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ABSTRACT

are found for a spherical non-rotating and electrically charged mass distribution within

the framework of the non-linear Born-Infeld theory. From these solutions the Black Hole
temperature, entropy and specific heat are found and it was demonstrated that they coincide
with the analogous quantities for the Reissner-Nordstréom Black Hole of General Relativity with
cosmological constant. It is also found a hypergeometric model of cosmologically viable f(R),
whose main characteristic is to generalize the well-known Starobinsky and Hu-Sawicki models.
In Chapter 2 there is a review of the metric formalism of f(R) theory, the the field equations are
found and since the f(R) theory of gravity can be expressed as a scalar-tensor theory with a scalar
degree of freedom ¢, by a conformal transformation, the action and its Gibbons-York-Hawking
boundary term are written in the Einstein frame and the field equations in this frame are written.
An effective potential is defined from part of the trace of the field equations in such a way that
it can be calculated as an integral of a purely geometric term. This potential as well as the
scalar potential are found, plotted and analyzed for some viable models of f(R) and for two other
proposed new, shown viable, models.
In Chapter 3, a cosmologically viable hypergeometric model in the modified gravity theory f(R)
is found from the need for asintoticity towards ACDM, the existence of an inflection point in
the f(R) curve, and the conditions of viability given by the phase space curves (m,r), where m
and r are characteristic functions of the model. To analyze the constraints associated with the
viability requirements, the models were expressed in terms of a dimensionless variable, i.e. R — x
and f(R) — y(x) =x+ h(x)+ A, where h(x) represents the deviation of the model from General
Relativity. Using the geometric properties imposed by the inflection point, differential equations
were constructed to relate 2/'(x) and A”(x), and the solutions found were Starobinsky (2007) and
Hu-Sawicki type models, nonetheless, it was found that these differential equations are particular
cases of a hypergeometric differential equation, so that these models can be obtained from a
general hypergeometric model. The parameter domains of this model were analyzed to make the
model viable.
Solutions of the field equations in f(R) theory of gravity are found in Chapter 4 for a spherically
symmetric and static spacetime in the non-linear electrodynamic theory of Born-Infeld (BI).
It is found that the models allowed under these conditions must have the parametric form
f'(R)|, = m +nr, where m and n are constants, whose values and signs have a strong impact on
the solutions, as well as on the form and range of the function f(R). When n =0, f(R)=mR + my
and Einstein-BI solution is found. When m # 0 and n # 0, the theory f(R) is asymptotically
equivalent to General Relativity (GR), so that the solutions of Schwarzschild and f(R)-Reissner-
Nordstrém can be written in some limits. Similarly, if n > 0 and r > 1, the form of f(R) can be
approximated by an expansion in series and as a particular case, when Rg = —’g‘—;, can be found
explicitly /(R) = mR +2nVR +my. Finally, the solutions, scalar curvature and parametric form of

I n this work exact solutions of the field equations in the metric formalism of f(R) theory



the function f(r) in the non-linear regime (m = 0) of the f(R) theory are found, and some models
are plotted for specific values of m and n.

In Chapter 5 it is used the conformal transformation between Jordan and Einstein frames in the
formalism of the scalar-tensor theory, and the definitions of scalar field potentials, to determine
in which cases the exact solutions shown here evade some generalized non-hair theorems for
f(R) theory. Also, the Starobinsky quadratic model is linearized using Green functions.

Some relevant Black Hole thermodynamic properties, namely entropy, temperature and specific
heat are described and in some cases plotted, depending on the parameters m,n,q and A, of the
f(R) model, for the solutions found in Chapter 4. The technique used to calculate the Black Hole
entropy is the Wald method and the symplectic potentials are calculated. It is found that the
Black Hole entropy in this theory is no longer proportional to the square of the radius of the
horizon, but that its expression changes according to the value of m and n.

Finally, the results are discussed in Chapter 7.
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CHAPTER

INTRODUCTION

1.1 Introduction

t this time, General Relativity (GR) is the most powerful and even beautiful known theory

of gravity and space-time. GR was postulated by Albert Einstein around 1916, and ever

since, it has explained in a very precise and amazing way many astrophysical phenomena,
among which stand out the precession of perihelia, gravitational lensing and the astonishing
success of predicting the existence of Black Holes, only to name a few [47, 119, 141, 164]. However,
these experimental tests involve weak gravitational fields!, and, at the date of this dissertation,
GR continues without any test in the strong regime field.
Despite this, there are important observational facts that suggest the need to turn our eyes
towards the foundations of GR or any other theory that pretends to predict the dynamics of the
Universe. At the cosmological level, there are open questions like the accelerated expansion of
the Universe, which plays an important role since its possible explanation requires introducing a
new hypothetical type of matter and energy with the unearthly characteristic of having negative
pressure. Such a supposition can be interpreted in the Einstein Field Equations as a cosmological
constant; however, there is no definitive proof that allows us to assert this hypothesis, and at the
moment, Energy and Dark matter are only amendments made to Relativity.
The question is, should we redefine our physical concepts about energy and matter or suppose
that GR is not the final theory? There is not yet a final word on this subject, nevertheless there
are two ways to face it. The first way is to trust that this type of matter really exists, and wait
for the development in a foreseeable future of modern techniques and measurement systems

that can track their gravitational signatures with high precision; the second way, modify GR so

130 that they can be expressed as small perturbations over the Minkowski space-time background



CHAPTER 1. INTRODUCTION

that we can understand the accelerated expansion of the Universe as an intrinsic phenomenon of
another more general theory of gravity.

Those reasons make it necessary to think that GR cannot be considered as the ultimate theory of
gravity, and one possible way to address this issue, taking advantage of all right predictions of GR,
is redefining some of its structural characteristics, trying then to retake GR as an approximation,
e.g. at first order for weak fields. Therefore, regardless of the new theory, its predictions must also
agree with observations in the strong field regime in order to be considered as a more general
theory than GR. In this sense objects such as Black Holes and Neutron stars would be used as
perfect scenarios to see the behaviour of strong gravitational fields with high curvatures[149].
Such astronomical objects will be crucial to determine the underlying link in their nature between
Quantum Mechanics and General Relativity.

This point is of great importance, since on the one hand, Black Holes behaves as a thermo-
dynamical systems, and on the other, Quantum Mechanics describe the thermodynamics as
a purely atomic effect and quantities as temperature or entropy are statistical averages over
the ensembles with which the system is modeled. So it is worth asking again the following:
is gravity a fundamental interaction in physics? Or it can be considered as a manifestation of
phenomena such as heat or entropy? In these direction, papers have been written that claim to be
able to calculate gravitational parameters as an effective cosmological constant from a modified
Friedman equation, or even the Field Equations derived from an entropic formulation of gravity
[13, 60, 167, 190].

The problem of making a super theory that unifies GR and Quantum Mechanics has no so-
lution to the date; however, there are enormous efforts in theoretical physics in this sense
[51, 104, 168, 183], and we expect that a full understanding of Black Holes will solve this prob-
lem, of course, linked to the hope that in the near future accurate measures close to the event
horizon of the black hole (BH) at center of the Milky Way can be made [94, 95, 158]. This could
also offer the possibility to take valuable information about the viability of the new theories
and/or to impose restrictions on General Relativity, as well as to discard those theories that are

not in agreement with observations.

The task of finding the new theory of gravity has had several proposals: as gravitational scalar
fields [130, 166]; extra spatial dimensions [33, 49, 105]; higher order terms of the curvature
scalar R, or of the trace of the stress-energy tensor T in the action [56, 75]. The last one con-
stitutes the most natural generalization of the General Relativity, since the field equations in
this theory result in the Einstein field equations as a particular case. Concretely, this work is
based on the last model, i.e. f(R) theory, where the gravitational action is a generalization of
the Einstein-Hilbert action written in terms of a function [173] of the scalar curvature R, this is,
higher-order curvature invariants of the Ricci scalar are introduced.

As a mathematical tool, f(R) gravity admits any function of R, however physically there are a few
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models that can be considered as real candidates to be taken into account, and there is no reliable
observational tests to discard or reaffirm the Dark matter model over f(R) and vice versa. In spite
of this, f(R) gravity has the interesting advantage to address from a purely geometric perspective
those problems that GR has not been solved without having to enter ad-hoc hypothesis, thus
providing new insights into the concept of gravity at different scales; for example f(R)=R™" with
n > 0 [48] describes the accelerated expansion of the Universe without using Dark matter, and
the same argument to galactic scales to explain the profiles of its rotation curves [22, 42, 116].

We can summarize the conceptual advantages of f(R) gravity as

¢ It is a theory that does not compete or put aside GR, but quite opposite, it takes advantage

of the fundamentals of GR and generalizes it.

¢ Different terms involving powers of R may dominate the dynamics of different stages of

the Universe evolution, as Inflation or the currently acceleration expansion.

* f(R) gravity is an intrinsically geometric alternative to Dark Energy and Dark Matter.
Even, without ruling out the Dark Matter model, f(R) could offer another perspective
that helps to understand the nature of the type of matter, for example through the galaxy

rotation curves.

* Some models have passed the observational tests arising from large scale structure to Solar

System scales, thus becoming true viable models.

1.1.1 Thermodynamics of the Black Holes beyond General Relativity

As in General Relativity, the simplest solution of the field equations in f(R) theory (2.28) is the
de Sitter (Anti de Sitter [AdS]) spacetime, which represents a sourceless maximally symmetric
4D-manifold with a positive (negative) cosmological constant A, and Hawking and Page [82] were
the first to study the Thermodynamics of BH in the AdS spacetime. They found the relation
between entropy and event horizon area from the Euclidean action of a Schwarzschild AdS BH
solution through the canonical ensemble, and found that such black holes in asymptotically AdS
spacetime have positive specific heat at high temperatures and can be in equilibrium stable with
the thermal radiation at a fixed temperature. Then, Bousso and Hawking studied the quantum
evaporation of Schwarzschild AdS BH [25], and found that for BH whose size is comparable to
that of the cosmological horizon, this process differs from the asymptotically flat BH, moreover,
they found that these quantum Schwarzschild AdS BH can anti-evaporate. Alternatively, in [57]
studied the problem of finding static and spherically symmetric BH solutions in Schwarzschild
AdS BH. Equally important was the expression for the Schwarzschild AdS BH entropy for
f(R)=1/R gravity derived by Brevik et. al. [31], who used the Noether charge method [90] to find
the modified entropy

(1.1 S =Apn/3G,

3



CHAPTER 1. INTRODUCTION

then extend it to any spacetime of dimension D to find

D A

Important theorems of GR have been extended to high-order theories of gravity, for example Whitt
found that the Birkhoff’s theorem is still valid for f(R) =R + aRz, that is, the Schwarzschild
metric is the only solution of the spacetime outside a spherically and static object [197]. Jacobson
and Myers derived a general formula for the entropy of stationary BH in Lovelock theory of
gravity?, and they found that this expression is not simply one quarter of the surface area of
the horizon, but contains additional intrinsic curvature invariants integrated over the horizon
[92], and in [91] presented two cases in higher curvature gravity where the entropy is always

increasing: (i) quasi-stationary processes®

in which a BH accretes positive energy matter, and (ii)
for f(R) =R + P(R) the entropy satisfies the Second Law in any processes involving matter fields

that satisfy the null energy condition. The expression for the entropy that they found is

(1.3) S = if dP2x\/|h|[1+P'(R)],
4G Jg

where P(R) stands for a polynomial of the Ricci Scalar, that is

(1.4) P(R)=)_a,R",

n=2
P'(R) is its derivative and D is the arbitrary dimension of the spacetime. Similarly Cafate et. al.
showed analytically and numerically the absence of the geometric hair for asymptotically flat,
static and spherically symmetric BH solutions, and for several classes of f(R) models [38].
On the other hand, f(R) theory (metric and Palatini formalism) is equivalent to the Scalar-Tensor
Gravity (ST-G) because the action of f(R) theory can be written as the action of the Brans-Dicke
theory (details can be found in the next chapter). Important research of BH in Brans-Dicke theory
was developed by Hawking in 1972, since he found that a stationary spacetime containing a
BH is a solution in the Brans-Dicke theory if and only if it is a solution in GR [77]. This result
was extended (with some conditions) by Sotiriou and Faraoni, to the fairly general class of ST-G
(included the f(R) theory) [174]. It was shown the BH entropy in the BD-Maxwell theory by Cai
and Myung [34] from the Brans-Dicke action, where potential

(1.5) U(p) x F FHY,

and F, is the Maxwell field. They found that the entropy is proportional to the horizon area Ay,
but mediated by the scalar function ¢

- 4G(p7

2For a more concise description of the Thermodynamics of the BH in Lovelock theories read [129].
3Process in which the spacetime of background is only slightly perturbed by the infalling matter

(1.6) S

4
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where ¢ is evaluated at the outer horizon, so due to the scalar field, the area formula is no longer
valid in BD theory, for related discussion read [35, 64, 194].

In 2005 Cognola et. al. reported the entropy associated with BH solutions with constant curvature
in f(R) gravity [53],

_An
(1.7 S = Ef (R),

which is found making use of the Noether charge method, see also [7, 53, 64, 74, 191].

In reference [127], Mureika et. al. analysed the thermodynamics of the static non-rotating,
rotating and regular Black Holes in the Modified Gravity (MOG). They started from the general
action of the Scalar Tensor Vector Gravity (STVG) theory that contains the Einstein-Hilbert
action (plus cosmological constant), the action of a massive vector field, the action of scalar
fields and the action for pressureless matter, for details see [120]. Mureika et. al. derived the
temperature and entropy for static and non-rotating BH from standard thermodynamics, and
concluded that the Bekenstein-Hawking bound is modified in MOG. Recently, Sourshfar et. al.
studied the thermodynamic behaviour, stability conditions and phase transition of BH in f(R)
gravity in three types, static, static charged and rotating charged [172], using the thermodynamic
geometry methods, introduced by Weinhold[196], Ruppeiner [161] and Quevedo [152]. They
assumed a model for f(R) and started from an action for each type of BH, and concluded that the
changes in the parameters of the spacetime affect the number of phase transitions of each type of
BH.

Another important progress in the research of the BH Thermodynamics in f(R) gravity for static
spherically symmetric BH spacetime, was made by Akbar and Cai, since they found the field
equations (2.28) can be written in the form of the first law dE = T'dS — PdV + T'dS, where T is
the Hawking temperature, S is the horizon entropy of the black hole, E is the horizon energy
of the black hole, P is the radial pressure of matter, V is the volume of black hole horizon, and
they interpreted dS as an entropy production term due to nonequilibrium thermodynamics of

spacetime [8].

1.1.2 Conventions

Throughout this work we are going to use
* (=, +,+,+) as the signature of the metric tensor g .
* The Greek indices (u,v,...) running over 0,1,2,3.

¢ Planck units, where c=G=h=k,=kp=1.






CHAPTER

MODIFIED GRAVITY

ust like GR, f(R) gravity describes a dynamical tensorial field g, that depends on the

distribution of matter and energy and relates it to the geometry of the space-time through

the Field equations, which are found as the critical points of an action written from a
lagrangian density.
In general there are three ways to vary the lagrangian, called formalisms, as described bellow;
however, we only will focus on the Metric formalism. In this chapter it is described the equivalence
between f(R) gravity and the scalar tensor theory for some viable models. [140] strogradsky As
usual, the Lagrangian characterising a system is chosen such that it does not depend on higher
time derivatives of the positions than two. This is because the state of the system is univocally
determined by the initial conditions of position and velocity and the equations of motion are

second order differential equations relating the positions, velocities and accelerations.

2.1 Introduction

The constant efforts to modify the General Relativity in order to apply it at large scales started
about 1933, when F. Zwicky concluded from observational data that the dynamical behaviour
of clusters of galaxies did not correspond to the theoretical predictions, so he assumed that the
content of non-luminous matter of the Universe must be greater than the content of luminous
matter [202], which can be considered as the first hyphotesis of the existence of Dark matter
(DM). Likewise observational cosmology[103, 109, 146, 155, 169, 177] has indicated that the

Universe has experimented two phases of cosmic acceleration:

¢ Inflation [73, 110, 113] (before the radiation dominated epoch): this phase is required to

solve the flatness and horizon problems, and explains part of the spectrum of temperature

7



CHAPTER 2. MODIFIED GRAVITY

anisotropies observed in the Cosmic Microwave Background (CMB).

* Dark energy [54, 68, 182](after matter dominated epoch): the current acceleration expansion

of the Universe.

However, due to the attractive gravitational effects of the baryonic matter, it is impossible to
explain these acceleration phases only with its positively contributions of pressure and energy
density to the dynamic of the Universe. Although this is an open problem, and these phases of
acceleration are not fully understood, there are models that can account for them, such as: String
Theory[16, 17, 96, 101], Big Bounce model[100, 138, 193], Loop quantum gravity[23, 189], among
others for the case of Inflation; and Quintessence[27, 97, 128] and Cosmological constant[47, 143,
155, 195], among others for Dark energy. The last model, Cosmological constant (represented
in the Einstein field equations by A), interpreted as a new component of energy with negative
pressure, together with the model of DM, is known as A-Cold Dark Matter model (ACDM).
Now, almost 90 years after the publication of Zwicky, the nature of the constituents of the DM
has not been fully explained or detected experimentally, and there are a major problems to test
the Dark Energy model, because the vacuum energy density strongly depends on the high-scale
physics scenario, so that the required corrections are perturbatively unstable [115, 195, 199].
Furthermore, ACDM does not explain inflation epoch because the radiation dominated phase
started when inflation ended.

Alternatively, some models of Modified Gravity as the Scalar Tensor Gravity has been able to
describe the galaxy rotation curves without the dark matter component [121-123]; and recent
progress has been made in the f(R) theory to explain the accelerated expansion of the Universe
without the necessity to introduce the cosmological constant [170, 184, 188].

The ACDM model is a paradigm in physics due to the problems mentioned before; however,
another solution for them could be the Gravity modified compared with GR in the context of f(R).
The power of this theory relies on a higher order curvature gravity, and therefore it is expected to
reproduce the Einstein Field equations with cosmological constant (ACDM) when f(R) =R —2A.
Thus f(R) theory allows, for example, to generalize the functional form for the ACDM model, to
f(R)=a1R +asR?, with a1, as constants. The effects of expansion traced in the term asR?2, have
been studied first by Starobinsky, which constituted the first model for inflation [178]; and, as
indicated by De Felice and Tsujikawa [56], this model is a very good alternative to scalar fields
because it is well consistent with the temperature anisotropies observed in CMB.

However, in spite of the progress in the modified gravity, it is not a widely accepted theory that
satisfies the gravity constrictions [9, 171, 185] of the cosmological purposes at large structure as
well as to the scales of BH, and instead of this it is not easy to find a f(R) model [14, 63, 99, 118,
162, 186].



2.2. FORMALISMS OF THE MODIFIED GRAVITY

2.2 Formalisms of the modified gravity

The f(R) gravity emerges directly by a generalization of the Einstein-Hilbert action written as a
function of the Ricci scalar. Equations of motion are derived from the principle of least action
varying the same gravitational lagrangian with respect to the metric and/or the connection, the
three formalisms [66, 173, 175, 176] to derive the field equations in this theory are:

1. Metric formalism: connection or Christoffel symbols are dependent on the metric tensor

guv and the variation of the action is made with respect to g, .

2. Palatini formalism: connection and metric tensor are independent variables, and the
variation of the action is made with respect to both. Action matter is independent of the

connection.

3. Metric-affine formalism: the same for Palatini formalism, but in this case the action matter

depends on the connection.

Obviously, the Palatini formalism is obtained from Metric-affine one, as a particular case. Thus,
basically there are only two formalisms. It is important to mention that both formalisms lead to
the Einstein field equations when f(R) = R, although this does not hold for more general density
Lagrangian functions.

In this dissertation we are going to work only with the Metric formalism, in which equations of
motion are found varying the lagrangian only with respect to the metric.

The Einstein Equations or Field Equations in GR can be obtained in the metric formalism from

the variational principle [47]
(2.1 61 =0,

where the action is related to the fields ¢* by the Lagrangian density Z(¢", ),

(2.2) I= f d*x L@, ¢%),

where ¢, stands for derivative with respect to the x* coordinate. In General relativity, the
dynamical variable is the metric! &uv, the Lagrangian must be written in terms of it. However,
the Riemann tensor, R gﬁV’ contains all the information about the geometry of space-time, and it
is defined in terms of the metric tensor through the Christoffel symbols I}, [47, 164]

2.3) upv = Tiv,p * o Ty ~Tupy ~Tvo g
where
(2.4) sz = _ga)L (g,u/l,v +8va,u _g,uv,/l)-

2

1Here it is used the metric signature (—,+,+,+).
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From the Riemman tensor, the Ricci scalar (R) is defined. R is the only independent scalar
constructed from the Riemman tensor. The Ricci scalar is obtained from R = g#"R,,, where R,

is the Ricci tensor, defined as R, = Rl‘fav, thus

(2.5) R, = Fﬁv,a + rggrgv - Ffj(m - Fﬁaffm.

General Relativity is grounded on the Einstein-Hilbert action, proposed as
(2.6) In= [ d*+2Zutg".B),

where the lagrangian density is defined as

@.7) Zu(g",R)=y-gR.

The full action, containing the terms associated to matter fields is written as

1
2.8) I=—1Ig+1y,
2K

with the constant? x = 87.

2.3 Field equations

The f(R) theory is based on a modification of the Einstein-Hilbert (E-H) action (2.6), that is to
say the Lagrangian density is an arbitrary function of the Ricci scalar. The modified action is
supposed to be the sum of a term that constitutes the generalization of the E-H action defined
over a hypervolume X [56, 173] plus a Gibbons-York-Hawking boundary (0%) term [59, 71]

(2.9) I, =I, +IgymH,

where we will suppose the modified action in the so called Jordan frame as

(2.10) I = f d*x\/=g f(R)
z

and

(2.11) Igym = 2f d3xe\/|h|F(R)K,
0z

where f = f(R) and F = F(R) = f'(R) =df(R)/dR, and with h the determinant of the induced

metric, defined as

(2.12) g =h* +entn”,

2In this dissertation c=h=G = kg = 1.

10
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and
_ U
K=ny,
:h‘”’nv;u
(2.13) =hH"(0un, — Fﬁvna),

is the trace of the extrinsic curvature at the boundary 0%, n, is the unit normal to 0%, and
e =nynt is equal to 1 (-1) if 0Z is timelike (spacelike) hypersurface, and with no contribution of

the variation of the metric tensor at the boundary
(2.14) Oguvlex = 0.
Variation of the modified action produces
6l =61, +6lgyn
- fz d*x5 (V=g f(R)) +2 fa @z /IR FEK)
(2.15) :fzd‘*x(ﬁaﬁfaﬁ)+2fazd3xe\/W(F5K+K5F),

where it has been taken into account in the second line that the induced metric 4, is constant

on 0Z, and the variation of K

K =h§@yuny —T% na)+@uny —T%,na)ShH"

=—h"6(T ), )na
(2.16) :%h‘” (6guva)n?
where we have used the variation of the connection Eq. (A.14) in the Appendix A. From the
identity
(2.17) 6g=-88u08",
it is found
(2.18) 6v-g = —%ﬁ guog",

and noting that the variation of the Ricci scalar is given by Eq. (A.17), thus

FoR :FR.UV6g“V -F (6glw);uv +Fgl“/ (5gll")§g
(2.19)  =(FRuy~Fyu+8uwFiq) 08" —F (58").,, + Foudg" + g F (68")q — g Fiadg",
and as we will later in the Wald method, this corresponds to an expansion using the chain rule

F6R =(FRy —Fou+guwFi)og" -

F (65””);#] v * (F;V5gm);u *

;a .
Suv [F (6g“v);a] —8uv (F;a(;guvy“
(2.20)

11



CHAPTER 2. MODIFIED GRAVITY

therefore

1
51y = f dx\/ g (F(SR - —fgwég’”) + f d3xe/1h] (n’LFhW (68,1 +2KF’5R)

fd4x _g{(FR,uv ~f8uw— vy"‘g,qu )5gpv [F(églw). +(F;v5glw). +

Spv [F(ég’”). “ - guv (Fiabg")” f d®xe Ihl( AFh* gy a)
fd4x -8 (FR,W——fg,w Fou+guwF: )g‘” fd?’xe\/IT[nv (62").,

+ f d3xe/IW[Fn " 8g 0
f d4x\/—(FRm,——fgm, Foy+guFi )6g‘”’ f d3xe/h[ [gwn“F((Sg”V)

d3xe\/|h Fn*h" 6 g 12
[2)>

nuF.,6g"" —guwn°F (6g“v), +gunF.q 68"

(2.21)

where 6f = F6R, 6F = F'6R, and it was assumed in the second line that R = 0, and the variation
of the metric tensor equal to zero at the boundary, i.e. §g"”|ss = 0, at the third line. Now, using
the Stokes theorem,

[d‘ix\/?gﬂv [F g‘” [ d3xe\/|7g,wn F (6 g‘”);a
=fazd3x€\/W(hW+sn#nv)n“F ((Sg‘”);a
(2.22) :fazd?’xs\/WFn“hm (6g’“’);a,

and 8g v = —guagvpdg™’,

d3xe /TR Fn " 68y = — f d3xe /TR Fn " g uagp (5g“ﬁ) .
[0)> )3 >

(2.23) . f d3x£\/|h|Fn’lhaﬁ(6g“ﬁ) ,
oz A

consequently

(2.24) 51, f d4x\/—(FRm, ~fguw—Fou+gunFia )6g‘”

If a contribution of matter I is also taken into the total action [47]
2

(2.25) I=—In+1y,
K

from (2.24), the stationary points are those for which §S/6¢* =0,

2 1 . 1 oIy
(2.26) - FRyv‘éfguv"‘gqu;g_F;W + Nl =0,

12



2.3. FIELD EQUATIONS

where the definition of the energy-momentum tensor

1 o6Iy

(2.27) TNV —_ _Zﬁ@,
leads to the field equations in the f(R) theory

1 .
(228) f,(R)va - Ef(R)gpv - [f,(R)];,uv +gpv [f,(R)]:Z = KT;U/ 0
or written in terms of operators

1
(2.29) @Ry = SRy =V Vuf ' (B) + gy Of (R) = KT,

where the D’Alembertian is defined by Of'(R) = [f'(R)];; and covariant derivatives V,V,f'(R) =
[f'(R )];W. Field equations (2.29) are a set of fourth order partial differential equations from
which Einstein field equations are obtained when f(R) =R.

The trace of the field equations (2.28), is obtained by multiplying by the metric tensor

1 .
Fgm/va - ifg'wguv - g#vF;;w + 4F;’g =Kg'wTyv

FR-2f —F.l, +4F:q =xT

(2.30) f'(R)R -2f(R)+3[f'(R)g =xT

where T is defined as T' = g/'VT,,. Even though Eq. (2.30) is a differential equation, as in GR,
usually it is taken as an algebraic equation to relate R, f(R) and F(R). In GR, T = 0 implies that
R =0 only, but this does not hold in f(R) theory.

On the other hand, the field equations (2.28) can be expressed in terms of the Einstein tensor

1
(2.31) Guv =R,y — ERg“V’
S0
1 1 .
(2.32) Guv =7 |¥Tuv = 58w FR = )+ Fyy —guFia |,
or
(2.33) Gu =x|T+ TS|,
where it has been defined
(2.34) ron_ Lo
J13% F I3
and
1 f 1 .
(G) _ ;
(235) TI_“, —ﬂguv(ﬁ_R)+E(F;”v_gqu;g).

13
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S0, it is possible to imagine Tl(f‘;,) as an effective energy-momentum tensor that depends only on
the scalar curvature, and therefore has a geometric meaning: its components can be interpreted
as flux of curvature.

This reinforces the idea of using scenarios with high curvatures as BH or neutron stars, where
this term can play an outstanding role in the dynamics of the space-time, and so allow to see the
behaviour of f(R) theory.

2.3.1 Stability of f(R) theories.

Generalising Einstein’s theory of gravity by means of an arbitrary function of R has the advantage
of sheltering its observational achievements by assuming functions of the form R + f(R) when
f(R) tends to zero in some limit, but with profound gravitational or even quantum implications
(e.g. the quadratic term in the Starobinsky model) in some other limit. However, care must
be taken to ensure that this theory does not possess anomalies irreconcilable with the "good
behaviour" that a theory must have in order to be considered a serious candidate to replace
General Relativity, i.e. - be in agreement with observations at the cosmological and solar system
level, - generate an effective mechanism that does not violate the causal structure of spacetime
(next section), and - not possess ghost-like instabilities. And and since this field theory is described
by a Lagrangian, it is worth reviewing Ostrogradsky’s instability arguments in the formalism of
Lagrangian mechanics, as described below.

In general, a Lagrangian describing any system, L, that depends up to the first time derivative
of the coordinates, q, will possess an associated Hamiltonian, H, bounded below in terms of the
conjugate momenta p, i.e., by means of Hamilton’s equations, it is possible to invert the phase

space to obtain a function of velocity in terms of position and momentum, v = v(q, p), whereby
(2.36) H =puv(q,p)-L,

this clear independence of the Hamiltonian with respect to a linear momentum term imposes
very strong conditions on the stability of the system, since the Hamiltonian will be positively
defined. An underlying condition for the inversion process in phase space is that the Lagrangian
is non-degenerate, i.e. ‘32712’ # 0. The generalisation of this Hamiltonian stability to theories whose
Lagrangians are non-degenerate and depend on higher orders derivatives is not possible, this
result, known as the Ostrogradsky instability, is shown in detail in Appendix E, and can be
seen explicitly in the linear dependence of the Hamiltonian on the m — 1 canonically conjugate

moments,

m-1
(2.37) H=Y ppd™q1+p.d™q1(q1,sqm>pm) L,

n=1
associated to a Lagrangian that depends on derivatives of order m, with the condition of non-

14
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degeneracy, read as
0°L

(2.38) —
d(dgm)q)

#0,

such that phase space becomes invertible and ¢ = q1(q1,...,9m,Pm). At this point it is evident
that the dependence of the moments on time implies a Hamiltonian which could reach arbitrarily

negative values.

2.3.2 The Cauchy problem

The physical viability of any theory is determined by the evolutive character that its equations of
motion give to an initial condition of the fields and/or observables, in other words, the state of
the system at some instant of time will be univocally determined by the initial conditions of the
system through the dynamics imposed by the equations of motion. This behaviour is considered
causal and the theory must correspond to a well-posed Cauchy problem. In General Relativity it
implies that the definition of the time evolution of the fields in some particular configuration on
a space-like hypersurface generates a unique final state through the field equations, which are
hyperbolic.

The Cauchy problem also poses another important property that is necessary for the theory to be
predictive: the stability of the states under small perturbations of the initial value problem, i.e.
the field equations are not unstable under small perturbations of the initial fields and therefore
the solutions cannot diverge from the solutions of the unperturbed case.

A well-known fact is that O’Hanlon’s theory has a well-posed initial value problem [45]. In this

theory, the Lagrangian can be expressed in general form as
(2.39) I= f d'xy=F [Ro-V(©®)],

varying this action are obtained the field equations

1 .
(2.40) dGpy + §V((p)gw + a8y — Py = KTy,

which are equivalent to the field equations in f(R) gravity when

_ dV(¢p)

(2.41) ¢=F(R) and R Ao

this means that mathematically the theory f(R) in the metric formalism can be interpreted as an
O’Hanlon theory, provided that F(R) can be invertible in order to obtain the scalar field ¢, in this
way it can be concluded that f(R) in the metric formalism has a well-posed initial value problem
[45].
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CHAPTER 2. MODIFIED GRAVITY

2.3.3 Conservation of energy

Any physical theory that describes any system in the Universe must be in accordance with
the fundamental laws of local conservation of energy and momentum. For example, the laws
of Thermodynamics that characterize the behaviour of an atomic system, at the background,
are nothing more than conservation of energy and momentum laws described from a statistical
(quantum) point of view, imposing relations between the characteristic quantities of the system
as well as prohibiting some behaviours.

A necessary but not sufficient condition to state the laws of Thermodynamics in the context of
Black Holes is that GR locally conserves energy and momentum, and since f(R) satisfies this
law, this reasoning could be extended at the generalization of GR to f(R) theory. The law of
conservation of energy and momentum for f(R) theory can be observed as follows.

Taking the divergence of the field equations (2.28),

1 : .
(2.42) kT ., =F.,R* +FR" ., - 3 fug" —-F1 +g"Fig,,
but
of of OR
2.43 = —— = — —— = .

(2.43) fiv = 5% = 3R ox” v
SO

1 : .
(2.44) xT""., =F.,R" +FR - §FR;Vg“" —-g"Fiy, +g"Fiy,,

rearranging some terms and relabel dummy indices
(2.45) kTH ., =F R +FG""., — g"' (Fiyy + Figy),

where the Einstein tensor, from Bianchi identities, is divergence free [47, 164]

(2.46) G".,=0
thus
(2.47) KT‘LW;V = F;vR‘uv - g/,tv (F;;ga - F;;gv) >

The Ricci tensor and the second covariant derivatives are related by

(2.48) Fyy—Fig, =Ry F?,
thus

(2.49) xkTH ., =F.,R" - g""F°R,,,
(2.50) kT ., =F,R" -F.,R",
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that is, f(R) theory satisfies local conservation of energy and momentum
(2.51) T ., =0,

this equation involves an important conclusion: f(R) theory is consistent with the Einstein
Equivalence Principle which establishes local conservation of energy, which constitutes the
necessary but not sufficient condition for establishing the relation between f(R) gravity and

Thermodynamics.

2.4 Modified gravity as scalar tensor theory

One of the most studied alternative theories to General Relativity is undoubtedly Brans-Dicke
theory [26], which is a scalar-tensor theory of gravity, described by the scalar field ¢ responsible
for mediate the gravitational interaction. There is a lot of literature that has been written on
this subject [36, 50, 78, 117, 160], and it is one of the few theories that remains valid since it has
been able to overcome all the available observational tests [198]. Brans-Dicke theory is defined

from an action of the form

lf 3
+= | d’xev|hInt,0+1y,
K Joz b+l

1
(2.52) Ipp = o fz d*xy/=g [ch - %g“”cb;ww - V()

where I; does not depend on the scalar field ¢, the parameter v is called the dimensionless
Brans-Dicke coupling constant, V(¢) is the scalar-field potential. An important fact of f(R) gravity
is that through some changes, its action can be written in the form of the Brans Dicke theory and
in this way, it can be expressed as a scalar tensor theory [64, 98, 173]. This can be easily shown if

we write the action (2.10) as
(2.53) I= %f d4x\/—g {F(R)R-[F(R)R-fR)]} + %f d3x£v IhIF(R)nfL +1y,
b3 o))

S0, in the case where the parameter w vanishes, comparing the two actions it is immediately seen
that

(2.54) $(R)=F(R), and V(R)=F(R)R - f(R),

so, we think of ¢ as the degree of freedom scalar field, while the field v is directly associated to

the scalar curvature. In this way, we arrive to the modified action in the Jordan-Helmholtz frame

(2.55) Ly = f V=g {pR -V (p)} d*x.
Taking the variation of (2.52) with respect to g"” and taking into account the contribution of
matter, it is found the field equations

w(l

. 1
(2.56) G +g,uv9b§g — v + p (gguv(/’,a‘/”a —udy|+ §g,qu(¢) =xTyy,
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which reproduce the field equations (2.28) when relations (2.54) are fulfilled and w = 0. Note that
Jordan and Jordan-Helmholtz frames are exactly the same because they have the same set of
variables and observable, nevertheless if we perform a conformal transformation of the metric

Euv =F()guy = ¢(y)g v, the scalar curvature is expressed as

(2.57) R=¢(y)|R+3

b

¢ (w) _ (¢”(1//) @' (y)? ) _
3 _ SH
o) "3 Gy agwe) VAT

where d/ﬁ =gy, ' = gy, and the action (2.53) is transformed as

") ¢y _ o) .
2.58 1_— d*x\/-g ( ) oH 3( ) Wy -V
(2.58) f ¥ o) 2p) V7 3 ) B YTV WL

[ ‘W) ¢ 2
2Kfaz eVl '¢(w) A it | KA R T

and with the potential defined as

i} Vy)
(2.59) V(y) = ,
V= b
action (2.58) it is said to be written in the Einstein frame of the theory. In particular, the
transformation
2k
(2.60) o) =ceVE,

with ¢ some constant, produces the action

(2.61) I:—fd4x\/—g [R +xy = V()] fd?’xe\/lhl (\/ 3K1//'“nu+1n )+IM,

in which the scalar field v is coupled minimally with matter [173]. These fields redefinitions only
affect the form and not the background structure of the action itself; however, how can we be
sure that it is indeed the same theory with different representation? The answer could escape
the scope of this work, nevertheless a necessary condition, but maybe not sufficient, is the fact
that both theories must describe equivalently the dynamics of any system, which means that the
field equations are the same from a mathematical point of view, and as can be seen, variation of
action (2.58) produces

Sp'w? (1

B} i 1 )
(2.62) PGy + 20) V¥ 8wy —Vm¥n |+ SVOWIZuy = KTy,

which are exactly the same as Eq. (2.28) under the inverse transformation g, = o'z -
Once defined f () the behaviour of V(R) is determined by

av(y)

(2.63) dv

= (),
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thus
(2.64) f)=yV'(y)-V(y),

however, the evolution of the potential must be determined by the distribution of mass, whose

dependence is provided by the trace equation
(2.65) oy —2f(p) =xT -3¢,

SO

avig) 2V(p) 1 @
A Z (3¢i% —«T),
dp o gl

this is a first order differential equation whose left hand side can be expressed as a total derivative

(2.66)

by multiplying both sides for the integrating factor ¢2, that is
1dvgp) 2V 1

#oap g g el
d (V(¢) 1
with the solution:
1, .
(2.68) V = ¢? f 7 (3¢i5 —xT)d¢,

this integral depends on the matter distribution as well as the d’Alembertian of the function ¢,
which in turn is function of R. In order to solve the integral, we define the effective potential

v=uv(¢p) as
dv

(2.69) a0 3¢iq —«T,
SO
1 dv

2.70 \%
2.70) @=¢* [ 55 Tode:
however, by the chain rule the derivative of the potential v is expressed in terms of v,

d dvd
@.71) L

dgb dw de¢’
and, again, by the trace equation

dv

(2.72) — =Q2f () - py)¢/,

d¢
Eq. (2.65) gives the potential as an integral

(2.73) v(¢p) = f [2f () - py] P'dy.

19



CHAPTER 2. MODIFIED GRAVITY

In practice, given any f(R) model, Eq. (2.73) is evaluated replacing the values of R obtained from
the equation F — ¢ = 0. However, let us looking for the particular case when V(¢) = v(¢), which
implies that

2.74) f (27 () — pw] ¢ (W)dw = py)w — F ),
or
(2.75) [2f (w) — o)y —y]| ¢'(y) = 0.

If ¢'(y) # 0, and R = v, the solution is f(y) = w + uy?, u is constant, which constitutes the
Starobinsky model proposed around 1980 [12, 67, 125, 142, 178, 179], which describes inflation
from the higher order gravitational term, 12 = R2. For this model the scalar curvature increases
linearly with respect to ¢, uR = (¢p—1)/2 and the effective potential as a function of ¢ is a parabola
with axis at ¢ = —1, that is v(¢p) = uR? = (¢ — 1).

In next section the potentials V(¢p) and v(¢p) will be found for some models of f(R).

2.4.1 Asymptotically ACDM f(R) models

It is known that any model of f(R) gravity should satisfy the following observational tests

(summarized in [85])

¢ Cosmic Microwave Background: the theory must be in asymptotic correspondence with
A-Cold-Dark-Matter (ACDM) model for high-redshift regime.

¢ Accelerated expansion of the Universe without a cosmological constant.
¢ Low redshift regime: constraints from the Solar system and the Equivalence Principle

Fortunately, there are several viable models satisfying these tests, some have been fairly studied
as alternative models to Dark Matter within the framework of f(R) theory. For example 1/R, R™
and R™" + R™ with n,m > 0, describe accelerated expansion and early time inflation [32, 40, 53,
107, 134-137, 154, 170]; the first model pass the Solar System test [133, 135], while in the case
of R +(—RP) it is constrained from the Wilkinson Microwave Anisotropy Probe (WMAP) data
B ~1073 and from Supernova Lagacy Survey (SNLS) and Sloan Digital SkySurvey (SDSS) data
B ~1076[108] and B ~ 3-107° [102]; logarithmic models R +In(R/a) constrained by the weak
energy condition and the current values of the derivatives of the scale factor of the Friedmann-
Robertson-Walker, giving a ~ 1.2x104!m 2 [144]. New works based on parameterized functions,
point towards the reconstruction of models from observations, either of evolution of the Universe
or of the large scale structure [106].

In next sections we investigate the behaviour of the scalar-field potential for some viable

models, taking into account the aforementioned observational tests and according to the following
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conditions derived in [85], rewriting f(R) =R + f(R)

(2.76) l%im f(R) = const,

and

(2.77) lim f(R)=0.
R—0

2.4.1.1 Starobinsky inflationary model (1980)

The first model to consider is the Starobinsky model, proposed around 1980 to explain the early
inflationary era without any inflationary scalar field [178]

(2.78) f(R)=R + uR?,

where p is constant. The field equations are written as

(2.79) R (Raﬁ - iRgaﬁ) +8apRig — Riap=3m” (Gap—KTap),

2:

where m and the trace equation gives

_1
6u’
(2.80) (O+m?)R = -m?«T,

which is none other than the Klein-Gordon equation with source, describing the degree of freedom

scalar field, R, known as the scalaron. Then, the field equations are

1 1
(2.81) Ry —R (R,W - ZRg,W) +m? (3R,W - 5g,WJR) = m2x (3T —T).

From F(R)-¢ =0

-1
(2.82) r=%"1
2p
so that the scalar curvature increases linearly with respect to ¢, Fig. 2.1(a). At the same time,

the effective potential, Eq. (2.73), will be

v(¢p) =uR>

12

(2.83) -7 1
4u 4u

e

which is a parabola with axis at ¢ = —1, Fig. 2.1(b). As mentioned above, the scalar field potential

coincides with v(¢).
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(a) (b)

MR

-

FIGURE 2.1. (a) Linear increase of the scalar curvature, and (b) parabolic behavior of
the scalar-field potential as functions of ¢ for the Starobinsky model.

¢ ¢

2.4.1.2 Starobinsky model (2007)

Now, let us consider the model proposed by Starobinsky [180] in order to satisfy the cosmological

2 —-n
B
( R%)

with n,uy > 0 parameters of the model, and Rg is the constant characteristic curvature. The

and Solar system constraints

(2.84) f(R)=R+uRy

b

relation between R and ¢
(2.85) 1-¢—2unx(1+x2) " ' =0.
with x = R/Rj, cannot be inverted analytically for any value of the parameters, however in order
to simplify the model we fix Ry = 1. The behaviour of ¢ with respect to R is shown in Fig. 2.2 for
some values of n and taking u =1, and in Fig. 2.3 (a) are displayed some solutions of Eq. (2.85)
for R as a function of the exponent n and for some values of ¢.

The effective potential (2.73) for this model is calculated as

2 2 1 2 1 4 4 9 4
(2.86) v(R,n, )= — nR_(, @n+DR’+1 [nMn+T+4IR%+5n+ )

(R2+1)"" unR @n+1)(R2+1)""
3u%n’R 1 3
- K 2F1(—,2n+1;—;—R2),
on +1 2 2

which is plotted in Fig 2.4 (b) from those points that solve Eq. (2.85), shown in the same figure (a).
In this plot it is possible to appreciate the mapping of points at infinity in plane ¢ — R to points in
the plane ¢ —v with finite distances [69]. The position of the two maximal and the three inflection
points in R do not depend on u and are in +Ro/vV2n+1, and R = +Rov/3(n + 1)/(2n2 +3n+1)
and R =0 (¢ = 1), respectively, whose values ¢ do not depend on R

2 1 —n-l Vén+3( 3 -
e ( +1) and ¢:1$Hn ~ ( +1) .
vVen+1\2n+1 n+2 2n+1

2.87) ¢p=17
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(a) Starobinsky, Eq. (2.84)

(b) Hu-Sawicki, Eq. (2.90)

ey e T e et

1 ATE AT G _________;_

FIGURE 2.2. Scalar field as a function of the scalar curvature for some values of power
n=1,2,4,8, continuous, dotted, dashed, dot-dashed lines, respectively. All models,
except Hu-Sawicki have continuos solutions with two maximum points and in (b),
(c) and (d) there is at least one curve with zero slope transition region between
those extreme points, this will have implications in the form of the effective and

scalar potentials.

(a) Starobinsky (b) Hu-Sawicki

2.0f7

-2k,

FIGURE 2.3. Scalar curvature as a function of the parameter n. In (a) from bottom to
top and left to right ¢ =-1.2,-1.4,-1.6, -1.8, -0.8, -0.6, -0.4, -0.2, R =0 is obtained
when ¢ = 0.
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Starobinsky model has a fairly important physical content, since its expansion at R =0 to

order p reproduces the R? term of its own famous 1980 model [178]. From

(- l)m(n+1)m 1 R%m

p
(2.88) Z r
m=2 Rom

where (n + 1),,—1 is the Pochhammer symbol, it is possible to see the form of potential (2.59) in
the Einstein frame, through transformation (2.60), but first we need to find the scalar field y as a
function of R, that is

R m
(2.89) w(R)——ln 1- 2,uan+2uan‘2( 1) Tm)

)

(n+ D1 ( B )2'"—1
Ry

note that only for p = 2, the scalar curvature can be obtained analytically in terms of v, likewise,
the Eq. (2.89) as well as its derived scalar potential (2.59) depend strongly on the parity of the
order of the expansion, Fig. 2.5 (a) and (b) for odd p, an (c) and (d) for even p. When p — oo the
total form of model (2.84) is recovered, and the scalar field and potential are plotted in Fig. (2.6),
where the similarity with the potential of Fig. 2.5 (d) can be observed.

Finally, in Fig. 2.8 it is shown the scalar potential (2.70) as a function of ¢ for = 1.

2.4.1.3 Hu-Sawicki model

Hu and Sawicki [85] proposed a power law model to describe accelerated expansion without a
cosmological constant and satisfies both, cosmological and Solar systems tests in the small-field

limit. This model is given by

c1(R/w)?

where y,c1,c2,p >0 are the parameters of the model. Eq. F — ¢ =0 takes the form

2o cp (B)" R D(e2 (%) +1)

R(es (B +1)

R\ 1> (R\!
R
p p

not for all values of R and p this equation can be solved, since it is observed that there will be

it is simplified for c1=c¢2=1, to

(2.92) (1-¢)

divergences in R = u(—1)"?; however, some solutions are plotted in Fig. 2.2 (b), where it is noted
the singularity at R = —1 when n = 1. The relation of R with respect to u and ¢, for p =1 is given
by

(2.93) —12p+R2(1-¢)+2uR(1- ) =0,
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and the solution for ¢ in terms of p is a straight line with slope +(1-(1 —¢7)‘1/2) for 1> ¢.
Similarly, Eq. (2.92) can be solved for p with u =1, and for some values of ¢, as depicted in Fig.
2.3 (b).

In Fig. 2.4 the points satisfying F' — ¢ = 0 (c) are observed for function (2.90), and their image
through the effective potential

p (1-4R)RP -4R (4(2-R)R?-4R+3)RP+1 2pR?> 1
(2.94) v(R,p,u) = + 5 - i
4R (RP +1) p(RP+1) (RP +1) (RP+1)® p

p (1 1 p-1 )

+-—|=-1|9F1|1,-=;=—=;—-RP?

4R (pz )2 1( ’ p) p ’ ’

are shown in the same Figure (d), and in Fig. 2.8 (b) is the numerical plot of the scalar potential.
For Hu-Sawicki and Starobinsky models in general, scalar potential can not be expressed
analytically as a function of all parameters and the scalar curvature, however this is not be true

for the next two models as will be seen below.

2.4.14 Tsujikawa model

In order to satisfy local gravity constraints as well as conditions of the cosmological scenario,

Tsujikawa proposed the model [186]
(2.95) f(R)=R —uRrtanh(R/R7),

with y,R7 > 0 the parameters of the model. For this model it is possible to invert F —¢ =0
analytically and find the potentials v and V. For this we see that

(2.96) R=Rrp arccoshi‘ / ﬁ,

such that 1-u<¢ <1 to R e R. The effective potential, Eq. (2.73), associated is

U

ok 2R
8cosh? (R/R7)

297 v(R)= (l—u)RTsinh(ﬁ) +2(1+2,u)RTsinh( )
RT RT

2R
—4R cosh (—) -4+ ,u)R] ,
Ry
and in terms of the potential ¢

(2.98) v(®) = % {[8+2(1 - p)@?| sinh[2arccosh(+®)] — 2(u + 20?) arccosh (+ D)},

where ® = /p/(1 - ¢), with which is possible to write the scalar potential through the integral
(2.70), giving

(2.99) V(@) = ‘%T [cb\/qﬂ ~1 —arccosh(+®)| .

Figure 2.7 (a) and (c) shows the effective and scalar potentials for some values of p.
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2.4.1.5 Exponential model

Another interesting model to explain accelerated expansion constructed to mimic ACDM Universe
and able to pass the Solar systems tests, was proposed in the middle of the last decade for different
authors [18, 52, 201]. In this model, f(R) takes the form

(2.100) f(R)=R - uRg (1—e—R/RE),
where u and Ry are the parameters of the model. For this model, equation F(R)—¢ =0 is read as
(2.101) 1-ePRe =,
whose solution is
_ K

(2.102) R —REIH(—),
so, the potential (2.73) is

1 K
(2.103) v(¢>)=ZRE(1—(l)) 2(¢p—3)In m +8u+5p-9|,

and the scalar potential and the scalar potential

(2.104) V() =Rz %p -1

(¢- l)ln(

The functional form of these potentials can be seen in Fig. 2.7 as a function of ¢ and p.

2.4.2 Complementary exponential model

Let us suppose the following model,

R(z) -nR2?/R?
(2.105) f(R)=R—,u(1+ﬁ)e nRg

where R is the constant scalar curvature in vacuum Ry =2u(3 —2n)e ", and u,n parameters of

the model, conditioned by (2.77) as p € R and n > 0; and (2.76) implying
(2.106) lim f(R)=—pu.
R—o0
As shown in [150], a model expressed in the form
(2.107) f(R)=-2Ay(R,b),

turns out to be an extension of the the ACDM model if the cosmological constant is reproduced at

some limit of b, which is a characteristic parameter of each model. For (2.105) it is found

1+(b—A)2
R
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with A = p/2 and b =2Ry/u, and the equivalency with the ACDM model seen through the limit
(2.106) written as

(2.109) ll)irr(l)f(R) =R -2A,
and
(2.110) blim f(R)=R.

Model (2.105), as well as Starobinsky and Hu-Sawicki models can be expressed in the form (2.107)
and therefore recover the viability of the ACDM model. For this model the relation between R
and ¢ is

(2.111) R - )" —2((n—DR%+n) =0,

which, in general has no analytical solutions, however Fig. 2.2 (c) shows ¢ as a function of R and

the power n for y = R¢ = 1. By calculating the integral (2.73) it is found

1 2 1+11 10n-19) - 1 1
(2.112) v(x)=e2”/x2{ _EnG@n+ D) +11) | 8n{10n —19) 33—(71——5 (2n—§)—
Rox 128n2 32nx2 4 2) x*
13 n  2n? 3-2n 2n 2 8n(2n+1)+11 V2n
+|—-4n|——-—|+|1+ i U }+9\/2 Erf
( 2 n) x6  «8 ( x2 x4)e d 512Ryn52 T

where x = R/Ry. Fig 2.4 (f) shows the relation between v and ¢, from the solution of Eq. (2.111),
plotted in the panel (e) of the same Figure, and in Fig. 2.8 (c) the shape of the scalar potential is

observed in terms of the scalar field ¢ and n.

2.4.3 Modified Starobinsky model

Model (2.105), proposed in the previous section, meets the necessary conditions to be considered

as an extension of the ACDM model, however, performing the expansion to second order at zR

1 2 1 R
(2113) ]“(IE)ZZIE()—/JQ_’Z/Z2 (1+—2 +{R0——ge_"/22 n(—2+1)—1]}(R——z)
2 z Z 0
p( 2r2 (7-2n)n 2 (R R
+Z—4(—Z—4+Z—2+3n_3 e M I%_O_Z +0 R—O—a ,

it is observed at the limit z — 0 that this model does not contain the characteristic R? term
present in Starobinsky expansion (2.88), and instead, Eq. (2.113) depends only on R. To avoid

this, we will propose the function

(2.114) fR)=R-p

b

2
0

R2 _nR2
1—(1+—)e &
R
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which constitutes a modification of expression (2.84) where the role of the exponent n is played
by the exponential function. Note that Ry =2ue ™" (-2n +e™ —1) is the constant scalar curvature

and m > 0. Expansion of (2.114) at zR),
(2.115) f(R)=2Ro+pt [ (1+22) = 1] + [Ro - 2uze™" (n2® + n— 1) (éi —z)

+émg{#+un&2pnu+z§_5y40%é%_zf+c%——_zr,

yields the quadratic term in R when z — 0, that is

u(1-n)
R§

(2.116) f(R)~R+ R?,

which has the same functional form of the Starobinsky model of Starobinsky of 1980 [178]. This
model satisfies (2.77) and (2.76) in the same way as (2.106) with u € R and n > 0. Moreover, from
Eq. (2.107) it is found
R 2
14—
(73]

with A = /2 and b = 2R¢/u. The equation between R and ¢ is

(2.117) y(R,b)=1- e—n(R/bA)Z,

(2.118) R - )e"B RS —2uR (nR? +(n— DR2) =0,

setting p=Ro =1, in Fig. 2.2 (d) the solutions of this equation for n =1,2,4,8 are shown. Integral
(2.73) for this model leads to

—2nx?
3 7 8n(13-10n)+21
(2.119) v(x)= —2n2x7+n(——4n)x5+(——n(2n+1))x3+( i n) i
0 2 8 32n
o \ 2 4 82n—1n+17
—e ™ 2n(x +1)x(x—R—O)—x x—ITO)-I‘l —3v2nmErf(v2nx),

where x = R/R0. Because this model is a modification of Eq. (2.84), the effective potential will
have a similar shape of that of Starobinsky, as is depicted in Fig. 2.4 (h), drawn from those points
that solve Eq. (2.118), shown in the same figure (g). As a part final of the analysis of this model,
the graph of V vs ¢ and n is presented in Fig. (2.8).

2.4.4 Deviation from GR

All previous models of f(R) (2.84), (2.90), (2.95), (2.100), (2.105) and (2.114) have a parameter
u that modulates the intensity of deviation of the model with respect to GR, so finally, it is
interesting to see the plot of f(R)/u = [f(R)— R1u for each model to compare them, Fig. 2.9.
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FIGURE 2.4. Scalar curvature (left) and effective potential (right) as a function of the scalar

field for the Starobinsky, (a) and (b), Hu-Sawicki, (¢) and (d), complementary exponential,
(e) and (f), and Modified Starobinsky, (g) and (h), models; with y=Ro=1andn=4(n=1
in the complementary exponential), lines are matched for each pair of figures. For each
model it is shown the mapping of points at R — +oo to the points showed in the right panel.
Starobinsky model exhibit other seven points of interest: absolute maximum and minimum
¢ =—-0.574 and ¢ = 2.574 which are reached in R = +1/3 respectively, ¢=-0.096 (A) and
2.096 (B) at R = £0.057, the de Sitter (in vacuum T = 0) non stable points SP1, R =0.484
and R =0, and the stationary point SP2, R = 1.985; R =0 is an inflection point too in (a), de
Sitter points can also be found as a local maxima of the effective potential. The scalar field
in the Hu-Sawicki model (c) presents two maximum ¢=-0.065 and 2.065 at R = +0.880112,
respectively; in this model, as well as the complementary exponential, two other inflection
points appear, C and D, however, due to the exponent in this case n =4, this model only
presents one non stable de Sitter point R = 0 and five inflection points in the marks A, B, C,
D, and in R =0, which are ¢p=-2.377 and —2.37764 at R = £0.570017 , however, its effective
potential have and the Hu-Sawicki model. Modified Starobinsky effective potential (h) has
a geometry similar to (b), and thus the same number of characteristic points. Modified
Starobinsky scalar field presents some region with ¢ = 0 between maximal points like the
Hu-Sawicki model for certains exponent values, Fig. 2.2, so that the effective potential will
not have a continuos derivative at R = 0.
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FIGURE 2.5. Scalar field v as a function of R (left) and scalar field potential V as a
function of v (right) for p =1,3,9,39 (a) and (b), and for p =2,4,10,40 (c) and (d),
Black, dashed, dotted, dot-dashed lines; for the Starobinsky model expansion at
R =0 to order p. When p = 1 inflationary Starobinsky potential [178] is obtained.
Uppercase letters show mapping between regions. In (a) it is observed that at A
there is an inflection point which is translated into (b) that from points at infinity
to A, the dominant term is R2.In (c) and (d) there are four points of interest, A and
B, maximal points, which imply a change of direction in the potential, and C and
D, roots, which translate into the intersection points at i = 0 in (d). In all panels
p=n=1
(a) (b)
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FIGURE 2.6. Scalar field ¥ as a function of R (a) and scalar field potential V as a
function of ¥ (b) for the Starobinsky model (2.84).
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(a) (b)

FIGURE 2.7. Potential v(¢) (a) and (b) and scalar potential V(¢), (¢) and (d), for the
Tsujikawa (2.95), (a) and (c) and exponential (2.100) models, (b) and (d). In (a) from
left to right and bottom to top, and in (c) from left to right, ©=0.1,1,3,5,7,9. In (b)
and (d) from left to right ©=9,7,5,3,1,0.1. Although all potential are continuous
functions, in the interval 1 < ¢b, both models have complex values and the real part
has been plotted.
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(a) ()]

() (d)

FIGURE 2.8. Scalar potential V as a function of the scalar field ¢ and the parameter n
for the models studied in this work: Starobinsky (a), Hu-Sawicki (b), complementary
exponential (¢c) and Modified Starobinsky model (d). Black thick lines represents
n=0.25,1,2,3,4.
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(a) (b)

FIGURE 2.9. Behaviour of the net difference between each of the models considered in
this work with respect to to GR, measured in the function f (R). Starobinsky (a),
Hu-Sawicki (b), proposed complementary exponential model (2.105) (¢), proposed
modified Starobinsky (2.114) (d), Tsujikawa (e) and exponential (f) for n = R =
Rg =1,2,4,8 (black, dashed, dotted and dot-dashed lines). Only in (b) lines intersect
at three points: zero, R = 1 and infinite. For the same R = Rg (e) and () tend
to the same negative limit when R — oo, however the other models tend to -1,
regardless the value of the exponent.
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CHAPTER

HYPERGEOMETRIC VIABLE MODELS IN f(R) GRAVITY

he task of finding a viable f(R) model, which reproduces inflation, radiation-dominated

phase followed by the matter-dominated phase and late-time accelerated expansion, while

being able to pass the tests of the Solar system, is not at all easy, however in Ref [10]
the general conditions for a model to be cosmologically acceptable are found, and examples of
viable models are Starobinsky [181], Hu-Sawicki [86], Tsujikawa [187] and exponential models
[112]. In particular the first two models have been tested using redshift of SN Ia data, their
cosmological and free parameters were calculated using a Markov chain Monte Carlo simulation,
and it was concluded that these models fit the data with high accuracy [84]. One characteristic of
these models is that they present an inflection point, this property will be discussed in this work,
focussing on the conditions that f(R) models must possess in order to be considered cosmologically

valid.

This chapter is devoted to analyze the conditions of viability of f(R) models together with
the assumptions of the existence of an inflection point in the function. In sections 3.3 and 3.4 a
differential equation will be constructed from the geometric properties imposed by the conditions
mentioned above and the solutions will be shown and generalized as a hypergeometric model in

section 3.5.

3.1 Model constraints and inflection point

The general form of the function f(R) can be expressed explicitly as the sum of the linear term R

which reproduces GR plus a perturbation,

(3.1) f(R)=R+f(R)+ ARy,
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where f(R) represents the deviation of the model from GR, and the ACDM model can be obtained
as a special case with f(R) = 0, where A = —2A/Ry, and A is the cosmological constant. Thus,

when defining the dimensionless coordinate by making x = R/R),
(3.2) yx)=x+h(x)+A,

where y(x) = f(Rox)/Ro, f(Rox) = Roh(x), and with the definition of the characteristic functions
[10]

_Rf'R) _ xh"(x)

. fI(R) 1+h'(x)
and
(3.4) .o _Bf (R) _ x[1+h'w)]

fR)  x+h)+A

Now, let us suppose that A(x) is a continuous function, with continuous derivatives in a domain I,
such that x; € I is an inflection point of 4(x), not stationary nor of infinite slope. That is, A" (x;) =0,
which means that 2/(x;) is a maximal point. The existence of an inflection point, together with
the conditions of asintoticity towards ACDM [86],

(3.5) limA(x)=-2,
x—0
and
(3.6) lim A( )—i—/l
. lim h(x) = Ry ,

where % is a constant that depends on the model; restrict the form of the function A(x) to only
two possibilities: decreasing concave (increasing convex) at 0 < x < x; and decreasing convex
(increasing concave) at x; < x. Motivated by the results of Starobinsky model [84] whose virtue
lies in the quadratic term, which reproduces accelerated expansion of the Universe without the
need to introduce Dark Matter, and for A(x) to contain only quadratic terms when expanded in
Maclaurin series, it must be an even function; this implies that x = 0 is a maximal point and

therefore
3.7 limA'(x) =0,
x—0
and at the other hand at infinity the curve is flattened according to Eq. (3.6), thus
(3.8) lim A'(x) =0,
X—00
and in turn

(3.9) limA"(x)=c,
x—0
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3.1. MODEL CONSTRAINTS AND INFLECTION POINT

h(x)
Decreasing | Increasing | Domain
h'(x) - + x>0
h"(x) - + O<x<ux;
h"(x) + - x> x;
R (%)~ h(x;) T - 0
h///(xi) + _ 14

Table 3.1: Sign of the first derivatives of the function A(x) according to its monotonicity in the
domain given in the last column.

where c is a constant, and

(3.10) lim 2" (x) =0,

X—00

The two possible behaviors of the function affect the sign of its derivatives, as discussed in Table
3.1. Only models with a characteristic function, (3.3), m = 0 and close to ACDM can be considered
cosmologically viable [10], thus there are two options for A(x) in which this can be fulfilled,

h"(x)=0and A'(x) > -1, or A" (x) <0 and A'(x) < —1; so if A(x) is a decreasing function, for x = «x;,
(3.11) -1<h'(x)<0,

or for 0 <x <ux;,

(3.12) R'(x) < -1.

From the second option, when A(x) is an increasing function, it is only possible to choose

(3.13) h'(x) >0,

for 0<x <x;.

Due to condition (3.7), option (3.12) is discarded and to avoid singularities in the characteristic
functions m(x) and r(x), option (3.13) will also be discarded. The inflection point x; leads to the
appearance of a minimum (maximum) in A'(x) if A(x) is a decreasing (increasing) function, and
by Eq. (3.10), there is an inflection point, x,,, on the curve of 2'(x) and therefore A" (x,,) will be a
maximal at x > x; and 2" (x) will be a decreasing (increasing) function for x > x,,,. The function
h"(x) is integrable in all its domain, that is, by limits (3.7) and (3.8), [;° A" (x)dx = 0, thus the
decreasing monotonicity of A”(x) from x,, is the property that allows to consider the option (3.11)

as the most viable, because if x,, < % <t<ux,then

(3.14) 0<h"(x)<h" (1),
so that
X X
(3.15) 0< f A (x)dt < f R (t)dt,
x/2 x/2
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(a)

k+2A

___________________

...................
......................

X

FIGURE 3.1. Behaviour of the function /~ and its derivatives as a function of x, with the
necessary conditions for the model to be viable, equations (3.5) to (3.10), together
with the existence of an inflection point, x;. The image also shows the existence of
the maximum of A”(x), x,,. In this diagram R = 1 was chosen.

or

(3.16) 0<xh"(x) <2[h'(x)-h'(x/2)].

Similarly, by integrating Eq. (3.11), it is obtained

3.17) O0<x+h(x)+A.

Conditions (3.16) and (3.17) are useful for calculating the limits of the r function (3.4), as will be
seen below.

3.2 Characteristic functions

A model that reproduces a matter-dominated era with a corresponding transition to accelerated

expansion must satisfy [10]

(3.18) m(r)=+0, and m'(r)>-1 at r=-1,
where

d !
(3.19) m xm'(x)

dr |, rL+mG) +rel’
There are three points x for which r(x) = —1, these are x; — 0,

2[1+h')]

3.20 -
(3.20) o0 2+ A0 + A

)
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where we have used Eq. (3.5) and (3.7);

h(x2)+ A

(3.21) R T

and x3 — oo, since

. o 1+A () +ah(x)
(3.22) girglor(x) = xlirglo T he) =1,

where L'Hospital’s rule and condition (3.16) were used. Now, since m(x;) = —0, and note that the
derivative of m(r) can be expressed as
A+x+h@)?  (L+A' @) —xh"(0))R"(x)+ (1+h'(x)xh"" (x)

ARG (1 ) [+ R ) (1 - 258 ) + o) + S

(3.23) m'(r)l, = -

b

such that, by Eq. (3.5), (3.7) and (3.9),

2 2(1+ 2 @))%+ 24 +x + h(x) R
(3.24) lig AEEFR@E ) 2[4 R@) +2A+ 3+ AR _ 2
x—0  A+h(x) x—0 h'(x) c
xh'(x) 2Rh"(x) +xh"(x)
3.25 = =9
(3.25) A+ R =0 Ax) ’
and
x2h"(x) .. 2h"(x)+4xh" (x) + x2hP(x)
(8.26) A A A h'(x) =2
therefore
(3.27) lin(l)m/(r)lx =-2.
hence
(3.28) m' (), =0 -2,

we discard x1, and noting that m(x) is directly proportional to A”(x), x; is also a root of m(x),
i.e x2 — x;, but to be a valid point, x2 must tend to x; on the right, x;,, satisfying A(x;;) =
x;+h'(x;1)— A, however the last term of Eq. (3.19) diverges when x — x; and A"/ (x;,) > 0 because
h'(x; 1) is a minimum, so point x is also discarded. On the contrary, x3 is in itself a valid point
that gives viability to the model, since by Eq. (3.8) and (3.16),

(3.29) lim m = +0,
X—00

and

(3.30) m'(r) =70.
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(a)

0 XA Xj X2 XB

F1GURE 3.2. Characteristic functions m and r versus x. The inflection point, x;, the xo
point, in which r» = —1, and the maximum points of r(x), x4 and xg, are appreciated.

Since 0 <1 +A'(x), for 0 <x <x;, A" (x) <0, and m(x) <0, and simultaneously for x > x;, m(x) >0,
therefore Eq. (3.29) expresses that m(x) should be flattened towards zero at infinity. On the other
hand, r(x) > —1 for 0 < x < x9, then it will have a minimum and will tend to —1 at infinity, Fig.
(3.2).

The behavior of m(r) in the phase space can now be drawn as shown in Fig. 3.3, where m/(r)
is also observed. It should be noted that r'(x) = r(1 + m +r)/x, so that the maximal points of r
are found when m +r +1 = 0, that is, the points where m'(r)|, diverges. Since r = —1 in x1, xg
and x3, it has two maximum points, x4 and xp in Fig. 3.2, and by definition, in these points the

derivative is infinite, shown in Fig. 3.3, as (r4,m4) and (rg,mp).

In the next section a differential equation for A(x) will be constructed from its geometry,
considering the parity of the functions A'(x) and A" (x) and multiplying them by functions so that

their roots coincide.

3.3 Starobinsky type models

Since A(x) is an even function, A'(x) and A"(x) are odd and even functions respectively, as can
be seen in Fig. 3.1, so it can be inferred that the function xA”(x) will be odd with roots in x =0
and x = x;. Simultaneously, when multiplying A'(x) by the factor (x? —x2), the same intervals
of increase and decrease of xh'(x) are obtained, besides the same roots, for both negative and

positive x. Let us assume that 4/(x) and A" (x) can be related by

(3.31) q(1+ p(x)xh” (x) = (x? — x?) b/ (x),
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(a)

s -1 rira

FIGURE 3.3. Phase space in the plane (m,r) as well as the corresponding derivative
(m/(r)). It can be seen that in the points r4 and rp the derivative is infinite. Note
the behaviour of m/(r) at r(x = 0) = —1, given by Eq. (3.28), and at r(x — o0) = -1,
the latter allowing the viability of the model.

where ¢ is some constant and p(x) is a function that is linearly independent of A(x) and also even
so that the left member of Eq. (3.31) is odd, moreover
(3.32) lim p(x) =0,

x—0

and

(3.33) xlggo 1+ p(x) " it x2 —x?

=0.

since q is a constant, it is possible to evaluate it at some limit, for example

«?-2Mh'(x)

3.34 =1 =1 =%
(3.34) 1= A+ peoneh () s T4p)

thus Eq. (3.31) can be rewritten as

1 1 1
(3.35) 1+ px)=h"(x)+ (—2 - —2) h'(x)=0,
x x? x

and integrating it

!/
(3.36) h(—f + h + f 1 p(x)h"(x)dx =0,
xi X X

where it can be seen why 1+ p(x) was chosen in Eq. (3.31) rather than p(x). The last integral
can be evaluated by parts twice, so that it does not depend on A”(x), but on A(x) and A'(x), or

equivalently for the purpose of reducing the order of the differential Eq. (3.31).
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p(x) p'(x)
52

1 1 h
3.37) f;p(x)h”(x)dx = ;p(x)h'(x)+h(x)( )+f ;;C) (xzp"(x)—pr'(x)+2p(x)) dx,

then p(x) can be chosen as the solution of the differential equation

(3.38) x%p"(x) — 2xp’(x) + 2p(x) = 0,
that is
(3.39) p(x) = x(a + px),

with @ and B constants, but for p(x) to be an even function, @ =0, so the equation is reduced to

(3.40) (1 + ﬁx) h'(x)+ (lz - ,3) h(x)+c1=0,
x X

12

whose solution is

(3.41) hw) = = [1—(1+ﬁx2)2_2ﬁx?] -,
Ry

where the integration constants were found by Eq. (3.5) and (3.6) for >0 and ,Bxiz <1, which, in

turn, requires that the power must be negative,

(3.42) L PP
. 2 ﬁxlz =—-m,

with m > 0, or analogously, when x; = (2m — 1)712 and B=1,
k o\ —m
(3.43) ho) = o [1- (1+2%) "] -2,
Ry

so without loss of generality, it can be concluded that Eq. (3.41) actually represents Starobinsky’s
model [181]. In this way it is easy to find the value of the constant ¢, Eq. (3.9),

2km
3.44 =
( ) c Ry
and therefore
k oN—m
(3.45) Yy =a+ o [1- (14237,
Ry

where m,k,Ry are parameters. In the next section, a generalized Hu-Sawicki model will be

established through a similar procedure.
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3.4 Hu-Sawicki type models

Equation (3.31) relates A'(x) and A" (x) in a geometric way through the inflection point x;, that

2

is by the root of 2"(x), provided by the difference x? — x? in the right member of the equation.

However, in the more general case it is possible to write
(3.46) ts(x)xh (x) = (x] —x")A'(x),

where ¢ is constant, » > 0 is an even number and s(x) is a continuous even function that, as in the

previous section, will be requested linearly independent of A(x), satisfying

rx;_Qh’(xi)

(3.47) 3}1}1&11 s(x) = AT
and
. 1
(3.48) lim — =0.
x—00 g(x)
Note that Eq. (3.46) can be integrated as
1 r - x” r "
(3.49) —x[x" =+l R )+ | |tsx)- +xl | xh"(x)dx+c1=0,
1+r ! 1+r ¢

and integrating by parts twice the last integral

r

1 r r1! X
mx[x —(1+r)xi]h(x)+(ts(x) T

(3.50) f [ra" ™1 —£(25'(x) + x5"(x))| h(x)dx +c1= 0,

+ x:) xh'(x) + [x" —x} — ¢ (s(x) + xs"(x)) | h(x)—

for a null integrand,

r a

X
i =P

(3.51) s(x) =

with a =0 to allow the function to be even, thus Eq. (3.46) can be written as

(3.52) ( al + tﬁ) xh/(x) - (xf +tB)h(x)+c1 =0,
1+r

whose solution is

r
r X+t

k P i
(3.53) h(x) = R—x1+ T+ @+t -2,
0

where 8 was absorbed in ¢, the constants were established from conditions (3.5) and (3.6), and
by (3.11), £ < 0. However, for this function to be even, the ratio x}/¢ must be an odd number, and

since the parameter r is even, they can be related by means of
(3.54) x; =(nr—1)t,

43



CHAPTER 3. HYPERGEOMETRIC VIABLE MODELS IN f(R) GRAVITY

where n is a natural number, and consequently, the function can be expressed as
k _
(3.55) h(x)= —[1+Q+r)tx™"] " =2,
Ry
with which for nr > 2 and ¢ > 0, ¢ = 0. In this scenario Eq. (3.2) is now expressed as
k R
(3.56) y(x)=x+R— [1+ @ +7r)tx™"]
0

As a particular case, when n =1 and defining

cok 1
3.57 == d =
(8:57) ARy MY T A
the inflection point is obtained at
r-1
3.58 r—_. -
( ) Yi co(r+1)°
and
c1x”

(3.59) h(x)=-1- ,

1+ cox”
so

c1x”
3.60 —x——
( ) yw) =« 1+cox”

which is the Hu-Sawicki model [86], where ¢ = 0. Nevertheless, because r > 0, it is not possible to
obtain Starobinsky’s model from Eq. (3.55) and therefore Eq. (3.41) and (3.55) represent different
models, however, these models are part of a more general class of models, as will be seen in the

next section.

3.5 Hypergeometric models

The similarities of models given by equations (3.41) and (3.55) can be found in the form of their
differential equations, as well as in the possible values of their respective parameters. To see this,

Eq. (3.40) is rewritten as

1+px® ko
(3.61) mh (x)+h(x)+/l RO —0,
and Eq. (3.31)
(3.62) (1+ Bx?)xh" (%) + [(1+2m)x® — 1] k' (x) = 0,

multiplying Eq. (3.61) for nr and making =1, v = -1 and r = -2, these equations can be

combined as

(8.63) (v—x")xh"(x)+ [v A1-(m+n)r)+(Q+ nr)xr] xh/(x) + mnrivh(x) + 2mnr (/1 - —) =0.

44



3.5. HYPERGEOMETRIC MODELS

In the the same manner, it is possible to express Eq. (3.52) and (3.46), respectively, as

x" oy B a
(3.64) (t(l g + 1) xh'(x)—nrh(x)—nrA =0,
and
x" " x_r _ I(nr) —
(3.65) (t(1+r) +1|xh"(x)+ , +1 nr)h (x)=0,

or combined as
(3.66) (v —x")x2h" (x) + [vA=(m+n)r)+((m—1r—1Dx"|xh'(x)+ mnr?vh(x) =0,

where v = —tf(1+r) and A = 0. Therefore, a generalization of Eq. (3.63) and (3.66) can be made as

follows,
(8.67)  (v—x")x2h"(x)+ [v(@—(m+n)r)+(u—Dr—1Dx"| xh'(x) + mnrv (h(x) +A— ﬁ) =0,

where u is a parameter that can be adjusted according to the type of model, when u = n and
r = -2, the Starobinsky type model is obtained, Eq. (3.43), and when u = m, the Hu-Sawicki one,
Eq. (38.55), is found. Now with the variable change

(3.68) z=vx ',

it is realized that Eq. (3.67) is in effect the hypergeometric equation

(3.69) 1-2)28"@)+(u-1+m+n)2)g'(z)—mng(z)=0,
where
(3.70) 8(2)=h(2)+ A - —,

2m

by choosing the constants appropriately, according to equations (3.43) and (3.55), the solution can

be written as (for m,n,u,v,r #0)

k
(8.71) h(2)=(——3)2F1(m,n,u;2)+i—/h
Ry m 2m

together with the condition of existence of the inflection point, given by the algebraic equation

oFiim+1,n+1u+1;z;) B (m+1)(n+1r

3.72 = .
( ) oFiim+2,n+2;u+2;z;) (r+1)(u+1)z;

If this equation ensures the existence of a single point of inflection, it remains to analyze the
domain of the parameters in which A(x) is viable. When r > 0, the model naturally satisfies limits
Eq. (3.8) and Eq. (3.10), however to satisfy the limits (3.5) and (3.6), ¢ = 0, and at the same time,
by the series expansion of 2'(x) and A" (x), it is observed that m >2/r, n >2/r,v#0, m-n¢ Z
and u # w with w € Z and w < 0, for the model to meet limits (3.7) and (3.9). In addition, Euler’s
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integral representation of the hypergeometric function allows to further restrict the parameters

of the model according to Eq. (3.11), since for x >0, —1<n <u and v <0 (with Ry =1)

Emrox™ IT(w) (1 @-pe " 1gn
F(ml(w-n) Jo (" —vtyn+l

where I'(x) is the Gamma function. Due to the positive integrand and the integral definition

(8.73) h'(x)=- dt,

interval, the integral is positive, and because

T'(w)
— >0,
I'n)I'(uw—n)

for n < u, then for A'(x) <0, k£ < 0. Simultaneously, in order that A'(x) > -1,

(3.74)

2r+1

ulr+1)(u + l)xi v

(3.75)

>oF1|m+2,n+2;u+2;—|,

lEIr2v2mn(m+ 1D(n+1) x!

where x; is the inflection point, obtained from Eq. (3.72). Numerically it is found that for 0 <r <2,

m=zl,nzl,n<u<n+l,v<-1,
(3.76) s oF (m+1,n+Lu+1ux"),

so that if u > kmnrv, then A'(x) > —1.

Alternatively, a sufficient condition for A'(x) > -1 is

1 . .U
(1+ 7)w—1(u)w oF (m+w,n+w,u+w,x;)

r|kvw|(m)w(n)w xf’”l ’

(3.77)

where (a),, is the Pochhammer symbol.

On the other hand, when r < 0, for limit Eq. (3.5) to be satisfied, ¢ = 2km/R, whereas for
limits (3.6), (3.8) and (3.10), m > 0, n > 0 and, as in the previous case, u # w. Likewise, when
r < -2, limit Eq. (3.7) is satisfied !, however when r = -2,
2kmnu

uRy ’
so that u = —nv, which in turn implies that v < —1. When r < -2, limit given by Eq. (3.9) is
fulfilled. Note that although the value of the constant ¢ depends on the sign of r, the Eq. (3.73) is

(3.78) lim 1" (x) = —
x—0

still valid in this case, r < -2, so the restrictions on the parameters that were made previously,
ie.n<wu and k <0, remain valid.

Finally, the hypergeometric model can be expressed using Eq. (3.2),
(8.79) y(x)=x+(1%—%)zF1 (m,n,u;§)+ﬁ,
and contains the generalized Starobinsky type (3.45) and Hu-Sawicki (3.56) type models, since
whenu =n,r=-2,v=-1and ¢ = 2km/R, the first one is obtained, and when u =m, v =—(1+r)¢
and ¢ =0, the second one is obtained, therefore Eq. (3.79) can be considered as a generalization of

these models.

IWhen r € (0,2), r # -1, both limits Eq. (3.7) and Eq. (3.9) are indeterminate, and for r = —1, lim,_.oA/(x) =

kmnv
~uR, #0
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CHAPTER

SPHERICALLY SYMMETRIC VACUUM SOLUTION

he solutions of the field equations in spherically symmetric and static (SSS) spacetime

have been widely investigated in GR and therefore constitute the starting point for

analysing the new physics introduced by the non-linear terms of the scalar curvature in
f(R) theory. Different works have been done on this topic, including Schwarzschild-type solutions
of constant R and R = R(r) [44, 165], even using the Noether symmetry approach [43], charged
SSS Black Hole (BH) solutions [131], and for particular models in cylindrically symmetric spaces
[124, 126]. All these solutions are of paramount importance because of the differences and
similarities they can offer with respect to the case of GR. For example the non-hair theorem
(NHT) can be generalized into f(R) for models that meet certain conditions (except f(R) = R?) see
[37], however models can be found that lead to hairy Asymptotically-Flat-SSS BH solutions for
which R is not a constant and thus evade the theorem [38]. Similarly, solutions in f(R) gravity
have been found with R coupled to non-linear electromagnetic sources, which turn out to be
generalizations of regular BH in GR [159].
This chapter explores the solutions of field equations in SSS spaces in f(R) gravity coupled
with EM fields in the BI theory! [24], first, the field equations in this theory and for a SSS
spacetime are written and the conditions for function f(R) expressed parametrically in terms
of the variable r are determined. then, the GR-BI solution is shown as a particular case. The
Schwarzschild-Bl-type and f(R)-Maxwell solutions are presented as limit cases of the f(R)-BI
solution and the constraints on the forms of the models f(R) generated by those solutions are
shown. Finally we show a particular solution of the f(R)-BI theory and its restrictions on the
function f(R).

1The Born-Infeld theory is a proposal of nonlinear electrodynamics with the objective of eliminating the singularity
of electromagnetic fields present in the Maxwell’s theory.
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4.1 Maximally symmetric space

One important and simple solution to the field equations (2.28) is the Schwarzschild-like solution

for maximally symmetric spaces, which are manifolds characterized by
1. Constant scalar curvature: R = constant
2. Ricci tensor proportional to the scalar curvature: R, = %R guv

hereafter we will call R = Ry, so that

, Of'(Ro) ORo df'(Ro)
(4.1) (&=L P ’;ROO =0

thus, field equations in vacuum (7', = 0), takes the form

1
(4.2) f,(RO)Ruv - Ef(RO)gpv = 07

and the algebraic equation for the trace (2.30) gives

1
(4.3) f(Ro)= §f/(R0)R0,

by replacing in the equation (4.2),
, 1
4.4) f (RO) Ryv - ZROguv =0.

The last condition for the Ricci tensor is stated as a property for the maximally symmetric spaces,
however here it is obtained from the intrinsic dynamic imposed by the field equations in f(R)
theory. Also note that for the case Ry = 0 the Einstein field equations in vacuum are obtained,
that is R, = 0.

Besides, the spacetime surrounding a static and spherically symmetric object of mass M is
determined by the condition of homogeneity and isotropy, which can be interpreted as the only

form of the metric
(4.5) ds? = -2 g2 4 2PN g2 4 12402,

with the angular element dQ? = d62 + sin? 0d¢? as usual, and the exponential are chosen so the

signature of the metric does not change. The non-vanishing components of the Ricci tensor, (2.5),

are
!
(4.6) R,; = e2lam=p@)] [A(r)+ 2a'(r) ,
r
2 !/
4.7 R =—AG)+ p (r),
r
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(4.8) Rog=—e 2P0 (14 r[a (- 1)) +1,

(4.9) Ry =sin®ORyp,
where we have defined the function
(4.10) A(r)=a"(r) +a?(r) - a'(r)(r).

With these components the Ricci scalar can be obtained as

Ry :g,uva/
! /
=—e 2P |A(r)+ 2, e 2P I-A(r)+ 2p + 32 (—e_zﬁ [1+r(a'-B)]+ 1)
r rl or
(4.11) =202 | A+ 2 (= p) + iz (1-¢)],
r r

However, the four components of the Ricci tensor are not independent
Ry +e?@ PR, =%e2(“_ﬁ) (' +p)

(4.12) R, :% (a'+p) - )

thus, the field equation (4.4) for the rr component is

4R, _grrRO =0

8
= (a'+B)—4e 2* PR, —e? Ry =0
r

2 I / 1 261 —
A(r)+;(a —,6)+r—2(1—e )] =0

!/

§(a’+,6’)—4 A(r)+2—a +2
r r

2 li ! 1 26\ _
(4.13) (a +ﬁ)—A(r)+ﬁ(1—e ) =o,

-
so, the equation of motion is

! (1-¢%).

2 ! / _
(4.14) Ar)= - (@' +p)+ >

On the other hand, the component 80 provides the equation
40Rgg — Ror® =0

2147 (o = B)] - 202 - [A(r)+ % (- )+ 712 (1-e2)| r2 =0

(4.15) 1-e?P —r2A(r) =0,
and again we obtain an equation for A(r)
1
4.16 A(r)= = [1-e2P).
(4.16) ("= (1-¢*)
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Thus, from equations (4.14) and (4.16)
(4.17) a'(r)=—p'(r),

so that when replacing in either of two equations (4.14) and (4.16), we get the differential equation
for B(r)

(4.18) rzﬂ//(r) _ 2r2ﬁ/2(r) _ e2ﬁ(7‘) —_ 1,

whose solution is

__1 2c1 2_0_2)
(4.19) B(r)= 21n(1+ 3 r ,

r
where ¢1 and c¢9 are constants to be determined. Thereby

2c1 2 c9

(4.20) a(r)=— ln (1 +—
3 r

)+63,

where, again cg is the constant of integration, and the metric (4.5) can be written as

2 2 -1
4.21) ds® = - (1+ ‘1 r? c2)dt ( Clr2—c—2) dr? +r2d Q2.
3 r 3 r

Finally by rescaling the temporal coordinate ¢ — e“®¢, the metric for a points at exterior of a

spherically symmetric body in f(R) theory takes the form

2 2 -1
(4.22) ds? = (1+ ‘1,2 cZ)dt ( Clr2—c—2) dr? +r2dQ2.
3 3 r
It is important to make clear that spite of the functional form of the Ricci Scalar with respect to
the r coordinate, as can be seen in the equation (4.11), this dependence has to be cancelled so

that curvature remains constant, by equations (4.16), (4.19) and (4.17)
2 1
Ro=—-2e2P [A(r) +=(a-f)+ (1 - eZﬁ)]
r r

_ 4 9 Y
——r—2(e ~1-2re 2p))
4(201 9 C2 4c1 9 CZ)
=== -2 =2 2
r2\ 3 r 3 r
(4.23) =-—8c1,

therefore the Ricci scalar is constant, Ry = —8c1, as it must be.
To see the value of c¢1, we turn back to field equations (4.2) using the value found for the

scalar curvature, and the Ricci component tensor (4.4)

1 f(Ro)

4.24 =
@24 TTTLP Ry
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Notice also that if f(R) =R GR is retaken, c; = Ry, and Ry =0, so the field equations (4.2) turn
into the Einstein equations for vacuum and the metric (4.22) becomes the Scwarzschild metric as
usual.

c2

-1
) dr? +r2dQ2,
"

(4.25) ds? = —(1—072)dt2+(1—

in that case, for correspondence with the Schwarzschild metric, if ¢; = 0 then co = Rg = 2M,

where M is the mass of the object. Finally, we can write the line element 4.22, as

Rs\™' o 9.
4.26 2221 g dQ?|.
( ) r 6f’(Ro)r . re+r

“6f(Ry) 1

dszz_(l 1 f@Ro) 2_&)&%( 1 f(Ro)

Metric (4.26) shows that f(R) reduces to (Anti) de Sitter spacetime when it comes a Maximally

Symmetric Space.

4.1.1 Born-Infeld BH solution in GR

Metric (4.26) was constructed under the assumptions of constant curvature and staticity of
the BH, however we can extend the characteristics of the BH in the f(R) gravity by assuming
that it has an net electric and magnetic charge, this class of solutions are called Einstein-
Maxwell-BH (EMBH), which, through the appropriate replacements, results equivalent to the
Reissner-Nordstrom BH (RNBH) in the AdS Spacetime. In this section we are going to extend
again the EMBH solutions to the charged BH in the so called Einstein-Born-Infeld theory for
f(R) gravity.

Maxwell’s classical electromagnetism is based on the definition of the electromagnetic tensor?

F
(4.27) FHY — AVH _ ARV

with the electromagnetic four-potential A* = (¢,A). Electric and magnetic fields are expressed as

E=-V¢$p—-A;and B=VxA, whose dynamics is determined by the Maxwell equations

(4.28) ouFY) =d",
and
(4.29) F[,uv,a] = O§

where J = (p,d) is the four current density (p and J are charge and current densities). The
Einstein-Maxwell theory is a modification of the Einstein field equations in which matter is

coupled with the fields through the traceless electromagnetic stress-energy tensor

1
(4.30) Tw =FuoFy - Zg,uVFUPFUP’

2Tn order to not confuse this notation with F(R) = f'(R), in the remainder of this chapter the dependency of such
derivative with respect to R will be made explicit.
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whose solutions associated to field equations in GR
(4.31) R;,n/ :KT;W,

for a charged, static and spherically symmetric body, are called Reissner-Nordstréom BH [47]

1
dr® +r*dQ?,

2M  q®+p? 2M  q®+p?\”
(4.32) ds® = - 1——+u)dt2+(1——+q d
r r2 r r2

where M is interpreted as the mass, ¢ and p are the electric and magnetic charge of the BH.

4.2 Field equations in BI-f(R) theory

The dynamics of the spacetime in f(R) theory of gravity is determined by the field equations
(2.28), which are found from the least action principle applied to the action

1
(4.33) Izz—(f d4x,/—gf(R)+IGYH)+/d4x\/—gLM,

K \Jx
defined over a hypervolume X, where I5yg, represents the Gibbons-York-Hawking term that
corrects the boundary action value problem, and L j; is the stress-energy Lagrangian contribution,
which in the BI formulation for an electromagnetic field in vacuum [29, 30], is written as

(4.34) Ly(F) = b2 (1— 1+i—}’;),

where b is the BI parameter, which can be chosen in such a way that the classical fields of
Maxwell’s theory are obtained as an approximation of the BI theory, i.e. in the limit b — oo,
while when b — 0, finite values of the electromagnetic fields are obtained. At the same time,
F= A—ILFM,FfW is the Maxwell’s classic Lagrangian density, with the electromagnetic field tensor
Fu=A,,-A,,,and A, is the electromagnetic four-potential. Under conditions of spherical
symmetry and staticity® the only nonzero components of the field tensor are, without sources of

magnetic fields,

q

Vit g2/b?

(435) Ftr =Lyt =

and the stress-energy tensor

T,uv = guvLM _F;LGF:/TLQW

FuoF¢ 1
(4.36) = i +bzg,w(1— 1+@FaﬂF“ﬁ),

1+ 5z FopFop

3In Gaussian units.
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where the comma means total derivative with respect to F. It should be noted that in Maxwell’s
theory the stress-energy tensor is traceless, however tensor (4.36) in the BI frame has T = Tﬁ #0,

which means that R = Ry does not imply that R, = ;ILROg#V, and instead, by the trace equation
(4.37) f(R)= % (F(R)R +3F(R):q —xT),

can be expressed as

(4.38) F(R)R, - igw [F(R)R-FR).q —xT]| - F(R)yuy = xTpy,

or rearranging some terms the field equations are,

(4.39) 4[F(R)Ryy —xTyy] - [F(RIR —xT —F(R).q| v — 4F(R)yy = 0.

This equation depends on the second covariant derivatives of the scalar function f(R), which are
combinations of partial derivatives of the metric, and to simplify the equations we will assume a

SSS spacetime, defined by the metric

(4.40) ds?® = —a(r)dt® +a 1 (r)dr? + r? (d6* + sin® 0d ¢?)
from which the scalar curvature gives

(4.41) R =[2-2a(r)-4rd' ("] r 2 -a"(),

and the covariant derivatives of the function are

(4.42) F(R)y = —%ama’(r)arF(R) =a®(r) (02 F(R)-F(R);+),
(4.43) F(R),p =ra(r)o,F(R)= csc? OF (R).pg,
and

(4.44) F(R)q =

a'(r)+ Q“Tm] 0, F(R)+a(r)3’F(R).

In this way the components #¢ and rr of the field equations are (the other two components are

indeed the same equation)

B _ /
JF®Ry KTy  FRR-xT a(r)—g]arnze):a?:F(R),
a(r)2 a(r) a(r) r
F(R)R-xT _ a'(r) 2

4(F(R)R;r —xTrr)—

— —] arF(R) = 36%F(R)’
a(r) r

but since Ry = a?(r)R,, and Ty = a?(r)T,,, adding the equations it must be fulfilled that

a(r)

(4.45) 02F(R)=0.
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this condition imposes a strong restriction on the form of the function f(R), since it must satisfy

df(R)
(4.46) —_— =m+nr,
dR R=R(r)
and by the fundamental theorem of calculus
(4.47) f(R) = [[dr f,(R)\R:R(r)arR(r) s
R(r)=R
or
(4.48) f(R)= fdr(m +nr)o,.R(r) s
R(r)=R

with m and n constants. At first glance, one might try to find a solution to the field equations
by proposing a function f(R) that satisfies them simultaneously with definition of the scalar
curvature (4.41) and finally, if necessary, adjust the constants associated with the integrals by
replacing a(r) in the field equations. However proposing a viable model f(R) that meets (4.48) and
satisfies both the cosmological and the Solar system tests in the so called chameleon mechanism
is not a simple task [28], indeed, if the model satisfies the observational tests it means that it is
at some limit indistinguishable from the A-Cold Dark Matter model (ACDM) [151], which can be
used to rule out some models. On the contrary, finding the general solutions of the field equations
will allow us to observe the behavior of R and thus restrict the functions f(R) according to the
constants m and n, in three ways: i) m #0 and n =0, (il) m # 0 and n # 0 and (iii)) m = 0 and
n#o0.

4.3 Einstein-BI solutions in vacuum

As expected, GR must be recovered when f(R) =R or equivalently if m # 0 and n = 0, in which

case the equations (4.39) become
(4.49) 4(mR;y —xTyy) —(mR —«xT)gu =0,

From the definition of R,

_2-2a(r)- 4ra'(r) B

(4.50) R 3 a’(r),
r
and the rr component of the Ricci tensor
2 ! + n
(4.51) R, =-2eD+ra )
2ra(r)
field equations in the BI theory, are reduced
16bmq?

(4.52) r2a"(r) - 2a(r) - +2=0,

N
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integrating this equation results in

167mbg> 1

(4.53) rlra'(r)—2a(r)+2] - dis dr+c1=0,
m b2rd 4+ qz

or

167q* 115 2
(4.54) r[ra’(r)—2a(r)+2]+ ' oF (Z’E’Z’_bzr‘l)JrCl:O
multiplying by r~# and integrating again

a(r) 1 c1 1671g? [ oF: B
(4.55) r—2—r—2—3?+02+ fr—5dr—0,
and
2 2 2 2
c1 9 8mb* q 2q (1 15 q )

4.56 =1+—- + 1-1/1+—=— + ——9oF1|-,=;—;—
(4.56) alr) sr 2 T am | ( b2rt B2 w208 p2) )

this solution is also obtained when R = constant is assumed in the field equations, resulting
f'(R) =m. Solution (4.56) describes an electrically charged RN-AdS BH solution in GR-BI theory
[83, 153], and the scalar curvature defines constant hypersurfaces

2 9 \—1/2
q q
(2 + W) (1 + W) -2

such that Ry _.¢ o =4A, as it must be. Now, by (4.48), the function can be obtained directly

_ 167mb*
- m

(4.57) R

+12c9,

(4.58) f(R)=mR +my,

where m is the integration constant, obtained from the trace equation, my = —6cgom. Constants
can be identified at the limit b6 — oo, when the solution is compared with the RN metric, i.e.
c¢1=-3Rg and cg = 0. Solution Eq. (4.56) satisfies the field equations,

1 K
(4.59) R,y - Eng = ET,W,
as well as the trace equation,

(4.60) mR +xT =0.

However if we compare the solution at b — oo with the RN(A)dSitter metric, co = —A/3, and
the solution satisfies the field equations in GR with cosmological constant in the BI theory and

K — k/m

1 K
(4.61) RﬂV_EgHVR_FAgl“’:ET#V’
and the trace equation
(4.62) m(A4A-R)=«T.

It is concluded that in this case, the models are reduced to the ACDM model with x — x/m.
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4.4 f(R)-BI solutions

In the most general case, when m #0 and n # 0,

OR OR
(4.63) f(R)= [ f (m +nr) 250 g, —mR+n f PB4, ,
r R(r=R or R(=R
and F(r) =m +nr, so that
Za(r) GF(r)
(4.64) F(r)g w=|a "(r)+ )
Cor
and the field equations, for the rr component, take the form
167bg?

(4.65) r2[(m +nr)a”(r)+ nd'(r)] - 2a(r)(m + 2nr) + 2(m + nr) =

integrating this equation it is found that

167bq?
(4.66) omr+nr?— 2ra(r)(m +nr)+ r2a/(r)(m +nr)+c1= i S dr,
/p2r4 + 92
or

167¢> 115 2
(4.67) 2mr+nr2—2ra(r)(m+nr)+r2a'(r)(m+nr)+cl =— ] o1 (1,5;1;— d ),
r

multiplying by (m + nr)"1r~* and integrating again

(4.68) ,
a(r) ecin-2m? [cin miis n(m2—cln) c1 2[ oF1
+|—=-1|In{n+—|™ + - +c9=-16 —d
r2 2m2r2 (m2 ) [n ] m3r 3mrs 2 d ro(m +nr) "
thus
(4.69) 1 - 7
C1 n cin mim 2 2 9 o471
=l-cor?- L - — 1- 2 ) n|n+=|"-=|r2-16 f—
a(r) r T (2m 3r) m ( m2 ) ( n [n r ] r)r mar r3(m +nr)

although the solution cannot be found analytically but expressed in terms of an integral, with
¢c1=—-3Rg and ¢cg =0,
(4.70) 2
11.5._4
R 1 3nR n oF1(7, 357 354
a(r)—1+—S(———)+£( n S)( [— ] - ) ~167¢%r fdr ( br)

2m r) m ro(m +nr)

This solution leads to the scalar curvature

ROy - 1 (6n

m+nr\m+nr

m 19n 2n%r m+2nr( 1 3n 3n2) ] 167bg? )
|- —

r2\/b2ri 1 g2

r 6 m m
5. 4°
2F1 472947 2,4
_|+1927g fdr (1.3 br),

_(1 N 3nR S) [ _] 2 16nq2(4m +3nr)
4(m +nr)? r3(m +nr)

115
F e e
2 1(4’2’4’ p2r4
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and by Eq. (4.48)

2 2
@) fo)=16mb?| —20 1|+ " 8n+6—m+3Rs(61+3—n—i) —(1+3”RS)
Vo2t + g2 m+nr r m2  mr r? m?

32nmq>

11.5._4¢°
115 2 oF1\4: 30— 357
a )+96nmq2fdr ( br).

ln[n+ﬂ]6'f+ - =29
r 4’2’4 p2pt rS(m +nr)

ré(m +nr) 271
The solution Eq. (4.70) together with the function Eq. (4.71) satisfy the field equations Eq. (2.28),

e.g. for the rr component, with

_na/(r)

(4.72) Fyp= o>

and

b (br2 -Vaqg%+ b2r4)

(4.73) T, = pr

b

2xb
" T(ny _ — 2,4 2 _pp2
(4.74) r(m+nr)a’ (r)+@2m+nr)a’ (r)—4na(r)+rf(r) " (\/ ber*+q* - br ),

and also the trace equation,

2 2.4
(4.75) 2F(r) = (m+nrR()+3 |a'(r) + 220 | x| ap2 - 200 ¥267r)
r r2\/b2r% + g2

In spite of the solution in this case is given in terms of an non-analytical integral, it is still
possible to obtain information about the form of the functions because the logarithm must be

defined in the following intervals depending on the signs of the constants, i.e.
e [1:r>0ifm,n>0,
o I22r>|%|ifm<0andn>0,
o 13:0<r<|%|ifm>0andn<0.

We are modeling the stress-energy tensor with the electromagnetic Lagrangian density in the
BI theory, so there are two natural cases of physical interest, b = 0 (or equivalently ¢ = 0): f(R)
gravity in a SSS vacuum spacetime without the presence of electromagnetic fields. And b — co:

f(R) gravity coupled with classic electromagnetic fields, which are described below.

4.4.1 f(R)-Schwarzschild-type solution

In the first case (b = 0) the solution is

Rg (3 1 3nR = 1
(4.76) a(r)=1+—s(—n——)+£(1+ ~ S)(ln E+n] ——)rz,
m\2m r m
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this correspond to the Schwarzschild-type solution in f(R) theory for a non-constant scalar
curvature, which gives

(4.77)

_ mn
(m+nr)?

+ r

6 19n 12n2 3Rs(2n 1)(1 6n 6n2)
-+ - —+
r o m m2 m

3nR g
—(1+ nzs)ln[ﬂ+n] m ,
m r

m r

and the function

n

1 2n2
6_m+8n_9Rs(__l_ )
-

3nRg m %
3r2 mr m? _(1+ )ln[n+7] '

m2

(4.78) f(r)=

m+nr
scalar (4.77) cannot be analytically inverted for all m and n, so it is not possible to express the
function f in terms of R, moreover it presents singularities at the limits of the regions mentioned
above,r —»0in I, r — I%I in I9 and the combination of the previous two in I3. Notwithstanding
the foregoing, we can qualitatively analyze the behavior of the scalar with respect to r in each of
the three regions and draw f(R) by numerically inverting Eq. (4.77) when assigning values to m
and n according to each of the regions. For this purpose we must consider the critical points of
R(r) and f(R) since these will determine the domain R in which f(R) can be defined. Note that
by Eq. (4.48)

4.79) 0,f(r)—(m+nr)o,R(r)=0,

both functions share the same maximum points. If case I or I3 (if n > —%) there is one absolute

maximum and minimum, respectively at

(4.80) re= E(h1/3_1)’
n
of value
1-h (2 1-4h+2n%3 nhl/3
(4.81) R.=n RS (§+ B 1 +4hlIn m]),
where
3R
(4.82) h=142250

2
m
which is precisely the term accompanying the logarithm. In I for 0 <r <r., f(R) is an increasing

function, and in r = r. the function folds and when r — oo, R(r) and f(r) take the constant values

12n2
(4.83) Rly—o = Roo = ——-hlnn,
m
valid for I; and I since r is bounded in I3, and
m
(4.84) fR)r—oo = ER’

which is valid not only for 71, but in all cases, so the solution of GR is recovered in the spatial

infinity. However, at r — oo the series expansion of R(r) and f(r) produces, for n >0

1 1\°
(4.85) R(r)=Rlr—co+ 5 +0[=| ,
r r
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and

(4.86) f(r):f(R)Ir_@o'f‘T‘i‘r_z_m

2 hm3 1\5
n m m O(;),

thus for large r, function can be approximated to

h 3
+2nVR —Roo — 2—’:2(13 ~R.)2.

In Fig. (4.1) (a) it is shown f(R) for some values of the constants according to I1, where it should

(4.87) fR)~m (R - %Roo

be noted that as r tends to r. in the interval (0,r.), the behavior of f(R) is almost linear. In case
Iy, f(r) and R(r) are decreasing and do not present maximum or minimum, so that f(R) is a
monotonically increasing function whose domain is R > R|,_.o. In case I3, if A > 0, functions f(r)
and R(r) have an absolute minimum at r., Eq. (4.80), and f(R) will present a fold, Fig. (4.1) (b),
while for 4 < 0 functions are monotonically decreasing and since Eq. (4.83) is defined for n > 0,
the domain of f(R) is (—o00,00), in such a way that Eq. (4.84) is fulfilled and

fR|
(488) T o =m,

which implies that the solutions are asymptotically similar to GR.
However there is a third sub-case of special interest because the scalar is invertible and
therefore the function f(R) can be expressed directly. This is the case when A = 0, the logarithmic

term vanishes and the solution (4.76) is simplified to

1 m

4.89 =4
( ) a(r) 2 " 3nr
the scalar

1

r
and by (4.48), the function could only be
(4.91) f(R)=mR +2nVR +my,

Eq. (4.87) reproduces this function when A = 0 and its behaviour can be seen in Fig. (4.1) (b) for
mog=0,m=2,n=-4/3 and Rg = 1. Model (4.91) can be interpreted as a a perturbation of the
Ricci scalar in GR around the vacuum solution, moreover, it is a particular case (my=0, m =1,
n = —a/2) of the family models for DE [10, 11, 48]

(4.92) f(R)=R - a?P*VRP

with § = 1/2. Likewise, the BH thermodynamic properties and stability in this models are studied
in [62]. Note that (4.91) is the first order expansion at R =0 of
2n

(4.93) R)=—=,
! i(1-AVR)

n” L moreover Eq. (4.93) is a good approximation of model (4.91) for

when moz% and 7 = g,

|n| > |m|.
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-4 -3
R
(@ n=12. (b) n = —1.383,—-1.333,-1.283 (dashed, continuous,
dotted).

FIGURE 4.1. Models f(R) allowed for the Schwarzschild-type space and some values of
m and n. In (a), when r, = 0.397, R = 0.253 and f(R) = 4.780, which is the absolute

maximum, and the spatial infinity is mapped to the point (-1.496,-1.496). In (b),
the three possible sub-cases depending on /& Eq. (4.82). In both panels m =2 and

Rg=1.

4.4.2 f(R)-RN solution

The second case of interest, which actually contains the Schwarzschild solution, is when b — oo,

i.e. f(R)-Maxwell theory for a SSS spacetime, and the solution is given by

3Rs 4mg?(2n® 1 1671g2 Rg)\1
4.94) a(r) =1+ |25, (i+—)—( "9 +—S)—
m| 2m n \m2 r2 3m nj)r
3nRg 167an%q? |
(1+ nis | orn g )(ln[ﬂ+n] ——)r2 ,
m2 m3 r r
with the scalar curvature
2n? 19 27nRg 144nn2%¢? (3Rg 8ng?) 1
495) R=———<{—+ + - + —
( ) (m+nr)2{ 2 m2 m3 ( 2n m )r2
2 167n2¢2\ 1 3nRg 16mn2q? 2 z
2 (3, ks Jome ) 1Oy 20 O (o (2 r)in [ 2]
2 m? m3 r m m2 m3 n r

n
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and the function is determined by

6n2 [4 3nRs 167n2¢®2 (Rg 8mg?\ 1 3Rg 8mng?\1
(4.96) f(r)= - S _(_S+ T )_+(E+—S+ e )_
m+nr|3 m2 m3 2n 3m Jr2 \n  2m m2 Jr
3nRs 16mnq? o
—(1+ el LU )ln[mﬂz] ,
m?2 m3 r

from where it is recognized the term that modulates the logarithm

_ 3nRs 167n2q?
(4.97) h=14+208, 2201

ki

m m3
in this sense, the classification that was made according to the value of the constants is also
useful to find the critical points, and Eq. (4.80) remains valid, as well as the limit (2.106) but with
h — h, such that Eq. (4.84) and (4.87) are also fulfilled. Note that the last term of % is quadratic
in ¢ and n, so it does not affect the number of critical points when m > 0 and the analysis made
in the previous section is still valid for I, however in I3, when A < 0, there will be an absolute

maximum at
(4.98) ro=—2 [(—5)1/3 + 1] ,
n

this critical point will produce a bend in the plot f(R) at R, therefore its domain will be R < R..
At the other hand, if 2 >0, R(r) and f(r) are monotonically decreasing, so f(R) will be increasing

with domain R > R|,_«. In I3 the appearance of the critical point occurs when A < 1, that is

9R? .
when m < —=5 and at the same time

64mq?
m 2 2
(4.992) nE s (\ /9R2 — 64mmq? — 3RS)
or
3m m [op2 A 2
(4.99b) —W<n5—w( 9RS—64m7tq +3RS),
or when
9R 3mR
(4.100) m = S an n=-— m S
64mnq? 16mq?

In those cases, f(R) will be defined for R, < R, otherwise the domain of f(R) will be R < R|;— 0.
When observing the scalar (4.95), four possibilities to choose the constants when n > 0 are
highlighted and their importance consists in the form and simplicity that the solution takes and

correspondingly the function f(R).

1. If A =0, the solution does not depend on the r and r2 terms, including the logarithmic one,

1 4nq®> m
4.101 _1 L m
( ) a(r) 2 mr? 3nr

the scalar is just eq. (4.90) and the function is given by eq. (4.91), this fact is explained
because any solution of the form a(r) = % +2+ r%, produces R = r~2, with a and f some

constants.
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2. If h =1, the term r disappears in the solution, which is given by

4 2 2.2
(4.102) ar =142 T 2T 1n[_+n],
mr m m r
the scalar and the function are respectively
6 2 6 12n2
(4.103) R:_”+”_(7+_”r)__”1n ™l
mr  (m+nr)? m m?2 r

(4.104) f(r)=2n(§+ n_ S m ])
r m+nr m r

3. If A = —1/2, the solution is

1 4nq? 2
(4.105) ary=-424 ,m . . nr,._ "

+
4 mr? 2nr 2m  2m?2

r21n[?+n],

but the scalar does not depend on ™! term

(4.106) n? 3m2  6nr 8) N 6n2 1 [m N ]
) = - —In|—+n|,
m+nr)2\2n2r2 m m2 r
and the function
3m n? 3n2 m
4.107 =—— +—1In|—+n].
( ) fir) 2r2 m4+nr m n [ r n]

4. If h = —1/18, the solution has a similar form to the previous Eq. (4.105)

4.108 =—+ + + - —+
(4.108) U= 36" r® T hanr  18m  18mE Ly "

17 4nq? 19m nr n,2r21 [m ]’

however the scalar contains a 7~ term that (4.106) does not have

2 3 2

m 19 16n 2n°r 2n m
4.109 R=——|—+ - + In|—+n|,
( ) 3(m +nr)? (67‘2 3mr m3 ) 3m?2 n[ r n]
and function
4.110) ) 1(19m+16n n? )+3n21 [m+ ]

. ry=— - —In|—+n]|.
9\ 2r2 r  m+nr m r

Note that the value of Rg is determined by constants m and n according of each case, however,
because the limit (4.84) only depends on m, functions f(R) are expected to coincide when r — oo.
This can be seen in Fig. (4.2) (a), where n was established from R|,_ ., since although this limit

depends on £, it also depends on 7, so when n = 1, the limits coincide.
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(a) h=0,1,-1/2,-1/18, Eq. (4.97) (continuous, dot-
ted, dashed and dotdashed lines) for m = -3, n=1
and g = 1.

o
[$,]
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H‘\,
s

0.0 -
e
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-05 s

-1.0¢~

-15 ‘ ‘ ‘ ‘ T

0.2 0.4 0.6 -0.6 -04 -0.2 0.0 0.2 0.4 0.6

R

(b) 5=0(q =0) and n =-1,1 (dotdashed and dotted
lines), and b — oo (¢ = 1) for n = —1,1 (continuous and
dashed lines).

FIGURE 4.2. Functions f(R) found numerically for some values of m and n according to
the f(R)-RN solution (4.94), (a), and f(R)-non-linear-BI (4.114), (b). The conver-
gence of the functions is observed when r goes from the maximal point (if any) to
infinity, or equivalently for 0 < R < R, this fact is explained by Eq. (4.87). In (a)
each curve has a different Schwarzschild radius. Although the solutions are not
equal because they depend on the presence (b — o) or not (b — 0) of the Maxwell
fields as well as the m and n constants, dotted and dashed lines in both panels have
similar form, moreover f(R) represented by dashed lines do not have continuous
derivative in R,

4.5 f(R)-non-linear-BI model

When m =0 and n # 0 the models f(R) do not have the linear term R, and thus are separated
from GR. the solution cannot be obtained directly, as might be supposed, from Eq. (4.70) in the

most general case, so it is necessary to write the field equations,

167bg?
(4.111) r?[ra"(r)+a'(r)| - 4ra(r) - ——— +2r =0,
| ] ny/b2rt + g2
integrating
167mq?
(4.112) r2[ra(r) = 2a(r) + 1] + ——L— 3 F1 +¢1 =0

multiplying this equation by r~® and integrating again, noting that

115 2 119 2 2q2
(4.113) q )22 1( a ) a

53 13 ¢?
Fi- T Th ey By O R
2 1( 4’2’4 bp2rt| 45p2r47 1(4 2

121 b
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it is obtained

1 o c1 16mq? (1 19 g2 )
4114 ==+ +— — —, ===,
(4.114) A =g tert st s U T 2
where c¢1 and cg are constants to be determined in some limit. However the scalar curvature does
not depend on c;
g%\ 115 ¢
1+ —oF1|—, 5575
b2rd 4’2’4 b2rt

and by means the Eq. (4.48) and (2.28) the function takes the form

1 167b®
(4.115) R=-12c5+ — + —
r

nr

(4.116) f(R)=n frOrR(r)dr ,
R(r)=R
thus
2 167b3r?
(4.117) f(r)=—-16mb2+ 22 + 6rb7r

r /b2r4+q2'

The solution (4.114), together with scalar curvature and the function (4.117), satisfy the trace

equation
1 1 1 20%r% + g2
(4.118) f==nrR(r+3n|=d'(r)+=a(r)| - 162b%|1- .
2 2 r 2br2./b2rt + ¢
It is worth noting that when r > 1,
1 1\5
(4.119) R(r)=-12co+5+0|=| ,
r r
and
2n  8nq” 1)°
(4.120) f="-ZL 10 (—)
r r r

thus the function can be approximated to

(4.121) f(R)~2n\/12co+R —81¢%*(12c2 +R)?,

this function has a similar form to Eq. (4.87) with exception to the linear term R, both expressions
contain the 2nv/R term, however they are linearly independent, because even if ¢s = Ro, could
be the case, when m = 0, Eq. (4.121) cannot be obtained from Eq. (4.87). In addition f(R), Eq.
(4.121) can be expressed in the limits & = 0 or SSS vacuum space without Maxwell fields (¢ = 0)
and b = oo or classical electromagnetism, in the first case the solution is reduced to

(4.122) a(r) = % + % +car?,

the scalar is

1
(4.123) R=-12c+—,
-

64



4.5. f(R)-NON-LINEAR-BI MODEL

and function

(4.124) f(R)=2n+v12c2+R,

which can be found from Eq. (4.121) when ¢ = 0. At the other hand, b — oo, leads to the solution

1 167:q2 c1 9
(4.125) a(r)=§+m+m+czr ’
with the scalar

1 32nq¢?
4.126 R=-12co+ — — ——,
( ) 2 r2  5nrd
and the function
2n  8ng?
(4.127) fry="- 20
r r

Since m = 0, the scalar curvature as well as the function f(R) will be determined by the sign of
n as can be seen in Fig. (4.2) (b) where are plotted the 4 possible forms of the functions. When
n >0, R(r) has a similar form to the f(R)-RN models when A = 1,-1/2, and for Maxwell fields
R(r) has a maximal point and f(R) a corresponding fold at R, while for n < 0 the function will be

monotonically decreasing.
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CHAPTER

HAIRY SOLUTIONS AND LINEARIZATION OF FIELD EQUATIONS IN
f(R)

irkhoff’s (Jebsen-Birkhoff) theorem states that the only Asymptotically Flat (AF), spher-

ically symmetric and static solution in the vacuum, of the field equations in GR is the

Schwarzschild’s solution, which only depends on a single parameter, the mass M of the
BH. If the BH also has a net charge @, the solution is the well-known Reissner-Nordstrom
one, while the Kerr-Newman solution also takes into account the angular momentum /. This
is the most general AF and stationary three-parametric solution possible in the vacuum. Such
a proposition is the so-called Wheeler’s non-hair conjecture, which points out that all AF and
stationary BH are fully described by M, @ and /.
Since f(R) is a generalization of GR, not all the theorems established in the latter will be ap-
plicable in the former. For instance, Birkhoff’s theorem is not valid in f(R) theory, see Ref. [65].
However, because f(R) is in effect a scalar-tensor theory, some characteristics can be extracted
from the theorems established in GR formalism as scalar-tensor theory, to be applied in f(R).
In this respect, it is important to mention that the solutions of the field equations in f(R) with
constant curvature scalar, are in fact equivalent to the solutions in GR with cosmological constant,
so that Wheeler’s conjecture and other associated theorems, will be applicable in this type of
solutions and it is expected that such black holes do not possess hair. However, the solutions
obtained in the previous chapter exhibit a dependence of R with r, eventually evading such

theorems and therefore being hairy.
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5.1 Scalar field potential

In Chapter 2 it was seen that action (2.8) in the f(R) theory can be expressed as a special case of
the Brans-Dicke scalar tensor theory, in which the scalar field potential V in the Jordan frame, is
defined as

(5.1) V(p) = pR(P)— [ (),

and the potential

(5.2) V= w,
¢

which is expressed in the Einstein frame through a conformal transformation g,y = ¢gv. The

relation between ¢ and R is determined by the trace equation, which in the vacuum takes the

form
o« 2 -R
(5.3) qbzg _ f () (<P)¢’
3
let us define the potential U(¢) by
(5.4) U'(¢) = ¢ig,
hence
o ddla dRAPG 1(¢
(5.5) U'(¢p)= o —@ IR —g(a—R((P)).

This potential is used to determine whether a solution of a particular model satisfies or evades a
Non-Hair Theorem (NHT), stated as follows [37]: Given a model f(R) (f « R2) of class €2 with
£(0) =0 and with U"(R) = 0, the only AF and SSS BH solution in vacuum is R(r) = 0. In the same

way, by the conformal transformation ¢(y) = e\/?w, and bringing up the conditions discussed in
Ref. [38], to verify if a solution obeys the non-hair theorem when investigating the sign of the
potential % (y) = V(¢(y)), for a specific model.

So in order to show that some solutions in the BI-f(R) theory, previously described, can
evade the non-hair theorem, we are going to plot the potentials %(¢) and U”(R), by numerically
inverting R = R(r) and f = f(r) for some particular models and according to the classification (I,
I5 and I3) of constants given in Sec. 4.4 of Chapter 4.

When n =0, f(R)=m(R —6¢c2), F =m and % (y) = ?’Kﬂe_\/?w, which depends on the sign of
constant cg, furthermore, in order to satisfy f(0) = 0 and to be able to apply the Theorem, co =0,
however if this is the case, F/ = 0 and the potential (5.5) cannot be defined.

When n #0 and m # 0, F = m + nr, therefore

’ . n
(5.6) F'R), =2,
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and
(5.7) 3U" ()], = (% +7| R'()-R().

The plots for f(R), 2 (y) and U"(R) are shown in Fig. 5.1 (left, center and right respectively) for
some values of m and n (m,n >0 up, m <0 and n > 0 center, and m > 0 and n <0, bottom) and
with Rg =1, when R and f are given by Eq. (4.77) and (4.78) respectively. Since in I and I¢ it is
fulfilled that

- oo 1212 3nR
(5.8) fR) =22 (1+ . zs)lnn,
2 m m
the potential is
(5.9) U"(R) =°-R,

which is represented in the U” vs R graph, (c) and (f), as a straight dotted line. In addition
when m,n >0 (a) and m >0 and —% <n (g);if £(0)=0, U"(0) =0 (yellow curve), a maximum
(minimum in [g]) can be seen in f(R,), in (a) and (g) it is observed that this maximum is formed
at the point where the bend or cusp occurs, indicating that for those m and n function f(R) fails
to be differentiable at those locations, this is the case for a function that is continuous, but not

differentiable. Despite this, the maximum points correspond to the minimum of potential

3n2(2 2h%B_4h+1

nh1/3
- 3+—h1/3—1 +4hln ]),

1 — — _—
(5.10) UR)=-R.= BB _q

where A =1+ 351—%". Note that Eq. (5.10) is equivalent to Eq. (4.81). For 0<n <1, U"(R,) <0, this
implies that condition U”(R) = 0 is not satisfied for all R and thus the associated solution (4.76)
can evade the Theorem.

Whether or not the solutions satisfy Theorem depends strongly on the value of the constants m,
n and Rg, as well as on their relation. In the case I3 (m >0 and n <0),if n = —%, it is possible

to invert R(r) and obtain
2m?2
(5.11) f(R)=mR-—VR,
3Rg
which satisfies f(0) = 0 and presents a minimum in

(5.12) Re=—>,

with value f(R.) = —-mR. and specifically the potential evaluated at this point yields U"(R,) =
—R. <0. Also in Fig. 5.1 it can be seen that the potential % () is negative for some values of the
constants, evading the NHT, for example the red and green curves in (e) (m <0 and n > 0) and

in (h) (m > 0 and n < 0) diagrams. However, for some values of the constants (m =1, Rg =1 and
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0.4

0.6

0.8

—n=0.9

n=1.0
—n=1.1
—n=12

U'(R)

—n=0.9
n=1.0

Ty et

—n=12

-02

0.0

U"R)

@

— n=-0.415...
n=-1/3

— n=-1/4

—n=-0.1

FIGURE 5.1. From left to right: f(R) and potentials % () and U"(R), obtained from
solution (4.76) when Rg = 1.0, ¢ = 0.1, and for some values of m and n, in three
cases: m = 1.0 (n > 0), plots (a), (b) and (c), when m = —1.0 (n > 0), (d), (e) and
(f), and when m = 1.0 (n < 0), plots (g), (h) and (i). A maximum of the function
is shown in diagrams (a) and (g) (red and green lines on the last one), but they
make the function not continuous, so the Theorem cannot be applied, however,
of the two models represented by the red and blue line in (g) (continuous and
with continuous derivative and such that f(0) = 0), only the blue model, m =1.0
and n = —0.4158011..., has U"(R) > 0, since the yellow model has a minimum

U'(R.)<0.

n=-0.415...) £(0) =0, and at the same time U"(R) > 0 for all R, see the blue curve in (g) and (i)

diagrams.

When m =0, solution is given by Eq. (4.114), we can write the potential in the parametric way

2

5.13 WU(r)=— +—
( ) (r) 16anrd  n2r2




5.2. LINEARIZATION OF FIELD EQUATIONS IN F(R) THEORY

and the potential
-3/2

() (6
- + -1 +|l—=—+1
167mb2r (b2r4 b2rd b2rd

we can observe the behaviour of these potential at some limits, at first, b — oo,

1/2 9

3.5 q
Fi|l-,1;,—;————
2 1(47 74’ b2r4) b

16762
nr

(5.14) U"|, =

2 2 2
8
(5.15) qy@y):.li_e—4v§Fw(_121:2_6—4v§;w__1),
167 5
which satisfies % () < 0 for v > _F In ( 57 5nq ) and at the critical point v, = F In(¥£n2nq?),
the second derivative of the potential " (y.) = 2 > 0 indicates that 2 (y.) = m <0,is

a minimum that does not depend on n. This behav1our can bee seen in Fig. 5.2 (b); where f(R)
(left), the potentials % (1) (middle) and U"(R) (right) are plotted, in the upper part when b — oo,
and in the lower part when b — 0. Similarly, despite the fact that £(0) = 0, the potential U"(R) (c)

/3
presents a minimum at R, = 75 ( n? ) >0, of value U"(R,) = —%RC < 0. In this case also the

2,4
function f(R) is not differentiable 2fjct)rqall R, so the Theorem cannot be applied. At the other hand,
when b — 0, f(R) is a continuous and differentiable function for all R, moreover, (0) = 0 for all n,
see Fig. 5.2 (d), and the potential
(5.16) quy)=-—lfie—4VEEW,
167
which is negative for all v, (e) in the same figure, and in panel (f) it is plotted the potential

U"(R)=-3R, so this solution can evade the NHT.

5.2 Linearization of field equations in f(R) theory

Since Einstein Field Equations (2.29) have a great mathematical complexity, the dynamical
solutions for evolving systems are usually explored in a numerical way, so it is to expect that
field equations (2.28) should be treated in the same way. However it is important to note that
in GR there are only six equations for six quantities among the g, [164] and it is possible to
choose a nearly Lorentz coordinates system in which metric tensor can be expressed in terms of
the Minkowski tensor 7,,, which is the simplest form of the flat-space metric. Then by means
of the gauge and transformations and weak fields it is possible to simplify the field equations
enormously and find the physical significance of the constants obtained in any solution of the
field equations, which is called linearized theory and is described below.

For weak fields it is possible to express the metric tensor as a sum of the Minkowski 7,

tensor plus a small perturbation A,
(5.17) guv =MNuv+hyy
so that the Christoffel symbols (2.4) can be written as

1
(5.18) Ty =5 (i + 8 =ik
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| 715

) | )
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—n=0.9
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—n=1.1
—n=1.2
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@
=
UR)

—n=0.9
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n=1.0
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—n=1.1

-2.0 —n=12

UR)

-0.1 0.0 0.1 0.2 0.3 04 3gg 0.2 0.4 0.6 0.8 1.0

¢ R
(d) (e) ®

FIGURE 5.2. From left to right: f(R) and potentials %(y) and U"(R), when m = 0,
g = 0.1, and for some values of n, in two cases: b — oo, plots (a) (b) and (c¢), and

when b — 0, plots (d), (e) and (f). Since () <0 for v > —4\/3?
n? = U(y) > 0, for w > 0, magenta line in (b), there it can be seen that all

87 2 H
the potential lines have different critical points, but the same minimum value
U, = 51252 > < 0. Although the models meet the conditions mentioned in Theorem
1, as seen in (d), the potential % (y) is less than zero for all v (e) and the sign of

U" will depend on that of R (f).

5
= 2), when

where we have neglected terms higher than A,,, and e = n“h uv,A- With this we can construct

the Ricci tensor

(5.19) Rin= 5 (1 e~ i~ P+ i)
and then the Ricci scalar

(5.20) R=hjy —hY

where the trace of the perturbation is A =n*"h ;.

5.2.1 Starobinsky quadratic model

As a particular case, we are going to restrict the theory to the well known Starobinsky model,
which constitutes a viable model that takes into account quadratic terms in the function f(R),

proposed by Starobinsky [178]
(5.21) f(R)=ag+aiR +asR?,

72
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where a; and i =0,1,2 are constant. The field equations (2.28) can be written as

1
(5.22) (a1+2asR) Ry~ 5 (a0 + a1 R +asR?) gy —2a2 (R — guwRG) =« Ty,
with the metric (5.17), the field equations are

1
(@1+2a2R)Ryy — 5 (ap+a1R +a2R2) (Muv +huw) —2a2 [R yv — (v + ) R7g ) =k Ty
1
a1Rpy — 3 (a0 (v +hyw) +@1RNuy ] = 2a2 [R uv = (Muv + hyw) Rig | = KTy
1
(5.23) a1Guy — 50 (Muv +huw) —2a2 [R uv — (v + ) R7g ) =k Ty
where we have neglected quadratic terms in 2, RR,, R2, and the Einstein tensor G,y in the
Minskwoski space is given by

1
(5.24) Guv =Ry - EnuvR,

which can be linearized also by replacing the Ricci tensor and scalar, (5.19) and (5.20) respectively

1 1
Gy E(hgpa hﬁva_huv"'hﬁa,v) ﬂuv(h“ﬁ h )
1(}a : 1 1
=§ hvya hm/a huv Eh v+hpav nuvhaﬁ 277,uvh +- ﬂﬂvh
L (h“ n“h )—(h’“ PN [ h’“)—n (h ap_1, e )
2 v,ua vt ua w,a 9 uit o pa,v 9 palty v | ap 2 ap
1 1 ,a 1 ,a 1 apf
=3 (h““nvh) W—(huv—gnuvh)a+(hua—§npah)v—nuv(haﬁ Tlaﬁh) ]

now, through the definition of the trace reverse perturbation

- 1
(5.25) h,uv = huv - énuvh,
whose name is due to
pv n 1 -
(5.26) h=n""hy, = hyy = QT’ YNuvh =—h,

the Einstein tensor to first order in the metric is

ﬁg,ua_ﬁfv,a }_l,’uav nuvh:f

N —

(5.27) G,uv =
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At the same time, it is necessary to write the derivatives of the Ricci scalar. Eq. (5.20) in terms of

the perturbation and so get the linearized field equations, that is
Ry~ (nw +hy) R = (R — h:g)"uv ~ (v + ) (R ~ hg)z
= Ry =k3) o =M (B —R25)7,
=hopuw = Wopy —Muwhispa + Nuvhioa
= R~ 5o+ R~ B+ o B3

~ 1. — - 1 _ _
7,00 T N ,opa oa oa
=hopuv = §h,0uv + oy = Nuvhiopa + Qnuvh,aa —Nuwhga

_ 1- _ 1 -
(5.28) = hf/ﬁyv + Ehiglﬂ’ - nuvhffﬁg - Enyvhfrg~
Let us suppose that by the freedom of Gauge

(5.29) rt =o,

)

which is known as the Lorentz Gauge, in a similar way to the electromagnetic case. In this Gauge,

the Einstein tensor (5.27) can be reduced to the simple form

1._
(5.30) Guv == Ehﬁv,a;
and expression (5.28)
1- 1 -

(5.31) R,v—(Muw+huw)Rg = ihjgw—inmhf,ﬁ.
With equations (5.30) and (5.31) the linearized field equations (5.23) take the form

1 - 1 - 1 _ _ _
(5.32) —Ealhﬁv,a - 5‘10 Nuv +hyuy — §Tlm/h —az (hig;w - nyvhzgg) =«xTyy,

which lead to the linearized Einstein field equations when ag =ag =0 and a; = 1.

5.2.1.1 Green’s Function to solve the equation

In contrast with GR, where the evolution of the perturbation tensor A wv is defined only by the
proportionality of its d’alambertian with the stress-energy tensor, field equations (5.32) relate
hyyv even with the second d’alambertian operator of its trace, which implies more complexity in
the form of the equations. However we can take advantage of this relation taking the trace of the
equations, that is
o 1o g 1o

(5.33) 3a2h,gp—§a1h,g—§ao(4—h) =«T,

thus we are dealing with a fourth-order partial differential equation and our goal is to determine
h using the Green’s functions method [58]. Note that this equation can be written in terms of

operators

1 1 ).
(5.34) 3aZD2—§a1D+§ao h(x%) =xT(x%) + 2a0,
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where we have reordered some terms and the operator (12 represents [JCJ. Unfortunately find the
Green’s function or propagator associated to the operator 6as[(1? — a1+ ag is not an easy task,

however we can decompose it in two factors, as follows
9 1 1
(5.35) 3agld —§a15+§a0 =(3ad-A)(O-B),
where the constans A and B satisfy
(5.36) 2AB =ay and 2A +6a9B =a,

or

5.37 A=
( ) 1 )
and
a1t /a% —24apa2,
5.38 B= .
( ) 12a9
In this way, Eq. (5.34) could be written as
(5.39) (Ba2d—-A)([O-B)h(x%) =«xT(x%) + 2ay.

which has the form of a composition of two Klein-Gordon equations. Let us suppose that the right
hand side of the equation can be written as an integral using the sifting property of the Dirac
Delta

(5.40) kT (x%) +2ag = f [KT(y%) +2a0] 6P (7 — y")d?y,

and we will define G1(x7,y7) as the Green’s function that solves

(5.41) (Baz-A)G1(x%,y7) = 6P (a7 - y9),
thus
(5.42) xT(x%) +2ag = (3asd —A)f [xT(y%) +2a0] G1(x%,y%)d%y,

where the operator has left the integral because it is acting over x°. Making further use of the

sifting property of the Dirac Delta we can write the Green’s function as
(5.43) G1%,5) = [ G167,y 00" - 20)dz,
with which we arrive to

(5.44) xT(x%)+2a0 = (3a0 —A)ff [xT(y?) +2a0] G1(z%,y)6P (2% - 2%)d*zd*y,
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and defining Go(x?,z?) through

(5.45) (0-B)Ga(x”,27) =P (2" - 29,

then replacing we get

(5.46) kT (x%) +2a0 = (Bas0—A)([O —B)ff [KT(y7)+2a0] G1(27,y7)G2(x”,2%)d*2d*y,
now by getting rid of the operators we readily find

(5.47) h(x°) = f f [KT(y7) +2a0] G1(27,y")Ga(x?,2%)d*2d*y.

Of course, we have only moved the problem to find /4 to solve equations (5.43) and (5.45), however

this could be an easier task if we take the Fourier transform, defined as

1,0\ — 1 oy, —itkx 74
(5.48) B = s [ pame Hdts,
and the inverse
oy _ 1 (1,0, lkx 74
(5.49) 0= s [ G dh,

where kx = —kyxy + k% So, in the Fourier space Eq. (5.45) takes the algebraic form

~ 1 ,
2 _ —ik
(5.50) (~h? = B) Gak?,2) = e,
or
. 1 e—ikz
5.51 Go(k?,2)=——5 ——
( ) 2( Y4 ) 47_[2 k2 +B 3

where %2 = —k(z) +k2. Thus in the position space we have

1 eik(x—z)

—_— —d4k,
16nt) k2+B

(5.52) Go(x”,2%) = —

It is clearly observed the care that must be taken when performing the integral, since there are

singularities or poles in the integrand, i.e. those surfaces where —k% +k2+B =0. This can be

>

FIGURE 5.3. The singularity of the integrand is removed choosing an appropriate path
in the complex plane. Move up from the real line implies a clockwise contour
integral and gives the retarded Green’s function.
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(X(V X)

(2, 2)

FIGURE 5.4. Field A(xo,%) is the result of the perturbation from any source at position
(20,2) in its past light cone.

seen better if the integral is first made over ko,

o o 1 iz [_e ot 3
(5.53) Go(x?,29)=— 1674 fe mdkod k,
which implies that there are poles in k¢ = +Vk2+B, and integration must be regularized
by shifting the pole, Fig. 5.3, so that there will be different Green’s functions or propagators
depending on the type of pole movement that is made [147].

On the other hand, we are interested in the field 2 at a point (xg, %), which results from all
the contributions of sources in its past light cone, that is to say, h(xg,x) is the sum of the fields
emitted by the sources at any point Z and at the time z( in the causal past of the point (xg, %),
such that z¢ < xg, Fig. (5.4). From this we will call the retarded Green’s Function to

- —iko(xo—20)
1674 115»1(1)/ elkV(x_Z)f —(koe+ ie2+k2+B dhod’k,

integrated over a contour clockwise region as depicted in Fig. 5.3.

(5.54) Ga(x?,2%)=—

Defining the dispersion relation as
(5.55) w%k =k?+B,

integral over kg gives
—iko(xo—z()) —iko(xo—Z()) 1 1
¢ dho= [ £ P e e
(ko+ie)2-k2-B 29k ko+ice—wok ko+ie+wak
1%/4

(5.56) — (e—i(w2k_i5)(x0_20) _ ei(w2k+i6)(xo—20))
Wk

where we have used the residue theorem. Thus the Green’s Function gives, taking the limit

i Pk E-D) ,
Gala”,2%) = f E [eremtromzo) _ giomtz=z0) g3,
T

W2k
1 eiz-(z—s)
(5.57) = —[ sin(wok(xo — zo))d3k,
83 WKk
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in spherical coordinates

2 7w lk\x Z|cosf
Go(x?,2° f f f —— sin[wak(x — 20)1 k% sin0dOd pd k
"8 Wk

T Lklx Z|cosO
4 2[ f—sm[wzk(xo zo)]k2sm9d9dk
T

2k
1 [~ k2 e
— —sm[wgk(xo 20)] " gikli-Fleost i 07071
47: 0
— —sm[wzk(xo zo)1sin(k|X - Z|)dk
2n Ix zI w2k

1
— —_— —— sinf[wak(xg — 29)]cos (k|xX — Z])dk
7t2 -3 zl de Z Wk

1 1 d © 1
= (f —sm[wzk(xo z0)+Kk|x — zl]dk+

472 % -Z| d|% - 2| Wk
© 1
(5.58) f ——sin [wgk(xo z0)—k|x — zl] dk)
0 W2k
and noting that
(5.59) ( ) +Kk|xX - Z] ( )\/k2+1+|* Z| k
. wok(xp — 2 X-Z|= X0 — 2o\ — X—-Z|—
2k (X0 — 20 0-20\[ 5 N
it is helpful to use the variable change
(5.60) k = VB sinhu,

furthermore, since we are looking for causal relation between two events defined by x° and z7,

they must be separated by a timelike interval, i.e.,

(5.61) (a0 — 20)% > £ - 21,
with x¢ > z¢, which allows us to express

(5.62) |Xx —Z| =(x9 —zo)tanhu,
consequently

wok(xo—2z0) +Kk|x—Z| = \/E(xo —zg)[coshv + tanh u sinhv]

X0 — 20 . .
=vB [coshu coshv + sinh u sinhv]
coshu

= VB'\/—|x —z|2 [coshu coshv + sinhu sinhv]
(5.63) =VB'\/—|x —z|2 cosh(u +v),

and |x —z|% = —(xg — 20)? + |¥ — |2, thus

\/E\/ —|x—2|2 cosh(u +v)| dv

© 1 0
(5.64) f —sin[ka(xo —Zo)+k|§—§|] dk=f sin
0 W2k 0
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and noting that the Bessel function of the first kind admits an integral representation of the form
2 (e e]

(5.65) Jolx) = —f sin(xcosht)dt,
T Jo

we arrive at

© 1 | N b4 9
(5.66) f —— sin [wek(xo — 20) + kIX — Z|| dk = 5@ (—lx—21%) Jo VB —lx—2|2 ]|,
0 W2k

where the Heaviside step function denotes the timelike framework that the Green’s function

must have. A finally step to write the solution is make use of the chain rule

d
oz
af-z rF

d
(5.67) m,

Now, it is possible to obtain finally the propagator

o o _i d a2 la— 2)
Gao(x?,z )_Zn—d(—lx—zlz) @( lx—z| )Jo(\/E lx — 2|
(5.68) =§% 6cﬁx—zF)—5——12;—;@(—u—zﬁyh(w—Bm-z@),
—lx—z|

however, since —|x —z|% = (xo — 20)% — |% — 2|2 = (xo — 20 — |¥ — Z])(x¢ — 20 + |% — Z|), which is positive
for xg —z¢ > |X—Z| > 0, Heaviside function takes the simpler form O(xg—z¢—ry;), with ry, = |X—Z|.

Likewise Dirac delta function can be expressed as

§(-lx-2%) = (8(xo — 20 — I'yz) + 8(x0 — 20 +I'x2))

27y
(5.69)

= 0(xo—20—Txz),
2ry;

where we have taken into account the distributional concept of the Dirac delta, since it will only
make sense within an integral and because its argument is greater than zero, i.e. xg —zg > 0,
ry» > 0, such an integral will vanish over the whole domain. With this we have that the retarded

Green’s function is

O(x0—20—Txz) _ \/EG(xO_ZO_rxz)

=
2 \/ (xo—20)% 1%,

and by the same procedure for solving Eq. (5.41), we obtain
(5.71)

) - |
12nas Tzy V3as \/m S

(5.70) Gz(xU,ZU)Zi Jl(@ (xo—20)2—r?cz),

So, perturbation (5.47) is

(5.72) h(x) = f [KT(y%)+2a] f Ga(x%,27)G1(z%,y")d*zd* y,
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which can be performed by making the integral over zg, so we are going to focus on the integral

1
(5.73) sz(x”,Z”)Gl(zo,yU)dzo = I+ Iz +15+14).
48mag
where
I, = f 6 (xp — ZO_rxz)(S(zO yO_rZ}’)dZO

Ixzlzy

O(ryz +7zy—x0+
(5.74) _ Orxz ¥ rzy =20+ 30)

I'xzlzy

and

A 1 [> Oz -r
12=—\/3—— 6(x0—20—Txz) 20=30-12) (\/ v/ (20 = 0)? ’”zy)dzo
@2 I'xz J—co \/(20 y0)2_rzy

A 1 Olx —TIys—T
675 =myfom — (¥0 = %0~ xz ~12y) (\/3 2\/(xo Y0 —T'52)? rzy)
@2 Txz \/(xO Yo — rxz) _rzy

and

B [ O(x0—20—
I3:—\/— & (20 =0 =72y) 0 R0 T Jl(\/E (x0—20)2—7'92(:z)d20

r —
2y Jmoe V (xo—202 —r2,

B O (x0- Yo~ raz— ‘
16y —-YB Oy re r”)Jl(\/E\/(xo—yo—rzyﬂ—r%z),
Tay \/(xO_yO_rzy)z_r?cz

and
e} ® — -r,
—V3ABf O(xo—20—T7xz) (20 Yo T‘y (F /(xO ZO)Z_er)
az °°\/(x0 20)2 —r2, \/(Zo yO)z_rz
Jl(‘lg\/(zo_yo)z_rgy)dZO
) f (\/—\/(x() 20) _rxz)Jl(‘/gaz\/(ZO yo)z—rzy)
3az J-wo [(x0 —20)2 - 12, /(20— y0)2—rzy
(5.77) =0.

Finally we can write the perturbation as

O(rys +rsy—x0+3y0)
xz zy 0TJYo dy0d3zd3y.

+12+I3

(5.78) h(x?) = —ff[KT(yU)+2a0]

Ixzlzy
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5.2. LINEARIZATION OF FIELD EQUATIONS IN F(R) THEORY

5.2.1.2 Newtonian limit

In the Newtonian limit ([v| < 1) |7%] > |T%|, and |2%°| > |A"|, so A = n* A,y ~ —hgo. Further-

more if the system is static time derivatives are equally zero [47, 164]

1 _g0; 1 1. —007
—Za1A%% + Zag (1 - éhoo) —agh®% = 4700

2 7t 2 2
1 2700, 1 100 22700 00
(5.79) ——a1V°h +—-ag 1-=-h —agVVh" =«T s
2 2 2
and noting that
- 1- 1-
(5.80) hoo =hoo— §h00 = §h00,
thus the linearized field equations are
1
(5.81) ~a1 V2R + Sao(1 — 1) = 2a5V2V2R00 =« T,
knowing that the potentials are only functions of r, as in the case of the metric (4.22), the equation
reads as
1 d (,dh%) 1 00 1d(,d [1 d (thoo)]} 00
5.82 —a1—— +=ag(l-h")-2a2——r*— | 5— =xT"".
( ) a1r2dr(r dr ) 2a0( ) a2r2dr{r dr | r2dr d dr K

This is a fourth order differential equation for 2% (r), whose singular solution is

(5.83) Aoy =1-=
ao

and assuming a solution of the related homogeneous equation in the form
1

(5.84) RO(r) = =e™,
r
it is found that m satisfies
(5.85) dasm* +2a1m?+ap =0,

thus the general solution is a four-parameter family of solutions
2 13

(5.86) ROy =1- 274 2y cpemr,
a0 Ti=1

where the m; are the roots of Eq. (5.85).

|
(_1)i J ai +(—1)i\/a% —4apas

2 as

(5.87) m;

)

fori=1,...,4.

In this situation, like GR, f(R) gravity must take the same predictions as Newtonian theory,
and it is possible to find the constants according to the gravitational conditions at the weak fields,
for example the Newtonian laws of motion. In fact, as GR represents a particular case of f(R),

Newtonian gravity is expected to be a limiting case of f(R).
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(a)

(b)

FIGURE 5.5. Perturbation tensor behaviour as a function of » and of parameters a
and as: (a) ag = 0.01 and (b) ag = 0.01. In both graphs the other constants were
taken as 1 and 7 =0. It is shown that & oscillates with decreasing amplitude as
the radius vector increases as expected due the flat asymptoticity of the potential.



CHAPTER

THE NOETHER CHARGE AND THE BH ENTROPY

f course, the aim of this work is not going into detail about the particularities of deriving
the laws of Thermodynamics in General Relativity, so they only will be mentioned in the
next section due to their great importance for the thesis and because the objectives are

directed towards the generalization of these laws in the f(R) theory.

6.1 Laws of Black Hole Thermodynamics in GR

The research in the BH theory at the beginning of 70’s brought an important change in the
understanding of GR, on the one hand, at classical level the gravitational behaviour of BH obeyed
laws that had a mathematically similarity with the usual laws of thermodynamic, and on the
other, it was discussed by Bekenstein[19, 20] from the point of view of information theory the
concept of black-hole entropy and was showed by Hawking [76, 79] that BH radiated as black
bodies, that was a surprising quantum effect not expected within the GR framework, opening a
very intriguing relationship between GR, Thermodynamics and Quantum Mechanics.

This issue arises to consider that, as is usual in Thermodynamics for a thermal system, the
properties as entropy, temperature and energy are obtained from the statistical mechanics of
its microstates, that is, from its intrinsic quantum nature, but for BH Thermodynamics, these
quantities are given in terms of the gravitational characteristics of the BH, the surface gravity
Ks, related to the Hawking temperature

Ks
(6.1) T= o’

and in terms of the area of the event horizon Ay, related to the entropy by

(6.2) S = Tk
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Since the first works of Hawking and Bekenstein, the relations between temperature of the
BH and its surface gravity Ec. (6.1), and between its entropy and area (6.2), have aroused
much interest in the scientific community and there has been an enormous research in the
thermodynamics of the BH, summarized in the following statements.

For a stationary BH, with energy E = M, angular momentum </, charge @, and described with a

metric asymptotically flat, the four laws of thermodynamics[15] are as follows

0. The surface gravity is constant over the event horizon

(6.3) ok, 20

1. The change in energy dE induced by small changes in A, §J and 6@, when a BH varies

from one stationary state to another is
K
(6.4) O0E = ——06Apg+Q6J +D6Q,
8nG
where QQ and ® are the angular velocity and electrostatic potential at the horizon.

2. The area of the event horizon of a BH never decreases

(6.5) 0Ap =0.

3. It is impossible to reach x = 0 with a finite number of steps, which means that it is not

possible that exists a BH without surface gravity.

Black Holes in GR obey the Laws of Thermodynamics, classically they absorb everything and
do not emit anything, so their absolute temperature is zero [192], which is not true in quantum
theory since the Hawking radiation implies that they radiate with a perfect thermal spectrum
and therefore decreasing the size of the BH by evaporation, even disappearing [80, 81]. This
effect must be compensated by quantum fluctuations in order to maintain the second law of the
Black Holes correct. In this regard, a fundamental achievement of any theory must be linked to
quantum mechanics through explaining the entropy and temperature of a BH, however despite
the greats advances it is a major problem that has not yet been explained at all, which constitutes

a big goal to be reached for any theory of modified gravity as f(R).

6.2 Noether charge

Classical field theory relates the physical fields, ¢, to matter through the Field Equations, which
are obtained from the critical points of an action S, expressed as an integral of a Lagrange density

evaluated over the n-dimensional space

(6.6) I:fdnxff.
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We assume a gravitational Lagrangian density defined over a manifold M in a local coordinate
system x1,...,x4, that depends on the Lorentz signature metric g, and other dynamical fields v,

which we will refer simply as ¢ = (g v, ).

(6.7) <= z(gaﬁyRaﬁ,uv,Raﬁ,uv;al seee 7Raﬁpv;(01,...,0m)’w’ Yigyse-es w;(al,...,an)),

a first variation of the Lagrangian with respect to a some parameter such that ¢ = ¢(1), gives

(6.8)
6gaﬁ 8ap aRaﬁl»W afuv aRaﬁ/.w;Ul afuv,oy aRa,B;w;(Ul,...,Um) apuvio,...om)
0% Syr+ 0% S, oot 0.% su
oy T Oy, MW oy 10

We want to express this variation as a linear sum over the dynamical fields ¢ plus the exterior

derivative of a differential (n — 1)-form 6, known in the literature as the symplectic potential®
(6.9) 8L =AP5g,5+B " PHSR 45y + COWY +d0,

where d0 is understood by the exterior derivative, i.e., in a coordinate system, 9’; To accomplish

this objective we write the symmetrized covariant derivative of the Riemann tensor [47]

1

Ropuvior,..om) :% (Raﬁ#v;glmgm + sum over permutations of indices 07 .. .am)
1
:% (Raﬁpv,al...om +Raﬁyv,am01...om,1 +-- )

1 .
il (Rappv,0y...0,,m! +terms proportional to gqp)

(6.10) =Rapuv,0,..0,, + terms proportional to gup,
thus, the variation of this tensor could be written as

OR apuvior...om) =0Rapuv,o,...0,, +terms proportional to 6gap

= (ORapuv,05..0m) 5, T Loy OR pppuvcs...0m — Lt OR pfpav, s+

=(6R aﬁuvmmgm);gl +terms proportional to §gqp

=(OR apuvios...om + T, OR ppuvios...om 1+ ');01 +terms proportional to g s
=(

(6.11) 6Rocﬁm,;gzmgm),U1 + terms proportional to gqsand g4,

1Strictly speaking a symplectic form is a 2-form that satisfies two conditions, nondegeneracy and closedness [39].
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and multiplying by the partial derivative of the Lagrangian density to construct the typical term

0% 0%
5Raﬁ/,w;(01...0m) = (5Raﬁuv;02...am);gl + terms prop to gaﬁand 5ga,6

aRa,pr;(al...am) aR(XﬂNV;(UL..Um)

0% ) ( 0% )
=|—=—0R . —|=—=—| O6R .
(aRaﬁMV;(m...Um) I3 01 6Raﬁuv;(01...am) 01 PRS2
+terms prop to gqpand 6gqp
m A
(6.12) =(-1)"———— OR qpuv +terms prop to gepand 6gqp,
OR(X:BHV;(UIH-UM) Om...01

in which the last line has been found by doing the same procedure iteratively m times. The

variation of the Lagrangian Eq. (6.8), then is

5X%
0L =—bgap+

A 0 o0&
(22 i Z ) omgs
08ap ORappv  \ORapuvio, 01 OR apuvi(oy...om) OOl
0L 0L o0&
(6.13) ——( ) +e k(=1 (—) S + terms prop to ggsand 6g 5.
oy aw;al 01 aw;(ol...on) OOl o o

In this way it is possible to determine the tensors that appear in Eq. (6.9)

0%
(6.14) AP — ,
agaﬁ
(6.15) pobw - 9% _( 0% ) +---+(—1)m(5+‘%) ,
ORapuv  \ORapuvio, o1 OR 4 Buvi(oy...om) O
0¥ 0& 0%
(6.16) C:——( ) +---+(—1)”(—) )
01// 61//;0'1 ;01 aw;(al...(f") On..O1

Notice that the principle of least action implies that equations of motion of the theory are found
when A% =0, B%* =0 and C = 0.

We can construct an antisymmetrized quantity derived from the symplectic potential by taking
the mixed partial derivatives of the Lagrangian variation (6.9), with respect two parameters
(A1,79), that is

0201 =05AP51 05+ AP 59618 ap + 2B PHY51R oy + BYPH 8961 Rapyy +82CO 19+
(6.17) CO261y +62d01,

and subtracting the two partial derivatives
(6.18)
0=02A51805— 0614558 ap +52B*PH51R oy — 51BPFY SR o pyy + 02C8 1y — 51COoy +da,

where it is defined the symplectic current @ as
(6.19) (¢, 81,62¢) = 520(p,51p) — 510(p,02¢),
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It is worth noting that on shell
(6.20) do =0,

which allows us to relate the symplectic current with a (n — 2)-form Q((p,61¢,52</>), called the
pre-symplectic form, by

S
1
Q
o}l

(6.21)

6.3 Noether current

Now, from the symplectic potential it is defined the Noether density current
(6.22) F=0-1:%,

which, of course, is a symplectic (n — 1)-form, and where 1% is the interior product? of the
lagrangian density and the infinitesimal generator of the symmetries, i.e. the killing vector field
¢H. Note that when equations of motion are satisfied the symplectic character of this form is

tangible through its closedness, d_# =0, which can be seen by the divergence
B o_{H
f;u _H;M - gﬂg;u
(6.23) =6% - AP5g o5~ BPHVSR 4p,y — COw —EH 2L,

and knowing that for a diffeomorphism covariant lagrangian the infinitesimal gauge transforma-

tions implies

A
6.24 L(p)=—
where £ is the Lie derivative along the vector field {# on M, and
(6.25) 8¢ =Lep=EHgy,
then
0
s2=225
0
0%
—ﬁ&«p
=&
(6.26) =Ly,

therefore the Noether current density results

(6.27) I =-A"P5gqs— B R op, — CoY,

2Interior product is a mapping from n-form to a (n — 1)-form.
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hence the Noether current is conserved on shell, which means that it can be expressed as
(6.28) F=d2,

that is, it could be expressed as the divergence of a second rank tensor quantity, 2#"), similarly

called the Noether charge, so

(6.29) gt=2L
Using the identity
(6.30) L£e0 =1:d0+d(1:0),

it is possible to write the variation (on shell) of the current density as

6 F=00-1:0%
=60 —1;d0
(6.31) =60 - £:0 +d(10),

and noting that £:0 = 60, the symplectic current, Eq. (6.19), can be written as
(6.32) (P, £:0,60) = 50(p) — L£:0(¢)

thus the variation of the Noether current could be written as

(6.33) 6 ¢ =i, L£:0,80) +d(1:0).

In spite of the notation we have used so far, from now on we will use the scalar and tensor

quantities related to their corresponding densities by [70],

1
(6.34) L=——%2,
V=8
(6.35) JH= Lj“,
V=8
(6.36) Q" = LQ’”.
V=8

and in the same way to (0, @, Q)—(0, w, Q). With this quantities the Noether charge is
(6.37) J=d@,
and its variation

(6.38) 8j =w(p, £:6,60) +d(1).
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integrating on an asymptotically flat surface X, with boundary 0%,

f5j :fw(¢),2§9,59)+fd(159)
> > >

(6.39) 2/ Q(¢,259,50)+f 1:0
0z 0z
where Eq. (6.19) and the Stokes theorem
(6.40) f d(1:0) = f 10,
z oz

have been considered on both terms of the right side of the equation. At this point stands out the
importance of defining the Hamiltonian of the system associated to the symplectic current, since

interior product can be considered as an antiderivation, from Eq. (B.1)
(6.41) dH =1x,0,

allows to write a variation of the Hamiltonian in terms of the pre-symplectic form

(6.42) 0H :f Q(¢p, £:0,060),
(>
thus Eq. (6.39) implies that Noether current, together the boundary term f,51:0, are part of the
Hamiltonian
(6.43) 0H = 5/ J —f 160,
s )
this equation could be written in a simpler way if we assuming there is a (n — 1)-form, O, that
satisfies
(6.44) 0| 1:0= [ 160,
oz oz

then, Hamiltonian associated to the dynamics imposed for ¢, is

(6.45) H:fj—f 160,
> 0z

and by the definition of charge and the Stokes theorem again,

H=LdQ—f62158
(6.46) :faz (@ —1:0).

Let us suppose a Black Hole solution in a stationary but non static and asymptotically flat
spacetime X, whose the two-dimensional boundary 0% is given by surface 05 describing the event
horizon and 0%, describing the spatial infinity [70]. The event horizon is described by a killing
vector field written as a linear combination of the vector field & Z) associated to time translations

at infinity and a rotational vector field Eé‘ ) ie.
(6.47) =&+ Qe
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where Qg is the constant angular velocity of the horizon. From these Killing vector fields we can
now define a canonical energy E corresponding to time translation and associated to the value of

the Hamiltonian, as

(6.48) E= f (REE ]~ 1,0),
0%
and in the same way it is defined the canonical angular momentum associated to the asymptotic
rotation
(6.49) J=- fa (REE W]~ 1¢,©),

where in both definitions it has been taken into account that on 0°8, ¢# = 0, moreover the surface
boundary 0% is chosen in such a way that the asymptotic rotation {f‘ ) is tangent to it, so that

1¢,,© does not contribute to the total angular momentum, thus

(6.50) J= —f QL]
0o

From the before definitions it is possible to found a similar expression for the First Law, if we
assume that 6H =0, Eq. (6.43) becomes

(6.51) 5fj=f 160,
z 0z

replacing the Noether current by the charge, Eq. (6.29) and using the Stokes Theorem

6.52) 5 f QLel = f 60,
0z 0z

and the killing vector field (6.47)
o [ f £,0+Qp f 1¢,0
)

(6.53) 5[ Q—o‘f Q=f Lgt9+QHf e,0,
02 0B 02 0x

00

assuming that Noether charge is a linear mapping, that is
(6.54) QE: +Qpuépl = Q1+ QL]
rearranging some terms and noting that by Eq. (6.52) and Eq. (6.44)
o Qu1=0[ Qui+0ul-0[ 1c0-0us[ 1,0
0B 02 0% 02
(6.55) :6f Q[ét]+QH6f Q[£¢]—6f zth)—QHéf 1,0,
) 0% 0% 0%

thus by the definitions of energy (6.48) and (6.49)

(6.56) SE =5 f QLE1+ Qb
B

90



6.4. MODIFIED GRAVITY

this expression shows that a small change in energy is produced by variations of the Noether
charge along the event horizon and variations of the angular momentum, resembling the first law
of the Black Hole Thermodynamics, Eq. (6.4), describing changes from stationary states induced
only by entropy S and angular momentum &</, that is

(6.57) 6F = =258 + Qb
27

whose correspondence leads to

(6.58) f Q=225 |
0B 2m

note that the denominator should have a constant G which is set to 1 because of the choice of
the system of natural units. Relation (6.58) is an outstanding result demonstrating that Noether
charge is a measure of the Black Hole entropy at the event horizon.

This theory is described below applied to the more general case of f(R) gravity and in
Appendix D to General Relativity.

6.4 Modified gravity
Modified Lagrangian density
1
(6.59) L(gap,R,Tap) = ﬂgf + ZLmatters

where Lnatter = Lm(Tap), the constant x = 87G, and the modified Lagrangian density is defined

in a similar way of the Einstein-Hilbert density

(6.60) Ly =%r(gap,R)= V-8 R).

The first variation of this Lagrangian is

0Ly 0Ly
5L = 58P +F—LsR
F=ogep®8 T oF
0Ly .5 0LH 0Ly
_ B af ap
agaﬁ(‘)‘g +F_0f Rapég™" +F of g8 0Rup
0Ly .5 - 0%Lf 0Lr
_ B ap uv ap _ ap
(6.61) 3gar 08" F S Rapog P [gaﬁg (027, - (s );aﬁ]
where f = f(R),
df(R)
6.62 F=FR)=—5"

and it has been used the variation of the Ricci scalar, Eq. (A.17). So, applying the method proposed
by Wald [191], and described by the decomposition of the Lagrangian partial derivatives using
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the chain rule in Eq. (6.11)

0Lr (. . 05 0%Ls
OLf (spaB)  _|p2Zf (508 N il ap
F 6f (6g );aﬁ [F af (6g );a];ﬁ (F Of )ﬁ(ég );a
0L 0L
(6.63) =[F—f(5g“ﬁ) ] - (F—f) 5% +(F f) 5P,
of g of Jip I )pa
thus
0%Ls 0Ly 0Ly 0Ly
8L = 6g°P +F—L R, 368% + Wi p—L(5g% ] - py (F—) 6P| +
F = ogap8 o7 Ran08™" +8apg o7 (g );u § gap8 o ). g )
0F 0L 0L 0F
gapg™ |[FZL| 690 — |F—L (5g%0) | +|F|=L| 6g%F| —|F=L| 6%
p .
Of Jivu of @1 of Jip a of Jipa
0Ly 0% 0Ly 0%Ls 0Ly
= +F—LRup+ M (F—) —(F—) 58P + wIp—L (5%
ag“ﬁ of apt8ap8 of » of pa g 8ap8 of (g )511 .
0L X% 0L
~gap8™ (F_f) 6g°P _[F_f((ggaﬁ)‘ + (F—f) 6g%P
6f R i af “lip af i) a
(6.64)

covariant derivative of the partial derivative of this Lagrangian with respect to f(R) function

gives
0% 0¥ 0%,
) el
of )y of Of )
(6.65) 5, 2
. —4Lu Of >
hence the variation results
0Ly 0Ly 0Ly 0Ly 0Ly
§Lr=|—= +F—LR.p+ VF, —F. 5g%P + wIFp—~L(5g% ] -
f 2P of apt8aps Vi of ;Ba of g Sap8 of (g );” N
0Ly 0Ly Zr
IR, —L5g%| —|F—=L(6g% +F—5“ﬁ]
8aps of g " of (g );a y ﬁaf g ;a,
(6.66)
this variations allows to write the total Lagrangian (6.59), as
1
(6.67) 0L =—0Lr+06Lm,
2x
where is immediately recognized from Eq. (6.9) the tensor
1 (0% 0L 0 0ZLr 0Lr\ 0%m

(6.68)

F—LR,+guF

= + —— ey —— |+t —
Y o \agry of of M of ) oagHv’
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and the symplectic potential density

1 0Ly
6;‘;/ o {gaﬁg“

— (58" ) ]; ~8ap8"”

0L
F, L 5gb
of g

of

02
af (5g )a ;ﬁ+

0%y
F. 5 “ﬁ]
[ or 08 }

M

1 0$f
“ox of

(6.69)

’
vV

apg™F (55 ) ~8apg" Fudg®’ ~F (6g"") ,+ Fuo8""

from where

10
2K af

(6.70) v = [F W (5g),, ~F g og ~F (6g"),, +F;u6g“v] ,

where we have used the notation g = g,,6g"", and knowing that

0Ly
ogHv

axf

(6.71) =,/- and

1
= _§V_gfg,uv,

equations of motion are satisfied when A, Eq. (6.68), is equating to zero, that is

% (—%ﬁfg,w +V=8FRyu+-8Fi58u~ ﬁF;vu) - %ETW =0
(6.72) % (—% f8uw+FRy +Fiyguy —F;vu) -Tu =0
where it has been used the definition of the stress-energy tensor [47]
1 6%n
(6.73) Tw= \/? Bgh’

Eq. (6.72) are precisely the equations of motion, or field equations, for the f(R) theory of gravity

. 1
(6.74) FRW+F;’ggW—F;W—§fgW =kTyy |

On the other hand, the symplectic potential associated to the modified Lagrangian density results

1
ot =—F
2K

8" 6g),, —(6&"). ] - —F [g""6g—0g""]
:% [F (g"ég - &g“”);V ~-F. (g"6g- 6g‘”)]

(6.75) =i (FCHY,, = FaCt),

where function {*” depends entirely on the metric and has been defined as

(6.76) M =gtog-6g"".
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Consider now the Lie derivative of the metric along the killing vector field generating the

isometries, ¢,;, which satisfies
6.77) Cegh’ = oght = —gh -,
with which is possible to express the function (*V as

(" =g gapdg®™ - og""
= —g"gap ("ca;ﬁ + gr/B;a) 4RV 4 gk

=—gh (‘f“;a ¥ grﬁ;ﬁ) 4 MY 4 gVl
(6.78) =—2gM"E% Y+ EVH,
thus
(”V;v == 26?;;“ + 6.‘1;";1/ + 6v;”;v
=L R — 98 {4
(6.79) =2¢.R o — fv;”;v + fu;v;v;

where the non-commutativity of the covariant derivatives has been used, Eq. (C.32),
(6.80) f;’fx;“ =R+,
hence
p_ 1 ap _ pvip v uv ga WV _ gVip
0 :ﬂ[F(ZfaR _‘f ;v+6 ;v)+F;V(2g 5 ;ac_é: _‘f )]
1 ) ) | ) .
== [FfaR““ H UM 4 FHES o = By 4 SFy (£ = )

(6.81) 1
K

F& R + (Ff[”;v]) +F;ﬂ§d;a —F;Vfl‘;v ,
WV
Noether current can be expressed as

JH =0+ — &ML,

1
=M — — &MLy —EFL
21(6 f ¢FLy,

— KL

. . 2 1
FER™ + (FEW) 4 FHE o~ iyl ——gtf

— Ly

(Fel) 4 Ftee  — Foely +x8, T — Fiagh + FH¢,

+&TH =MLy,

H AR AR AR

(Ff[ﬂ;v]) + (F;'ufa);a _ (F;af,u);a

vV

(6.82) _Z (Ff[“w] +FREY —F”’é“) +E,THY — i,
K K%
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where we have used in the third line the Einstein field equation, moreover we know from the

stress-energy tensor definition that

oL 1 6~
m _or g

T =g 2 g g
oL

(6.83) = —2@—3 + L&y,
so if we assume that the matter fields do not depend on geometry, Noether current can be written
as

1 . ) )

e (P L FRE —F ) 6L L
1 . ) )
__ (FE[N’V] + F,,u(fv _ F,v€p)

K 3V

1 . .
(6.84) == (Pl 1 opting)

K %

Since the Noether charge is defined in terms of the current, Eq. (6.29)

(6.85) JH=Q".,,
therefore
wv _ L G vl
(6.86) QM = = (Rl 4 2Rt ),
K

however, the Black Hole entropy as given by Eq. (6.58), is defined as the integration over the
event horizon, which is described by a killing vector field é#, so by using the killing equation, the
Noether charge takes the form

(6.87) Q" = %Fgf’“"

and the Black Hole entropy is found by integrating the Noether charge

2
g=" do Q"
Ks JoB

1 .
6.88 =—F| d Y
( ) 41(3 % O-[M/E ’

using the null complex tretad (I,m,m,n), defined over the BH event horizon
(6.89) LN
such that /,n" = -1, and by the Eq. (C.15)

H
Lunl =xly,
H
Lual¥nt =xglyn#

(6.90) AT R
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1 .
S=—F | d*cl"l,n,
Ks Jo

1

4K,

1
(6.91) =_F f d?o,
4 Jo

F f d*alVFl,n,
g

Finally it is found the relation for the Black Hole entropy and its area

(6.92) S = EFA .

6.5 Thermodynamic quantities

Now that the entropy of the BH has been defined in terms of the function f(R), we are able to
calculate some of the most relevant characteristics associated with the thermodynamics of the
BH. Let us start considering the solution (4.70),

(6.93)

11.5._ ¢
Ay, Rs(3n 1 3nR zoq 2F113: 54~ g2
a(r)=1+—r2+—s(_n__)+£(1+ n S)(ln(n+ﬂ) _—)7”2—167'[((]7”)2/ (4 274 b?r )dr
3 m\2m r) m m2 r r 5(m +nr)

where we have include the constant ¢ = —A/3. The Hawking temperature on the BH horizon?,

will be

1 S 16mq> 115 nd?
6.94 T(r.)=— |3Rs — - Fi|=, == ——
694 ATRPTS i 1(4’2’4’ 523)]’
where the entropy is given by
(6.95) S =nr’(m+nr,),

and the electrostatic potential, defined as

qgym+nry

ry

(6.96) D=

When b — 0 (¢ =0), the BH mass can be calculated as

2m?r, m(m (Ar? +3) - 3nr,) +3n%r21n rﬂ+n]
6.97) Rs = tin]
3 m(2m? - 3mnr, +6n%%) ~ 607 In | 2 4 n]
and
1 |(mr, S 3nr+—m(3+Ar%)—3mi2r%rln n+%]
(6.98) T(r,) = —— . N 3 |
28\ 2 2wy Z_SnGnognr)- 882 e 2]

3See Appendix C
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which reproduce the BH temperature in the GR with cosmological constant case when n =0,

am+ AS
Amnd2\/S

At this point the classification made in Section 4.4 of Chapter 4 is useful: r > 0 if m,n > 0; r > ||

(6.99) T(ry) =

ifm<0andn>0;and 0<r<|2|if m >0 and n < 0. However, Hawking temperature will have a

singularity when

2 3n 6n°

(6.100) w(ry):= ———2(m—2nr+)——r31n
ry m m

m
3 n+—

ry

=0,

if this equation has a real solution for r, > 0, then the maximal point will be .., given by

& 3n2(m+2nre) 1

6
(6.101) i |ns B, S SEMEE ) - g
m3 e+ m2(m+nre)  rZ,
of value
3
(6.102) w(res) = m

res(m+nrey)’

s0,if m,n>0,0<w(re.y) <w(ry), and T(r.) will be a continuous function for all r > 0. If m <0
and n > 0, and there is a maximum point given by Eq. (6.101), then w(r,) <w(r.+) <0, and again
T(r,) is continuous. However for 0 <r., < I%I with m >0 and n < 0, it is possible to achieve
w(r+)=0. These temperature behaviors can be seen in Fig. 6.1, where T vs S has been plotted
for some values of the constants m, n and A. When m =1 and n = 0, the minimum temperature
will be reached in S = 7/A, and will have a value T = ‘é—f Note that when m =1, forO<n <1,

w(r,) has no root, however if n =0
B

and for n > 1, w(r) will have a root and therefore the temperature will not be continuous, as

1
n+—
ry

2
(6.103) lim w(ry)= lim [—-3n(1-2nr,)-6n%%1n

r.—00 ri—oo\r,

shown in panel (a) of the Figure. The second law of BH thermodynamics states that the change
in the area of the event horizon is always greater than or equal to zero, in analogy to the entropy
of an isolated system. Moreover an infinitesimal change of entropy of the BH is given by the

transfer of energy, 6@ divided by temperature,

6Q
.104 =
(6.104) ds T
with 6Q = CdT, or
C
(6.105) dS = idT’

where C is the specific heat of the BH, defined by

oS
1 =T—.
(6.106) C T
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FIGURE 6.1. Hawking temperature as a function of the BH Entropy for the f(R)-
Schwarzschild-type space and some values of m and n. In all panels A =10.

The analytical expression for specific heat is quite complicated, so it will be more useful to graph

it for some particular values of m and n, as shown in Fig. 6.2, where C vs S is shown. When n =0,

the specific heat is reduced to

2772 (Ar? +1)

6.107 C =
( ) (rs) AZ 1
or int terms of the entropy
2S(AS + )
6.108 CS)y=——
( ) (S) AS—7

this expression reproduces the result for the Schwarzschild Black Hole in Anti-De Sitter Space.

In the more general case, when b — oo, or BI-f(R) theory, the mass can be written as

2 2
6.109 Rg=_L(m , 16mnd’ BT (L4 402)
“ ) S__g " * 3n 3n2 2 _ 3n3 3 m ’

1-nr+Tor?—<Ior ln[7+n]

n m on-
2m m?2
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FIGURE 6.2. Specific heat as a function of the BH Entropy for the f(R)-Schwarzschild-
type space and some values of m and n. In all panels A = 10.

and the Hawking temperature in terms of the BH horizon radius is

1 S3 16 S®2 mS (22 +n(3+2Ar2))+2472nr2 O2
6.110)  To)=-— | o 4 2T (22 +n( +))3 el
4nS* | n?r} m %—%(m—an)—%r%ln ;”—++n]

which when n =0 and m = 1, reproduces Hawking temperature for the RN-(A)dS black hole
n+AS —4n?p?
47328 ’

The Hawking temperature as a function of the entropy is shown in Fig. 6.3, and because the

(6.111) T(S,®) =

continuity of temperature is determined by the same function w(r,), Eq. (6.100), the analysis

made above is still valid in this case. Now, the specific heat can be calculated for a constant
potential,

N
112 =T|—
(6.112) Co (OT)cp’

in Fig. 6.4 the behaviour of C¢ is plotted as a function of S for some particular values of the

parameters and charge. It is found that when m =1 and n =0, the specific heat as a function of
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FIGURE 6.3. Hawking temperature as a function of the BH Entropy for the RN-f(R) in
the (A)de Sitter space and some values of m and n. In all panels A =10 and ¢ = 1.
The monotonicity, continuity and existence of the critical point in the T-S plane
depends on the value of the parameters m and n, as well as the charge of the BH.

the BH horizon, is given by

27r2 (Art +r2 —4nq?)
r2 (Ar2 -1)+12n¢2 ’

(6.113) Co(ry)=

or in terms of the entropy and potential

28 (AS + 7 (1-4n¢?))

6.114 Co(S,P) =
( ) o(S, D) AS—n(1-12797)

this is the specific heat for RN-(A)dS BH, which is plotted in panel (a) of Fig. 6.4.

6.6 Non-linear BI

This section will describe the temperature of the BH in a non-linear model of f(R) in the BI theory.

From solution (4.114) of the Section 4.5, the associated Hawking temperature as a function of the
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FIGURE 6.4. Specific heat as a function of the BH Entropy for the RN-f(R) in the
(A)de Sitter space and some values of m and n. In all panels A =10 and g = 1. The
monotonicity, continuity and existence of the critical point in the T-S plane depends
on the value of the parameters m and n, as well as the charge of the BH.

BH horizon radius, is

1 cor 44¢° (1 59 ¢ )
6.115 T(r,) = 20 199 _
( ) (r+) dnr, W 5nr‘i2 Hoew b2r
or
S\ 1, n \1B 4702 159 nd2
6.116 TS, ®)=co| —| +=|—]| - oz 2.2
(6.116) (S,) Cz(n4n) 4(n28) et 1(2,4 o 523)’

where the entropy is defined as
(6.117) S =nnrd,

and the electrostatic potential

12
(6.118) (D:CI(—) )
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@ g=0 ™ g=1

FIGURE 6.5. Temperature vs Entropy in the Non-linear-BI-f(R) theory for some values
of n and with b — co. In both panels ¢9 = 10. Note that when the black hole is not
loaded, the minimum temperature is 7' = 1.

Taking the limit at b — oo

1 cor  4q>
6.119 T =
( ) (r+) 4nr 7w Bnrt
this temperature is depicted in Fig. 6.5 as a function of the entropy
1 ( n )1/3 4m¢p?
4 \728 5n8

1/3
(6.120) T(S,®)=C2(T) +
e n

The specific heat with a fixed potential, in the non-linear-BI-f(R) theory will be

(6.121) Co=

taking the limit & — co

3nnrd (5nr3 (4c2r2 + 1) - 16nq2)
5nr3(4c2r? - 1) + 647q>?

(6.122) Co(ry)=

or in terms of the entropy and potential

3 5 (2Oczn2/3S7/3 + 37.[2/3”4/385/3)
(6.123) CoS) =7 20con?3S43 _ 52343828 | 6anTBg2 S,

which can be seen in Fig.
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FIGURE 6.6. Specific heat vs Entropy in the Non-linear-BI-f(R) theory for some values

of n and with & — co. In both panels co = 10. The BH charge avoids the singularities
in Co(S).






CHAPTER

CONCLUSIONS

n spite of that GR is the most widely accepted theory of gravity: it predicts the expansion

of the Universe and the associated redshifts of the galaxies as a dynamic consequence of

its evolution from the so-called Big Bang; as well as other remarkable phenomena such
as the gravitational lensing effect [4, 163], black holes and gravitational waves [61], recently
detected [1]; the conclusions of the observational data of Supernovae type Ia (SN Ia) [145, 157],
showed that the Universe experiences an accelerated expansion phase, this fact has no clear
interpretation in the framework of GR and it is necessary to introduce a type of unknown negative
pressure force, called Dark Energy, whose action dominates gravitational attraction on large
scales [46, 145, 156]. This model, known as Lambda Cold Dark Matter (ACDM), also takes into
account a new and strange type of gravitating matter, but not interacting with radiation, called
Dark Matter [132, 203], whose effect is to correct the discrepancy between the theory and the
observed flat rotation curves of spiral galaxies [55, 139].
ACDM fits very well within a wide spectrum of cosmological observations, [3—6, 93], however, the
nature of DM and DE is unknown, even though according to observations made by the ESA’s
Planck satellite in 2013 [2], within the theoretical scope of ACDM, their content is 27% and 68%
respectively, i.e. what is known of the Universe comprises only 5% of its energy density, which
raises even more questions than answers.
ACDM is indeed a paradigm, and in the course of the last century new ideas were added to
complement it, such is the case of the theory of cosmological inflation, which accounts for the
homogeneity and isotropy of the Universe at large scale from the accelerated expansion of the
early Universe [5], solving, among others, the flatness problem [72] and the magnetic monopole
problem [111]; however, to date there is no generally accepted model for inflation and likewise

the standard model of cosmology has some problems (see [114] for a synthesis on this subject)
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that make it necessary to reconsider our understanding of GR on cosmological scales. One such
alternative, motivated mainly by the search for a geometrical explanation for the late-time
acceleration, is the f(R) theory, which was the focus of this work, and whose dynamics is obtained
from an action written in terms of a general function of the scalar curvature, R. The main
motivation for this work was that there are several f(R) models for solving the DM [22, 41, 200],
DE [10, 11, 41] problems and even the inflationary phase, whose first model in the context
of f(R) theory, was proposed by Starobinsky in 1980 [178], which is constructed by adding to
Einstein-Hilbert (EH) action a quadratic term for the curvature scale, i.e. f(R) =R + aR?, with
a constant, this model has been carefully studied and is in agreement with the data recently
observed by the Planck satellite [148].

7.1 Concluding remarks

Modified gravity in the context of an arbitrary function f(R) is indeed a scalar tensor theory
with a scalar degree of freedom, and particularly a Brans-Dicke theory with a null parameter
w. In Chapter 2 we have made the conformal transformation as general as possible to show the
action with the Gibbons-York-Hawking boundary term and the related field equations in the
Einstein frame, which are in agreement with the usual field equations in f(R) theory under the
inverse transformation. In addition we have defined the effective potential which depends on
both geometry and matter-energy, but through trace of the field equations, it turns out to be an
integral of a pure geometric term depending only on f(R). With this potential it is possible to
find the scalar potential. Those potentials were calculated, plotted and analyzed for different
models recorded in the literature and able to pass the observational test, namely, Starobinsky,
Hu-Sawicki, Tsujikawa, Exponential models, and for two new models proposed, which, although

look like mathematical toy models, we show that pass the test mentioned above.

A cosmologically viable hypergeometric model in the f(R) gravity theory has been constructed
in Chapter 3 from the assumption of the existence of an inflection point of the f(R) curve, the
viability conditions in the (m,r) plane and such that it reproduces ACDM at some limit. This
last quality was used to express the limits of the model, written in terms of the dimensionless
variable x, as y(x) = x + h(x) + A, where h(x) represents the deviation of the model from GR.
From the geometric point of view, the existence of the inflection point, x;, besides the decreasing
monotonicity of h(x), ensure that limits (3.5) and (3.6) are satisfied, allowing to consider the
model as a perturbation around ACDM, and at the same time when x — oo, the conditions
r=-1,m=+0 and m/(-1) = 0 are met, see figures (3.2) and (3.3), enabling y(x) to have a matter
domination epoch. The physical interpretation of x; is indeed to allow the model to have an
asymptotic behaviour towards ACDM.

The geometrical conditions imposed by x;, both on the function A(x) and its derivatives, was

used to construct a differential equation in such a way that the roots of xA”(x), modulated by
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a function p(x), coincide with a term A’(x) multiplied by the factor (x2 — xiz). This differential
equation was integrated and the function p(x) was chosen to allow the integrand to be expressed
as an exact differential. The solution, Eq. (3.45) corresponds to Starobinsky’s 2007 model [181].
Through a similar procedure, but this time expressing the factor as (x” —x}), being r a parameter
of the model, a differential equation was constructed whose solution, Eq. (3.56), corresponded to
a generalization of Hu-Sawicki model [86].

It was found that the differential equations of each model in effect belonged to a particular
case of the hypergeometric differential equation, and as a result the hypergeometric model, Eq.
(3.79), could be established. This model depends on five parameters m,n,r,u, and v, however,
the equation for the inflection point, (3.72), represents a constriction of the model, since it is
a necessary condition for its viability, reducing the number of parameters to four. Moreover
the constant 2 < 0 and the value of ¢, in a concrete way, can be generally determined from the
classification in the two sub-models, Hu-Sawicki type ( > 0): ¢ = 0; and Starobinsky type (r < 0):
c=2km/Ry.

When r > 0 and x > 0, for the model to satisfy limits (3.5) to (3.10), as well as condition Eq. (3.11),
the parameters must fulfill m > 2/r, u >n>2/r, v <0, and m —n ¢ Z, in addition to Eq. (3.75).
For example, when O<r<2,m=1,n=1,n<u<n+1,v<-1,u>kmnruv, the hypergeometric
model is cosmologically viable.

At the other hand, only for r <2, m > 0 and u > n > 0, the hypergeometric model is viable.
Specifically when r = -2, it is found that © = —nv and v < —1.

The main quality of the hypergeometric model is that it encompasses a family of functions that
have an inflection point and at the same time mimics the ACDM model, examples of which are
the well-known Starobinsky and Hu-Sawicki models. The hypergeometric model proposed here
depends on four free parameters, offering the possibility of having greater freedom of adjustment
according to the restrictions offered by observational data at both cosmological and local scales.
To carry out this objective, it should be noted, the appropriate computational tools are needed as
indicated in Ref. [84], however, the outlook for achieving this goal is encouraging, since in the near
future modified gravity theory could be tested by major advances in observational techniques in
high curvature scenarios such as black holes or neutron stars, where f(R) can play an important
role in the dynamics of spacetime, and its effects could be appreciated.

Among all the models analyzed, we delve a little deeper in the Starobinsky model due to its
physical relevance, and we show that basically, it consist of a dominant linear and quadratic
terms plus 4th-order terms in R, and from this expression it was calculated the scalar field vy,

which in turn allowed us to plot the Starobinsky potential in the Einstein frame.

The metric for a spherically symmetric and static object was calculated in Chapter 4, and
the extension to charged BH was made to obtain the Reissner-Nordstrom metric in an (A)dS
space, and we have studied the solutions of the field equations in spherically symmetric and

static spaces in the f(R) theory of gravity with non-linear electromagnetic fields in the BI frame,
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this theory depends of the value of parameter b, which in turn exhibits two limits with classical
physical meaning, f(R) Schwarzschild-type (b — 0) and f(R)-RN (b — oo) solutions. We found
that the only models allowed in this framework must have the parametric form &% = m +nr, with
m and n constants. From this condition it is possible to determine the form, domain and range
of the supported f(R) functions, in some cases expressed in a parametric way f(r), while the
classification of the solutions from the values of the constants in three possible instances: GR
(m#0and n=0), f(R)-BI (m #0 and n # 0) and f(R)-non-linear-BI (m =0 and n # 0), allowed to
find a variety of sub-solutions and therefore models.

In the first case, when n = 0, GR is recovered with the rescaling xk — x/m and f(R)=m(R +2A),
where A can be interpreted as an integration constant and obtained by comparing the solution in
the limit & — oo with the RN-AdS metric.

When m # 0 and n # 0, the field equations cannot be integrated analytically, however the solution,
R and f(R) are expressed in terms of a hypergeometric integral of the radial coordinate r,
similarly, the domain and range of the models can be determined by the signs of m and n. When
b =0, f(R) is asymptotically (r — co) equivalent to GR, and from the definition of the parameter
h Eq. (4.82), which modulates to the logarithmic term of the solution, it is possible to distinguish

the following cases

* n,m>0: f(R)is defined for R < R., where R. is given by (4.81), however it has no continu-

ous derivative and thus does not represent a viable physical model.

* m <0 and n>0: f(R) is monotonically increasing with R > — 131’;2 hlnn.

e m >0 and n < 0: when —3nRg < m2, f(R) has no continuous derivative and R > R..
When —3nRg > m?2, f(R) is monotonically increasing for all R € R. When —3nRg = m?,

f(R)=mR +2nVR +mg, which is a model for the expansion of the Universe without DE.

Since the f(R)-RN case is a generalization of the previous one with electric charge, the above
arguments remain valid, but now with the definition of the parameter 4 Eq. (4.97). However the
existence of q implies that the function f(R) has no longer continuous derivative for all m <0
and n > 0, and thus defined only for R <R. or R > —%’fﬁlnn, or vice versa in the opposite case,
m >0 and n <0. When n > 0 and depending on A, different solutions are found, which affects the
form of the functions, although for r > 1 all these coincide according to Eq. (4.87). Some graphs
were made for particular values of m and n and showing the shape and characteristics of the
models.

When m = 0 we depart from the lineal term of GR, although this does not mean that the model
has to be discarded, on the contrary, the curves of the models show that there are indeed
similarities with some functions in the f(R)-RN solution and this can have physical implications
beyond just serving as a mathematical toy. In this case the solution is written in terms of a new
hypergeometric function Eq. (4.114), and cannot be obtained from solution Eq. (4.70), so they are

linearly independent solutions, however R(r) is expressed in terms of the same hypergeometric
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function of the solution Eq. (4.56). and since it is not possible to solve f in terms of R for all r,
when r > 1, f(R) can be given as an approximation, Eq. (4.121), which is linearly independent to
Eq. (4.87) and thus representing different models.

The solutions shown here (with the exception of n =0 or GR) imply that R is a non-trivial
function of r outside the BH, which would imply the existence of hairy solutions. We have
discussed in Chapter 5 the possible cases in which the no-hair theorems (NHT) can be evaded
from the analysis of the potential % (y), defined in the conformal transformation between the
Jordan and the Einstein Frames, in addition to the conditions imposed by Theorem 1 of Ref. [37].
It was found that the models depend strongly on the sign and value of the constants m and n,
and the potentials were plotted in the different cases, as well as the form of the function f(R).
The way in which these solutions evade the NHT in f(R) gravity are the subject of a paper in
preparation.

The field equations were linearized for the Starobinsky quadratic model and the tensor per-
turbation was expressed as a sum of integrals of the Bessel functions, however, the perturbation
field was found in the Newtonian approximation, which can be used to constrain the model in the
Solar system range. This topic is also being prepared for publication.

Using the Wald method, the entropy of the Black Hole in f(R) theory was found, and the
symplectic potentials associated were calculated. We finally investigated the behavior of a BH in
f(R)-BI plus cosmological constant, the BH temperature, entropy and specific heat was found
in terms of the horizon radius and these quantities were plotted and it was found that they
reproduce their analogous values within the framework of the theory of RN Black Holes in GR
with cosmological constant. These same quantities were found and plotted for a non-linear model
of f(R).

A paper was extracted from Chapter 2 and accepted for publication at the IJAA. Similarly,
Chapter 3 was the basis for a paper submitted to the PRD, and from Chapter 4 a paper was
extracted and published in November of this year in the PRD.

7.2 Challenges of the BH physics

In general, there are no direct observational tests of BH thermodynamics, however its foundations
seem to be mathematically firm enough to be considered the most promising candidates to explain
the nature of the gravitationally-quantum behaviour of BH.

Black Holes are among the most fascinating gravitational system in the Universe, and many
people around the world are constantly working in this area. Although there has been an
important progress in solving key questions, there are still open modern questions as “BH
information paradox.” How is the evolution process of a pure quantum state to a mixed state, or
what are the degrees of freedom responsible for BH entropy [192].

Without going too far, it is possible to assume that there are even a lot more basic questions than
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can be redirected with a higher order gravitational theory as f(R) modified gravity.
The amount of work and papers that have been done and published about the Thermodynamics
of BH in higher order gravity is not insignificant, however, it is not clear yet how the Laws of
Thermodynamics for BH change and how such a theory could relate GR to QM. Therefore, there
is currently a lot of work to be done in the search of general solutions for BH in f(R) theory
and for those models or families of f(R) that explain cosmological phenomena, like DE or DM.
Moreover f(R) is a theory that could have distinctive observational features and in turn could
provide evidence decisive to determine the existence of a BH, for example describing the orbit
and behaviour of its accretion disk or its event horizon.

We really hope that in the near future it will be possible to understand all of the major
problems about BH physics, as well as that with the development of better telescopes and new
theory capable to break boundaries of the mind, BH can serve as natural scenarios for understand

the unification between General Relativity and Quantum Mechanics.
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APPENDIX

RICCI SCALAR VARIATION

he Riemann tensor is defined by

Bk B e Iz TRy
(A1) Rh o =Th, +Th 0 —Th —Th Th,,

and its variation

(A.2) SR*

_ sTH B sTP P SsTH H K sTP P sl
o =0Tk + T, 0T (+ T8 8T, — 6T —Th TG, ~T5,0Th

but by the definition of covariant derivative

B\ spk ST P ork P st
(A.3) (oT% ﬁ);v =oTh  +Th,8T0 — T, 6T —T% oTh,,
and
(A.4) ~(0Tay).5 = —0T%,, 5 rg ﬁargv +I" ﬁargv +I° ﬁarf;p,
SO
B sTH "
(A.5) OR}p=(0T%s) ~ (OT5) 5,

and with the contraction of the first and third terms we arrive to the Palatini identity
(A.6) SRap= (0T, ﬁ);u ~ (8Thy) -

Now, in order to find the variation of the Christoffel symbols we need to express them in terms of

the metric tensor

1
(A7) T’;ﬁ = Eg“’l (8arp+8&pra—8apr)

111



APPENDIX A. RICCI SCALAR VARIATION

whose variation is
H 1 HA 1 uA
0T g =3 (8arp+8pra—8apar)dg" + 58 (68arp+68pra—08ap,1)
A — 1 HA 1 uA
(A.8) =8l 508" + 28 (68arp+08pra—08ap),

but with the definition of the covariant derivative again

(A.9) 5ga/1,ﬁ = (5ga/l);ﬁ +rzﬁ5gu/l+rg‘55gau’
(A.10) 08pra=(68p1) 4+ Typ08un+ T, 08 py;
and

(A.11) ~08apa=~(08ap)., ~T108up— 5108 ap
thus

68arp+t08pra—08apr=(08ar)s+ (5gm);a - (5gaﬁ);,1 + 2rﬁﬁ5g;m
(A.12) =(88ar).p+ (08p1).o — (08ap)., — 2T} s8uvE 1008,

where we have used the relationship,

(A.13) 08ap=—8au&po8"",

which follows in a direct calculation from gt%g,s = 6%, where 6 is the Kronecker delta. With

this result we can write the variation Eq. (A.8) as

51”2[3 :guArZﬁ‘?gM * %gM [(ag“");ﬁ +(08p2).0— (5g“ﬁ);/1] _gﬂlgwgipl“gﬁég"p
=gulh ;08" ~ 018101} ;08"F + %g“ﬂ |6an)p+ (58p1). — (68ap).,
:F’;ﬁ (gﬂ,u?g”’1 —glpég’l”) + %g”l [(5ga/1);[3 +(08p1).0 — (5804/3);1]
A19) =" [Oganp+ (Ogm),, — (08a),].

SO
I3 _1 HA
~(0TG) 5 =58" |08+ (0g) o ~ (08|,

1
=3 [g”l Ogan)u+ 8" (0811)., — 8" (08 ay), A] "

1 ) .
25 [(&goc/l)’/l + g,u/l (6gu/1);a - (58'06/4)’#] B

1
(A.15) =5 2" (68u1).0p>
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and replacing into the Palatini identity, Eq. (A.6),

1 1
(A.16) ORap= 38" |Ogan)p+(08m),, ~ (08ap) .| 58" (08) 0

Finally we can construct the variation of the Riccie scalar

SR =5(g"PR 4p)
=R 08P + PSR 4

1
=Ropog™’ + (g‘”g“ﬁ 08an)pu+8" 8" (0851) 0, — 8" 8" (080p).1, — 878" (0811).4 ,3)

sap

(68°Y) 0+ (8" 8™ 8008 p08"") | + (88" 8081908"") ﬁ)

;B -

:Raﬁ6gaﬁ + % (_ (§gﬁﬂ) .

1
— By (_ A BsH
=Rapdg™ + 2( 2(58"),, + (& 5Z‘gaa(5g"p)m+(g“ 5pgua5g"");aﬁ)
:Rwﬁégo”6 - (6g““);a# + (g“ﬁgw6g”“)

:Raﬁagaﬁ N (agaﬂ);aﬁ T 8ap (5gaﬁ);ﬂ’#

;ap

(A17)

A.1 Covariant derivative and Riemann tensor

The curvature of the spacetime can be interpreted in terms of the non-commutativity of the

covariant derivatives of a vector A%. First covariant derivative is defined as
a __ a a g

(A.18) A;H—A,M+FU#A ,

and the second covariante derivative

A%, = (A;+rg#A”);v

- (Af;t)w + (FguA”)

(A.19) =A%, +T%,A% T A% +T8, A" +T%, A% +T% 5 A7 -T}, I A°,

vV

when exchanging the indexes and subtracting stands out the fact of finding the Riemann tensor
(A1)

A, - A%, = (0%, +T8,Th,~T8, , ~T5,15,) A7

(A.20) =Ry, ,A°.

oV
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APPENDIX

HAMILTONIAN VECTOR FIELD

very important formulation of the Hamiltonian mechanics is through the theoretical

framework of the symplectic spaces. A symplectic manifold (M,w) is a manifold M

together a closed and non-degenerate symplectic 2-form w, and the Hamilton equations
of motion can be obtained from a real valued and infinitely differentiable function H defined on
M, that is H : M — R, whose exact differential results from contract the symplectic form with a
vector field Xy associated to H, that is [39]

(B.1) ixyw=dH,

where the left side of the equation stands for interior product. In the phase space R?* with
canonical coordinates (q1,...,9n,P1,---,Pn), the Darboux theroem stablish [21] that the 2-form is
given by

(B.2) w=) dgqiNdpi,

n
i=1

where the symbol A means exterior product. Since w is non-degenerate, there must be an only

vector field H that we suppose as

(B.3) X —i(a~i+b~i)
' " i=1 ld(]i lapi '

Remembering that interior product satisfies a Leibniz rule, that is, if @ is a p-form and § is a

g-form, then

(B.4) ix (@A B)=Gxa)AB+(-1P an(ixf),
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thus

n
Z LXquz Ndp;- ZdQL/\(lepz)
i=1 =1
- i
L

1X,0

(B.5)

a;dp;—dq;b;),

but the differential of the 0-form H is the 1-form

no(OH O0H
(B.6) dH=Y |=dq;+-—dpi|,
izzl dg; ' opi '

thus, equating similar terms in the equation (B.1)

0H 0H
and b, =- ,
op; 0qi

(B.7) a;=

and the associated vector field to H will be

(B.8) X _Z(ﬁi_ﬁi)
‘ " 0p; 0q; aQiapi‘

Remembering that the Poisson bracket of two functions defined in the phase space, that is,

f=F(qi,pi,t) and g = g(q;,pi,t), is

n (9f dg Of O
(B.9) IIEDY (—f—g - —f—g)
i=1

thus, Xz applied on a function A = A(q;, pi,t) on the symplectic manifold, gives its time evolution

(B.10) XgA={A,H}=A
but from

n .
(B.11) Z 0A dql 0A dp;

6ql dt 6pi dt

Hamilton equations of motion are correspondingly

O0H d ) OH
an p=——.
op; 0q;

(B.12) g; =

Since Eq. (B.1) is equivalent to (B.12), X is called the Hamiltonian vector field or symplectic

Hamiltonian gradient with Hamiltonian function H.
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KILLING VECTORS AND SURFACE GRAVITY OF THE BH EVENT
HORIZON

illing vectors have special importance in almost all branches in Physics, since they
describe the symmetries of the system under consideration in an invariant way, that is,
without taking into account the reference frame. In particular a Killing vector field is
defined as the vector ¢ generating diffeomorphisms® which are isometries? as well. This condition

leads to the Lie derivative of the metric along the Killing vector field must be null

(C.1) Leguv =0,

and since gy, = 0, the killing equation can be written as

(C.2) Sup +Sviu =0,

which implies that the killing vector covariant derivative is an antisymmetric tensor, that is

1
Slupvl = 9 (‘f pv = ¢ V;u)
(C.3) =&

It is useful to define

(C.4) &2 =&,k

1A diffeomorphism is an invertible map ¢ between two manifolds, such that ¢ and ([)_1 are C.
2An isometry is a diffeomorphism ¢ that leaves invariant the metric tensor through the pullback, i.e. p* g, B=8ap
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such that
¢ =
:gu;a"fu + fpgflzx
:fp;afu + g'uvfpfv;a
(C.5) :2'Sy;af'ua
and
1
Stal gl “5 (Calpu+Eudasp +EpEma = Sadpsp — Spépra — Eplasy)
1
(C.6) =3 (Eadipya + S uta:pr +EpSTmar)

and we can construct the quantity

1
St =5 (Sad®p = Ep¢™a)
= (5w‘fu;ﬁ5” - fﬁ‘fu;afﬂ)
=-¢H (fagr[ﬁ;u] +¢ubla;p1 fﬁ‘f[u;a]) + fzfa;ﬁ
(C.7) = = 8EH¢ 0l gy + E2 s

The event horizon (H) of a BH is a null surface with vector field é# normal to it, that is, é* is

tangent to the null generators of the Killing horizon, and
(C.8) %o,

where the H over the equal represents an evaluation on the event horizon, thus the identity (C.7)
will be

(C.9) f[aéz;ﬁ] I;I _3£uf[a£ﬁ;p],

however from the condition (C.8), we can construct the Eq. (C.6), by multiplying it for a scalar
E3EPEq.p, that is

(C.10) eevebe, 20,
doing a permutation of the indices and adding

E2EPERE g+ E2EOEPE g+ E2E4E9E 10 RO
(C.11) EVEPEH (€08 g+ Eubasp + Epusa) 20,
from which it is obtained

H
Salipsu) + SuStazp1 + € pSTual =0
H
(C.12) $1a$ g1 =0,
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and therefore

5[0:52 ;B1 20
Eal2p—Epe%0 20
(C.13) Ealptt — Epé att 2o,

where we have used the identity (C.5). This relation shows that the killing vectors evaluated over

the event horizon are proportional to its covariant derivatives, since using the killing equation

(C.14) ftx‘fﬁ;pgu Ié ‘fﬁfa;u‘f'ua

it is possible to make a “separation” because ¢, and ¢4 could be thinking as independent variables,
but with the same behaviour at the event horizon, and so they must vary independently, implying
that

H
'Sp;vé Vo u
H
(C.15) f,u;va :Ksép
where « is the proportionality constant®. In spite that the norm of the killing vector is zero at the

event horizon, we are interested in knowing the behaviour of its covariant derivative, so using

the killing equation and completing the square we could write the above equation as

(C.16) &2, 2 2,8,

Using this equation the dependence of the constant x in terms of the killing vectors could be seen,

multiplying both sides of Eq. (C.12) by ¢#* and using the killing equation

f“'fﬁ;ﬂfﬁ;lu 2. 5u6a;ﬁ6ﬁ;u - fﬁf,u;afﬁ;'u

H
=- sta;ﬁfﬁ + stu;af“
(C.17) 222,
from where
2H 1 ;v
(C.18) Ky = —éﬁu;vs‘ "

this expression in any particular case could be found from the metric elements
(C.19) ds® =g dxtdx.

In next section we calculate explicitly the surface gravity at the event horizon of a Black Hole in

the f(R) gravity in the static and spherically symmetric case.

3This constant should not be confused with constant & that appears in the Field Equations.
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C.1 Swurface Gravity

Let us consider a static and spherically symmetric vacuum solution of the Field Equations in

f(R) gravity without electromagnetic fields, described by the metric (4.26)
(C.20) ds? = —a(r)dt® +a 1 (r)dr? + r2dQ2,

written in terms of the function a of the coordinate r

1f®Ro) , Rs

(C.21) a(r)= _6f’(R0) ut

and consider the covariant derivatives of its timelike killing vectors?, ¢% = § ¢ and {4 = g4, that is

éa;ﬁ = fa,ﬁ - Fgﬁfa
(C.22) = Gat,p—Lop8its

with

1
foﬁ =3 A (8rap+ 880 —8ap,)

1

= Eg” (gta,ﬁ +gtﬁ,a)

(C.23)
where it is supposed that the metric components are independet of time, g4p5: =0, so

grOt;ﬁ — gta,ﬁ + nggwgpﬁ
(C.24) =T{e",

and since that metric components are only function of r coordinate,

1
5= ég‘m (8re5—81p.0)
1
(C.25) =5 (" 8up—8"gipr).

Now we are enabled to write the next covariant derivative product

fa;ﬁfa;ﬁ = (gat,ﬁ - foﬁgtt) r?ﬁgﬁﬁ
1

= 1 (gm,p - gtﬁ,a) (gatgtt,ﬁ - gargtﬁ,r) 8

pp
1 rp tB) (gt ar
:Z(gta,rg - gu,08") (8" guup - 8 g1p.r)

1
(C.26) = §g”g” (geer)”,

4Any spherically symmetric vacuum space possesses a timelike killing vector [47].
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where components of metric are g = —a(r), g = —a~(r) and g’" = a(r), thus replacing in (C.18)

1
(C.27) Ks 2 501,

where the comma stands for the total derivative with respect the coordinate. Thus

g#1lRs 1f (Ro)
C.28 e A
(€28 T2 6 Ry
However the event horizon is defined when

_ 1 f(Ro) 2 Rs H

C.29 -5 0
( ) 6 f! (Ro) r
or

1Rs 11l 1 f(Ro)
(C.30) 272 27 12F(Ry)
with which

g1 1fRo)

(C.31) = o T 1R,

C.2 Killing vector field and Riemann tensor

In section A.1 of appendix A is presented a relation between Riemann tensor and covariant

derivatives of any vector, for example the killing vector ¢, i.e.

(C.32) ‘fu;aﬁ_gp;ﬁa $oR Haﬁa

which arises from the non-commutativity of the covariant derivative. Whit this relation in mind
and the fact that the sum over the permutation of the lower index of the Riemann tensor vanishes
[47, 141]

(C.33) R 5=

or equivalently

+Rgﬁu)

SoR o5+ pua = Epiap + Saspy — Sasup =0

o (Bllap + By
‘foRZaﬁ +Spuap — Suwpa — 26 pan =0
(C.34) 280R 10— 2 pran =0,

where it has been used the killing equation in the third line. Thus the second covariant derivative

of any killing vector can be understood in terms of the Riemann tensor and must satisfy the

equation

(C.35) EURZaﬁ =¢Biaps

which allow us to write the mixed covariant derivatives (C.32) as
(C.36) Sap ~ Spwpa = S rap-
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APPENDIX

NOETHER CHARGE AND ENTROPY IN GENERAL RELATIVITY

eneral Relativity can be obtained from the general Lagrangian density

. L Gap B Tap) = 5L+ Lotser
where Znatter = ZLm(Tap), the constant x = 87, and the Einstein Hilbert Lagrangian is defined as
(D.2) Zn=2Ln(gaqs,R)=v/—8R,

The first variation of this Lagrangian is

0Ly o ap OLH

D.3 0%n =
(D.3) H= agﬁg R

Ranos™ + b [sune 057, 057,

with Ricci scalar given by Eq. (A.17). So, applying the method proposed by Wald [191]

0%y 0%y 0%y 0%y
D.4 —= (6g%F =[— 5g%P ] - (—) 5g°%h +(—) 5g°,
D4 ow 105")00= T 05", s |Vor ),%8 | TUar 0%
thus
0%n | 0%n (axH) (axH) 0Ly ]
0% —R it - — 509 + pv | =24 (5508 _
H= Og“ﬁ oR apt8ap8 oR oR b0 g 8ap8 R (g );,u v
0Ly 0%y 0%y
wo [(0LH) 5 08| _[9LH (5 ap 0LH) s ap

Eepl ( oR ); %8 ] [ = 057), s |\ar );ﬁag ]

(D.5)

this expression is simplified since for the Einstein Hilbert Lagrangian (6.60)

0L\
(D.6) (ﬁ) =0,
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therefore

0Zu 6££H

D.7 0%
(D.7) H= ag“ﬁ R

——"Rap|68°P + gapg™”

0%
| o),

6$H
5g%P
T ), ;
whereas the variation of the total Lagrangian (D.1),
1
(D.8) 0L = 2—6££H+5$m,
K

has the same form as Eq. (6.9), with

1 (0%y 0% 0%,
(D.9) AW=—( L1 V)+—’",
2x \0gtv  OR ogHv
and the symplectic potential
~ 1 0.Lx 0%
D.10 0, = WL (589 — = (5" ,
( ) v 2 [gaﬁg OR ( g );# OR ( )’“ v
hence
~ 1 agH
D.11 0¥ = Wog—ogh
-1 o aR & 08=08"),
where 6g = g,,,0g"", and by
0££H 0% 1
(D.12) =v-g and g —5V8R8uw,

equations of motion are equivalent to A,

1 (0%
- ( H + dﬂ v) + % :0
2x \ogtv  OR oghv
1 1
D.13) : (RW - §ng) Ty =0

thus we have arrived to the Einstein Field equations for the General Relativity Theory

1
(D.14) Ruy—5Reu =Ty |

And the symplectic potential associated to the general relativity Lagrangian density is

1
(D.15) o = —(g"6g - g"").
2K v
And noting that
(D.16) Eegyv = 6g;w = _gp;v - gv;u;
potential will be

1
B—_— | gHv af _ 51V
0 o [g gapdg™" —bg v

1 . . .
(D.17) “ox (_26%&’” +EHY 4 'fv’u;v) )
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but since covariant derivatives do not commute, Eq. (C.32),

(D.18) ELHM = —E RO 4 £V,
hence

1 . .
(0-19) 0 = (2UaR™ +8 ),

Now, Noether current is
Gt =OH — EML
1.,
(DZO) :;é[#"/];v + fvT'uv - fﬂLm,

where we have used in the second line the Einstein field equation, moreover we know from the

stress-energy tensor definition that

5L
(D.21) Ty = —2§:§ + L8

so if we assume that the matter fields do not depend on geometry, Noether current can be written

as
- 1 [p;v] uv i
J :;f ’ ;v+vamg —¢ Ly,
1.,
(D.22) =—glh,,

Since the Noether charge is defined in terms of the current, Eq. (6.29)

(D.23) jt= Q‘”’;V,
therefore
(D.24) Qv = Letwn

K
)

1. .

(D.25) QM = —&wv

K

and the Black Hole entropy

2nG
Su="2 | do,Q"
Ks JoB
1
(D.26) == f d%o,
4/J5
where we have used the Eq. (6.90). Finally it is found the relation for the Black Hole entropy and
its area
1
(D.27) Sg= ZA .
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APPENDIX

OSTROGRADSKY INSTABILITY

t would seem that nature relates the variables of physical systems by means of first or
second order differential equations, for example Newton’s second law, Maxwell’s equations,
Schrodinger equation, Einstein’s field equations, etc. Perhaps this is because the dynamics
of material particles are described simply in terms of their positions, velocities and accelerations,
which are no more than low-order derivatives, it is precisely the knowledge of these positions at
all time that constitutes physical determinism from the point of view of causality in spacetime.
Although there is no law of nature that forbids higher-order differential equations to describe any
physical system, manifest energy instabilities in the Hamiltonian of a system whose Lagrangian
depends on derivatives of order higher than one, make it evident that such lagrangians are
lacking in the literature. This statement is known as the Ostrogradsky theorem, which will be
described in this appendix in the framework of Lagrangian mechanics since its validity can be
extended to classical Lagrangian field theories.
The second order differential Euler-Lagrange equations of motion for a system of N particles
and s degrees of freedom, governed by a Lagrangian depending on the generalised coordinates g ;

and velocities ¢;, with j=1,...,s and s = 3N, are given by
(E.1) ————=0,

or equivalently written

L . oL %L L
— 4= T " T+~ "~ 9
q9iq; 0qj 0tdq; 0q;0q;

(E.2)

note that in order for these equations to be cast in the form of Newton’s second law,

(E.3) 4§ =F(q,q),
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it is necessary that

0°L
q4iq;

(E.4)

#0,

which is known as the non-degeneracy of the Lagrangian and implies that the kinetic term of L,

whose form is quadratic, can be inverted in the phase space, (¢, p;) with

oL

(E.5) pj= o,
J

whereby ¢ = ¢ (q;,pi). Eq. (E.3) further ensures that the state of the system can be found at
any instant if the initial values of position q¢ and velocity ¢o are known, i.e.,

(E.6) q(t)=q(qo,qo0,1).

In the next section we will derive the Euler-Lagrange equations and review the instability of

the Hamiltonian for theories whose Lagrangian depends on accelerations.

E.l1 L=L(q,q,q,t)

Let us consider the case when the Lagrangian is a function not only of positions and velocities, as
in the previous case, but also of the generalised accelerations, ¢, however, for simplicity we will
assume that the Lagrangian has only one degree of freedom, i.e. defined as L = L(q,q,q,t), with

which the action is constructed as

to
E.7) I= dtL(q,q,q,t),
3]

and effecting the variation

oL oL oL
E.8 OL=—+—6g+—06qg
&8 aq 0q 17 95°7
with

oL d (0L d oL
E.g —6':— —_ ___5
(E.9) ag° 7 dt(aq q) diog L
and

oL d (0L d (d oL d? oL

E.10 —d0d=—|—0d0ag|-—|—— +——95
(510 951 dt(aq q) dt(dtaq q) di2ag b

where the commutation of the time derivative and variation operators was assumed. In this way

oL d dL oL

(2 oy, Ly,

2t L L d? oL
(E.11) oI = - — - +[ 9 d 9 d” 0
0g dtog fli] ¢

ar| 2 2% & s,
Y 6g T dtag Tdareg|?
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E.1. L=L(q,q,4,t)

the integrated term cancels out when the conditions 8qly, ¢, = 0qls, ¢, = O are satisfied and the

Euler-Lagrange equations are found to be

0L d oL d*? oL _

E.12 ————t——=
(£.12) d0qg dtdg dit?20g

These are a fourth order differential equations and we need to know four initial value data to

solve entirely the problem. Again, under the condition of non-degeneracy
(E.13) — #£0,

we can write a form similar to newton’s second law,

d*q
E.14 —=F(q,q,§
(E.14) T (q,4,4,9),
and
(E.15) q=9q(qo,..., 9 0,?).

The total energy or Hamiltonian of the system, expressed in terms of the time dependent
coordinates g1 and g9, and momenta p; and pg, is related to the Lagrangian via a Legendre

transformation

(E.16) H(p1,p2,91,92,t) +L(q1,92,41,42,t) = p141+ P2q2,

from which the Hamilton’s equations are

(E.17) g;= OH and pi= —ﬁ,
opi 0q;
with i =1,2.
(E.18) q1=q, and Q2 =4,
and the conjugated momenta
. oL
pP1= (Zli )
(E.19) :a(%‘a%)
and
. 0H
b2 = —@
=-p1+t %
d 0L o
(E.20) = aa,
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that is to say

0L d oL oL
(E.21) P1=—T—"7=5 and  pg=—_—.
0q
The fact that the Lagrangian is non-degenerate allows us to invert the equations (E.18) and
(E.21) in phase space and thus determine § = §(q1,q2, p2), thus, the Hamiltonian can be written

as

(E.22) H(p1,p2,91,92,t) = p1d1+p2§d1(q1,92,p2) —L(q1,92,41,42,1),

the linear dependence of the Hamiltonian on the momentum p9 is conditional on the form that
the function ¢(q1,q2, p2) may take, however this same consideration cannot be taken into account
for p1, i.e., regardless of the form of L(q,q, §), the Hamiltonian will be linearly dependent on p1,

therefore its value cannot be bounded below.

E.2 Ostrogradsky Theorem

Ostrogradsky Theorem: A system governed by a non-degenerate Lagrangian, L, which depends
on the derivatives of order greater than one of the g-coordinates, i.e. L =L (q,q, . %, t) with
m > 1, has a Hamiltonian which is linearly dependent on the conjugate momentum p, and which
is not bounded from below.

The following outlines the arguments of this theorem by generalising the steps followed in
the previous section.

In the general case of a non-degenerate Lagrangian that depends up to the m-th time deriva-

tive of the coordinates, L = L(q,...,dl(fm)q,t), where dgm) =47 the Euler-Lagrange equations

=
are
m oL
(E.23) (—1)”d§”’(—) =0,
n
70 a(di"q)
and the Hamiltonian
m
(E.24) H(p1,. s PmsQ1s s @ms) = Y P —L(q1,esGm, 41y G D),
n=1
and defining
(E.25) gi=d Vg

with i =1,...,m, by means of the canonical equations

o0H O0H
(E.26) g; = and pi=——,
op; 0q;
it is found
oL
(E.27) Pi= -Di-1,

o(ditqi—1)
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therefore, the Euler-Lagrange equations lead to

=y oL
(E.28) pi=y (-D"dy————.
=0 0 (dgnﬂ)q)
Now, the non-degeneracy of the Lagrangian
0°L
(E.29) —— #0,
o] (dgm)q)

implies that it is possible to invert the equations (E.25) and (E.28) in phase space and thus obtain
d™q=d"q(q1,....qm,pm), and finally

m
H(pla“')pmaql,'-'qu’t) = Z pnd(tn)QI _L(QI,---,Qm,QI,---7Qm,t)

n=1
ESH (m)
(E30) = Z pndtn (II +pndtm ql(qla"'7 qrn,pm) _L(QI, ---,CIm>QI, "'7qM7t)a
n=1
thus, the linear dependence of the hamiltonian on the m —1 moments cannot be removed and
therefore it can take arbitrarily negative values when those momenta are function of time,

producing instabilities. The only particular case where the Hamiltonian is positively defined is

when m = 1.
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