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Abstract

In this thesis we use the 1+1+2 covariant approach to General Relativity to study exact
solutions and perturbations of rotationally symmetric spacetimes in f(R) gravity, one of

the most widely studied classes of fourth order gravity.

We begin by introducing f(R) theories of gravity and present the general equations
for these theories. We investigate the problem of matching different regions of spacetime,
shedding light on the problem of constructing realistic inhomogeneous cosmologies in the
context of f(R) gravity. We also studying strong lensing in these fourth order theories of

gravity derive the lens mass and magnification for the gravitational lens system.

We provide an extensive review of both the 1+3 and 1+1+2 covariant approaches
to f(R) theories of gravity and give the full system of evolution, propagation and con-
straint equations of LRS spacetimes. We then determine the conditions for the existence
of spherically symmetric vacuum solutions of these fourth order field equations and prove
a Jebsen-Birkhoff like theorem for f(R) theories of gravity and the necessary conditions

required for the existence of Schwarzschild solution in these theories.

In order to study the perturbations of Schwarzschild black holes in this context, we
apply the 14142 perturbative procedure to determine a complete set of gauge-invariant
perturbation variables. A reduced set of frame independent master variables, which obey
two closed wave equations are then found - one for the transverse, trace-free (tensor)
perturbations and the other for the additional scalar degree of freedom, which is a feature
of forth-order theories of gravity. We show that for the tensor modes, the underlying
dynamics in f(R) gravity is governed by a modified Regge-Wheeler tensor which obeys
the same Regge-Wheeler equation as in General Relativity. For the quasinormal modes
(QNMs) that follow from the scalar perturbations, we find that the possible sources
of scalar QNMs for the lower multipoles are from primordial Black Holes, while higher
mass, stellar black holes are associated with extremely high multipoles, which can only
be produced in the first stage of black hole formation. Since the scalar QNMs are short

ranged, this scenario makes their detection beyond the range of current experiments.

Keywords: f(R) gravity, Spherically symmetric solutions, Birkhoff’s theorem, Regge-
Wheeler equation, Matching, Lensing
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Chapter 1

Introduction

1.1  f(R) gravity

Einstein’s theory of General Relativity (GR) [3] is widely accepted to be a fundamental
theory for modern physics, describing well the standard model of gravitation and cos-
mology. Just three years after Einstein developed his theory, in 1918, Herman Weyl [4]
began to consider modifications of GR by including higher order invariants in its action.
Motivated by the desire to obtain a unified field theory, he extended the geometrical
representation of GR to account not only for gravitational but also electromagnetic fields.
In 1921, Arthur Eddington also began to consider fourth order theories of gravity [5, 6]
and he followed this up by publishing The Mathematical Theory of Relativity that
contained his work on generalised versions of Weyl’s theory. Since then there have been

a great number of proposed higher order theories of gravity that propose modification of GR.

The surge of interest in modified theories of gravity in the 60s, 70s and 80s was pri-
marily due to limitations in GR when considering strong gravity regimes. Utiyama and
DeWitt [7] showed that renormalisation of GR at the one-loop quantum level required
that the field equations should be higher than second order. Modifications of the GR by
supplementing the Einstein-Hilbert action with higher order curvature invariants were
at the time limited to the early universe and provided, for example, a nice geometrical
explanation for inflation [8] in cosmology. More recently, however, the corrections to
GR have been introduced to accommodate recent observations and more so to account
for the “dark sector” of the universe. The number counts of clusters of galaxies [9],
measurements of type Ia supernovae [10-13] and the cosmic microwave background
(CMB) anisotropies [14-16], indicate that of the energy density budget of the universe,
5% comprises ordinary matter (baryons, radiation and neutrinos), while the rest, which
does not interact electromagnetically, consists of 27% dark matter and 68% dark energy
(DE) [17]. Dark matter is responsible for the gravitational clumping of galaxies, galaxy

clusters and large scale structures and the requirement of its existence had been known for
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some years [18]. Dark energy is a label for the relativistic energy density with negative
pressure required to explain the inferred late-time accelerated expansion of the universe.
If GR is the correct theory of the gravitational action then its application to cosmology
should incorporate these observations. The implication of this description is that we live in
a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) universe that is dominated by cold
dark matter (CDM) and DE in the form of a positive cosmological constant. This model
of the universe is the best fit so far and is based on the hypothesis that the universe is

homogenous on large scale. It is commonly referred to as the ACDM (or concordance) model.

The question naturally arises: what is the importance of considering alternative the-
ories of gravity to GR, as possible explanations to the observations if the ACDM model
agrees well with the observations. One of the main motivations for the search for alterna-
tive theories of gravity arises from the obscure nature of DE candidates. The alternative
possibility is to conjecture that the apparent need for DE could simply be because the
application of Einstein’s equations at cosmological scales is ill-suited. Some of the modified
theories of gravity that provide a late time acceleration for the universe without the need
for the presence of any exotic fluids are Scalar-tensor theories, Dvali-Gabadadze-Porrati
(DGP) braneworld model [19], TeVeS (Tensor-Vector-Scalar) [20] and and Hotrava-Lifschitz
gravity [21-23]. One such theoretical proposal that has recently attracted a considerable
amount of attention is fourth order gravity (FOG) that can accelerate at late times
without the presence of DE [24-28]. In particular, dynamical systems analysis shows that
for FLRW models, there exist classes of fourth order theories which admit a transient
decelerated expansion phase that is important for structure growth, followed by one with
an accelerated expansion rate [29]. These cosmic evolutions therefore mimic the standard
ACDM cosmic history. Another feature of these FOG theories is that they are also able
to account for the rotation curves of spiral galaxies without the need for dark matter [30].
See [31-33] for detailed reviews.

A complete understanding of the consequences of such a radical shift away from the
standard approach to cosmology is still far from complete. We attempt to contribute to
this understanding by considering the construction of inhomogeneous cosmological models
within the framework of f(R) theories of gravity. This will be done by attempting to
match together existing solutions. In particular, we will attempt to construct Swiss cheese
models by matching spherically symmetric vacuum solutions with FLRW solutions. The
motivation for this study is to understand both the effect of cosmological expansion on
the gravitational fields of astrophysical bodies, as well as the large-scale expansion that
emerges in a universe with large density contrasts. These questions have been carefully
studied in Einstein’s theory, where the aforementioned constructions have proven to

be useful devices for understanding them. Fourth-order theories are considerably more
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complicated than Einstein’s theory, but by applying the same constructions we should
expect to gain some insights into these questions. These extra complications include the
absence of Jebsen-Birkhoff’s theorem, so that spherically symmetric vacuum spacetimes

are not unique [34], as well as more complicated junction conditions [35].

Further motivation for this study comes specifically from the work of Mignemi and
Wiltshire [36], where these authors used a dynamical systems approach to perform a
non-perturbative study of the static, spherically symmetric solutions of analytic f(R)
theories. They found that these solutions are generically not asymptotically flat, and
that boundary conditions could therefore be important in determining the gravitational
fields of isolated massive bodies. Similar results have been found for non-analytic f(R)
theories [37]. These effects are entirely absent if one assumes asymptotic flatness from the
beginning, as is standard in most approaches to studying weak gravitational fields [38—43].
The construction of inhomogeneous cosmological models, as outlined above, provides a
way to implement appropriate boundary conditions, and therefore allows the validity of

standard weak-field approaches to be investigated.

A major point of interest with any theory of gravity is the degree to which the
physics is consistent with both cosmological and solar system scales. Measurements coming
from post-Newtonian tests like the precession of planetary orbits, the dragging of inertial
frames and the deflection of light represent critical tests for any theory of gravity. One of
the triumphs of GR is its prediction of the gravitational deflection of light, a feature that
was confirmed by results from Arthur Eddington’s solar eclipse expedition in 1919. Since
then gravitational lensing has been a key tool for mapping the mass distribution of galaxies
and galaxy clusters and putting constraints on scales as small as stars (microlensing)
to large-scale structures and cosmological parameters [44]. Given that the lensing effect
is dependent on the underlying theory of gravity, the consequences of deviating from
Einstein’s theory would result in deviations from the standard expression of the deflection
angle and is worth investigating. In this thesis, we study strong gravitational lensing effects
in f(R) gravity where we consider in particular R™ gravity and find the deviations of the

mass and magnification quantities from GR.

1.2 Covariant approach

Spacetime can be described using tetrad formalisms or metric (or coordinate) based ap-
proaches. The tetrad formalisms range from the Newman-Penrose null tetrad method [45],
to the 1+8& covariant approach developed by Ehlers and Ellis [1,2,46] which includes both
a full tetrad approach and a ‘partial’ covariant approach where only one timelike tetrad

vector is chosen. The formalism is based on a 1+3 threading of the spacetime manifold
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with respect to a timelike congruence, such that spacetime is decomposed into space and

time.

The 143 formalism has been a useful tool for understanding of many aspects of rel-
ativistic fluid flows, whether it is applied in terms of fully nonlinear GR effects or the gauge
invariant, covariant perturbation formalism. The 143 approach to perturbation theory
was developed by Ellis, Bruni and Dunsby [47-49], building on early work by Hawking [50],
Lyth and Mukherjee [51] and Ellis and Bruni [52]. The covariant perturbation formalism
employs kinematic and dynamical variables to describe nature, that have both physical and
geometric significance and remain valid in all coordinate systems. This is unlike the metric
based approach which is plagued by gauge modes arising from the choice of reference
coordinate system. Further work in the formalism has been in its implementation to the
physics of the CMB [53-55].

More recently, linear perturbation theory has been developed for fourth order theo-
ries of gravity (FOG) using the 143 covariant approach [29,56-59], providing important
features that differentiate the structure growth in FOG from the GR results. It was found
that the evolution of density perturbations is determined by a fourth order differential
equation rather than a second order one, which in turn implies that the number of modes
of the density perturbations increases from two to four. Other findings were that the
perturbations in FOG are not scale-invariant as in GR but instead depend on the scale for
any equation of state for standard matter and that in contrast with what one finds in GR,
the growth of large scale density fluctuations can also occur in backgrounds in which the
expansion rate is increasing in time. The latter finding effectively leads to a time-varying
gravitational potential and puts tight constraints on the Integrated Sachs-Wolfe (ISW)

effect for these models.

As an application of the 1+3 approach we consider the role that shear plays in the
relationship between Newtonian and relativistic cosmologies. The presence/or lack of shear
relates to the way information is conveyed along geodesic congruences. It is expected
that since Newtonian gravity is a limiting form of GR, then the properties of Newtonian
gravity should follow from those of GR as demonstrated by Ellis in 1967 [60]. He showed
that if the four velocity vector field of a barotropic perfect fluid with vanishing pressure is
shear-free, then either the expansion or the rotation of the fluid vanishes. The shear-free
result has been extended to general barotropic fluids for a number of special cases by
Senovilla [61] and there has been an attempt to prove the result for shear-free perfect
fluid solutions with linear equations of state [62]. We consider whether the result holds in
situations where the hydrodynamic and gravitational equations have been linearised about
a Friedmann-Lemaitre-Robertson-Walker (FLRW) background [63] and also whether it
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extends to the more general setting of FOG [64].

In this thesis we employ the I1+1+2 formalism developed recently by Clarkson and
Barrett [65] which is a natural extension to the 143 approach, optimised for problems
which have spherical symmetry, including the Schwarzschild solution, Lemaitre-Tolman-
Bondi (LTB) models and many classes of Bianchi models. The approach involves a
‘semi-tetrad’ where, in addition to the timelike vector field of the 143 approach, a spatial
vector is introduced. In GR, the 1+1+2 formalism has been applied to the study of
perturbations of locally rotationally symmetric (LRS) spacetimes [65-71] and strong
lensing studies [72]. It has also been introduced to the study of LRS spacetimes in the
context of f(R) gravity [73,74].

The advantage of using the 14142 formalism for spacetimes with preferred direc-
tion is that the 14-3 equations in these cases usually become intractable. As an example, in
the astrophysical black hole setting a 143 decomposition results in the presence of non-zero
vectors and tensors in the background spacetime and as a result all the equations have
vector-tensor and tensor-tensor coupling in them, rendering them intractable. However,
applying the 1+1+2 approach to these systems results in all projected vectors and tensors
being of first-order, such that the aforementioned coupling in the background doesn’t
occur. After harmonic decomposition, the system of equations constitutes scalar quantities

in the perturbed spacetime for which the solution can be found [65].

1.3 Spherically symmetric spacetimes

In GR, spherically symmetric vacuum spacetimes have an extra symmetry: they are either
locally static or spatially homogeneous. This rigidity of spherically symmetric vacuum
solutions is the essence of Jebsen-Birkhoff theorem [75-78]. This theorem makes the
Schwarzschild solution crucially important in astrophysics and underlies the way local
astronomical systems decouple from the global expansion of the universe. In essence, the
Schwarzschild solution is the unique spherically symmetric solution of the vacuum Einstein
field equations (EFEs) and represents the spacetime geometry of the Solar System, and
the spacetime geometry outside spherically symmetric matter distributions to very good
approximation. Moreover, it was recently shown [79,80], that in GR, the rigidity of
spherical vacuum solutions of Einstein’s field equations continues even in the perturbed
scenario: almost spherical symmetry and/or almost vacuum implies almost static or almost
spatially homogeneous. The rigidity embodied in this property of the EFEs is specific to
vacuum GR solutions, or those with a trace-free matter tensor and is known not to hold
for theories with extra degrees of freedom (for example, f(R) theories of gravity or other

scalar-tensor theories [81,82]).
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Using the 1+1+42 covariant approach we outline the general conditions for the exis-
tence of certain types of static spherically symmetric solutions in f(R) theories. In this
framework we investigate the extra conditions required for a Jebsen-Birkhoff-like theorem
in spherically symmetric spacetimes to hold in f(R) gravity. The important result that
emerges covariantly from our investigation is that, there exist a non-zero measure in the
parameter space of these FOG theories, for which the Jebsen-Birkhoff like theorem remains
stable under generic perturbations. Furthermore, our result is a local result and hence does

not depend on specific boundary conditions used for solving the perturbation equations.

1.4 Covariant perturbations of Schwarzschild black holes

The interest in studying of black hole (BH) perturbations comes from the important role
they play in gravitational wave physics. There are various ways by which a black hole can
be perturbed: by incident gravitational waves, by objects falling into it or by aspherical
gravitational collapse. The understanding of perturbations of black holes therefore
provides insight into different number of areas of interest in gravitational radiation studies.
Contributions to the investigation of BH properties in FOG theories include an extensive
study of the Schwarzschild de Sitter BH in [83,84], Schwarzschild BH perturbations in
f(R,G) gravity in [85] and a stability analysis of the Schwarzschild BH in [86] where they

make a transformation from f(R) gravity to the scalar-tensor theory for their analysis.

Perturbations of Schwarzschild BH at linear order in GR have been studied through
metric perturbations, the Newman-Penrose (NP) formalism [87] as well as the 14142
covariant formalism [65]. these studies found that the perturbations are governed by
two second order wave equations with an effective potential namely, the Regge- Wheeler
equation (derived initially by Regge and Wheeler [88]) for the odd (axial) perturbations
and the Zerilli equation (first derived by Zerilli [89]) for the even (polar) perturbations.
Using the 14142 approach, Clarkson and Barrett [65] demonstrated that both the odd
and even parity perturbations may be unified in a covariant wave equation equivalent to
the Regge-Wheeler equation. This wave equation is characterised by a single a covariant,

frame- and gauge-invariant, transverse-traceless tensor.

In this thesis we apply the 14142 approach to the analysis of the perturbation of
Schwarzschild BH in f(R) gravity, following steps as given in [65,69]. Due to the extra
degree of freedom inherent in these FOG theories, one has to additionally consider the
linearised Ricci scalar wave equation in the investigation. Gauge invariance is assured in
the analysis via the Stewart-Walker lemma [90] which states that a perturbation variable

is gauge invariant if it vanishes in the background. The linearisation procedure applies
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this criterion by considering these variables as first order and consequently neglecting their
products. Harmonic functions can then be introduced in the background which results
in two decoupled parities reflecting the invariance of the background spacetime under
parity transformation. The introduction of harmonics means that finding a solution simply
involves solving a linear system of algebraic equations. After introducing the harmonic
functions, the main objective will be to find a reduced set of master variables which obey

a closed set of wave equations.

The initial perturbations of the BH eventually get decay exponentially (ringing) at
frequencies that are characteristic of the BH and independent of the source of the
perturbation as was first discovered by Vishveshwara in 1970 [91]. These complex valued
frequencies satisfy boundary conditions for purely outgoing waves at infinity and purely
ingoing waves at the BH horizon. The solutions to the perturbation wave equations that
are constructed from these frequencies are known as quasinormal modes which we discuss

in the context of f(R) gravity.

1.5 Thesis outline

In Chapter 2 we introduce f(R) theories of gravity and present the general equations
for these theories. Following this, in Chapter 3 we investigate the problem of matching
different regions of spacetime in order to construct inhomogeneous cosmological models in
the context of these theories. We also analyse the behaviour of the general expression for
the deflection angle for spherically symmetric spacetimes in the case of f(R) = R™ gravity

and derive the lens mass and magnification for the gravitational lens system.

In Chapter 4 we outline the 143 covariant method in f(R) gravity and hence pro-
vide a covariant (gauge invariant) description of spacetime. The approach is then applied
to shear-free perturbations of FLRW universes for both GR and FOG cases in Chapter 5.

In Chapter 6 we present the full system of 14+142 decomposed field equations equa-
tions in f(R) gravity.

Chapter 7 is devoted to proving a Jebsen-Birkhoff-like theorem for f(R) theories of
gravity, to find the necessary conditions required for the existence of a Schwarzschild
solution in these theories. We discuss under what circumstances we can covariantly set
up a scale in the problem. We then perturb the vacuum spacetime with respect to this

covariant scale to find the stability of the theorem.

In Chapter 8 we present the vacuum field equations linearised around a Schwarzschild
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black hole background using the 1+1+2 formalism. We discuss the spherical and time
harmonics which are introduced to the system of equations which allow us to write the
equations in scalar form. We then derive a covariant and gauge-invariant wave equation
which describes the perturbations of the Schwarzschild BH spacetime. This equation is
the covariant form of the Regge-Wheeler equation, corresponding to a master variable
that constitutes a gauge and frame invariant transverse-traceless (TT) tensor. We also
investigate the stability of the BH to external perturbations and as part of the perturbative

analysis we discuss quasinormal modes.
Chapter 9 focuses on the method of solution to the perturbation equations using
matrix methods where we demonstrate the significance of the freedom of choice of frame

basis.

Chapter 10 contains our conclusions and an outlook for extensions of the work we

have presented.

Useful relations utilised in our work are contained in the appendix.



Chapter 2

f(R) Gravity

In this chapter we introduce f(R) theories of gravity and present the general equations for

these theories (see [31-33] for detailed reviews).

2.1 Action and field equations

In GR the Einstein-Hilbert action is given as

1

S=y [ 4V [V=a(R=28) + 2 Lurlgas )] (2.1)

where L/ is the Lagrangian density of the matter fields 1, R is the Ricci scalar and A is the
cosmological constant. The invariant volume element is given by the expression /—gdV
and the gravitational Lagrangian density as £, = /—g (R — 2A), where g is the determinant
of the metric tensor gqp. A generalisation of this action is done by replacing R in (2.1) with
a C? function of the quadratic contractions of the Riemann curvature tensor R%, Rq,R,
Rapea R4 and e Ry R%,n where €™ ig the antisymmetric 4-volume element. In
fact, in the quantum field picture, the effects of renormalisation are expected to add such
terms to the Lagrangian in order to give a first approximation to some quantised theory of
gravity [92,93]. The Lagrangian density that can be constructed from the generalisation is

of the form
L, = /=g f(R, Ray R™, Rapeqg R . (2.2)

It is a well known result that [94-96],
(5/3gu1) [ AV (Rupea R4~ 4R B + ) =0, (2.3)
(6/9ap) /dV €klmanlst R =0 , (2.4)

that is, the functional derivative of the Gauss-Bonnet invariant Rgpeq R4 — 4Ry R + R?

and €*™ R, R, vanishes with respect to gup. If we consider the function f to be linear
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in Rapea R, we can use this symmetry to rewrite RgpeqR*? in terms of the other two

invariants and as a result the action for FOG can be written as:

_ L

=3

/dV {\/ —g (Co R+c1 R*+ ¢y Ry Rab) + 2 L1 (gab, w)} : (2.5)
where the coefficients c¢g, ¢; and c¢o have the appropriate dimensions. Similarly, if the

spacetime is homogeneous and isotropic, then because of the following identity,
(6/6u) / AV (8Ra B~ R?) =0, (2.6)

the term R,y R can always be rewritten in terms of the variation of R2. It then follows
that the “effective” fourth-order Lagrangian for these highly symmetric spacetimes contain

only powers of R and we can, without loss of generality, write the action as

S=5 [ 4V V=0 5R) + 2 Larlaun )] 27)

This action is the simplest generalisation of the Einstein-Hilbert gravity. Though in our
later analysis we do not always consider isotropic spacetimes, the action (2.7) still remains
quite general as it represents the only ghost-free higher order theory. Demanding that the
action be invariant under some symmetry ensures that the resulting field equations also
respect that symmetry. That being the case, since the Lagrangian is a function R only,
and R is a generally covariant and locally Lorentz invariant scalar quantity, then the field

equations derived from the action (2.7) are generally covariant and Lorentz invariant.

There are different variational principles that can be applied to the action S in or-
der to obtain the field equations. One approach is the standard metric formalism where
variation of the action is with respect to the metric g4, and the connection I'j, in this case

is the Levi-Civita one, that is, the metric connection

1
. = 3 9" (gbdc + Gdep — Goed) - (2.8)

In the Palatini formalism, the metric and the connection are treated as independent fields
and the action is varied with respect to each of them. A third procedure is the metric-affine
approach which uses the Palatini variation but without the assumption that the matter
action is a function of the connection as well as the metric. Unlike in the Einstein-Hilbert
case where both the metric and Palatini approach lead to the same field equations for the
action, the field equations that one obtains from (2.7) depend on the variational principle
used. The versions of f(R) gravity as a result of this are the standard metric f(R) gravity,
the Palatini f(R) gravity and additionally, the metric-affine f(R) gravity.
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2.1.1 Metric formalism

Varying the action (2.7) with respect to the metric gq, over a 4-volume yields:
1 1
5S = —Q/dV V—g [2fgab 6g% — f'6R+TM 64%°| | (2.9)

where ’ denotes differentiation with respect to R, and T(% is the matter energy momentum

tensor (EMT) defined as
2 0Ly

Vg gt

Writing the Ricci scalar as R = ¢® Ry, and assuming the connection is the Levi-Civita one,

TM = (2.10)

we can write

f'6R =~ 56" (f' Rap + 9ap O — VoV f') (2.11)

where the ~ sign denotes equality up to surface terms and J = V.V¢. By demanding that
the action be stationary, so that S = 0 with respect to variations in the metric, one has

finally

1

1
f/ <Rab - igab R> = 5gab (f - Rf/) + vavbf/ — Yab Df/ + Tc{\l/)[ : (212)

It can be seen that for the special case f = R, the equations reduce to the standard

Einstein field equations.
It is convenient to write (2.12) in the form of effective Einstein equations as

1 By
Gap = <Rab — §gab R> = Té‘bJ + T£ =Tuw , (2.13)

where we define Ty, as the total EMT comprising

- T™
Ty = ;f’ (2.14)
and L
Ty = i | 390 (f = RI)+ VYol =g D | - (2.15)

The components of the Ty, can be considered to represent two effective “fluids” [24,28,30,97]:
the curvature “fluid” (associated with T%) and the effective matter “fluid” (associated
with T é\f ). This allows us to adapt more easily techniques from the “covariant approach”
(see, [2,49,52,65,98]), to study a wide range of problems in f(R) gravity that were
originally devised for GR.

The field equations (2.13) are fourth order in derivatives of the metric, which can

be seen from the existence of the V,V;f’ term in (2.15). This result also follows directly
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from a ramification of Lovelock’s theorem [99,100] which requires, in a four-dimensional
Riemannian manifold, that the construction of a metric theory of modified gravity admits
higher than second order derivatives to the field equations. This is generally thought of
as an undesirable feature in a Lagrangian based theory as it can lead to Ostrogradski
instabilities [101] in the solutions of the field equations. The f(R) theories, however, are
a special case in which this instability can be avoided [102], due to the existence of an

equivalence with scalar-tensor theories.

In order to help avoid confusion later, we point out that we use the superscripts ™
and ® to denote quantities relating to the standard matter fluid and curvature fluid
respectively and that the unbarred dynamic quantities with no superscripts are derived
from the total effective EMT.

2.1.2 Palatini formalism

In the Palatini formalism, the metric g, and connection I'j, are treated as indepen-
dent fields and the variation of the action is performed with respect to each of them
separately. For the GR case, varying the Einstein-Hilbert action with respect to the
connection, assuming the manifold is torsionless, results in the connection being the
Levi-Civita connection and the variation with respect to the metric gives the usual
Einstein field equations. For the f(R) case, however, the resulting field equations from

the Palatini approach differ from those obtained using the metric approach in these theories.

We denote the Ricci tensor as Ry, and, in this case, it is constructed with an inde-

pendent connection and R is given as ¢*Rqp.

Varying (2.7) with respect to the metric and the connection over a 4-volume yields,

respectively,

1
F'Rap = 50a0 f = Tay (2.16)

Ve(v=gg"s) = 0, (2.17)

where the matter energy momentum tensor Té\gf is defined the usual way and the covariant
derivative is taken with respect to the independent connection. We see here that taking
the condition f(R) = R, which implies f'(R) = 1 yields (2.17) as the metricity condition
of the Levi-Civita connection and hence the connection becomes the Levi-Civita one.
It then follows that Ry, = Rap, R = R and from (2.16) we recover Einstein’s field equations.

Serious shortcomings of the Palatini formalism include the introduction of non-perturbative

corrections to the matter fields and strong couplings between gravity and matter at low
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energies [103,104]. Furthermore, the nature of the Cauchy problem for f(R) gravity in the
Palatini formalism is not well formulated in the presence of matter. Without a well-posed
initial value problem, Palatini f(R) lacks the predictive power that is required of any
physical theory [105].

2.1.3 Metric-affine formalism

In the Palatini formalism, the matter action Sy = [ Lar(gap, ¢) is assumed to be dependent
only on the the metric and matter fields. In the metric-affine formalism, one considers the
metric and connection to be independent field as in the Palatini approach, but in addition,
the matter action is a function of the metric, the matter fields and the connection. The

action of this theory then becomes [106],

S=5 [ 4V VI R) + 2Las(gun e )] (218)

where R = ¢® R4 and the Ricci tensor Ry is constructed with an independent connection

as in the Palatini approach.

If we consider that the Ricci scalar is invariant under projective transformation,
e — T'%e + Ag 0%, then any action built from a function of R, and this includes the
Einstein-Hilbert action, is projective invariant in metric-affine gravity. However, since the
matter fields do not exhibit this type of invariance, this can lead to inconsistency of the
field equations. One way to get around this problem is by adding an action term containing

a Lagrange multiplier term B® which has the form

S = /dV\/—g B T, . (2.19)

Varying the action with respect to the metric, the connection and the Lagrange multiplier

results in, respectively,

1
' Rab = 59a0 f =Ty (2.20)

M = 0, (2.21)

1 —— ¢l ac\ sb —— ¢/ ab ! _ac b
= (Ve Va9 Fa=Va (Ve )| 20 6 T
QACC[baa}d} , (2.22)

X ab
=X A0 _
Q[d 3



2.1. Action and field equations 14

where

be 2 Sy
Al = ~ = 3, (2.23)
is the tensor defined by the variation of the matter action with respect to the connection.
By splitting (2.22) into a symmetric and antisymmetric part and performing contractions
and manipulations, it can be show that A, # 0 will introduce non-metricity and
Ayl = 0 corresponds to the vanishing of torsion, respectively, with the Palatini f(R)

gravity belonging to the latter.

The metric approach to the f(R) theories will be the focus of the thesis. For stud-
ies of the Palatini and metric-affine approaches and the results that follow, the reader is
referred to [31,106].



Chapter 3
Some results in f(R) Gravity

In order to investigate the impact of modifications to gravity, in this chapter we consider
the problem of matching different regions of spacetime so as to construct inhomogeneous
cosmological models in the context of Lagrangian theories of gravity constructed from
general analytic functions f(R), and from non-analytic theories with f(R) = R™. The
junction conditions that need to be satisfied when matching together different solutions in
f(R) theories are discussed. We also discuss what we mean by ‘the weak-field limit’ which
includes taking Minkowski space to be the solution around which weak-field expansions
are performed. We then attempt to make a Swiss-cheese-like construction in which we
match the usual weak-field solutions to FLRW solutions in theories with analytic f(R) and
proceed to try and match some known exact solutions, including here some theories with

non-analytic f(R).

Additionally, we study gravitational lensing which has proven to be a powerful tool
in astrophysics and cosmology where it has been used to used to determine the mass
distribution of galaxies and galaxy clusters and to put constraints on cosmological
parameters. Given that the lensing effect is dependent on the underlying theory of gravity,
investigating modifications of GR would result in deviations from the standard expression
of the deflection angle which is worth investigating. On that account we study strong
lensing of spherically symmetric spacetimes in the case of f(R) = R™ gravity by analysing
the behaviour of the general expression for the deflection angle within this context. We

subsequently derive the lens mass and magnification for the gravitational lens system.

3.1 Junction conditions for f(R) gravity

Matching together different regions of spacetime in f(R) theories of gravity is a problem
that has been considered in [35,107], and it requires a set of junction conditions, analogous
to the Israel-Darmois junction conditions from GR [108,109]. We will briefly recap the

relevant results here.

15
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The central requirement in [35] is that if one allows delta functions in the matter
part of the field equations (that is, if one allows matter fields to be localised on the
boundary hyper-surface), then delta functions should occur at most linearly in the parts of
the field equations that involve geometry only. Here we are interested in the case in which
there is no brane located at the boundary. We therefore require that there should be no

delta functions in the part of the field equations containing geometry only.

Now, in a Gaussian normal coordinate system, ds? = dy? + Yuv dxt dz¥, where the

boundary is located at y = 0, the Ricci scalar can be written as
* *UV 4 2 D
R=20,K - K,, K —gK + R, (3.1)

where 0, is the normal covariant derivative with respect to the boundary, R is the Ricci
curvature constructed from v, K., = —% Ly (that is, the Lie derivative of v, with
respect to the normal) is the extrinsic curvature of the boundary, K and K, are the trace

and trace-free parts of this quantity, respectively.

It can be seen from the field equations (2.13) that R must be continuous at the
boundary. This is because the curvature fluid contains terms like d, f'(R), which can be

expanded as
Oy f'(R) = f"(R) 9y R . (3.2)

If R is not continuous then the second term above would contain a factor of §(y). This is
not allowed unless f”(R) = 0, which is just Einstein’s equations. We can then see from
(3.1) that ~,, must also be continuous, otherwise K, would contain a factor of é(y), and
R would contain factors of (6(y))%. This is not allowed, as K,, and R occur directly in
the field equations. We therefore have that v, and R must both be continuous across the

boundary.

The yy and ya components of (2.13) are then given by

Oy [(Kab — Kyuw) f/(R) + v f"(R) Oy R] = 0. (3.3)
Integrating this across the boundary one then finds

(K = Kyuw) £/(R) + v £ (R) 9, R] T =0, (3.4)

where the [...]T notation means the difference of the quantity in the brackets on either side
of the boundary. Similarly, one can integrate R across the boundary to find, from (3.1) that
[R]T =0, and hence that [20,K — K, K*]T = 0. The trace and trace-free parts of (3.4)
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are then given by

f'(R)[9,RIT = 0, 3.5
F(R)[Kglt = 0, 3.6
[K]T = 0, (3.7)
which, together with
[’Y;w]i_ = 07 3.8
[Rf = 0, (3.9)

form the junction conditions in f(R) theories in which f”(R) # 0. For further details the

reader is referred to [35].

3.2 Bottom-up construction of a cosmological model

One of the oldest ways of trying to construct inhomogeneous cosmological models is
to join Friedmann-Lemaitre-Robertson-Walker (FLRW) solutions, at some appropriate
boundary, to the spherically symmetric spacetimes that are expected to exist around
individual isolated objects. This was famously achieved by Einstein and Straus for the
case of the Schwarzschild solution and the Einstein-de Sitter universe [110]. It is also
possible to join the Lemaitre-Tolman-Bondi solutions of Einstein’s equations to FLRW at
a spherical boundary [111]. These models are often referred to as ‘Swiss cheese’, as this
is what the global structure starts to look like if one can keep removing regions of the

FLRW ‘cheese’, and replacing it with either Schwarzschild or Lemaitre-Tolman-Bondi holes.

The gravitational fields around isolated objects, and the FLRW solutions of f(R)
theories, have both been extensively studied in the literature (see [31-33, 112, 113] for
reviews). In this section we do not intend to contribute further to the study of either of
these fields, but instead to the ways in which one can construct cosmological models that
contain massive astrophysical bodies. This will be done by attempting to match together
existing solutions. In particular, we will attempt to construct ‘Swiss cheese’ models by

matching spherically symmetric vacuum solutions with FLRW solutions.

At present, much of the current literature assumes that in f(R) theories the evolu-
tion of the FLRW ‘background’ cosmology proceeds independently of the growth of
structure within it. The motivation for this within Einstein’s theory comes, in large
part, from the studies of inhomogeneous cosmologies. It also comes, however, from the
correspondence between Newtonian cosmology and the FLRW solutions of Einstein’s

equations during dust domination: The rate at which nearby astrophysical bodies fall
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away from each other can be considered as being due to a Newtonian force (up to the
usual accuracy this implies), or due to the expansion of the universe. Both are reasonable
descriptions on small enough scales. If one attempts to use f(R) as an explanation of dark
energy, however, then one wants the cosmological expansion to be different to that of a
dust dominated universe. The usual interpretation of the motion of nearby astrophysical
bodies as being describable (up to some accuracy) within Newtonian theory is therefore
lost, and the intuition we have gained on this subject from studying the solutions of

Einstein’s equations must be re-evaluated.

In order to evaluate the existence or not of a weak-field limit, and the emergence of
FLRW-like behaviour on large scales, one cannot begin by assuming the existence of either
of these things. Any realistic investigation, however, needs to make some assumptions, and
here we will begin by assuming that the gravitational fields around astrophysical bodies
can be described by known solutions (either weak-field or exact). We will then proceed to
see which FLRW solutions these can be matched with, or which FLRW behaviours emerge,
given this assumption. Throughout this section we will use Latin letters a,b,c, etc. to
denote spacetime indices, and Greek letters to denote coordinates on a boundary. When it

is required, the letters i, j, k, etc. will be reserved for spatial indices.

3.2.1 Viability of FLRW geometry in f(R)

The spatially homogenous and isotropic FLRW model has been important in our under-
standing of the nature of the universe within the context of GR. In this model the metric,

in spherical coordinates, is given by
22

2 _ 2 27
ds® = —dt* +a“(t) T

+ 72 df* + 7% sin? 0 dg?| | (3.10)

where a(f) is the scale factor and £k = —1, 0, 1 for negative, zero, and positive curvature

respectively.

The establishment of the spacetime as FLRW may be taken from the observable isotropy
of the CMBR (assuming isotropy holds everywhere) together with the Ehlers-Geren-Sachs
therorem (EGS) [114] which states

If a family of freely-falling observers measure self-gravitating background radi-
ation to be everywhere exactly isotropic in the case of non-interacting matter

and radiation, then the universe is exactly homogenous.

However, the CMBR is not exactly isotropic, implying that it has been almost spatially
homogenous and isotropic since decoupling of matter and radiation. Stoeger, Maartens and

Ellis [115] proved the stability of the EGS results by showing that spacetimes that are close
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to satisfying the EGS conditions are almost-FLRW. These results are summarised in the
Almost-EGS theorem which states

If the Einstein-Liowville equations are satisfied ' in an expanding universe,
where there is present pressure-free matter with a timelike 4-velocity vector field

u(l

such that (freely-propagating) background radiation is everywhere almost-
isotropic relative to u® in some domain U, then space-time is almost-FLRW in

U.

In terms of viability of FLRW geometry in f(R), the validity of the EGS theorem has been
extended to f(R) theories by Rippl, van Elst, Tavakol, and Taylor in [118]. They generalised
the results of Maartens and Taylor [119] to show that for metric f(R) theories, a perfect
fluid spacetime with vanishing vorticity, shear and acceleration is FLRW only if the fluid
has in addition a barotropic equation of state. Accordingly, the EGS theorem and its almost
extension are valid for general f(R) theories as well. An independent proof of this result
was demonstrated recently by Faraoni [120] where he went on to prove the validity of the
EGS theorem for Palatini f(R) gravity.

3.2.2 Matching weak-field geometries to FLRW

The simplicity of the Swiss cheese approach and the degree to which it has influenced
the development of inhomogeneous cosmology in GR, makes it a natural place to begin
studying the relationship between weak-field systems and cosmology in f(R) theories of

gravity.

By “weak-field” we mean that in extended regions of the Universe that are small
compared to the Hubble scale, but large compared to the Schwarzschild radius of any
compact objects that may exist within it, that the geometry of spacetime within the region
(but outside of the compact objects) can be well described by small fluctuations around

Minkowski space, such that
Gab = Nap + hab 3 (311)

where 1,5 is the metric of Minkowski space, and there exists a coordinate system in which
each of the components of hy, is < 1 and slowly varying. The description given by (3.11),

and the corresponding physics, is what is meant by ‘the weak-field limit’.

There are a number of points in this explanation that require further clarification.
Firstly, what we mean by ‘Hubble scale’ here is the quantity ¢ H~! when considering
space-like separations, and H~! when considering time-like separations (here H is the

Hubble constant, as measured by observers using the recessional velocity of nearby objects).

Tt is assumed that Einstein equations are satisfied and radiation obeys the Liouville’s equation L(f)=0
where L is the Liouville operator from kinetic theory [46,116,117]
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For a region to be ‘small’ compared to the Hubble scale then means that any two points
on the boundary of that region that are space-like separated should be < ¢ H~! apart, and
that any two points that are time-like separated should be <« H~! apart. This definition
requires H to be reasonably uniform throughout each small region, which we will assume
to be true. The criterion that these regions should be much larger than the Schwarzschild
radius of any compact objects, and that (3.11) should not be taken to describe the regions
inside (or near) compact objects, are simply intended to remove from our consideration the

regions near black holes and neutron stars.

Let us now further consider equation (3.11). The crucial point here is that the ge-
ometry of spacetime in the region under consideration can be taken to be close to that
of Minkowski space. In this case one can decompose the tensor hy, according to how its
various parts transform under spatial rotations in the background Minkowski space. In

general, one can then write hy; as (see [121])
hap dz® dz® = 2® ¢* dt? — 2B; cdt da’ + 2 (¥ §;; + Hyj) do' da?

The divergence of B; and the trace of H;; can be set to zero by an appropriate choice
of coordinates, and the divergence-less part of B; and the trace-free part of H;; can be

consistently ignored. This leaves
ds? =~ —(1 — 2®) & dt* + (1 + 20)6;; da’ da? | (3.12)

where ¢ and ¥ are both < 1 and slowly varying. We refer to this as ‘the Newtonian limit’
if ® behaves like a Newtonian potential, and satisfies V2® ~ — 47 G M.

Finally, we can make the concepts of ‘small’ and ‘slow’ precise by introducing a di-
mensionless order-of-smallness parameter, e. Velocities, v = da®/dt, are then said to be
‘small’ if v/c ~ O(€), and quantities are said to be ‘slowly varying’ if acting on them with a
time-derivative adds an extra O(e) of smallness when compared to a spatial derivative (the
order of smallness of time derivatives and velocities are expected to be similar because the
evolution of gravitating systems are typically governed by the motion of their constituents).
From the field equations and equations of motion it can be seen that the lowest order parts
of ® and U, and the matter energy density ™, are given by

02
<I>~\IING/LM~—2~62.
c

The field equations and equations of motion within the region under consideration can then
be expanded order-by-order in €, with the ‘weak field’ limit of equation (3.12) corresponding

to the expansion up to O(e?). The ~ sign will be used in what follows to mean ‘equal up
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to terms of O(e®) and smaller’. This is the same expansion in e that is routinely used in
the standard parameterised post-Newtonian (PPN) approach to gravitational physics in
weak-field systems [122].

The weak-field limit of f(R) theories of gravity has been studied extensively in the
literature (see e.g. [31-33,112,113], and references therein), with the full post-Newtonian
limit of theories with analytic f(R) that admit Minkowski space as a solution being found

in [43]. There the Lagrangian function is expanded in a Taylor series as
1
F(R) = f(0) + f'(0) R+ 5 f"(0) R* + O(R?) , (3.13)

where primes denote differentiation with respect to R. One may note here that the
expansion is being performed as a series around R = 0, in keeping with our assumption
that Minkowski space is a suitable background about which we can perform an analysis of
the weak field. This limits our consideration to theories in which f(0), f/(0) etc. are finite,
which is certainly not true for all theories [25]. One is, of course, at liberty to consider
expanding around other backgrounds, with non-zero Ricci curvature, Ry (see, e.g., [123]).
In this case, however, one must deal with the complexity of solving the full non-linear
Einstein equations in order to find the background, which is both difficult and likely to
result in many different possibilities. We will consider this further for some simple theories
in Subsection 3.2.3.

To the order required here, and taking Minkowski space as the background geome-
try, the metric is given by (3.12) with [43]

1 1,
1 1

where we have used the abbreviations f} = f/(0) and fj = f”(0), and where U, V and R
satisfy

vQU:—4mM+%, V2V=—47THM—% (3.16)

and £ N f
v2p_ Jo p_ 8T m . fo 3.17
T s ey 47

where fo = f(0).

Assuming the existence of a weak-field limit, these theories can be seen to have a
Newtonian limit if f”R < U. Unlike in the PPN treatment, we will not insist that the
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solutions of (3.16) and (3.17) approach zero at asymptotically large distances, but will

instead enforce boundary conditions using cosmology.

We will now try to match the weak-field geometry to an FLRW geometry (3.10)
that is filled with a perfect fluid. Within the FLRW spacetime we will excise a region
interior to the sphere 7 = ﬁ], and replace it with a region of spacetime that is spherically
symmetric, and that is well described by the weak-field geometry given in (3.12). In this
case it is convenient to write the spatial metric in spherical polar coordinates, so that
Sijdatda? = dr? + r? d6? + r? sin? 62 d¢?. We can then identify the angular coordinates in

both regions, which we will refer to as Region I and Region II, respectively.

Without loss of generality, we consider the boundary to be comoving with the fluid.
As there are no spatial gradients in Region I, the boundary must be static with respect to
the hypersurfaces of homogeneity that exist in the FLRW geometry. In Region II, however,
the boundary is free to move in the radial direction. The first fundamental form of the

boundary, on either side, is then given by

v datde? = —di® + a*(f) X2dQ?
A dat da ~ — (1 ~ 2% — 22) dt? + (1 + 20)22 d0?
where the boundary is at » = ¥ in Region II, and where we have used the notation ~

to mean equal up to terms of post-Newtonian order (that is, up to O(e?)). The junction

condition (3.8) then gives the conditions

1+9)Y ~ a2, (3.18)
dt 1.
= o~ 1-®--2?% . 1
dt 2 (3.19)

Now let us consider the extrinsic curvature. To calculate this we need to know the normal

to the boundary, which is given in each region by

a(t) 6"
= = k:C;Q , (3.20)

1. .
nlt <1 + 0+ 222> 5, =2, . (3.21)

Q ~

12

The second fundamental form on the boundary is then given by

_ Ox° ox?
W Bk ogv b

(3.22)
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which for the two spacetimes we are considering is

kr? 1 f
Kl datde” ~ r(1———+ U~ dQ?, 3.23
uv " axr r ( 2a2(t) fé 2f0 > ( )
and
KL, dat do”  ~ ( V,+ 2% fo g, z) df?
o 2fo
+r <1—fR+2 fo R, + Ly r U)dQQ,
2f 2o fo fo
(3.24)
where we have already used the junction conditions (3.18) and (3.19).
The junction conditions (3.6) and (3.7) then give
32 2U, k: 22 ! R,
= o~ 22 s _ rly , (3.25)
32 £ fo z
i VT|E () RT|Z
— o~ 2 e S — 2
z fix T2f S (3:26)

These look very much like the Friedmann equations derived from Einstein’s equations,
with the terms containing the Newtonian potential U acting like the matter terms, and
with the term involving the spatial curvature k playing its usual role. Here, however, we
also have two additional terms containing derivatives of the Ricci scalar, R. These extra
terms can be seen to contain all of the new behaviour that one obtains by generalising the

gravitational Lagrangian from R to f(R).

So far we have only applied the junction conditions that exist in Einstein’s equa-
tions: That the first and second fundamental forms on the boundary must be continuous
if we are to avoid a surface layer of matter. Let us now apply the additional junction

condition (3.5). The spacetime in Region I is homogeneous, so in this case we must have

V1= ki?

OyR = = R;=0. 3.27
Y G/(t) T ( )

Applying the junction condition (3.5) then gives
R.ls~0, (3.28)

where we have used k32 ~ O(e2), as can be seen from (3.25). This means that the last
terms on the right-hand side of both (3.25) and (3.26) must vanish at O(€?), so that we

are left with exactly the same equations as in Einstein’s theory (up to the presence of f{)
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in the denominator of the terms involving U, which can be absorbed into constants, and
the terms involving fy in (3.16) and (3.17), which act like A).

This treatment appears to show that the only Swiss cheese solutions that exist in
f(R) theories of gravity must either have FLRW regions that behave in the same way they
do in Einstein’s theory (possibly with A, and up to possible small corrections), or it must
be the case that the spacetime within the excised spheres cannot be described using the

weak-field geometry given in (3.12).

3.2.3 Matching exact solutions

We have so far considered joining weak-field geometries to FLRW, in theories in which
f(R) is an analytic function. This has shown that acceleration in the resulting cosmological
model cannot occur in any new ways if the junction conditions given in Section 3.1 are to
be obeyed. One must therefore either allow for gravitational fields to be rapidly varying, or
give up on a description of the regions around astrophysical objects as small fluctuations
about Minkowski space. The latter of these two possibilities suggests that it may be useful

for us to consider exact solutions.

Unfortunately, the complexity of the field equations (2.13) make exact solutions dif-
ficult to find. However we know that for all functions f(R) which are of class C® at R =0
and f(0) = 0 while f'(0) # 0, the Schwarzschild solution is the only vacuum solution with
vanishing Ricci scalar [73]. Tt therefore seems natural to try and match a spherical region
with Schwarzschild geometry to an exterior FLRW spacetime. In the context of Einstein’s
theory this corresponds to the well-known Einstein-Straus approach described earlier [110].
Furthermore, if we restrict our considerations to f(R) = R'9 then there are two known
exact solutions (other than the vacuum solutions of Einstein’s equations, that is, which
are also solutions of these theories). A static spherically symmetric vacuum solution with
non-trivial asymptotics was found in [37], and more recently via an independent method
in [73]. A time-dependent spherically symmetric vacuum solution was found in [34]. In

what follows, we will also try and join these two solutions to FLRW geometries.

3.2.3.1 An Einstein-Straus-like construction

The constructions we consider here consist of point-like masses at the centre of otherwise
empty spherical regions, whose geometry is described by the Schwarzschild metric, and
that are embedded in FLRW geometry at appropriate boundaries. Such constructions
were originally considered by Einstein and Straus [110], and were introduced to address
the question of whether or not the expansion of the universe can affect local mechanical
phenomena, such as planetary orbits. Since the spacetime near the central mass is

Schwarzschild, the planetary orbits are given by the usual time-like geodesics of this
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geometry, and the cosmic expansion does not affect them. Let us now investigate whether

such a construction can be performed in f(R) gravity.

We begin by writing the Schwarzschild solution as

2
ds® = —A(r) dt?* + Zr) + 12 (d6? + sin® 0 dg?) | (3.29)
where oM

Let us now try and embed this solution in an FLRW geometry, as specified in (3.10). To do
this, consider a boundary at 7 = 3 in the FLRW spacetime and r = X in the Schwarzschild
solution. The first fundamental form on the boundary is then given in the vacuum region
by

22
Yy dat dz” = — (A — A) dt* 4+ 22dQ? (3.31)
and in the FLRW region by
Y dat da? = —df? + a*(£) 22 dQ? (3.32)

where we have identified angular coordinates in the two different regions at the boundary
and where dQ? = df? + sin? §d¢>. The junction condition (3.8) then gives

~

Y = a3, (3.33)

di |32

To calculate the second fundamental form we need the space-like unit vector normal to the

boundary. In the vacuum region this is given by

ng = 142\/?22 (—2, 1,0,0) , (3.35)

while in the FLRW region it is
a(t)d’,

Vi—ks?

The second fundamental form on the FLRW side of the boundary is then

K, dzt dz¥ = a(f) $4/1 — k32d0?% (3.37)

(3.36)

Ng =
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while on the vacuum side of the boundary it is given by

3AA,Y? - A3A, —2A2%

Ky = : , 3.38
" 2V/A (A2 — 2)3/2 (3:38)
2 A3
Ko = ———, (3.39)
(42 - 7)

where all quantities should be evaluated at the boundary. Matching K 55 at the boundary

we obtain

: A
»? = A2 [1 — (1—k22/a?)} : (3.40)

Writing the above equation in the coordinates (f,7,6,¢), and using (3.33), (3.34) together
with the form of the function A(r), we find

AN 2
328 a(f) [/-c+ <d“<f)> ] — oM . (3.41)

dt

The left-hand side of the above equation is the usual definition of the Cahill-Macvitte mass
function [124] in FLRW spacetimes.

Differentiating (3.41) with respect to # gives G!; = 0. This implies that the total
pressure (standard matter and curvature fluid) must vanish on the boundary, but as the
pressure in the FLRW region is homogeneous, this means that the total pressure should
vanish throughout the FLRW region. In this case, equating the time component of the

extrinsic curvature will not give any new information.

If we now impose the requirement that R should be the same on either side of the

boundary, from (3.9), then we must have

1 d2%a(f) 1 (da@)\® k)
6(‘1({) di? +a(f)2< dt ) +a(5)2> =0. (3.42)

The above equation combined with the condition of vanishing total pressure, then implies

vanishing total density (curvature fluid and standard matter) in the FLRW region. What
is more, putting R = 0 in (2.13) shows that the effective energy-momentum tensor of the
curvature fluid must be proportional to g.. It then follows that the energy-momentum
tensor of standard matter, 77y, must also be proportional to g., and so can only be a
vacuum energy. It also follows that the FLRW region can only be Minkowski spacetime
(in Milne coordinates, if & = —1). Finally, from (3.5) we see that the normal gradients

automatically match identically, as R = 0 on both sides.
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We note that the situation remains the same if, instead of a Schwarzschild interior
we have a Schwarzschild-de Sitter, or anti-de Sitter, interior. In these cases the interior
region has a constant, non-zero Ricci scalar. As R must be matched across the boundary,
the FLRW region must also have a constant Ricci scalar, and from (2.13) it can be easily
seen that the effective energy-momentum tensor of the curvature fluid must be proportional
to gap. Furthermore, matching the second fundamental form now gives G'; = constant in
the FLRW region, which implies that the total pressure must be constant. Taken together,
these two conditions imply that the total energy density should also be constant, and that
the energy-momentum tensor of matter in the FLRW region must have T% X Gap, which is
nothing other than vacuum energy. The only solution in this case is therefore a spacetime

that is de Sitter everywhere.

It is a curious result that the Schwarzschild solution cannot be embedded in any
FLRW spacetime (other than the trivial case of Minkowski space) in f(R) theories of
gravity, unless the theory is linear in R. However, this conclusion is natural from the
junction conditions because the conditions that the Ricci scalar and its first derivative
should match across the boundary make the non-trivial f(R) theories qualitatively different
from GR, where R can be discontinuous. If a spherically symmetric object is joined to
a FLRW geometry in f(R) theories, then one must expect an evolution of the boundary
values of R and R, which is something that pure Schwarzschild or Schwarzschild-de Sitter
solutions cannot satisfy. Hence, in the following sections, we will explore some other
exact non-GR solutions in f(R) gravity, in order to check whether Einstein-Straus-like

constructions are possible with them.

3.2.3.2 A static solution in R" gravity

An exact static, spherically symmetric vacuum solution of f(R) = R'*?, that was found

in [37] and later found using the 14142 covariant approach in [73], is given by [37,73]

dr?

ds* = —A(r) dt* + B0

+ 17 (6 + sin® 0 d¢?) | (3.43)

where

25(1+25) 1
A(r) = r 09 + (1-45) °
r =5

B (1-9)? 1
B0 = aomran—zm—z (1T e |

(1-9)




3.2. Bottom-up construction of a cosmological model 28

The Ricci scalar for this solution is

B 60(1+0)
= (128 —26%)a2r2 " (3.44)

We will now try and embed this solution in an FLRW geometry. To do this, consider a
boundary at r = ¥ in the vacuum region. The first fundamental form on the boundary is

then given in the vacuum region by
22
Yo datt da” = — | A= — dt? +$2d0? . (3.45)

Matching the first fundamental forms then gives

Y = a2 (3.46)

dt 32
— = [A-=. 4
dt B (3.47)

In the vacuum region the spacelike unit vector normal to the boundary is given by

VA
VAB -2

The second fundamental form of the vacuum side is

(—2, 1,0, o) : (3.48)

Ng =

2BA, Y2+ AB,Y2 - AB?A, —2ABY.
Ky = ’ ta5, : ’ , (3.49)
2WA(AB —32)3/2

2 B2
Koy = (284 (3.50)
(AB_32)

where all quantities should be evaluated at the boundary.

The junction conditions (3.6) and (3.7) are then satisfied if

. B
. (AyB+B,A) B(2A,B+ B, A)
X = 2 21 —-k¥?/a?) (3:52)

Consistency of these equations requires

(AB, — A, B)
(1 —kr?)

=0. (3.53)

Substitution from (3.43) shows that this can be achieved only if § =0 or —1/2.
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If we now impose the requirement that R should be the same on either side of the

boundary, from (3.9), then we get

1 d?a(t) 1 <da(f))+ k I(1+9)

a0 @ Tap\di )@ T (—w—zmapese O

This strongly constrains the allowed form of a(t). Finally, from (3.5), we find that we must

have /i
ABR,
VABR: (3.55)

VAB -2
as there are no spatial gradients in the FLRW region. This means that we must also
require R, = 0 at the boundary in the vacuum region. This is only satisfied if 6 = 0 or —1,

as can be seen from the right-hand side of (3.54).

It is therefore the case that the junction conditions from Section 3.1 can only be
satisfied if 6 = 0, in which case the field equations (2.13) simply reduce to Einstein’s
equations. In this case the vacuum solution given in (3.43) reduces to the Schwarzschild
solution, and (3.54) no longer needs to be satisfied as f” = 0, and the right-hand side of
(3.2) vanishes automatically. The vacuum solution (3.43) cannot, therefore, be used to
model the gravitational field of an astrophysical object embedded in an FLRW universe
in these theories, unless f(R) is linear in R. This is despite the fact that this solution is
the asymptotic attractor of all spherically symmetric, static, vacuum solutions of theories
with f(R) = R'T [37], suggesting that the spacetime around astrophysical objects that
are embedded in FLRW should be time dependent.

3.2.3.3 A non-static solution in R" gravity
An exact solution for time-dependent, spherically symmetric vacuum situations in f(R) =
R'*9 theories is given by [34]:

ds* = —A(r) dt* + ¢(t) B(r) (er + 72 dQQ) , (3.56)

6(1+29)

where ¢(t) =t =9 | and

1 c22/e
an = |a]

4
B(r) = (1+2) amt2t,
r

where 02 = 1 — 26 4 462. The Ricci scalar in this case is given by

65(1 + 6)(1 + 26)(1 — 46)

R=- (1—06)2t2A

(3.57)
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Again, to match this solution with an FLRW exterior, consider a boundary at » = X in this
solution. The first fundamental form on the boundary is then given in the vacuum region
by

Y da? dz? = — (A — B 22) dt? + > B¥2d0? . (3.58)

Matching the first fundamental forms then gives

¢VBY = a(h)%, (3.59)
% = VA-—¢BY2. (3.60)

and the unit vectors tangent and normal to the boundary are given by

1 )
u = e (1,%,0,0) (3.61)

\JA— B¢gx?

VABq
\/JA—Bg>x?

Calculating the second fundamental form for the matching surface we get

(=%,1,0,0). (3.62)

Ko 200(B*@SP—24B%) + ¢ $%(24, B~ B, A) —2* ABS — A4,
it 9 /TBQ(A_BqQX'JQ)s/z )

(3.63)

YAB, X +2AB+2¢XB2gY%
Koy = & (AB, X + + 2 ¢%) (3.64)

2WABy\/A— Bg?X?

Matching the Ricci scalar then gives

1 d%a(f) 1 <da(£)>2 Lk 80+ 0)(+20)(1 -~ 49) (3.65)
a(t) diz2  a())? \ dt a(f)? (1-6)282A%) '
Finally, the boundary condition n - VR = 0, gives
2 1—-2 w00 (1-35—452)
- =l ; ( 22) AU (3.66)
T (1= ) L+ ) \IFE

unless § = 1/4, 0, —1 or —1/2, in which case n - VR = 0 automatically. We can now

construct an algebraic constraint for 3 by equating K3 on either side of the boundary and
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using Eqs. (3.59) and (3.66) to remove a(f) and ¥. This gives

q (22+3) (1-0)k —2c20%%

1-24 2(1-25-262

A2 (1—90) \/02 —4c3 tT)) »8(1=6)/0 (52 — ¢3)2 A2(1-9)

V1ki2cﬂc@]:o. (3.67)

This equation must be satisfied at all times, but is clearly very difficult to solve for X

directly. We can, however, perform a series expansion in cy. To zero order we then have

\V1—k¥2=140(c), (3.68)

so that k ~ 0. This says that the FLRW geometry in which we are embedding must be

the constraint

close to spatially flat. Using this in the first order equation then gives

g

0_5y2:0+0@@, (3.69)

so that the only possible solutions would appear to require either o = 04 O(cg), or ca = 0.
The first of these possibilities requires § to be complex, in which we are not interested here,
and the second is the requirement that the central mass vanishes. The matching of this
latter situation to FLRW is trivial, as the geometry in (3.56) can itself be seen to reduce
to FLRW when co — 0. Once again we therefore appear to be unable to match solutions

to FLRW, except when § = 0, or when the entire spacetime is FLRW anyway.

The anomalous cases that remain are those in which § = 1/4, —1 or —1/2, as in
these cases (3.66) can no longer be used. Of these § = —1 seems problematic as it
corresponds to a Lagrangian density £ =constant, which can hardly be said to be a
Lagrangian for gravity at all. The cases 6 = —1/2 and § = 1/4 also seem problematic,
as in these cases the field equations (2.13) contain terms that are ill-defined, with both

numerator and denominator reducing to zero.

In all of these cases the Ricci scalar must vanish, so the only exterior FLRW geom-
etry that one could match to would have to be Milne anyway. We do not, therefore,

consider them to be of any interest for our current purposes.

We therefore find that even for this non-trivial non-static solution, a matching with
a FLRW exterior is not possible. This is true even though the solution itself approaches
FLRW asymptotically.
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3.2.4 Discussion

After a discussion of the junction conditions that need to be satisfied when matching
together different solutions in f(R) theories, a number of attempts were made to construct
inhomogeneous cosmological models by matching different regions of spacetime. This
was done both for theories with general analytic functions f(R) and for non-analytic
theories with f(R) = R™ In all cases studied, it was found that it is impossible to
satisfy the required junction conditions without the large-scale behaviour reducing to
what is found from Einstein’s equations with a cosmological constant. For theories with
analytic f(R) this suggests that the usual treatment of weak-field systems as perturbations
around Minkowski space may not be compatible with late-time acceleration that is driven
by anything other an effective cosmological constant given by f(0). For theories with
f(R) = R", we found that a number of well-known spherically symmetric vacuum solu-
tions could not be matched to an expanding FLRW background, including the well-known

Einstein-Straus-like embeddings of the Schwarzschild exterior solution in FLRW spacetimes.

The absence of these constructions represents a crucial difference between f(R) the-
ories and scalar-tensor theories of gravity. In the latter it is already known that
Einstein-Straus-like embeddings are indeed possible, both in cosmological and astrophys-
ical gravitational collapse scenarios (see for example [125]). This is true despite the
extra junction conditions that are required in scalar-tensor theories, where the scalar
field and its normal derivative must be matched at the boundary. These two conditions
may initially seem quite similar to the extra conditions required in f(R) gravity, that
is, matching the Ricci scalar and its normal derivative). However, it turns out that the
conditions in f(R) theories are much more restrictive, and give much stronger constraints
on the spacetimes allowed on either side of the boundary. This is due to R taking a very
specific form once an ansatz has been made for the metric (by specifying it should be give

by Egs. (3.12) or (3.29), for example), which is in general not true for scalar-tensor theories.

These results are quite different to what is suggested by using linear perturbation
theory around an FLRW background in f(R) theories. In that case there seems to be little
impediment to including large density contrasts by allowing du™ to become large, while ¢
and 1 are required to stay small. This difference could indicate that while the weak-field
solutions we have considered here are problematic, there may be ways of obtaining useful
(approximate) spacetime geometries from the perturbed FLRW approach. This would, in
fact, appear to be quite similar to the approach that is taken in [123], where the expansion
of f(R) is performed around a time-dependent, but spatially homogeneous and isotropic
background geometry with R = Ry(t). In this case small regions of spacetime can still
be approximated as being close to Minkowski space, but the emergence of cosmological

evolution on large scales cannot be studied in the same way, as it is, at least to some degree,
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being assumed from the outset. This does not in any way diminish the potential validity
of such an approach, but it does appear to require knowledge about the geometry of the
entire observable universe in order to model the spacetime around a single astrophysical
object (it would also appear to require a re-think of the current framework for interpreting
precision tests of gravity). Alternatively, it may be the case that the difference between
the bottom-up constructions attempted here, and the top-down construction of perturbed
FLRW, could be indicating that cosmological back-reaction is large in f(R) theories. This
is certainly plausible, and should probably be expected when “screening mechanisms” such

as the chameleon effect come into play.

3.3 Lensing

Gravitational lensing has been a powerful tool used to determine the mass distribution of
galaxies and galaxy clusters and to put constraints on scales as small as stars to large-scale
structures and cosmological parameters. Given that the lensing effect is dependent on the
underlying theory of gravity, investigating modifications of GR would result in deviations

from the standard expression of the deflection angle and is consequently worth investigating.

The derivation of the form of the lensing angle for f(R) theory has been presented
in [126] and [127]. In this section we illustrate the effects of strong lensing in the case of an

exact static spherically symmetric spacetime of f(R) = R" gravity as carried out in [74].

3.3.1 The bending angle

In the presence of a strong gravitational field such as a black hole, a photon experiences a
deflection about the centre of symmetry. For f(R) = R™ gravity, the form of the deflection
angle in the static, spherically symmetric spacetime defined by the solution (3.43) is,

/ O(r) dr| + / O(r) dr

-7 (3.70)

o =

where
1
1 J (4n2 —6n+2) 9 9 (4n2—12n+11) 2
O(r) = I~ — | 2 —Jl{r“—=-2Mr n—2 .
T

and n = 0 + 1. Here, M is the effective mass of the lensing object, J is the impact
parameter and L is a constant. For an asymptotically flat solution, the total change in

a(r) is twice the change from infinity to 7.

It is important to remember that the metric (3.43) can be wused only for
n < (1++/3)/2 ~ 1.23. Beyond this value of n the signature changes and the solu-
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tion should be considered unphysical in this context. In the limit n — 1 the form of
the deflection angle (3.70) would be the standard form in GR [128] for a Schwarzschild

spacetime.

We now analyse the behaviour of the deflection angle a by computing it against n
for different distances from the source r; and for different values of the distance of closest
approach rg as shown in Fig 3.1 and Fig 3.2 respectively. As a fiducial system, the distances

rg are in units of the Schwarzschild radius.

T
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Figure 3.1: Plot of the bending angle o compared to the bending angle in general relativity against
n corresponding to different values of ry, with ro = 100 and r» = 30000.
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Figure 3.2: Plot of the bending angle oz compared to the bending angle in general relativity against
n corresponding to different values or rg with r; = 25000 and r = 10000).

The divergence of the curves in both plots is indicative of the deviation from the
standard GR bending angles values. In Fig 3.1, the deflection angle is dependent of the
distance from the source 1. There is increased bending when r; decreases for n < 1 and
when 71 increases for n > 1. In Fig 3.2, one can see that for a fixed n, the deflection angle
varies for different values of distance of closest approach rg. In particular for n < 1 there

is more bending as the values of ry increase, whereas for n > 1 more bending occurs as ¢
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decreases. Fig 3.2 also tells us that, at fixed rg the bending angle first decreases with n for
n < 1 and then, for n > 1, starts increasing. However, our conclusions are only valid for
n < 1.23 because of the limits on the validity of (3.43).

3.3.2 Einstein ring positions and lens mass

We consider the trajectory of a photon whose orbit is described by (3.70). Also, in this
subsection we will only consider the values of n > 1. Hence, due to the limits of validity of
the solution we have 1 < n < 1.23. Following the approach given in Weinberg’s book [128],
to first order of approximation in n — 1 (which is a small quantity as 1 < n < 1.23) and

M1y, the deflection angle can be obtained as

YV R N BT <(1+ln(r0)) L l4in(r) 1+ln(r2)>] |

) 211 2r9
(3.71)

We have kept the terms involving r1 and ro as the solution is not asymptotically flat. It can
be noted that even up to first order in (n — 1), this makes a considerable difference from the
GR value. For n = 1, we recover the usual expression for the bending angle in GR, taking
into consideration asymptotic flatness and neglecting the terms involving M /ry and M /ry
(as we know in the weak deflection limit of GR, if M /r¢ is of the order of €, then M/ry or
M /ry is of order of €2):

QGR = 4;:)4 . (3.72)
The additional terms in (3.71) can be interpreted as the correction term to the classical

lens equation and this correction depends on ri, rg, ro and the parameter n.

The basic geometric setup for a gravitational lens system is illustrated in Fig (3.3).
The light ray emitted by the source S is deflected by the lens L and the image is seen by
the observer O at S;. S is the angular position of the source; 6 the angular position of
the image; and Dy, Dg and Dpg are the observer-lens, observer-source and lens-source

angular diameter distances, respectively.

From the Fig 3.3, the following relations hold:

g = 00—« (3.73)
_ Drs .
a = Ds ! (3.74)

where « is the reduced deflection angle and is related to the actual deflection angle &

through the relation (3.74), the assumption here being that the angles are small, that is,
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’,'. s,

s

Figure 3.3: The basic geometric setup for a gravitational lens system with corresponding angles
and angular diameters.

0, B, & << 1. Explicitly the bending angle is

Dg ro 2r1  2r
1) (1 +Z:(r0) 1 +2l:1(r1) 1 +2l77?2(r2)>} ’ (3.75)
and in GR, (3.75) is simply
5:9—%:%, (3.76)

where M is the lens mass.

We require the Hubble expansion rate H(z) in order to calculate the distances Dy, Dg and
Dyrg, which are associated with observed redshifts?. We identify the overall background
spacetime as homogeneous and isotropic described by the FLRW metric with curvature
parameter x, and assume the universe to be filled with a perfect fluid of pressure p™
and density u™ (equation of state p = wu™). For R™ theory the generalised Friedmann
equation is given by [37]

(n—l)R:87TG(2—n)R871 M
67 3(3—2n) Ro1M

H? + (n— 1)H§ — (3.77)

where Ry is the value of the Ricci tensor at the present epoch. For a flat universe, kK = 0,

(3.77) has the power-law solution:

a(t) = 150557 | (3.78)

2We assume in this section that the embedding of the spacetime (3.43) in a surrounding FLRW region
can exist without satisfying all the matching conditions
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During the matter-domination era, the evolution of the scale factor (3.78) gives the results?

2n
Hy = —
0 3t0 )
Mo 3HZ (3—2n)(3— 13n + 8n?)
H 167G n® — on2 ’
4(4n? — 3n)
)y = — 7 7
R(t) 52 (3.79)

Using (3.79) in the field equation (3.77) to solve for H(z) to first order in n — 1 yields

3—2n

H(z)~ (14 2)HyvV2V1+2z ™ (1—-2.686(n—1)), (3.80)

Given (3.80) the angular luminosity distance is evaluated as

1 (7 dz
(1+2)Jo H(Z)

da(z) = (3.81)
Fig 3.4 shows plots of dimensionless angular luminosity distance (1/Ho)'d(z) for various
values of n, where the small residual radiation effects have been neglected. From the plot

we see that the value of d4(z) for R™ models increases with increasing n.

Lg{ﬂﬁ
5

&

[y
@

B

Figure 3.4: The variation of dimensionless angular luminosity distance as functions of redshift, for
different values n

We now consider the special case of gravitational lensing where the source, lens and

the observer are perfectly aligned so that § = 0 in (3.75). In this case, 6 is the FEinstein

3These solutions hold exactly from the time of matter-radiation equality up until the present
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radius, which is the angular radius of an Einstein ring. Using (3.71), the lens equation is

now given by

_4MDps [ 1 1 1 1+in(ro)  1+1In(r1) 1+4In(ry)
N To 27"1 2T2 ’

(3.82)

Taking ro = 6 D1, 71 = Dpg and r9 = Dy, we can now re-write the lens equation (3.82) as:

0— 4MDps [ 1 1 1
~ Dg 0D;, 2Drs 2Dy
1+in(0D 1+ In(D 1+ In(D
0Dy, 2D g 2Dy,
The position,
Drs
Op = +/4M .84
B DsDy (3.84)
corresponding to the classic GR case (3.76) is the Finstein angle.
The lens mass M for the R™ case is given by
Dy, Dg 6*
M=- , 3.85
2[n(Drs(0=2)+0Dr)+ (n—1)x] (3.85)
where
x =Drs (9 — 2) ln(DL) + 60 Dy, ln(DLs) —2Dps ln(@) .
and for GR (n = 1),
Dy, Dg 6*
Mgr = — LS (3.86)

2(Drs(0 —2) + Drh)
As an example we consider the observed Einstein ring case [129] which is found to be an
almost perfect ring. The system consists of a quasar as the background source at a redshift
z = 0.68 which is lensed by a dwarf spheroid galaxy at a redshift of z = 0.0375 forming an

almost perfect 360° of radius 6”.

We plot in Fig 3.41 the ratio of the mass of the lensing galaxy in (3.85) to the GR
mass against n and find that the lens mass is higher than the classical GR mass. The value
of the mass increases exponentially with increasing n. Thus even a small deviation from

n = 1 would make the lens mass different from GR value.

Now the radius of the ring is obtained by solving for 6 in (3.83) for different values

of n. Solving numerically using MAPLE, we obtain two images of the background source
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Figure 3.5: Plot of the ratio of the mass of the lensing galaxy to it’s GR mass against n

as in the classical case and we recover the classical GR value for n = 1. In Fig 3.6 we
plot the image positions of the Einstein radius against n for different source positions
Dg. The image positions are sensitive to both n and Dg. We see that the value of the
angular separation between the images decreases with increasing n and for a fixed value
of n the image position increases in value with increasing Dg in agreement with Fig 3.1.
The decrease in the value of angular separation converges at n ~ 1.16, therefore no rings
are expected to form for models that span 1.16 < n < 1.23. A second ring also forms at
1.07 < n < 1.16, and this becomes larger with increasing n. Possibilities of this occurring
in the GR case are the existence of a second companion source, a star forming region or

lensing by a singular isothermal sphere in two planes.

e"
s

Figure 3.6: The image positions of the Einstein radius against n. Two images of the background
source are obtained as in the classical GR case which is recovered at the value of n = 1

We can now take into account the lens induced magnification which is defined as
the ratio of the lensed flux to the unlensed flux or as the ratio of the lensed and unlensed

solid angles [44]:
-1

(3.87)
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Figure 3.7: Plot of deviation of the Einstein angle 6 from the classical GR value against n. The
Einstein angle decreases with respect to the classical angle.

In units of the Einstein angle g, that is, by setting

= I} B 0
=g O= 5
the lens equation (3.75) may be written as
fO=02—1—(n—1)(C; —Cy0 +In(0)) (3.88)

where

C, = 1+ln(DL)—|—l’I’L(9E,
Or 1
= D Dpil+4+—r Drglin(D Dy in(D
Co 2DLS[ Ls + L< +(n_1)>+ Lsin(Dr) + Drin(DLs)
From (3.88) we obtain
VN TR S SR (3.89)
B et 20¢ '

where

YT = 0p¢ [0°+ (n—1)In(0g) (Drs + Dr)In(Dr) (14 62) +1]

—4[in(0g) + In(Dr) + In(©)] —20% — 2

0p (Drs+Dr)© [02 (n—1)+ 1] + (n— 1) [©1n(0) + In(Dy)]
+

(n — 1) DLS

0 D, © [@2 + (TL - 1) ln(DLS)]

+
Drs

Given the positions obtained numerically in (3.83), the magnification is found to remain

constant with varying n.
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3.3.3 Comparison with other models

In [126] it was found that the deflection angle is defined for 1 < n and that the value of
lensing strength decreases with increasing n . The relative deviation of the image position
angles with respect to the standard GR angle, in their case, takes on both negative and
positive values indicating that R™ gravity may increase or decrease the Einstein angle with
respect to the classical result. However, they found the value of the relative deviation to

be negative over almost the full parameter space.

On computing the relative deviation of the images position angles from the stan-
dard GR case, we found that the deflection angle is defined for only 1 < n < 1.16. This
deviation as a function of n is negative over the parameter space and is always reduced
for the outer ring while it increases for the second inner ring. The solution (3.43) used
in the calculations is an exact spherically symmetric vacuum solution of the f(R) field
equations while the solution used in [126] is an approximate one. This may account for the
difference in the results found here from the results in [126] in the deviation. Solar system
tests provide stronger constraints on n to the extent that in [37], perihelion precession
observations provide a stronger bound of n = 1 + (2.7 + 4.5) x 1071, That being so, we

see that the constraints on n weaken on cosmological scales.

Our results also show that the correction of the bending angle leads to the lensing
mass being higher than that of the GR case, confirming what was found in [126]. In the
case of [127], upon increasing the distance of closest approach, more bending is expected.
Their results are limited to values of n < 1 and this agrees with the results we obtain in Fig

3.2, where for n < 1, as the distance of closest approach r, increases, so does the bending.

3.3.4 Conclusion

In this section we have studied strong lensing in f(R) = R™ gravity. The key features that

emerged from this analysis are as follows:

1. It was shown that the bending angle is dependent of the details of the theory of
gravity, (in this case the value of the parameter n), and also the geometry of the lens
system (the values ro , 71, 72), that is, the bending angle depends on the position of

the observer, source and the distance of closest approach.

2. The lens mass as calculated for a small deviation from GR increases exponentially

with increasing n.

3. The radius of the Einstein ring decreases with increasing n, and there exists multiple
rings for certain intervals of n, which is a novel feature of fourth order gravity and

cannot be accounted in GR without assuming the existence of a second companion
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source, a star forming region or lensing by a singular isothermal sphere in two planes.
The magnification of the ring, however remains unchanged up to small deviations
from GR.



Chapter 4

The 1+3 covariant approach in
f(R) gravity

The 143 covariant approach provides a covariant description of spacetime in terms of
scalars, 3-vectors and projected symmetric trace-free (PSTF) 3-tensors and the equations
governing their dynamics, based on the Ricci and Bianchi identities. These quantities have
a physical or direct geometrical meaning, which have a natural interpretation for comoving

observers.

1, 46, 130-132] to

In this chapter, we adapt the 143 covariant approach based on [I,
2]. We present for

[
FOG. A comprehensive review of the formalism in GR can be found in [

the first time a complete 1+3 decomposition of the field equations in f(R) gravity.

4.1 Frame choice

The covariant approach presented here is based on the introduction of a partial frame
in the tangent space of each point. Once the frame has been chosen, a complete set of
covariantly defined (that is, gauge invariant) exact variables, all of which vanish in the
background are obtained, that set up equations describing the true spacetime. However,
since the true spacetime lacks the symmetry of the background there is, in general, no
unique covariant definition of the frame vectors and one is free to specify a choice of frame.

In what follows, ‘frame invariant’ describes invariance under the choice of frame vectors.

We begin the analysis with a suitable choice of frame, that is, one corresponding to
the 4-velocity u® of an observer in spacetime. There are a number of natural choices for u®.
The energy frame (or Landau frame [133]) u%, which is defined to be a timelike eigenvector
of the energy momentum tensor. For observers following the energy frame, the energy flux

vanishes. There is the particle frame (or Eckart frame [134]) u}; which is derived from the

43
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particle flux vector N,; observers in this frame see no particle flux. There is also the entropy
frame u%, that is defined by the entropy flux vector S,. The aim of these frame choices
is to simplify the calculations by way of restructuring the equations and to better their

interpretation, for example, by choosing the energy frame, the total energy is alway zero [49].

Equation (2.13) allows us to define a two effective fluid where the physical components
are only the standard matter components, while the curvature fluid is a mathematical
construction, present due to additional gravitational degrees of freedom. Choosing a frame
corresponding to the total matter/curvature fluid would be physically unmatchable to
observations as the energy conditions of the curvature fluid and effective standard matter
are not necessarily satisfied [77]. This makes the choice of frames u%,u}, and ug, in
general, not suitable. The most natural choice of frame is therefore the one associated with
standard matter u* = u4,; which remains thermodynamically well defined, whatever the
behaviour of the effective fluid is. This choice is also physically motivated by the fact that
the real observers are attached to galaxies and these galaxies follow the standard matter

geodesics [97].

4.2 Kinematics

The non-intersecting timelike family of worldlines (associated with fundamental observers
comoving with the cosmological fluid) form a congruence in spacetime (M, g) representing
the average motion of matter at each point. In each case their four-velocity is

dx®

u = o with ugu® =—1, (4.1)
T

where 7 is the proper time along the worldline of any fundamental observer. This vector
field u® provides a timelike threading for the spacetime. Given the four-velocity u®, there

are defined unique projection tensors

U = —u®uy, (4.2)

hat = Gab + Ua Up (4.3)

where (4.2) projects parallel to u® and (4.3) projects onto the rest space orthogonal to u®
and it follows that

Ut U =—-U%, Ubhyub=u®, U%=1,
hapu® =0, heehy =h% , h%=3. (4.4)
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The effective volume element for the rest space of the comoving observer is given by
Eabe = Nabed U* where  e4pc = E[ape] and Eqpeu’ =0 . (4.5)
Here, ngpeq is the four-dimensional volume element (7gpeq = \/W )60 [ 5ty 62, 53@) thus,
Nabed = 2 €4)cq — 28 apfc Uy - (4.6)

Since napeq is totally skew-symmetric Napcd = Mjapeq)s it follows that the following contractions
hold

Eabe {:‘def = S!hd[a heb hfc} s

Eabe Edec = 2hd[a heb] )

Eabe Edbc = 2hda ;

Eape € = 3. (4.7)

Moreover, two derivatives can be defined: the four-velocity u® is used to define the covariant
time derivative (denoted with a dot - ‘*’) along the observers’ worldlines, where for any
tensor Z%°, 4

700 e, g% (4.8)

and the spatial projection tensor hg,, is used to define the fully orthogonally projected

covariant spatial derivative - ‘D’, such that,
D.Z% g=h"chPe. high%; . WPy, 219, (4.9)

with projection on all the free indices.

Any spacetime 4-vector v® may be covariantly split into a scalar, V, which is the

part of the vector parallel to u®, and a 3-vector, V¢, lying orthogonal to u%;
Vg = —UgV+ Vs, where V =vu’ and V¢ =h%" . (4.10)
Any projected rank-2 tensor S.4 can be split as
1 C
Sap = S(ab) + gS hap + €abe S (4.11)

where S = hogS is the spatial trace, S (ab) 18 the orthogonally projected symmetric trace-free
PSTF part of the tensor defined as

C 1 C
Siapy = (h (a W) — Fhavh d> Sed (4.12)
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and finally S, is the skew part of the rank-2 tensor which is spatially dual to the spatial
vector S°¢ )
S[ab] = €abc S & Su= ieabc S[bc] . (413)

We use angle brackets to represent the PSTF tensors and also to denote orthogonal projec-

tions of covariant time derivatives along u®:
) . ) 1 )
Vi = pa, vo Staty = <hc(a iy — gha,, th> S . (4.14)

By these definitions, for the derivatives of the projection tensors and the 3-volume element

one obtains

Do Ube = Dg hpe = Da e =0 (

Ulaby = fo(ab)y = Eabey = 0 (

hab = 2, ) (

Eabe = 31U Egjap U - (

In analogy to vector analysis in three dimensions, we introduce the covariant spatial diver-
gence and curl that generalises these Newtonian operators to curved spacetimes [132,135].
The covariant spatial divergence and curl for projected vectors and fully projected rank-2

tensors are,

divV =D, , (divS), = D’Sy ;
curl Vo = €44 DPVE, curl Sap = €04 DS (4.19)

For a symmetric rank-2 tensor,
Sab = S(ab) — curl Sgp = curl Sigpy (4.20)

since curl (khgp) = 0 for any k. Note that unlike in the Euclidian case, div curl is not in

general zero, for vectors or rank-2 tensors.

The covariant decomposition of the derivative of a scalar ¥ is:

Vol = —uo¥ + D,V | (4.21)
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while the exact form of the covariant decomposition of the derivative of the 4-vector (4.10)

is
g 1 1 c c
Ve, = =V —uaub+§hab9+aab+wab + uy §9Va+aaVc+anC

. 1 1
—ug (v<b> +up e VC) + 5 (dV V) hap + Dy Vi) + 5Eane curl V°
—up ViV, (4.22)

and that of the orthogonally projected rank-2 tensor (4.11) is
: -d 1 d e
VS = —Ue (S(ab> + 2u(a Sb)d U ) + 2U(a §®Sb)c + 8 b) (Ocd — Ecde W)
3 . 2 d
+ g(dlv S) (ahpye — 3Cde(a curl S%y + D 4She) - (4.23)

The algebraic terms O, wgp, gp, Uq, in (4.22) and (4.23) are kinematic quantities arising

from the relative motion of comoving observers. The trace term defined as
O = D%y, , (4.24)

is the ezpansion scalar (volume expansion) and represents the rate of expansion of the fluid.
The shear tensor
Oab = D<aub> (4.25)

is the symmetric trace-free part of the spatial change of the four-velocity with the properties
Oab = O(ab) » Oab wWW=0, 0%=0. (4.26)

This tensor determines the distortion arising in the matter flow, leaving the volume invari-

ant. The shear magnitude is expressed as
2 1 ab 2
ot =50 oap >0 and 0°=0 & ou4=0. (4.27)
The anti-symmetric vorticity tensor
Wab = Diquy (4.28)
describes the rigid rotation of matter relative to a non-rotating frame with

Wab = Wiah] » wapu’ =0 . (4.29)
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The vorticity tensor may also be represented by the vorticity vector w®, where

1 1 1
wt = gnade Ud Whe = §€abc Whe = 5 curlu? S Wab = Eabe W ;
wlu, = wlwep =0. (4.30)
The vorticity magnitude is given by
1
w? = " Wa = wPwe >0 and w=0 & we=0 & we =0 (4.31)

Finally, the four-acceleration 1, = u®V.up, represents the degree to which the matter
moves under forces other than gravity (a free-falling observer has vanishing acceleration in

her rest-frame, that is, moves under gravity and inertia alone).

The variation of the velocity with position and time is of interest here and therefore

we define the covariant derivative of the four velocity using (4.22) as

1
Valp = Ggp + Wap + g@ hab — Ug Up (4.32)

4.3 Riemann curvature

Any given vector field v® defined on a manifold must obey the Ricci identity
QV[avb]Uc = Rdabc Vd (4.33)

where
Rdabc 5 Iwlac,b - I‘dab,c + Peac 1—‘deb - Feab Fdec ) (434)

with T'%, being the Levi-Civita connection. The tensor R%u. is the Riemann curvature
tensor and represents the curvature of the spacetime manifold. This tensor possesses the
following symmetry properties

Rafpea) =0, (4.35)

known as the first Bianchi identities, and
Rabed = Rjapjjed) = Redab - (4.36)

By contraction one obtains from (4.34) the Ricci tensor Rgp = RCqep = Rpe and a further

contraction yields the Ricci scalar (or curvature scalar) R = R%,.

The second Bianchi identities are defined as

Vie Rapjea = 0 . (4.37)
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Applying a twofold contraction to (4.37) gives the twice-contracted Bianchi identity

VaR%+VyR.—~V.R=0 <=  V°Gup=0. (4.38)

4.4 'The energy momentum tensor

The total energy momentum tensor (EMT) T, as defined in (2.13) can be decomposed

relative to u® by splitting it up into parts parallel and orthogonal to u® as follows:
Tap = pUq Up + Go Up + Ua @b + P Nab + Tap; (439)

where p is the total effective energy density relative to u®, p the total isotropic pressure,
qo the total energy flur (momentum density) relative to u® and 7, the and PSTF total

anisotropic stress, such that!

o = Typu®ul = MR, (4.40)
1 -

po= 3Tw hab = pM4pft, (4.41)
Ga = — Tpeus hba = (jéw + Qf ) (4~42)
Tap = deg hc<a hdb> = 7?% + ’/be , (4.43)

with o 7 o "
Mo H M _ P M _ Yo ~M _ Tab (4.44)

_f/’ p _f/’ qa_f/’ 71-ab_f/' :
The following properties hold for these dynamic quantities :

qau“:O s wabub:O, Tab = T(ab) » (4.45)

™e=0, ¢ = Qa) 5 Tab = T(ab) -

The physical behaviour of the matter present, that is, the relativistic energy, momentum and
stresses associated with a matter field are represented in general by Té\gf . The pressure p™
is induced by the random thermal motions, ¢/ is such that energy might be transmitted
by heat conduction and it will carry a momentum (or is a heat conduction term in the
instantaneous rest frame) and ﬂ'% is due to processes such as viscosity. These quantities are
related by an equation of state in order to capture the physics; for example, in the perfect

fluid case where the total EMT is characterised by the equation

Top = g up + phap (4.46)

! As a reminder, we use the superscripts  and ¥ to denote quantities relating to the standard matter fluid
and curvature fluid respectively and that the unbarred dynamic quantities with none of these superscripts
are derived from the total effective EMT.
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the standard matter quantities p™ and p™ are related by the equation of state pM =
pM (1™ s), where s is the entropy density.
4.4.1 Energy conditions

The description of standard matter and radiation in the universe is such that at least one

of the following conditions [77] is obeyed:

1. The weak energy condition (WEC): The energy momentum tensor Té\gf at each p e M

obeys
TM 2w > 0, (4.47)

for any timelike vectors u®. This means that the energy density as measured by any

observer is non-negative. For a perfect fluid, WEC will hold if
pM =Tyt yb >0 and pM4+pM >0. (4.48)

The expression ™ + pM > 0 implies that matter will tend to move in the direction

of a pressure gradient applied to it.

2. The dominant energy condition (DEC): This says that for every timelike vector u®,

then T é\f u®u? > 0 and that T (%[ u® is a non-spacelike vector, that is, it is a future-
directed timelike or null vector. For a perfect fluid case, this holds if ™ > 0 and
—uM < pM < M. Tt then follows that the isentropic speed of sound

Cz = (8p/a//*)s:const (449)

obeys,
0<c2<1 & 0 < (Op/Op) s—const < 1, (4.50)

that is, the flow of Té\gf as measured by the observer does not exceed the speed of light.
This guarantees local stability of matter (lower bound) and causality (upper bound),

respectively.

3. The strong energy condition (SEC): The EMT obeys the inequality

TM b >

TM 4 g, (4.51)

N =

for all timelike vectors u.. This will hold for a perfect fluid if
My pM >0 and pM+3pM >0, (4.52)

and would be violated by a negative energy density or a large negative pressure. The

SEC is related to the attractiveness of gravity.
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From the twice contracted Bianchi identities (4.38), we know that the divergence of the left
hand side of (2.13) is identically zero, making the divergence of the right hand side zero and
as a result Ty, is conserved. This reveals that if standard matter is conserved, then the total
fluid is also conserved even though the curvature fluid may in general possess off-diagonal
terms [119,136,137], that is,

VT =0 (4.53)

It is worth noting here that even though the standard matter still follows the usual conser-

vation equations VT M = 0, the individual effective tensors are not conserved [97],

f/l

VT - VT - -1

TMVR . (4.54)
Furthermore, the fluids with TaRb and Té‘f defined above are effective and consequently can
admit features that one would normally consider unphysical for a standard matter field.
Thus, all the thermodynamical quantities associated with the curvature defined previously

should be considered effective and not bound by matter constraints.

The curvature fluid and the effective matter do not necessarily satisfy the WEC.
This relation is the key hypothesis which allows the timelike vectors u%, u%;, u$g to exist
and is, in general, a very reasonable assumption [29]. The violation of this condition means
that the energy frame of the matter u$, is the natural choice of frame as standard matter

maintains its thermodynamical properties, regardless.

4.4.2 Curvature energy momentum tensor

The curvature EMT as given in equation (2.15) is defined as

11
T = 7 [29ab (f = Rf') + gea 905 VVF = gab Df’] : (4.55)

and the derivative terms can be decomposed into time and spatial parts resulting in the

curvature EMT taking the form

111 . (1 1
Th = — 29w (f—Rf) = f' | sha 0+ 0ap + wap | + =hay D*f’
I 12 3 3
1 . .
+ DDy f' + o Eabe curl D¢ f" — u, (hcb (DCf") + e up D' — f7 ub)
1 .. .
+up <39Daf/ + 0. Def +wo Def 4+ ug f' — Daf’)

— Gab (u DEf — 9 7 — J + D? f/)] . (4.56)
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In this way, the curvature thermodynamical quantities p't = T;zuaub, pft = %Tﬁh“b, 71'52 =
Tﬁh0<ahdb> and ¢ = —Tbljhbauc can be written in terms of 143 variables as
111 .
pft = 7 [2(Rf/ — )+ f"D*RD.R + f"D*R -0 f" R] ; (4.57)
11 2 2 2 .
R / 1172 " ra "
= —|=(f-Rf)—z-f"D°R—-f"D*RD,R+ -O f" R
p f,[2(f =31 - WR+350f
4 B2+ f//R 4. f" DR ; (4.58)
1 .
- 7 [f”’D<aRDb>R+ f" DDy R —ou f" R ; (4.59)
1 . -1
o= — I [f’”RDaR + f" DR — 56 J"DyR — 04c f" DR — wqe f" DR .
(4.60)
Given that the field equation (2.13) can be written in its trace reverse form as
1
Rab = Tab - §gabT 5 (461)

taking the the trace of equation (4.61) we find an expression for the Ricci scalar in terms

of the total thermodynamical quantities
R= —T=—T"+TF = n—3p. (4.62)

Using (4.62) in (2.13) and from the decomposition of the EMT (4.39), we obtain an expres-
sion for the 143 split of the Ricci tensor R, as

1 1
Ry = 5 (M + 3]7) Uq Up + 5 (N - p) hap + 2u(a ab) + Tab (463)

in terms of the total thermodynamical quantities.

Now for the effective matter fluid, the trace term ™ is given as

- 1
TM = = g =

f

1

7 (3pM —pM) (4.64)

and from taking the trace of (4.56) we have
1
I
_ f/// RQ _ f//R + ?:LC f// DCR o f//0R>:| ) (465)

T = g T} [2(f =R f) =3 (f"D°R+ f"D°RD.R
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Substituting (4.64) and (4.65) into equation (4.62) results in

Rf —2f + pM—3p"
— _3<f//D2R+f///DaRDaR_f///RQ—f//R+7:ch//DCR_fI/9R> )
(4.66)

This allows us to write the curvature trace equation as

Rf —2f=—3 ( F"D2R + f"DRD,R — f" R2 — f" R+ i f"'D°R — "0 R) . (4.67)

4.5 Weyl curvature

The locally free gravitational field is given by the Weyl curvature tensor Cypeq defined by
the equation
a Qa a 1 a
C%ey = Ry — 291 R g + gRg[ 9 - (4.68)

This is the part of the spacetime curvature which is not directly determined locally by
matter. Following from the definition, the Weyl tensor has the symmetry properties (4.35)
and (4.36) of the Riemann tensor with the additional property that it is trace-free on all its
indices

Ce =0 . (4.69)

Thus we may think of the Ricci tensor Ry as the trace of Rypeq, and of Cgypeq as its trace-free

part. The Weyl tensor can be split relative to u® as

Eu = Coped ub ud R — B = 0, Eup= E(ab)7 Eu ub =0, (4.70)
1
Hab = §€adecdebc u® s — Haa = 0, Hab = H(ab)7 Hab ub =0 R (4.71)

where we label E,, and Hy, as the ‘electric’ and ‘magnetic’ Weyl curvature parts respec-
tively, in analogy to the 143 split of the Maxwell field strength tensor [138]. On that

account we may write Cgypeq as

Cabcd = ngcd + i_Ibcdy (4.72)
where
CE = (4 _ P o F98
abed ( Galp 9q)b Gc[r Is]d — TNabpg ncdrs) utu y
Crgcd = 2 (nabpq 9elr 9sld + Galp 9qb 77cdfrs) uPu"H?

The Bianchi identities (4.37) are integrability conditions relating the Ricci tensor to the

Weyl tensor, enabling the action at a distance of the gravitational field (tidal forces,
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gravitational radiation) and influencing the motion of matter and radiation through the

geodesic deviation equation for timelike and null vectors, respectively [139-141].

A fully 143 decomposed form of the Riemann curvature tensor Rg,.g can now be
obtained by inserting the equations (4.72), (4.63) and (4.62) into equation (4.68) giving

R%q = RPa+RPq+ REca+ REea s (4.73)
RPe = % (1 + 3p) ul u W g + ; phlo ntly

Ritq = —2ul" W qq — 2w B ¢ — 2ul w7ty + 2 bl 7ty

Ripeq = Aul®w, By +4nl By

R%)cd = 2g%%¢ upe Hyje + 2 €cde ul® e

where P represents the perfect fluid part, I the imperfect fluid part and £ and H are the

parts due to the electric and magnetic Weyl tensor, respectively.

4.6 The field equations

We now look at the dynamical relations for an arbitrary spacetime in the 143 formulation
of FOG. This spacetime may be completely characterised by the following set of geometrical
quantities

{R, O, U4, Oab, Wabs Eap, Hap} (4.74)

together with the set of thermodynamic matter variables as described in Section 4.4,
{u™, oM, @t wa )} (4.75)

provided an equation of state which relates the thermodynamic variables is prescribed. The
propagation, evolution and constraint equations for the above covariant variables can be

obtained from the field equations (2.13) and its associated integrability conditions.

4.6.1 The Ricci identities

The first set of propagation equations arises from the Ricci identities (4.33) for the funda-

mental timelike vector field u®, that is,
2V, Vyu® = Rap“qu’, (4.76)

on substituting in from (4.32) and (4.73). The propagation equations are obtained by
contracting (4.76) with u®, separating out the orthogonally projected part into trace, skew

symmetric and symmetric trace-free parts, respectively:
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1. The expansion propagation equation (generalized Raychaudhuri equation [142])

. 1 1
O —Dyu® = —592+2Zaiﬂfaab0“b+2waw“f §(u+3p) , (4.77)

demonstrates the attractive nature of the matter present [1,46,130].

2. The wvorticity propagation equation
1 2
wle — 3 Dy, = — g@w“ + 0% Wb . (4.78)
3. The shear propagation equation

sl _plagh — _ 2@ gab gl gh) _ oo, ghe o h) _ (geb _ }ﬂab)

4.79
. Sn) . (4.79)

shows how the gravitational field Ey, (the tidal force) directly induces shear, which

then determines the vorticity propagation and also by (4.77), induces deceleration.

Three sets of constraint equations can be obtained by first projecting (4.76) orthogonally
and then:

4. the divergence equation for rate of shear is obtained by contracting over indices b and
c: )
0=(C1)* =Dyo® — sDO+ €% [ Dywe + 2ty we | + % ; (4.80)
abc:

5. the divergence equation for vorticity is obtained by multiplying with e

0 = (C2) = Dow® — g w® ; (4.81)

6. The H constraint is obtained by multiplying with £**¢ and taking the PSTF part:
0= (C3)% = H® 4 24/ wh + Db — gedlap gh), (4.82)

characterising the magnetic Weyl tensor as being constructed from the vorticity ‘dis-

tortion’ and the ‘curl’ of the shear.

4.6.2 The second Bianchi identities

I. From the equations (4.38), (4.39) and (4.32), we can rewrite (4.53) as
[+ Dag® = —O (1 +p) — 204 q¢% — ogp 70, (4.83)

for the component parallel to u® and

b

4
¢+ D%+ Dy’ = = 204" — 0" — (u+p) it — iy 7’ — P wyqe,  (4.84)
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II.

for the component orthogonal to u®.

In the standard matter case, the evolution equation for i represents the
matter energy conservation equation and determines the rate of change of relativistic
energy along the fundamental world lines. The ¢™ equation gives the momentum
conservation equation determining the acceleration caused by wvarious pressure
contributions. When we consider a perfect fluid case, the conservation equations for

standard matter reduce to

Moo= —e (M +pM), (4.85)
Dap™ = — (u™ +p"M) tia, (4.86)

showing for (4.85), that (MM +pM ) is the initial mass density and also governs the

conservation of energy. The relation (4.86) connects the acceleration 1, to p and
M
pr.

Another set of equations arises from contracting the Bianchi identities (4.37) once,

giving an additional pair of propagation equations and a further pair of constraint

equations when covariantly decomposed. The propagation equations are

1. the Gravito-electric (E) propagation equation:

Bl

DN =

lab) _ edlapy b %DV‘ &
1

= =3 (n+p) c® -0 (Eab + éﬂab> + 307, (Eb>c — 17rb>c)

1
—qfle @b 4 cedla [2 e H + w, (E% +5 7rb>d>] , (4.87)

2. and the Gravito-magnetic (H) propagation equation:

Frlab) 4 cedlapy, <Eb>d B ;Wwd) — _OH® 4300 gy gwm &
1
— gedl [2 e B — 3 0¥ qa — we H%|

(4.88)

respectively. These equations show how gravitational radiation arises by taking the

time derivative of the equations, which gives a wave equation for E , as well as Hgp.

The constraint equations derived from the once-contracted Bianchi identities (4.36)

are the
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3. Gravito-electric (div E) divergence equation:

1 1 1 1
0 = (Cp* = Dy <E“b+27r“b>—3D“u+3@q“—20“bqb

3
3wy, H® — ¢ [Udedc - wch] ;

2
(4.89)
4. and the Gravito-magnetic (div H) divergence:
1
0 = (C5)* = DyH® + (u+p) w*+ 3wy <E“b — 6#”’)
abe | 1 a1 _d
+e ) 5 Dge + o (B + 5 7%) |
(4.90)

We note here that the equations (4.80), (4.89) and (4.90) are not constraints in the real sense
of the word as we have spatial and time derivatives of the curvature in the thermodynamic

terms. These equations become constraints when f(R) = R, which is just the GR case.

4.6.3 Evolving the constraints

Propagating the constraints (4.80)—(4.82), (4.89) and (4.90) along u® [132,143] leads to the

following system of equations 2:

. 3 1
(CD = =8 (C1)" = So"%(C1) + 5e™w (C)e — 5w (Ca)

- gabcabd (Cg)cd — 3wb (Cg)ab — <C4)a 3 (4.91)
(C2) = —O(Cy); (4.92)
(C3)(ab) - —_0 (03)ab + 30<aC <C3)b)c + 8ccl(a We (03)b>d

i %gcd(a o (Ch)a + ;ww (c)? ; (4.93)

. 1 4 1 1
(Cy)f — isabc Dy(C5)e = — g@ (Cy)® + 50% (Cy)® — §eabc wp (Ca)e

— 3 (k) () = 37 (€

3
+ 2% B (C3).% + ie“bc i (Cs)e ; (4.94)
. 1 4 1 1
(C5)<a> + ié‘abc Db(C4)c = — 5@ (C5)a -+ iaab (C5)b — iﬁabc Wp (C5)c
1 2
— 5 (Ch)e — gqa (C) + 2% Hyq (C3) .1
3

- ié_abc ’llb (04)0 . (4'95)

2Derivation of these equations requires application of the commutation relations given hereafter.
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If the constraints are satisfied at an initial instant (on the local 3-space) surface, it follows
from (4.91) - (4.95) that the constraints vanish identically when propagated along u® and
therefore are satisfied for all time. This verifies that the constraint equations are preserved

under evolution.

4.6.4 Irrotational flow

According to the Frobenius theorem, a vector field £* is hypersurface orthogonal if and only

if it satisfies
§aVoég =10 (4.96)

If u® is hypersurface orthogonal, we have
wep =0 <<= 0= u[avbuc] = Ulq Dbuc} = Ulq Wh] (4.97)

therefore the timelike congruence u® irrotational. By Frobenius theorem, it follows that
the distribution of the rest spaces (3-vector spaces) is integrable. These instantaneous rest
spaces, defined at each point by hgp, ‘fit together’ to constitute 3-surfaces in spacetime
orthogonal to u®. The curvature tensor of the 3-spaces (3)Rabcd, is defined by the three-

dimensional version of the Ricci identity
2D}, Dy Ve = P Rope" Vi (4.98)

for any 3-vector field V, on the three dimensional manifold ¥. The intrinsic 3-curvature

tensor is related to the Riemann curvature tensor Rypeq by the Gauss equation [77]:
(S)Rabcd = (Rabcd)l — Ky Kbd + Kbc Kad ) (499)

where | means projection with hyp, on all indices and Ky, is the eztrinsic curvature (second

fundamental form),

1
Ko = Doup = g@ hab + Oap - (4.100)
The 143 decomposition (4.73) of the Riemann tensor yields

2
ab _ % pla 20 [a b @ b
(7 Cd)J__ ghhh g+ 2R g AR B (4.101)

Using this in (4.99) and contracting reveals an expression for the 3-Ricci tensor,

2 2 1 1
(3)Rab = (3M — § ®2> hab — g @Uab + Eab + §7Tab + Oqac O'Cb . (4102)
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The 3-Ricci tensor (4.102) can be divided into a trace-free and trace part as
1
G Ry = 38, + 3 G Rhgy (4.103)

where (3§, denotes the trace-free part (which is essentially equivalent to Eg) and R is the
3-Ricci scalar obtained by contracting (4.102),

GIR =2u— g@Q + 207, (4.104)

which is the generalised Friedmann equation. The trace-free and the trace parts of G) Ry
in defined in (4.103) are related to each other by the Bianchi identities for the 3-surfaces

1
D, 38, = 5Da GR, (4.105)

which is equivalent to the (4.89) because of (4.102).

Moreover, we mention that the relation between the extrinsic curvature and the

3-Ricci tensor is given by the Codacci-Mainardi equation,
DK% — DyK% = Requ® by, . (4.106)

which is equivalent to the constraint (4.80) when the vorticity vanishes.

4.7 Commutation relations

[

In general the two derivatives - and -‘D’ do not commute and therefore give rise to
various commutator relations which play an integral part in all partial frame formalisms.
This is a manifestation of spacetime curvature which is derived from the Ricci identities for

spacetime scalars Z, 3-vectors V¢ and rank-2 tensors S, respectively [144]:

V[avb]f = 0, (4.107)
2V, Vi Ve = RopeaV* (4.108)
2VieVyZea = — Rabec S€4 — Raped S€e- (4.109)

The 3-space commutator relations orthogonal to the congruence u®, follow by successively
writing out the 3-commutators explicitly and then using the Ricci identities (4.107)—(4.109),
the splitting (4.32) of V,up and the generalised Gauss equation (4.99).
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4.7.1 3-scalar derivatives

For scalar functions Z one obtains:
DDyZ = equwZ <<= £"DDZ=2w"Z, (4.110)

. . . (1
D.Z — (DuZ), = —iaZ+ <3@ hab +aab+£abcwc> D'Z . (4.111)

4.7.2 3-vector derivatives

For the 3-vectors V¢:

1 1 1
D[an}VC = |:<Ec[a + 27Tc[a) - g@ Ocla + g@ w Edcla + we Wia

1 15, d 1
+ 3 w— 59 — 3wgw hc[a Vb] + hc[a Eb]d + §7Tb]d

1 1 \ e
- §@ hc[a Obld — Ocla Obld — g(a hc[a EbldeW  — Ocla EbldeW
+04d[a Eb]cewe + hc[a W) wd] Va4 5abdwd V<c> , (4.112)

. . . 1
DoVy, — (Da‘/b) 1 = —Uq V(b) + <3@ hae + 0ac + 6acdwd> (Dch +Ve ’llb)
d c 1 c 1

—H, eV — ihabQCV + iva qp - (4'113)

4.7.3 3-tensor derivatives

For the second-rank 3-tensors Sy, the following holds:

1 1 1
DuDyS™ = 2 KE[ * 2”6[a> 300 00 e+,
1 1 1
+ g <,UJ - 502 — 3we We) hc[a:| Sd)b] +2 |:h(c[a (Eb]e + 27Tb]e)

1 1
- g@ h(c[a Ub]e - U(c[a Ub]e - g@ h(c[a 5b]efwf - U(C[a Eb]efwf
— waf[a(C Ople + hc[a Wy we} S§de + Eqpew® Gled) , (4.114)
DoSh — (DuSh). = [Z0h 1 S% + e S% + DSy ) — g (S
aSte — (DaSpe) | = 30 fad + Oad + Wad | (U S + the 5% + be ) = ta (Sbe ) |

+ [ha[e Q) — 5ededa} S+ [ha[e q — 8ecdea} S .
(4.115)



Chapter 5

Shear-free perturbations of FLRW

Universes

We showed in Chapter 4 how the differential properties of timelike geodesics are described
by the kinematic quantities, expansion O, shear (or distortion) o, rotation w., and accel-
eration 1,. Of particular interest is the role that shear plays in the relationship between
Newtonian and relativistic cosmologies. For example, it has been known for some time that
quasi-Newtonian descriptions of cosmology, the so-called Silent models, may be constructed
for observers moving along geodesics which are both shear-free and irrotational [145]. The
intricate relationship between the kinematic quantities in Newtonian and relativistic fluid
flows in GR is most strikingly seen in a remarkable result obtained by Ellis in 1967 [60]. In
this paper it was found that,

If the four velocity vector field of a barotropic perfect fluid with vanishing pres-

sure is shear-free, then either the expansion or the rotation of the fluid vanishes.

This is a purely local result to which no corresponding Newtonian equivalent appears
to hold, as counter-examples can be explicitly constructed. Given that this shear-free
theorem and its extensions appear to hold for arbitrarily weak fields and for fluids of
arbitrarily low density, one needs to understand why the Newtonian approximation fails.
It is expected that since Newtonian gravity is a limiting form of GR, the properties of
Newtonian gravity should follow from those of GR. Considerable work has been put into
the nature of shear-free congruences [61,62]. It is of considerable interest to ask whether
the result holds in situations where the hydrodynamic and gravitational equations have
been linearised about a Friedmann-Lemaitre-Robertson-Walker (FLRW) background [63]
and also whether it extends to the more general setting of FOG [64].

In this chapter, we illustrate the features of the 143 covariant approach by applying
it to shear-free perturbations of FLRW universes for both GR [63] and FOG cases [64].

61
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5.1 Gauge invariance

Lifshitz, in 1946 [146] pioneered the work on classical relativistic theory of cosmological per-
turbations, a study that has since been plagued by gauge issues. In the standard approach
to investigating perturbations, any tensorial quantity Q can be split into a background part
Qp and a small perturbation §Q.

Q=Qy+6Q (5.1)

To define the perturbations a gauge choice has to be made. This is the choice of specifica-
tion of the mapping ® between the observable (true) universe defined by the manifold M
and a fiducial (background) manifold M. The existence of arbitrary numbers of mappings
corresponds to the gauge freedom of theory and herein lies the problem of choosing the
best way to carry out the mapping or correspondence, also known as the “fitting problem”
in cosmology [52]. In terms of coordinate choice, for a given coordinate system in M,
there is a large choice of possible coordinate systems in M. The perturbed quantities are
not invariant under a gauge transformation and are required to obey the transformation,
whereas the background quantities remain unchanged. If a quantity is invariant under the

choice of mapping, then it is gauge invariant .

An alternative definition of gauge invariance is described by the Stewart-Walker
lemma [90]: the perturbation §Q to the geometrical background quantity Qp on M is

gauge invariant if and only if Qg either
i. vanishes,
ii. is a constant scalar,

iii. is a constant linear combination of products of Kronecker deltas with constant coeffi-

cients.

The definition of gauge invariance we use here is from the first two options. In this case
the mapped quantity will be constant regardless of choice of mapping ®, which defines the

same perturbation §Q.

Following previous work by Gelarch and Sengupta in 1978 [147], Bardeen in 1980 [121],
developed a fully gauge invariant theory of cosmological linear perturbations. However,
since most of the gauge invariant variables in this seminal paper are defined with respect
to a particular coordinate system, they tend to have an obscure physical and geometrical

meaning unless a particular hypersurface condition is specified [148,149].

In what follows, by ‘gauge invariant’ we mean the invariance of the equations under

the mapping between the true and background spacetimes.
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5.2 Linearised field equations about FLRW background

To perturb the FLRW spacetime, we use the standard 143 covariant perturbation theory
in [47-49,52,55,98,150], where the Hubble scale sets the characteristic scale for the pertur-
bations. Furthermore, we consider the case of shear-free perturbations and hence the shear
tensor (o4p) vanishes identically. The remaining quantities that vanish in the background

spacetime
. M _M
{wab, Uq, Eap, Hap, qa > 7rab} 5

along with their derivatives and the spatial derivatives of {0, pM, u™ R} are considered
to be first order and are automatically gauge-invariant by virtue of the Stewart and Walker
lemma. In the linearisation procedure, we neglect all products of first order quantities in
(4.76) — (4.90) and since we consider shear-free perturbations, the shear tensor vanishes
identically. The standard matter is considered to be a perfect fluid in the perturbed

spacetime and as a result qg/f and 7'('(%[ are zero.

The effective thermodynamical quantities for the curvature fluid are now

= ;,[1(Rf’—f)+f”D2R—®f”R}; (5.2)
1 17 " 2 1" 5

pf = f,[ (f=Rf)+f'R+ f R2+§f (@R—D2R>] , (5.3)

R = f/// DR, (5.4)
f

qf _ f, <f///RD R—i—f”D R—foND R) ’ (5.5)

With these conditions, the linearised field equations are then as follows:

Propagation equations

: 1 1
O —diva = —592— 5 (1 +3p), (5.6)
. . 2
Wiay — curl iy = — §@ Wa (5.7)
: 1
Hup) +curl Egp — 5cur| 7be = _©H™, (5.8)
. 1. 1 1
E<ab> + 57@% —curl Hy, + §D<a qg =—-0F, — 6@ 71'5;, , (5.9)
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M= —e WM +pM), (5.10)
f+divg®=—0 (u+p) , (5.11)

. a 4 .
Glay +Dp+ D'mgy = = 20.q5' = (1 +p) tha , (5.12)

Constraint equations
. 1 g
0= (CO)ab = Eab — D<aub> — iﬂ-ab y (5.13)
3

0= (C1)a =DuO — S eate D w4 ¢, (5.14)
0=(Cs) =divw, (5.15)
0=1(C3)ap = Hgp + D<a Wy (5.16)
0= (Cs)a=Dop™ + (™ +p") iy, , (5.17)

1 1 1
0= (05)(1 = Db <Eab + 271'517) — gDa,LL + g@ q5 s (518)
1
0= (Cg)a = D°Hyp + (11 + p) wa + Seurl . (5.19)

The linearised commutation relations for shear-free congruences are now:

For any scalar ‘V’

[DaDy — DpD, ]V = 2eq0°V
DDV = 2wV . (5.20)

If the gradient of the scalar is of the first order, we then have

2 1
[D*DyD, — D,D*| V 3 <u - 3@2> D,V , (5.21)

2 1 .
[D*D;, — D,D*] V 3 (u — 3@2> D,V + 2eg0. D4 (wCV) (5.22)
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Also for any first order 3-vector V¢, we have

(DD, — DDV V, = % <u — ;@2> A6 Vi) (5.23)
he, by (DaVey = DyVia) — é@ DLV | (5.24)
he, (D?VE)y = DDV — %9 D2y, (5.25)
The spatial curvature (4.104) is now
OR=2[u—(1/3)0% . (5.26)

up to linear order. Using the field equations and identities of this section we will now
investigate the compatibility of the new constraints with the existing ones in terms of the
consistency up to the linear order of their spatial and temporal propagation for both GR [63]
and FOG cases [64].

5.3 Consistency of the new constraints: The GR case

We now take f' =1 and f” = 0in (5.2)—(5.19) in order to recover the field equations in GR.
We note that the constraints (C1)?, (Ca), (C3)®, (C5)® and (Cg)® are the constraints of the
Einstein field equations for general matter motion specialised to the shear-free case and are
known to be consistently time propagated along u® locally. However the conditions o4, = 0
and ¢ = 0 give the two new constraints (Cp)® and (Cy)® respectively. Furthermore, we
assume the matter to have a barotropic equation of state p™ = p™(uM) satisfying the
weak and dominant energy conditions. We exclude the vacuum case and therefore the
energy conditions (4.48) and (4.50) will be

pM >0 M pM >0 uM > pM (5.27)

for both the background spacetime and the perturbed solution (the Minkowski and De
Sitter backgrounds will not occur) and the speed of sound is (4.49).

The conditions of shear-free perturbations and the matter being a perfect fluid in
the perturbed spacetime give rise to two new constraints (Cp)® and (Cy)? respectively. To
check their compatibility with the linearised existing constraints of Einstein field equations

(henceforth all the equations are up to the linear order), we plug (Cp)pq in (Cs)p to get

, 1
DD ity — ng pM=0. (5.28)
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Now from the constraint (C4), we have

2
Cs

5 _DyuM 5.29
WMy M b ( )

iy = —

Using equation (5.29) in (5.28) we get the constraint

c? 1
(C’?)b = deD<de>MM + ng ,LLM =0. (530)

For the new constraints (Cp)? and (C4)® to be compatible with the existing ones, the

constraint (C7)p must be satisfied.

To check the spatial consistency of (C7), on any initial hypersurface we take the
curl of (5.30) to get

2
1
ﬁ =D DD Dy + 5 DDy M = 0, (5.31)
which using (5.20) gives
c b d M 2 M
W gac DC D D<de>/,L + gwa ,Uz =0. (532)

Breaking the PSTF part according to equation (4.12) and using the commutators (5.21),
(5.22) we have

Cg cach gDDDQ M+2 M_}@2 D.D» M
MM +pM gc b 3 2 3 cb b
: 2
+ M sdkaCde’f} + 2w i = 0. (5.33)

Again using (5.20) and (4.7) in the above equation we get

2 40 v 1.9 ; ‘ k| M2 2 0.M
W [3 (u - §@ ) wh M — MDD + M D w“] + gwa,u =0. (5.34)
Now from the relation (5.22) and using (5.15) we know

a k_2( m_Lo2) 4

Plugging (5.35) and (5.10) in (5.34) and simplifying we finally get

2
(C)*:=0 {3(& Y + ¢ D%“} =0, (5.36)
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where .
YV =M 4 pM 4 2 (MM — 3@2) : (5.37)
From (Cg)® we can immediately see that for matter with constant pressure (pM =

2
s

according to the second condition of (5.27), u™ + p™ > 0). That is, if the geodesics of

constant — c¢; = 0), shear-free perturbations are consistent if and only if Ow® = 0 (as

the matter congruence in the perturbed spacetime are shear-free then they should be either
expansion-free or vorticity-free (or both). This shows that the results of [60] and [61] for
pressure-free matter are true for the linearised theory. However for a general equation of
state, all we can say from the equation (5.36) is, either the matter congruence is expansion

free (© = 0), or the vorticity vector must satisfy
a 2 a 212, a
(Co)* = 3w Y+ c:Dw* =0, (5.38)
for the new constraints to be spatially consistent on any initial hypersurface.

Now let us check the temporal consistency of the constraint (5.38). Propagating it

along u® we get

2
(2D%w?) "+ 3 (@ Y)'=0. (5.39)
We can easily see that
. d2pM
Now from (5.25) we have
2 (D2w?) = 2 [Db(D<bw“>)'— %@ D%a] : (5.41)
We know from the constraint (5.15) that
1
Dy (D) = S Dy [(waa)'+ (Dawb)'] . (5.42)
Using (5.24) the equation (5.42) becomes
1 ; 1 y 1
Dy, (Dw®y = §Db [wa<‘l> - g@ Dbw? + D) — §® D“wb] . (5.43)

Simplifying the above equation using (5.7), (5.17) and (5.20), we get

Dy (Dw®) = —%@ (1-c2) (D%a + DbDawb) . (5.44)
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Putting equation (5.44) in (5.41), we have

& (D*w%) = -0 a2 D*w* — 0 3D,DW", (5.45)
where ) )
c 5 c 9
a:_§+6,ﬁ—§(l—cs). (5.46)

Using (5.38) and (5.35), (5.45) becomes
¢z (D*w®) = %wa ) [aY - B (,uM — 1@2)] . (5.47)

Combining (5.40) and (5.47) and using (5.38) we get

o 2 . Y d?pM 1
(2D%w) = 30" O [cg (1M + p™M) PIE +aY —§ (uM - §@2>] : (5.48)
Also from (5.6), (5.10) and (5.40) we have
' Mo omy [ om L d*p"
where 1 )
Z = (uM+pM) (1+c2)+ 3 c2 (uM — 3@2> : (5.50)

Now using (5.7), (5.17), (5.20) and (5.49) we get

2 a .__Ea 2 2 M M M_} 2 d2pM
3(w Y)y= 3@ @[( cs+3)Y+(,u +p )(u 3(9 7d(MM)2+Z (5.51)

Finally using (5.48) and (5.51) in (5.39) and simplifying, we get

Fe 0 () [+ S0
s d(p?)?
5 2 GR
° (6 ! 2) 3G+ ¢ 1) =0 (5.52)

where ®)R = 2 [ — (1/3) ©?%]. In FLRW spacetimes it can be written in terms of the

scale factor ‘a(t)’ as,

k 2 [ dpM
G R = - L
R=qp =k exp{g/uM+pM} : (5.53)

where k = —1,0,+4+1 denotes open, flat and closed universes respectively. Thus we can
easily see that for the new constraints to be spatially and temporally consistent we must

have either w* © = 0 or the barotropic equation of state must satisfy the following non-linear
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higher order differential equation:

(™ + p™) apt _ dp™ (5 1dp¥
d(pM)?  dpM \6  2dpM
2 d'u]M
eXp{Z‘fﬂMﬂ’M} <dpM>2 <1 dpM> =0 (5.54)

2(uM 4+ pM)  \dpM dpM

We see that the shear-free results of [60] and [61] are avoided, at least at the linearised level,
if the equation of state of the matter solves (5.54). However, a prioriit seems highly unlikely
that any realistic barotropic equation of state will obey this extremely non-linear equation.
We now try to find solutions of this equation, under various simplified assumptions or

realistic initial conditions, to confirm it is nonphysical.

1. Flat universe (k = 0) with ¢ = constant # 0: This is the simplest case in which the

equation (5.54) reduces to a simple algebraic equation
5 1
(6 - 2c§> =0, (5.55)

which gives ¢2 = —5/3. This is physically not possible as the lower bound on the local
sound speed (4.49) is violated, implying that the matter will be locally unstable. This
will then make the perturbations grow and the linearised equations will no longer be

valid.

2. Closed/open universe with ¢ = constant # 0: In this case also, the equation (5.54)

reduces to an algebraic equation, and we get the relation

5 1.2
B p_ _ (6+32¢) ( m, m
R 262(1_62) (" +p™) (5.56)

S

Differentiating (5.56) with respect to x* and using (5.53) we get

> R (24 Le2)
2 v _ _9l6 27 (4 2\ )
ST BT T (%57

s

Eliminating ®) R/ (1™ + p™) from (5.56) and (5.57) we get the solution ¢? = —1/3,
which again violates the lower bound of the local sound speed, making the matter

locally unstable and the perturbations will grow beyond the scope of linearised regime.

3. Flat universe with varying sound speed: In this case the equation (5.54) becomes

d*p™M apM (5 1dpM
M M
— -4+ -———=1=0. 9.58
(Wt )d(uM)2 duM (6+2duM> (5:58)

To solve (5.58), if we choose the initial epoch (¢ = pd?) to be a radiation dominated
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one (which is quite realistic in view of our current understanding of the universe) with

2

2 ~ 1/3, then from (5.58) we can easily see that ¢ monotonically increases with

c
pM. And in the interval (ud! < p™ < o0) the function p (u) is concave upwards.
Therefore there must exist an earlier epoch at which p(,uM ) > p™, which violates
(5.27). Furthermore if we consider p(u) to be a C* function, we can easily see from
(5.58) that at the matter dominated epoch (where p(1) = 0 and ¢2 = 0), all the higher
derivatives of p(u) with respect to p vanish, implying that the sound speed would be
constant (c2 = 0) for all 4 € [0,00). Hence any solution of (5.58) with varying sound

speed can never pass through the matter dominated ¢ = 0 phase.

. Closed/open universe with varying sound speed: This being the most general case, we

try to find a solution with similar initial conditions as the previous case. Since we know
that very early universe was radiation dominated, let us suppose that there exists an
epoch (ap << 1) with density 3! and pressure p)! where (udf,p}!) ~ 1/a3. As we
have already seen, ®)R ~ 1/a2, hence the last term on the LHS of (5.54) becomes
suppressed and in this case one can also easily show that ¢? monotonically increases
with M. Therefore there must exist an earlier epoch a; < ag with p > pud!, where
pM (™) > pM and (5.27) is violated. In other words, no solution satisfying (5.27)
exists for (5.54) that gives a radiation dominated era in the early universe. In this
case, we can easily show (as in the previous case) that there exists no solution of (5.54)
with varying sound speed that can pass through matter dominated c¢? = 0 phase. This
makes the equation of state (with varying sound speed) which solves (5.54) unphysical,
as we know from our present understanding of the universe that it must pass through

a matter dominated epoch.

Hence for any physically realistic barotropic equation of state, if the new constraints are to

be consistently propagated, we must have w* © = 0. We thus proved an important theorem

for shear-free perturbations of FLRW spacetimes:

For an “almost” homogeneous and isotropic Universe filled with a barotropic
perfect fluid subject to a physically realistic equation of state, if the fluid con-
gruence is shear-free in a domain U, then it must be either vorticity-free or

expansion-free in U.

5.4 Consistency of the new constraints: The f(R) case

For f(R) gravity [64], in addition to considering the linearised field equations (5.2)—(5.19),
the standard matter in this case will be assumed to have a barotropic linear equation of state
pM = wpM. As with the GR case, to check the compatibility of the new constraints (Cp)?®
and (Cy)® with the existing constraints of the field equations, we begin by substituting
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(Co)pq into (Cs)p and use
Dy, (5.59)

U= w+1

where ¢ = In(pM) in the resulting equation to obtain the constraint

w 1 1
deD@DdW +3Dpp = Dérfll — 30 @t=0. (5.60)

To check for the spatial consistency of the new constraints (5.60), we follow the steps (5.28)-
(5.36) which in f(R) results in

2 o[(w 1 L Atwp f” ol _
3@%’K *w“ﬁ 7 ]+<fQ+ >D2}‘0’ (561)
where
Q= %@2 G—q—2)+OR, (5.62)

and the expansion O, acceleration ¢, jerk j and snap s parameters are defined by the

following relations

6:39 ) q:_%7
a a
o da? a® d*a
=T STaaa (:63)

in terms of the scale factor a(t) of an FLRW spacetime, such that the Ricci scalar R can

be written as

2 . 2
R:§@2(1—q)+(3)R, - k=300, (5.64)

which is useful to obtain the form of (5.61).

To check for temporal consistency of the new constraint (5.60), it is propagated

along u® which after a little manipulation ( [64] gives a detailed derivation) results in

@wa{{(g)Ru —3w)P L (tw) (3w+5)f’+4f”QMm} L2 [(Hw) Mm” Y

f! 61 P f!
65)
where
_ f//
P = f/Q
B 2 LW B fl/ 2 f/l 9 ( )
Z =3 [f/ <f,) @+ o5 [(4+5q+J+Jq+s)® +6 R] . (5.66)

We can see from (5.61) and (5.65) that for the new constraints to be spatially and temporally

consistent, either w® ©® = 0 or the expression in the curly brackets must vanish. Interestingly
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enough, in (5.65) if the 3-curvature vanishes, the result of Section 5.3 can always be avoided

for vacuum universes (uM = 0). This implies, that

A shear-free, spatially flat vacuum universe in any f(R) theory can rotate and

expand simultaneously in the linearised regime.

The non-vacuum case, if a flat Milne universe is considered, for example, where the matter
energy density is given by puM = %, we have
. 1
0=-—-067%,
3
1
VR’

Substituting these quantities into the Friedmann equation (5.26) yields

a(R) = =—y\/2R:. (5.67)

2 f(R) | f(R) Ho  _
Bl B iy e Rk (5.68)

which has the following general solution:

143

f(R)=C1 R = 4 110 3tw)

112w+ 9uw?

Vi
+CyR 2 (5.69)
Considering the particular solution (the last term of (5.69)), which is an R"™ theory of
gravity, the corresponding flat Milne universe in R™ gravity in (5.65) reduces the term in
the curly brackets to

(1 +w)pM

6f

Comparing solutions (5.70) with the particular solution of (5.69) and taking n = 3(1+w)/2,
we get the result that w = 1 if u™ # 0. In other words:

[Bw+9—4n] = 0. (5.70)

For a stiff fluid in R gravity, there exists a flat Milne-universe solution which
can rotate and expand simultaneously at the level of linearised perturbation the-

ory.

5.5 Discussion

These results give an interesting scenario. In GR the linearised shear-free solutions do
not have the same behaviour as shear-free Newtonian solutions. This may affect simple
structure formation scenarios for rotating matter. We would like to emphasise again that
this local result of linearised Einstein field equations about an FLRW universe is only valid
for isentropic perfect fluids in GR. For non-isentropic fluids, fluids with anisotropic stress

(for example, collision free neutrinos in an anisotropic space-time) or for gravity theories
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where we have an extra degree of freedom, this result can be avoided as demonstrated in

the f(R) case and a shear-free fluid congruence may rotate and expand simultaneously.



Chapter 6

The 1+1+2 covariant approach in
f(R) gravity

The 143 covariant approach has been successful in its application to cosmology. Most
cosmological models are based on the cosmological principle which is the hypothesis that
the universe, at least on large scales, is isotropic and homogenous. This means that
the only essential coordinate is time. However, if the spacetime considered admits less
symmetry, for example if it is an inhomogenous spherically symmetric system, the resulting
143 equations are messy tensorial partial differential equations that become intractable.
The 14142 approach developed recently by Clarkson and Barrett [65] is ideally suited to
investigate such systems in the sense that it includes an additional frame vector, assuming
the background spacetime has some preferred direction, while keeping the benefits the 1+3
approach. This formalism has been applied in various areas in the context of GR [66, 71]
and in f(R) gravity in [73,74] . A similar approach was introduced in [151] and further
developed in [143,152,153] with previous studies mostly based on the context of symmetries
of solutions of EFEs [153-155].

Following [69], this chapter presents for the first time the full system of 14142
equations in f(R) gravity.
6.1 Kinematics

In the 143 decomposition a timelike unit vector u® is split in the form R ® V', where
R denotes the timeline along a timelike unit vector u* (u*u, = —1) and V' is the 3-space
perpendicular to u®. In the 14142 approach, we further split the 3-space V', by introducing

the unit vector e orthogonal to u® such that

equt =0, eqe’=1. (6.1)

74
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Then the projection tensor
NS =ht —eqel =g° +ugul —ege?, (6.2)

projects vectors onto 2-spaces orthogonal to e® and u® which, following [65,66,69], we refer
to as sheets. It thus follows from this that

e Nyp=0=uNy, N%W =2. (6.3)

Any spacetime 3-vector ©® can now be irreducibly split into a scalar, ¥, which is the

component along e* and a 2-vector, ¥, which is a sheet component orthogonal to €%, i.e.,
PP =TVe® + 0%,  where U =1,e* and U= N®yy, =%, (6.4)

where the bar on a particular index denotes projection with N,; on that index. A similar
decomposition can be done for a PSTF 3-tensor, 45, which can be split into scalar, 2-vector

and 2-tensor parts as follows:

1
VYab = Vapy = ¥ (ea ey — 2Nab> + 2V ep) + Vap (6.5)
where

e eaebwab:_Nabwaba
\I]a = Nabec¢b07

1
Uy = Ypap) = <N(ac Nyt — 5 Vab NCd> Ved - (6.6)
The curly brackets denote the part of a tensor which is PSTF with respect to e*. We also

have that,

2
h{ab} =0= N{ab} 5 N(ab) = —6<a eb> = Nab - gh“b . (67)

The sheet carries a natural 2-volume element, the alternating Levi-Civita 2-tensor

_ d
Eab = Eabc ef = Tldabe e‘u y (68)
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induced by the volume element &, of the 3-spaces. From the definition of €4, and Ny, the

following relations hold

eane’ = 0=¢e(u) , (6.9)

€abc = €a€bc — €hEac T €cEab ; (6.10)
eape® = NN — NANE, (6.11)
€€ = Nap , (6.12)
e = 2. (6.13)

From these definitions it follows that any object can be split in the 1+1+2 setting into

scalars, 2-vectors in the sheet and PSTF 2-tensors (also defined in the sheet) .

Apart from the ‘time’ (dot) derivative of an object (scalar, vector or temsor), which

is the derivative along the timelike congruence u®, we introduce two new derivatives which

the congruence e defines for any tensor 1, % %:

Vo™ = e VM,
8 pta o7 NN NG9 NR© o N Dy 0 (6.14)

The hat-derivative is the spatial derivative along the vector-field e® in the surfaces orthog-
onal to u®. (We note that the congruence u® retains the primary importance it has in the
143 covariant approach). The d-derivative is the projected spatial derivative onto the or-
thogonal 2-sheet, with the projection on every free index. By these definitions, one obtains
the following relations for the derivatives of the sheet-projection N, and the sheet volume

element &g, :

Napy = 2uq, i) — 2e(q é) = 2u, Ap) — 2e(, o)
Ny = —2e(q ap)
0cNap = 0,
Eab = —2ujgEpc AT+ 2epq ey,
Eab = 2egEpca’,
Secay = 0, (6.15)

where A, = Uz, g = €z and a, = e“D.e, = é,.

Taking e® to be arbitrary, the 1+3 kinematical and Weyl quantities can be split in

accordance with the decompositions (6.4) and (6.5), respectively. The 4-acceleration,
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vorticity and shear, split irreducibly as

W = A 4 A", (6.16)

w® = Qe+ 0%, (6.17)
1

Oap = X <€a ep — 3 ab) + 2 E(a €p) + X - (618)

For shear scalar, o one arrives at

3
1

ab _

24,00+ % Yup 2 (6.19)
and for the electric and magnetic Weyl tensors one gets
Ep, = €& (ea ey — ;Nab) +2&qep) + Eab (6.20)
Hyp = H <€a ey — % ab> +2H g ep)y + Hap - (6.21)

From equation (4.22) and using the relations (see Appendix A) we can obtain the exact

form of the covariant decomposition of the derivative of the 3-vector (6.4) as

Vody = —uq [(\p _ v, ac) e+ Uy + \ifg} gy (A + AT
1 11
+uyp [ (30+ Z) Ue, + (39 - 22) U, + X,V + 30, e,
X0, + Qe,f U, — e, QU + e, 00, Qd}
1 /.
+3 (\11 FUH— Ual + MJC) (Nap + €q €0)
1/ . 1
+3 (2\11 — W — 204 — 5C\I/C> (ea ep — 2Nab)
.1
+ [\Pa(a + 5(a\If + ‘Ij(a — §¢) \If(a + we (5 €ca — Cc(a):| €p)
1 cd c
+U (op + 5{a\11b} + 56(117 (2\115 +e€ 5c\1’d> +epepe VU 13

- 1
—€[a <—\I/ ap) + (5@‘1’ — \Ilb} — id) \Pb] — Cb]c \I/C> . (6.22)

where ¢ = dpe?, A= e, £ = %eabéaeb and (4 = dg4ep- An analogous relation for the

rank-2 tensors holds by applying (4.23) and using the Appendix A.

Thus by (6.22) the expression for the full covariant derivative of e® in its irreducible
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form is
1 C
Vaeey = —Augup—ugap+ §@+E €q Up + (Ea — €ac ) ) Up
1
+eq ap + §¢ Nab + ggab + Cab ) (623)
from which we can obtain the spatial derivative of e* as
1
Daey = eaap + 56 Nap + E €ab + Cab - (6.24)
The other derivative of e® is its change along u®,
o = Aug + ay . (6.25)

Similar to the kinematical variables of u® in the 143 approach (which also appear here),
the new kinematic variables a4, ¢, &, (u, A and «, are fundamental objects in spacetime,
and their dynamics give us information about the spacetime geometry. From equation
(6.24) we see that along the spatial direction e®, ¢ represents the expansion of the sheet,
Cap is the shear of e (i.e., the distortion of the sheet) and a, its acceleration, while &

represents the vorticity associated with e® (‘twisting’ of the sheet).

We include here the expression for the 14142 split of the full covariant derivative

of u®
1
Vaoup = —ug(Aep+ Ap) +eqep <30 + E) + eq (Bp + €pc2°)
. 1,1
+(Ea — €acfl )eb+Nab 597 52 + Qe+ Xap (626)

from which we can derive the useful relation

. 1 b

Ugqg = §9 +X) e+ Xq + e, (627)
for the calculation of the Ricci identities.

Furthermore, we may decompose the different parts of spatial derivative of a scalar

¥ and a 2-vector ¥, = Uy, respectively, as follows

DU = We,+0,7, (6.28)

A 1
Da\Ilb — —6a 6b \ch aC + ea\Ill; - eb <2¢ \I/a + (é‘ Eac + Cac) \I/C> + 5a\:[/b (629)
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Similarly for a PSTF 2-tensor Wy, = Wy, we have
- 1
DoWpe = —2e€q ey Topga® + eq Voo — 26, AL R U (& ad + Caa) | +0aVpe - (6.30)

6.2 The energy momentum tensor

Given that the anisotropic fluid variables g, and 7y, split as

Ga = Qe"+Qa, (6.31)

1
T = 11 <€a ep — 5 ab> + QH(G €p) + 1 , (632)

in terms of the 14142 variables, the total energy momentum tensor (4.39) is

1
Top = g up + phap + 2’LL(a [Q ep) + Qa] +1I <6a €p — B ab) + 2H(a ep) + My ;5 (6.33)

recalling that the thermodynamic quantities as presented in (6.33) are representative of the
total combination of the standard matter and curvature quantities. Moreover, in terms of
14142 variables the curvature thermodynamic quantities are obtained from decomposition
of the 143 quantities (4.57)-(4.60) as

1|1 .
MRETaRbuaub — f/[2(Rf’—f)—<9f”R+f”’X2+f’”5“R6aR
LK 4 of" X —a® f" 5. R + f”éaéaR] : (6.34)
R:lTR(Nab_ a b _ i 1 — R 20 //R ///RQ //R_A "x

—Aaf"(saR—%((ﬁf"X—i—f’”&aRéaR—l—f”5a5aR

+f’”X2+f"X—aaf"(5aR)} , (6.35)
QRZGQR . —i[f//,RX—}-f//(X—AR)— a ”5R} 6.36
=¢4q, = f! " f" 0 ’ (6.36)
QR = NP gR = 1 19_12 "o R+(E —Ebe>f”X
h o f’ 3 5 a a a

+ (Sahet) fraR— R 6R~ 1R (637)
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HR = % ebﬂ-(]fb — }/ |:::1)) <2f”/ X2 + 2fHX — 2Aa f” 0°R — ¢f//X
_ f/// 0*R6,R — f// (5“6aR) _ Zf” R} , (6.38)
IF=NSefmfl = }, [_za "R+ X f" 6. R+ f" 6, X — %¢> f"6aR

+ (5 ea’ — Ca”) f" 6 R — % (Ea + sa”Qb) i R} ., (6.39)

. 1 . 1 .
I3, = (N(a Ny - g Nap NV d) T = 7 <_Zabf//R+Cabf”X
+ f/// 5{aR 5b}R + f” 5{a6b}R) s (640)
where we have defined R = X. Additionally, the 14142 split of the curvature trace equation
(4.67) results in

Rf,—2f:3(fHQR_f”/XZ_f,/,(SaR(SaR_(A+¢)f/,X

"X~ 5O, R R A+ f R) . (6.41)

6.3 Derivatives and Commutators

In general the three derivatives defined so far, dot - ¢*’, hat - **” and delta - ‘§,’, do not

commute. The commutations relations for these derivatives of any scalar ¢ are

V-t = —Ad+ (;@+z> P+ (Ea+eab9b—aa) 5% (6.42)

5(1¢ - (6a¢)J_ = —A, 1/} + <04a + 3 — Eabe> T& + (;@ — ;2) Ot
+ (Bap + Qew) 0% (6.43)
Sudh = (0u) ] = —2ew@ bt 60+ (Gt E) 0, (6.44)
00 = Eab (Q¢ - f¢) - (6.45)

Here, and in the work that follows, the symbol L denotes projection onto the sheet (it had
previously been used in 143 to mean projection onto the observer’s rest-space). From the
above relations it is clear that the 2-sheet is a genuine 2-surface (instead of just a collection

of tangent planes) if and only if:

— The commutator of the time and hat derivative do not depend on any sheet compo-
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nent, that is, when Greenberg’s vector
Yo+ e’ —aq (6.46)

vanishes [151,155]. Accordingly, the two vector fields u® and e® are 2-surface forming.

— The sheet derivatives commute (specifically, the derivative 6% will be a true covariant

derivative on this surface), that is, when £ = Q = 0.

The commutation relations for 2-vectors v, are

12’& - 12& = —Ayg + (;@ + Z) Ya + (Xp + b Q° — ) 8"
+~Aa (Eb + €be QC) 1/1b +H Eab 1/1b ) (647)
dathy = (Oathp) | = —Aath + (o + Vo — £0c ) U5 + (—?1;@ - %2) (8atty + tPa Ay)
+ (Eac + Qf‘:ac) (5c¢b + @00 Ab) ¥ % (¢a Qb - Nab 1/10 Qc)
- (;¢Nac+€5ac+<ac) wcab_‘_Ha ffbcwC ) (648)
Sty — (Bath) L = —220e0° g+ au Ui+ 50 (Bathy — Ya @) + (Gao + E2ac) (5% — 47 @)

—2 (Qeqpp + Zap) (ZC] n ec]de) e
1.1 1
—1/)(1 [(52 = 3@) (Zb + EbCQ ) + §Hb + gb:|

1.1 P .
+Nab |:<22 - 3@> (Ec + 5ch ) + §Hc —+ gc:| 1/} ) (649)

1 1.\%2 1 1 1
5[a6b]¢c — <3@—Z> —Z¢2—|—*H+g_§ﬂ @ZJ[aNb]C

2 2

1 1 1 1
o[~ (50 37) (07 +02) g0 (G o) + 3"+ 8]
1 1 1 1
+N, [— <3@ - 2) (Zpja + Qepa) + 39 (Ceja + Eebja) + oo + gb]d] P!
- [( “+Qe° ) b + R epja) (Q[a +&€p ) (Cb}d*'&b]d)}?ﬂd

ew (Q 0 — ¢ ¢5> (6.50)

Analogous relations for second-rank tensors hold but are more complicated.
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6.4 The field equations

The key variables of the 14142 formalism of FOG are the irreducible set of geometric

variables,
{R,0,A,Q % EH, ¢,& Aa, Qu, Xa, Qasy aa, Eay, Has Xaby Cabs Eavy, Hap} ,  (6.51)
together with the set of irreducible thermodynamic matter variables,
(™, pM, QM M, Q) I, iy, (6.52)

for a given equation of state. The full 14142 equations for the above covariant variables
can be obtained by applying the 1+1+2 decomposition procedure to the 143 equations
(Appendix A), and in addition, by covariantly splitting the Ricci identities for e:

Rape = 2V[avb]ec - Rabcded =0, (653)

where R,p.q is the Riemann curvature tensor. By splitting this third-rank tensor using the
two vector fields u® and e®, we obtain the evolution equations (along u®) and propagation

equations (along e®) for ag, aq, ¢, & and (g.
The full set of 1+1+42 equations for arbitrary spacetimes as given in [69] are:

6.4.1 The evolution equations

The evolution equations for the ¢, & and (,; are obtained from the projection u® Rgpe.
u® N R gpe:

qg = (;9—2) <A—;¢)> +26Q 4 6% + A (g — aq)

+ (a9 — A% (za - 5abe> YL, Qs (6.54)

Ut PR e
- _ (L1 _ L Lo g ga by b
£ = (22—30>§—|—<A 2¢>Q+2(a —i-A)[Qa—{-sab(a +Z)]

1 1 1
+§€ab(5“ab — 5l b 4 UE (6.55)
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u’ Rc{ab}:
: 1 1 c 1 c c
C{ab} = 52 - §6 Cab + Qgc{aCb} + | A- 5(25 Yab — €5c{a2b} - <c{a Z:b}
+(5{aab} + (.A{a - a{a) ab} - (.A{a + a{a) (Eb} — 5b}de> — EC{aHb}C .
(6.56)

A 14142 decomposition of the standard 143 evolution equations gives us the remaining
evolution equations, as not all information needed to determine the full 1+1+42 equations

is contained in Rgp..

Vorticity evolution equation:

Q = %Eabéa.Ab +AE+Q (2 — 20) + Q0 (3% +a) ; (6.57)

Shear evolution:

E{ab} = 5{(1./41,} + .A{a .Ab} — E{a [Eb} +2 ab}] — Q{a Qb} + Alw

2 1 . 1
— <30 + 22) Zab N Ec{a Eb} - gab + iﬂab . (658)

6.4.2 Mixture of propagation and evolution

u®e? Rype = e® ub Rype:

1 1 1
1
¢ (2=’ = Q) + Ca (—0? + 20+ 70 ) + S Qu — (6.59)
2
u® e® UCRype = —e® ul u® Rype:
1 ¥ Y 2 1 2 a a a a
.A—g@—E = —A*+ §9+Z — 20, X+ 3,2 - Q0% —a, A
acb 1 1
+ eapa® Q +6(u+3p)—|—5—§1_[; (6.60)
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Raychaudhuri equation:

. 1 3
A-0 = —5aA“—(A+¢)A+(aa—Aa)A“+592+522—2Q2
1
+22a2a—2Qam+2abzab+§(u+3p); (6.61)

Vorticity evolution:

. 1 A 2 1 1 1
Ont ed’ = — (204 28) Qu+ tew (74— A — Loa0
+25bA <30+2 > —|—2€b<(5A Aa 2¢A
1 1
+Q (Za - aa) =+ §£Aa - §5abcbc Ac+ Zap Qb (6'62)

Shear evolution:

L2 1 2 1 2 1
Y-ZA = (24— —(Z0+ 2 )2 -2 4%, (220 — %
SA 3(A ®) A <3 +2> 3 + (a 3 )
1 1 1 1 1
— 20, A% — S A, (2a% — A% 4+ =0, QF 4+ =5, 2 — =
g00A = S Aa (20" =A%) + 5 + 5% £+
(6.63)
S 1 1 2 1 1 3
E&_* a — ZJY ;W a | 5 =X Z]a s a_*E a
2A 25A+<A 4¢>A <39+2 ) +2Aa 520
1 b b b 1
— Q0% = 5 (§ap + Can) A —|—Eab<a —z)—5a+§na.
(6.64)
Energy conservation:
A 3 a
ptrQ = —0(utp)—(0+24)Q— 3R+ (a0 — 24.) Q
—0aQ% — 2%, T1* — 5y 1" ; (6.65)

Momentum conservation:

Q+p+11 = —5,11% — <;’¢+A>H— <§0+2>Q—(u+p)A

+ (aa . S gabe) Q%+ (2a0 — AT+ Cp I, (6.66)
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- 1 3
Qa+Ma = —dup+ 301 — "My — Q (@ + Ta +caf?’) = Sl

4 1 3
- <39 - 22) Qa + anbe - <2¢ + A) Ha + gsabe

- (u +p— ;H> Aq — Bap Q" — (oI’ + Ty, (ab - A") ;. (6.67)

Electric Weyl evolution:

.1 1. 1 3 1/1, 1
SM+2Q = Y4 Z5,Q% + (2% — ——(z6+=x)0
E+50+20Q cand "M + £0.Q +<2 6)5 2(39+2>

+% <;¢>—2A>Q+3£H—1(u+p)2+1(aa+Aa)Q“

2 3

1 1
+ (2 Qg+ Xg — aabe) £+ <aa - =3, - 25abe> I

6
aqqc ab 1 ab bc ra
+ 26 A HE =S | EY° + §H + e H ¢ (6.68)
. 1 . 1. 1. 1 1 1
5@ + ieabe + §Ha + ZQEL = §€ab(5b7'[ + *Sbc(sb%ca > *(5(1@ + § (5 + QH) SGbe
1
2<,u+p—5—|— H) QA - HsabAb

2 b = 2 b_, b
5 <5 N5 2H> Qg 4@ Qg 47'[ Eabl 298abg
3 5) 1 1
+ <42 — 9) Ea + 55 Ho — <¢+ A) eaM® + ffsabe
1/1 1/1 )
+ § <4¢ - .A) Qa - 5 <3 E) anbH
1 b,E b 1 71 b be
+ 2Eab <35 2H > + 5 <3gab 2Hab) b)) Hape A

_ 1 b, L be 1 be b
<5ab—i- 2Hab) (a + 5¢ Qc) + 2Cab (E He +Q ) ,
(6.69)
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. . 1. 1
Elary ~ EefaHp)” + 5Many = —€c(adHpy — 5{aQb} (u +p+3E - H) Yab
7@ Cab — 7,H 8c{zsz}c - <9 + 22) Eab + 5c{agb}c
1 1 .
0 — *E ab + 59 EC{aHb} —+ f%ab
1
+ ( ¢+ 2A) EeaMy)® — A@aQpy + 260a My (a° — A%

1
_ (a{a + 5c{a > (QEb} + Hb}) + E{a <35b} — 2Hb})

+Xefa <35b}c - 2Hb}c> + ectaMpaC® (6.70)
Magnetic Weyl evolution:
y a b 1 a1Tb 3 3 a ob
H = —epd?é +§sab(51'[—3§€+ 9+§E 7—[+QQ+§§H—25abA5
1 1
+ (200 + B0 — 2 ) 17— = (9 +ew™") Q" — Suy 1 - Sl ("
(6.71)
. 1 1 3 b 3 b 1 b 1 b 3
a— = el = —— — II—- C o+ - I’ +-HX
Ha 26ab5 + 4€ab 45ab5 E+ 85a5(5 25bc(5 5a+ 4850(5 o T 47'[ a
1 3 3 3 3
n Eb n Qa n a Qb P a b_ = a
+4Q€ab +4Q +4H€b 256 pA 27—[04

1 1 1
+% <5 — 2H> saba 265 + (¢ + A> €ab5b — *qb 5abe

+<22—9>H Qsamu QQG— zaabcz”+ fH

+Hq

3.5 1, 3 1
Z]a a 7Cc a cal c c_*Hc A
+ b<2H+4s Q>+25b§ <S 5 +3A>
< 3
b 2

1
ab + 521’ - sbcgc) : (6.72)
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y s ¢ 1 T C c c 3 1 c
H{ab} + €c{agb} — §€C{anb} = 5c{a5 gb} — 1260{a5 Hb} — 57‘[ Yab + 5@ €c{a2b}

3 1 . 3
"’5 (5 - 21_[) €C{agb} — ggab — <9 + 22) Hab
1 . o1
_ §¢ +2A Ec{agb} — Qé‘c{a/Hb} + igﬂab
1
+ Z(b Ec{aﬂb}c + 3 (37'[1,} - Eb}CQC) — 2y Hy)
3
+ Q{a <2Qb} - sb}cHC> + g{aQEb}c (ac + 'Ac)
1
- ]-—[{agb}cafC + 32c{a/Hb}C - 8c{aCCd <gb}d - 2Hb}d> :

(6.73)

6.4.3 Propagation equations

Propagation and constraint equations are formed from either projecting R, as shown in

this subsection, or from projections of the 143 constraint equations in Section 4.6.

e Nbc Rabc:
A 1 1 2
b = —=p* 42824 (-0+2) (20 —-2) + 6.0° — aga®
2 3 3
2 1
= Cap (™ + 260" Q0 = By D+ O, O — S ST (6.74)
e PR ope:
~ 1 1 a b 1 a, b 1 a
g = —¢£ + ge + Y] Q + igabé a + igabz a + iaa —+ aq Q ; (675)
e’ Ra{bc}:
Cfary = —0Cab— CaSble T 0{atb) — Gfq ap} + 2004 Ep}c82° — Qo iy
1 1
— Y, 5 S0+ Sy — Ty — Eup 6.76
{ab}+<3+>b2b5b (6.76)

Shear divergence (C1)% eq:

0 =

M>
W N

3
—§¢ Y — 260 — §,8% — £40°Q° + 25, a% — 26 A + X0 ¢ — Q

(6.77)
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N 1 2

Sa—call = 05+ 200 — cad’l — 6%, +EeaS — 9 — 2a
1

+ <2¢ + 2A> et + Qeg (ab - 2A”) — 6" — Cap 2°

+ 2ab ab + E(zbcbc Qe —Qa ; (678)

Vorticity divergence equation (Cs):

Q = =00+ (A— ) Q+ (aq + A Q°, (6.79)

(C3) {ap}:

S c 1 c 3 c
Z:{ab} - 5{(1217} - gc{a(s Qb} - §¢ Dab + fgc{azb} + 52 Cab — 2 gc{aCb}
— QE{a ab} - QEC{Q.AC Qb} - Ec{a Cb}c - EC{aHb}c 5 (6.80)

FElectric Weyl Divergence (Cy)® eq:

s 1 1. 1 3 1 1 1
——f+=II = —0,E%— =511 — = —II > — = Q
& 3u+2 0a& 25 2(25(84-2 >+<2 39>Q+3 H
1
+ (28, + 1) a® + §Ea Q% + 30, H® — ggabQ“ Q"+ ey X H L
1
+ <€ab + 2Hab> ¢, (6.81)
(C1)a
. 1. 1 1 1 1 1
a g = -oa qYa *aH_ba_fbHa SQ % azb
S—I-Q 2(55+3(5u+45 6 Eap 2(5 b+2Q + Heaw
3 3 3 1 3 1 3
S Qa_i G/Qb_i 7]‘—‘[ a5 a 7]‘—‘[01 79 a b
27‘[ 2Q6b 2<5—|—2 >CL 2¢)<5+2 >+2 cab@
b, Lo b (L1, 1 1 b
+£Eab E +§H +3QHG/—E€abH — 594—12 Qa+§zabQ

— Cab <8b + ;1‘1”) + <5ab + ;Hab> a® + 3H., Q° (6.82)
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Magnetic Weyl divergence (C5)% e,

N 1 3 1
H = _5aHa—2€ab5aQb—2¢H—<3€+M+p—2H>Q—Q£

1 1
+2H, a% — 30 (5“ - 611@) F Cap H® — e, (5"0 + 2Hb0> ., (6.83)

. 1 1 3 1 3
Ha — —eap@Q® = §6aH — 6YH p — ieabde -3 (5 + 21’[) el — §¢ H,

3 1 3 1 ,
- (—25+M+p+4ﬂ> Qo — 5Haa+ 5Qeaa’ — 30,

3 1 1 1 3
+53 eabEl + Ml — 56Qa + Z@sabcgb + 502 + % epII?

1 1
+ Hapa® — CpHP — 3 <5ab — 6Hab> Qb + §eab§b6 Q. . (6.84)
6.4.4 Constraints
£uC Rape:
0a0% + 080 = (24— ) Q-3 + (R0 +H ; (6.85)
N’ Rape:
5.6 — capd®e — 0%y = -0 (Q Fegst — 2 bab) _(p_ 1Ly (2 e be)
2 a a a a a a 3 2 a a
b b _be 1
2t e pal — (2 _e Q) Sap = 51l — & (6.86)
From (C3)a €’ and (C1)a, or e®u® R,
2 b b b b b
0T — 2040 + 220’2+ 20Ty, = =0 (za — e ) _pY: (Q 3% ) —4Qe A
+2<ab2b + 2<€ab<bC Qc + Eab ab - 25(1be - Qa .

(6.87)

Finally, we note that equations (6.86) and (6.87) are not real constraints due to the cur-
vature thermodynamic terms that have spatial and temporal derivatives of the curvature.

Furthermore, the equation formed from (C3), e® €? is equivalent to (6.79) and (6.85).
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We also draw attention to equation (6.60), which can be written in terms of (6.61)
and (6.63) [(6.60)= 2(7.11)—(6.63)]. The redundancy in the field equations is due to
the fact that some of the information contained in Rg,p. is already contained in the 143
equations. We also note that there are no evolution equations for A, A,, a,, and there
is no propagation equation for a,; these must all be determined by specifying a choice of

frame.



Chapter 7

Spherically symmetric spacetimes
and the Jebsen-Birkhoff theorem
in f(R) gravity

It was recently shown in [79,80], that in GR, the rigidity of spherical vacuum solutions
of Einstein’s field equations continues even in the perturbed scenario: almost spherical
symmetry and/or almost vacuum implies almost static or almost spatially homogeneous.
This is an important reason for the stability of the solar system and of black hole spacetimes
and is interesting from the point of view that the universe expands globally though it is
made up of locally spherically symmetric objects imbedded in vacuum regions whose local
spacetime domains is required to be static by Jebsen-Birkhoff’s theorem. A similar study
of local stability is required for the spherically symmetric solutions in modified gravity

theories, to see if these theories are physically viable.

In this chapter, we prove a Jebsen-Birkhoff-like theorem for f(R) theories of gravity,
to find the necessary conditions required for the existence of Schwarzschild solution in
these theories. We discuss under what circumstances we can covariantly set up a scale in
the problem. We then perturb the vacuum spacetime with respect to this covariant scale to
find the stability of the theorem. We do this in two steps: (a) First we keep the spherical
symmetry and perturb the Ricci scalar around R = 0 to find the necessary conditions on
the spatial and temporal derivatives of the Ricci scalar for the spacetime to be almost
Schwarzschild. (b) We then define the notion of almost spherical symmetry with respect
to the covariant scale and perturb the spherical symmetry to prove the stability of the

theorem.

91
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7.1 14142 equations for LRS-II spacetimes

Locally Rotationally Symmetric (LRS) spacetimes posses a continuous isotropy group at
each point and hence a multi-transitive isometry group acting on the spacetime manifold
[153]. These spacetimes exhibit locally (at each point) a unique preferred spatial direction,
covariantly defined, for example, by either vorticity vector field or a non-vanishing non-
gravitational acceleration of the matter fluids. The 14142 formalism is therefore ideally
suited for covariant description of these spacetimes, yielding a complete deviation in terms
of invariant scalar quantities that have physical or direct geometrical meaning [66]. The
preferred spatial direction in the LRS spacetimes constitutes a local axis of symmetry and in
this case e” is just a vector pointing along the axis of symmetry and is thus called a ‘radial’
vector. Since LRS spacetimes are defined to be isotropic, this allows for the vanishing of all
14142 vectors and tensors, such that there are no preferred directions in the sheet. Thus,
all the non-zero 1+1+2 variables are covariantly defined scalars. The variables that fully

describe LRS spacetimes are
LRS:  {R A4,0,¢,6%,Q,&H, M pM QY IV} | (7.1)

and are what is solved for in the 1+1+42 approach. A detailed discussion of the covariant

approach to LRS perfect fluid space-times can be found in [153].

A subclass of the LRS spacetimes, called LRS-II, contains all the LRS spacetimes
that are rotation free. As a consequence, in LRS-II spacetimes the variables €2, £ and H

are identically zero and the variables
LRS class II : {R.A 0, ¢ % &M pM QY IV} | (7.2)

fully characterise the kinematics. The propagation, evolution and constraint equations

(as described in the previous chapter) become simplified for these variables and are given by:

Propagation equations:

) 1, (1 2 2 1
= = —O+Y)(z0-2) - Zpu—=TI— .
b -t (borx) (Poox)-Zi-lnoe.  a
s 24 3
$-30 = -5¢%-0Q, (7.4)
| 1. 3 1 1 1
— a4+ =11 = —= -1 i - : .
€—git 2¢<5+2 )+<2 3@>Q (7.5)



7.1. 14142 equations for LRS-II spacetimes 93

FEvolution equations:

. 2 1
o = —<2—3@) (A—2¢)+Q, (7.6)
.2, 1. 1.\* 1 1
A 3 1 2 1 1 2
(7.8)
Propagation/FEvolution equations:
i+Q = O(utp) - (6+24)Q— 38T, (7.9)
Q+p+il = - <2¢+A>H—<§®+E>Q—(u+p)fl, (7.10)
A-6 :—4A+@A+%W+gﬁ+%m+&». (7.11)
where
p= g [P R - D) =0 R X X o] (712)
p = ;,[pM-f-;(f—Rf’)—I—me2+f//R—Af//X
+§@fﬁR—¢fﬁ¥-fﬂW-¢WXﬂ, (7.13)
_ 1 M " " Y b
Q = —?ﬁ24¢’Rx+f(X—ARﬂ, (7.14)
o - 1[mw+1@f%W+zﬂX—¢ﬂX)—zﬂR] (7.15)
7 3 . )

Commutation relation:

J—i=—A¢+<;@+z>¢. (7.16)
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Due to the additional degrees of freedom, equations (7.3)-(7.16) are not closed and we have
to add the curvature trace equation (which corresponds to the trace of the modified field

equations):
Rf/—2f:3(f”ﬂR—f"X—i—f”R—(qb—i—A)f”X—f”/X2+f”/R2) ‘ (7.17)

Since the vorticity vanishes, the unit vector field u® is hypersurface-orthogonal to the space-
like 3-surfaces whose intrinsic curvature can be calculated from the Gauss equation for u®
(4.99). With the additional constraint of the vanishing of the sheet distortion &, that is,
the sheet is a genuine 2-surface, the Gauss equation for e® together with the 3-Ricci iden-
tities determine the 3-Ricci curvature tensor of the spacelike 3-surfaces orthogonal to u® to
be [66]:

-1 1. 1
3]:zab = - |:¢+ 2¢2:| €aq €p — |:2¢ —+ 5‘252 - K:| Nab d (718)
This gives the 3-Ricci-scalar as

SR=—2 Bqﬁ + ng? - K} , (7.19)

where K is the Gaussian curvature of the 2-sheet and is related to the two dimensional

Riemann curvature tensor and two dimensional Ricci tensor as
@ Rg = K (N%Npg — N%Ny) , = 2Ragy=K N, . (7.20)
From (7.19) and (7.3) an expression for K is obtained in the form
K:1M—5—1H+1¢2—(1@—12)2 . (7.21)
3 2 4 3 2
From (7.3)-(7.8), the evolution and propagation equations of K can be determined as

. 2 (2
K = —-|:0-X2|K, 7.22
s (50-2) (122

K = —¢K. (7.23)
From equation (7.22), it follows that whenever the Gaussian curvature of the sheet is non-

zero and constant in time, then the shear is always proportional to the expansion:

. 2
K#0 and K=0 = 2256. (7.24)
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7.2 Vacuum LRS II spacetimes

Following [79], we covariantly investigate the geometry of the vacuum (u = pM = QM =

M = 0) LRS-II spacetime by trying to solve the Killing equation for a Killing vector of
the form &, = Y u, + P ey, where U and @ are scalars. The Killing equation gives

Va(Wu,+ Pep) + Vp(Pu, +Pey) =0 (7.25)
Using equations (6.23) and (6.26), and multiplying the Killing equation by u® u®, u® e, e® e?

and N2 results in the following differential equations and constraints:
U+ A0 = 0, (7.26)

. 1
\I/—(I)—\IIA+<I><Z+3@> = 0, (7.27)
A 1
<I>+\Il<3®—|—2> = 0, (7.28)
2

\I’<3@—E>+<I>¢ = 0. (7.29)

Considering that &, £ = —W? + &2 if £% is timelike (that is, &, €% < 0), then because of the
arbitrariness in choosing the vector u®, we can always make ® = 0, while if £% is spacelike
(that is & £* > 0), then we can make ¥ = 0.

Let us first assume that £* is timelike and ® = 0, then (7.26) - (7.29) reduce to

v = 0, (7.30)

V-V A = 0, (7.31)
\I/(é@JrE) = 0, (7.32)
‘l'@@_2> ~ 0. (7.33)

Looking at (7.30) and (7.31), we know that their solutions always exists. For a non trivial
U, the constraints (7.32) and (7.33) together imply, that in general © = ¥ = 0, that is,
the expansion and shear of a unit vector field along the timelike Killing vector vanishes.
We also see that the time derivatives of all the quantities in the field equations (7.3)-(7.17)

vanish and hence the spacetime is static.



7.2. Vacuum LRS II spacetimes 96
Now if £ is spacelike and ¥ = 0, then (7.26) - (7.29) reduce to
AP = 0, (7.34)
. 1
—d 4+ P(X + §@) = 0, (7.35)
d = 0, (7.36)
dp = 0. (7.37)

The solution of equations (7.35) and (7.36) always exists and the constraints (7.34) and

(7.37) in this case together imply that in general, (for a non trivial ®), ¢ = A = 0.

If we impose further the condition,
R=Ry=const. and f)#0,

which in turn implies

I = 0,
11
no= fT’) [2(R0f6—f0)] )
171
p = 7l [Q(fo—Rofé)] :
R0f6_2f0 N 07

where f'(Rg) = f}, then all the spatial derivatives of all the quantities in (7.3)-

(7.38)
(7.39)

(7.40)

(7.41)

(7.17)

vanish. From this we see that homogeneity is only achieved if R = constant, otherwise

inhomogeneity is admitted for non-constant R. This result is unlike that of GR where the

spacetime is spatially homogenous upon setting ¢ = A = 0 in the list of LRS II equations.

We can now say that :

There always ezists a Killing vector in the local [u, €] plane for a vacuum LRS-II

spacetime in f(R) gravity. If the Killing vector is timelike then the spacetime is
locally static. If the Killing vector is spacelike, the spacetime is locally spatially
homogeneous if and only if R = Ry = const. and f} # 0.

If we apply the conditions R = Ry = const. and f} # 0, to the system of equations
(7.17), then from (7.5), (7.8), (7.22) and (7.23) we get:

E=CK* .

(7.3)-

(7.42)

That is, the 14142 scalar of the electric part of the Weyl tensor is always proportional to

the (3/2)th power of the Gaussian curvature of the 2-sheet. The proportionality constant
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C sets up a scale in the problem in this particular case.

7.3 Spherically symmetric spacetimes in higher order gravity

Let us now turn to the case of spherically symmetric spacetimes which belong naturally to
LRS class 1II.

7.3.1 Locally static vacuum spacetimes

As already discussed in the previous section, the condition of staticity implies that the dot
derivatives of all the quantities vanish. Furthermore we have ® = ¥ = 0, then K = 0 in
(7.22) and from equation (7.6) we have that the heat flux ) vanishes identically in these
spacetimes. With this choice, and after a bit of manipulation, the set of 1+142 equations

which describe the spacetime reduces to the following four coupled first-order equations [73],

£ lovo(50-4)| = grr -3 s X, (7.43)
f’[A+A(A+<Z>)}:éf—%Rf’—f”XA, (7.44)
R=X, (7.45)
FrR=SRf X (6 A X (7.46)

If we then choose coordinates to make the Gaussian curvature ‘K’ of the spherical sheets
proportional to the inverse square of the radius co-ordinate ‘r’, (such that this coordinate
becomes the area radius of the sheets), then this geometrically relates the ‘hat’ derivative
with the radial coordinate ‘r’. As we have already seen, K= —¢K, where the hat derivative,
defined in terms of the derivative with respect to the co-ordinate ‘r’, depends on the specific
choice of e* (orthogonal to u® and the sheet). If we choose the ‘radial’ co-ordinate as the
area radius of the spherical sheets, then the most natural way to define the hat derivative

of any scalar M would be

~ 1 dM

for a static spacetime.

From the structure of (7.43)-(7.46) we can already deduce some important results
for spherically symmetric static solutions in a general f(R) gravity in an absolutely
co-ordinate independent manner. These results are important because they can be used as
guidelines to understand the behaviour of any proposed f(R) model in this setting and to

design new ones.
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7.3.1.1 Necessary condition for existence of solutions with vanishing Ricci

scalar.

It is evident from the equations (7.43)-(7.46) above, the function f must be of class C* at
R =0, which implies,

I (0)] < 400, |f"(0)] <400, |f"(0)] <400 . (7.48)

Also, we impose the conditions
f(0)=0, R=0 (7.49)

Note that the condition of vanishing of the Ricci scalar throughout the manifold automati-
cally implies X = 0.
Now there are two possibilities:

1. f’(0) # 0: In this case we see the system reduces to the following:

1

b = — §¢2 —£, (7.50)
£ = - gqbg, (7.51)
A = —A(p+ A, (7.52)
together with the constraint:
E+Ap=0. (7.53)

Also, the local Gaussian curvature of the 2-sheets is given as
L9

The parametric solutions for these variables (when K > 0 ) are

1
2 2 2 2
o=2 1 2 A:Tg{l_m] 7
T T r T

2m 1

where m is the constant of integration. Solving for the metric using the definition of

these geometrical quantities we get [66]

2
ds? = — (1 2™ g2 + _dr +7r2d0? (7.56)
r (1-2m)
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which is the metric of a static Schwarzschild exterior.

It is also interesting to note that the above result is consistent with the condi-
tions f* > 0 and f” > 0, which guarantee the attractive nature of the gravitational
interaction and the absence of tachyons [27]. This shows that there may be a

connection between this solution and the very nature of the gravitational interaction.

The presence of this solution can have interesting consequences on the validity
of these models on the Solar System level. In particular if one concludes that the Sun
behaves very close to a Schwarzschild solution, the experimental data of the solar

system would help constraining these models.

2. f'(0) =0, f(0) = 0: In this case (7.43)-(7.46) are identically satisfied for all values
of ¢ and A that guarantees R = 0 and hence X = 0 '. Hence for all models with
f(0) = 0, any solution with vanishing Ricci Scalar in GR would be a solution to
the above system. This is interesting as it shows that fourth-order gravity in this
context can present the same solutions of GR plus additional solutions. For example,
the Reissner-Nordstrom solution which represent the space time outside a spherically
symmetric charged body, is a solution to the system (7.43)-(7.46) even if no electric
charge is present. Similarly a static spherically symmetric solution for a perfect fluid
interior with equation of state p = (1/3)u™ (for example Hajj-Boutros solution [161]
or the special case of Whittaker solution [162]) can be a solution of this system in the

absence of any standard fluid.

The presence of solutions of the type in paragraph (2) shows that when the conditions given
in paragraph (1) are not satisfied the Schwarzschild solution is not a unique static spherically
symmetric solution. Such results hint towards a violation of the general Jebsen-Birkhoff

theorem in its classical form for fourth-order gravity.
7.3.1.2 Necessary condition for existence of solutions with constant scalar cur-
vature

Solutions with constant Ricci scalar are characterised by the fact that R = Ry = const.

and, as consequence, X, X =0. Imposing these conditions on (7.43)-(7.46) and supposing

Tt has been noted by several authors that the situation f(0) = f/(0) = 0 is somewhat pathological,
since the scalar degree of freedom of this theory, f'(R) corresponds to a Brans-Dicke scalar field in the
equivalent Brans-Dicke representation, with Brans-Dicke parameter w = 0, it also corresponds (apart from
a constant) to the inverse effective gravitational coupling of the theory. Therefore, f* = 0 corresponds to
infinite gravitational coupling Gef fective = G/ f' and to a singularity of the field equations. However, one
can formally set f’ = 0 and look for solutions of the field equations with this constant value of f’. A similar
situation has been pointed out to occur in scalar-tensor gravity [156-160]
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it to be at least of class C3 in R = Ry one obtains

) 1 1 2
filovo(ze-a)| = jmsi-3h. (7.57)
fo[A+ A4+ )] = Zho- 3R, (7.5%)
~Rofy+2fy = 0, (7.59)
where f'(Ry) = f{ etc. A first solution exists if
40, fo#0, 2fo—Rof)=0. (7.60)

If we take instead f} # 0, fo = 0 one obtains again the Schwarzschild solution (Ry = 0).

Finally another solution can be achieved if
fo=0, fo=0, R=Ry, X,X=0, (7.61)

is satisfied. As in the previous Subsection 7.3.1.1, in this case also, any constant Ricci

scalar solution in GR would identically be a solution of the system.

The relation (7.60) was already found by Barrow and Ottewill [163] in the cosmo-
logical context and later rediscovered in [164]. It relates the value of the constant Ricci
scalar with the universal constants in the action. For example if we have the Lagrangian
as R — 2A, which is the Lagrangian for GR with the cosmological constant, we must have,

as is well known, the relation Ry = 4A.

7.3.1.3 The curious case of R? gravity.

As we have already explained, the condition for existence of solutions with covariantly
constant scalar curvature connects the constant curvature with the universal constants of
the Lagrangian. However, this is not the case for f(R) = K R2?. In fact for this type of
Lagrangian the third condition of (7.60) is identically satisfied. This means that we can
have a constant curvature solution for any value of the curvature. Thus for R? gravity,
the ‘cosmological constant term in a Schwarzschild-dS/AdS spacetime becomes a local
constant of integration just like the mass. Hence in this theory we can have two distant
stars behaving like two different Schwarzschild-dS/AdS object with different values of the
constant. Unfortunately this case is rather pathological since it corresponds to the case in
which the trace of the field equations in vacuum, 300 f'+ f' R—2f = 0 is satisfied identically
for constant Ricci scalar, whereas usually it may be satisfied for special values of R. In any

case this model is ruled out by solar system experiments (see [165,166]).
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7.3.2 Locally spatially homogenous vacuum spacetimes

Now if we consider the case when ¢ = A = 0 with R = 0, f(0) = 0 and f'(0) # 0, and

choosing u® = /2% — 16¢, where m is a constant, solving (7.3)-(7.17) results in the unique
solution
3m — 2t 2 3m-—t
O=——"_"" | I 7.62
t\/t(2m —t) 3 t\/t(2m —t) (7.62)
2m 1
Again solving for the metric components we get
dt? 2m
2 2 42 102

which is a part of the Schwarzschild solution inside the Schwarzschild radius.

7.3.3 Jebsen-Birkoff like theorem in f(R) gravity

We can now give a generalisation of the Jebsen-Birkhoff-like theorem in f(R) gravity:

For f(R) gravity, where the function f is of class C® at R = 0,with f(0) =0
and f'(0) # 0, the only spherically symmetric solution with vanishing Ricci
scalar in empty space in an open set S, is one that is locally equivalent to part

of maximally extended Schwarzschild solution in S.

It is also interesting to note that the covariant scale defined by equation (7.42) is equal to

the Schwarzschild mass m.

7.4 Spherically symmetric spacetime with an almost vanish-

ing Ricci scalar

From the previous section we know that for f(R) gravity with R = 0, f(0) = 0 and
14 # 0, all spherically symmetric vacuum spacetimes are locally isomorphic to a part of
Schwarzschild solution. In [80], the vacuum LRS II spacetime was perturbed by putting
in a small amount of general matter that obeys WEC and DEC, to find out the amount
of matter that can be introduced to the spacetime for the Jebsen-Birkhoff theorem to
remain approximately true. Analogously, we investigate here the necessary conditions
on the magnitude and spatial and temporal derivatives of the Ricci scalar, for the above
theorem to remain approximately true. In this section we only deal with the static exterior

background as it is astrophysically more interesting.
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We have seen that the vacuum spherically symmetric spacetime with vanishing Ricci
scalar has a covariant scale given by the Schwarzschild radius which sets up the scale for
perturbation. Going by our description of the energy momentum tensor for vacuum LRS
IT spacetime in f(R) gravity as consisting of curvature terms pft, pft, II® and Q® and
taking a static Schwarzschild background, then the set {R, ©, ¥}, describes the first-order
quantities (according to the Stewart and Walker lemma [90]). Performing a series expansion
of f(R) in the neighbourhood of R = 0 gives f(R) = f} R as a first-order term. Neglecting
the higher order quantities in (7.12)-(7.15), we get the following equations

4

§ o= %(X+¢X), (7.65)
_ N (b oax_24x 2%
p= g (R AX - 20X 3X>, (7.66)
0 = —J%(X—AR), (7.67)
m = 3]2(,)<2X—¢X). (7.68)
and
Rfl =3f! (X+(A+¢)X—R) (7.69)

for the trace. Thus we see that by perturbing the Ricci scalar in the neighbourhood of R = 0
background, we are actually generating a ‘curvature fluid’ having the above thermodynamic
quantities. Therefore the situation here is similar to introducing small amount of matter
on a Schwarzschild background in GR. In [80] the sufficient conditions for the smallness of
these matter perturbations in order for the spacetime to remain almost Schwarzschild are

given. These conditions in our case become

R BODIR SR PIX K BIX] o )
K@/2)  g@G/2) 7 g@/2)7 KgB/2) 0 KB/2)7 K(3/2) ’ ’
and )
f(/]/3/2 |R‘ f6/3/2 |X’
[ KGR kG << C. (7.71)

Similar to [80], we also need to specify in what domain these equations will hold. This is
important because eventually we will reach a radius » where these inequalities may no longer
hold; but this will be unphysical. On the basis that in the real universe asymptotically flat
regions are always of finite size, being replaced at larger scales by galactic and cosmological

conditions, we will describe the local domain where our results will apply by [79],

— Defining finite infinity F as a 2-sphere of radius Ry > C surrounding the star: this
is infinity for all practical purposes [167,168].
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— Assuming the relations (7.70), (7.71) hold in the domain Dr defined by rs < r < Rr

where rg > C is the radius of the surface of the star.

We now linearise the field equations (7.3)-(7.17) by neglecting the higher order quantities

and we obtain the following equations for the first-order quantities

~ 2. N _§ ﬁ . .
£-30 ~ g+ (X AR) , (7.72)
S _i ra
& ~ —3% (3R X (3A+¢)X), (7.73)
$-20 ~ g[R—X(Aleqbﬂ (7.74)
3 7 2?)] ‘
b (z—Q@) (A—1¢)—g(X—AR) (7.75)
3 2 7 ! ‘
. § B i
£~ <22 @>£+¢A2f6R, (7.76)
%Rfé ~ fUX—fIR+(p+ A fIX. (7.77)

From these equations we can see that if (7.70) and (7.71) are locally satisfied at any epoch,
within the domain Dz, then the spatial and temporal variation of the expansion © and the
shear Y are of same order of smallness as the perturbations and derivatives of the Ricci
scalar. In that case a timelike vector will not exactly solve the Killing equations (7.26)-
(7.29) in general, although it may do so approximately. To see this explicitly, let us set
® = 0 in the Killing equation (7.25)

V(W up) + Vi(Pug) =0 . (7.78)

and we once again try to solve the equation for a Killing vector of the form &, = ¥ u, with

an aim to see how close the vector £, = W u, is to Killing vector in the perturbed scenario.

We consider the scalars constructed by multiplying the killing equation by the vec-

tors u?, e, the projection tensor N% and utilise equation (6.23) and (6.26) to facilitate

b

the calculation. We know that multiplying the Killing equation by u?u® and u®e® results

in equations for which the solution of the scalar ¥ always exists. The constraints obtained
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from multiplying the Killing equation by e® e’ and N only vanish if © = ¥ = 0, however,
we are considering here the perturbed case which is characterised by non-zero © and .
As a result not all the equations are completely solved in general. If we set up (7.78) as a
symmetric tensor

Kap = va(\l’ ub) + vb(\l’ ua) . (779)

we can instead say that there always exists a non-trivial solution of the scalar ¥ for which
| Ko u® u®| and | Ky, u®e®| vanishes and that |K,pe® e?|? and | Ky, N°|? are non-zero since

© and X are non-zero. However, if the conditions

|I(abuaub|2 |Kabuaeb|2 |Kabea6b|2 |I(ab]vab|2
K3/2 ’ K3/2 ’ K3/2 ’ K3/2

<< C (7.80)

are satisfied, then we can say that &, = Wu, is close to a Killing vector and that the

spacetime is approximately static.

Subtracting the background equation (7.54) from (7.21), we get

1 1.\° A
(3@ - 22) ~ o X (7.81)

Similarly subtracting (7.50) from (7.3) we get

1 2 10 (o0
<3@+2> <3®—2> ~ o (2X+¢X) : (7.82)

Using the above equations (7.81) and (7.82), we immediately see that if (7.70) is locally

satisfied, then the following conditions are satisfied

1 2
| Ko e e?|? = 02 <3@ + z) < CK*? (7.83)

92 2
| Koy N|? = 02 (3@ — 2> < CK3? . (7.84)

It follows that there always exists a timelike vector that satisfies (7.80). This vector then
almost solves the Killing equations in & and hence the spacetime is almost static in S.
Moreover, the resultant field equations are the zeroth-order equations (7.50)-(7.53) with an
addition of O(e) terms.

7.5 Almost spherically symmetric spacetimes

In order to define the notion of an almost spherically symmetric spacetime, we begin by

writing the geodesic deviation equation for a family of closely spaced geodesics on the 2-
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sheets with tangent vectors ¢®(v) and separation vectors n®(v) (where ‘v’ is the parameter
which labels the different geodesics) as [169],

Ve (W! 5m®) = K (P han® — n® e ) . (7.85)

We have used here the definition of the two dimensional Riemann curvature tensor equation
(7.20).

We now define a vector V¢ by

Ve = 5 (f 5m®) — Ko(* an® — n" e v©) (7.86)

where Ky is the Gaussian curvature for a spherical sheet at any point P, which can be
fixed by making the vector V® = 0 at that point. This vector vanishes for exact spherical
2-sheets in any open neighbourhood of P but doesn’t for non-spherical sheets. As a result,
from the magnitude of V(= /V, V,) we obtain a covariant measure of the deviation from

the spherical symmetry.

We can now define an almost spherically symmetric spacetime in following the way [169]:

Any C3 spacetime with positive Gaussian curvature everywhere, which admits
a local 14142 splitting at every point is called an almost spherically symmetric
spacetime, if and only if the following quantities are either zero or much smaller

than the scale defined by the modulus of the proportionality constant in equation
(7.42):
— The magnitude of all the 2-vectors (defined by \/1a10®) and PSTF 2-tensors

(defined by /a1 ) described in equation (6.51).
— The magnitude of vector V* defined above in (7.86).

7.6 Almost spherically symmetric spacetime with vanishing

Ricci scalar

We have seen in Section 7.4, that subject to the conditions (7.70) and (7.71), on any
spherically symmetric local domain Dz, the spacetime remains “almost” Schwarzschild
for all the f(R)-theories that admit a Schwarzschild background, (that is, a background
characterised by a vanishing Ricci scalar with f(0) = 0 and fj # 0). We now wish to see

to what extent the conditions hold when we perturb this geometry.

As previously stated, the sheet will be a genuine two surface if and only if the com-

mutator of the time and hat derivative do not depend on any sheet component and the
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sheet derivatives commute in (6.42) and (6.45). Following from the definition of almost
spherical symmetry, in the perturbed scenario we will require the sheet to be an almost
genuine 2-surface such that the commutator of the time and hat derivative almost do not
depend on any sheet component and the sheet derivatives almost commute. In that case we
see from (6.42) and (6.45) that the scalars © and £ will be of the same order of smallness
as the other vectors and PSTF 2-tensors on the sheet. Furthermore, from the constraint
equation (6.85), we see that the scalar H is of the same order of smallness. Dealing once

again with the static exterior background, we now have it that the set of 14142 variables
[R7 @7 27 Qv H> §7 Aa7 Qaa Eaa aav aa’ (c/‘a’ %aa Eaba gabv Haba Cab] ) (787)

are all of O(e) with respect to the invariant scale. We shall treat these variables along
with their derivatives and the dot - ‘"7 and delta - ‘0’ derivatives of {A, &, ¢} as first-order

relative to the background terms.

Performing a series expansion of f(R) in the neighbourhood of R = 0 and neglect-

ing the higher order quantities in (6.34)-(6.40), we obtain

1

~ Jo (3 2
pe (X+¢X+6 R) , (7.88)
0[5 2 o
P~ J%[R—AX—3<¢X+X+6 R)] : (7.89)
v .
0 ~ —fé(X—AR>, (7.90)
1!
Qa ~ —?951137 (791)
0
0 (2% ’R 7.92
I ~ Sfé(QX—ng—(S ) (7.92)
0 1
I, ~ fé<5aX—2¢5aR>, (7.93)
f//
O, =~ f—zé{adb}R. (7.94)

Linearising the field equations (6.54)-(6.84) and substituting in equations (7.88) - (7.94)

we obtain:
Evolution equations

The evolution equations for § and () are:

: 1 1 1
£= (A - 2¢> Q+ igabdaab + oM (7.95)
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: 1
Claby = <«4 - 2¢> Yab + 0{aQpy — EcfaHy) (7.96)
Vorticity evolution equation:
. 1
0= Qeabé“Ab + A€, (7.97)
: 1 iv_ L b b Lo
Q@ + §€ab./4 = §€ab CA—Aa’ — E(ZSA N (798)

Shear evolution:

. 1. 1 1 1 “ 1
Ez‘z_* a — F%a - = a 5 a — Ca =L aX_f a ) .
S0 = 50 A+<A 4¢)A g A= Eat 5k (5 560 R> (7.99)
. f
E{ab} = 5{a“4b} + ACab - gab + 27]8(/] 6{a5b}R ) (7100)
Magnetic Weyl evolution:
H = — 0 — 3¢ &, (7.101)
Hom—Secud— Lottt ~ L6 24y 1oyl €00 cuR . (1202)
a="5 Eab 2€ab 5 Eab €c{d? g} 4f(’) Eab ) .
y 5 ¢ c 3 c 1 c
H{ab} + €C{a5b} = 5c{a5 Eb} + 55 Ec{afb} — <§¢) + 2A> é‘c{a(‘:b} ; (7.103)

Electric Weyl evolution:

. 1 “ 1
ot —eaMl = %5 (eabﬂb + Y, — 2%) - <4¢ + A> eapH?

2
3 b 1 bqyc
+ Zsabé H + 581,65 HC (7.104)
5 7 c c 1 c 3
Efavy — €C{a7-[b} = —Ecfa0Hp) + 5(]5 +2A4 €C{a7'[b} - 55 Yab ; (7.105)
Evolution equation for é,:
; A 1 1 b b 6/ s
g — g = <2¢ + A> Q- <2¢ - A> (za + w2 ) e+ 5kl (7.106)
Propagation equations
F 1 a b
€=~ 68+ Jemd"a’ (7.107)
. b
Caby = — @ Cab + 0gaapy — Eab — 57 01aOp) R ; (7.108)

21
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Shear divergence:
. . 1 2 3
Z:&_aQb:*aZ *a_abQ_* Ea
Eab 2(5 + 35 0 9 b(S 2¢
1 1 .
+ <2¢ + 2A> e — 8P4 + JT? SuR | (7.109)
0
S c 1 c
Xy = oty — Ec(ad Uy = 50 Tab — Eefay)” ; (7.110)
Vorticity divergence equation:
Q=—6,04(A-¢)Q; (7.111)
Electric Weyl Divergence:
4 1 3 3 1
6275(1 _(5ba_* a5 a 705(1 ; 112
& 5 & Eab 25@ 29%)5 +54f6 R (7.112)
Magnetic Weyl divergence:
N a 3
H=—0H —§¢H—3SQ, (7.113)
- 1 b 3 b 3
a= =0,H — ab+ =E( Qo —eaX’ ) — =0 H, - 114
Ha = 507 57—[b+28( Eab ) SoH (7.114)
Together with the linearised curvature trace equation
1 1/ N .
fR:—O{X—R+(¢+A)X+52R} . (7.115)

35 f

From the evolution equations (7.95) - (7.106), it is evident that if the background is
static with ¥ = © = 0 or “almost static” with ¥ = © = O(e), the time derivatives

of the first-order quantities at a given point are all of the same order of smallness

as themselves. Hence if at a given epoch these quantities are of O(e), then there ex-

ists an open set S in the domain Dz where these quantities continue to be of the same order.

This time if we project the Killing equation (7.25) for a Killing vector of the form

€u = Wuy,, with N*u’, N%eb and N N 3 , we obtain the following additional constraints on

the 2-sheet:

-0 +0A. = 0,
vy, = 0,
U,y = 0.

(7.116)
(7.117)
(7.118)
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The solution of (7.116) always exists and as we have just seen, the LHS of equations (7.117)
and (7.118) remains O(e) in S. Hence a timelike vector almost solves the Killing equations,

making the spacetime almost static.

We have therefore demonstrated an important result: For any f(R) theory of grav-
ity which admits a Schwarzschild background, if (7.70) and (7.71) are locally satisfied at
any epoch, (within the domain Dx) and the sheet derivatives of these scalars are of the
same order of smallness as themselves, then there exists an open set S in Dx where the
conditions continue to hold. The size of the open set S depends on the parameters of
theory (namely the quantity f”(0)) and the covariant scale (which is the Schwarzschild
mass of the star) and we can always tune the parameters of the theory such that the
perturbations continue to remain small for a time period which is greater than the age
of the universe. In that case the local spacetime around almost spherical stars will be
stable in the regime of linear perturbations. The results of a more rigorous analysis of the

perturbation equations (done in the next chapter) is consistent with the above result.



Chapter 8

Perturbations around a
Schwarzschild black hole in f(R)
gravity

The interest in studying black hole (BH) perturbations comes from the important role
they play in gravitational wave physics. There are various ways by which a black hole
can be perturbed: by incident gravitational waves, by objects falling into it or by aspher-
ical gravitational collapse. The understanding of perturbations of black holes therefore

provides insight into a different number of areas of interest in gravitational radiation studies.

Perturbations of Schwarzschild BH at linear order in GR have been studied through
metric perturbations, the Newman-Penrose (NP) formalism [87] as well as the 14+1+2
covariant formalism [65]. In the metric approach, fluctuations of the spacetime geometry
are determined by closed wave equations: the Regge-Wheeler equation for odd parity and
the Zerilli equation in the even parity. These wave equations act on linear combinations
of the functions (and their derivatives) appearing in the perturbed metric, but these
functions do not determine directly the gravitational waves which they represent, nor are
they frame independent, as a general co-ordinate transformation would not preserve the
wave equation. Using the 14142 approach, Clarkson and Barrett [65] demonstrated that
both the odd and even parity perturbations may be unified in a covariant wave equation
equivalent to the Regge-Wheeler equation. This wave equation is characterised by a single

covariant, frame- and gauge-invariant, transverse-traceless tensor.

In this chapter we present the complete set of 14142 covariant and gauge invariant
evolution, propagation and constraint equations linearised around the Schwarzschild
background in f(R) gravity. As in the previous chapter, we keep in mind that gauge

invariance holds for set of variables (7.87) that vanish in the background and we neglect

110
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the products of these O(e) variables in (6.54)-(6.87).

Furthermore, we also derive a covariant and gauge-invariant wave equation which
describes the perturbations of a Schwarzschild black hole spacetime in FOG. This equation
is the covariant form of the Regge-Wheeler equation, corresponding to a master variable

that constitutes a gauge and frame invariant transverse-traceless (TT) tensor.

8.1 Linearised field equations

The linearised field equations (evolution, propagation and constraint) around a
Schwarzschild background (with vanishing Ricci scalar) for f(R)- gravity are as fol-

lows:

Evolution equations:

1
¢ = (2@—2> (A— 1¢>) + 000" + % (AR - X) , (8.1)

3 2 fo

: 1 O N
§_<A—2¢)Q+25ab6a +5H (8.2)

" 1 a b

(= Sead" A+ A€, (8.3)
2_2@__¢A—5Aa—g—i<52R+(¢+2A)X—2R) (8.4)
30 “ 2 ’ '

1"

i-(3n-0 Et+eadM +p AL R, (8.5)
2 21
H = —e,0°E° — 3¢E (8.6)
. . 1 4 1
Y- =0 A+ (A— -0 ) Ay —Ea+ 2% (0.X — Z08.R) (8.7)
2 2f} 2
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: 1 ~ 3 1
Ea+ Esabﬂb =5 £ (gab(zb + 5, — 2%) - <4¢> + A) earH’
1
+ Zgabéb/H + 5 Ebcéb/Hca ) (88)
Ty = — SgegAb— Le 5b5—1(¢—2,4)g EY + e.rq0%E C—eie R (8.9)
a 9 ab 9 ab 9 ab c{d a} 4f(/) ab s .
. 1 .
g{ab} = (-’4 - 2¢> Yab + 5{aO‘b} - Ec{a;’_lb} ) (810)
i fl/
Yiap) = 5{aAb} + Alap — Eap + 27;6 6{a5b}R , (8.11)
J0 5.1t = 5,5 — 26,0+ 260" + 288 by Q) + 2e,,H? 8.12
?a = Oq _ga Eab + ab+¢ at€ab + 2e4p . ( )
0
Propagation equations:
&:—1¢2—5+5a“—i(2X+¢X+52R) (8.13)
2 ¢ 2} ’ ‘
. 1 a b
==&+ sead"a’, (8.14)
Q=—-0,0+(A-9)Q, (8.15)
1!
A== 0,4~ (A+9) A+ 20 3R - R~ X - (3A+9)X]| , (8.16)
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S 2 4 _ 3 a a)b (/)/ ' >
£-30=-g08 - et ®+ (X AR) , (8.17)
é——§¢5—55a—5f—gx (8.18)
2 ¢ 2f0 7 ‘
~ 3
H= 01"~ SoH—3EQ, (8.19)
g — g = 1¢>+,4 g — 1¢—A (2 +sb9b)+eb7{b+i5ﬁz (8.20)
a a 2 a 2 a a a 2f6 a bl M
R N 1 2 3
__ b_ = z _ bo _ 2
Ya — €S2 25(12 + 35(19 €apd 2 2¢2a
"
+ (;ﬁ + 2A> e’ — 6%, + 79 SR, (8.21)
0
~ . 1 1 1
Ay =25, = —6,A—2 <A - 4¢> Ao — Aag + 28, — f—(} <5aX - 2¢5aR> . (8.22)
0
5 1 b 3 3 f(’)’
€a= 50a€ — 060 — 5E a0~ 3OEa+ € i S.R (8.23)
yo_Llsa s 3 s} 3
Ha = 50uH — 0"Hap + 5E (Q > ) S6Ha (8.24)
. 1
Caby = — ¢ Cab + 0gqapy — Eap — 2 S0y R, (8.25)
S c 1 c
Xaby = 0(aZp) — Ecfad ) — 50 Tab — EcfaHy)” (8.26)
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. N 1 3
g{ab} - gc{(z%b}c = — EC{aéc/Hb} + <2¢ + 2./4) 5c{aHb}c — 55 Eab s (827)
) 5 ¢ c 3 c 1 c
H{ab} + e’:‘c{a(‘:b} = Ec{a‘s Sb} + 55 €C{aCb} - (2(25 + 2A> 5c{a5b} . (8.28)
74 1 1 b b
Tfé <6GX - 2¢5aR> = _§5a¢ + 5ab5 § +46 Cab - ga R (829)

Trace equation:

Y(X —R) = éR fo—fI[*R+ (¢ +A)X] . (8.30)

Constraints:
0a0% + €080 = 2A— ) QU+ H , (8.31)

It is important to notice here the freedom of choice of frame vectors demonstrated in absence
of evolution equations for A, A,, and «,, along with the absence of a propagation equation
for a, in the preceding equations. This holds true in any spacetime, as one can choose the
frame vectors at any point, whose motion cannot be uniquely determined and must be put

into the equations by hand [65].

8.2 (Gauge invariant variables

Not all the set of covariant equations in the previous section comply with the Stewart and
Walker criterion [90] due to the isolated zeroth-order background terms that appear in them.

By taking the angular derivatives of the background variables {€, ¢, A}, we introduce the
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following set of gauge invariant characters

Wa = 5(18 y (832)
Ya = 5a¢ y (833)
Zo = GaA, (8.34)

that vanish in background and are therefore gauge invariant. Applying the commutation
relations (6.43) and (6.44) and substituting for the subsequent equations, we obtain the

linearised propagation and evolution equations for the variables defined as
. 3 3 2
W, = §¢)5 (aa + 3, — sabe) + 75 (6a2 - 36a@)

+ b0, 0HE + A 2L fo SR,

215
Y, = ( ¢2+5>( Y, —sabe)+56a
n <2¢)—A> < %5 e) + 72 (Adu2—6,X) | (8.35)
W, = —z¢wa—;5ya+5¢eaa—5aabeb 2@06 X, (8.36)
Vo = —W,— gqua + <;¢2 + 5) dq + Sadpa” — féaR

+fo[(,4+;¢>5x+ <S—¢2>6R+ 6%, — 53}, (8.37)
0

Zo = —(¢+2A>ZG—AYQ+A(¢+A)%+6G6
_ b Jo
b A+ (53 Ad, X) . (8.39)

These equations add no new information to what has already been given in the previous
section however, they are now gauge invariant. We can then replace the equations (8.5),
(8.1), (8.18), (8.13) and (8.16) with (8.35), (8.35), (8.36), (8.37) and (8.38) respectively.

The following additional constraints are obtained by application of the commutation
relation (6.44) to the variables £, ¢ and A, respectfully,

e WP = 3¢&¢, (8.39)
eandY? = (¢*+26)¢, (8.40)
eap0?Zb = 2A(p+ A)E. (8.41)



8.3. Commutation relations 116

It is also useful to replace (8.4) with

1
55— 2040 = —Wa— AYa— ¢ Za — 5u0, A" — 10 |525,R — 25,2
3 2/
+ (5 - i&) SalR + (¢ + 2A) &X} : (8.42)

Introducing the new variables eliminates possible spherically symmetric perturbations (for
which they are automatically zero) but since all the vacuum spherically symmetric static

spacetimes are Schwarzschild, we do not lose any true degrees of freedom by adding them
[65].

8.3 Commutation relations

The following are the relevant commutation relations for the derivatives of first-order

scalars, vectors and tensors.

Scalars:
Vov o= AV, (8.43)
0¥ — (0,¥) = 0, (8.44)
S0~ (5a0) = 00,7, (8.45)
5[a5b]\11 =0 3 (8.46)

Vectors:
\ij(‘z — g[la == A\ija 5 (847)

_ (1. .

5[(1517]\1/0 = <4 — 5) Nc[a‘I/b} ; (8.48)

Tensors:
Uiy = Yy = AV, (8.49)

1

0100 Vea = <4¢2 - 5> (Nefa¥ea + Nopa W) - (8.50)

8.3.1 Harmonics

In order to solve the equations, it is standard procedure to decompose the first order vari-
ables harmonically (see, [50,121]). The perturbations can be described by a linear system

of ODEs by introducing spherical and time harmonics.
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8.3.2 Spherical harmonics

In analogy with the decomposition of perturbations into scalar, vector and tensor modes
in FLRW models [2, 48], the perturbations of the Schwarzschild geometry fall into two
distinct classes based on how they transform on the surfaces of spherically symmetry: even
(electric) and odd (magnetic) modes !. Given the spherical symmetry of the background,
we can naturally choose spherical harmonics as our basis functions. This allows us to write
the first-order variables as an infinite sum of the basis functions such that the scalars can
be expanded as a sum of even modes, and the vectors and tensors can be expanded in
sums over both the even and odd modes. Moreover, the angular derivatives appearing in
the equations are effectively replaced by a harmonic coefficient. The presentation in this

section follows [65] where the harmonics were introduced in a covariant manner.

We introduce the set of dimensionless spherical harmonic functions Q@ = Q&™)
with m = —£,--- £, defined in the background, as being eigenfunctions of the spherical

laplacian operator such that

0e+1
5°Q =— (rz,) Q, (8.51)

and @ is covariantly constant, Q =0 = Q. The function  is covariantly defined by
:—(;57 f‘:O:(SaT, (852)

and gives a natural length scale to the spacetime. It is included in the definition (8.51)
so that the equation propagates (and evolves as well). The factor r is defined up to an
arbitrary constant, which reflects our freedom in choosing a particular normalisation of the
spherical harmonic functions. We will find it most useful for our purposes to fix this freedom

by identifying r with the usual Schwarzschild parameter through covariantly defining

1 —1/2
r5(4&—5> . (8.53)

We stress that these relations and harmonics are defined in the background only; we only

expand first-order variables, so zeroth-order equations are sufficient.

We now look successfully at the expansion of first order scalars, vectors and tensors

in spherical harmonics and the replacements which must be made in the equations.

! Alternatively, as first depicted in Chandrasekhars book [87], odd perturbations are called azial and even
perturbations are called polar.
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Scalar harmonics
We can now expand any first order scalar ¥ in terms of these functions as

oo m={

=3 3wt = ws, (8.54)

=0 m=—¢

where the sum over ¢ and m is implicit in the last equality. We use the subscript S to
remind us that ¥ is a scalar, and that a spherical harmonic expansion has been made. Due

to the spherical symmetry of the background, we can drop m in the equations.

The replacements which must be made for scalars when expanding the equations in

spherical harmonics are

U = UsQ, (8.55)
5,0 = r1sQ, , (8.56)
eV = U5 Q, , (8.57)

where the sums over ¢ and m is implicit.

Vector harmonics

We define the even (electric) parity vector spherical harmonics for £ > 1 as

QY =r35,QY (8.58)
in order to have
Qa=0=Qq - (8.59)
The vector harmonic (8.58) obeys
PQu=1—-L(L+1)r2Q, , (8.60)

where the (¢) superscript is implicit. Similarly we define odd (magnetic) parity vector

spherical harmonics as

QY =rewd®Q? = Qu=0=0Qs, *Qu=01-L{+1)r?Q,.  (861)
Note that Q, = €@’ & Qo = —eapQ?, so that e, is a parity operator. The crucial

difference between these two types of vector spherical harmonics is that @, is solenoidal 2,

SO
§°Q, =0, while 0°Qu=—L({L+1)r'Q. (8.62)

2Unlike Qq, we cannot construct a scalar from Q.
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Note also that
eapd?Q =0, and £,40°Q° =L(L+1)r1Q . (8.63)

The harmonics are orthogonal: Q% Q, = 0 (for each ¢), which implies that any first-order

vector ¥, may be expanded as
Vo= 0 QY + 0y QY = Wy Qu+ Iy Qs (8.64)
(=1

Again, we implicitly assume a sum over £ in the last equality, and the V reminds us that

U is a vector expanded in spherical harmonics.

As in the scalar case, the replacements to be made for vectors when expanding the

equations in spherical harmonics are

\Ila — ‘IIV Qa + \TIV Qa 5 (865)
Eab\Ijb = - \T/V Qa + \IIV Qa 3 (866)
W, = —L(l+1)r 1 yQ, (8.67)
ey = LUU+1)r 1Oy Q, (8.68)
5V = 77 (Uv Qab — Uy Qup) (8.69)
5c{aéc\l’b} = ! (\PV Qab + Vv Qab) : (870)
Tensor harmonics
We define even and odd tensor spherical harmonics for ¢ > 2 as
Qab = 170100 Q, = Qap=0=Quap, 6°Qup = [¢* —4E —L(L+1)77%] Qup ,
(8.71)
Qab = 1 c(oa0°0yQ , = Qur = 0= Qupy  §*Qup = [¢* —4E — £ (€ +1)77] Qub:
(8.72)

and as in the vector case they are orthogonal: Qq, Q% = 0, and parity inversions of one

another: Qq, = —5c{aQb}c & Qupy = sc{aQb}c. Any first-order tensor may be expanded as

Z \I/ Q - \I’(ﬁ Qab = U7 Qap + U7 Qub - (8.73)
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For the tensors, the following replacements must be made when expanding the equations in

spherical harmonics:

Vo, = UrQup+ V7 Qup (8.74)
ec(a¥p® = —UTQub+ VU7 Qub (8.75)
O, = [1 - %e(e + 1)] (U Qo — U7 Qu) (8.76)
Ec(ad™ V¢ = — [1 — %E(( + 1)] r ! (TT Qu + VT Q) (8.77)

Odd and even parity perturbations

Expanding the perturbations into spherical harmonics, leads to two independent subsets,
namely:

Odd perturbations :

Vo ={&1, H, E1, (1)
{&v, Hv, Sv, Q, Ay, av, ay, Xv, Y, Zv},
{#Hs, Qs, &} (8.78)

Even perturbations :

VE = {ng 3L_LT) ZT? CT} )
{EV) /7L_LV7 EV7 QVv AV7 Qy, ay, XV7 YV) ZV} )
{3s, s Rs} ; (8.79)

whose resulting equations are decoupled from each other as presented in Appendix B. We
remark on the ‘parity switching” which occurs between the sets of variables. We see in the
equations that these terms always appear alongside a ‘e’ factor relative to other variables

(e.g., Hap and Q¢ appear alongside ‘e,’ relative to variables such as £y and X%).

8.3.3 Time harmonics

Since the background is static, we can resolve the perturbations into temporal harmonics.
We do this by performing a Fourier analysis of the time derivatives of the first order
quantities by decomposing them into their Fourier components. This corresponds to

assuming a harmonic time dependence €'“” for the first order variables.

We define the time harmonic functions 7 in the background by

T =iwT®@, 7@ =0=5,T%; &=0=6w, (8.80)
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and from the commutation relation between the dot- and hat- derivatives this must satisfy
T+AT =0, (8.81)

which in turn implies
w=-Aw, (8.82)

in the background. Integrating (8.82) in terms of r, gives

om\ V% 20
= j [ — = .
w a< 7“) pl (8.83)

where o is a constant. Then any first order variable ¥ may be expanded as

U = Z g — g (8.84)
and the dot - -’ derivatives of these first order quantities can be replaced by factors of 7 w.

8.4 The Regge-Wheeler equation

In GR, the gravitational perturbations of Schwarzschild black holes are governed by a single
second-order wave equation, namely the Regge-Wheeler equation [88] describing the odd
perturbations and the Zerilli equation [89] describing the even perturbations. Both the
equations satisfy a Schrodinger-like equation and it was demonstrated in [170] that the
effective potentials of these equations have the same spectra. The aim of this section is to
perform an analysis of the perturbation of Schwarzschild BH in f(R) gravity and find a

reduced set of master variables which obey a closed set of wave equations for these theories.

8.4.1 Gravitational perturbations

If we consider very large distances from the source (A = ¢ = 0), the gravitational pertur-
bations should be well approximated by a plane wave, with e® lying in the direction of
propagation. On imposing the condition that R vanishes at infinity, the plane gravitational
waves are described by the 1+1+2 transverse-traceless tensors &y, Hap, Lap and (g only,
as in GR. Otherwise there is coupling with the scalar waves which can produce other
scalar and vector modes. The tensors &, and H,, represent the tidal and gravitational
waves effects in analogy with the propagation of electromagnetic waves. However, the wave

equations for these two tensors do not close in the general frame.

If we now consider the general case, apart from the four TT tensors, a number of
other TT tensors can be constructed from the J- derivatives of vectors and scalars in

general, for example, 07, Why, drqapy, 94,051 €2, etc. The wave equations for these tensors
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can be calculated by applying the wave operator \'I'/{ab} — \i/{ab} for a tensor W, [65].
The aim here is to calculate all such possible wave equations involving these tensors
and systematically eliminating unwanted terms until a closed equation is obtained. In
particular, calculating the wave operator for (4 and &g, W;y, we notice that they contain

similar terms.

We consider the case of the wave operator for (g, that is, é{ab} — é{ab}, where we

apply the following steps:

— Take the dot- derivative across (8.10), for which the resulting evolution equations are
substituted.

— Substitute for a, from (8.36) and o, from (8.35) (while utilising the constraints (8.39),
(8.12),(8.41), (8.29) and (8.40) to substitute for £, 3, Z, even Y, and odd Y, respec-
tively).

What follows is an expression consisting of only d;,Wj and (ap, for the odd harmonics
and 07, Xpy, Cap and 0405y R for the even harmonics. We can recast this result as the wave
equation, R

Miapy — Myapy — AMapy + (6% + &) Moy, — 8> My, = 0, (8.85)

where we have introduced the dimensionless, gauge-invariant, frame-invariant, transverse-

traceless tensor M, defined as

My, = %qﬁrQ Cab' %7’2 E o, Wiy + ng, ° 8140 R - (8.86)
fo
The even part of (8.86) is coupled to the curvature term and as a result we have to include
the trace equation (8.30) to achieve closure. On the other hand, the curvature term
vanishes for the odd part of M, and this leaves the tensor in exactly the same form as in
the GR case [65].

We can expand (8.85) into scalar harmonics as

- A - (41

M—M—AM+[(—2F)+3E]M:O, (8.87)
r

where we let M = {MT,]\_JT}. In appropriate coordinates the wave equation (8.87) is the

Regge - Wheeler equation.

We note that both the odd and even parity parts of My, satisfy the same wave
equation (8.87). We convert to the parameter r, using (7.47) and (7.55) and use the time
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harmonics in (8.87) to get

om [2m—r]dM [(2m—7r\> M [(2m—r\ [L({+1) 6m
2
M-— = —— | M=0.
" 7“2|:7“:|d7"+<7')d7“2+<’l”>|: 72 7”3]
(8.88)
We then make a change to the ‘tortoise’ coordinate r,, which is related to r by
—r+2ml (L—l) (8.89)
re=r+2mln{g— , .
thus, (8.88) can be written in the form
d2+/€2—V M=0 (8.90)
dr? i 7 ’

with the effective potential V7

Vi = (1 - 2’”) [W“) - Gm] | (8.91)

r r2 r3

which is the Regge - Wheeler potential for gravitational perturbations.

8.4.2 Scalar perturbations

The trace equation (8.30), which is a wave equation in R, corresponds to scalar modes that
are not present in standard GR but occur in f(R) theories of gravity due to the extra scalar
degree of freedom. The equation constitutes the same generalised Regge-Wheeler equation

for massive scalar perturbations on LRS background spacetimes in GR with

v2 = Jo (8.92)
3f°

as the effective mass of the scalar.

To obtain the familiar Regge-Wheeler equation we first rescale R as R = r~!R and
use (8.52) and (7.50) to rewrite equation (8.30) in the form

R-R—AR— (E-U?+ )R =0. (8.93)

Proceeding as in the previous case, we introduce scalar spherical harmonics to (8.93) re-

sulting in
0+1)
r2

7%5—7%5—.;47%5— E-U? - Rs=0. (8.94)
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where U? = C;/(3Cs). Converting to the parameter r and then the tortoise coordinate, we

get
&,
(derr“ —V5>R:O, (8.95)
where ) 001 )
Vs = <1—m> {(JQF)JFZLH??} . (8.96)
T r T

The expression (8.96) is the Regge - Wheeler potential for the scalar perturbations.

8.4.3 Potential profile

The form of the wave equations (8.90) and (8.95) describing black hole perturbation is
similar to a one dimensional Schrodinger equation and hence their potentials correspond to
a single potential barrier. We consider the potential profile of the effective potentials V1 and
Vs in a Schwarzschild BH case for the gravitational and the scalar fields respectively. The
Regge -Wheeler equations (8.90) and (8.95) can be made dimensionless by dividing through
by the BH mass m. In this way the potential (8.91) and (8.96) become

Ve — (1_2> [W“) 6] , (8.97)

r r2 3
2\ [e(t+1) 2
Ve < T>[ 3 +T3+u], (8.98)

where we have defined (and dropped the primes),
K'=mk, r=—, u=mU . (8.99)

For the gravitational perturbations and the scalar perturbations with v = 0, the derivative
of the potential has two roots with one in the unphysical region r < 0 and the other one in
the region r > 0 corresponding to a maximum of the potential. For the scalar perturbations
with u # 0, the potential has three extrema: one in the unphysical region r < 0, a local

maximum at 7,4, and local minimum at r,,;, in the region r > 0 such that 2 < rp4: < Tmin-

Fig 8.1 shows a plot of the potential for the gravitational field for different ¢ as a
function of the Schwarzschild radial coordinate r (a) and the tortoise coordinates 7, (b).
In this case the potential decays exponentially near the horizon and as 1/r? at spatial
infinity.

Fig 8.2 shows the potential profile for the scalar field for several values of u = at £ = 2 (a)
and at £ = 3 (b). We see that the effect of the massive term U is to move the asymptotic
value of the potential of scalar perturbations up by u? and to cause the potential to
approach the asymptotic value slowly. Moreover, increasing the value of u causes the peak

of the potential to broaden as the peak value decreases relative to the asymptotic value.
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(a) (b}
06| 0.6

0.5 / 0.5 -

Figure 8.1: The potential for the gravitational field for £ = 2, 3,4 as a function of  (a) and 7, (b).

The peak eventually disappears altogether when u exceeds a certain value.

(@2=2 ®)=3

u={0

u=02
#=04
u=0.6
#=08

=1

Figure 8.2: The potential for the scalar field for different u as a function of r for £ = 2 (a) and
¢=3 (b).

8.4.4 Black hole stability

We now investigate the stability of the BH to external perturbations which is pegged on

the BH remaining bounded in time as it evolves.

The asymptotic behaviour of the solutions to (8.90) is given as

W~ e (8.100)
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both at the horizon and at spatial infinity. If we consider purely imaginary solutions such
that we set kK = —ia, then the time dependence of the perturbations becomes e which
is unstable owing to the fact that they grow exponentially with time. For regularity, we

require the perturbation to fall off to zero at spatial infinity and therefore choose
W~ e (8.101)

If (8.101) is to be matched to the solution that goes to zero at the horizon, then dv/dr, < 0,
d*y/dr? < 0 within the range —oo to co. However, this is not the case since the potential
is positive definite and as a result (8.90) never becomes negative in this range. Since the
solutions cannot be matched, this rules out perturbations that grow exponentially with
time. This proof of stability of a BH was first provided by [91]. Later on [171,172] provided
a more rigorous proof using the energy integral. This can be derived by first considering

the time dependent version of (8.90)

0? 0?
——-——+Vr | M=0. 8.102

(8t2 or? + T> ( )
(recalling that the time dependence was replaced by the factor ¢! when we considered
time harmonics). Multiplying (8.102) by the partial derivative of the complex conjugate
M* with respect to time and then adding the resulting equation to its complex conjugate

we get

0 (OMrOM  OMTOMY O oM > oM
Ors ot 0Ors ot or, ) Ot ot Or

2
+ Vr |M\2) . (8.103)

After integration by parts over r, from —oo to oo, the left-hand side of (8.103) vanishes and

we obtain the energy integral,
/ < [loM
o ot

Since Vi is positive definite, the integral (8.104) bounds the integral of |dM/dt|* and

it therefore excludes exponential growing solutions to (8.90). The above energy integral

2 2

oM
Ors

l

+ 7 \M|2> dr. = constant . (8.104)

argument for stability falls short of a complete proof as it does not rule out perturbations
that grow linearly with t. Also, since we have only provided the bounds for integrals of M,

the perturbation may still blow up as r — oc.

The proof of stability for the scalar perturbations depends on U. The potential Vs
in (8.96) remains positive definite subject to the condition
Ci

U2=—"1>0. 8.105
362 - ( )



8.4. The Regge-Wheeler equation 127

A different type of instability will be the tachyonic instabilities associated with these modes
if C; < 0. Both these instabilities do not arise, however, as we have shown in Chapter 7 that
the necessary conditions for the existence of a Schwarzschild BH solution in f(R) theories

are consistent with the requirement that C; > 0 and Cy > 0.

8.4.5 Quasinormal modes

The gravitational wave radiation from a perturbed BH can in general be divided into three

components:

(i) an initial pulse emitted directly by the perturbation source depending on the initial

conditions;

(ii) an exponentially damped oscillation (ringing) at intermediate times characterised by
a single complex frequency, which doesn’t depend on the source but is characteristic

of the BH parameters;
(iii) a power-law tail that develops after the ringing at very late times.

The ringing phase is due to a superposition of quasinormal modes (QNMs) of the BH.
We see from (8.90) and (8.95) that for the f(R) Schwarzschild black hole, the linearised
equations lead to the same equations as for GR for gravitational and scalar perturbations

respectively. Comprehensive reviews on BH and QNMs can be found in [173-176].

The gravitational QNMs are solutions to the Regge-Wheeler equation (8.90) subject

to the boundary conditions

eirT for r, — —o0
M ~ (8.106)

e T for r, — +o00.

These boundary conditions (8.106) represent purely outgoing waves at infinity (r ~ r, — 00)
and purely ingoing waves at the horizon (r — 2m, r, — —0c0). In other words we want to
discard unwanted contributions at the event horizon and at spatial infinity, as we do not
want gravitational radiation entering the spacetime from infinity to continue to perturb
the BH, nor do we want waves coming from the vicinity of the horizon due to external

sources like accretion of matter.

To obtain solutions to (8.90) and (8.95) requires discrete values of the frequency pa-
rameter k called quasinormal frequencies and the solutions constructed from them are the
quasinormal modes. The quasinormal frequencies have both a real and imaginary part
which we write as

k=R(k)+ (k) . (8.107)
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Since QNMs are characterised by the parameters of the BH [91], we expect the imaginary
part to be damped with time for each value of r, due to energy being radiated to infinity
or the horizon. If we then consider that in (8.90) and (8.95) that the time dependence
has been replaced by the factor e™!, we expect to have ¢ ~ eF(t=m+) at spatial infinity.
We see from this that S(k) < 0 corresponds to a bound state since the solution (8.106)
vanishes exponentially for r, — +oco. This option for a negative imaginary part is
excluded since the potential V1 decays towards spatial infinity and therefore disallows
these bound states. We can therefore only have §(x) > 0 which corresponds to the solution
being damped with time but diverges exponentially as r, — 400 on a hypersurface of
constant time; the same holds for the horizon. This consequence of divergence is balanced

out by the fact that it takes the signal an infinite time to reach, for example, spatial infinity.

The scalar QNMs correspond to solutions of (8.95) with

eIXT for r, = —
R ~ . (8.108)
e WXTx for r, — 400,

where xy = V/k2 — U2 for the scalar field. For the choices S(k) ~ 0 and x < U, there will be
no energy radiating into infinity. The sign of y is chosen so as to be in the same complex

surface quadrant as x.

8.4.5.1 Methods for computing quasinormal frequencies

There have been numerous attempts to calculate QNMs to high accuracy using numerical
and semi-analytical methods. Difficulties arise from, for example, the admixture of the
solutions such that the exponentially growing required solution gets contaminated by traces
of the unwanted solution which decreases exponentially as we approach the boundaries. In
1975, Chandrasekhar and Detweiler [170] computed numerically the first few modes and in
1985, Leaver [177] proposed the most accurate method to date. We list here some of the
methods that have been employed:

— Continued fraction method by Leaver [177], which was later improved by Nollert [178]
to cater for quasinormal frequencies with very large imaginary parts. This is based on
the observation that the Teukolsky equation is a special case of a class of spheroidal
wave equations that appear in the determination of the eigenvalues of the H2+ ion. The
quasinormal frequencies are calculated from the recurrence relations constructed for
the coefficients of the series representation of the solutions of the equations governing

the perturbations.

— Laplace transforms approach by Nollert and Schmidt [179] where the QNMs are re-

garded as the poles of the Green’s function for the Laplace transformed solution of
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the time-dependent equations governing the perturbations.

— The inverted BH effective potentials approach by Mashhoon and Ferrari [180-182].
They provided an analytical approach to the problem by approximating the Regge -
Wheeler potential in the wave equation governing the perturbations with other po-
tentials. The parameters of these potentials are adjusted to obtain a good fit to the
Regge -Wheeler potential near its maximum. This method doesn’t allow for the de-
termination of frequencies with large imaginary parts as these highly damped modes

are more sensitive to changes in the potential far away from its maximum.

— WKB approach by Schutz, Will and Iyer [183-185]. This semi-analytical procedure is
based on reducing QNM problem into the standard JWKB treatment of scattering of
waves on the peak of the potential barrier in quantum mechanics. It involves relating
matching of the asymptotic WKB solutions at spatial infinity and the event horizon
with the Taylor expansion near the top of the potential barrier across the turning
points. A QNM is expected to have a frequency such that the square of the frequency
is approximately equal to the peak of the potential. The method works best for modes

with relatively small imaginary parts.

Other methods include the phase integral approach [186] and the monodromy technique
[187].

8.4.5.2 Results on gravitational field quasinormal modes

The low lying frequencies for gravitational QNMs start with comparatively large real parts
and small imaginary parts. The imaginary part grows, while the real part decreases until
it becomes almost zero at an overtone index n = 9 when £ = 2, to n = 41 when ¢ = 3.
This point corresponds to a mode whose frequency is (almost) purely imaginary with n
increasing with ¢ and is very close to the so-called algebraically special mode [188] located
at

mr~Lti(l—1)0L+1)(0+2)/12 . (8.109)

This algebraically special mode approximately marks the onset of the asymptotic high
damping regime, such that the real part of the modes higher than (8.109) starts growing
and approaches its asymptotical value. Fig 8.3 shows the low gravitational QNMs 3 of
Schwarzschild black holes, calculated using the continued fraction method [177,178].

Weakly damped modes: Mashhoon [180], Schutz and Will [183] have shown that the complex
frequency for the fundamental quasinormal frequency (n = 0) and frequencies with small

imaginary parts (small n) can be estimated from the relation

/
! ‘W>1 2 (8.110)

(2m K)* ~ 4V (ry,) — 4 <n + 2) <—2 ar?

3Numerical data of 1000 QNMs is available from http://qnms.way.to
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where the peak of the potential barrier is at r,,.

Highly damped modes: Using a variation of Leaver’s method, Nollert [178] showed
that the real part of the gravitational quasinormal frequencies approaches a constant value.

Various other numerical and analytical techniques [187,189] confirm his results which show
|kg| = 00, while kg =T In3, (8.111)

where T' = (87 m)~! is the Hawking temperature.

Modes with large £: The large multipole limit of QNMs has been determined ana-
lytically as
1
2mrk~ —=[204+14+i(2n+1 8.112
! (20 + 1) (8112

in [181,182,185,190].

8.4.5.3 Results on scalar field quasinormal modes

For the scalar field perturbations, studies have shown that the mass of the field has crucial
influence on the damping rate of the QNMs. Using the WKB approximation [191-193],
it was found that when the massive term u of the scalar field increases, the damping
rate decreases. The WKB method that was used in this analysis is valid for n < ¢ and
within this restriction, the approximation breaks down for large w. This is due to the
potential losing its maximum as it drops relative to the asymptotic value (see Fig 8.2).

The procedure requires modification [194] to avoid this problem.
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Figure 8.3: Plot of the first 60 QNMs for £ = 2 and ¢ = 3.
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Later calculations using Leaver’s method showed that as a result of the decreasing
damping rates, for certain values of u, there are QNM oscillations with arbitrary long
life [195,196]. These ‘almost’ purely real modes are called quasiresonant modes, a term
originally coined by Ohashi and Sakagami [195]. It has also been found that there is a
threshold value of u above which the QNMs may disappear, at least for the lower overtones

only. The higher overtones will continue to decay with time [196].

It is important to note that the massive u term affects the lower QNMs only as was
observed in [196]. They showed that for asymptotically high overtones (n — o0), the real

1

part of the frequencies approaches the same asymptotical value In 3(87m)~" as in the

gravitational field case (8.111).

In GR the possible sources of massive scalar QNMs are from the collapse of objects
made up of self-gravitating scalar fields (‘boson’ stars) [197-199], in situations where the
massless field gains an effective mass [200] or as scalar field dark matter [201]. In order to
illustrate what these results mean for f(R) theories of gravity we restrict our attention to
the ¢ = 0 multipole of the field. From [195], the cut-off mass at which the QNMs disappear
for these modes is approximately at mU = 0.4 — 0.5 and from PPN constraints [43] for

these theories we obtain the bound for U as

C1 2

ol 2
3C, L2

(8.113)
where L is the smallest length scale on which Newtonian gravity has been observed. Recent

results [202] place at L ~ 10 um and using this we can set (8.113) as
U>1.4x10°m™? (8.114)

Given these details, we can estimate that the mass of the BH associated with the disap-
pearance of the QNMs
BH mass < 4 um . (8.115)

Such a BH could only have been formed from density fluctuations in the early universe
[203,204]. What is more, if these primordial BH are to be detected now, they would have
to have an initial mass of subatomic scales (~ 10716m) [205]. These results apply to QNMs
at lower overtones and even then, QNMs are short-ranged, making their detection currently
unfeasible [176].



Chapter 9

Solutions to the perturbation

equations

9.1 Structure of the equations

The structure of the system of governing equations for the perturbations is divided into
three distinct types of equations: evolution, propagation, and constraint equations. The
true degrees of freedom of this system is governed by the reduced set of master variables
M and R, which obey the covariant, gauge-invariant tensorial equations (8.85) and (8.30),
respectively. All other variables are then related to these master variables by quadrature,
plus frame degrees of freedom. Harmonic expansion of the perturbation equations allows
us, at any radial position from the black hole, to structure the equations in matrix form.
The harmonic variables in (8.78) and (8.79) can then be treated as ‘coordinates’; that is,
as dictating a 34-dimensional vector space V34. We then analyse the system of equations
to obtain solutions. In this section, we itemise the procedure for this analysis, as set out
in [65].

— After adopting spherical harmonic decomposition (see Appendix B), the number of
variables in the system of equations is 34 in total. Let V denote the 34-dimensional
vector consisting of these odd Vg and even Vg variables as presented in (8.78) and
(8.79) respectively, such that

V = (Odd variables | Even variables) = (Vo, Vg) . (9.1)

— Further, inserting time harmonics into these equations (as discussed in Subsection

8.3.3) so that dot derivatives are everywhere replaced by iw, results in:

+ 29 propagation equations which constitute a linear system of ODE’s
Vo =PV, (9.2)

132
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where Vo9 denotes the vector consisting of the 29 elements of V which have a
propagation equation and P is the 29 x 34 propagation matrix, which contains

1w terms comprising evolution equations which have hat derivatives in them.

+ 26 algebraic relations between the variables, comprising 18 equations from the
evolution equations without a propagation derivative in them and 7 constraints.

These take the form, in matrix notation
FvVv=o0, (9.3)

where F is a 25 x 34 matrix. In view of the fact that the constraints propagate
and evolve consistently, except for the constraint (8.41), the rows that make up
the constraints are just linear combinations of the 18 rows that make up the
algebraic relations derived from the evolution equations. The constraint (8.41)
is excluded because it is not represented in the evolution equations owing to the
fact that there is no equation for Z%. This means that 6 of the rows in F give

no additional information, resulting in F being of rank 19.

— So far, the formulation has resulted in 34 unknowns and 19 algebraic relations in the
system which corresponds to 34 — 19 = 15 degrees of freedom. This means that there

are 15 variables to be solved, which we denote by v, and write
V=Cv, (9.4)
where C is a 34 x 15 matrix of the form

— 6 — | +— 9 —

(9.5)
ODD EVEN

— We now split the vector v into two parts: v = (vp,vr), a ‘determined’ part containing
10 variables which have an individual propagation equation and a part containing
15 — 10 = 5 variables which do not, corresponding to 5 frame degrees of freedom. If
we insert (9.4) into the propagation equation, (9.2) we get the underlying propagation

equation for the solution vector as
vp=Bvp+Avp, (96)

where B is a 10 x 10 matrix and A is 10 x 5.

— Finally, since we can arbitrarily choose the 5 frame degrees of freedom (vp), we find

that there are only 10 —5 = 5 true dynamical propagation equations. This means that
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only 5 components of vp are unknowns for which we have propagation equations.

9.2 Determining the full solution

9.2.1 0Odd
9.2.1.1 General frame

The problem of finding a solution is in deciding which variables to choose as the ba-
sis. If we don’t specify a frame choice, and choose our solution vector as, say, vp, =
(X1, {1, Wy, Ay), then there are two undetermined variables, which we can choose to be

Vr, = (Qv, ay); the 4-dimensional dynamical system in general is therefore

vp =Béovp+Agvy . (97)

)

where the ‘g’ stands for ‘general frame’. The remaining variables are linear combinations

of elements of vp,, except Yy, which depends on Qy and nothing depends on ay.

9.2.1.2 Specific frame

To concur with [65] for the GR case, we will choose the frame such that Yy = Ay = 0 which
implies that & = Qg = ay =Wy = Zy = Qy = 0. The basis vector for the solution is

My )
v = <Z\7T ) ; (9.8)

chosen to be
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that is, the governing DE will be the Regge-Wheeler equation. With regard to (9.4), the

remaining variables in terms of this solution basis vector are given by

Er —J/2¢r* —2/pr?

Hr (4L + J + 8r?w? + 16) /diwgrt  — J/2iwe*r

P 1/iwr? 2 /iwer?

r 2/¢r? 0

&v 1/gr3 0

Hy 0 —1/iwepr?

v —l/iwgr3 0

v 0 0 i
Ay | = 0 0 <M ) (9.9)
ay 1/iwegr3 0 T
ay 0 0

Wy 0 0

Yy 0 0

Zyv 0 0

Hs — Ll Jiwer? 0

Qg 0 0

€s 0 0

where for the sake of brevity we have used the aliases

L = (({+1), (9-10)
I = (-1)({+2)=L—-2. (9.11)
9.2.2 Even
9.2.2.1 General frame
Without specifying a frame choice, we can choose the set vp, = (X1, (1, Xv +

Qv, ay Wy, Rs), in terms of which we can solve the system of equations. In this case
there are three undetermined variables which we can choose to be vp, = (QV, ay, Os);

following which our 6-dimensional differential equation in general is
\AIE:BgEVD+AEVF . (9.12)

The remaining variables are linear combinations of elements of vp., except Xy, which

depends on Qy and Xs, which depends on Os.
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9.2.2.2 Specific frame

As in the odd case, we choose our solution vector, Ay = Yy = 0 (and hence Zy = 0). In
this case we will choose M, MT, Rs and Rs as the basis vector for the full solution. The
expressions for the obtained solutions are rather huge and so in the interest of brevity we

introduce the variable M as a function of the basis variables such that

1
= —i LI(L+1)— L+4
M 24¢3Cy (L2 12 — A2(4L + 4 — ¢3)%rt w?) {=iworl96 LUL+1) = 3(8I(L +4)
+3(8L —16 — Cg)Cg)(ﬁQTz]Cl Mt — 72 z'w.Ad>3 rd c3Cq MT
—iwor[(81(L+4) 4 (8L — 16 — ¢3)c3)p? % — 32L1(L + 1)]Co Rs

+ (240w AP3r%)e3Co RS} . (9.13)

Utilising (9.13), we now have for our basis vector

v = ) (9.14)

with the solution given by,
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9.2. Determining the full solution
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where
J = 3¢*r* -4, (9.15)
I' = c3C +4(A* = E)[(2(J +4) +3(L +2)c3)Ca + (;Cicig]r
N 2[4+ J)E t303r]w263C2 ’ (9.16)
X = 1/72{36(L(c3+ 8) + 8 — ¢3)c3Co + 64(A% — E)r2(I(J + 4)Cy + ¢3C172)
—3[(J 4+ 4)(8L + 8 — ¢3)Cy — 4(c3C1 — C2&(16 + 8L 4 3c3 — 16w?¢?)
+8A%Co(2 + 1w?p?))r?]es) (9.17)
I = (20 —c3)(4L + 4 — ¢3)c3Co + 28[2¢3C1H + (21(4 + J) + 3(2 + L)c3)r?Cy
+2c3(—4 — 4L + ¢3)Cow?] | (9.18)
U = 3(4L — c3)[4(J —4L)(L + 1) + (J + 2L)c3 — c3]Co — 2¢37(3r) — 2[(4L — ¢3)Cy
+2(8 — 4L + ¢3)Cow?] , (9.19)

A = 3r?{4Llc3C; + 6LI(—6 — 6L 4 ¢3)¢*Ca + [16(L + 1) +8(2(L — 4)L — 1)c3
+ (L4 1)A3)w?Ca} 4 6LI(4 + 4L — ¢3)(6 + 6L — ¢3)Co — 81Lesr(Cr + 6Caw?) .
(9.20)



Chapter 10

Conclusions and outlook

In this thesis we have used the 1+1+2 covariant approach to General Relativity (GR)
to study exact solutions and perturbations of rotationally symmetric spacetimes in f(R)

gravity, one of the most widely studied classes of fourth order gravity.

We began in Chapter 2 by introducing f(R) theories of gravity and presenting the
general equations for these theories. We then considered the problem of matching different
regions of spacetime in Chapter 3. The aim was to construct inhomogeneous cosmological
models, shedding light on the problem of constructing realistic inhomogeneous cosmologies
in the context of f(R) gravity. In all of the cases studied, we found that it is impossible to
satisfy the required junction conditions without the large-scale behaviour reducing to that
expected from Einstein’s equations with a cosmological constant. For theories with analytic
f(R), this suggests that the usual treatment of weak-field systems as perturbations about
Minkowski space may not be compatible with late-time acceleration driven by anything
other than a constant term of the form f(0), which acts as a cosmological constant. In
the absence of Minkowski space as a suitable background for weak-field systems, one
must then choose and justify some other solution around which to perform perturbative
analyses. For theories with f(R) = R"™ we find that no known spherically symmetric
vacuum solutions can be matched to an expanding FLRW background. This includes the
absence of any Einstein-Straus-like embeddings of the Schwarzschild exterior solution in
FLRW spacetimes. On this note it would be interesting to study the physical consequences
of ‘“jumps’ in the Ricci scalar and/or in the normal derivative of the Ricci scalar across
the boundary. As is well known from the Israel-Darmois junction conditions, a jump in
the second fundamental form gives rise to surface stress-energy and surface tension on
the matching surface that can, for example, be used to stabilise gravitational vacuum
condensate stars [206]. In a similar way, it is plausible that relaxing the extra matching
conditions in f(R) theories could give rise to surface terms that might be of physical

interest. This has been studied in the context of brane-world cosmology in [35].
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Chapter 3, was also devoted to studying strong lensing in f(R) = R" gravity. We
showed that the bending angle is dependent of the details of the theory of gravity, (in this
case the value of the parameter n). We also showed that the lens mass as calculated for
a small deviation from GR increases exponentially with increasing n. The radius of the
Einstein ring was found to decrease with increasing n, and it was also found that multiple
rings exist for certain intervals of n. The multiple rings are a novel feature of fourth order
gravity and cannot be accounted for in GR without assuming the existence of a second
companion source, a star forming region or lensing by a singular isothermal sphere in two
planes. The magnification of the ring, however, remains unchanged up to small deviations
from GR. The aforementioned conclusions are valid for n < 1.23 but from [37] we see that
the solar system constraints limit (n — 1) < 107! and hence put stronger constraints for
the theory of gravity than strong lensing. However, pedagogically it is interesting to find
some novel observational signatures of strong lensing in higher order gravity theories, that
would help to obtain constraints on the function f and consequently test the nature of

gravitational interaction in the strong field regime.

In Chapter 4 and 6 we provided an extensive review of both the 143 and 1+1+2
covariant approaches to f(R) theories of gravity. In the 143 formalism, a time-like flow u®
is introduced which splits spacetime into ‘time’ and ’space’. The 14+1+2 further decomposes
the '3-space’ relative to a preferred spatial vector e*. The full system of field equations
(evolution, propagation and constraint) of spacetime is derived from the Bianchi and Ricci
identities in the formalisms in a gauge invariant (co-ordinate independent) manner. From
the structure of these equations we can already obtain some important information about
the spacetime in general since the covariant decomposition of the spacetime introduces
quantities that have a clear physical or geometrical meaning, which gives a better under-

standing of the underlying physics which sometimes remains obscure in the metric approach.

Furthermore, in Chapter 5 we used the 143 formalism to study the role that shear
plays in the relationship between Newtonian and relativistic cosmologies in GR. Linearised
shear-free solutions are almost universally used to study the formation of structure by
gravitational instability in the expanding universe, and are believed to result in standard
local Newtonian theory. We found an that an exact result for the Einstein field equations
is that if pressure-free matter is moving in a shear-free way, then it must be either
expansion-free or rotation-free (valid for isentropic perfect fluids). This result had been
previously suggested to be true for any barotropic perfect fluid, but a proof has remained
elusive. We considered the case of barotropic perfect-fluid solutions linearised about an
FLRW geometry, and proved that the result remains true except for the case of a specific
highly nonlinear equation of state. We argue that this equation of state is nonphysical, and

hence the result is true in the linearised case for all physically realistic barotropic perfect
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fluids. This result, which is not true in Newtonian cosmology, demonstrates that the
linearised solutions, believed to result in standard local Newtonian theory, do not always
give the usual behaviour of Newtonian solutions. We also presented work from [64] which
shows that these results do not always hold true a general f(R) theory of gravity. They
demonstrated that in these theories there is at least one physically realistic non-vacuum
case in which both rotation and expansion is simultaneously possible. This result suggests
that there are situations where linearised FOG posses properties with Newtonian theory
that are not valid in GR. Another interesting point that emerged from our analysis is that
there exists a class of barotropic equation of state (however unphysical that may be) for
which the usual shear-free result can be avoided in the linearised case. It would be an
interesting problem to see whether this same class of equations of state (or some similar
class) allows shear-free rotating and expanding solutions for the full nonlinear Einstein

equations for a barotropic perfect fluid.

In Chapter 7 we proceeded to apply the 1+142 covariant approach to determine
the conditions for the existence of spherically symmetric vacuum solutions of these fourth
order field equations. We proved a Jebsen-Birkhoff like theorem for f(R) theories of gravity
and set the necessary conditions required for the existence of Schwarzschild solution in
these theories. In order to study the perturbations of Schwarzschild black holes in this
context, we discussed under what circumstances we can covariantly set up a scale in the
problem. We showed that subject to certain conditions holding true the spacetime remains:
a) “almost” Schwarzschild when we perturb the spacetime by keeping spherical symmetry
and perturbing the Ricci scalar around R = 0; b) “almost spherically symmetric” with
respect to the covariant scale when we perturbed the spherical symmetry. The size of the
open set S where this holds depends on the parameters of theory (namely the quantity
f”(0)) and the covariant scale (which is the Schwarzschild mass of the star). As a result
of this analysis we can make the deduction that one can always tune the parameters of
the theory such that the perturbations continue to remain small for a time period which
is greater than the age of the universe. In that case, the local spacetime around almost

spherical stars will be stable in the regime of linear perturbations.

Having set up the scale for the perturbations, we applied the 14+1+2 perturbative
procedure to study the perturbations of Schwarzschild black holes in f(R) gravity. From
the Stewart-Walker lemma which states that a variable is gauge invariant in the perturbed
spacetime if it vanishes in the background, it follows that since the exact Schwarzschild
black hole involves only scalars then all the vector and tensor quantities are gauge invariant
under linear perturbations. We were able to obtain a frame invariant TT tensor Mt which
satisfies the Regge-Wheeler equation irrespective of parity. We showed that for the tensor
modes, the underlying dynamics in f(R) gravity is governed by a modified Regge-Wheeler
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tensor which obeys the same Regge-Wheeler equation as in GR. In order to close the
system the Ricci scalar wave equation is included which corresponds to scalar perturbations
that are not present in GR. Since the Regge-Wheeler equation governs the odd (axial)
perturbations the premise then would be to then work out a Zerilli tensor for the even
(polar) perturbations. The analysis would be involve rigorous mathematical manipulation
(and sufficient ingenuity) in FOG if one goes by the fact that its derivation in GR (which is
second order) is considerably more complicated than the derivation of the Regge-Wheeler
tensor due to the larger number of functions involved. Using the 14142 formalism in
GR, [65] obtained a Zerilli tensor which satisfies the Zerilli equation. They also showed
that the Zerilli variable can expressed as a linear combination of the Regge-Wheeler tensor
and it’s derivative. This agrees with the results of [170] where they showed that Zerilli and
Regge-Wheeler equations are representations of the same physical situation. Using results
from Myung et al in [86] where using the metric method they derived the Zerilli equation
for the even gravitational perturbations in f(R) gravity, we can safely say at this point
(albeit cautiously) that the Regge-Wheeler tensor is the more fundamental one of the two
in f(R) gravity. The main difference between GR and f(R) gravities is the appearance of
the scalar perturbations. For the quasinormal modes (QNMs) that follow from the scalar
perturbations, we find that the possible sources of scalar QNMs for the lower multipoles
are from primordial Black Holes. Higher mass, stellar black holes are associated with
extremely high multipoles, which can only be produced in the first stage of black hole
formation. Since the scalar QNMs are short ranged, this scenario makes their detection

beyond the range of current experiments.

Finally, Chapter 9 is devoted to finding the solution to the perturbation equations.
The introduction of harmonics reduced the system into a linear system of algebraic
equations which simplified things and we were able to find the solution of the system using

matrix methods, while employing the freedom to choice of frame vectors.

As a final comment we would like to point out that there are a number of other ar-
eas of application of the 1+1+2 perturbation approach that are worth pursuing in the
context of f(R) gravity. The violation of Birkhoff’s theorem in its general form in FOG
means that Schwarzschild is not the only exact types of static spherically symmetric
solution in these theories. We can therefore consider extending the work done in this thesis
to exploring the application of gravitational wave propagation of these other spacetimes.
Following successful results in GR [66, 67], it would be interesting to use the 14142
formalism to investigate whether a covariant Regge-Wheeler master equation can be found
for electromagnetic perturbations of the spacetime in FOG. We leave these and other

developments for future work.



Appendix A

Useful relations for decomposing

In this appendix we present useful expressions from [65] for decomposing 1+3 quantities to
14142 variables which were employed in Chapter 6. Given any relation in 1+3 notation,

these relations may be utilised to aid decomposition.

Any 1+3 spacetime 3-vectors z%, y® and PSTF 3-tensors ., ¢, may be decom-

posed as
¢ = Xe*+ X%, (A.1)
Jo— Ye'+Y°, (A.2)
Vab = Papy =¥ <€a€b - % ab> + 2V (qep) + Yap (A.3)
Pa = Gapy =P <€a€b - % ab> + 2®4ep) + Pap - (A.4)

The following expansions from 143 quantities — 1+1+2 variables may be performed:

Tar® = X2+ X,X°, (A.5)
My = (20X V) eqt e (Y XU = XV (A.6)
1 1
T Yoy = 3 2XY - X.Y°) <€aeb — 2Nab> + [X Yv(a + YX(a] €p) + X{a YE,} ,
(A7)
1
by’ = (X U+ X, \Iﬂ’> ca— 50 Xa+ X Wy + Wap X", (A.8)

1
770d<axc wb>d = €aX® e <eaeb - 2Nab> + ch{a q}b}c - Xcgc{a \Ijb} )

3
+ [<X e — 5\I/ XC> Ec(a T Ecd X \I/d(a:| €p) (A.9)
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2
1
Yela by° = < TP+ \1: o Ly d<I>Cd> <eaeb—Nab)
+

Vap W™ = 3 g2 + 20, U + W, U (A.10)

3 2

[ s (I)( + (I) \I’(a + ¥e ‘I)C(a + P° \Ifc(a:| €p)

— 5\11 Dy — 5(13 Vo + \If{a (I)b} + \I’c{a@b}c , (A.11)
3
Nty 6% = eqepe W, % + ~eas <<I> L @b) . (A.12)

For 143 covariant time derivative ¢ *’ and the fully orthogonally projected covariant spatial

derivative ‘D’ we find:

T (q)

lb(ab)

Dbl/}ab =

ncd(aDcwb) d =

= (X—Xbab> ea+ X ag+ Xz | (A.13)
. c 1. . >
= (\If -2V, « ) €qp — 5@]\7@ + 3V + 2V (5 — 20" Uy, | €p)
+ 2\Ij(a ab) =+ \Ij{ab} , (A14)
= X+X¢—Xpa"+5,X°, (A.15)

1
<2X £+ EbcébXC) Ca+EXot Eap [—X ah+ "X - X So X" - ¢ XC] ,

1 N 1
g [2X —¢X —2X.a" — 5CXC] <€a€b - 2Nab) + X Cap + 5{aXb}

+ |:X (g + 5( X + X gf)X X (gsc(a — Cc(a):| ep) (A.17)

. 3 .3 3 1
(\If+ iqsxlf — 20, ab + 5,00 — \I/bcgb‘3> eq + W5 + §¢>\11a+ 5\I/aa — Eéa\IJ

—Wapa® + [~Eeap + Cap] U + 8" T, (A.18)
1
[35 U+ 600U — g% cz] <eaeb — zNab)
3 c 3 c TC 1 c cd
—+ —5(5 ‘1"}‘5‘1’@ +\II +§¢\I’ +2\I’d< 6C(a6b)
+ [55 \Ij(a + €Cd (\I’d Cc(a + 5C\I’d(a,)] €p) — 8c{a(SC\IJa} + 25::{0,ac \I"b}

. 1 3
+ ec{a\IICb} + 5@5 ec{a\Ifcb} — 5\1! sc{accb} + &V, + Ec{a\Ifb}dQCd . (A.19)



Appendix B

Harmonically decomposed

equations

We present the system of harmonically decomposed ordinary differential equations. Each
vector and tensor equation produces two harmonics equations for each ¢, one of odd par-
ity and one of even parity, due to the orthogonality of the vector and tensor harmonics.
We implicitly assume a sum over ¢ in the equations, and the S, V, T subscripts indicate
respectively, scalar, vector and tensor terms. These remind us that a spherical harmonic

expansion has been made.

B.1 Propagation and evolution equations

- 1 C+1) 1
s = (A 2(;5) Qs + o ay + 57‘[5 , (B.1)
. C+1) <
Qg = Av + Aés (B.2)
2r
. L(f+1
Hs = - (: Ve, —3ess . (B.3)
: 2 o, 2 C(0+41) 3 1
Zs—gr Zy = r [QAZv—.A(¢+A)av+ 972 .A\/—§W\/— 2AYv]
1 _& 1, 1—2¢(+1)
+ éRs 50, |:¢Xs+gRs 4¢ Rs-l-ir2 Rs| , (B.4)
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. . 1
@s—TZV:T‘|:<2¢+2A> Zv+AYV—A(¢+A)av—€(€T—2|_ ).Av]

1 Cy [+
+6R5—C—1<R5—AX5), (B.5)
Sy = —&y+ 2+ (A— o) A+ -2 (xs— Lor (B.6)
v+ ==&+ 2y + —2¢5 V+2TC1 s—2¢ s :
B . _ — 1 _
&—Qv=—5v+Z\/+(«4—2¢>«4v7 (B.7)
. 12 3 - 1 — 2—0(L+1)
&v — o = 15 (Bv —2av =) + <4¢+A>7‘{\/+ 4()7'& ; (B.8)
r
= 1~ 3 .= _ 1
5V+2HV—45(21\/—204V+QV)—(4¢+A>HV
3 2—/0(+1)
S 3. 1— I = Cl+1)—-2 2
= 3 1 1 L(l+1)—2 Co
3 - E 3 C(0+1) Cy
Wv—2¢>5(04v+2v+ﬂ/)—r<@s—225>+ > %JFAd)QTClRS’ (B.12)
= 3 ~ _
WV:§¢5(QV+E/*QV), (B.13)
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B.1. Propagation and evolution equations

W o= <;¢2 +5> (av + Sy +Q) — E(ZT—; D ay
+% (;¢—A> (ES - ;95) — rcczlés , (B.14)
W o= <;¢2 + S) (av +35 — Qv) , (B.15)
ér = <A - ;QZ)) St S (B.16)
r = <A—¢)ET—5?/—HT \ (B.17)
ET:ﬂ‘i‘ACT_gT“‘ > _Rs, (B.18)
2120,
iT:—;VJrAg‘T—gT, (B.19)
£T+%——%—2€ET—<;¢+2A>7%, (B.20)
Er—Fip = -1 _ %5& + (;qﬁ + 2A) Hr, (B.21)
e b= S 25 it + (;qb + 2A) &r . (B.22)
Hr + }:%VJ%ECT— <;¢+2A> Er . (B.23)
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§s=—0&s+ (e; 2 av , (B.24)

Qg — ”f“awm—@ﬂs, (B.25)

Tis = W: Yo - ﬂzms 3605, (B.26)

S — %és = ggb Ys + (e+1) (Zv —) + gi Rs (B.27)

3 2 2
C(0+1)—2 C
2 A Q 3 1 L(l+1)—2_-

Ay =25y = — Zy — 2 <«4— }ﬁ) Av — Aay + 28y — % (Xs - ¢>RS> ; (B.30)

j‘lv—Qi\/:—Z/—2<.A—i¢> Av—Adv—i-ng, (B.31)
N . - 1 1 Ca
Qy — ay :’H\/ - <2¢ + A) Qy + <2¢ - A) (EV Q\/) 27"C (B.32)

&V — av =—Hy — <;¢ + .A) ay + <;¢> — .A) (EV + Q\/) , (B.33)
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1 C(l+1)—2 3 3 Co
gV == §WV + T gT 55 ay §¢5V + & 47"61 RS N (B34)
s 1= Cl+1)—-2 3. _ 3, 5
gV = §WV T gT 58 ay §¢ gV s (B35)
N1 L(l+1)—2 3 - 3
Hy = ?T%S + THT + 55 (QV +S\/) - §¢HV ) (B.36)
2 3, - L(l+1)—2- 3. =
= oty - D20 e,y (B.37)
r 2
. 3 3 C(+1) Co
Wv——2¢Wv—§5YV+§¢5av+ ) gV_EQT‘Cl Xs (B.38)
= — 3 = 3 _
WV = — 2(Z5WV N igYV + §¢5CLV (B.39)
N 3 1 L0+1 1
YV:—Wv—¢Yv+<¢2+5>av— ( —; )av——Rs
2 2 r 3r
Co 1 1 1, 1—2¢(+1) ..
+ . [<«4+ 2¢) Xs + 5 <5 4¢) >Rs + -2 Rs — Rs (B.40)
S — 3, 5 1, _
Yy =Wy — §¢YV + §(b + &) ay (B.41)
b= —br+ Y e - 2 p (B.42)
T — T T 2T2 Cl S > .
2~ _ ay _
(r=—9¢C——~—¢r, (B.43)
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. 1 _ 1 _
Yr= - (Bv —) — §¢> Y1 +Hr, (B.44)
S 1 - 1 =
Yr= - (3 +Qv) — §¢2T - Ht, (B.45)
1 C(l+1)—2 )
§YV + TCT +& = Y (¢ Rs — 2Xs) , (B.46)
| 2rCy [1 C(0+1)—2
Rs = ¢ ts + 221 s ferl)-2 2r) ¢r+ 5v} ; (B.47)
Rs:?Zs—§%—%€@+1%—%ET+¢r@V+@)—2Tﬂ4, (B.48)
2
B.2 Trace equation
R .. 1 L4+1
C2(Xs — fis) = g Rs C1 = C2 | (& + A) Xs — ( ; )Rs] : (B.49)
B.3 Constraints
Lf+1) ,-
ws =L (5, a) - @a-g)0s. (B.50)
1- L(+1)—2 - _
§Yv—€7s— ( 2) (r=-¢&v, (B.51)

Hy=——-—"—""""""N—-¢0(%-Q) . (B.52)
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