = Pyr/pur.

We note that the tensor perturbation h;; is invariant under the gauge transformation [412].

We can choose specific gauge conditions to fix the gauge degree of freedom. After fixing a gauge,
two scalar variables 0t and dz are determined accordingly. The Longitudinal gauge corresponds to
the gauge choice ﬂ =0 and 4 = 0, under which 6t = a(f8 + a¥) and dxz = ~. In this gauge one has
& = & and U = —¢), so that the line element (without vector and tensor perturbations) is given
by

ds? = —(1 + 2®)dt* + a*(t)(1 — 2¥)s;;da’da’ (6.33)

where we omitted the hat for perturbed quantities.

The uniform-field gauge corresponds to 6}b = 0 which fixes 6t = d¢/ $. The spatial threading
dx is fixed by choosing either B =0or 4 =0 (up to an integration constant in the former case).
For this gauge choice one has 7%5¢ = ¢). Since the spatial curvature ®)R on the constant-time
hypersurface is related to ¢ via the relation )R = —4V2y /a?, the quantity R is often called the

curvature perturbation on the uniform-field hypersurface. We can also choose the gauge condition
6q =0or §F =0.
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7 Perturbations Generated During Inflation

Let us consider scalar and tensor perturbations generated during inflation for the theories (6.2)
without taking into account the perfect fluid (Sp; = 0). In f(R) gravity the contribution of the
field ¢ such as §¢ is absent in the perturbation equations (6.11)—(6.16). One can choose the gauge
condition JF = 0, so that Rsr = 9. In scalar-tensor theory in which F' is the function of ¢ alone
(i-e., the coupling of the form F(¢)R without a non-linear term in R), the gauge choice d¢ = 0
leads to Rs¢ = t. Since 0F = F 4,0¢ = 0 in this case, we have Rsr = Rs¢ = .

We focus on the effective single-field theory such as f(R) gravity and scalar-tensor theory with
the coupling F(¢)R, by choosing the gauge condition d¢ = 0 and 6F = 0. We caution that this
analysis does not cover the theory such as £ = £(¢) R+aR? [500], because the quantity F depends
on both ¢ and R (in other words, 6F = F 4,0¢ + F rdR). In the following we write the curvature
perturbations Rsr and Rsg as R.

7.1 Curvature perturbations

Since d¢ = 0 and §F = 0 in Eq. (6.12) we obtain

P — (7.34)
H+ F/(2F)
Plugging Eq. (7.34) into Eq. (6.11), we have
1 A 3HF — r2w?
- |5SR+ KW (7.35)
H+ F/(2F) |a 9F{H + F/(2F)}
Equation (6.14) gives
, F 3F . |3F+6HF + r2wd® A

where we have used the background equation (6.7). Plugging Eqs. (7.34) and (7.35) into Eq. (7.36),
we find that the curvature perturbation satisfies the following simple equation in Fourier space

.. (QBQS)' . k2
R+ a3QSR+cT2R:O’ (7.37)

where k is a comoving wavenumber and

w? 4 32 /(2k2F)

= . 7.38
@ [H + F/(2F))2 (7.38)
Introducing the variables z; = ay/@Qs and u = z,R, Eq. (7.37) reduces to
Z//
u” + <k2 - Z) u=0, (7.39)

where a prime represents a derivative with respect to the conformal time n = f a~'dt.

In General Relativity with a canonical scalar field ¢ one hasw = 1 and F' = 1, which corresponds
to Qs = qu/Hg Then the perturbation u corresponds to u = a[—d¢ + ((;S/H)w] In the spatially
flat gauge (¢ = 0) this reduces to u = —ad¢, which implies that the perturbation u corresponds
to a canonical scalar field dx = ad¢. In modified gravity theories it is not clear at this stage that
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the perturbation u = av/@Q,R corresponds a canonical field that should be quantized, because
Eq. (7.37) is unchanged by multiplying a constant term to the quantity @, defined in Eq. (7.38).
As we will see in Section 7.4, this problem is overcome by considering a second-order perturbed
action for the theory (6.2) from the beginning.

In order to derive the spectrum of curvature perturbations generated during inflation, we in-
troduce the following variables [315]

=-—— =— =— =— 7.40
€1 H2 €2 H(b, €3 SHE’ €4 SHE’ ( )
where E = Flw + 3F?2/(2k2¢*F)]. Then the quantity Q can be expressed as
; E
Qs = ¢* (7.41)

FH2(1 +63)2 '

If the parameter €; is constant, it follows that n = —1/[(1 — €1)aH] [573]. If ¢, =0 (i = 1,2, 3,4)
one has

s . 1 (1+€1+62—63+€4)(2+€2—63+64)
L with vh = 1 + e . (7.42)

Then the solution to Eq. (7.39) can be expressed as a linear combination of Hankel functions,

u = V 7;|77|ei(1+2u7z)7r/4 [61H£2(k|n|) + CQHl(/i)(kMD] , (743)
where ¢; and ¢y are integration constants.

During inflation one has |¢;| < 1, so that 27/ /z, ~ (aH)?. For the modes deep inside the Hubble
radius (k > aH, i.e., |kn| > 1) the perturbation u satisfies the standard equation of a canonical
field in the Minkowski spacetime: u” + k?u ~ 0. After the Hubble radius crossing (k = aH) during
inflation, the effect of the gravitational term z”/zs becomes important. In the super-Hubble limit
(k < aH, i.e., |kn| < 1) the last term on the Lh.s. of Eq. (7.37) can be neglected, giving the
following solution

dt
R201 +02/a37QS, (744)

where ¢; and ¢y are integration constants. The second term can be identified as a decaying mode,
which rapidly decays during inflation (unless the field potential has abrupt features). Hence the
curvature perturbation approaches a constant value ¢; after the Hubble radius crossing (k < aH).

In the asymptotic past (kn — —oo) the solution to Eq. (7.39) is determined by a vacuum state
in quantum field theory [88], as u — e~**" /y/2k. This fixes the coefficients to be ¢; = 1 and ¢p = 0,
giving the following solution

w=YT1 g'”' 2RI () (7.45)

We define the power spectrum of curvature perturbations,

47'(']{13 2
= —— . 4

Using the solution (7.45), we obtain the power spectrum [317]
! Pvr) H\* (lknl """
- (a- ) (B , 7.47
PR=0. (( VE(3/2) 2 2 (7.47)
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where we have used the relations Hl(,l)(k|17|) — —(i/m)T'(v)(k|n|/2)~" for kn — 0 and I'(3/2) =
\/7/2. Since the curvature perturbation is frozen after the Hubble radius crossing, the spectrum
(7.47) should be evaluated at k = aH. The spectral index of R, which is defined by ng — 1 =
dlnPR/dlnk|k:aH, is

ng — 1=3- QVR, (748)

where vg is given in Eq. (7.42). As long as |¢;| (i = 1,2,3,4) are much smaller than 1 during
inflation, the spectral index reduces to

nr — 1~ —4ey — 2¢5 4+ 2e3 — 2¢y4, (749)

where we have ignored those terms higher than the order of ¢;’s. Provided that |e¢;| < 1 the
spectrum is close to scale-invariant (ng ~ 1). From Eq. (7.47) the power spectrum of curvature

perturbations can be estimated as
1 (H\’
Pr~ - () | (7.50)

A minimally coupled scalar field ¢ in Einstein gravity corresponds to e3 = 0, ¢4 = 0 and Qs =
¢?/H?, in which case we obtain the standard results ng — 1 ~ —4e; — 25 and Pr ~ H*/(47%¢?)
in slow-roll inflation [573, 390].

7.2 Tensor perturbations

Tensor perturbations h;; have two polarization states, which are generally written as A = +, x [391].
In terms of polarization tensors e;; and eixj they are given by

hij = h+€?—j + hxeixj . (751)
If the direction of a momentum k is along the z-axis, the non-zero components of polarization
tensors are given by e}, = —e;‘y =1land ey, =¢e; = 1.

For the action (6.2) the Fourier components hy (A = +, X) obey the following equation [314]

a3F) . 2
%In+?hx =0. (7.52)

ha +
This is similar to Eq. (7.37) of curvature perturbations, apart from the difference of the factor F’
instead of Q. Defining new variables z; = av' F and uy = z:h)/V 167G, it follows that

1"

u + (k2 - Zt) uy = 0. (7.53)
2t
We have introduced the factor 167G to relate a dimensionless massless field hy with a massless
scalar field u) having a unit of mass.
If ¢, = 0, we obtain

2 _vi—1A4 I 7 I ) [ Gl )
2t n 4 (1—¢)

(7.54)

We follow the similar procedure to the one given in Section 7.1. Taking into account polarization
states, the spectrum of tensor perturbations after the Hubble radius crossing is given by
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which should be evaluated at the Hubble radius crossing (k = aH). The spectral index of Pr is
nyr =3 —2u, (7.56)
where 14 is given in Eq. (7.54). If |¢;| < 1, this reduces to
nr ~ —2¢; — 2es3. (7.57)

Then the amplitude of tensor perturbations is given by

16/ H\?1
~ — | —] —=. 7.58
Pr T (mpl) F ( )
We define the tensor-to-scalar ratio
Pr 641 Q)
=~ — . 7.59
" PR mgl F ( )

For a minimally coupled scalar field ¢ in Einstein gravity, it follows that ny ~ —2e;, Pr ~
16H?/(7m?)), and 7 =~ 16¢;.

7.3 The spectra of perturbations in inflation based on f(R) gravity

Let us study the spectra of scalar and tensor perturbations generated during inflation in metric

f(R) gravity. Introducing the quantity E = 3F2/(2k?), we have ¢, = F//(HF') and
6F €2 _ E

K2(1+€3)2  FH2(1+e€3)2"

Qs = (7.60)

Since the field kinetic term ¢? is absent, one has e; = 0 in Egs. (7.42) and (7.49). Under the
conditions |¢;| < 1 (i = 1,3,4), the spectral index of curvature perturbations is given by ng — 1 ~
—4e1 + 2e3 — 2¢4.
In the absence of the matter fluid, Eq. (2.16) translates into
€1 = —63(1 — 64) s (761)
which gives €1 ~ —e3 for |e4| < 1. Hence we obtain [315]
nr — 1~ —661 — 264 . (762)
From Egs. (7.50) and (7.60), the amplitude of R is estimated as
1 (H\"1
Pr—|— | —=. 7.63
R 3nF (mpl) eg ( )
Using the relation €; ~ —eg, the spectral index (7.57) of tensor perturbations is given by

nr ~0, (7.64)

which vanishes at first-order of slow-roll approximations. From Egs. (7.58) and (7.63) we obtain
the tensor-to-scalar ratio
o 4862 ~ 48¢7 . (7.65)
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7.3.1 The model f(R) =aR" (n>0)

Let us consider the inflation model: f(R) = aR™ (n > 0). From the discussion given in Section 3.1
the slow-roll parameters ¢; (i = 1,3,4) are constants:

2—n n—2

D A S e (7.66)

€1 =

In this case one can use the exact results (7.48) and (7.56) with vz and v, given in Eqgs. (7.42) and
(7.54) (with eg = 0). Then the spectral indices are

2(n —2)2

2 —on 1 (7.67)

nrR — 1= nr = —

If n = 2 we obtain the scale-invariant spectra with ng = 1 and np = 0. Even the slight

deviation from n = 2 leads to a rather large deviation from the scale-invariance. If n = 1.7, for

example, one has ng —1 = nyp = —0.13, which does not match with the WMAP 5-year constraint:
ngr = 0.960 + 0.013 [367].

7.3.2 The model f(R) = R+ R?/(6M?)

For the model f(R) = R+ R?/(6M?), the spectrum of the curvature perturbation R shows some
deviation from the scale-invariance. Since inflation occurs in the regime R > M? and |H| < H?,
one can approximate F' ~ R/(3M?) ~ 4H?/M?. Then the power spectra (7.63) and (7.58) yield

1/ M\*1 4/ M\?
Pr () =, PT~<> , (7.68)
1

120 \mp /) € T\ Mpl

where we have employed the relation €3 ~ —e¢;.

Recall that the evolution of the Hubble parameter during inflation is given by Eq. (3.9). As long
as the time #; at the Hubble radius crossing (k = aH) satisfies the condition (M?/6)(ty —t;) < H;,
one can approximate H(tx) ~ H;. Using Eq. (3.9), the number of e-foldings from ¢ = t;, to the end
of inflation can be estimated as

1
Ny~ —. 7.69
b i) (7.69)
Then the amplitude of the curvature perturbation is given by
NZ ([ M\*
~ = — . 7.70
Pr 3T <mp1> ( )

The WMAP 5-year normalization corresponds to Pr = (2.445 £ 0.096) x 1079 at the scale k =
0.002 Mpc ™! [367]. Taking the typical value Ny = 55, the mass M is constrained to be

M ~3x 10 5my . (7.71)

Using the relation F' ~ 4H?/M?, it follows that ¢4 ~ —e;. Hence the spectral index (7.62) reduces
to
2 N\ !
— 1l —de~——=-36x10"" (=) . 7.72
" TN, ( 55 > (7.72)
For Nj = 55 we have ng =~ 0.964, which is in the allowed region of the WMAP 5-year constraint
(nr = 0.960 £ 0.013 at the 68% confidence level [367]). The tensor-to-scalar ratio (7.65) can be
estimated as

r~

2 (NG 2
S ~40x1073 2 7.73
T =40 ( 55) , (7.73)
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which satisfies the current observational bound r < 0.22 [367]. We note that a minimally coupled
field with the potential V (¢) = m2¢?/2 in Einstein gravity (chaotic inflation model [393]) gives rise
to a larger tensor-to-scalar ratio of the order of 0.1. Since future observations such as the Planck
satellite are expected to reach the level of r = O(1072), they will be able to discriminate between
the chaotic inflation model and the Starobinsky’s f(R) model.

7.3.3 The power spectra in the Einstein frame

Let us consider the power spectra in the Einstein frame. Under the conformal transformation
Guv = Fguu, the perturbed metric (6.1) is transformed as

ds? = Fds®
= —(1 4+ 2a)di* — 2a(t) (8;4 — S;)di dz
+a2 (1) (855 + 200055 + 20;0,7 4 20; F; + hy;) Az di? . (7.74)
We decompose the conformal factor into the background and perturbed parts, as
_ O0F (t,x)
Flt,x)=F{) |1+ —— ) . 7.75
(t3) = Fi0) (1+ ) (7.75)

In what follows we omit a bar from F. We recall that the background quantities are transformed
as Eqgs. (2.44) and (2.47). The transformation of scalar metric perturbations is given by

oF = ~ oF
A= — = = — Y =. 7.76
d=atom,  f=8, Y=v+on,  F=7 (7.76)
Meanwhile vector and tensor perturbations are invariant under the conformal transformation (S; =
Si, Fi = Fi, hij = hyj).
Using the above transformation law, one can easily show that the curvature perturbation R =
¥ — HOF/F in f(R) gravity is invariant under the conformal transformation:

R=R. (7.77)

Since the tensor perturbation is also invariant, the tensor-to-scalar ratio 7 in the Einstein frame is
identical to that in the Jordan frame. For example, let us consider the model f(R) = R+R?/(6M?).
Since the action in the Einstein frame is given by Eq. (2.32), the slow-roll parameters €3 and é4
vanish in this frame. Using Eqgs. (7.49) and (3.27), the spectral index of curvature perturbations

is given by )
ﬁR — 1~ —461 - 262 ~ —Nf 5 (778)
k

where we have ignored the term of the order of 1 /N,f Since Ny ~ Nj in the slow-roll limit
(|[F/(2HF)| < 1), Eq. (7.78) agrees with the result (7.72) in the Jordan frame. Since @5 =
(d¢/dt)?/H? in the Einstein frame, Eq. (7.59) gives the tensor-to-scalar ratio

04n (d¢> ! 12

= ~ 16€; ~
m2 \ di '

7= . =
H? N?

(7.79)

where the background equations (3.21) and (3.22) are used with slow-roll approximations. Equa-
tion (7.79) is consistent with the result (7.73) in the Jordan frame.

The equivalence of the curvature perturbation between the Jordan and Einstein frames also
holds for scalar-tensor theory with the Lagrangian £ = F(¢)R/(2x%) — (1/2)w(¢)g"*0,$0, ¢ —
V(¢) [411, 240]. For the non-minimally coupled scalar field with F(¢) = 1 — £x2¢? [269, 241] the
spectral indices of scalar and tensor perturbations have been derived by using such equivalence [366,
590].
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7.4 The Lagrangian for cosmological perturbations

In Section 7.1 we used the fact that the field which should be quantized corresponds to u =
ay/Q,R. This can be justified by writing down the action (6.1) expanded at second-order in the
perturbations [437]. We recall again that we are considering an effective single-field theory such
as f(R) gravity and scalar-tensor theory with the coupling F(¢)R. Carrying out the expansion of
the action (6.2) in second order, we find that the action for the curvature perturbation R (either
Rsr or Rse) is given by [311]

1 . 11

68(2):/dtd3 3Qs |5 R? — = —(VR)? 7.80

vat Qu | g R~ (VR (7.80)

where @ is given in Eq. (7.38). In fact, the variation of this action in terms of the field R

gives rise to Eq. (7.37) in Fourier space. We note that there is another approach called the

Hamiltonian formalism which is also useful for the quantization of cosmological perturbations.

See [237, 209, 208, 127] for this approach in the context of f(R) gravity and modified gravitational
theories.

Introducing the quantities u = z,R and z5 = a/Q,, the action (7.80) can be written as

§5S@ = [ dnd® 1'hlv 2 La s 7.81
= [dydz|Su 2(U)+2zu, (7.81)

where a prime represents a derivative with respect to the conformal time n = [a~'dt. The
action (7.81) leads to Eq. (7.39) in Fourier space. The transformation of the action (7.80) to (7.81)
gives rise to the effective mass®

2 _

My = a= zs 4Q§ 2Qs 2Qs

We have seen in Eq. (7.42) that during inflation the quantity z7//z, can be estimated as 2%/ /z, ~

2(aH)? in the slow-roll limit, so that M2 ~ —2H?. For the modes deep inside the Hubble radius

(k> aH) the action (7.81) reduces to the one for a canonical scalar field u in the flat spacetime.

Hence the quantization should be done for the field u = a\/QsR, as we have done in Section 7.1.

From the action (7.81) we understand a number of physical properties in f(R) theories and
scalar-tensor theories with the coupling F'(¢)R listed below.

(7.82)

1. Having a standard d’Alambertian operator, the mode has speed of propagation equal to the
speed of light. This leads to a standard dispersion relation w = k/a for the high-k modes in
Fourier space.

2. The sign of Qs corresponds to the sign of the kinetic energy of R. The negative sign corre-
sponds to a ghost (phantom) scalar field. In f(R) gravity (with ¢ = 0) the ghost appears
for F < 0. In BransDicke theory with F(¢) = k¢ and w(¢) = wpp/¢ [100] (where
¢ > 0) the condition for the appearance of the ghost (w¢? 4+ 3F2/(2k2F) < 0) translates
into wpp < —3/2. In these cases one would encounter serious problems related to vacuum
instability [145, 161].

6 If we define X = +/QsR and plugging it into Eq. (7.80), we obtain the perturbed action for the field X after

the partial integration:
1. 11 1
653 = /dtd?’m/—g(O) —X?% -2 (VX)? - - M2X?|
2 2 a? 2

where v/—g¢(0) = @ and M; is defined in Eq. (7.82). Then, for the field X, we obtain the Klein-Gordon equation
OX = M2X in the large-scale limit (k — 0), which defines the mass M in an invariant way in the FLRW
background.
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3. The field u has the effective mass squared given in Eq. (7.82). In f(R) gravity it can be

written as
72F2 HA 1 [9288H3 —12HR 1 2 pR? 7
2= _ — I F =+ + ol 24H?4 R, (7.83)
(2FH + frrR)? 3 2FH + frrR  [RR 4F 6

where we used the background equation (2.16) to write H in terms of R and H2. In Fourier
space the perturbation u obeys the equation of motion

u’ + (k> + M2a*)u=0. (7.84)

For k2 /a? > M2, the field u propagates with speed of light. For small k satisfying k?/a? <
M2, we require a positive M2 to avoid the tachyonic instability of perturbations. Recall
that the viable dark energy models based on f(R) theories need to satisty Rf pr < F' (i.e.,
m = Rfgrr/fr < 1) at early times, in order to have successful cosmological evolution
from radiation domination till matter domination. At these epochs the mass squared is
approximately given by

M? ~ al ,

°  3fRR

which is consistent with the result (5.2) derived by the linear analysis about the Minkowski
background. Together with the ghost condition F' > 0, this leads to f rr > 0. Recall that
these correspond to the conditions presented in Eq. (4.56).

(7.85)
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8 Observational Signatures of Dark Energy Models in f(R)
Theories

In this section we discuss a number of observational signatures of dark energy models based on
metric f(R) gravity. Our main interest is to distinguish these models from the ACDM model
observationally. In particular we study the evolution of matter density perturbations as well as
the gravitational potential to confront f(R) models with the observations of large-scale structure
(LSS) and Cosmic Microwave Background (CMB). The effect on weak lensing will be discussed in
Section 13.1 in more general modified gravity theories including f(R) gravity.

8.1 Matter density perturbations

Let us consider the perturbations of non-relativistic matter with the background energy density
pm and the negligible pressure (P,,, = 0). In Fourier space Egs. (6.17) and (6.18) give

. k2
0pm + 3Hpm = pm (A —3Ha — a21)> , (8.86)

b=a, (8.87)

where in the second line we have used the continuity equation, p.,, + 3Hp,, = 0. The density
contrast defined in Eq. (6.32), i.e.
)
S = 2L 4 3y (8.88)
Pm

obeys the following equation from Egs. (8.86) and (8.87):

.. . k2 . .
5m+2H5m+¥(a—>'<):3B+6HB, (8.89)

where B = Hv — 1) and we used the relation A = 3(Ha — 1)) + (k2/a?)y.

In the following we consider the evolution of perturbations in f(R) gravity in the Longitudinal
gauge (6.33). Since x =0, a = ®, ¢ = —¥, and A = 3(H® + W) in this case, Eqs. (6.11), (6.13),
(6.15), and (8.89) give

k2 . 1 . k2 .
W4 3HH®+U)=——|(3H>+3H - - |§F —3HF
Y T3H(HD + V) 2F[(3 +3 a2>5 3H?
+3HF® + 3F(H® + ) + n%pm} : (8.90)

Y (8.91)

.. . 2 2 . . . . .
§F + 3HSF + (i? + M2> 5F = %5pm + F(3H® + 3V + &) + (2F +3HEF)®,  (8.92)

.. . k2 . .
Om +2H0m + 5P =3B+6HB, (8.93)
a

where B = Hv+ V. In order to derive Eq. (8.92), we have used the mass squared M? = (F/F p —
R)/3 introduced in Eq. (5.2) together with the relation 6R = 6 F/F g.

Let us consider the wavenumber k deep inside the Hubble radius (k > aH). In order to derive
the equation of matter perturbations approximately, we use the quasi-static approximation under
which the dominant terms in Egs. (8.90)—(8.93) correspond to those including k?/a?, dp,, (or 6,,)
and M?. In General Relativity this approximation was first used by Starobinsky in the presence of
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a minimally coupled scalar field [567], which was numerically confirmed in [403]. This was further
extended to scalar-tensor theories [93, 171, 586] and f(R) gravity [586, 597]. Precisely speaking,
in f(R) gravity, this approximation corresponds to

{’;2@, %m, §z|5F|,M2|5F|} > {H?|®|,H?|V|, H?|B|, H*|§F|} | (8.94)
and _ ) )
| X| < |HX|, where X =& U F F JFJF. (8.95)
From Egs. (8.90) and (8.91) it then follows that
T~ % ((SF — Zz,‘i25pm> , O~ —% (6F + Zzn%pm) : (8.96)
Since (k?/a? + M?)6F ~ k?p,, /3 from Eq. (8.92), we obtain
/iijg_ﬁs%pm 2+ 3M?a?/k? ’ li2 :_KJQ(S,Om 4+ 3M?a?/k? . (8.97)
a 2F 3(1+ M32a?/k?) a? 2F  3(1+ M?2a?/k?)
We also define the effective gravitational potential
D =(D+7)/2. (8.98)

This quantity characterizes the deviation of light rays, which is linked with the Integrated Sachs—
Wolfe (ISW) effect in CMB [544] and weak lensing observations [27]. From Eq. (8.97) we have

k2 a?

oF f20Pm
From Eq. (6.12) the term Hv is of the order of H2®/(k?p,,) provided that the deviation from
the ACDM model is not significant. Using Eq. (8.97) we find that the ratio 3Hv/(dpm/pm) is of
the order of (aH/k)?, which is much smaller than unity for sub-horizon modes. Then the gauge-
invariant perturbation d,, given in Eq. (8.88) can be approximated as 0,, ~ dpm/pm. Neglecting
the r.h.s. of Eq. (8.93) relative to the Lh.s. and using Eq. (8.97) with dp, =~ pmdm, we get the
equation for matter perturbations:

D (8.99)

bm + 2Hb,, — A7 Gogi pram ~ 0, (8.100)
where Gog is the effective (cosmological) gravitational coupling defined by [586, 597]

G 44 3M2%a?/k?

Gert = F3(1+ M2a?/k?) "

(8.101)

We recall that viable f(R) dark energy models are constructed to have a large mass M in
the region of high density (R > Ry). During the radiation and deep matter eras the deviation
parameter m = Rf rr/f r is much smaller than 1, so that the mass squared satisfies

2= B (1 - 1) > R. (8.102)
3 \m

If m grows to the order of 0.1 by the present epoch, then the mass M today can be of the order

of Hy. In the regimes M? > k?/a? and M? < k?/a® the effective gravitational coupling has the

asymptotic forms Geg ~ G/F and Geg ~ 4G/(3F), respectively. The former corresponds to the

“General Relativistic (GR) regime” in which the evolution of ¢,, mimics that in GR, whereas the
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latter corresponds to the “scalar-tensor regime” in which the evolution of 4, is non-standard. For
the f(R) models (4.83) and (4.84) the transition from the former regime to the latter regime, which
is characterized by the condition M? = k?/a?, can occur during the matter domination for the
wavenumbers relevant to the matter power spectrum [306, 568, 587, 270, 589].

In order to derive Eq. (8.100) we used the approximation that the time-derivative terms of § F
on the Lh.s. of Eq. (8.92) is neglected. In the regime M? > k?/a?  however, the large mass M
can induce rapid oscillations of § F'. In the following we shall study the evolution of the oscillating
mode [568]. For sub-horizon perturbations Eq. (8.92) is approximately given by

.. . k2 K2
SF +3HOF + (2 + M2> OF ~ §5pm . (8.103)
a

The solution of this equation is the sum of the matter induce mode § Finq ~ (k2/3)6pm /(k?/a?+M?)
and the oscillating mode 6 Fyq. satisfying

. . k2
5Fosc + 3H5Fosc + ((12 + M2> 5Fosc =0. (8104)

As long as the frequency w = /k2/a2? + M? satisfies the adiabatic condition |w| < w?, we
obtain the solution of Eq. (8.104) under the WKB approximation:

1
0 Fpse =~ ca™3/? —— cos wdt (8.105)
S \/7 ?

2w
where ¢ is a constant. Hence the solution of the perturbation dR is expressed by [568, 587]

SR L KOm L mep L ( / wdt) (8.106)
B 3f,RR k2/a2+M2 f,RR\/2w ' .

For viable f(R) models, the scale factor a and the background Ricci scalar R(®) evolve as
a o< t2/3 and R ~ 4/(3t?) during the matter era. Then the amplitude of 6 Rys. relative to R(®)
has the time-dependence

|0 Rose| M?t
RO X 2/a2 1 M)A

(8.107)

The f(R) models (4.83) and (4.84) behave as m(r) = C(—r — 1)? with p = 2n + 1 in the regime
R > R.. During the matter-dominated epoch the mass M evolves as M oc t—®+tD . In the
regime M? > k?/a? one has |6 Rosc|/R(®) oc t~(3P+1)/2 and hence the amplitude of the oscillating
mode decreases faster than R(°). However the contribution of the oscillating mode tends to be
more important as we go back to the past. In fact, this behavior was confirmed in the numerical
simulations of [587, 36]. This property persists in the radiation-dominated epoch as well. If the
condition |[§R| < R is violated, then R can be negative such that the condition fp > 0 or
f rr > 0 is violated for the models (4.83) and (4.84). Thus we require that [0R| is smaller than
R©) at the beginning of the radiation era. This can be achieved by choosing the constant ¢ in
Eq. (8.106) to be sufficiently small, which amounts to a fine tuning for these models.

For the models (4.83) and (4.84) one has F' = 1—2nu(R/R.)~?""! in the regime R > R,.. Then
the field ¢ defined in Eq. (2.31) rapidly approaches 0 as we go back to the past. Recall that in the
Einstein frame the effective potential of the field has a potential minimum around ¢ = 0 because
of the presence of the matter coupling. Unless the oscillating mode of the field perturbation §¢
is strongly suppressed relative to the background field ¢(°), the system can access the curvature
singularity at ¢ = 0 [266]. This is associated with the condition |§R| < R(®) discussed above. This
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curvature singularity appears in the past, which is not related to the future singularities studied in
[461, 54]. The past singularity can be cured by taking into account the R? term [37], as we will see
in Section 13.3. We note that the f(R) models proposed in [427] [e.g., f(R) = R—aR.In(1+R/R.)]
to cure the singularity problem satisfy neither the local gravity constraints [580] nor observational
constraints of large-scale structure [194].

As long as the oscillating mode ¢ Ry is negligible relative to the matter-induced mode 0 R, g, we
can estimate the evolution of matter perturbations ,, as well as the effective gravitational potential
.. Note that in [192, 434] the perturbation equations have been derived without neglecting the
oscillating mode. As long as the condition |dRosc| < |0 Ring| is satisfied initially, the approximate
equation (8.100) is accurate to reproduce the numerical solutions [192, 589]. Equation (8.100) can
be written as

d2,, (1 ds,, 4+ 3M2a2 /K2
( 3 ) _gm +3Ma/ (8.108)

anz T\z 2% ) qN 3(1 + M2a2/k?)

where N = Ina, weg = —1—2H/(3H?), and Q,,, = 87Gp,/(3F H?). The matter-dominated epoch
corresponds to weg = 0 and Q,, = 1. In the regime M? > k?/a? the evolution of 4,, and ®.q
during the matter dominance is given by

S o< 213 ®o = constant (8.109)

where we used Eq. (8.99). The matter-induced mode § Rinq relative to the background Ricci scalar
R© evolves as |0Ring|/R© o t2/3 « §,,. At late times the perturbations can enter the regime
M? < k?/a?, depending on the wavenumber k and the mass M. When M? < k?/a?, the evolution
of §,, and P during the matter era is [568]

S o tVBB1/6 P g o ¢(V339)/6 (8.110)

For the model m(r) = C(—r — 1)P, the evolution of the matter-induced mode in the region M? <
k2 /a2 is given by |6 Rina|/R© o t=2P+(V33-5)/6  Thig decreases more slowly relative to the ratio
|6 Rose| /R [587], so the oscillating mode tends to be unimportant with time.

8.2 The impact on large-scale structure

We have shown that the evolution of matter perturbations during the matter dominance is given
by 8 o t2/3 for M2 > k2/a? (GR regime) and 6, oc t(V33-1/6 for M2 < k%/a? (scalar-tensor
regime), respectively. The existence of the latter phase gives rise to the modification to the matter
power spectrum [146, 74, 544, 526, 251] (see also [597, 493, 494, 94, 446, 278, 435] for related
works). The transition from the GR regime to the scalar-tensor regime occurs at M? = k?/a?. If
it occurs during the matter dominance (R ~ 3H?), the condition M? = k?/a? translates into [589]

m~ (aH/k)?, (8.111)

where we have used the relation M? ~ R/(3m) (valid for m < 1).
We are interested in the wavenumbers k relevant to the linear regime of the galaxy power
spectrum [577, 578]:
0.01h Mpe ™t <

~

k<0.,h Mpc™', (8.112)

where h = 0.72 £ 0.08 corresponds to the uncertainty of the Hubble parameter today. Non-linear
effects are important for k 2 0.2 h Mpc™!. The current observations on large scales around k ~
0.01 » Mpc~ ! are not so accurate but can be improved in future. The upper bound k = 0.2 h Mpc ™!
corresponds to k ~ 600agHy, where the subscript “0” represents quantities today. If the transition
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from the GR regime to the scalar-tensor regime occurred by the present epoch (the redshift z = 0)
for the mode k = 600agHy, then the parameter m today is constrained to be

m(z=0)>3x107°. (8.113)

When m(z = 0) < 3 x 107° the linear perturbations have been always in the GR regime by today,
in which case the models are not distinguished from the ACDM model. The bound (8.113) is
relaxed for non-linear perturbations with k£ 2 0.2h Mpc™!, but the linear analysis is not valid in
such cases.

If the transition characterized by the condition (8.111) occurs during the deep matter era
(z > 1), we can estimate the critical redshift z; at the transition point. In the following let us
consider the models (4.83) and (4.84). In addition to the approximations H? ~ H2QW (1 + z)3
and R ~ 3H? during the matter dominance, we use the the asymptotic forms m ~ C(—r — 1)27+!
and 7 ~ —1 — pR./R with C = 2n(2n + 1)/p®". Since the dark energy density today can be
approximated as pg% ~ pR./2, it follows that puR. ~ 6H§Qg%. Then the condition (8.111)
translates into the critical redshift [589]

) 0) \2m 1/(6n+4)
ok Vi ementy (2002 1 (8.114)
k aoHo M2n (9971)2(n+1) . .

Forn =1, p = 3, QSS) = 0.28, and k = 300agH; the numerical value of the critical redshift is
2, = 4.5, which is in good agreement with the analytic value estimated by (8.114).

The estimation (8.114) shows that, for larger k, the transition occurs earlier. The time ¢j at
the transition has a k-dependence: t;, o< k=3/(67+4) For ¢ > t;, the matter perturbation evolves as
Om X #(V33-1)/6 by the time ¢ = 5 corresponding to the onset of cosmic acceleration (& = 0). The

matter power spectrum Ps = |§,,|? at the time #, shows a difference compared to the case of the
ACDM model [568]:

\/ﬁ—l_g)
6 3 V33-5
x konia (8.115)

B, (ta) (75/\)2(

PgmACDM(tA) - tr

We caution that, when zj is close to zj (the redshift at ¢ = t,), the estimation (8.115) begins
to lose its accuracy. The ratio of the two power spectra today, i.e., Ps_(to)/Ps, *“PM(tg) is in
general different from Eq. (8.115). However, numerical simulations in [587] show that the difference
is small for n of the order of unity.

The modified evolution (8.110) of the effective gravitational potential for z < zj leads to the
integrated Sachs—Wolfe (ISW) effect in CMB anisotropies [544, 382, 545]. However this is limited
to very large scales (low multipoles) in the CMB spectrum. Meanwhile the galaxy power spectrum
is directly affected by the non-standard evolution of matter perturbations. From Eq. (8.115) there
should be a difference between the spectral indices of the CMB spectrum and the galaxy power
spectrum on the scale (8.112) [568]:

V33 -5
Ang = ———. 8.116
" ont4 (8.116)
Observationally we do not find any strong signature for the difference of slopes of the two spectra.
If we take the mild bound Ang < 0.05, we obtain the constraint n > 2. Note that in this case the
local gravity constraint (5.60) is also satisfied.
In order to estimate the growth rate of matter perturbations, we introduce the growth index =
defined by [484]
5 -
=0 @), 8.117
fs=4 5 () ( )
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where Q,, = k%pp/(3H?) = FQ,,. This choice of Q,, comes from writing Eq. (4.59) in the form
3H? = ppg + k%pm, where ppg = (FR — f)/2 — 3HEF + 3H?(1 — F) and we have ignored the
contribution of radiation. Since the viable f(R) models are close to the ACDM model in the region
of high density, the quantity F approaches 1 in the asymptotic past. Defining ppg and €, in the
above way, the Friedmann equation can be cast in the usual GR form with non-relativistic matter
and dark energy [568, 270, 589].

The growth index in the ACDM model corresponds to v ~ 0.55 [612, 395], which is nearly
constant for 0 < z < 1. In f(R) gravity, if the perturbations are in the GR regime (M? > k?/a?)
today, v is close to the GR value. Meanwhile, if the transition to the scalar-tensor regime occurred
at the redshift zj, larger than 1, the growth index becomes smaller than 0.55 [270]. Since 0 < Q,,, <
1, the smaller v implies a larger growth rate.

0.5~ ——— ACDM

——————— k=0.01 h Mpc™'
T - k=0.033h Mpc ™" ]
04~ k=0.1hMpc™' A
\\\ — — k=02hMpc” ]
~ 0.3j \\:\1\\\ -

Nl e
0.2 N .
AN
A

AN ]
I N ]
0.1f N
L N N
\\ N
N
<
L \Y

0.0 L L L | L L L | L L L | L L L | L L L

0.0 0.2 0.4 0.6 0.8 1.0

z

Figure 4: Evolution of v versus the redshift z in the model (4.83) with n = 1 and p = 1.55 for four
different values of k. For these model parameters the dispersion of v with respect to k is very small. All
the perturbation modes shown in the figure have reached the scalar-tensor regime (M < k2 / a2) by today.
From [589].

In Figure 4 we plot the evolution of the growth index + in the model (4.83) with n = 1 and
@ = 1.55 for a number of different wavenumbers. In this case the present value of v is degenerate
around o ~ 0.41 independent of the scales of our interest. For the wavenumbers k = 0.1 h Mpc ™!
and k = 0.01 h Mpc ™' the transition redshifts correspond to z, = 5.2 and z;, = 2.7, respectively.
Hence these modes have already entered the scalar-tensor regime by today.

From Eq. (8.114) we find that z; gets smaller for larger n and p. If the mode k = 0.2 h Mpc™*
crossed the transition point at z, > O(1) and the mode k = 0.01 h Mpc™ " has marginally entered
(or has not entered) the scalar-tensor regime by today, then the growth indices should be strongly
dispersed. For sufficiently large values of n and p one can expect that the transition to the regime
M? < k?/a? has not occurred by today. The following three cases appear depending on the values
of n and p [589]:

(i) All modes have the values of vy close to the ACDM value: 79 = 0.55, i.e., 0.53 < vy < 0.55.
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Figure 5: The regions (i), (ii) and (iii) for the model (4.84). We also show the bound n > 0.9 coming
from the local gravity constraints as well as the condition (4.87) coming from the stability of the de Sitter
point. From [589].

(ii) All modes have the values of vy close to the value in the range 0.40 < o < 0.43.
(iii) The values of 7o are dispersed in the range 0.40 < v < 0.55.

The region (i) corresponds to the opposite of the inequality (8.113), i.e., m(z = 0) < 3 x 1076,
in which case n and p take large values. The border between (i) and (iii) is characterized by
the condition m(z = 0) ~ 3 x 1076, The region (ii) corresponds to small values of n and p (as
in the numerical simulation of Figure 4), in which case the mode k = 0.01 A Mpc ™! entered the
scalar-tensor regime for z, > O(1).

The regions (i), (ii), (ili) can be found numerically by solving the perturbation equations. In
Figure 5 we plot those regions for the model (4.84) together with the bounds coming from the local
gravity constraints as well as the stability of the late-time de Sitter point. Note that the result in
the model (4.83) is also similar to that in the model (4.84). The parameter space for n < 3 and
= O(1) is dominated by either the region (ii) or the region (iii). While the present observational
constraint on + is quite weak, the unusual converged or dispersed spectra found above can be
useful to distinguish metric f(R) gravity from the ACDM model in future observations. We also
note that for other viable f(R) models such as (4.89) the growth index today can be as small
as vo ~ 0.4 [589]. If future observations detect such unusually small values of 7o, this can be a
smoking gun for f(R) models.

8.3 Non-linear matter perturbations

So far we have discussed the evolution of linear perturbations relevant to the matter spectrum
for the scale k& < 0.01-0.2h Mpc™!. For smaller scale perturbations the effect of non-linearity
becomes important. In GR there are some mapping formulas from the linear power spectrum to
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the non-linear power spectrum such as the halo fitting by Smith et al. [540]. In the halo model the
non-linear power spectrum P(k) is defined by the sum of two pieces [169]:

P(k) = (k) + (k)2 Py (k) (8.118)

where Pr (k) is a linear power spectrum and

2 2
dM [ M dn 9 dM [ M dn
I (k) :/ﬁ (59) Tz Y (M, k), I (k) :/ﬁ (5,?) mb(M)y(ka)-

p p
(8.119)

Here M is the mass of dark matter halos, p£2) is the dark matter density today, dn/dIn M is the
mass function describing the comoving number density of halos, y(M, k) is the Fourier transform
of the halo density profile, and b(M) is the halo bias.

In modified gravity theories, Hu and Sawicki (HS) [307] provided a fitting formula to describe
a non-linear power spectrum based on the halo model. The mass function dn/dIn M and the
halo profile p depend on the root-mean-square o (M) of a linear density field. The Sheth-Tormen
mass function [535] and the Navarro-Frenk—White halo profile [449] are usually employed in GR.
Replacing o for ogr obtained in the GR dark energy model that follows the same expansion
history as the modified gravity model, we obtain a non-linear power spectrum P(k) according to
Eq. (8.118). In [307] this non-linear spectrum is called P (k). It is also possible to obtain a non-
linear spectrum Py (k) by applying a usual (halo) mapping formula in GR to modified gravity. This
approach is based on the assumption that the growth rate in the linear regime determines the non-
linear spectrum. Hu and Sawicki proposed a parametrized non-linear spectrum that interpolates
between two spectra Py, (k) and Py(k) [307]:

Po(k) + caX?(k) P (k)

Pk) = 1+ cn¥?(k) 7

(8.120)

where ¢, is a parameter which controls whether P(k) is close to Py(k) or Py (k). In [307] they
have taken the form ¥2(k) = k3P (k)/(27?).

The validity of the HS fitting formula (8.120) should be checked with N-body simulations in
modified gravity models. In [478, 479, 529] N-body simulations were carried out for the f(R)
model (4.83) with n = 1/2 (see also [562, 379] for N-body simulations in other modified gravity
models). The chameleon mechanism should be at work on small scales (solar-system scales) for the
consistency with local gravity constraints. In [479] it was found that the chameleon mechanism
tends to suppress the enhancement of the power spectrum in the non-linear regime that corresponds
to the recovery of GR. On the other hand, in the post Newtonian intermediate regime, the power
spectrum is enhanced compared to the GR case at the measurable level.

Koyama et al. [371] studied the validity of the HS fitting formula by comparing it with the
results of N-body simulations. Note that in this paper the parametrization (8.120) was used as
a fitting formula without employing the halo model explicitly. In their notation P, corresponds
to “Phon—ar” derived without non-linear interactions responsible for the recovery of GR (i.e.,
gravity is modified down to small scales in the same manner as in the linear regime), whereas Ps,
corresponds to “Pgr” obtained in the GR dark energy model following the same expansion history
as that in the modified gravity model. Note that ¢y characterizes how the theory approaches GR
by the chameleon mechanism. Choosing ¥ as

1/3
Y2 (k,z) = (ZIfQPL(k,z)> , (8.121)

where Pp, is the linear power spectrum in the modified gravity model, they showed that, in the
f(R) model (4.83) with n = 1/2, the formula (8.120) can fit the solutions in perturbation theory
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Figure 6: Comparison between N-body simulations and the two fitting formulas in the f(R) model (4.83)
with n = 1/2. The circles and triangles show the results of N-body simulations with and without the
chameleon mechanism, respectively. The arrow represents the maximum value of k(= 0.08 h Mpcfl) by
which the perturbation theory is valid. (Left) The fitting formula by Smith et al. [540] is used to predict
Phon—cr and Pgr. The solid and dashed lines correspond to the power spectra with and without the
chameleon mechanism, respectively. For the chameleon case cni(z) is determined by the perturbation
theory with cni(z = 0) = 0.085. (Right) The N-body results in [479] are interpolated to derive Puon—cr
without the chameleon mechanism. The obtained Pnon—gr is used for the HS fitting formula to derive the

power spectrum P in the chameleon case. From [371].
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very well by allowing the time-dependence of the parameter ¢y in terms of the redshift z. In the
regime 0 < z < 1 the parameter ¢, is approximately given by cy(z = 0) = 0.085.

In the left panel of Figure 6 the relative difference of the non-linear power spectrum P(k) from
the GR spectrum Pggr(k) is plotted as a dashed curve (“no chameleon” case with ¢, = 0) and
as a solid curve (“chameleon” case with non-zero ¢, derived in the perturbative regime). Note
that in this simulation the fitting formula by Smith et al. [540] is used to obtain the non-linear
power spectrum from the linear one. The agreement with N-body simulations is not very good
in the non-linear regime (k > 0.1h Mpc_l). In [371] the power spectrum P,on—gr in the no
chameleon case (i.e., ¢, = 0) was derived by interpolating the N-body results in [479]. This is
plotted as the dashed line in the right panel of Figure 6. Using this spectrum P,,,_ggr for ¢, # 0,
the power spectrum in N-body simulations in the chameleon case can be well reproduced by the
fitting formula (8.120) for the scale k < 0.5h Mpc™! (see the solid line in Figure 6). Although
there is some deviation in the regime k& > 0.5h Mpc ™', we caution that N-body simulations have
large errors in this regime. See [530] for clustered abundance constraints on the f(R) model (4.83)
derived by the calibration of N-body simulations.

In the quasi non-linear regime a normalized skewness, S3 = (63,)/(62,)%, of matter pertur-
bations can provide a good test for the picture of gravitational instability from Gaussian initial
conditions [79]. If large-scale structure grows via gravitational instability from Gaussian initial per-
turbations, the skewness in a universe dominated by pressureless matter is known to be S3 = 34/7
in GR [484]. In the ACDM model the skewness depends weakly on the expansion history of the
universe (less than a few percent) [335]. In f(R) dark energy models the difference of the skewness
from the ACDM model is only less than a few percent [576], even if the growth rate of matter
perturbations is significantly different. This is related to the fact that in the Einstein frame dark
energy has a universal coupling @ = —1/ V/6 with all non-relativistic matter, unlike the coupled
quintessence scenario with different couplings between dark energy and matter species (dark mat-
ter, baryons) [30].

8.4 Cosmic Microwave Background

The effective gravitational potential (8.98) is directly related to the ISW effect in CMB anisotropies.
This contributes to the temperature anisotropies today as an integral [308, 214]

70 dCI)e )
Osw = / dne™" H]g[k(?]o —n), (8.122)
0

dn

where 7 is the optical depth, n = [ a~'dt is the conformal time with the present value 79, and
Jelk(no — n)] is the spherical Bessel function for CMB multipoles ¢ and the wavenumber k. In
the limit ¢ > 1 (i.e., small-scale limit) the spherical Bessel function has a dependence jy(z) ~
(1/€)(x/£)*~'/2, which is suppressed for large ¢. Hence the dominant contribution to the ISW
effect comes from the low ¢ modes (¢ = O(1)).

In the ACDM model the effective gravitational potential is constant during the matter domi-
nance, but it begins to decay after the Universe enters the epoch of cosmic acceleration (see the
left panel of Figure 7). This late-time variation of ®.¢ leads to the contribution to ©rgw, which
works as the ISW effect.

For viable f(R) dark energy models the evolution of ®.¢ during the early stage of the matter
era is constant as in the ACDM model. After the transition to the scalar-tensor regime, the
effective gravitational potential evolves as ®Peg #(V33-5)/6 during the matter dominance [as we
have shown in Eq. (8.110)]. The evolution of ®.¢ during the accelerated epoch is also subject to
change compared to the ACDM model. In the left panel of Figure 7 we show the evolution of ®eg
versus the scale factor a for the wavenumber k = 1073 Mpc ™' in several different cases. In this
simulation the background cosmological evolution is fixed to be the same as that in the ACDM
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Figure 7: (Left) Evolution of the effective gravitational potential ®.g (denoted as ®_ in the figure) versus
the scale factor a (with the present value a = 1) on the scale k™ = 10® Mpc for the ACDM model and f(R)
models with By = 0.5, 1.5, 3.0, 5.0. As the parameter By increases, the decay of ®.g decreases and then
turns into growth for By 2 1.5. (Right) The CMB power spectrum £(¢ + 1)C,/(27) for the ACDM model
and f(R) models with By = 0.5, 1.5, 3.0, 5.0. As By increases, the ISW contributions to low multipoles
decrease, reach the minimum around By = 1.5, and then increase. The black points correspond to the
WMAP 3-year data [561]. From [545].

model. In order to quantify the difference from the ACDM model at the level of perturbations,
[628, 544, 545] defined the following quantity
R H

B=m RO (8.123)
where m = Rf rr/f r. If the effective equation of state weg defined in Eq. (4.69) is constant, it then
follows that R = 3H?(1 — 3weg) and hence B = 2m. The stability of cosmological perturbations
requires the condition B > 0 [544, 526]. The left panel of Figure 7 shows that, as we increase the
values of B today (= By), the evolution of @ at late times tends to be significantly different from
that in the ACDM model. This comes from the fact that, for increasing B, the transition to the
scalar-tensor regime occurs earlier.

From the right panel of Figure 7 we find that, as By increases, the CMB spectrum for low
multipoles first decreases and then reaches the minimum around By = 1.5. This comes from the
reduction in the decay rate of ®.g relative to the ACDM model, see the left panel of Figure 7.
Around By = 1.5 the effective gravitational potential is nearly constant, so that the ISW effect is
almost absent (i.e., Osw &~ 0). For By = 1.5 the evolution of ®.g turns into growth. This leads to
the increase of the large-scale CMB spectrum, as By increases. The spectrum in the case By = 3.0
is similar to that in the ACDM model. The WMAP 3-year data rule out By > 4.3 at the 95%
confidence level because of the excessive ISW effect [545].

There is another observational constraint coming from the angular correlation between the
CMB temperature field and the galaxy number density field induced by the ISW effect [544]. The
f(R) models predict that, for By 2 1, the galaxies are anticorrelated with the CMB because of the
sign change of the ISW effect. Since the anticorrelation has not been observed in the observational
data of CMB and LSS, this places an upper bound of By < 1 [545]. This is tighter than the bound
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By < 4.3 coming from the CMB angular spectrum discussed above.

Finally we briefly mention stochastic gravitational waves produced in the early universe [421,
172, 122, 123, 174, 173, 196, 20]. For the inflation model f(R) = R + R?/(6M?) the primor-
dial gravitational waves are generated with the tensor-to-scalar ratio r of the order of 1073, see
Eq. (7.73). It is also possible to generate stochastic gravitational waves after inflation under the
modification of gravity. Capozziello et al. [122, 123] studied the evolution of tensor perturbations
for a toy model f = R'*¢ in the FLRW universe with the power-law evolution of the scale factor.
Since the parameter ¢ is constrained to be very small (|e] < 7.2 x 10719) [62, 160], it is very diffi-
cult to detect the signature of f(R) gravity in the stochastic gravitational wave background. This
property should hold for viable f(R) dark energy models in general, because the deviation from
GR during the radiation and the deep matter era is very small.
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9 Palatini Formalism

In this section we discuss f(R) theory in the Palatini formalism [481]. In this approach the
action (2.1) is varied with respect to both the metric g,, and the connection I'g.. Unlike the
metric approach, g,, and I’g,y are treated as independent variables. Variations using the Palatini
approach [256, 607, 608, 261, 262, 260] lead to second-order field equations which are free from
the instability associated with negative signs of f gr [422, 423]. We note that even in the 1930s
Lanczos [378] proposed a specific combination of curvature-squared terms that lead to a second-
order and divergence-free modified Einstein equation.

The background cosmological dynamics of Palatini f(R) gravity has been investigated in [550,
553, 21, 253, 495], which shows that the sequence of radiation, matter, and accelerated epochs
can be realized even for the model f(R) = R — a/R™ with n > 0 (see also [424, 457, 495]). The
equations for matter density perturbations were derived in [359]. Because of a large coupling @
between dark energy and non-relativistic matter dark energy models based on Palatini f(R) gravity
are not compatible with the observations of large-scale structure, unless the deviation from the
ACDM model is very small [356, 386, 385, 597]. Such a large coupling also gives rise to non-
perturbative corrections to the matter action, which leads to a conflict with the Standard Model
of particle physics [261, 262, 260] (see also [318, 472, 473, 475, 55]).

There are also a number of works [470, 471, 216, 552] about the Newtonian limit in the Palatini
formalism (see also [18, 19, 107, 331, 511, 510]). In particular it was shown in [55, 56] that the non-
dynamical nature of the scalar-field degree of freedom can lead to a divergence of non-vacuum static
spherically symmetric solutions at the surface of a compact object for commonly-used polytropic
equations of state. Hence Palatini f(R) theory is difficult to be compatible with a number of
observations and experiments, as long as the models are constructed to explain the late-time cosmic
acceleration. Moreover it is also known that in Palatini gravity the Cauchy problem [609] is not
well-formulated due to the presence of higher derivatives of matter fields in field equations [377]
(see also [520, 135] for related works). We also note that the matter Lagrangian (such as the
Lagrangian of Dirac particles) cannot be simply assumed to be independent of connections. Even
in the presence of above mentioned problems it will be useful to review this theory because we
can learn the way of modifications of gravity from GR to be consistent with observations and
experiments.

9.1 Field equations

Let us derive field equations by treating g,, and I'j  as independent variables. Varying the
action (2.1) with respect to g,.,, we obtain

F(R)Ru(T) = 5 (Rgu = #*THD, (91)

where F'(R) = 0f/OR, Ry, (T') is the Ricci tensor corresponding to the connections I'g. , and Téy)
is defined in Eq. (2.5). Note that R, (I') is in general different from the Ricci tensor calculated in
terms of metric connections R, (¢g). The trace of Eq. (9.1) gives

F(R)R —2f(R) = kT, (9.2)

where T' = g"”T,Eﬁ/[). Here the Ricci scalar R(T) is directly related to T and it is different from
the Ricci scalar R(g) = ¢"" Ry, (g) in the metric formalism. More explicitly we have the following
relation [556]

3 3

R(T) = R(g) + W(Vuf'(R(T)))(V“f'(R(T))) +
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where a prime represents a derivative in terms of R(T). The variation of the action (2.1) with
respect to the connection leads to the following equation

1 K2T, v FR(T) —f 1
R/w(g) - ig/wR(g) = FM - oF Guv + F(V;LVVF - g;wDF)
3 1 ,

In Einstein gravity (f(R) = R — 2A and F(R) = 1) the field equations (9.2) and (9.4) are
identical to the equations (2.7) and (2.4), respectively. However, the difference appears for the f(R)
models which include non-linear terms in R. While the kinetic term OF' is present in Eq. (2.7),
such a term is absent in Palatini f(R) gravity. This has the important consequence that the
oscillatory mode, which appears in the metric formalism, does not exist in the Palatini formalism.
As we will see later on, Palatini f(R) theory corresponds to Brans—-Dicke (BD) theory [100] with
a parameter wgp = —3/2 in the presence of a field potential. Such a theory should be treated
separately, compared to BD theory with wpp # —3/2 in which the field kinetic term is present.

As we have derived the action (2.21) from (2.18), the action in Palatini f(R) gravity is equivalent
to

S = /d%\/?g [222<pR(T) - U(gp)} +/d4:v£M(gW,\I!M), (9.5)
where
R(D) f'(R(T)) — f(R(T))
2K2 '

Since the derivative of U in terms of ¢ is U, = R/(2x?), we obtain the following relation from
Eq. (9.2):

p=f(R(T), U=

(9.6)

AU — 20U, =T. (9.7)

Using the relation (9.3), the action (9.5) can be written as

5= [ aov=a | gmelo) + 152 (Ve? - U)| + [atelulou ). 09

Comparing this with Eq. (2.23) in the unit x? = 1, we find that Palatini f(R) gravity is equivalent
to BD theory with the parameter wpp = —3/2 [262, 470, 551]. As we will see in Section 10.1, this
equivalence can be also seen by comparing Eqgs. (9.1) and (9.4) with those obtained by varying the
action (2.23) in BD theory. In the above discussion we have implicitly assumed that £, does not
explicitly depend on the Christoffel connections I‘ﬁ,,. This is true for a scalar field or a perfect
fluid, but it is not necessarily so for other matter Lagrangians such as those describing vector fields.

There is another way for taking the variation of the action, known as the metric-affine formal-
ism [299, 558, 557, 121]. In this formalism the matter action Sy; depends not only on the metric
guv but also on the connection I‘f;,j. Since the connection is independent of the metric in this ap-
proach, one can define the quantity called hypermomentum [299], as AY” = (=2/y/=g)6Ly /0T,
The usual assumption that the connection is symmetric is also dropped, so that the antisymmetric

quantity called the Cartan torsion tensor, S;)V = Ff\w]7 is defined. The non-vanishing property of

S;)Zu allows the presence of torsion in this theory. If the condition A[)\“ - holds, it follows that
the Cartan torsion tensor vanishes (S5, = 0) [558]. Hence the torsion is induced by matter fields
with the anti-symmetric hypermomentum. The f(R) Palatini gravity belongs to f(R) theories in
the metric-affine formalism with AY” = 0. In the following we do not discuss further f(R) the-
ory in the metric-affine formalism. Readers who are interested in those theories may refer to the

papers [557, 556].
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9.2 Background cosmological dynamics

We discuss the background cosmological evolution of dark energy models based on Palatini f(R)
gravity. We shall carry out general analysis without specifying the forms of f(R). We take into
account non-relativistic matter and radiation whose energy densities are p,, and p,, respectively.
In the flat FLRW background (2.12) we obtain the following equations

FR—2f = —K’pp, (9.9)
. 2
F 2

6F(H+ x| —f=x (pm + 2pr) (9.10)

together with the continuity equations, pn, + 3Hpy, = 0 and p, + 4Hp, = 0. Combing Egs. (9.9)
and (9.10) together with continuity equations, it follows that

. 3k2H pom, FR-2f
R=———"—=-3H——— 9.11
FrR—-F FRR—F7 ( )

262 (o + pr) + FR— f
H? = LRIk 9.12
o , (912)
where )
3FRr(FR—-2

= 1_,M (9.13)

2 F(FrR-F)

In order to discuss cosmological dynamics it is convenient to introduce the dimensionless vari-
ables:

FR—f K2py.
= = 9.14
'A% 6F§H2 ) Y2 3F§H2 ) ( )
by which Eq. (9.12) can be written as
K2 pm
=1—y —yo. 1
3FEH? Y1 — Y2 (9.15)
Differentiating y; and y, with respect to N = In a, we obtain [253]
dy B
aN —n B=3u+y2+C(R)(1—y1)], (9.16)
d
di?]/; =y2[~1=3y1 +y2 — C(R)y1] , (9.17)
where )
RE (FR—2f)F R
CR=——7—F=-3 : . 9.18
B =HER—) ~ (PR [)(Frk - F) (5.18)
The following constraint equation also holds
1—y1—yo FR-2f
=— . 9.19
2y1 FR—f (9.19)
Hence the Ricci scalar R can be expressed in terms of y; and ys.
Differentiating Eq. (9.11) with respect to ¢, it follows that
H 3 3 1 F ' FR
=5t 5y~ Y2 ‘ + (9.20)

H? 22 277 2HF 2H¢ ' 12FEH3

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2010-3


http://www.livingreviews.org/lrr-2010-3

f(R) Theories 67

from which we get the effective equation of state:

3H2 - T3 T 3EF T 3He T 18FEH?

Weg = —1 (9.21)

The cosmological dynamics is known by solving Eqs. (9.16) and (9.17) with Eq. (9.18). If C(R) is
not constant, then one can use Eq. (9.19) to express R and C(R) in terms of y; and ys.

The fixed points of Egs. (9.16) and (9.17) can be found by setting dy; /dN = 0 and dy,/dN = 0.
Even when C'(R) is not constant, except for the cases C(R) = —3 and C(R) = —4, we obtain the
following fixed points [253]:

L. Py (y1,y2) = (0,1),
2. Py (y1,y2) = (0,0),
3. Py (y1,92) = (1,0).

The stability of the fixed points can be analyzed by considering linear perturbations about them.
As long as dC/dy; and dC/dy, are bounded, the eigenvalues A1 and Ag of the Jacobian matrix of
linear perturbations are given by

1. PTZ ()\1,)\2) = (4+C(R)71>,
2. Pn: (M1, 2) = 3+ C(R),—1),
3. Pdi ()\1, )\2) S (—3 - C(R), —4 — C(R)) .

In the ACDM model (f(R) = R — 2A) one has wegr = —y1 + y2/3 and C(R) = 0. Then the
points Py, Pp,, and Py correspond to weg = 1/3, (A1, A2) = (4, 1) (radiation domination, unstable),
Wet = 0, (A1, A2) = (3,—1) (matter domination, saddle), and weg = —1, (A1, A2) = (—3,—4)
(de Sitter epoch, stable), respectively. Hence the sequence of radiation, matter, and de Sitter
epochs is in fact realized.

Let us next consider the model f(R) = R — /R™ with § > 0 and n > —1. In this case the
quantity C(R) is
RY™ —(2+n)B
R 4 n(2+4n)8"

C(R) = 3n (9.22)

The constraint equation (9.19) gives

8 21
_ _ 9.23
RA™ By +n(yr —y2+1) —y2 + 1 (9:23)

The late-time de Sitter point corresponds to R**™ = (2 + n)A3, which exists for n > —2. Since
C(R) = 0 in this case, the de Sitter point Py is stable with the eigenvalues (A1, A2) = (=3, —4).
During the radiation and matter domination we have /R < 1 (i.e., f(R) ~ R) and hence
C(R) = 3n. P, corresponds to the radiation point (weg = 1/3) with the eigenvalues (A1, A2) =
(44 3n,1), whereas P, to the matter point (w.g = 0) with the eigenvalues (A1, A\2) = (3+3n, —1).
Provided that n > —1, P. and P,, correspond to unstable and saddle points respectively, in
which case the sequence of radiation, matter, and de Sitter eras can be realized. For the models
f(R) = R+ aR™ — §/R", it was shown in [253] that unified models of inflation and dark energy
with radiation and matter eras are difficult to be realized.

In Figure 8 we plot the evolution of weg as well as y; and y, for the model f(R) =R — 8/R"
with n = 0.02. This shows that the sequence of (P,) radiation domination (weg = 1/3), (Pp)
matter domination (weg = 0), and de Sitter acceleration (weg = —1) is realized. Recall that in
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Figure 8: The evolution of the variables y1 and y2 for the model f(R) = R—(/R"™ with n = 0.02, together
with the effective equation of state weg. Initial conditions are chosen to be y1 = 1074% and yo = 1.0— 1075,
From [253].

metric f(R) gravity the model f(R) = R — 8/R™ (8 > 0, n > 0) is not viable because f ggr is
negative. In Palatini f(R) gravity the sign of f rr does not matter because there is no propagating
degree of freedom with a mass M associated with the second derivative f gg [554].

In [21, 253] the dark energy model f(R) = R— j3/R"™ was constrained by the combined analysis
of independent observational data. From the joint analysis of Super-Nova Legacy Survey [39],
BAO [227] and the CMB shift parameter [561], the constraints on two parameters n and /5 are
n € [—0.23,0.42] and 8 € [2.73,10.6] at the 95% confidence level (in the unit of Hy = 1) [253].
Since the allowed values of n are close to 0, the above model is not particularly favored over the
ACDM model. See also [116, 148, 522, 46, 47] for observational constraints on f(R) dark energy
models based on the Palatini formalism.

9.3 Matter perturbations

We have shown that f(R) theory in the Palatini formalism can give rise to the late-time cosmic
acceleration preceded by radiation and matter eras. In this section we study the evolution of
matter density perturbations to confront Palatini f(R) gravity with the observations of large-scale
structure [359, 356, 357, 598, 380, 597]. Let us consider the perturbation dp,, of non-relativistic
matter with a homogeneous energy density p,,. Koivisto and Kurki-Suonio [359] derived perturba-
tion equations in Palatini f(R) gravity. Using the perturbed metric (6.1) with the same variables
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as those introduced in Section 6, the perturbation equations are given by

F 1 (3F?
—w+ <H+>A+2F <2F+3HF>

R A 3F :
- F+4+|==+4+3H|0F—k? .24
e L e L P—
o1 3F .
Hao—tp=— |6F— |H+ == |6F - F 2 2
a— 5 ) ( +2F>6 a+k pmvl, (9.25)
1 .

)'(+Hx—a—¢:f(5F—FX), (9.26)

. F 3F 3HF 3F? A 3F

A 2H+— | A H+ "=+ = i

+< +2> +<3 + 57 F2+a> a+g5d

3?2 A 6E\ - .

2 2 s o
=55 K20 pm + <6H +6H + 7 — B a2>5F+ <3H F>6F+35F , (9.27)
R6F — F6R = —K%5ppm (9.28)

where the Ricci scalar R can be understood as R(T).
From Eq. (9.28) the perturbation §F can be expressed by the matter perturbation dp,,, as

Q HQ(Spm

F:
0 R 1—-m

(9.29)

where m = RF r/F. This equation clearly shows that the perturbation 0F' is sourced by the
matter perturbation only, unlike metric f(R) gravity in which the oscillating mode of § F' is present.
The matter perturbation dp,, and the velocity potential v obey the same equations as given in
Egs. (8.86) and (8.87), which results in Eq. (8.89) in Fourier space.

Let us consider the perturbation equations in Fourier space. We choose the Longitudinal gauge
(x =0) with a = ® and ¢ = —W¥. In this case Eq. (9.26) gives

5F
Vo= (9.30)

Under the quasi-static approximation on sub-horizon scales used in Section 8.1, Egs. (9.24) and
(8.89) reduce to

quf ! 5F — K26 (9.31)
a2 2F Pm ) ‘

.. . k2

Om + 2Hop + —® 0. (9.32)

Combining Eq. (9.30) with Eq. (9.31), we obtain

k2 K28 prm ¢ k2 K28 pum ¢
— VU =— 1— —d =— 1 9.33
a? 2F ( 1m)’ a? 2F ( +1m)’ ( )
where ) )
k*F g k
= —-X=—m. 9.34
¢ a? F aQRm ( )
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Then the matter perturbation satisfies the following Eq. [597]

. . K2 pm ¢
Om + 2H by — ¥a <1+1 m)ém_o. (9.35)

The effective gravitational potential defined in Eq. (8.98) obeys

K2 a2

2F k2"

Do ~ (9.36)
In the above approximation we do not need to worry about the dominance of the oscillating mode
of perturbations in the past. Note also that the same approximate equation of d,, as Eq. (9.35)
can be derived for different gauge choices [597].

The parameter ¢ is a crucial quantity to characterize the evolution of perturbations. This
quantity can be estimated as ¢ ~ (k/aH)?m, which is much larger than m for sub-horizon modes
(k> aH). In the regime ¢ < 1 the matter perturbation evolves as J,, x t2/3. Meanwhile the
evolution of §,, in the regime ¢ > 1 is completely different from that in GR. If the transition
characterized by ¢ = 1 occurs before today, this gives rise to the modification to the matter
spectrum compared to the GR case.

In the regime ¢ > 1, let us study the evolution of matter perturbations during the matter
dominance. We shall consider the case in which the parameter m (with |m| < 1) evolves as

m o tP (9.37)

where p is a constant. For the model f(R) = R — uR.(R/R.)" (n < 1) the power p corresponds
to p = 1+ n, whereas for the models (4.83) and (4.84) with n > 0 one has p = 1 4 2n. During the
matter dominance the parameter ¢ evolves as ¢ = #(t/t;)?+%/3 where the subscript “k” denotes
the value at which the perturbation crosses ( = +1. Here 4+ and — signs correspond to the cases
m > 0 and m < 0, respectively. Then the matter perturbation equation (9.35) reduces to

d?6,, 1dé6, 3

- — 214 BPEDIN=Ne) | 5 — . 9.38
dN? T2 dN 2[ ¢ } (9.38)

When m > 0, the growing mode solution to Eq. (9.38) is given by

\/66(3;0+1)(N—Nk)/2> Sm _ @e(3p+1)(N_Nk)/2.

= _om_ 9.39
3p+1 ° T Hs, 2 (9.39)

Om X €Xp <
This shows that the perturbations exhibit violent growth for p > —1/3, which is not compatible
with observations of large-scale structure. In metric f(R) gravity the growth of matter perturba-
tions is much milder.
When m < 0, the perturbations show a damped oscillation:
1 3p+1

S 0 e~ (BPT2(N—Ni)/4 cos(z + 0) fs = 71(31, +2)—

rtan(z +0), (9.40)

where z = /6eGPHUWN=Ne)/2 /(35 1 1), and 6 is a constant. The averaged value of the growth
rate f5 is given by fs = —(3p + 2)/4, but it shows a divergence every time z changes by 7. These
negative values of f5 are also difficult to be compatible with observations.

The f(R) models can be consistent with observations of large-scale structure if the universe
does not enter the regime || > 1 by today. This translates into the condition [597]

Im(z = 0)| < (aoHo/k)?. (9.41)
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Let us consider the wavenumbers 0.01 h Mpc ™! <k <0.2h Mpc™! that corresponds to the linear
regime of the matter power spectrum. Since the wavenumber k& = 0.2h Mpc™' corresponds to
k =~ 600agH, (where “0” represents present quantities), the condition (9.41) gives the bound
Im(z =0)] <3 x1075.

If we use the observational constraint of the growth rate, fs < 1.5 [418, 605, 211], then
the deviation parameter m today is constrained to be |m(z =0)] < 107°-107* for the model
f(R) = R— AR.(R/R.)" (n < 1) as well as for the models (4.83) and (4.84) [597]. Recall that,
in metric f(R) gravity, the deviation parameter m can grow to the order of 0.1 by today. Mean-
while f(R) dark energy models based on the Palatini formalism are hardly distinguishable from
the ACDM model [356, 386, 385, 597]. Note that the bound on m(z = 0) becomes even severer by
considering perturbations in non-linear regime. The above peculiar evolution of matter perturba-
tions is associated with the fact that the coupling between non-relativistic matter and a scalar-field
degree of freedom is very strong (as we will see in Section 10.1).

The above results are based on the fact that dark matter is described by a cold and perfect fluid
with no pressure. In [358] it was suggested that the tight bound on the parameter m can be relaxed
by considering imperfect dark matter with a shear stress. Although the approach taken in [358]
did not aim to explain the origin of a dark matter stress Il that cancels the k-dependent term in
Eq. (9.35), it will be of interest to further study whether some theoretically motivated choice of II
really allows the possibility that Palatini f(R) dark energy models can be distinguished from the
ACDM model.

9.4 Shortcomings of Palatini f(R) gravity

In addition to the fact that Palatini f(R) dark energy models are hardly distinguished from the
ACDM model from observations of large-scale structure, there are a number of problems in Palatini
f(R) gravity associated with non-dynamical nature of the scalar-field degree of freedom.

The dark energy model f = R — p*/R based on the Palatini formalism was shown to be in
conflict with the Standard Model of particle physics [261, 262, 260, 318, 55] because of large non-
perturbative corrections to the matter Lagrangian [here we use R for the meaning of R(T)]. Let
us consider this issue for a more general model f = R — p>™*1) /R". From the definition of ¢ in
Eq. (9.6) the field potential U(yp) is given by

n+1 pu?

= W?W — /) (9.42)

U(p)

where ¢ = 1 + nu? Y R="=1 Using Eq. (9.7) for the vacuum (T = 0), we obtain the solution

2(n+1) '

4
n+2 (9-43)

p(T'=0)=

In the presence of matter we expand the field ¢ as ¢ = (T = 0) + dp. Substituting this into
Eq. (9.7), we obtain
n k2T
(n+2)m1 B2
For n = O(1) we have dp =~ #°T/p?* = T/(p*M}) with (T = 0) ~ 1. Let us consider a matter
action of a Higgs scalar field ¢ with mass mg:

dp ~ (9.44)

Sy = /d4x\/—g {—;g“”ﬁﬂgbayqﬁ — %midﬂ . (9.45)

Since T' =~ m3d¢? it follows that dp ~ m3d¢*/(u*Mp). Perturbing the Jordan-frame action (9.8)
[which is equivalent to the action in Palatini f(R) gravity] to second-order and using the solution
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o1+ miéd)Q/(pzMgl), we find that the effective action of the Higgs field ¢ for an energy scale
E much lower than my (= 1001000 GeV) is given by [55]

4 Lo I 5o m36¢2
6Sy ~ [ d*zv/—g —59 0,090,0¢ — 5m¢6¢ 1+ PR +- ] (9.46)
p
Since 6¢ ~ my for & < mg, the correction term can be estimated as
m2 862 2 2
5 e 2 "~ (%) (W) . (9.47)
12 Mpl H My,

In order to give rise to the late-time acceleration we require that u ~ Hy ~ 107%2 GeV. For the
Higgs mass m, = 100 GeV it follows that d¢ ~ 10%6 > 1. This correction is too large to be
compatible with the Standard Model of particle physics.

The above result is based on the models f(R) = R — p>™+t1)/R" with n = O(1). Having a
look at Eq. (9.44), the only way to make the perturbation dp small is to choose n very close to 0.
This means that the deviation from the ACDM model is extremely small (see [388] for a related
work). In fact, this property was already found by the analysis of matter density perturbations in
Section 9.3. While the above analysis is based on the calculation in the Jordan frame in which test
particles follow geodesics [55], the same result was also obtained by the analysis in the Einstein
frame [261, 262, 260, 318].

Another unusual property of Palatini f(R) gravity is that a singularity with the divergent
Ricci scalar can appear at the surface of a static spherically symmetric star with a polytropic
equation of state P = cp) with 3/2 < T' < 2 (where P is the pressure and pg is the rest-mass
density) [56, 55] (see also [107, 331]). Again this problem is intimately related with the particular
algebraic dependence (9.2) in Palatini f(R) gravity. In [56] it was claimed that the appearance of
the singularity does not very much depend on the functional forms of f(R) and that the result is
not specific to the choice of the polytropic equation of state.

The Palatini gravity has a close relation with an effective action which reproduces the dynamics
of loop quantum cosmology [477]. [474] showed that the model f(R) = R+ R?/(6M?), where M
is of the order of the Planck mass, is not plagued by a singularity problem mentioned above, while
the singularity typically arises for the f(R) models constructed to explain the late-time cosmic
acceleration (see also [504] for a related work). Since Planck-scale corrected Palatini f(R) models
may cure the singularity problem, it will be of interest to understand the connection with quantum
gravity around the cosmological singularity (or the black hole singularity). In fact, it was shown
in [60] that non-singular bouncing solutions can be obtained for power-law f(R) Lagrangians with
a finite number of terms.

Finally we note that the extension of Palatini f(R) gravity to more general theories including
Ricci and Riemann tensors was carried out in [384, 387, 95, 236, 388, 509, 476]. While such theories
are more involved than Palatini f (R) gravity, it may be possible to construct viable modified gravity
models of inflation or dark energy.
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10 Extension to Brans—Dicke Theory

So far we have discussed f(R) gravity theories in the metric and Palatini formalisms. In this section
we will see that these theories are equivalent to Brans—Dicke (BD) theory [100] in the presence of
a scalar-field potential, by comparing field equations in f(R) theories with those in BD theory. It
is possible to construct viable dark energy models based on BD theory with a constant parameter
wpp- We will discuss cosmological dynamics, local gravity constraints, and observational signatures
of such generalized theory.

10.1 Brans—Dicke theory and the equivalence with f(R) theories

Let us start with the following 4-dimensional action in BD theory

5= [ev=g |- B2 TP - U)] + Surlgu W), (10.)

where wpp is the BD parameter, U(yp) is a potential of the scalar field ¢, and Sy; is a matter
action that depends on the metric g,, and matter fields ¥j,;. In this section we use the unit
k? =81G =1 /Mg1 =1, but we recover the gravitational constant G and the reduced Planck mass
M, when the discussion becomes transparent. The original BD theory [100] does not possess the
field potential U(y).

Taking the variation of the action (10.1) with respect to g,, and ¢, we obtain the following
field equations

1 1 1 1
RLDg 7fgng :7TLD77gLVUS0 + — VLVMP*QWDSD
() = 300 R(9) = ~ T = g U(9) + (Y, War)
WBD 1 2
T 0updup = 59w (V)™ | (10.2)
(3+ 2wpp)Oyp +4U(p) = 20U, =T, (10.3)

where R(g) is the Ricci scalar in metric f(R) gravity, and T),, is the energy-momentum tensor of
matter. In order to find the relation with f(R) theories in the metric and Palatini formalisms, we
consider the following correspondence

(10.4)

Recall that this potential (which is the gravitational origin) already appeared in Eq. (2.28). We
then find that Eqgs. (2.4) and (2.7) in metric f(R) gravity are equivalent to Eqgs. (10.2) and (10.3)
with the BD parameter wgp = 0. Hence f(R) theory in the metric formalism corresponds to BD
theory with wpp = 0 [467, 579, 152, 246, 112]. In fact we already showed this by rewriting the
action (2.1) in the form (2.21). We also notice that Eqgs. (9.4) and (9.2) in Palatini f(R) gravity
are equivalent to Egs. (2.4) and (2.7) with the BD parameter wgp = —3/2. Then f(R) theory in
the Palatini formalism corresponds to BD theory with wgp = —3/2 [262, 470, 551]. Recall that we
also showed this by rewriting the action (2.1) in the form (9.8).

One can consider more general theories called scalar-tensor theories [268] in which the Ricci
scalar R is coupled to a scalar field ¢. The general 4-dimensional action for scalar-tensor theories
can be written as

5= [ aoy=g | 3F@R- 3o ToP = U] + Suu(gpue T (10,5
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where F'(¢) and U(yp) are functions of ¢. Under the conformal transformation g,, = Fg,., we
obtain the action in the Einstein frame [408, 611]

Sp = /d4w\ﬁ{ A1 Vcb) (¢)} + S (F ™ G, U) (10.6)

where V = U/F?2. We have introduced a new scalar field ¢ to make the kinetic term canonical:

2
¢E/d<p ;(ij’) +2 (10.7)

We define a quantity @ that characterizes the coupling between the field ¢ and non-relativistic

matter in the Einstein frame:
3(F\", @
2\ F F

Recall that, in metric f(R) gravity, we introduced the same quantity @ in Eq. (2.40), which is
constant (Q = —1/v/6). For theories with ) =constant, we obtain the following relations from
Egs. (10.7) and (10.8):

—1/2
F@ _ F,v:

2F F

(10.8)

d 2
F=e29  u=(1-6Q*)F ((i:Z) : (10.9)

In this case the action (10.5) in the Jordan frame reduces to [596]

S = [ dtaov=g| FOR-5(1-6Q*) F(6)(V6)P ~U ()| +Su (guws War), with F(9) =2,

(10.10)

In the limit that @ — 0 we have F(¢) — 1, so that Eq. (10.10) recovers the action of a minimally
coupled scalar field in GR.

Let us compare the action (10.10) with the action (10.1) in BD theory. Setting p = F = =299,

the former is equivalent to the latter if the parameter wpp is related to @ via the relation [343, 596]

3+ 2wpp = (10.11)

1
2Q2%°
This shows that the GR limit (wgp — o) corresponds to the vanishing coupling (@ — 0). Since
Q = —1//6 in metric f(R) gravity one has wgp = 0, as expected. The Palatini f(R) gravity
corresponds to wpp = —3/2, which corresponds to the infinite coupling (Q? — oo). In fact,
Palatini gravity can be regarded as an isolated “fixed point” of a transformation involving a special
conformal rescaling of the metric [247]. In the Einstein frame of the Palatini formalism, the scalar
field ¢ does not have a kinetic term and it can be integrated out. In general, this leads to a matter
action which is non-linear, depending on the potential U(¢). This large coupling poses a number
of problems such as the strong amplification of matter density perturbations and the conflict with
the Standard Model of particle physics, as we have discussed in Section 9.

Note that BD theory is one of the examples in scalar-tensor theories and there are some theories
that give rise to non-constant values of Q). For example, the action of a nonminimally coupled scalar
field with a coupling & corresponds to F(p) = 1—£¢? and w(p) = 1, which gives the field-dependent
coupling Q(p) = £p/[1 — £p?(1 — 6£)]*/2. In fact the dynamics of dark energy in such a theory
has been studied by a number of authors [22, 601, 151, 68, 491, 44, 505]. In the following we shall
focus on the constant coupling models with the action (10.10). We stress that this is equivalent to
the action (10.1) in BD theory.
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10.2 Cosmological dynamics of dark energy models based on Brans—
Dicke theory

The first attempt to apply BD theory to cosmic acceleration is the extended inflation scenario in
which the BD field ¢ is identified as an inflaton field [374, 571]. The first version of the inflation
model, which considered a first-order phase transition in BD theory, resulted in failure due to the
graceful exit problem [375, 613, 65]. This triggered further study of the possibility of realizing
inflation in the presence of another scalar field [394, 78]. In general the dynamics of such a multi-
field system is more involved than that in the single-field case [71]. The resulting power spectrum of
density perturbations generated during multi-field inflation in BD theory was studied by a number
of authors [570, 272, 156, 569].

In the context of dark energy it is possible to construct viable single-field models based on BD
theory. In what follows we discuss cosmological dynamics of dark energy models based on the
action (10.10) in the flat FLRW background given by (2.12) (see, e.g., [596, 22, 85, 289, 5, 327,
139, 168] for dynamical analysis in scalar-tensor theories). Our interest is to find conditions under
which a sequence of radiation, matter, and accelerated epochs can be realized. This depends upon
the form of the field potential U(¢). We first carry out general analysis without specifying the
forms of the potential. We take into account non-relativistic matter with energy density p,, and
radiation with energy density p,. The Jordan frame is regarded as a physical frame due to the
usual conservation of non-relativistic matter (p,, oc a=3). Varying the action (10.10) with respect
to gu» and ¢, we obtain the following equations

3FH? = (1 -6Q*)F¢?/24+ U —3HFE + pp + pr (10.12)
2FH = —(1—-6Q*)F¢*> —F+ HF — p,, —4p,/3, (10.13)
(1-6Q2) F [q’é Y 3HG + F/(QF)(;B} +Uy+QFR=0, (10.14)

where F = e720%,
We introduce the following dimensionless variables

d.) Pr
= —— \/ 10.1
1 \/EH’ T2 = Foi 3F ( 0 5)

and also the density parameters

Q= Ln . 0,=ad, Qo= (1-6Q23 + a3 +2v6Qu (10.16)

These satisfy the relation Q,, + Q, + Qpg = 1 from Eq. (10.12). From Eq. (10.13) it follows that
H 1—-6Q?
5= _TQ (3 + 323 — 373 + 23 — 6Q%2% + 2\/6Qx1) +3Q(\z2 — 4Q). (10.17)
Taking the derivatives of 1, x5 and z3 with respect to N = In a, we find

dz, \/6
ﬁ = 2 )\xz \/>.'L'1

\f H
v6Q [(5—6@) 2 4 2v6Qx; — 323 + 22— 1 ~ 1 (10.18)
dl‘g \[ H
dz H
dij\? - \/éQLL‘lLUg - 21‘3 - 1‘3@ s (1020)
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Table 1: The critical points of dark energy models based on the action (10.10) in BD theory with constant
A = —U4/U in the absence of radiation (x3 = 0). The effective equation of state weg = —1 — 2H /(3H?)
is known from Eq. (10.17).

Name 1 T Qp, Weff
V6Q 3-2Q° 4Q°
(a) MDE QT 0 2077 207
— 1 3—/6Q
(b1) Kinetic 1 Joor1 0 0 (T v6Q)
S 1 3+/6Q
(b2) Kinetic 2 Je0-1 0 0 3(1v6a)
- - VB(4Q—)) 6-22+80r—1602 ] /2 20Q% —9QA—3+ A2
(c) Field dominated A 0T [ 50— h=T) } 0 —Sagror-1
. . V6 /34+2Q1—6Q?2 3—12Q%+7QX 2Q
(d) Scahng Solutlon 2N —oxz 1-— S VI N
(e) de Sitter 0 1 0 -1

where A = —U 4/U.

If )\ is a constant, i.e., for the exponential potential U = Uye™?, one can derive fixed points
for Egs. (10.18)—(10.20) by setting da;/dN = 0 (i = 1,2,3). In Table 1 we list the fixed points
of the system in the absence of radiation (z3 = 0). Note that the radiation point corresponds to
(z1,22,23) = (0,0,1). The point (a) is the ¢-matter-dominated epoch (#MDE) during which the
density of non-relativistic matter is a non-zero constant. Provided that Q% < 1 this can be used
for the matter-dominated epoch. The kinetic points (b1) and (b2) are responsible neither for the
matter era nor for the accelerated epoch (for |@Q| < 1). The point (c) is the scalar-field dominated
solution, which can be used for the late-time acceleration for weg < —1/3. When Q? < 1 this
point yields the cosmic acceleration for —v/2 4+ 4Q < A < v/2 +4Q. The scaling solution (d) can
be responsible for the matter era for |Q] < |\|, but in this case the condition weg < —1/3 for
the point (c) leads to A> < 2. Then the energy fraction of the pressureless matter for the point
(d) does not satisfy the condition €2, ~ 1. The point (e) gives rise to the de Sitter expansion,
which exists for the special case with A = 4Q [which can be also regarded as the special case of
the point (c)]. From the above discussion the viable cosmological trajectory for constant A is the
sequence from the point (a) to the scalar-field dominated point (c) under the conditions Q% < 1
and —v/2 +4Q < X < v/2+4Q. The analysis based on the Einstein frame action (10.6) also gives
rise to the pMDE followed by the scalar-field dominated solution [23, 22].

Let us consider the case of non-constant A. The fixed points derived above may be regarded
as “instantaneous” points’ [195, 454] varying with the time-scale smaller than H~'. As in metric
f(R) gravity (Q = —1/v/6) we are interested in large coupling models with |Q| of the order of
unity. In order for the potential U(¢) to satisfy local gravity constraints, the field needs to be
heavy in the region R > Rg ~ Hg such that |[A\| > 1. Then it is possible to realize the matter era
by the point (d) with |Q| < |A|. Moreover the solutions can finally approach the de Sitter solution
(e) with A = 4Q or the field-dominated solution (c). The stability of the point (e) was analyzed in
[596, 250, 242] by considering linear perturbations dx1, dze and §F. One can easily show that the

7 In strict mathematical sense the instantaneous fixed point is not formally defined because it varies with time.
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point (e) is stable for

dA dA
A oA
Qp(F1)>0 — a0
where Fy = e~29%1 with ¢; being the field value at the de Sitter point. In metric f(R) gravity

(Q = —1/+/6) this condition is equivalent to m = Rf rr/fr < 1.
For the f(R) model (5.19) the field ¢ is related to the Ricci scalar R via the relation ¢2¢/V6 =
1—2nu(R/R.)~ "+ Then the potential U = (FR — f)/2 in the Jordan frame can be expressed

as
- ,LLRC 2n + 1 2¢/\/6 2n/(2n+1)

(¢1) <0, (10.21)

For theories with general couplings @ we consider the following potential [596]
U(g) =Up [1 — C(1 — e 29%)7] (Up>0,C>0 0<p<1), (10.23)

which includes the potential (10.22) in f(R) gravity as a specific case with the correspondence
Up = uR./2 and C = (2n +1)/(2npu)?>/ 7+ Q = —1//6, and p = 2n/(2n + 1). The potential
behaves as U(¢) — Uy for ¢ — 0 and U(¢) — Up(1 — C) in the limits ¢ — oo (for @ > 0) and
¢ — —oo (for Q < 0). This potential has a curvature singularity at ¢ = 0 as in the models (4.83)
and (4.84) of f(R) gravity, but the appearance of the singularity can be avoided by extending the
potential to the regions ¢ > 0 (Q < 0) or ¢ < 0 (@ > 0) with a field mass bounded from above.
The slope A = —U /U is given by

_ 20pQe299(1 — e72Q9)p~1
N 1-C(1—e2Q%)p

A\ (10.24)

During the radiation and deep matter eras one has R = 6(2H?+H) ~ p,,,/F from Eqs. (10.12) -
(10.13) by noting that Uy is negligibly small relative to the background fluid density. From
Eq. (10.14) the field is nearly frozen at a value satisfying the condition U 4 + Qp., ~ 0. Then
the field ¢ evolves along the instantaneous minima given by

1 QUopc)l/(l—P)
m 2 — . 10.25
¢ 2Q ( Pm (10-25)

As long as pp, > 2UypC we have that |¢,,| < 1. In this regime the slope A in Eq. (10.24) is much
larger than 1. The field value |¢,,| increases for decreasing p,, and hence the slope A\ decreases
with time.

Since A > 1 around ¢ = 0, the instantaneous fixed point (d) can be responsible for the matter-
dominated epoch provided that |Q| < A. The variable F' = e~2%% decreases in time irrespective of
the sign of the coupling @) and hence 0 < F' < 1. The de Sitter point is characterized by A = 4Q),
ie.,

20— Ryt

24 (p-2)Fy
The de Sitter solution is present as long as the solution of this equation exists in the region
0 < Fy < 1. From Eq. (10.24) the derivative of X in terms of ¢ is given by

(10.26)

do [1-C@-F)Pp?

d\ _ ACpQ*F(1 - F)P*[1 = pF - C(1 = F)"] (10.27)

When 0 < C < 1, we can show that the function g(F) =1 —pF — C(1 — F)? is positive and hence
the condition dA/d¢ < 0 is satisfied. This means that the de Sitter point (e) is a stable attractor.
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When C > 1, the function g(F') can be negative. Plugging Eq. (10.26) into Eq. (10.27), we find

that the de Sitter point is stable for
1

Fi>g—. (10.28)
If this condition is violated, the solutions choose another stable fixed point [such as the point (c)]
as an attractor.

The above discussion shows that for the model (10.23) the matter point (d) can be followed by
the stable de Sitter solution (e) for 0 < C' < 1. In fact numerical simulations in [596] show that
the sequence of radiation, matter and de Sitter epochs can be in fact realized. Introducing the
energy density ppg and the pressure Ppg of dark energy as we have done for metric f(R) gravity,
the dark energy equation of state wpg = Ppr/ppE is given by the same form as Eq. (4.97). Since
for the model (10.23) F' increases toward the past, the phantom equation of state (wpg < —1) as
well as the cosmological constant boundary crossing (wpg = —1) occurs as in the case of metric
f(R) gravity [596].

As we will see in Section 10.3, for a light scalar field, it is possible to satisfy local gravity
constraints for |Q| < 1073. In those cases the potential does not need to be steep such that
A > 1 in the region R > Ry. The cosmological dynamics for such nearly flat potentials have been
discussed by a number of authors in several classes of scalar-tensor theories [489, 451, 416, 271]. It is
also possible to realize the condition wpg < —1, while avoiding the appearance of a ghost [416, 271].

10.3 Local gravity constraints

We study local gravity constraints (LGC) for BD theory given by the action (10.10). In the absence
of the potential U(¢) the BD parameter wpp is constrained to be wpp > 4 x 10* from solar-system
experiments [616, 83, 617]. This bound also applies to the case of a nearly massless field with the
potential U(¢) in which the Yukawa correction e=%" is close to unity (where M is a scalar-field
mass and 7 is an interaction length). Using the bound wpp > 4 x 10* in Eq. (10.11), we find that

Q| < 2.5 x1072. (10.29)

This is a strong constraint under which the cosmological evolution for such theories is difficult to
be distinguished from the ACDM model (Q = 0).

If the field potential is present, the models with large couplings (|@Q| = O(1)) can be consistent
with local gravity constraints as long as the mass M of the field ¢ is sufficiently large in the region
of high density. For example, the potential (10.23) is designed to have a large mass in the high-
density region so that it can be compatible with experimental tests for the violation of equivalence
principle through the chameleon mechanism [596]. In the following we study conditions under
which local gravity constraints can be satisfied for the model (10.23).

As in the case of metric f(R) gravity, let us consider a configuration in which a spherically sym-
metric body has a constant density p4 inside the body with a constant density p = pp (< pa) out-
side the body. For the potential V = U/F? in the Einstein frame one has V.4 ~ —2U,QpC(2Q¢)P~!
under the condition |Q¢| < 1. Then the field values at the potential minima inside and outside
the body are

1 2U0p0 1/(1-p) )
(bi:( , i1=A,B. 10.30
2Q pi ( )
The field mass squared m? = V.4, at ¢ = ¢; (i = A, B) is approximately given by
(2—p)/(1-p)
1-p i
2., 1=p o pi
= (2ppc)1/<1—p>Q (UO) Vo. (10.31)
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Recall that Uy is roughly the same order as the present cosmological density py ~ 1072 g/ cm®.
The baryonic/dark matter density in our galaxy corresponds to pp ~ 1072* g/ cm®. The mean
density of Sun or Earth is about py = O(1) g/em®. Hence m, and mp are in general much
larger than Hy for local gravity experiments in our environment. For m 7. > 1 the chameleon
mechanism we discussed in Section 5.2 can be directly applied to BD theory whose Einstein frame
action is given by Eq. (10.6) with F' = ¢~2@Q%,

The bound (5.56) coming from the possible violation of equivalence principle in the solar system
translates into

(2UopC/pp)" P < 7.4 x 10717 |Q) . (10.32)

Let us consider the case in which the solutions finally approach the de Sitter point (e) in Table 1.
At this de Sitter point we have 3Fy H? = Ug[l — C(1 — F1)P] with C given in Eq. (10.26). Then
the following relation holds

Upy=3H{]2+(p—2)F1]/p. (10.33)

Substituting this into Eq. (10.32) we obtain
(Ry/pp) 7P (1 - F) < 7.4 x 107°|Q) (10.34)

where Ry = 12H? is the Ricci scalar at the de Sitter point. Since (1— F}) is smaller than 1/2 from
Eq. (10.28), it follows that (Ry/pp)*(~?) < 1.5 x 10~4|Q|. Using the values R; = 10~2 g/cm®
and pp = 10724 g/cm®, we get the bound for p [596]:

5

p>1—— 2
13.8 — logy |Q]

(10.35)

When |Q| = 107! and |Q| = 1 we have p > 0.66 and p > 0.64, respectively. Hence the model can
be compatible with local gravity experiments even for |Q] = O(1).

10.4 Evolution of matter density perturbations

Let us next study the evolution of perturbations in non-relativistic matter for the action (10.10)
with the potential U(¢) and the coupling F(¢) = e~2@%. As in metric f(R) gravity, the matter
perturbation ¢, satisfies Eq. (8.93) in the Longitudinal gauge. We define the field mass squared as
M? = U 44. For the potential consistent with local gravity constraints [such as (10.23)], the mass
M is much larger than the present Hubble parameter Hy during the radiation and deep matter
eras. Note that the condition M? > R is satisfied in most of the cosmological epoch as in the case
of metric f(R) gravity.

The perturbation equations for the action (10.10) are given in Egs. (6.11)—(6.18) with f =
F(@)R, w = (1 —6Q)F, and V = U. We use the unit x* = 1, but we restore x? when it is
necessary. In the Longitudinal gauge one has x = 0, « = &, v = =V, and A = 3(H® + \Il) in
these equations. Since we are interested in sub-horizon modes, we use the approximation that the
terms containing k?/a?, §p,,, 0R, and M? are the dominant contributions in Egs. (6.11)—(6.19).
We shall neglect the contribution of the time-derivative terms of d¢ in Eq. (6.16). As we have
discussed for metric f(R) gravity in Section 8.1, this amounts to neglecting the oscillating mode
of perturbations. The initial conditions of the field perturbation in the radiation era need to be
chosen so that the oscillating mode §¢osc is smaller than the matter-induced mode d¢jnq. In Fourier
space Eq. (6.16) gives

2 2
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Using this relation together with Egs. (6.13) and (6.18), it follows that

2QF o
(k2/a?)(1 — 2Q?)F + M2 a2~

6¢ind ~ (1037)
Combing this equation with Eqgs. (6.11) and (6.13), we obtain [596, 547] (see also [84, 632, 631])

k* o K2pm (K?/a®)(1 = 2Q°)F + M?

a?  ~  2F (k2/a2)F + M? ’ (10.38)
2~ oF (k2/a2)F + M2 '

where we have recovered x2. Defining the effective gravitational potential ®eg = (® + ¥)/2, we

find that ®.g satisfies the same form of equation as (8.99).
Substituting Eq. (10.39) into Eq. (8.93), we obtain the equation of matter perturbations on
sub-horizon scales [with the neglect of the r.h.s. of Eq. (8.93)]

bm + 2Hb,, — AT Gogi prnm ~ 0, (10.40)

where the effective gravitational coupling is

o - Gk /a®)(1+2Q°)F + M*
T F (k2Ja®)F + M?

(10.41)

In the regime M?/F > k?/a® (“GR regime”) this reduces to Geg = G/F, so that the evolution
of 8, and ®.g during the matter domination (Q,, = p,,/(3FH?) ~ 1) is standard: §,, o t2/3 and
®. ox constant.

In the regime M?/F < k?/a? (“scalar-tensor regime”) we have

G G 4 + 2wpp
Gep ~ —(14+2Q%) = = ——=2 10.42

i p 200 = B, (10.42)
where we used the relation (10.11) between the coupling @ and the BD parameter wpp. Since
wpp = 0 in f(R) gravity, it follows that Geg = 4G/(3F'). Note that the result (10.42) agrees with
the effective Newtonian gravitational coupling between two test masses [93, 175]. The evolution of
Om and Peg during the matter dominance in the regime MQ/F < k2/a2 is

5m o t(\/25+48Q271)/6 , Qeff o t(\/25+48Q275)/6 . (1043)

Hence the growth rate of d,, for @ # 0 is larger than that for Q = 0.
As an example, let us consider the potential (10.23). During the matter era the field mass
squared around the potential minimum (induced by the matter coupling) is approximately given

by
(2—p)/(1-p)
1-p Pm
2, _ 1P 5P
e IR (U0> Vo, (10.44)

which decreases with time. The perturbations cross the point M?/F = k?/a? at time t = t;, which

depends on the wavenumber k. Since the evolution of the mass during the matter domination is
2 3(1—p)
given by M tiﬁ, the time t; has a scale-dependence: t; o« k™ i+ . More precisely the critical

redshift z; at time ¢; can be estimated as [596]

< k 1>2(1"’) 2pC 1 Us
e~ || ——— —
g aoHy |Q) (1 =p)'? 35,002 H}

—p

~1, (10.45)
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where the subscript “0” represents present quantities. For the scales 30agHy < k < 600agHo,

which correspond to the linear regime of the matter power spectrum, the critical redshift can be
in the region zx > 1. Note that, for larger p, z; decreases.

When ¢ < t; and ¢ > t;, the matter perturbation evolves as 8,, o t2/3 and §,, o t(V25+48Q2=1)/6
respectively (apart from the epoch of the late-time cosmic acceleration). The matter power spec-
trum Ps_ at time ¢t = ¢, (at which @ = 0) shows a difference compared to the ACDM model, which
is given by
\/@7 12

3) (1—p)(1/254+48Q2—5)
x k i-p .

Ps,, (ta) tA 2(
— = = | = 10.46
PPN (ty) tk ( )

The CMB power spectrum is also modified by the non-standard evolution of the effective
gravitational potential ®.g for ¢ > t;. This mainly affects the low multipoles of CMB anisotropies
through of the ISW effect. Hence there is a difference between the spectral indices of the matter

power spectrum and of the CMB spectrum on the scales (0.01 A Mpc™' <k < 0.2k Mpce™h) [596]:

An(ty) = (1-p)(V/25 + 88Q° —5)

4—p

Note that this covers the result (8.116) in f(R) gravity (Q = —1/v6 and p = 2n/(2n + 1)) as a
special case. Under the criterion Ang(ts) < 0.05 we obtain the bounds p > 0.957 for Q = 1 and
p > 0.855 for @ = 0.5. Aslong as p is close to 1, the model can be consistent with both cosmological
and local gravity constraints. The allowed region coming from the bounds Ang(tx) < 0.05 and
(10.35) are illustrated in Figure 9.

(10.47)

0ol Allowed Region

0.8+ fo=2
07f ‘

0.6 .
o osl ‘An=0.05
0.4r :
0.3r
0.2

0.1

QI

Figure 9: The allowed region of the parameter space in the (@, p) plane for BD theory with the potential
(10.23). We show the allowed region coming from the bounds An,(ta) < 0.05 and fs5 < 2 as well as the
the equivalence principle (EP) constraint (10.35).

The growth rate of d,, for t > t;, is given by fs = d,/(Hdp) = (/25 + 48Q% — 1)/4. As we
mentioned in Section 8, the observational bound on fy is still weak in current observations. If

we use the criterion f5 < 2 for the analytic estimation f5 = (1/25 + 48Q2 — 1)/4, we obtain the
bound @ < 1.08 (see Figure 9). The current observational data on the growth rate fs5 as well as
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its growth index v is not enough to place tight bounds on @ and p, but this will be improved in
future observations.
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11 Relativistic Stars in f(R) Gravity and Chameleon The-
ories

In Section 5 we discussed the existence of thin-shell solutions in metric f(R) gravity in the
Minkowski background, i.e., without the backreaction of metric perturbations. For the f(R) dark
energy models (4.83) and (4.84), Frolov [266] anticipated that the curvature singularity at ¢ = 0
(shown in Figure 3) can be accessed in a strong gravitational background such as neutron stars.
Kobayashi and Maeda [349, 350] studied spherically symmetric solutions for a constant density star
with a vacuum exterior and claimed the difficulty of obtaining thin-shell solutions in the presence
of the backreaction of metric perturbations. In [594] thin-shell solutions were derived analytically
in the Einstein frame of BD theory (including f(R) gravity) under the linear expansion of the grav-
itational potential ®. at the surface of the body (valid for ®. < 0.3). In fact, the existence of such
solutions was numerically confirmed for the inverse power-law potential V (¢) = M4+"¢=" [594].

For the f(R) models (4.83) and (4.84), it was numerically shown that thin-shell solutions
exist for @, < 0.3 by the analysis in the Jordan frame [43, 600, 42] (see also [167]). In particular
Babichev and Langlois [43, 42] constructed static relativistic stars both for constant energy density
configurations and for a polytropic equation of state, provided that the pressure does not exceed
one third of the energy density. Since the relativistic pressure tends to be stronger around the
center of the spherically symmetric body for larger ®., the boundary conditions at the center of
the body need to be carefully chosen to obtain thin-shell solutions numerically. In this sense the
analytic estimation of thin-shell solutions carried out in [594] can be useful to show the existence
of static star configurations, although such analytic solutions have been so far derived only for a
constant density star.

In the following we shall discuss spherically symmetric solutions in a strong gravitational back-
ground with ®. < 0.3 for BD theory with the action (10.10). This analysis covers metric f(R) grav-
ity as a special case (the scalar-field degree of freedom ¢ defined in Eq. (2.31) with Q = —1//6).
While field equations will be derived in the Einstein frame, we can transform back to the Jor-
dan frame to find the corresponding equations (as in the analysis of Babichev and Langlois [42]).
In addition to the papers mentioned above, there are also a number of works about spherically
symmetric solutions for some equation state of matter [330, 332, 443, 444, 300, 533].

11.1 Field equations

We already showed that under the conformal transformation g,, = 6_2Q"‘¢guy the action (10.10)
is transformed to the Einstein frame action:

Sp = /d%\/?g [Q;R - %(Wﬁ _ V(qﬁ)} + /d4x La(€295, wy). (1L1)

Recall that in the Einstein frame this gives rise to a constant coupling () between non-relativistic
matter and the field ¢. We use the unit x? = 87G = 1, but we restore the gravitational constant
G when it is required.

Let us consider a spherically symmetric static metric in the Einstein frame:
ds? = =2 ae? + 2 d7? + 72 (d6? + sin’ 0d¢?) | (11.2)

where ¥(7) and ®(7) are functions of the distance 7 from the center of symmetry. For the ac-
tion (11.1) the energy-momentum tensors for the scalar field ¢ and the matter are given, respec-
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tively, by
. R
5 = 046006 — G | 55700050 + V(9)| . (11.3)
~ 2 6L
(M) _ __ 2 &M
T = (11.4)

For the metric (11.2) the (00) and (11) components for the energy-momentum tensor of the
field are

- 1 ~ 1
Ty = —3e?0? V(). T = e~V (9), (11.5)

where a prime represents a derivative with respect to 7. The energy-momentum tensor of matter

in the Einstein frame is given by T,ﬁ‘ = diag (—pur, Py, Par, Pyy), which is related to T i the

Jordan frame via T#(M) = Q¢ T#(M). Hence it follows that py; = €*@?py; and Py = e2Qopy,.
Variation of the action (11.1) with respect to ¢ gives

3(\/—§£¢)> OV=gLs)  OLm
) + + =0, 11.6
(%% oo a0 (10
where L4 = —(V¢)2/2 — V(¢) is the field Lagrangian density. Since the derivative of £y in terms

of ¢ is given by Eq. (2.41), i.e., L /0¢ = /—§Q(—prr + 3Pas), we obtain the equation of the
field ¢ [594, 42]:

2 -

¢ + (f +O - @/) ¢ = e?® [V¢ +Qpu — 3PM)] , (11.7)
where a tilde represents a derivative with respect to 7. From the Einstein equations it follows that

;1= 1 20 20 ~
o' = o7 + 47 GF 541) +e**V(o) + e pu| (11.8)

e?® —1 1 ~
U= o T ATGF {2¢'2 — 2V (¢) + emPM} , (11.9)

T
o 2 1&! v —a _ 1 2 29 29 p

+ 0 -0+ = —81G 2(;5 + eV (o) —e*® Py . (11.10)

Using the continuity equation V, T} = 0 in the Jordan frame, we obtain
P+ (par + Pa)V + Q¢ (par — 3Par) = 0. (11.11)
In the absence of the coupling ) this reduces to the Tolman-Oppenheimer—Volkoff equation, Pz/w +
(pp + Pu)¥’ = 0.
If the field potential V(¢) is responsible for dark energy, we can neglect both V(¢) and ¢’

relative to pps in the local region whose density is much larger than the cosmological density
(po ~ 10729 g/cm®). In this case Eq. (11.8) is integrated to give

N 7

o22(7F) [1 _ QGW;(T)} . m(7F) :/ A2 ppy dF (11.12)
0

Substituting Egs. (11.8) and (11.9) into Eq. (11.7), it follows that

" 1+e*® L 20~ 5 / 20 ~ 5
¢ + | = — 4nGre™ (5 — Par) | ¢ = [V¢+Q(pM73PM) . (11.13)

The gravitational potential ® around the surface of a compact object can be estimated as
P =~ GﬁMff, where pys is the mean density of the star and 7. is its radius. Provided that ® < 1,
Eq. (11.13) reduces to Eq. (5.15) in the Minkowski background (note that the pressure Py is also
much smaller than the density pjs for non-relativistic matter).
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11.2 Constant density star

Let us consider a constant density star with ppy = pa. We also assume that the density outside

the star is constant, pps = pg. We caution that the conserved density ﬁ}j’ in the Einstein frame

is given by ﬁg\? = e~ 995, [343]. However, since the condition Q¢ < 1 holds in most cases of our

interest, we do not distinguish between ,6551) and pys in the following discussion.

Inside the spherically symmetric body (0 < 7 < 7¢), Eq. (11.12) gives
- 8 G -
28(7) — (1 - 7;/3,4732> . (11.14)

Neglecting the field contributions in Eqs. (11.8)~(11.11), the gravitational background for 0 <
7 < 7 is characterized by the Schwarzschild interior solution. Then the pressure Py (7) inside the
body relative to the density ps can be analytically expressed as

D) _ V1Z20/i0% - VIZ 28 s gy (11.15)

pa 31 =28,—+/1-2(2/f2),

where &, is the gravitational potential at the surface of the body:

b= — = —pai-. (11.16)

Here M, = 477254 /3 is the mass of the spherically symmetric body. The density jpp is much
smaller than p4, so that the metric outside the body can be approximated by the Schwarzschild
exterior solution

MC NC = ~ ~ ~
¢ :<I>C%, Pu()~0  (F>7.). (11.17)

O(7) ~ =

In the following we shall derive the analytic field profile by using the linear expansion in terms
of the gravitational potential ®.. This approximation is expected to be reliable for &, < 0(0.1).
From Egs. (11.14)—(11.16) it follows that

N 72 Py (i) @ 72 o
Substituting these relations into Eq. (11.13), the field equation inside the body is approximately
given by

, o2 72 , . 72 3 72
"+ 7 <1 — 27:?(1%) ¢ — (V,¢ +Qpa) <1 + Q(I)CFE) + iQ/JA(I)c (1 — 7:(2:> =0. (11.19)
If ¢ is close to ¢4 at 7 = 0, the field stays around ¢4 in the region 0 < 7 < 7. The body has a
thin-shell if 71 is close to the radius 7. of the body.

In the region 0 < 7 < 7, the field derivative of the effective potential around ¢ = ¢4 can be
approximated by dVeg/dd = V.3 +Qpa ~ m? (¢—da). The solution to Eq. (11.19) can be obtained
by writing the field as ¢ = ¢g + d¢, where ¢g is the solution in the Minkowski background and d¢
is the perturbation induced by ®.. At linear order in d¢ and ®. we obtain

2m1247:2

2 i 3 i
0¢" + =3¢’ - m48¢ = @, 72 (¢o — Pa) + %% —5Qpa (1 - ;2)] ; (11.20)
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where ¢ satisfies the equation ¢ + (2/7)¢y — m%(¢o — ¢pa) = 0. The solution of ¢y with the
boundary conditions d@g/d7 = 0 at 7 = 0 is given by ¢o(7) = ¢4 + A(e™™AaT — e™aT) /i where A
is a constant. Plugging this into Eq. (11.20), we get the following solution for ¢(7) [594]:

A(e—mAF _ emAr)

O(F) = dpa + =
AD. [(1 5 1 1 1 N o0 (1 55 1 _ 1 1\ o
mAT2 [(3”‘” ATt 8mAf> AT T AT T T ) €
3Qpa® o
~ Sz [MA( 70 +6] (11.21)

In the region 71 < 7 < 7, the field |¢(7)| evolves towards larger values with increasing 7. Since
the matter coupling term @Qpa dominates over V4 in this regime, it follows that dVeg/d¢ ~ Qpa.
Hence the field perturbation d¢ satisfies

2 F 1 7
00" + 28’ = @ [;cb’o —5Qpa (3 - 7;)] : (11.22)

where ¢g obeys the equation ¢j + (2/7)¢(, — Qpa = 0. Hence we obtain the solution

B 72 1 3 23 2
M=—={(1-a, C+ = P2 1-20, + —P,— |, 11.23
o) = -3 ( 27:3) O+ g@pat ( 5% T 50 FE) (11.23)

where B and C are constants.

In the region outside the body (7 > 7.) the field ¢ climbs up the potential hill after it acquires
sufficient kinetic energy in the regime 71 < 7 < 7.. Provided that the field kinetic energy dominates
over its potential energy, the r.h.s. of Eq. (11.13) can be neglected relative to its Lh.s. of it.
Moreover the terms that include s and Py in the square bracket on the Lh.s. of Eq. (11.13) is
much smaller than the term (1 + €2®)/7. Using Eq. (11.17), it follows that

2 M,
¢”+; <1+07~ > ¢ ~0, (11.24)

whose solution satisfying the boundary condition ¢(7 — o0) = ¢ is

o) =on+ 2 (1452 (1125

where D is a constant.

The coefficients A, B, C, D are known by matching the solutions (11.21), (11.23), (11.25) and
their derivatives at 7 = 7y, and 7 = 7. If the body has a thin-shell, then the condition A7, =
Te —T1 < T is satisfied. Under the linear expansion in terms of the three parameters A7, /7., @,
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and 1/(ma7.) we obtain the following field profile [594]:

. o\ —1
Qpa T maTi P, .7f maF _ —maf
O(F) = 94+ m2ematt i 1+377;13_47Z31 (™47 =)
L3RR [ P 6 ) B Qpa (|, mart® )
2m? 72 (mar.) maT2 m¥emnan 372 472
1 oo 1 - 1 L mai (L 22 1 o 1 1 —maf
x[(?)mAr 4mAr 4+8m,47’>e + 3mAr +4mA7“ 1 Smar e
(0 <7< 7), (11.26)
. Qpar; 1 .7 o, 7\ 3 230,72
= Geen + 60— (11— —3(1- =< Z) (1 2e, 4 20
P(7) = da + 6 €oh + 001 272 1) Fe g Pt 2072
(7L < 7 < 7o), (11.27)
. - Te Te L
o) = oa+ Qo [ e - o (140 2) | 570, (1129

where e, = (¢ — ¢a)/(6QP.) is the thin-shell parameter, and

[ O, .72 1 ® O .72 72 3 7072
Ci=(1-a)l|— 1 el “(1-=2 c 1 Li1-Zo, el
1= ( Oé)-Gth<+2£>+2< 4+2fg 22 2 +4f3
~2 ~2
T 3 90 .71
+37:(2: (1 — 5<I>C + 572 , (11.29)
Iz o2 3%\ 7 7 d72\ 7 TH, 7
Co=(1- (1 - - 1--d — 30,
2=(1-a) _ethf6< T T 27, 10t e ) T om * 4r§
1 6 73 9,7
(1= 2o, o, , 11.
+3< 5,) 33< 3 *57«) (11.30)
where 5 as
23200 11 i
a= (71/37)®c 1/ (mat) (11.31)

L+ (77 /472) @ + (mAT‘I’<I> /321 — (7% /272) ] -

As long as m a7 P, > 1, the parameter « is much smaller than 1.
In order to derive the above field profile we have used the fact that the radius 7; is determined

by the condition m? [¢(71) — ¢a] = Qpa, and hence

<1+q> _IAfC) bt (1— ATC) (1—6)] , (11.32)

2 7. MAT Te

- o | AT
b4 — dp = —Qpar: { e
where 3 is defined by
(maT P /372) (71 /77) De

= 11.33
p L+ (mar3®,./372) — (72 /472)®,. ( )
which is much smaller than 1. Using Eq. (11.32) we obtain the thin-shell parameter
AT 1A 1 A
€on = — (1 + P, — - T”) +— (1 - TC) 1-8). (11.34)
Te 2 7 MATe Te

In terms of a linear expansion of «, 8, At /7., @., the field profile (11.28) outside the body is

(7) ~ ¢ — 2Qest GM (1 + Gi”) , (11.35)

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2010-3


http://www.livingreviews.org/lrr-2010-3

88 Antonio De Felice and Shinji Tsujikawa

where the effective coupling is

Qe = 3Q {MG <1 AT) 4L (12A~fc @Caﬂ)] . (11.36)

’FC Tc mATc Tc

To leading-order this gives Qo = 3Q [AT./Tc + 1/(maf.)] = 3Qetn, which agrees with the result
(5.45) in the Minkowski background. As long as A7./7. < 1 and 1/(mar.) < 1, the effective
coupling |Qefr| can be much smaller than the bare coupling |Q|, even in a strong gravitational
background.

From Eq. (11.26) the field value and its derivative around the center of the body with radius
7 < 1/my4 are given by

2QpAF Bh, B2 1 ®,
o) = a + 290N (14 00 - SEL) 1 mar 4 g

myemAaT 372 472 2(mate)
3Qpad. 72 6
1— - 11.37
* 2m? [ 72 (mare)? ]’ ( )
N | 2man mai3®, 2\ 30, | 7
/ 2 1 1
~ — (1 + ——— — - =. 11.38
¢ (T) QPA?“C 3emar < 37—;2 4Fg (mAF0)2 fg ( )

In the Minkowski background (®. = 0), Eq. (11.38) gives ¢'(7) > 0 for Q > 0 (or ¢/(7) < 0 for
Q@ < 0). In the strong gravitational background (®. # 0) the second term in the square bracket
of Eq. (11.38) can lead to negative ¢'(7) for @ > 0 (or positive ¢'(7) for @ < 0), which leads to
the evolution of |¢(7)| toward 0. This effects comes from the presence of the strong relativistic
pressure around the center of the body. Unless the boundary conditions at 7 = 0 are appropriately
chosen the field tends to evolve toward |¢(7)| = 0, as seen in numerical simulations in [349, 350]
for the f(R) model (4.84). However there exists a thin-shell field profile even for ¢'(7) > 0 (and
Q = —1/+/6) around the center of the body. In fact, the derivative ¢(7) can change its sign in
the regime 1/m4 < 7 < 7 for thin-shell solutions, so that the field does not reach the curvature
singularity at ¢ = 0 [594].

For the inverse power-law potential V (¢) = M*t"¢~" the existence of thin-shell solutions was
numerically confirmed in [594] for &, < 0.3. Note that the analytic field profile (11.26) was used
to set boundary conditions around the center of the body. In Figure 10 we show the normalized
field p = ¢/¢a versus 7 /7. for the model V(¢) = M®¢~2 with &, = 0.2, A7./F. = 0.1, ma7. = 20,
and @ = 1. While we have neglected the term V4 relative to )p4 to estimate the solution in the
region 7 < 7 < 7. analytically, we find that this leads to some overestimation for the field value
outside the body (7 > 7.). In order to obtain a numerical field profile similar to the analytic one
in the region 7 > 7., we need to choose a field value slightly larger than the analytic value around
the center of the body. The numerical simulation in Figure 10 corresponds to the choice of such
a boundary condition, which explicitly shows the presence of thin-shell solutions even for a strong
gravitational background.

11.3 Relativistic stars in metric f(R) gravity

The results presented above are valid for BD theory including metric f(R) gravity with the coupling
Q = —1/+/6. While the analysis was carried out in the Einstein frame, thin-shell solutions were
numerically found in the Jordan frame of metric f(R) gravity for the models (4.83) and (4.84) [43,
600, 42]. In these models the field ¢ = /3/2 In F in the region of high density (R > R.) is
very close to the curvature singularity at ¢ = 0. Originally it was claimed in [266, 349] that
relativistic stars are absent because of the presence of this accessible singularity. However, as
we have discussed in Section 11.2, the crucial point for obtaining thin-shell solutions is not the
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Figure 10: The thin-shell field profile for the model V' = M6¢_2 with &, = 0.2, A7 /7 = 0.1, mat. = 20,
and Q = 1. This case corresponds to pa/pp = 1.04 X 104, ¢4 = 8.99 x 1073, ¢p = 1.97 x 107! and
en = 1.56 x 107!, The boundary condition of ¢ = ¢/pa at x; = 7 /Fc = 107° is @(x;) = 1.2539010,
which is larger than the analytic value ¢(z;) = 1.09850009. The derivative ¢'(z;) is the same as the
analytic value. The left and right panels show ¢(7) for 0 < 7#/7. < 10 and 0 < 7/7. < 2, respectively. The
black and dotted curves correspond to the numerically integrated solution and the analytic field profile
(11.26) — (11.28), respectively. From [594].

existence of the curvature singularity but the choice of appropriate boundary conditions around
the center of the star. For the correct choice of boundary conditions the field does not reach the
singularity and thin-shell field profiles can be instead realized. In the Starobinsky’s model (4.84),
static configurations of a constant density star have been found for the gravitational potential ®.
smaller than 0.345 [600].

For the star with an equation of state py; < 3Py, the effective potential of the field ¢ (in
the presence of a matter coupling) does not have an extremum, see Eq. (11.7). In those cases the
analytic results in Section 11.2 are no longer valid. For the equation of state py < 3Py there
is a tachyonic instability that tends to prevent the existence of a static star configuration [42].
For realistic neutron stars, however, the equation of state proposed in the literature satisfies the
condition pps > 3151\/1 throughout the star.

Babichev and Langlois [43, 42] chose a polytropic equation of state for the energy density pys
and the pressure Py in the Jordan frame:

n? n?
pm(n) =mp <n+K> , Py(n) = Kmp— (11.39)
o no

where mp = 1.66 x 10727 kg, ng = 0.1fm~!, and K = 0.1. Solving the continuity equation
V. T# = 0 coupled with Einstein equations, [43, 42] showed that 3Py can remain smaller than jys
for realistic neutron stars. Note that the energy density is a decreasing function with respect to the
distance from the center of star. Even for such a varying energy density, static star configurations
have been shown to exist [43, 42].

The ratio between the central density pcenter and the cosmological density at infinity is param-
eterized by the quantity vg = M;lRc /Peenter- Realistic values of vy are extremely small and it is a
challenging to perform precise numerical simulations in such cases. We also note that the field mass
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Figure 11: The profile of the field ¢ = /3/2 In F (in units of My)) versus the radius 7 (denoted as r in
the figure, in units of Mplp;ei/tzr) for the model (4.84) with n = 1, Reo/Re = 3.6, and vo = 10™* (shown
as a solid line). The dashed line corresponds to the value ¢min for the minimum of the effective potential.
(Inset) The enlarged figure in the region 0 < 7# < 2.5. From [43].

m 4 in the relativistic star is very much larger than its cosmological mass and hence a very high ac-
curacy is required for solving the field equation numerically [600, 581]. The authors in [43, 600, 42]
carried out numerical simulations for the values of vy of the order of 1073 ~10~%. Figure 11 illus-
trates an example of the thin-shell field profile for the polytropic equation of state (11.39) in the
model (4.84) with n = 1 and vy = 107% [43]. In the regime 0 < 7 < 1.5 the field is nearly frozen
around the extremum of the effective potential, but it starts to evolve toward its asymptotic value
¢ = ¢p for 7 > 1.5.

Although the above analysis is based on the f(R) models (4.83) and (4.84) having a curvature
singularity at ¢ = 0, such a singularity can be cured by adding the R? term [350]. The presence of
the R? term has an advantage of realizing inflation in the early universe. However, the f(R) models
(4.83) and (4.84) plus the R? term cannot relate the epoch of two accelerations smoothly [37]. An
example of viable models that can allow a smooth transition without a curvature singularity is [37]

(11.40)

FR) = (1= R cetn [T e

cosh b 6M2’ Tt In(2 coshb) ’

where b, ¢ (0 < ¢ < 1/2), R, and M are constants. In [42] a static field profile was numerically
obtained even for the model (11.40).

Although we have focused on the stellar configuration with ®. < 0.3, there are also works of
finding static or rotating black hole solutions in f(R) gravity [193, 497]. Cruz-Dombriz et al. [193]
derived static and spherically symmetric solutions by imposing that the curvature is constant.
They also used a perturbative approach around the Einstein—Hilbert action and found that only
solutions of the Schwarzschild—Anti de Sitter type are present up to second order in perturbations.
The existence of general black hole solutions in f(R) gravity certainly deserves for further detailed
study. It will be also of interest to study the transition from neutron stars to a strong-scalar-field
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state in f(R) gravity [464]. While such an analysis was carried out for a massless field in scalar-
tensor theory, we need to take into account the field mass in the region of high density for realistic
models of f(R) gravity.

Pun et al. [498] studied physical properties of matter forming an accretion disk in the spherically
symmetric metric in f(R) models and found that specific signatures of modified gravity can appear
in the electromagnetic spectrum. In [92] the virial theorem for galaxy clustering in metric f(R)
gravity was derived by using the collisionless Boltzmann equation. In [398] the construction of
traversable wormhole geometries was discussed in metric f(R) gravity. It was found that the
choice of specific shape functions and several equations of state gives rise to some exact solutions

for f(R).
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12 Gauss—Bonnet Gravity

So far we have studied modification to the Einstein—Hilbert action via the introduction of a general
function of the Ricci scalar. Among the possible modifications of gravity this may be indeed a
very special case. Indeed, one could think of a Lagrangian with all the infinite and possible scalars
made out of the Riemann tensor and its derivatives. If one considers such a Lagrangian as a funda-
mental action for gravity, one usually encounters serious problems in the particle representations
of such theories. It is well known that such a modification would introduce extra tensor degrees
of freedom [635, 283, 284]. In fact, it is possible to show that these theories in general introduce
other particles and that some of them may lead to problems.

For example, besides the graviton, another spin-2 particle typically appears, which however,
has a kinetic term opposite in sign with respect to the standard one [572, 67, 302, 465, 153, 303, 99].
The graviton does interact with this new particle, and with all the other standard particles too.
The presence of ghosts, implies the existence of particles propagating with negative energy. This,
in turn, implies that out of the vacuum a particle (or more than one) and a ghost (or more than
one) can appear at the same time without violating energy conservation. This sort of vacuum
decay makes each single background unstable, unless one considers some explicit Lorentz-violating
cutoff in order to set a typical energy/time scale at which this phenomenon occurs [145, 161].

However, one can treat these higher-order gravity Lagrangians only as effective theories, and
consider the free propagating mode only coming from the strongest contribution in the action, the
Einstein—Hilbert one, for which all the modes are well behaved. The remaining higher-derivative
parts of the Lagrangian can be regarded as corrections at energies below a certain fundamental
scale. This scale is usually set to be equal to the Planck scale, but it can be lower, for example,
in some models of extra dimensions. This scale cannot be nonetheless equal to the dark energy
density today, as otherwise, one would need to consider all these corrections for energies above
this scale. This means that one needs to re-sum all these contributions at all times before the
dark energy dominance. Another possible approach to dealing with the ghost degrees of freedom
consists of using the Euclidean-action path formalism, for which, one can indeed introduce a notion
of probability amplitude for these spurious degrees of freedom [294, 162].

The late-time modifications of gravity considered in this review correspond to those in low
energy scales. Therefore we have a correction which begins to be important at very low energy
scales compared to the Planck mass. In general this means that somehow these corrections cannot
be treated any longer as corrections to the background, but they become the dominant contribution.
In this case the theory cannot be treated as an effective one, but we need to assume that the form
of the Lagrangian is exact, and the theory becomes a fundamental theory for gravity. In this
sense these theories are similar to quintessence, that is, a minimally coupled scalar field with a
suitable potential. The potential is usually chosen such that its energy scale matches with the
dark energy density today. However, for this theory as well, one needs to consider this potential as
fundamental, i.e., it does not get quantum corrections that can spoil the form of the potential itself.
Still it may not be renormalizable, but so far we do not know any 4-dimensional renormalizable
theory of gravity. In this case then, if we introduce a general modification of gravity responsible for
the late-time cosmic acceleration, we should prevent this theory from introducing spurious ghost
degrees of freedom.

12.1 Lovelock scalar invariants

One may wonder whether it is possible to remove these spin-2 ghosts. To answer this point,
one should first introduce the Lovelock scalars [399]. These scalars are particular combina-
tions/contractions of the Riemann tensor which have a fundamental property: if present in the
Lagrangian, they only introduce second-order derivative contributions to the equations of motion.
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Let us give an example of this property [399]. Soon after Einstein proposed General Relativ-
ity [226] and Hilbert found the Lagrangian to describe it [301], Kretschmann [372] pointed out
that general covariance alone cannot explain the form of the Lagrangian for gravity. In the action
he introduced, instead of the Ricci scalar, the scalar which now has been named after him, the
Kretschmann scalar:

S = /d4x«/—gRaﬁ76 RBY (12.1)

At first glance this action looks well motivated. The Riemann tensor R,gs is a fundamental
tensor for gravitation, and the scalar quantity Pi = Ragys R*P7Y can be constructed by just
squaring it. Furthermore, it is a theory for which Bianchi identities hold, as the equations of
motion have both sides covariantly conserved. However, in the equations of motion, there are
terms proportional to V,,V, RF,g" together with its symmetric partner (o <+ ). This forces us to
give in general at a particular slice of spacetime, together with the metric elements g,,,,, their first,
second, and third derivatives. Hence the theory has many more degrees of freedom with respect
to GR.

In addition to the Kretschmann scalar there is another scalar P, = RQBRO’B which is quadratic
in the Riemann tensor R,s. One can avoid the appearance of terms proportional to V,V, R*(43)"
for the scalar quantity,

G = R* — 4Rnp5 R*P + Ruprs ROV, (12.2)

which is called the Gauss-Bonnet (GB) term [572, 67]. If one uses this invariant in the action of
D dimensions, as

S = /d%\/fgg, (12.3)

then the equations of motion coming from this Lagrangian include only the terms up to second
derivatives of the metric. The difference between this scalar and the Einstein—Hilbert term is that
this tensor is not linear in the second derivatives of the metric itself. It seems then an interesting
theory to study in detail. Nonetheless, it is a topological property of four-dimensional manifolds
that «/—g G can be expressed in terms of a total derivative [150], as

V=96 =08,D°, (12.4)

where
D* =+/—g €a5765powrpu6 [RUV%/Q + I FAVU/?’] : (12.5)

Then the contribution to the equations of motion disappears for any boundaryless manifold in four
dimensions.

In order to see the contribution of the GB term to the equations of motion one way is to couple
it with a scalar field ¢, i.e., f(¢)G, where f(¢) is a function of ¢. More explicitly the action of
such theories is in general given by

S= / d'ay/ g EF(wR — SAB)TEY ~V(6) - f<<z>>g] , (12.6)

where F(¢), w(¢), and V(¢) are functions of ¢. The GB coupling of this form appears in the low
energy effective action of string-theory [275, 273], due to the presence of dilaton-graviton mixing
terms.

There is another class of general GB theories with a self-coupling of the form [458],

S:/d4x\/jg BRJFf(g)} , (12.7)
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where f(G) is a function in terms of the GB term (here we used the unit 2 = 1). The equations of
motion, besides the standard GR contribution, will get contributions proportional to V,V,, f g [188,
189]. This theory possesses more degrees of freedom than GR, but the extra information appears
only in a scalar quantity fg and its derivative. Hence it has less degrees of freedom compared to
Kretschmann gravity, and in particular these extra degrees of freedom are not tensor-like. This
property comes from the fact that the GB term is a Lovelock scalar. Theories with the more
general Lagrangian density R/2+ f(R, P;, P») have been studied by many people in connection to
the dark energy problem [142, 110, 521, 420, 585, 64, 166, 543, 180]. These theories are plagued
by the appearance of spurious spin-2 ghosts, unless the Gauss-Bonnet (GB) combination is chosen
as in the action (12.7) [465, 153, 447] (see also [110, 181, 109]).

Let us go back to discuss the Lovelock scalars. How many are they? The answer is infinite
(each of them consists of linear combinations of equal powers of the Riemann tensor). However,
because of topological reasons, the only non-zero Lovelock scalars in four dimensions are the Ricci
scalar R and the GB term G. Therefore, for the same reasons as for the GB term, a general
function of f(R) will only introduce terms in the equations of motion of the form V,V,F, where
F = 0f/OR. Once more, the new extra degrees of freedom introduced into the theory comes from
a scalar quantity, F.

In summary, the Lovelock scalars in the Lagrangian prevent the equations of motion from
getting extra tensor degrees of freedom. A more detailed analysis of perturbations on maximally
symmetric spacetimes shows that, if non-Lovelock scalars are used in the action, then new extra
tensor-like degrees of freedom begin to propagate [572, 67, 302, 465, 153, 303, 99]. Effectively these
theories, such as Kretschmann gravity, introduce two gravitons, which have kinetic operators with
opposite sign. Hence one of the two gravitons is a ghost. In order to get rid of this ghost we need
to use the Lovelock scalars. Therefore, in four dimensions, one can in principle study the following
action

S = /d‘*N?gf(R,g). (12.8)

This theory will not introduce spin-2 ghosts. Even so, the scalar modes need to be considered more
in detail: they may still become ghosts. Let us discuss more in detail what a ghost is and why we
need to avoid it in a sensible theory of gravity.

12.2 Ghosts

What is a ghost for these theories? A ghost mode is a propagating degree of freedom with a
kinetic term in the action with opposite sign. In order to see if a ghost is propagating on a given
background, one needs to expand the action at second order around the background in terms of the
perturbation fields. After integrating out all auxiliary fields, one is left with a minimal number of
gauge-invariant fields (5 These are not unique, as we can always perform a field redefinition (e.g.,
a field rotation). However, no matter which fields are used, we typically need — for non-singular
Lagrangians — to define the kinetic operator, the operator which in the Lagrangian appears as

L = ¢'Ad + ... [186, 185]. Then the sign of the eigenvalues of the matrix A defines whether a
mode is a ghost or not. A negative eigenvalue would correspond to a ghost particle. On a FLRW
background the matrix A will be in general time-dependent and so does the sign of the eigenvalues.
Therefore one should make sure that the extra scalar modes introduced for these theories do not
possess wrong signs in the kinetic term at any time during the evolution of the Universe, at least
up to today.

An overall sign in the Lagrangian does not affect the classical equations of motion. However,
at the quantum level, if we want to preserve causality by keeping the optical theorem to be valid,
then the ghost can be interpreted as a particle which propagates with negative energy, as already
stated above. In other words, in special relativity, the ghost would have a four-momentum (E,, ;)
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with Fy < 0. However it would still be a timelike particle as Eg — ﬁ; > 0, whether F, is negative
or not. The problem arises when this particle is coupled to some other normal particle, because in
this case the process 0 = E; + Ey + E3 + ... with Ey < 0 can be allowed. This means in general
that for such a theory one would expect the pair creation of ghost and normal particles out of
the vacuum. Notice that the energy is still conserved, but the energy is pumped out of the ghost
particle.

Since all the particles are coupled at least to gravity, one would think that out of the vacuum
particles could be created via the decay of a couple of gravitons emitted in the vacuum into ghosts
and non-ghosts particles. This process does lead to an infinite contribution unless one introduces
a cutoff for the theory [145, 161], for which one can set observational constraints.

We have already seen that, for metric f(R) gravity, the kinetic operator in the FLRW back-
ground reduces to Qs given in Eq. (7.60) with the perturbed action (7.80). Since the sign of Q; is
determined by F', one needs to impose F' > 0 in order to avoid the propagation of a ghost mode.

12.3 f(G) gravity

Let us consider the theory (12.7) in the presence of matter, i.e.
1 [, 1
S=— [ dav=g |GR+[(G)] +Su, (12.9)

where we have recovered 2. For the matter action Sy; we consider perfect fluids with an equation
of state w. The variation of the action (12.9) leads to the following field equations [178, 383]

Guv + 8[Rupva + Rpvgop — Rpogup — Ruvgop + Ruogup + (R/2) (9uv9op — gwgl,p)]VpV"ﬁg
+(Gf6— ) g =K T, (12.10)
where T),, is the energy-momentum tensor of matter. If f oc G, then it is clear that the theory
reduces to GR.
12.3.1 Cosmology at the background level and viable f(G) models
In the flat FLRW background the (00) component of Eq. (12.10) leads to

3H?> =Gfg— [ —24H" f.g + K> (pm + pr) , (12.11)

where p,, and p, are the energy densities of non-relativistic matter and radiation, respectively.
The cosmological dynamics in f(G) dark energy models have been discussed in [458, 165, 383, 188,
633, 430]. We can realize the late-time cosmic acceleration by the existence of a de Sitter point
satisfying the condition [458]

3HY = G1fg(G1) — F(G), (12.12)
where H; and G; are the Hubble parameter and the GB term at the de Sitter point, respectively.
From the stability of the de Sitter point we require the following condition [188]

0< HYfgg(Hy) < 1/384. (12.13)
The GB term is given by
G =24H?*(H? + H) = —12H*(1 + 3weg) , (12.14)

where weg = —1 — 2H/(3H?) is the effective equation of state. We have G < 0 and G > 0 during
both radiation and matter domination. The GB term changes its sign from negative to positive dur-
ing the transition from the matter era (G = —12H*) to the de Sitter epoch (G = 24H*). Perturbing
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Eq. (12.11) about the background radiation and matter dominated solutions, the perturbations
in the Hubble parameter involve the mass squared given by M? = 1/(96H*f gg) [188]. For the
stability of background solutions we require that M? > 0, i.e., fgg > 0. Since the term 24H3 fg
in Eq. (12.11) is of the order of H®f gg, this is suppressed relative to 3H? for H®f gg < 1 during
the radiation and matter dominated epochs. In order to satisfy this condition we require that f gg
approaches 0 in the limit |G| — oco. The deviation from the ACDM model can be quantified by
the following quantity [182]

p=Hfg=HGfcs=T2HOf ¢ [(1+wer)(1+ 3weg) — wlg/2] (12.15)

where a prime represents a derivative with respect to N = In a. During the radiation and matter
eras we have u = 192H®f gg and u = 72HS f gg, respectively, whereas at the de Sitter attractor
n=0.

The GB term inside and outside a spherically symmetric body (mass Mg and radius rg) with
a homogeneous density is given by G = —48(GM)?/rS and G = 48(GMg)? /1, respectively (r is
a distance from the center of symmetry). In the vicinity of Sun or Earth, |G| is much larger than
the present cosmological GB term, Gy. As we move from the interior to the exterior of the star,
the GB term crosses 0 from negative to positive. This means that f(G) and its derivatives with
respect to G need to be regular for both negative and positive values of G whose amplitudes are
much larger than Gg.

The above discussions show that viable f(G) models need to obey the following conditions:

1. f(9) and its derivatives fg, fgg, . ..are regular.
2. fgg >0 for all G and f gg approaches +0 in the limit |G| — oo.
3. 0 < HYf gg(H1) < 1/384 at the de Sitter point.

A couple of representative models that can satisfy these conditions are [188]

g 1 G2
arctan<> — 5,\\/5* ln(l + ) —aM/G, , (12.16)

@A) 7@ =12

VG, G. G?
g G
B)  f(G) = A\/gt arctan<g*> —a\/G., (12.17)

where a, A\ and G, ~ H{} are positive constants. The second derivatives of f in terms of G
for the models (A) and (B) are fgg = A/| 3/2(1 +G?/G2)] and fgg = 2)\/[ 3/2(1 +G%/G%H?,
respectively. They are constructed to give rise to the positive f gg for all G. Of course other models
can be introduced by following the same prescription. These models can pass the constraint of
successful expansion history that allows the smooth transition from radiation and matter eras to
the accelerated epoch [188, 633]. Although it is possible to have a viable expansion history at
the background level, the study of matter density perturbations places tight constraints on these
models. We shall address this issue in Section 12.3.4.

12.3.2 Numerical analysis

In order to discuss cosmological solutions in the low-redshift regime numerically for the models
(12.16) and (12.17), it is convenient to introduce the following dimensionless quantities

Jii H K2 pm K2 py
2 y = ’ Qm = 2 QT‘ 2
H H, 3H 3H

x (12.18)
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where H, = Gi/ *. We then obtain the following equations of motion [188]

/ 1 Gfg—f
=t o e [T 3100 0] (12.19)
y =y, (12.20)
O = (34 22) 0, (12.21)
Q= (44 20)Q, (12.22)

where a prime represents a derivative with respect to N = In a. The quantities H® f.gg and
(Gfg — f)/H? can be expressed by = and y once the model is specified.
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Figure 12: The evolution of px (multiplied by 104) and weg versus the redshift z = ag/a — 1 for the
model (12.16) with parameters @ = 100 and A = 3 x 10~*. The initial conditions are chosen to be
r = —1.499985, y = 20, and 2, = 0.99999. We do not take into account radiation in this simulation.
From [182].

Figure 12 shows the evolution of p and weg without radiation for the model (12.16) with
parameters o = 100 and A = 3 x 10~4. The quantity g is much smaller than unity in the deep
matter era (wegr ~ 0) and it reaches a maximum value prior to the accelerated epoch. This is
followed by the decrease of p toward 0, as the solution approaches the de Sitter attractor with

Wegg = —1. While the maximum value of j in this case is of the order of 1074, it is also possible to
realize larger maximum values of p such as pmax 2 0.1.

For high redshifts the equations become too stiff to be integrated directly. This comes from
the fact that, as we go back to the past, the quantity fgg (or ) becomes smaller and smaller. In
fact, this also occurs for viable f(R) dark energy models in which f gr decreases rapidly for higher
z. Here we show an iterative method (known as the “fixed-point” method) [420, 188] that can be
used in these cases, provided no singularity is present in the high redshift regime [188]. We define
H? and G to be H? = H? / Hg and G =¢G / H{}, where the subscript “0” represents present values.
The models (A) and (B) can be written in the form

f(9) = f(9)H; — AH{, (12.23)
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where A = aA\/G*/Hg and f(g) is a function of G. The modified Friedmann equation reduces to

- i = L (Fag— )-89 g, (12.24)

dN

Wl =

where A2 = QY /a3+0(” Ja*+A/3 (which represents the Hubble parameter in the ACDM model).
In the following we omit the tilde for simplicity.

In Eq. (12.24) there are derivatives of H in terms of N up to second-order. Then we write
Eq. (12.24) in the form

H? —H? = C’(HQ, HZ/,HQH) : (12.25)

where C' = (fgG—f)/3—8H*(df g/dN). At high redshifts (a < 0.01) the models (A) and (B) are
close to the ACDM model, i.e., H? ~ Hf. As a starting guess we set the solution to be H)) = HX.
The first iteration is then H(Ql) = Hj + C(g), where Cg) = C(H(QO),H(QO)/,H%)”). The second

iteration is H(QQ) =H3i+ C(1), where C() = C(H(Ql)a H(zl)l,H(Ql)H).
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Figure 13: Plot of the absolut log,o(|[HZ — H2 — Cy) (left) and log,, [ Z2=HA=Cil] (right
igure 13: Plot of the absolute errors log,,(|H; — Hx — C;|) (left) and log,, e (right) versus
:

N = Ina for the model (12.16) with ¢ = 0,1,--- ,6. The model parameters are « = 10 and A = 0.075. The
iterative method provides the solutions with high accuracy in the regime N < —4. From [188].

If the starting guess is in the basin of a fixed point, H, Qi) will converge to the solution of the
equation after the i-th iteration. For the convergence we need the following condition

M3, - HPHP - HZ,

7

H?  +H} " H}+H?,’

(12.26)

which means that each correction decreases for larger i. The following relation is also required to
be satisfied:
HZ-Q+1 - H/Q\ —Ciy1 Hf — H[2\ - C;
Hi2+1—H[2\—|-C,'+1 HZQ—H?\-FCz

(12.27)

Once the solution begins to converge, one can stop the iteration up to the required/available level of
precision. In Figure 13 we plot absolute errors for the model (12.16), which shows that the iterative
method can produce solutions accurately in the high-redshift regime. Typically this method stops
working when the initial guess is outside the basin of convergence. This happen for low redshifts
in which the modifications of gravity come into play. In this regime we just need to integrate
Egs. (12.19)—(12.22) directly.
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12.3.3 Solar system constraints

We study local gravity constraints on cosmologically viable f(G) models. First of all there is a big
difference between f(G) and f(R) theories. The vacuum GR solution of a spherically symmetric
manifold, the Schwarzschild metric, corresponds to a vanishing Ricci scalar (R = 0) outside the
star. In the presence of non-relativistic matter, R approximately equals to the matter density x2p,,
for viable f(R) models.

On the other hand, even for the vacuum exterior of the Schwarzschild metric, the GB term
has a non-vanishing value G = R,g,6 R = 1272 /75 [178, 185], where ry = 2GMg/r¢ is the
Schwarzschild radius of the object. In the regime |G| > G, the models (A) and (B) have a correction
term of the order \\/G, G2/G? plus a cosmological constant term —(a + 1)Ay/G,. Since G does not
vanish even in the vacuum, the correction term Qf / G? can be much smaller than 1 even in the
absence of non-relativistic matter. If matter is present, this gives rise to the contribution of the
order of R? ~ (k%p,,)? to the GB term. The ratio of the matter contribution to the vacuum value
GO =1272/r6 is estimated as

2 2 2.6
R, = do o BT pmr” (12.28)

At the surface of Sun (radius ro = 6.96 x 10'° cm = 3.53 x 10?* GeV ™' and mass Mg = 1.99 x
1032 g = 1.12 x 10°7 GeV), the density p,, drops down rapidly from the order p,, ~ 1072 g/cm3
to the order p,, ~ 10716 g/cmB. If we take the value p,, = 1072 g/cm3 we have R,, ~ 4 x 1075
(where we have used 1 g/em® = 4.31 x 10718 GeV*). Taking the value p,, = 1076 g/cm® leads
to a much smaller ratio: R,, ~ 4 x 10733, The matter density approaches a constant value
pm = 10724 g/cm3 around the distance r = 10?1, from the center of Sun. Even at this distance
we have R,, ~ 4 x 1073, which means that the matter contribution to the GB term can be
neglected in the solar system we are interested in.

In order to discuss the effect of the correction term G2/G? on the Schwarzschild metric, we

introduce a dimensionless parameter
e =1+/G./Gs, (12.29)

where G, = 12/7“;1 is the scale of the GB term in the solar system. Since /G, is of the order of the
Hubble parameter Hy ~ 70 kmsec™ " Mpc ™!, the parameter for the Sun is approximately given by
€~ 10746, We can then decompose the vacuum equations in the form

Gu +€¥,, =0, (12.30)
where G, is the Einstein tensor and

Zp,z/ =38 [Rp,pua + Rpl/gou - Rpogup, - Rul/.gop + Ruogup + R(guugap - gucfgl/p)/Q] vaaf)g
+(Gfg — g (12.31)

Here f is defined by f = af.
We introduce the following ansatz for the metric

ds? = —A(r,e) dt* + B~ (r,e)dr? + r*(d6? + sin® 0d¢?) (12.32)
where the functions A and B are expanded as power series in ¢, as
A= A(r) + Ai(r)e + O(e%), B = By(r) + Bi(r)e + O(?). (12.33)
Then we can solve Eq. (12.30) as follows. At zero-th order the equations read

G, (Ag, By) =0, (12.34)
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which leads to the usual Schwarzschild solution, Ag = By = 1 — r4/r. At linear order one has
e[G*, Y (Ay, By, Ag, Bo) + 4,0 (Ag, By)] = 0. (12.35)

Since Ay and By are known, one can solve the differential equations for A; and B;. This process
can be iterated order by order in €.

For the model (A) introduced in (12.16), we obtain the following differential equations for A
and By [185]:

pdd—il + By = 32V3Mp® + 12v3)p? In(p) + (4Ine — 2a — 28)V3Ap?,  (12.36)
(p— pQ)dd—/:)l + Ay =8V3M\p* —2V3(10 + 6Inp + 2Ine — a)Ap®
—2V3(a— 6Inp — 2Ine — 6)A\p? + pBy, (12.37)
where p = r/rs. The solutions to these equations are
By = 8V3\p® +4V3Ap% Inp + 2\/3(2 Ine —a — 16) Ap?, (12.38)
Al:—13—6\/§)\p3+%\/5(4—a+61np—|—21n€))\p2. (12.39)

Here we have neglected the contribution coming from the homogeneous solution, as this would
correspond to an order e renormalization contribution to the mass of the system. Although ¢ < 1,
the term in Ine only contributes by a factor of order 102. Since p > 1 the largest contributions
to B; and A; correspond to those proportional to p3, which are different from the Schwarzschild—
de Sitter contribution (which grows as p?). Hence the model (12.16) gives rise to the corrections
larger than that in the cosmological constant case by a factor of p. Since € is very small, the
contributions to the solar-system experiments due to this modification are too weak to be detected.
The strongest bound comes from the shift of the perihelion of Mercury, which gives the very mild
bound A < 2 x 10° [185]. For the model (12.17) the constraint is even weaker, A(1+ ) < 10'*. In
other words, the corrections look similar to the Schwarzschild—de Sitter metric on which only very
weak bounds can be placed.

12.3.4 Ghost conditions in the FLRW background

In the following we shall discuss ghost conditions for the action (12.9). For simplicity let us
consider the vacuum case (Sp; = 0) in the FLRW background. The action (12.9) can be expanded
at second order in perturbations for the perturbed metric (6.1), as we have done for the action (6.2)
in Section 7.4. Before doing so, we introduce the gauge-invariant perturbed quantity

R=1v— ?56, where £=fg. (12.40)

This quantity completely describes the dynamics of all the scalar perturbations. Note that for
the gauge choice 6§ = 0 one has R = 1. Integrating out all the auxiliary fields, we obtain the
second-order perturbed action [186]

1. 1 ¢2
653 = /dtd% a’® Qs [2 R? — %(VR)Q , (12.41)
where we have defined

24(1 + 4p) p?
Qs = 240 +4p) p* 7 (12.42)

K2 (1 + 6p)?

2H

=1+ = —2 — 3Wef - (12.43)
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Recall that p has been introduced in Eq. (12.15).
In order to avoid that the scalar mode becomes a ghost, one requires that Q¢ > 0, i.e.

p>—1/4. (12.44)

This relation is dynamical, as one requires to know how H and its derivatives change in time.
Therefore whatever f(G) is, the propagating scalar mode can still become a ghost. If f:g >0
and H > 0, then ¢ > 0 and hence the ghost does not appear. The quantity ¢, characterizes
the speed of propagation for the scalar mode, which is again dependent on the dynamics. For
any GB theory, one can give initial conditions of H and H such that 2 becomes negative. This
instability, if present, governs the high momentum modes in Fourier space, which corresponds to
an Ultra-Violet (UV) instability. In order to avoid this UV instability in the vacuum, we require
that the effective equation of state satisfies wer < —2/3. At the de Sitter point (weg = —1) the
speed c¢; is time-independent and reduces to the speed of light (c¢s = 1).

Suppose that the scalar mode does not have a ghost mode, i.e., Qs > 0. Making the field
redefinition u = z;R and z; = a/Qs, the action (12.41) can be written as

1 1 1
653 = /dn d*z [2 u'? — 3 A(Vu)? — 3 a® M?u?| | (12.45)
where a prime represents a derivative with respect to n = [ a~tdt and M? = —2"/(a’z). In order

to realize the positive mass squared (M2 > 0), the condition fgg > 0 needs to be satisfied in the
regime ;1 < 1 (analogous to the condition f rr > 0 in metric f(R) gravity).

12.3.5 Viability of f(G) gravity in the presence of matter

In the presence of matter, other degrees of freedom appear in the action. Let us take into account
a perfect fluid with the barotropic equation of state wy; = Py/pa. It can be proved that, for
small scales (i.e., for large momenta k) in Fourier space, there are two different propagation speeds
given by [182]

c=wy, (12.46)
QH 1+wM I<&2pM

2
T e .
=t T, 3

(12.47)

The first result is expected, as it corresponds to the matter propagation speed. Meanwhile the
presence of matter gives rise to a correction term to c3 in Eq. (12.43). This latter result is due
to the fact that the background equations of motion are different between the two cases. Recall
that for viable f(G) models one has |u| < 1 at high redshifts. Since the background evolution is
approximately given by 3H? ~ 87Gpy; and H/H? ~ —(3/2)(1 + wyy), it follows that

2~ —1—2wy. (12.48)

Hence the UV instability can be avoided for wy; < —1/2. During the radiation era (wy; = 1/3) and
the matter era (wy; = 0), the large momentum modes are unstable. In particular this leads to the
violent growth of matter density perturbations incompatible with the observations of large-scale
structure [383, 182]. The onset of the negative instability can be characterized by the condition [182]

pa (aH/Ek)?. (12.49)

As long as p # 0 we can always find a wavenumber k (> oH) satisfying the condition (12.49).
For those scales linear perturbation theory breaks down, and in principle one should look for all
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higher-order contributions. Hence the background solutions cannot be trusted any longer, at least
for small scales, which makes the theory unpredictable. In the same regime, one can easily see that
the scalar mode is not a ghost, as Eq. (12.44) is satisfied (see Figure 12). Therefore the instability
is purely classical. This kind of UV instability sets serious problems for any theory, including f(G)
gravity.

12.3.6 The speed of propagation in more general modifications of gravity

We shall also discuss more general theories given by Eq. (12.8), i.e.

S = /d%ﬁf(R,g), (12.50)

where we do not take into account the matter term here. It is clear that this function allows more
freedom with respect to the background cosmological evolution®, as now one needs a two-parameter
function to choose. However, once more the behavior of perturbations proves to be a strong tool
in order to have a deep insight into the theory.

The second-order action for perturbations is given by

1., 1B 1B
— 3 3 T2 2Pl 2 - D2 2 2
Sf/dtd za®Q, {272 5 2 (VR =5 (V'R)*| (12.51)

where we have introduced the gauge-invariant field

_ H(SF +4H?5¢)

R = : .
v F + 4H%

) (12.52)
with FF'= f g and £ = fg. The forms of Q,(t), B1(¢) and By(t) are given explicitly in [186].
The quantity Bo vanishes either on the de Sitter solution or for those theories satisfying

_*f ( P*f )2:

T OR20G2  \ ORIG

(12.53)

If A # 0, then the modes with high momenta k have a very different propagation. Indeed the
frequency w becomes k-dependent, that is [186]

w? =By — . (12.54)
a

If By < 0, then a violent instability arises. If By > 0, then these modes propagate with a group
velocity

k
vy =2VB; —. (12.55)

This result implies that the superluminal propagation is always present in these theories, and
the speed is scale-dependent. On the other hand, when A = 0, this behavior is not present at
all. Therefore, there is a physical property by which different modifications of gravity can be
distinguished. The presence of an extra matter scalar field does not change this regime at high
k [185], because the Laplacian of the gravitational field is not modified by the field coupled to
gravity in the form f(¢, R, G).

8 There are several works about the background cosmological dynamics for some f(R,G) models [15, 14, 229].

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2010-3


http://www.livingreviews.org/lrr-2010-3

f(R) Theories 103

12.4 Gauss—Bonnet gravity coupled to a scalar field

At the end of this section we shall briefly discuss theories with a GB term coupled to a scalar
field with the action given in Eq. (12.6). The scalar coupling with the GB term often appears as
higher-order corrections to low-energy, tree-level effective string theory based on toroidal compact-
ifications [275, 276]. More explicitly the low-energy string effective action in four dimensions is
given by

1 1
S = /d‘lxﬁgew [QR + 5(WS)2 +Lar+ Lo |, (12.56)

where ¢ is a dilaton field that controls the string coupling parameter, g2 = e?. The above action
is the string frame action in which the dilaton is directly coupled to a scalar curvature, R. The
Lagrangian L) is that of additional matter fields (fluids, axion, modulus etc.). The Lagrangian
L. corresponds to higher-order string corrections including the coupling between the GB term and
the dilaton. A possible set of corrections include terms of the form [273, 105, 147]

Lo=—5a'7(0) [cG +d(Vo)"] (12.57)
where o is a string expansion parameter and ((¢) is a general function of ¢. The constant \ is
an additional parameter which depends on the types of string theories: A = —1/4,—1/8, and 0
correspond to bosonic, heterotic, and superstrings, respectively. If we require that the full action
agrees with the three-graviton scattering amplitude, the coefficients ¢ and d are fixed to be ¢ = —1,
d =1, and {(¢) = —e~? [425].

In the Pre-Big-Bang (PBB) scenario [275] the dilaton evolves from a weakly coupled regime
(gs < 1) toward a strongly coupled region (gs = 1) during which the Hubble parameter grows in
the string frame (superinflation). This superinflation is driven by a kinetic energy of the dilaton
field and it is called a PBB branch. There exists another Friedmann branch with a decreasing
curvature. If £. = 0 these branches are disconnected to each other with the appearance of a
curvature singularity. However the presence of the correction L. allows the existence of non-
singular solutions that connect two branches [273, 105, 147].

The corrections L. are the sum of the tree-level o/ corrections and the quantum n-loop cor-
rections (n = 1,2,3,---) with the function ((¢) given by ((¢) = —>_,_, Cpe™=1D? where C,
(n > 1) are coefficients of n-loop corrections (with Cyp = 1). In the context of the PBB cosmology
it was shown in [105] there exist regular cosmological solutions in the presence of tree-level and
one-loop corrections, but this is not realistic in that the Hubble rate in Einstein frame contin-
ues to increase after the bounce. Nonsingular solutions that connect to a Friedmann branch
can be obtained by accounting for the corrections up to two-loop with a negative coefficient
(Cy < 0) [105, 147]. In the context of Ekpyrotic cosmology where a negative potential V(¢)
is present in the Einstein frame, it is possible to realize nonsingular solutions by taking into ac-
count corrections similar to £, given above [588]. For a system in which a modulus field is coupled
to the GB term, one can also realize regular solutions even without the higher-derivative term
(Vé)* in Eq. (12.57) [34, 224, 336, 337, 338, 623, 12, 582]. These results show that the GB term
can play a crucial role to eliminate the curvature singularity.

In the context of dark energy there are some works which studied the effect of the GB term
on the late-time cosmic acceleration. A simple model that can give rise to cosmic acceleration is
provided by the action [463]

5= [atey=g BR (V8P V(8) - F(9)6] + S (12.58)

where V(¢) and f(¢) are functions of a scalar field ¢. This can be viewed as the action in the
Einstein frame corresponding to the Jordan frame action (12.56). We note that the conformal
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transformation gives rise to a coupling between the field ¢ and non-relativistic matter in the
Einstein frame. Such a coupling is assumed to be negligibly small at low energy scales, as in the
case of the runaway dilaton scenario [274, 176]. For the exponential potential V (¢) = Voe™*¢ and
the coupling f(¢) = (fo/pn)e’?, cosmological dynamics has been extensively studied in [463, 360,
361, 593] (see also [523, 452, 453, 381]). In particular it was found in [360, 593] that a scaling
matter era can be followed by a late-time de Sitter solution which appears due to the presence of
the GB term.

Koivisto and Mota [360] placed observational constraints on the above model using the Gold
data set of Supernovae Ia together with the CMB shift parameter data of WMAP. The parameter
A is constrained to be 3.5 < A < 4.5 at the 95% confidence level. In the second paper [361], they
included the constraints coming from the BBN, LSS, BAO and solar system data and showed that
these data strongly disfavor the GB model discussed above. Moreover, it was shown in [593] that
tensor perturbations are subject to negative instabilities in the above model when the GB term
dominates the dynamics (see also [290]). Amendola et al. [25] studied local gravity constraints on
the model (12.58) and showed that the energy contribution coming from the GB term needs to be
strongly suppressed for consistency with solar-system experiments. This is typically of the order of
Qg < 10730 and hence the GB term of the coupling f(¢) G cannot be responsible for the current
accelerated expansion of the universe.

In summary the GB gravity with a scalar field coupling allows nonsingular solutions in the high
curvature regime, but such a coupling is difficult to be compatible with the cosmic acceleration
at low energy scales. Recall that dark energy models based on f(G) gravity also suffers from the
UV instability problem. This shows how the presence of the GB term makes it difficult to satisfy
all experimental and observational constraints if such a modification is responsible for the late-
time acceleration. This property is different from metric f(R) gravity in which viable dark energy
models can be constructed.
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13 Other Aspects of f(R) Theories and Modified Gravity

In this section we discuss a number of topics related with f(R) theories and modified gravity.
These include weak lensing, thermodynamics and horizon entropy, unified models of inflation and
dark energy, f(R) theories in the extra dimensions, Vainshtein mechanism, DGP model, Noether
and Galileon symmetries.

13.1 Weak lensing

Weak gravitational lensing is sensitive to the growth of large scale structure as well as the relation
between matter and gravitational potentials. Since the evolution of matter perturbations and
gravitational potentials is different from that of GR, the observations of weak lensing can provide
us an important test for probing modified gravity on galactic scales (see [2, 527, 27, 595, 528, 548]
for theoretical aspects and [546, 348, 322, 3, 629, 373, 326, 177, 73] for observational aspects). In
particular a number of wide-field galaxy surveys are planned to measure galaxy counts and weak
lensing shear with high accuracy, so these will be useful to distinguish between modified gravity
and the ACDM model in future observations.

Let us consider BD theory with the action (10.10), which includes f(R) gravity as a specific
case. Note that the method explained below can be applied to other modified gravity models as
well. The equations of matter perturbations J,, and gravitational potentials ®, ¥ in BD theory
have been already derived under the quasi-static approximation on sub-horizon scales (k > aH),
see Egs. (10.38), (10.39), and (10.40). In order to discuss weak lensing observables, we define the
lensing deflecting potential

O =0+ 7, (13.1)
and the effective density field
_ a 2
St = SH(%Q?(Y?)IC Dy, (13.2)

where the subscript “0” represents present values with ag = 1. Using the relation p,, = 3F0H§Q£2) /a?
with Eqgs. (13.1) and (13.2), it follows that

Iy

2
@Wl:_i@5m7 6eff:?

. 13.

Writing the angular position of a source and the direction of weak lensing observation to be 0. s
and 67, respectively, the deformation of the shape of galaxies can be quantified by the amplification
matrix A4 = dfg/df;. The components of the matrix A are given by [66]

X )~ N
A/ﬂ/ = dluv 7/0 X(XXX)aMV(I)Wl[XIQ,X/]dX/, (134)

where y = foz dz’'/H (%) is a comoving radial distance (z is a redshift). The convergence k) and the
shear 4 = (1, 72) can be derived from the components of the 2 x 2 matrix A, as Ky = 1—(1/2)Tr A
and 7 = ([Aaz — ./411]/2 A12) For a redshift distribution p(x)dyx of the source, the convergence

can be expressed as kwi(0) = [ p(X)kwi( (6, x)dx. Using Eqs. (13.2) and (13.4) it follows that
H_ 3y i Sefr[x 0 X]
rwi(f) = 5 953)/ gOOx——"—">dx, (13.5)
O a
where x g is the maximum distance to the source and g(x f X X' —x)/x'dx .
The convergence is a function on the 2-sphere and hence 1t can be expanded in the form
Kw1(0 f R (¢ il 9d27f, where ¢ = (01, €5) with ¢1 and £5 integers. We define the power spectrum

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2010-3


http://www.livingreviews.org/lrr-2010-3

106 Antonio De Felice and Shinji Tsujikawa

of the shear to be (/%WI(Z)/%le (07)) = P, ()6 (£ — 7). Then the convergence has the same power
spectrum as P, which is given by [66, 601]

P.(0) = f’Hél(iW/OXH {i&;rgcﬁ [ix} dy . (13.6)

We assume that the sources are located at the distance x, (corresponding to the redshift z), giving
the relations p(x) = 0(x — xs) and g(x) = (xs — x)/xs. From Eq. (13.3) Ps_, can be expressed as

Ps... = (Fo/F)*Ps,,, where Pj, is the matter power spectrum. Hence the convergence spectrum
(13.6) reads
OHF (U )2 [ (xs =X F)” ¢
P ()= =0 = 2) Ps | —, x| dx. 13.7
() 4 /0 (xsa F> 6”{XX}X 130

We recall that, during the matter era, the transition from the GR regime (8,, o t*/3 and
®,1 = constant) to the scalar-tensor regime (8, oc t(V20H48Q7=1)/6 and @ o t(V25+48Q7=5)/6)
occurs at the redshift z, characterized by the condition (10.45). Since the early evolution of
perturbations is similar to that in the ACDM model, the weak lensing potential at late times is
given by the formula [214]

D(k,a)

@wl(k,a):%tbwl(k,ai)T(k) ba), (13.8)

where ®y1(k, a;) ~ 2®(k,a;) is the initial potential generated during inflation, T'(k) is a transfer
function describing the epochs of horizon crossing and radiation/matter transition (50 < z <
10%), and D(k,a) is the growth function at late times defined by D(k,a)/a = ®y1(a)/Pwi(ar) (ar
corresponds to the scale factor at a redshift 1 < z; < 50). Our interest is the case in which
the transition redshift z; is smaller than 50, so that we can use the standard transfer function of
Bardeen-Bond-Kaiser—Szalay [58]:

In(1+0.171z) 0%

T@) = =1 1.0 + 0.284x + (1.182)% + (0.399z)* + (0.490x)* : (13.9)

where ¢ = k/kpq and kgq = 0.073 Q,(qg)h2 Mpc™!. In the ACDM model the growth function
D(k,a) during the matter dominance is scale-independent (D(a) = a), but in BD theory with the
action (10.10) the growth of perturbations is generally scale-dependent.

From Egs. (13.2) and (13.8) we obtain the matter perturbation d,, for z < zr:

3 F Kk

S(kya) = ———
(ka) = =155 Oy

1 (k,a;)T(k)D(k,a). (13.10)

The initial power spectrum generated during inflation is Pp, = 4|®|? = (20072 /9k3)(k/Ho)"* 6%,
where ng is the spectral index and §% is the amplitude of ®; [71, 214]. Therefore we obtain the
power spectrum of matter perturbations, as

F\? e
_ 2 _ o9 2 2 2 2
Py, (k,a) = |62 = 27 <F0> (Qg))Qng)HaHT (k)D?(k, ). (13.11)

Plugging Eq. (13.11) into Eq. (13.7), we find that the convergence spectrum is given by
9r2 [* x\? 1 AN Dyn(2) \
P.(t :7/ (1—) 62 () T%(z ( ik ) dz, 13.12
0= 0 X,) E(») "\Xx (@) Dyi(z1) (13.12)
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10 10 100

Figure 14: The convergence power spectrum P (£) in f(R) gravity (Q = —1/v/6) for the model (5.19).
This model corresponds to the field potential (10.23). Each case corresponds to (a) p = 0.5, C = 0.9, (b)
p=0.7,C =0.9, and (c¢) the ACDM model. The model parameters are chosen to be QY = 0.28, ne =1,
and 6% = 3.2 x 107, From [595].

where H(2) I
Z 0
X =H =——=. 13.13
HO 3 0X 5 x kEQ X ( )
Note that X satisfies the differential equation dX /dz = 1/E(z).

In Figure 14 we plot the convergence spectrum in f(R) gravity with the potential (10.23) for
two different values of p together with the ACDM spectrum. Recall that this model corresponds
to the f(R) model f(R) = R — uR.[1 — (R/R.)~?"] with the correspondence p = 2n/(2n + 1).
Figure 14 shows the convergence spectrum in the linear regime characterized by ¢ < 200. The
ACDM model corresponds to the limit n — oo, i.e., p — 1. The deviation from the ACDM model
becomes more significant for smaller p away from 1. Since the evolution of ®; changes from

., = constant to g oc £V 25+48Q%=5)/6 ¢ the transition time ty characterized by the condition

M?/F = (£/x)?/a?, this leads to a difference of the spectral index of the convergence spectrum
compared to that of the ACDM model [595]:

E(z) =

Pe(0) An, _ (1=p)(V25+48Q% - 5)
m ol 5 where A?’ZS = 4_ D . (1314)

This estimation is reliable for the transition redshift z, much larger than 1. In the simulation of
Figure 14 the numerical value of Ang for p = 0.7 at £ = 200 is 0.056 (with z, = 3.26), which is
slightly smaller than the analytic value Angs = 0.068 estimated by Eq. (13.14). The deviation of
the spectral index of P, from the ACDM model will be useful to probe modified gravity in future
high-precision observations. Note that the galaxy-shear correlation spectrum will be also useful to
constrain modified gravity models [528].

Recent data analysis of the weak lensing shear field from the Hubble Space Telescope’s COSMOS
survey along with the ISW effect of CMB and the cross-correlation between the ISW and galaxy
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distributions from 2MASS and SDSS surveys shows that the anisotropic parameter n = U/® is
constrained to be n < 1 at the 98% confidence level [73]. For BD theory with the action (10.10)
the quasi-static results (10.38) and (10.39) of the gravitational potentials give

 (K/a®)(1 —2Q))F + M?
1T R ) (2@ F

(13.15)

Since 1 ~ (1 —2Q?%)/(1 +2Q?) in the scalar-tensor regime (k?/a? > M?/F), one can realize n < 1
in BD theory. Of course we need to wait for further observational data to reach the conclusion
that modified gravity is favored over the ACDM model.

To conclude this session we would like to point out the possibility of using the method of
gravitational lensing tomography [574]. This method consists of considering lensing on different
redshift data-bins. In order to use this method, one needs to know the evolution of both the
linear growth rate and the non-linear one (typically found through a standard linear-to-non-linear
mapping). Afterward, from observational data, one can separate different bins in order to make
fits to the models. Having good data sets, this procedure is strong enough to further constrain the
models, especially together with other probes such as CMB [322, 320, 632, 292].

13.2 Thermodynamics and horizon entropy

It is known that in Einstein gravity the gravitational entropy S of stationary black holes is propor-
tional to the horizon area A, such that S = A/(4G), where G is gravitational constant [75]. A black
hole with mass M obeys the first law of thermodynamics, T'dS = dM [59], where T' = k,/(27) is
a Hawking temperature determined by the surface gravity ks [293]. This shows a deep physical
connection between gravity and thermodynamics. In fact, Jacobson [324] showed that Einstein
equations can be derived by using the Clausius relation 7'dS = d@ on local horizons in the Rindler
spacetime together with the relation S oc A, where d@ and T are the energy flux across the horizon
and the Unruh temperature seen by an accelerating observer just inside the horizon respectively.

Unlike stationary black holes the expanding universe with a cosmic curvature K has a dynam-
ically changing apparent horizon with the radius 74 = (H? 4+ K/a?)~'/?, where K is a cosmic
curvature [108] (see also [296]). Even in the FLRW spacetime, however, the Friedmann equation
can be written in the thermodynamical form 7dS = —dE + WdV, where W is the work density
present in the dynamical background [8]. For matter contents of the universe with energy density
p and pressure P, the work density is given by W = (p — P)/2 [297, 298]. This method is identical
to the one established by Jacobson [324], that is, dQ = —dE + WdV.

In metric f(R) gravity Eling et al. [228] showed that a non-equilibrium treatment is required
such that the Clausius relation is modified to dS = dQ/T + d;S, where S = FA/(4G) is the
Wald horizon entropy [610] and d;S is the bulk viscosity entropy production term. Note that
S corresponds to a Noether charge entropy. Motivated by this work, the connections between
thermodynamics and modified gravity have been extensively discussed — including metric f(R)
gravity [6, 7, 281, 431, 619, 620, 230, 103, 51, 50, 157] and scalar-tensor theory [281, 619, 620, 108].

Let us discuss the relation between thermodynamics and modified gravity for the following
general action [53]

(13.16)

I/d4x\/7g{%+ﬁM ,

where X = — (1/2) ¢""V ¢V, ¢ is a kinetic term of a scalar field ¢. For the matter Lagrangian
Ly we take into account perfect fluids (radiation and non-relativistic matter) with energy density
pu and pressure Py;. In the FLRW background with the metric ds? = hagdx”‘dxﬂ +72d0?, where
7 =a(t)r and 2° = ¢, 2! = r with the two dimensional metric h,g = diag(—1,a?(t)/[1 — Kr?]),
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the Friedmann equations are given by

H? + g = 8;7(; (pa+pm) (13.17)
H - gz—ﬁ(pﬁPdeJrPM), (13.18)
py + 3H(par + Pry) =0, (13.19)
where F'= 0f/0R and
1 1 :
Pd_Sﬂ_G{f,XXJFQ(FRf)?’HF] ) (13.20)
Py = % {F +2HF — %(FR — f)] . (13.21)

Note that pg and P, originate from the energy-momentum tensor T/Efl,) defined by

1 1 1
W= _— [QQW(f — RF)+V,V,F — g, OF + 2f,XvM¢vy¢} : (13.22)

where the Einstein equation is given by

d M
T 4 T >) . (13.23)

Defining the density pg and the pressure P; of “dark” components in this way, they obey the
following equation

pa+3H(pa + Pa) = %(HZ + K/a*)F. (13.24)
For the theories with £ # 0 (including f(R) gravity and scalar-tensor theory) the standard conti-
nuity equation does not hold because of the presence of the last term in Eq. (13.24).

In the following we discuss the thermodynamical property of the theories given above. The ap-
parent horizon is determined by the condition h*?9,70s7 = 0, which gives 74 = (H2 + K/aQ)_l/2
in the FLRW spacetime. Taking the differentiation of this relation with respect to ¢ and using
Eq. (13.18), we obtain

Fdry
AnG

In Einstein gravity the horizon entropy is given by the Bekenstein—-Hawking entropy S =
A/(4G), where A = 477% is the area of the apparent horizon [59, 75, 293]. In modified gravity
theories one can introduce the Wald entropy associated with the Noether charge [610]:

= 73H (pg + Py + pm + Par) dt . (13.25)

AF
S=—. 13.2
e (13.26)
Then, from Egs. (13.25) and (13.26), it follows that
1 . TA
dS = 4nri H P Py)dt + —=dF . 13.27
97T 7raH (pa + Pg+ py + Par) dt + °G ( )

The apparent horizon has the Hawking temperature T' = |k;|/(27), where kg is the surface gravity
given by

1 Ta Fa (- s K 2rG
,{S:_(l ):—2(H+2H +ﬁ :—3FT‘A(PT—3PT)~ (13.28)
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Here we have defined pr = pq+pnp and Pr = P;+ Py For the total equation of state wr = Pr/pr
less than 1/3, as is the case for standard cosmology, one has ks < 0 so that the horizon temperature

is given by . .
TA
T= 1-— . 13.29
27T A ( 2H77A> ( )

Multiplying the term 1 — 74 /(2H74) for Eq. (13.27), we obtain

T
TdS = 4ni H (pg + Py + par + Pag)dt — 2075 (pg + Py + par + Pag)dig + awfidF. (13.30)

In Einstein gravity the Misner-Sharp energy [428] is defined by E = 74/(2G). In f(R) gravity
and scalar-tensor theory this can be extended to E = 74 F/(2G) [281]. Using this expression for
f(R, ¢, X) theory, we have

FaF V3F(H2 + K/a?)

E=3q 8rG

=V(pa+pnm), (13.31)

where V = 4773 /3 is the volume inside the apparent horizon. Using Egs. (13.19) and (13.24), we
find

dE = —477 H(pa + Py + par + Par)dt + 4772 (pa + par)dra + ;—ng. (13.32)

From Egs. (13.30) and (13.32) it follows that

TdS = —dFE + 2774 (pa + par — Py — Par)dra + ;—g (14 2774T)dF. (13.33)

Following [297, 298, 108] we introduce the work density W = (pg + pp — Pa — Pas)/2. Then
Eq. (13.33) reduces to

TdS = —dE + WdV + ;—g (14 2074T) dF (13.34)

which can be written in the form [53]

TdS +Td;S = —dFE + WdV, (13.35)
where |- 5 AP
__-ra = __(E ar

4;S = TG (14 2774T)dF (T + S) il (13.36)

The modified first-law of thermodynamics (13.35) suggests a deep connection between the horizon
thermodynamics and Friedmann equations in modified gravity. The term d;S can be interpreted
as a term of entropy production in the non-equilibrium thermodynamics [228]. The theories with
F = constant lead to d;S = 0, which means that the first-law of equilibrium thermodynamics
holds. The theories with dF' # 0, including f(R) gravity and scalar-tensor theory, give rise to the
additional non-equilibrium term (13.36) [6, 7, 281, 619, 620, 108, 50, 53].

The main reason why the non-equilibrium term d;S appears is that the energy density pg and
the pressure Py defined in Egs. (13.20) and (13.21) do not satisfy the standard continuity equation
for F # 0. On the other hand, if we define the effective energy-momentum tensor Tﬁ)) as Eq. (2.9)
in Section 2, it satisfies the continuity equation (2.10). This correspond to rewriting the Einstein
equation in the form (2.8) instead of (13.23). Using this property, [53] showed that equilibrium
description of thermodynamics can be possible by introducing the Bekenstein—-Hawking entropy
S = A/(4G). In this case the horizon entropy S takes into account the contribution of both the
Wald entropy S in the non-equilibrium thermodynamics and the entropy production term.
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13.3 Curing the curvature singularity in f(R) dark energy models, uni-
fied models of inflation and dark energy

In Sections 5.2 and 8.1 we showed that there is a curvature singularity for viable f(R) models such
as (4.83) and (4.84). More precisely this singularity appears for the models having the asymptotic
behavior (5.19) in the region of high density (R > R.). As we see in Figure 3, the field potential
V(¢) = (FR — f)/(25%F) has a finite value uR./(2x?) in the limit ¢ = 1/3/(167)mp In F — 0.
In this limit one has f gr — 0, so that the scalaron mass 1/(3f rr) goes to infinity.

This problem of the past singularity can be cured by adding the term R?/(6M?) to the La-
grangian in f(R) dark energy models [37]. Let us then consider the modified version of the
model (4.83):

(R/Rc)Zn R2
(R/R)? 11 6M2

For this model one can easily show that the potential V(¢) = (FR — f)/(2k*F) extends to the
region ¢ > 0 and that the curvature singularity disappears accordingly. Also the scalaron mass
approaches the finite value M in the limit ¢ — oo. The perturbation dR is bounded from above,
which can evade the problem of the dominance of the oscillation mode in the past.

Since the presence of the term R?/(6M?) can drive inflation in the early universe, one may
anticipate that both inflation and the late-time acceleration can be realized for the model of
the type (13.37). This is like a modified gravity version of quintessential inflation based on a
single scalar field [486, 183, 187, 392]. However, we have to caution that the transition between
two accelerated epochs needs to occur smoothly for successful cosmology. In other words, after
inflation, we require a mechanism in which the universe is reheated and then the radiation/matter
dominated epochs follow. However, for the model (13.37), the Ricci scalar R evolves to the point
f.rr = 0 and it enters the region f rr < 0. Crossing the point f rr = 0 implies the divergence of
the scalaron mass. Moreover, in the region f rr < 0, the Minkowski space is not a stable vacuum
state. This is problematic for the particle creation from the vacuum during reheating. The similar
problem arises for the models (4.84) and (4.89) in addition to the model proposed by Appleby
and Battye [35]. Thus unified f(R) models of inflation and dark energy cannot be constructed
easily in general (unlike a number of related works [456, 460, 462]). Brookfield et al. [104] studied
the viability of the model f(R) = R — «/R"™ + BR™ (n,m > 0) by using the constraints coming
from Big Bang Nucleosynthesis and fifth-force experiments and showed that it is difficult to find a
unique parameter range for consistency of this model.

In order to cure the above mentioned problem, Appleby et al. [37] proposed the f(R) model
(11.40). Note that the case ¢ = 0 corresponds to the Starobinsky inflationary model f(R) =
R+ R?/(6M?) [564] and the case ¢ = 1/2 corresponds to the model of Appleby and Battye [35]
plus the R?/(6M?) term. Although the above mentioned problem can be evaded in this model,
the reheating proceeds in a different way compared to that in the model f(R) = R+ R?*/(6M?)
[which we discussed in Section 3.3]. Since the Hubble parameter periodically evolves between
H = 1/(2t) and H = ¢/M, the reheating mechanism does not occur very efficiently [37]. The
reheating temperature can be significantly lower than that in the model f(R) = R + R?/(6M?).
It will be of interest to study observational signatures in such unified models of inflation and dark
energy.

f(R) =R — uR. (13.37)

13.4 f(R) theories in extra dimensions

Although f(R) theories have been introduced mainly in four dimensions, the same models may
appear in the context of braneworld [502, 501] in which our universe is described by a brane
embedded in extra dimensions (see [404] for a review). This scenario implies a careful use of
f(R) theories, because a boundary (brane) appears. Before looking at the real working scenario
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in braneworld, it is necessary to focus on the mathematical description of f(R) models through a
sensible definition of boundary conditions for the metric elements on the surface of the brane.

Some works appeared regarding the possibility of introducing f(R) theories in the context of
braneworld scenarios [499, 40, 96, 513, 97]. In doing so one requires a surface term [222, 482, 69,
48, 49, 286], which is known as the Hawking—Luttrell term [295] (analogous to the York—-Gibbons—
Hawking one for General Relativity). The action we consider is given by

S:/d”x\/—gf(RH—Q/ d"'z\/|y| FK, (13.38)
Q o0

where F' = 0f/OR, v is the determinant of the induced metric on the n — 1 dimensional boundary,
and K is the trace of the extrinsic curvature tensor.

In this case particular attention should be paid to boundary conditions on the brane, that is,
the Israel junction conditions [323]. In order to have a well-defined geometry in five dimensions,
we require that the metric is continuous across the brane located at y = 0. However its derivatives
with respect to y can be discontinuous at y = 0. The Ricci tensor Ry, in Eq. (2.4) is made of
the metric up to the second derivatives g” with respect to y. This means that ¢” have a delta-
function dependence proportional to the energy-momentum tensor at a distributional source (i.e.,
with a Dirac’s delta function centered on the brane) [87, 86, 536]. In general this also leads to
the discontinuity of the Ricci scalar R across the brane. Since the discontinuity of R can lead to
inconsistencies in f(R) gravity, one should add this extra-constraint as a junction condition. In
other words, one needs to impose that, although the metric derivative is discontinuous, the Ricci
scalar should still remain continuous on the brane.

This is tantamount to imposing that the extra scalar degree of freedom introduced is continuous
on the brane. We use Gaussian normal coordinates with the metric

ds? = dy? + 7y, da*da” . (13.39)

In terms of the extrinsic curvature tensor K, = —0,7,.,/2 for a brane, the Lh.s. of the equations
of motion tensor [which is analogous to the Lh.s. of Eq. (2.4) in 4 dimensions] is defined by

1
Y AB EFRAB_ingB—VAVBF(R)—I—gABDF(R). (1340)

This has a delta function behavior for the pu-v components, leading to [207]
Dy = [F (Kyuy = K Y) + Vv FROyRIE = Ty (13.41)

where T),, is the matter stress-energy tensor on the brane. Hence R is continuous, whereas its first
derivative is not, in general. This imposes an extra condition on the metric crossing the brane at
y = 0, compared to General Relativity in which the condition for the continuity of R is not present.
However, it is not easy to find a solution for which the metric derivative is discontinuous but R is
not. Therefore some authors considered matter on the brane which is not universally coupled with
the induced metric. This approach leads to the relaxation of the condition that R is continuous.
Such a matter action can be found by analyzing the action in the Einstein frame and introducing
a scalar field 1) coupled to the scalaron ¢ on the brane as follows [207]

S = [ 4 ey expl(n - 1) C(@)) |~ expl-2C@N" V0V - V)| (13.42

The presence of the coupling C(¢) with the field ¢ modifies the Israel junction conditions. Indeed,
if C = 0, then R must be continuous, but if C' # 0, R can have a delta function profile. This
method may help for finding a solution for the bulk that satisfies boundary conditions on the brane.
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13.5 Vainshtein mechanism

Modifications of gravity in recent works have been introduced mostly in order to explain the
late-time cosmic acceleration. This corresponds to the large-distance modification of gravity, but
gravity at small distances is subject to change as well. Modified gravity models of dark energy must
pass local gravity tests in the solar system. The f(R) models discussed in Section 4 are designed
to satisfy local gravity constraints by having a large scalar-field mass, while at the same time they
are responsible for dark energy with a small mass compatible with the Hubble parameter today.

It is interesting to see which modified gravity theories have successful Newton limits. There are
two known mechanisms for satisfying local gravity constraints, (i) the Vainshtein mechanism [602],
and (ii) the chameleon mechanism [344, 343] (already discussed in Section 5.2). Both consist of us-
ing non-linearities in order to prevent any other fifth force from propagating freely. The chameleon
mechanism uses the non-linearities coming from matter couplings, whereas the Vainshtein mecha-
nism uses the self-coupling of a scalar-field degree of freedom as a source for the non-linear effect.

There are several examples where the Vainshtein mechanism plays an important role. One
is the massive gravity in which a consistent free massive graviton is uniquely defined by Pauli—
Fierz theory [258, 259]. The massive gravity described by the Fierz—Pauli action cannot be studied
through the linearization close to a point-like mass source, because of the crossing of the Vainshtein
radius, that is the distance under which the linearization fails to study the metric properly [602].
Then the theory is in the strong-coupling regime, and things become obscure as the theory cannot
be understood well mathematically. A similar behavior also appears for the Dvali-Gabadadze—
Porrati (DGP) model (we will discuss in the next section), in which the Vainshtein mechanism
plays a key role for the small-scale behavior of this model.

Besides a standard massive term, other possible operators which could give rise to the Vainshtein
mechanism come from non-linear self-interactions in the kinetic term of a matter field ¢. One of
such terms is given by

Vo VieQe, (13.43)

which respects the Galilean invariance under which ¢’s gradient shifts by a constant [455] (treated in
section 13.7.2). This allows a robust implementation of the Vainshtein mechanism in that nonlinear
self-interacting term can allow the decoupling of the field ¢ from matter in the gravitationally
bounded system without introducing ghosts.

Another example of the Vainshtein mechanism may be seen in f(G) gravity. Recall that in
this theory the contribution to the GB term from matter can be neglected relative to the vacuum
value G(©) = 12 (2GM)?/r®. In Section 12.3.3 we showed that on the Schwarzschild geometry the
modification of gravity is very small for the models (12.16) and (12.17), because the GB term has a
value much larger than its cosmological value today. The scalar-field degree of freedom acquires a
large mass in the region of high density, so that it does not propagate freely. For the model (12.16)
we already showed that at the linear level the coefficients A and B of the spherically symmetric
metric (12.32) are

1 1
A:l—;—‘y—Al(p)E—l-O(EQ), B:l—;—i—Bl(p)a—i—O(gQ), (13.44)

where p = r/(2GM), A;(p) and Bj(p) are given by Egs. (12.38) and (12.39), and & ~ 10~46 for our
solar system. Of course this result is trustable only in the region for which A;e <« 1/p. Outside
this region non-linearities are important and one cannot rely on approximate methods any longer.
Therefore, for this model, we can define the Vainshtein radius ry as

1
Aepd ~ o —  ry ~2GM ()Y, (13.45)
%

For A ~ 1, this value is well outside the region in which solar-system experiments are carried out.
This example shows that the Vainshtein radius is generally model-dependent.
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In metric f(R) gravity a non-linear effect coming from the coupling to matter fields (in the Ein-
stein frame) is crucially important, because R vanishes in the vacuum Schwarzschild background.
The local gravity constraints can be satisfied under the chameleon mechanism rather than the
non-linear self coupling of the Vainshtein mechanism.

13.6 DGP model

The Dvali-Gabadadze—Porrati (DGP) [220] braneworld model has been considered as a model
which could modify gravity because of the existence of the extra-dimensions. In the DGP model
the 3-brane is embedded in a Minkowski bulk spacetime with infinitely large 5th extra dimensions.
The Newton’s law can be recovered by adding a 4-dimensional (4D) Einstein—Hilbert action sourced
by the brane curvature to the 5D action [219]. While the DGP model recovers the standard 4D
gravity for small distances, the effect from the 5D gravity manifests itself for large distances.
Remarkably it is possible to realize the late-time cosmic acceleration without introducing an exotic
matter source [201, 203].
The DGP model is given by the action

S = 12 /dSX\/TgR+ 12 /d4x\/ng+/d4x\/ng'f\}ane, (13.46)

2m(5) 2/1( 1)
where gap is the metric in the 5D bulk and g,, = 8MXA8,,XB§AB is the induced metric on the
brane with X4 (2°) being the coordinates of an event on the brane labeled by x¢. The first and
second terms in Eq. (13.46) correspond to Einstein—Hilbert actions in the 5D bulk and on the brane,
respectively. Note that 5(25) and Ii%4) are 5D and 4D gravitational constants, respectively, which
are related with 5D and 4D Planck masses, M5y and My, via Hé) = 1/M(35) and KZ%4) = 1/M(24).
The Lagrangian E'j{fﬁ“e describes matter localized on the 3-brane.

The equations of motion read

G =o, (13.47)

where Gf])g is the 5D Einstein tensor. The Israel junction conditions on the brane, under which a
Z5 symmetry is imposed, read [304]

1
G,uy - T(K;w - g,uVK) = H%4)TMV ) (1348)

(&

where K ,,, is the extrinsic curvature [609] calculated on the brane and T}, is the energy-momentum
tensor of localized matter. Since V# (K, — g,,K) = 0, the continuity equation V#T,, = 0 follows
from Eq. (13.48). The length scale r. is defined by

12 V2
_ (5 (4)

Te = 5 = 3 - (1349)
2y 2Mg)

If we consider the flat FLRW brane (K = 0), we obtain the modified Friedmann equation [201,
203]
€ ’4324
H>— SH="W,, (13.50)
Te 3
where € = +£1, H and pj; are the Hubble parameter and the matter energy density on the brane,
respectively. In the regime 7. > H~! the first term in Eq. (13.50) dominates over the second one
and hence the standard Friedmann equation is recovered. Meanwhile, in the regime r. < H~!, the

~
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second term in Eq. (13.50) leads to a modification to the standard Friedmann equation. If € = 1,
there is a de Sitter solution characterized by

HdS = 1/7‘0. (13.51)

One can realize the cosmic acceleration today if r. is of the order of the present Hubble radius
Hy 1 This self acceleration is the result of gravitational leakage into extra dimensions at large
distances. In another branch (e = —1) such cosmic acceleration is not realized.

In the DGP model the modification of gravity comes from a scalar-field degree of freedom,
usually called 7, which is identified as a brane bending mode in the bulk. Then one may wonder if
such a field mediates a fifth force incompatible with local gravity constraints. However, this is not
the case, as the Vainshtein mechanism is at work in the DGP model for the length scale smaller
than the Vainshtein radius 7. = (r,72)'/3, where r, is the Schwarzschild radius of a source. The
model can evade solar system constraints at least under some range of conditions on the energy-
momentum tensor [204, 285, 496]. The Vainshtein mechanism in the DGP model originates from
a non-linear self-interaction of the scalar-field degree of freedom.

Although the DGP model is appealing and elegant, it is also plagued by some problems. The
first one is that, although the model does not possess ghosts on asymptotically flat manifolds,
at the quantum level, it does have the problem of strong coupling for typical distances smaller
than 1000 km, so that the theory is not easily under control [401]. Besides the model typically
possesses superluminal modes. This may not directly violate causality, but it implies a non-trivial
non-Lorentzian UV completion of the theory [304]. Also, on scales relevant for structure formation
(between cluster scales and the Hubble radius), a quasi-static approximation to linear cosmological
perturbations shows that the DGP model contains a ghost mode [369]. This linear analysis is valid
as long as the Vainshtein radius r, is smaller than the cluster scales.

The original DGP model has been tested by using a number of observational data at the
background level [525, 238, 405, 9, 549]. The joint constraints from the data of SN Ia, BAO, and the
CMB shift parameter show that the flat DGP model is under strong observational pressure, while
the open DGP model gives a slightly better fit [405, 549]. Xia [622] showed that the parameter
a in the modified Friedmann equation H? — H®/ri~* = r{, pa/3 [221] is constrained to be
a = 0.254 £+ 0.153 (68% confidence level) by using the data of SN Ia, BAO, CMB, gamma ray
bursts, and the linear growth factor of matter perturbations. Hence the flat DGP model (o = 1)
is not compatible with current observations.

On the sub-horizon scales larger than the Vainshtein radius, the equation for linear matter
perturbations d,, in the DGP model was derived in [400, 369] under a quasi-static approximation:

Om + 2Hb,, — A7G et pOm ~ 0, (13.52)

where p,, is the non-relativistic matter density on the brane and

1 B H
Geﬁ‘ = <]. + w) G, B(t) =1- 2H’I"C (1 + 3}[2> . (1353)

In the deep matter era one has Hr. > 1 and hence § ~ —Hr., so that § is largely negative
(|8] > 1). In this regime the evolution of d,, is similar to that in GR (8,, o t2/3). Since
the background solution finally approaches the de Sitter solution characterized by Eq. (13.51), it
follows that 8 ~ 1 — 2Hr. ~ —1 asymptotically. Since 1+ 1/(33) ~ 2/3, the growth rate in this
regime is smaller than that in GR.

The index « of the growth rate fs = (Q,,)” is approximated by v & 0.68 [395]. This is quite
different from the value v ~ 0.55 for the ACDM model. If the future imaging survey of galaxies
can constrain v within 20%, it will be possible to distinguish the ACDM model from the DGP
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model observationally [624]. We recall that in metric f(R) gravity the growth index today can be
as small as v = 0.4 because of the enhanced growth rate, which is very different from the value in
the DGP model.

Comparing Eq. (13.53) with the effective gravitational constant (10.42) in BD theory with a
massless limit (or the absence of the field potential), we find that the parameter wpp has the
following relation with 3:

wnD = g(g ). (13.54)

Since 8 < 0 for the self-accelerating DGP solution, it follows that wpp < —3/2. This corresponds
to the theory with ghosts, because the kinetic energy of a scalar-field degree of freedom becomes
negative in the Einstein frame [175]. There is a claim that the ghost may disappear for the
Vainshtein radius r, of the order of H ! because the linear perturbation theory is no longer
applicable [218]. In fact, a ghost does not appear in a Minkowski brane in the DGP model.
In [370] it was shown that the Vainshtein radius in the early universe is much smaller than the one
in the Minkowski background, while in the self accelerating universe they agree with each other.
Hence the perturbative approach seems to be still possible for the weak gravity regime beyond the
Vainshtein radius.

There have been studies regarding a possible regularization in order to avoid the ghost/strong
coupling limit. Some of these studies have focused on smoothing out the delta profile of the
Ricci scalar on the brane, by coupling the Ricci scalar to some other scalar field with a given
profile [363, 362]. In [516] the authors included the brane and bulk cosmological constants in
addition to the scalar curvature in the action for the brane and showed that the effective equation
of state of dark energy can be smaller than —1. A monopole in seven dimensions generated by a
SO(3) invariant matter Lagrangian is able to change the gravitational law at its core, leading to
a lower dimensional gravitational law. This is a first approach to an explanation of trapping of
gravitons, due to topological defects in classical field theory [508, 184]. Other studies have focused
on re-using the delta function profile but in a higher-dimensional brane [334, 333, 197]. There
is also an interesting work about the possibility of self-acceleration in the normal DGP branch
[e = —1 in Eq. (13.50)] by considering an f(R) term on the brane action [97] (see also [4]). All
these attempts indeed point to the direction that some mechanism, if not exactly DGP rather
similar to it, may avoid a number of problems associated with the original DGP model.

13.7 Special symmetries

Since general covariance alone does not restrict the choice of the Lagrangian function, e.g., for
f(R) theory, one can try to shrink the set of allowed functions by imposing some extra symmetry.
In particular one can assume that the theory possesses a symmetry on some special background.
However, allowing some theories to be symmetrical on some backgrounds does not imply these
theories are viable by default. Nevertheless, this symmetry helps to give stronger constraints
on them, as the allowed parameter space drastically reduces. We will discuss here two of the
symmetries studied in the literature: Noether symmetries on a FLRW background and the Galileon
symmetry on a Minkowski background.

13.7.1 Noether symmetry on FLRW

The action for metric f(R) gravity can be evaluated on a FLRW background, in terms of the fields
a(t) and R(t), see [125, 124] (and also [129, 128, 415, 433, 429, 604, 603, 199, 200, 132]). Then the
Lagrangian turns out to be non-singular, £(g;,q;), where ¢1 = a, and g2 = R. Its Euler—Lagrange
equation is given by (9£/9¢%) — 0L/dq" = 0. Contracting these equations with a vector function
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1

a(q;), (where a! = a and o = § are two unknown functions of the ¢*), we obtain

(doL oL d 0L
i = - ‘1 =0. — ? - | =L . 13.
a (dt ¥ 8q1> 0. — I (a 8@’) xL (13.55)
Here Lx L is the Lie derivative of £ with respect to the vector field
- 0 d , 0
X =d - —a' - 13.
'@zt (5@) 55 (13.56)

If Lx L = 0, the Noether Theorem states that the function ¢ = af(0L/dq") is a constant of motion.
The generator of the Noether symmetry in metric f(R) gravity on the flat FLRW background is

0 o .90 .0
X=ag +Paptag +hos.

o (13.57)

A symmetry exists if the equation Lx £ = 0 has non-trivial solutions. As a byproduct, the form
of f(R), not specified in the point-like Lagrangian £, is determined in correspondence to such a
symmetry.

It can be proved that such o do exist [124], and they correspond to

a=cat 2, ﬂ:—{301+c—2} IR % (13.58)

a a’l fre  afrr’

where ¢y, co, c3 are constants. However, in order that Lx £ vanishes, one also needs to set the
constraint (provided that ¢ R # 0)

3(cra?+e2) f —czaR  (c1a® + CQ)HQPrEvO)
= 13.59
= 2e0R + a*coR ’ ( )

where p7(~0) is the radiation density today. Since now Lx = 0, then o(0L£/0¢%) = constant. This

constant of motion corresponds to
a(6frra’*R+12fraa)+ B (6 frra®a) = 6uj = constant (13.60)

where o has a dimension of mass.

For a general f it is not possible to solve the Euler-Lagrange equation and the constraint
equation (13.59) at the same time. Hence, we have to use the Noether constraint in order to
find the subset of those f which make this possible. Some partial solutions (only when pug = 0)
were found, but whether this symmetry helps finding viable models of f(R) is still not certain.
However, the f(R) theories which possess Noether currents can be more easily constrained, as now
the original freedom for the function f in the Lagrangian reduced to the choice of the parameters
c; and pg.

13.7.2 Galileon symmetry

Recently another symmetry, the Galileon symmetry, for a scalar field Lagrangian was imposed
on the Minkowski background [455]. This idea is interesting as it tries to decouple light scalar
fields from matter making use of non-linearities, but without introducing new ghost degrees of
freedom [455]. This symmetry was chosen so that the theory could naturally implement the
Vainshtein mechanism. However, the same mechanism, at least in cosmology, seems to appear also
in the FLRW background for scalar fields which do not possess such a symmetry (see [539, 351,
190]).
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Keeping a universal coupling with matter (achieved through a pure nonminimal coupling with
R), Nicolis et al. [455] imposed a symmetry called the Galilean invariance on a scalar field 7 in the
Minkowski background. If the equations of motion are invariant under a constant gradient-shift
on Minkowski spacetime, that is

T =T +c+ byt (13.61)

where both ¢ and b, are constants, we call 7 a Galileon field. This implies that the equations of
motion fix the field up to such a transformation. The point is that the Lagrangian must implement
the Vainshtein mechanism in order to pass solar-system constraints. This is achieved by introducing
self-interacting non-linear terms in the Lagrangian. It should be noted that the Lagrangian is
studied only at second order in the fields (having a nonminimal coupling with R) and the metric
itself, whereas the non-linearities are fully kept by neglecting their backreaction on the metric
(as the biggest contribution should come only from standard matter). The equations of motion
respecting the Galileon symmetry contain terms such as a constant, O (up to fourth power), and
other power contraction of the tensor V,V,7. It is due to these non-linear derivative terms by
which the Vainshtein mechanism can be implemented, as it happens in the DGP model [401].

Nicolis et al. [455] found that there are only five terms £; with ¢ = 1,...,5 which can be
inserted into a Lagrangian, such that the equations of motion respect the Galileon symmetry in
4-dimensional Minkowski spacetime. The first three terms are given by

Ly=n, (13.62)
Ly =V, aVi7, (13.63)
Lz =07V, nVir. (13.64)

All these terms generate second-order derivative terms only in the equations of motion. The
approach in the Minkowski spacetime has motivated to try to find a fully covariant framework in
the curved spacetime. In particular, Deffayet et al. [205] found that all the previous 5-terms can
be written in a fully covariant way. However, if we want to write down £4 and L5 covariantly in
curved spacetime and keep the equations of motion free from higher-derivative terms, we need to
introduce couplings between the field 7 and the Riemann tensor [205]. The following two terms
keep the field equations to second-order,

Ly = (V,mVFr) [2(0n) — 2(Vagr) (V1) — (1/2) RV .7V 7], (13.65)
Ls = (VarVin) [(Or)? — 307 (Vagm) (VP7) 4+ 2(V,, V77 (V,VP7) (V,VF7)
—6(V,m) (VIV ) (VP7) Gy (13.66)

where the last terms in Eqgs. (13.65) and (13.66) are newly introduced in the curved spacetime.
These terms possess the required symmetry in Minkowski spacetime, but mostly, they do not intro-
duce derivatives higher than two into the equations of motion. In this sense, although originated
from an implementation of the DGP idea, the covariant Galileon field is closer to the approach of
the modifications of gravity in f(R,G), that is, a formalism which would introduce only second-
order equations of motion.

This result can be extended to arbitrary D dimensions [202]. One can find, analogously to the
Lovelock action-terms, an infinite tower of terms that can be introduced with the same property
of keeping the equations of motion at second order. In particular, let us consider the action

Pmax

S = /dD.’E\/—g Z C(n+17p)£(n+17p) , (13.67)
p=0

where prax is the integer part of (n — 1)/2 (n < D),

1\? n—1)!
Conn=(~5) @tz (13:65)
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and
L - _ L gMIH3 20 —1V1- VD —n K24+ H2n T T (7T;)\7T )p
(n+1,p) = (D —n)! vi..Vp—n 51500 A
P n—2—2p
X HR#4«;71H41‘+1#4«;M4«;+2 H Tip2n—1—2jp2n—25 * (1369)
i=1 j=0

Here ¢! is the Levi-Civita tensor. The first product in Eq. (13.69) is defined to be one when
p =0 and 0 for p < 0, and the second product is one when n =1+ 2p, and 0 when n < 2+ 2p. In
L (n41,p) there will be n + 1 powers of 7, and p powers of the Riemann tensor. In four dimensions,
for example, L o) and L3 o) are identical to £1 and Lz introduced before, respectively. Instead,
L3,0), La,0)—(1/4) La1y, and L5,0)—(3/4)L5,1) reduce to L3, L4, and Ls, up to total derivatives,
respectively.

In general non-linear terms discussed above may introduce the Vainshtein mechanism to de-
couple the scalar field from matter around a star, so that solar-system constraints can be satisfied.
However the modes can have superluminal propagation, which is not surprising as the kinetic terms
get heavily modified in the covariant formalism. Some studies have focused especially on the L3
term only, as this corresponds to the simplest case. For some models the background cosmological
evolution is similar to that in the DGP model, although there are ghostlike modes depending on
the sign of the time-velocity of the field 7 [158]. There are some works for cosmological dynamics in
Brans—Dicke theory in the presence of the non-linear term L3 [539, 351, 190] (although the original
Galileon symmetry is not preserved in this scenario). Interestingly the ghost can disappear even
for the case in which the Brans—Dicke parameter wgp is smaller than —2. Moreover this theory
leaves a number of distinct observational signatures such as the enhanced growth rate of matter
perturbations and the significant ISW effect in CMB anisotropies.

At the end of this section we should mention conformal gravity in which the conformal invariance
forces the gravitational action to be uniquely given by a Weyl action [414, 340]. Interestingly the
conformal symmetry also forces the cosmological constant to be zero at the level of the action [413].
It will be of interest to study the cosmological aspects of such theory, together with the possibility
for the avoidance of ghosts and instabilities.
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14 Conclusions

We have reviewed many aspects of f(R) theories studied extensively over the past decade. This
burst of activities is strongly motivated by the observational discovery of dark energy. The idea
is that the gravitational law may be modified on cosmological scales to give rise to the late-time
acceleration, while Newton’s gravity needs to be recovered on solar-system scales. In fact, f(R)
theories can be regarded as the simplest extension of General Relativity.

The possibility of the late-time cosmic acceleration in metric f(R) gravity was first suggested
by Capozziello in 2002 [113]. Even if f(R) gravity looks like a simple theory, successful f(R) dark
energy models need to satisfy a number of conditions for consistency with successful cosmological
evolution (a late-time accelerated epoch preceded by a matter era) and with local gravity tests on
solar-system scales. We summarize the conditions under which metric f(R) dark energy models
are viable:

1. fr > 0for R > Ry, where Ry is the Ricci scalar today. This is required to avoid a ghost
state.

2. frr > 0 for R > Ry. This is required to avoid the negative mass squared of a scalar-field
degree of freedom (tachyon).

3. f(R) - R —2A for R > Ry. This is required for the presence of the matter era and for
consistency with local gravity constraints.

4.0 < %(r =-2)<latr= —% = —2. This is required for the stability and the
presence of a late-time de Sitter solution. Note that there is another fixed point that can be
responsible for the cosmic acceleration (with an effective equation of state weg > —1).

We clarified why the above conditions are required by providing detailed explanation about the
background cosmological dynamics (Section 4), local gravity constraints (Section 5), and cosmo-
logical perturbations (Sections 6-38).

After the first suggestion of dark energy scenarios based on metric f(R) gravity, it took almost
five years to construct viable models that satisfy all the above conditions [26, 382, 31, 306, 568,
35, 587]. In particular, the models (4.83), (4.84), and (4.89) allow appreciable deviation from
the ACDM model during the late cosmological evolution, while the early cosmological dynamics
is similar to that of the ACDM. The modification of gravity manifests itself in the evolution
of cosmological perturbations through the change of the effective gravitational coupling. As we
discussed in Sections 8 and 13, this leaves a number of interesting observational signatures such as
the modification to the galaxy and CMB power spectra and the effect on weak lensing. This is very
important to distinguish f(R) dark energy models from the ACDM model in future high-precision
observations.

As we showed in Section 2, the action in metric f(R) gravity can be transformed to that
in the Einstein frame. In the Einstein frame, non-relativistic matter couples to a scalar-field
degree of freedom (scalaron) with a coupling @ of the order of unity (Q = —1/v/6). For the
consistency of metric f(R) gravity with local gravity constraints, we require that the chameleon
mechanism [344, 343] is at work to suppress such a large coupling. This is a non-linear regime in
which the linear expansion of the Ricci scalar R into the (cosmological) background value Ry and
the perturbation R is no longer valid, that is, the condition § R > Ry holds in the region of high
density. As long as a spherically symmetric body has a thin-shell, the effective matter coupling
Qe is suppressed to avoid the propagation of the fifth force. In Section 5 we provided detailed
explanation about the chameleon mechanism in f(R) gravity and showed that the models (4.83)
and (4.84) are consistent with present experimental bounds of local gravity tests for n > 0.9.
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The construction of successful f(R) dark energy models triggered the study of spherically
symmetric solutions in those models. Originally it was claimed that a curvature singularity present
in the models (4.83) and (4.84) may be accessed in the strong gravitational background like neutron
stars [266, 349]. Meanwhile, for the Schwarzschild interior and exterior background with a constant
density star, one can approximately derive analytic thin-shell solutions in metric f(R) and Brans—
Dicke theory by taking into account the backreaction of gravitational potentials [594]. In fact, as we
discussed in Section 11, a static star configuration in the f(R) model (4.84) was numerically found
both for the constant density star and the star with a polytropic equation of state [43, 600, 42].
Since the relativistic pressure is strong around the center of the star, the choice of correct boundary
conditions along the line of [594] is important to obtain static solutions numerically.

The model f(R) = R+ R?/(6M?) proposed by Starobinsky in 1980 is the first model of inflation
in the early universe. Inflation occurs in the regime R > M?2, which is followed by the reheating
phase with an oscillating Ricci scalar. In Section 3 we studied the dynamics of inflation and
(p)reheating (with and without nonminimal couplings between a field x and R) in detail. As we
showed in Section 7, this model is well consistent with the WMAP 5-year bounds of the spectral
index ng of curvature perturbations and of the tensor-to-scalar ratio r. It predicts the values of
r smaller than the order of 0.01, unlike the chaotic inflation model with r = O(0.1). It will be of
interest to see whether this model continues to be favored in future observations.

Besides metric f(R) gravity, there is another formalism dubbed the Palatini formalism in which
the metric g,,,, and the connection I'j.  are treated as independent variables when we vary the action
(see Section 9). The Palatini f(R) gravity gives rise to the specific trace equation (9.2) that does
not have a propagating degree of freedom. Cosmologically we showed that even for the model
f(R)=R—-pB/R™ (8 >0,n > —1) it is possible to realize a sequence of radiation, matter, and
de Sitter epochs (unlike the same model in metric f(R) gravity). However the Palatini f(R) gravity
is plagued by a number of shortcomings such as the inconsistency with observations of large-scale
structure, the conflict with Standard Model of particle physics, and the divergent behavior of the
Ricci scalar at the surface of a static spherically symmetric star with a polytropic equation of state
P = ¢pl with 3/2 < T < 2. The only way to avoid these problems is that the f(R) models need
to be extremely close to the ACDM model. This property is different from metric f(R) gravity in
which the deviation from the ACDM model can be significant for R of the order of the Ricci scalar
today.

In Brans-Dicke (BD) theories with the action (10.1), expressed in the Einstein frame, non-
relativistic matter is coupled to a scalar field with a constant coupling ). As we showed in in
Section 10.1, this coupling @ is related to the BD parameter wpp with the relation 1/(2Q?%) =
3 4 2wpp. These theories include metric and Palatini f(R) gravity theories as special cases where
the coupling is given by @ = —1/v/6 (i.e., wgp = 0) and Q = 0 (i.e., wpp = —3/2), respectively.
In BD theories with the coupling @ of the order of unity we constructed a scalar-field potential
responsible for the late-time cosmic acceleration, while satisfying local gravity constraints through
the chameleon mechanism. This corresponds to the generalization of metric f(R) gravity, which
covers the models (4.83) and (4.84) as specific cases. We discussed a number of observational
signatures in those models such as the effects on the matter power spectrum and weak lensing.

Besides the Ricci scalar R, there are other scalar quantities such as R,, R and Ry, ,c R*"*7
constructed from the Ricci tensor R,, and the Riemann tensor R,,,,. For the Gauss-Bonnet
(GB) curvature invariant G = R? — 4R, R" + R, ,cR*"P7 one can avoid the appearance of
spurious spin-2 ghosts. There are dark energy models in which the Lagrangian density is given
by £ = R+ f(G), where f(G) is an arbitrary function in terms of G. In fact, it is possible to
explain the late-time cosmic acceleration for the models such as (12.16) and (12.17), while at
the same time local gravity constraints are satisfied. However density perturbations in perfect
fluids exhibit violent negative instabilities during both the radiation and the matter domination,
irrespective of the form of f(G). The growth of perturbations gets stronger on smaller scales,
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which is incompatible with the observed galaxy spectrum unless the deviation from GR is very
small. Hence these models are effectively ruled out from this Ultra-Violet instability. This implies
that metric f(R) gravity may correspond to the marginal theory that can avoid such instability
problems.

In Section 13 we discussed other aspects of f(R) gravity and modified gravity theories — such
as weak lensing, thermodynamics and horizon entropy, Noether symmetry in f(R) gravity, unified
f(R) models of inflation and dark energy, f(R) theories in extra dimensions, Vainshtein mechanism,
DGP model, and Galileon field. Up to early 2010 the number of papers that include the word
“f(R)” in the title is over 460, and more than 1050 papers including the words “f(R)” or “modified
gravity” or “Gauss—Bonnet” have been written so far. This shows how this field is rich and fruitful
in application to many aspects to gravity and cosmology.

Although in this review we have focused on f(R) gravity and some extended theories such as
BD theory and Gauss—Bonnet gravity, there are other classes of modified gravity theories, e.g.,
Einstein—Aether theory [325], tensor-vector-scalar theory of gravity [76], ghost condensation [38],
Lorentz violating theories [144, 282, 389], and Hofava-Lifshitz gravity [305]. There are also at-
tempts to study f(R) gravity in the context of Horava—Lifshitz gravity [346, 347]. We hope that
future high-precision observations can distinguish between these modified gravity theories, in con-
nection to solving the fundamental problems for the origin of inflation, dark matter, and dark
energy.
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