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Abstract

In this thesis, we study gravitational theories for which the natural choice of an affine connection
is metric compatible while not being symmetric. More specifically, we study gravitational theories
constructed on the Riemann-Cartan and Weitzenbock space-times.

Firstly, we outline the mathematical notions needed to construct a definition of space-time. Fol-
lowing this, we introduce the space-time definitions to be made use of throughout this thesis. We
then discuss the notions of extremal and auto-parallel curves on the Riemann-Cartan space-time.
It is noted that test particles follow extremal curves which are auto-parallel curves of the Levi-
Civita connection. Therefore, one must turn to the standard, torsion-free Raychaudhuri equation
when studying the focusing conditions that arise in theories constructed on the Riemann-Cartan or
Weitzenbock space-times.

Once we have introduced the definitions of the relevant space-times, we move on to review some
of the gravitational theories that involve non-vanishing torsion. We first review the Einstein-Cartan
theory and two of its modifications. We then review the so-called f(T") theories of gravity before
discussing the focusing conditions that arise in this context. By making use of the f(T") field equations
together with the torsion-free Raychaudhuri equation, we derive for the first time the f(7") focusing
conditions for a one-parameter dependent congruence of timelike auto-parallel curves of the Levi-
Civita connection. We then study these focusing conditions for three bi-parametric cosmological
models.

Finally, we turn our attention back to the Einstein-Cartan theory and derive the Arnowitt-Deser-
Misner formulation of this theory. By making use of this formulation, we derive for the first time the
Generalised-Baumgarte-Shapiro-Shibata-Nakamura formulation of the Einstein-Cartan theory. We
then consider the case of a vacuum in spherical symmetry and construct a 1-dimensional code to
evolve the system numerically. We leave the inclusion of torsion into this code as the subject for
future work.
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Chapter 1

Introduction

It is well known that General Relativity (GR), which provides us with a description of space, time
and gravity, has been usually formulated with symmetric connections only [5]. More specifically, GR
is formulated on the so-called Riemannian space-time whose natural choice of an affine connection is
the unique, torsion-free and metric compatible connection known as the Levi-Civita connection [6].
In this thesis, we are interested in considering gravitational theories for which the underlying space-
times are defined using a natural choice of an affine connection, referred to as the Cartan connection,
that is metric compatible while not being symmetric. That is, we consider gravitational theories that
include a non-vanishing torsion tensor. The specific space-times that we consider in this thesis are
the so-called Riemann-Cartan [7| and Weitzenbock [8] space-times. Below, we briefly discuss these
space-times as well as their relevance in the scope of this thesis.

1.1 Gravitation and Riemann-Cartan space-time

The generalisation of the Riemannian space-time to one that includes torsion is known as the Riemann-
Cartan space-time [7]. In Chapter 2 of this thesis, we first outline the necessary mathematical
notions needed to construct this Riemann-Cartan space-time which we define formally in Chapter 3
following [9]. An example of a gravitational theory that is constructed on the Riemann-Cartan space-
time is the so-called Einstein-Cartan (EC) theory which was originally proposed by Elie Cartan in
1922 [10]. In this theory, the torsion tensor is geometrised by the spin-current tensor [7]. As a result
of this, in the absence of any fermionic matter, the EC theory of gravity reduces to GR. Therefore,
many phenomena that hold in GR, such as Birkhoff’s theorem, also hold true in the EC theory. In
Chapter 4, we discuss the EC theory as well as two of its modifications. One such modification is the
Einstein-Cartan-Saa (ECS) theory of gravity that was first put forward by Alberto Saa in [11] and
studied further in [12]. The motivation for such a theory comes from making the following note, given
in the next paragraph, on the choice of the volume element used when constructing the gravitational
action of the EC theory.

The volume element used in constructing the action of the EC theory is the same as that of GR
and does not yield a pure boundary term upon the integration of the Cartan divergence of an arbitrary
vector field. In order to obtain a pure boundary term upon such an integration, Saa proposed an
alternative volume element which resulted in the action for the ECS theory of gravity. This will be
the first modification of the EC theory that we will discuss in this thesis.

The second modification of the EC theory that we discuss is a Chern-Simons modification. Such
a modification is carried out here by following [13,14] in which a Chern-Simons modification to GR is
constructed. In the case of spherical symmetry, the Chern-Simons modification to General Relativty
(CSGR) vanishes and one is left with the standard GR theory. Therefore spherically symmetric
solutions, such as the Schwarzschild solution, are solutions of this modification to GR. However, as
mentioned in [14], the Kerr metric violates the so-called Pontryagin constraint and is therefore not
a solution of CSGR. This presents motivation for studying the Chern-Simons modification of the
Einstein-Cartan (CSEC) theory and the status of the Kerr solution in this theory has been studied
in [15].



2 Chapter 1. Introduction

While we discuss these two aforementioned modifications of the EC theory, we will primarily be
interested in the EC theory itself. We make use of the so-called Cartan formalism in reviewing this
theory by following what is done in [9,16-18]. In addition to this, we also discuss the EC theory in
the holonomic frame. The latter formulation will be of particular interest when constructing a set
of evolution equations to be made use of in carrying out numerical simulations of the theory. To
this end, we derive the Gauss, Codazzi and Ricci equations in Riemann-Cartan space-time following
what was done in [19,20] by Baumgarte and Shapiro for the case of Riemannian space-time. In these
aforesaid references, the Gauss, Codazzi and Ricci equations of Riemannian space-time are made use
of in constructing the Arnowitt-Deser-Misner (ADM) formulation of GR. In Chapter 6 of this thesis,
we make use of the Gauss, Codazzi and Ricci equations of Riemann-Cartan space-time in order to
derive the ADM formulation of the EC theory. We note that in [21], an ADM-like formulation of
the Teleparallel Equivalent of General Relativty (TEGR) is given while an ADM formulation of the
so-called Coincident General Relativty (CGR) has been given in [22].

As was shown in [23, 24|, one can construct a modification of the ADM formulation based on
conformal transformations in the hypersurfaces of Riemannian space-time. Such a formulation is
known as the Baumgarte-Shapiro-Shibata-Nakamura (BSSN) formulation of GR. In the construction
of this formalism, one makes the assumption that the determinant of the conformal spatial metric is
unity. As pointed out by Brown in [25], this presents an issue when working in spherical coordinates
as the determinant of the spatial metric in spherical coordinates is not unity. Brown therefore pro-
posed the so-called Generalised-Baumgarte-Shapiro-Shibata-Nakamura (GBSSN) formulation of GR
in which one does not make this assumption. By making use of this formulation, Brown carried out
the numerical evolution of the system describing a space-time puncture. This was done by assuming a
vacuum and taking the metric to be spherically symmetric. The initial data for the metric was taken
to be the Schwarzschild solution in isotropic coordinates. Similar numerical simulations using the
GBSSN formulation have been carried out in [2,26,27]. It is worth noting that the standard BSSN
formulation has been used successfully for three-dimensional punture evolution in [28,29].

Once we have constructed the ADM formulation of the EC theory, we will modify this in order
to obtain, for the first time, a GBSSN formulation of the EC theory. In our final statement of the
GBSSN evolution equations, we include the torsion tensor by making use of the so-called effective
energy-momentum tensor. In order to determine the evolution equation of the torsion tensor, one
can therefore decompose the effective energy-momentum tensor and determine the relevant evolution
equations for its components. By following the procedure outlined in [30] for evolving the energy-
momentum tensor, we apply this method to the effective energy-momentum tensor and obtain the
evolution equations for the energy-matter content.

Upon the completion of constructing the GBSSN formulation of the EC theory, we consider the
case of spherical symmetry as well as a vanishing energy-matter content. Since the torsion tensor
vanishes when the spin-current tensor vanishes in the EC theory, the GBSSN evolution equations
will coincide with what is given in [25,26, 31| for the case of GR. By making use of the evolution
equations for this case, we construct a 1-dimensional (1D) code to numerically evolve the system.
The modification of this 1D code to include a non-vanishing spin-current tensor is left as the subject
for future work.

1.2 Gravitation and Weitzenbock space-time

In this thesis, the most general space-time considered is the Riemann-Cartan space-time. By imposing
that the torsion tensor vanishes, the Cartan connection reduces to the Levi-Civita connection which
is unique. While one can consider the Riemann-Cartan connection in the case of vanishing torsion,
one can also consider the case of vanishing curvature. In such a case, there is no unique choice for the
Cartan connection [16]. However, the simplest choice of an affine connection can be found by taking
the trivial solution to the second Cartan structure equation. This is referred to as the Weitzenbock
gauge with the associated choice of an affine connection being the Weitzenbock connection [8,32].
We refer to the space-time obtained by taking the natural choice of an affine connection to be the
Weitzenbock connection as the Weitzenbock space-time. It is upon this space-time that the so-called
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Teleparallel Equivalent of General Relativity (TEGR) is constructed. The reason that this theory is
equivalent to GR is that, apart from a surface term that has no contribution, the TEGR action is
exactly the Einstein-Hilbert action [33]. The TEGR theory of gravity was first introduced by Albert
Einstein himself and the interested reader is directed to the work [34] which contains the first English
translations of Einstein’s original papers on the subject. The formulation of TEGR through the
construction of a gravitational Lagrangian was first done in [35] and later in |36].

In the Lagrangian formulation of TEGR, the Lagrangian density is the so-called torsion scalar T'.
Theories that are constructed using a Lagrangian density that is a general function f(7') of the torsion
scalar are referred to as f(T') theories of gravity. While TEGR is a Lorentz invariant theory, these
theories are not necessarily Lorentz invariant [37]. The fact that these theories display this property
has led to recent interest [37-40]. In particular, the validity of Birkhoff’s Theorem in f(T") theories
is discussed in [37,39,40|. It was argued in [39] that the first inference of Birkhoff’s theorem, which
states that a spherically symmetric metric for which a vacuum is considered is static, holds in f(7T')
theories of gravity. The authors of [39] made this argument by starting with a spherically symmetric
metric and then constructing a diagonal tetrad. As pointed out in [37,40], the ansatz for the tetrad
used in [39] is overconstrained and requires that the f(7') theory be TEGR. Therefore, the argument
given in [39] is limited to the case of TEGR. As per the terminology used in [37], the diagonal tetrad
used in [39] is an example of a "bad tetrad". Further studies conducted in the context of f(T") theories
of gravity include the study of junction conditions in these theories 38| as well as constraining specific
f(T') theories through the use of Supernovae Type Ia and Baryon Acoustic Oscillation data [41]. The
review article [42] discusses a model-independent reconstruction of f(7") theories through the use of
the so-called cosmographic method. In Chapter 4, we shall discuss in detail the formulation of f(7T')
theories following the discussion of the EC theory and its modifications.

We note that for theories that can be written as a function of the torsion scalar, T, a scalar field
and its kinetic term, a study of these theories, as well as a comparison with Hubble data, can be
found in [43]. Theories resulting from the inclusion of a Gauss-Bonnet term in the f(7") Lagrangian
have also been studied [44-49]. In addition, a topic of interest for the case of TEGR is the status
of the theory as a gauge theory of the translation group [50-52]. It is also worth mentioning that
recently, the set of solutions of f(7') gravity in the Minkowski metric has been studied [53], finding
out that a new mode is present at fourth-order perturbation, signaling a strong coupling problem.

1.3 Auto-parallel curves and focusing conditions

In this thesis, we are interested in studying the focusing conditions that arise in the context of the
f(T') theories of gravity. More specifically, we wish to consider a congruence of curves and study
how a cross-sectional area about this congruence expands or contracts. One can then describe the
rate of expansion through the use of the Raychaudhuri equation. In Riemann-Cartan space-time,
however, there exist multiple Raychaudhuri equations of which we shall consider three. When one
considers the convergence or divergence of neighbouring curves in torsion-free theories of gravity, such
as GR, one often turns to the Raychaudhuri equation which was derived in [54|. This Raychaudhuri
equation, referred to here as the torsion-free Raychaudhuri equation, is known to play a significant
role in the proofs of the singularity theorems [55,56]. This is the first Raychaudhuri equation that
we will consider. Due to the fact that the Levi-Civita connection can be considered as an additional
structure on Riemann-Cartan space-time [57], the torsion-free Raychaudhuri equation is still valid
in this space-time. It is, therefore, possible to still consider the convergence or divergence of curves
generated by the Levi-Civita connection in general Riemann-Cartan space-times.

Given the fact that the Levi-Civita connection is not the natural choice of an affine connection in
the Riemann-Cartan space-time, the torsion-free Raychaudhuri equation cannot, in general, be used to
describe the convergence or divergence of curves generated by the Cartan connection. Consequently,
in order to study a congruence of curves generated by the Cartan connection, we aim at determining a
Raychaudhuri equation describing the convergence and divergence of these curves. One such equation
can be found in [58,59] and we refer to this result as the non-null torsion Raychaudhuri equation.
This equation is derived by decomposing the tensor field obtained by acting the Cartan covariant
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derivative on the tangent vector field of a curve contained in a congruence. While the non-null torsion
Raychaudhuri equation is valid in Riemann-Cartan space-time, the associated kinematic quantities do
not necessarily describe the physical expansion, shear and twist. In [60,61], a Raychaudhuri equation
involving torsion and whose kinematic quantities give the physical expansion, shear and twist is
derived. In this thesis, we refer to this result as the geometric Raychaudhuri equation. In [62], the
geometric Raychaudhuri equation is made use of in studying singularity theorems in affine theories of
gravity with torsion. In Chapter 3, we discuss the Raychaudhuri equations mentioned here in greater
detail. We note that the more general Raychaudhuri equation for the case of a space-time whose
natural choice of an affine connection is not metric compatible in addition to having a non-vanishing
torsion tensor is derived in [63].

Once we have derived the non-null torsion and geometric Raychaudhuri equations, we will move on
to discuss the implication of such key equations in the context of f(7') theories of gravity. In Chapter
5 of this thesis, we are concerned with studying the convergence or divergence of paths followed by
test particles. Since we take test particles to follow extremal curves, which are auto-parallel curves
of the Levi-Civita connection, we make use of the torsion-free Raychaudhuri equation when studying
the focusing conditions. The f(T') focusing conditions for the case where fundamental congruences
are considered have been derived before in [64]. In Chapter 5 of this thesis, we derive for the first
time the focusing conditions given a one-parameter dependent congruence of timelike auto-parallel
curves of the Levi-Civita connection. Following this, we study these focusing conditions for three
paradigmatic f(7') cosmological models. These results have been reported in the article [65].



Chapter 2

Mathematical preliminaries

2.1 Introduction

In this chapter we briefly discuss the mathematical preliminaries needed for the construction of space-
times with non-vanishing torsion. We begin by first introducing the definition of a manifold which is
used throughout this thesis. This is done in Section 2.2. Following this, in Section 2.3, we define the
notion of a tangent space as well as that of a tensor. This is done by following closely the discussions
given in [55] by Hawking and Ellis and [5] by Wald. In Section 2.4, we then discuss the notion of
orientability of a manifold as well as how integration on a manifold is carried out. We conclude this
chapter with a brief dicussion on fibre bundles and principle G-bundles in Section 2.5. Although the
discussions given in this chapter are brief, the reader interested in a more in depth study of differential
geometry is directed to [6,57,66,67]. For a discussion on the application of differential geometry in
the study of physics, the interested reader is directed to [16,68].

2.2 Definition of a manifold

In this section we introduce the definition of a manifold that is used in this thesis. Although we
are predominantly interested in studying 4-dimensional space-times with non-vanishing torsion in
this thesis, we will initially discuss the notion of an n-dimensional manifold. Once the notion of an
n-dimensional manifold is formalised, we will move on to consider the specific case of a 4-dimensional
manifold and we will make use of this notion in order to construct space-times with non-vanishing
torsion. It is worth noting that only a brief discussion of the mathematical preliminaries needed to
construct a space-time is given here. In particular, many of the statements given here are mentioned
without proof and the interested reader is directed to the references mentioned herein for more in-
depth discussions on the various concepts that appear in the study of differential geometry.

As mentioned above, the purpose of this section is to provide the reader with the definition of a
manifold which is to be used throughout this thesis. Through such a definition, we will be able to
construct various metric compatible space-times such as the Riemannian space-time, which has non-
vanishing curvature, the Weitzenbock space-time, which has vanishing curvature and non-vanishing
torison, as well the Riemann-Cartan space-time which has both non-vanishing curvature and non-
vanishing torsion [9].

In what follows, we define a homeomorphism to be a bijective mapping that has a continuous
inverse [5]. Intuitively, one can interpret a manifold as being constructed by "pasting" together sets
that are homeomorphic to an open subset of a Euclidean space [5,6]. That is, given an arbitrary point
in a manifold, there exists a neighbourhood of that point that is homeomorphic to an open subset of
a Euclidean space. To present this notion more formally, we first consider the set

R"::{w:(:cl,...,x")]wkeR Vke{l,...,n}} , (2.1)

where R is the set of all real numbers [6]. Following what is done in [6], we note the following linear
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structure on R™ described by the expressions
(@+y)" =a"+o", (2.2)
and
(ax)* = az® (2.3)

where z,y € R" and a € R is a scalar. Equation (2.2) defines addition between elements of R"
whereas equation (2.3) defines scalar multiplication [6]. It is easily verifiable that the linear structure
described by equations (2.2) and (2.3) implies that R™ is an n-dimensional vector space over the field
of real numbers, R [6]. In addition to this aforementioned linear structure, it is possible to study a
standard topological structure on R™ (see [6,66] and Appendix A of [5]). One can define the function

(2.4)

where &,y € R [6,66]. It is not difficult to show that, from the definition given in equation (2.4), the
function d (x, y) satisfies the following properties [6]:

1. d(zx,y) is positive semi-definite with

d(x,y) >0, (2.5)
for all vectors ¢,y € R;
2. the function is symmetric with
d(z,y) =d(y,z) ; (2.6)
3. the triangle inequality described by
d(z,y)+d(y,z) >d(z,2) , (2.7)

is satisfied for any vectors x,y, z € R".

Since the above properties are satisfied by the function d (x,y), it follows that it is a metric on R"
and we refer to this metric as the usual metric on R™ [6,66]. In order to see how the standard
topological structure on R™ can be constructed, we first require the definition of a topological space.
Following [69] and Appendix A of |5], we have the following definition of a topological space.

Definition 2.2.1. A topological space (X, T) is a set X together with a collection, 7, of subsets of X
such that:

1. the set X and the empty set @ are in the collection ;
2. the union of any elements in 7 is in 7;
3. the intersection of any finite number of elements in 7 is in 7.

The collection, 7, of subsets of the set X is referred to as a topology on X and the subsets that form
part of this collection are referred to as open sets in the topological space (X, 7).

Where no confusion arises, we will often refer to X simply as the topological space. By following
what is done in Appendix A of [5], we wish to introduce a few more definitions. In the above definition,
it is stated what is meant by an open set. We note that a subset, say A, of X is said to be a closed
set if its complement, defined as X — A := {x € X |z ¢ A}, is an open set [5]. As is well-known, it is
possible for a set to be both open as well as closed. Given a set X, one can construct a topological
space by simply taking the topology to be the set containing all subsets of X. This is referred to as
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the discrete topology. Given the set X, another simple construction of a topological space is to take
the topology to be the so-called indiscrete topology which only contains the set X itself as well as the
empty set &. Furthermore, if the only elements of the topology that are both open and closed are
the set X and the empty set @ then the topological space is said to be connected. Consider now the
set A C X in the topological space (X, 7). The closure of the set A, which is denoted as A, is defined
as the intersection of all the closed sets that contain A. On the other hand, the union of all the open
sets that contain A is referred to as the interior of the set A. One can now define the boundary of
the set A, which is often denoted as A, as being the set of all points that are contained in the closure
of A but not in the interior of A. Lastly, we turn our attention to the definition of a compact set.
An open cover of the set A C X is defined as being a collection of open sets that is such that A is
contained in the union of these sets. If every open cover of the set A C X has a finite subcover, then
it is said that the set A is compact.

Let us now give the so-called natural topological structure of R™. By making use of the usual
metric defined in equation (2.4), we can define the open ball, B,(x), with centre € R™ and radius
r as follows:

By(z) = {y € R"|d(z,y) <7, = € R"} (2.8)

where 7 > 0 is a real number [6,66]. The natural topological structure of R™ is then constructed by
taking the open subsets of R", i.e., the sets contained in the topology, to be unions of open balls as
defined above through equation (2.8) [5,6].

Consider a function f defined on an open subset U of R". We say that f € C* (U) if all the
j-th partial derivatives of f both exist and are continuous for j < k where k € Z™ [6]. In defining
a manifold, we wish to include the condition that the topological space M be a Hausdorff space. In
order to consider the notion of a Hausdorff space, we require the Hausdorff separation axiom which
is defined as follows.

Hausdorff separation axiom. Let M be a topological space. If p and ¢ are two distinct points in
M, then there exists disjoint sets U,V C M such that p € Y and g € V [55].

A topological space M that satisfies the Hausdorff separation axiom is referred to as a Hausdorff
space [55]. Before moving on to give the definition of a manifold, we first wish to state the notion
of a second countable topological space. A topological space is said to be second countable if it
has a countable basis for the topology 7 [66]. That is, there exists a collection of open sets that is
countable and is such that one can write a given open subset of M as a union of sets contained in
the collection [5]. We are now in a position to state the definition of a manifold that is given in [6]
and is used in this thesis.

Definition 2.2.2. Let M be a Hausdorff space that is second countable. If for any p € M there
exists a neighbourhood U C M of p such that U is homeomorphic to some open subset O of R™ then
we refer to M as an n-dimensional manifold [6].

We note that the neighbourhood in the manifold definition given above is necessarily an open
subset [66]. Now, suppose that p is a point in the n-dimensional manifold M. Then, from Definition
2.2.2, there exists an open subset U of M such that the map v : &4 — O C R” is a homeomorphism.
We shall refer to (U,1) as a coordinate chart [6]. We note that some authors refer to (U, 1) as
a coordinate system [5]. Now, suppose, in addition to the coordinate chart (U,1), we have the
coordinate chart (V,¢) defined on the manifold M. In addition, suppose that Y NV # & and
consider the following map:

-1 .
oo (b(mv).gb(urwv)aw(um/) . (2.9)
Using the fact that the maps 1) and ¢ are homeomorphisms as well as the fact that both the images
¢ (UNYV)and ¢ (UNV) are non-empty, since we have YNV # &, it is not difficult to see that the map
given in equation (2.9) is itself a homeomorphism [6]. Through the consideration of two coordinate

charts on a manifold M, we wish to introduce the notion of C*-compatibility which is defined as
follows.
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Definition 2.2.3. Let (U,v) and (V, ¢) be coordinate charts on a manifold M. We say that the
coordinate charts are C*-compatible if either U NV = @ or UNV # @ and the map given in equation
(2.9) as well as its inverse are C*¥-maps.

We now wish to consider the notion of a differentiable structure on a manifold M. In order to do
this, we first wish to introduce the definition of a C*-atlas.

Definition 2.2.4. Let (U}, ¢;) be a coordinate chart on a manifold M for j € {1,2,...,m} where
m € Z*. Let A be a collection of coordinate charts defined through the expression

A= {(Ul,%)a(uz,%)7---7(Um,¢m)} . (2'1())

If A satisfies the properties:

1. the collection {U1,Us, ... Uy} is an open cover of M;

2. any two coordinate charts (U;, 1) , (Uj, ;) € A satisfy the property of C*-compatibility;
then A is said to be a C*-atlas [6,55].

Using the definition given above, we let A be a C*-atlas on the manifold M. If the atlas A satisfies
the condition that if a coordinate chart (V, ¢) on M is C*-compatible with all coordinate charts in
A, then the atlas is said to be mazimal [6]. We refer to a maximal C*-atlas as a CF-differentiable
structure [6]. If a manifold M has a Ck-differentiable structure given on it we shall refer to it as a
C*-differentiable manifold [6)].

Let A be a C*-atlas as defined in Definition 2.2.4 and let p be any point in M. If there exists an
open neighbourhood of p that is such that it only intersects a finite number of the sets U; contained
in A then the atlas is said to be locally finite [55]. If for any atlas A of a manifold M there exists a
locally finite atlas

A={V1,61),Va,62),....(Vd)} (2.11)

where | € ZT and each V; is contained in some U}, then the manifold M is said to be paracompact [55].
In fact, if we assume that the manifold under consideration is connected, then it satisfies the property
of paracompactness since it would be equivalent to the property of being second countable [55, 66].
This is contained in the following theorem which is stated here without proof.

Theorem 2.2.1. A connected C*-differentiable manifold satisfies the property of paracompactness if
and only if it is second countable [55].

Following the work [6] we shall refer to a C°°-manifold as a smooth manifold. From now on, when
the term manifold is used, we shall be referring to a connected smooth manifold.

2.3 The tangent space, dual space and tensors

Let M be an n-dimensional manifold and let p be a point in M. We define C}° to be the set of all
C*-functions that are defined in a neighbourhood of the point p [6]. We define a tangent vector at
the point p € M to be a map X, : C;° — R that is such that, for all o, 8 € R and for all f,g € C}°,
we have [5]

1. X, (af +Bg) = aX, (f) + BX, (9);
2. Xp(fg) = f(p) Xy (9) +9(p)Xp (f) -

With this definition in mind, we define T, M to be the collection of all tangent vectors at the point
p € M [5]. Tt is not difficult to see that the collection T, M has the linear structure described by the
expressions

(Xp +Yp) (f) = Xp (/) + Y, (f) (2.12)
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and

(aXp) (f) = aX, (f) (2.13)

where f,g € C;°, X, Y, € TyM and a € R [5]. In addition, under this linear structure, the collection
T, M is a vector space and we refer to this collection as the tangent space at p [5|. A proof that the
tangent space has the same dimension as that of the associated manifold is given in [5]. Consider an
open neighbourhood U of p which is a point in the n-dimensional manifold M. Welet ¢ : U4 — O C R"
be a homeomorphism where O is open. For f € Cp° we introduce the coordinate basis {e,} defined
as

9 1
= - 2.14
e ()= g (Fov™) | (2.14)
where v € {1,2,...,n} and (2',2?%,...,2") are Cartesian coordinates of ¢ ({). By making use of the
basis constructed above, it is possible to write the tangent vector X, € T, M as
n
X,=X, e, =) X/e,, (2.15)

v=1
where we have implemented the so-called Einstein summation convention, i.e., the summation is
implied when an index is repeated. The vector components X’ in equation (2.15) are defined as the
value obtained by acting the vector X, on the C* function 2¥ o ¢ : i/ — R. That is, we write

X, =X, (z"0v) . (2.16)

We denote the collection of linear maps v, : T, M — R as Ty M and we write the real value obtained
by mapping the vector X, through the use of v, as (v,, X,). Given a coordinate basis, which is
defined in equation (2.14), for the tangent space we can define the set of n linear maps {e”}, which
are elements of T7 M, through the expression

(e! e,) = 5" . (2.17)

We note that, under the linear structure of the operation (v,, X,), the collection Ty M is a vector
space. The set of {€”} forms a basis for the elements in 7y M with an arbitrary element v, € T, M
written as the following linear combination

vp = (vp)v €7, (2.18)
where we define the coordinate components through the expression

(Up)y = (vp,€y) . (2.19)

The collection T); M is of dimension n and is referred to as the dual space of the tangent space with
its elements being referred to as dual vectors |5,55|. Now that we have introduced the tangent space
and dual space at a point p € M, we are in a position to introduce the notion of a tensor.

We begin by introducing the Cartesian product Qgc which is defined as follows

Q:=T;M x - xTyM xT,M x ... T,M . (2.20)

k factors [ factors
We now define a tensor of type (k,1) to be a multilinear map [5]
T:0 5 R. (2.21)

Given a coordinate chart (U, ) of p € M with the basis {e,} for the tangent space as well as the
basis {e€”} for the dual space, we can write the type (k,[) tensor as

T=TH""M, e, @ De,0e" ek, (2.22)
—_—

| factors k factors
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where we have once again made use of the Einstein summation convention and 7"** "1, are the
coordinate basis components of the tensor associated with {e, } [5,55]. We denote the vector space to
which a tensor of type (k,1) belongs as T),(k,[)M. Having now introduced the notion of a tensor, we
wish to introduce the notion of a tensor field following [55] by Hawking and Ellis. Let &« C M be an
open subset of the manifold M. We define the allocation of an element of the vector space T}, (k, ()M
to a point p in the open set U as a tensor field of type (k,1). Tensor fields will be of particular interest
in this thesis when studying aspects of a given space-time. More specifically, we will be interested in
describing quantities such as curvature and torsion through the use of tensor fields. Before we move
on to discuss specific space-times, we first wish to consider the notion of integration on manifolds.

2.4 Orientability and integration on a manifold

In this section, we wish to discuss, in particular, the notion of integration on a manifold say M. Before
introducing this concept, we first wish to define the notion of an orientable manifold as this property
of orientability is required when defining integration on a manifold. The definition of orientability is
given below following [5,67].

Definition 2.4.1. Let M be a manifold. We say that M is an orientable manifold if one can select
a smooth n-form field that does not vanish anywhere on M. We say that the selected n-form field
provides an orientation for M.

For the remainder of this thesis, we will take all manifolds to be orientable as per the definition
given above. For such a manifold M let us denote the selected n-form field, which provides us with
the orientation M, as o. Let p € M and let (U, 1) be a coordinate chart of M with p € U C M.
By making use of the wedge product, we expand the n-form field o in the basis associated with this
coordinate chart. That is, we write

o=udz* Ao Adz", (2.23)

where, as per Definition 2.4.1 given above, u is a smooth function that is non-vanishing everywhere.
In the case where u > 0, we refer to the coordinate chart as right-handed whereas, in the case where
u < 0, we refer to the coordinate chart as left-handed [5|. Suppose that u > 0 and, therefore, that the
coordinate chart is right-handed. Consider an arbitrary n-form field 8 and let us write this n-form
field in terms of the basis associated with the coordinate chart

B=bdz' A Ada" . (2.24)

We now define the integral of the n-form field over the open neighbourhood U C M as [5]

/uﬁ:: /w(u)bdxl...dx”. (2.25)

We have thus defined the integral of an arbitrary, smooth n-form field over an open neighbourhood of
the manifold M. With this definition in mind, we wish to define the integral of a smooth n-form field
over the manifold M. In order to construct such a definition, we first wish to give the definition of a
smooth partition of unity on a manifold. Following Willmore [67], we give such a definition below.

Definition 2.4.2. Let M be a manifold. We define a smooth partition of unity, { f;}, to be a collection
of smooth functions, f;, on M that are such that:

L. fi >0 Vi
2. The collection {supp (f;)} forms a covering of M that is locally finite;

3.5 fi=1
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In the second property given above, we have used the notation supp (f;) to indicate the support
of the smooth function f;, i.e., the subset of the domain of f; whose image does not contain zero.
Now, suppose the collection {V;} of open neighbourhoods of the manifold M is an open covering of
M. 1If, for each function f; contained in the partition of unity, there exists an open neighbourhood V;
contained in the aforementioned open covering such that supp (f;) C V;, then the partition of unity
{fi} is said to be subordinate to the open covering {V;} [67].

Having introduced the notion of a smooth partition of unity on a manifold, we now wish to give
the definition of the integral of an arbitrary n-form field over the entirety of the manifold. Since a
given manifold, as per the notions given previously, satisfies the property of paracompactness, one
can find a countable collection, {{;}, of open neighbourhoods of M that are locally finite and cover
M [5]. Now, a smooth partition of unity {f;} that is subordinate to the collection {/;} exists, and
we define the integral of an arbitrary n-form 3 field over the entirety of the manifold to be [5]

/Mﬂ = ; /u 5B (2.26)

In the above definition we have assumed that, for a coordinate chart (U;,1);) where U; is part of
the aforementioned collection {U/;} and has associated homeomorphisms ; : U; — O; C R™, the
integrability condition

Z/ filbjldzt .. da™ (2.27)
F; 5 (Us)

is satisfied where b; is the function used to construct the n-form field 3 using the jth coordinate chart
as per equation (2.24) [5]. In order to carry out an integration of a smooth function, say h, over the
entirety of the manifold M, we require the notion of a volume element which is a continuous and
non-vanishing n-form which we shall denote as . For a volume element ¢, we define the integral of
the smooth function h over the entirety of the manifold M as

/M b= /M he . (2.28)

We note that while an orientation o is equivalent to an orientation that is obtained by multiplying o by
a strictly positive smooth function this is not the case for a volume element. The defining of an integral
of a smooth function over M will play a significant role when we consider specific theories of gravity.
This is due to the fact that, when introducing a gravitational theory, we will consider an action which
involves such an integral over the manifold included in the definition of the space-time considered. As
we shall see in subsequent chapters, although there is a natural choice of a volume element given a
space-time, the choice is not unique. This means that it is possible to construct gravitational theories
that, while still containing the same smooth function in their respective actions, will differ in their
volume elements. An example of such a case is the comparison between the Einstein-Cartan theory
and the so-called Einstein-Cartan-Saa theory [11]. In this example, both contain the same smooth
function in their action, which is the non-null torsion Ricci scalar and is defined later on, while their
actions differ due to having different volume elements.

2.5 Bundles, fibre bundles and principle G-bundles

In this section, we wish to introduce the notion of a fibre bundle and, in particular, discuss the specific
type of fibre bundle referred to as a principle G-bundle. The notion of a fibre bundle is essential to
the formulation of a gauge theoretic approach to gravitational theories. In particular, it is possible
to formulate the Einstein-Cartan theory of gravity as a gauge theory of the Poincaré group [70,71]
and the Teleparallel Equivalent of General Relativity as a gauge theory of the translation group [8].
In later sections of this thesis, we are interested in studying these two aforesaid theories as well as
various modifications to these theories. The reader interested in learning about the subject of so-
called Poincaré gauge gravity theories in general is directed to [71] by Blagojevi¢ as well as [72, 73|
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by Obukhov. Let us now begin this section by introducing the notion of a bundle. This is given in
the following definition from Hawking and Ellis [55].

Definition 2.5.1. Let £ and M be manifolds and let 7 : £ — M be a surjective mapping. We then
refer to the tuple (€, M, ) as a bundle.

The manifolds £ and M in the above definition are often referred to as the total space manifold
and the base manifold respectively [9,18,55]. In addition, we refer to the surjective map = as the
projection map [18]. As an example of a bundle, let us consider the so-called product bundle. Let M
and A be manifolds and let us introduce the total space manifold as the product manifold M x A.
Then, the tuple (M x A, M, ) defines a bundle where 7 is the surjection that is such that 7 : (p,a) €
Mx A m(p,a)=p e Mforall a e Aand p € M [55]. An example of such a product bundle,
which is given in [55], is that of the cylinder C2. One takes the base manifold to be the circle S* and
the total space manifold to be the product manifold constructed using S* together with the real line
R, i.e., the total space manifold has the topology S! x R!. Having discussed the notion of a product
bundle, let us now turn our attention to the notion of a fibre bundle. In this thesis, we make use of
the following definition used in [9, 18].

Definition 2.5.2. Let £, M and F be manifolds. As before, £ is referred to as the total space
manifold and M is referred to as the base manifold. We refer to F as the fibre. Let m : £ — M
be a surjective mapping. For all p € M, let there exist a diffeomorphism, say ¢, that is such that
¢ : 1 (U) — U x F where U C M is an open neighbourhood of p. In addition, let the following
diagram commute

U —2 s Ux F
x AOJ& 7
u

where proj, : (p, f) € U x F +— proj; (p, f) = p € U. We then refer to the quadruple (£, M, 7, F) as
a fibre bundle.

In essence, a fibre bundle is a bundle that is locally a product bundle [55]. That is, the bundle
(€,U, ) is a fibre bundle if it is locally the product manifold M x F where the manifold F is the
fibre. As an example of a fibre bundle, let us consider the tangent bundle. Let M be a manifold
and let us define the total space manifold to be & := (J,cr{p} x TpM. Let us take the surjection to
be the projection map proj; : (p,v) € € = p € M. In order to conclude that the tangent bundle is
indeed a fibre bundle, we require the fibre F. Let us consider an element, say v, of the tangent space
T, M. Let the manifold M be of dimension n and let E := {e1,...,e,} be a basis for T,M. Then,
we can write the tangent space element v as the following linear combination of elements of the basis
E:

n
v="> ke, (2.29)
k=1
where I/ € R Vj € {1,...,n}. We note that, for an open neighbourhood U C M of p € M, the map

n

by (p,Zlkek) €& oy (p,v) = (p, (ll, ... ,l”)) eUu xR", (2.30)
k=1

is a diffeomorphism. Then, the quadruple (£, M, proj;, F) is a fibre bundle where the fibre is nothing

more than F := R".

Before we move on to discuss the notion of a principle fibre bundle, let us first make a note
on the diffeomorphism ¢ mentioned in Definition 2.5.2. This choice in a diffeomorphism that maps
771 (U) to the product bundle U x F is referred to as a local trivialisation [9,18]. We note that
there is a one-to-one correspondence between the notion of a local trivialisation and the notion of a
choice of gauge [18]. As a result of such a one-to-one correspondence, it is not uncommon for a local
trivialization to simply be referred to as a choice of gauge [9]. In this thesis, we make use of the
definition for a G-bundle that is stated in [18] and is given below.
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Definition 2.5.3. Let the quadruple (€, M, 7, F) be a fibre bundle as per definition 2.5.2. Let G be
a Lie group that acts as a group of diffeomorphisms on the fibre F and let 1 be the unit element of
G. Let the collection {Ui,...,Uy} be an open cover of the base manifold M and let {¢1,..., ¢} be
a corresponding collection of local trivialisation maps, i.e., be such that ¢; : 7~ (U;) — U; x F for
all j € {1,...,m}. Consider the collection A := {(U1,¢1),..., Um,dm)}. If the collection A is such
that the maps defined as ¢;; := QSZqS;l (U NUj) x F — (U NU;) x F is such that it has the form

Gij : (p, f) € Ui NU;) X F e ¢35 (p, ) = (0, aij (p) f) € Ui NU;) x F (2.31)
where the maps ¢;; : (U; "U;) — G are such that for all 4,5,k € {1,...,m} we have
1. gjj (p) =1 for all p € Uj;
2. qij (p) = qﬁl (p) for all p € U; NU;;
3. 455 (p) 4k (P) qri (p) = 1 for all p € Uy NU; N Uy;

then we refer to A as a G-atlas. By defining a G-structure to be an equivalence class of G-atlases, we
say that the fibre bundle is a G-bundle if a G-structure is specified on the fibre bundle.

The Lie group G used in the definition given above is often referred to as the structure group. In
the event that the structure group G is diffeomorphic to the fibre F, then we say that the G-bundle
is a principle G-bundle [18|. In many cases, the fibre is taken to be the structure group. In such
a case, the diffeomorphism that maps the structure group to the fibre is simply the identity map.
Let us consider the so-called linear frame bundle which is an example of a principle G-bundle and
is discussed in [9]. Consider the tangent space T,M of the n-dimensional base manifold M of this
bundle and let (eq, ..., e,) be the standard basis for R". Let v : R” — T, M be a linear isomorphism
and, therefore, the set {vy(e1),...,7(en)} is a basis for T, M. We now define the set of all linear
isomorphisms v : R” — T, M by L, M and we refer to this set as the set of linear frames. We then
define LM := (J,c o {p} X LpM. One can show that the quadruple (LM, M, m, GL (R")), which is
referred to as the linear frame bundle, is a principle fibre bundle [9]. In this example, the structure
group and the fibre coincide and are described by the general linear group GL (R™). In the event
that the linear isomorphisms are such that the bases {7y (e1),...,7v(ey)} are orthonormal, then the
resulting principle fibre bundle is referred to as the orthonormal frame bundle [9]. Following the
notation of 9], we denote the total space manifold of the orthonormal frame bundle as FM.

2.6 Chapter conclusions

In this chapter, we introduced the necessary mathematical concepts needed for constructing space-
times with torsion. In particular, we introduced the definition of a manifold which we make use
of in this thesis as well as the notions of a tangent space and a dual space. We also discussed
the construction of tensors through the use of the basis for the tangent space as well the basis for
a dual space. Following this, we discussed the notion of integration on manifolds. This will be
useful in Chapter 4 when we require a gravitational action constructed on a space-time in order
to describe a gravitational theory. Moreover, the notion of a volume element is important when
discussing gravitational theories whose volume element is not that of the natural choice. An example
of such a theory is the so-called Einstein-Cartan-Saa theory [11] which will be discussed in Section
4.3. We concluded this chapter by discussing the notion of a fibre bundle which is a key concept
when describing a gravitational theory as a gauge theory. Examples of these include the Einstein-
Cartan theory as a gauge theory of the Poincaré group [74] and the Teleparallel Equivalent of General
Relativity as a gauge theory of the translation group [8].






Chapter 3

Space-times with curvature and torsion

3.1 Introduction

In the previous chapter, we introduced the necessary mathematical concepts needed to construct
space-times with non-vanishing torsion. In this chapter, we will make use of these mathematical
concepts in order to study the so-called Riemann-Cartan space-time whose natural choice of an affine
connection is the so-called Cartan connection which is non-symmetric while being metric compatible
[74,75]. In Section 3.2, we outline some notational conventions that we make use of in this thesis.
Following this, in Section 3.3 we construct the Riemann-Cartan space-time following [9]. In Section
3.4, we discuss the notions of curvature and torsion in this space-time. In Section 3.5, we discuss
the so-called Cartan formalism following [9, 16, 18|. This formalism will allow us to represent some of
the notions given in Section 3.4 in a non-holonomic frame. In Section 3.6, we discuss the so-called
Riemannian and Weitzenbdock space-times which are special cases of the Riemann-Cartan space-time.
In Section 3.7, we discuss the notions of auto-parallel and extremal curves in Riemann-Cartan space-
time. Lastly, in Sections 3.8, 3.9 and 3.10, we discuss various Raychaudhuri equations that can be
constructed on the Riemann-Cartan space-time following the results presented in [54,58-61].

3.2 Conventions and notation

In the construction of space-times with non-vanishing torsion, we will be concerned with 4-dimensional
manifolds where we make use of the definitions given in Chapter 2. When considering a type (k,1)
tensor field, say B, we will use the notation B“I”Q'”“’Llwmyl in order to indicate the kind of variables
that the tensor field acts on. That is, we will use Greek indices to denote tensor properties. Therefore,
any relationships between tensors mentioned in the following sections will be properties of those
tensors and will not be specific to any coordinate chart. This notational convention is referred to as
the abstract index notation and is made use of! in [5]. Furthermore, for a type (k,[) tensor field B,
we make use of the notational conventions

1
P12 [k _ B2 b
B (viva..vy) Al ZB Vr()V=(2)---V=(1) ’ (3'1)
™
and

1
M2 [k _ B2
Bt ) = 1 2207 B (32)
™

where 7 indicates the permutation and 6, is —1 for odd permutations and 1 for even permutations.
In order to illustrate how the notation described in equations (3.1) and (3.2) is used, we consider as

'We note that, while we use Greek indices here for the abstract index notation, Wald makes use of Latin indices. Here,
we prefer to reserve the use of Latin indices for dealing with nonholonomic frames. The construction of nonholonomic
frames is explained further on in Section 3.5.

15



16 Chapter 3. Space-times with curvature and torsion

an example the case where the tensor field B is of type (0,3). The application of equation (3.1) to
the first and third indices of a type (0, 3) tensor field B yields

1
B(,u\a|y) = 5 (B,uow + Bua,u) . (3.3)

Through the application of equation (3.2) to the first and third indices of B yields

B, (Buow — Buay) - (3.4)

N |

plafv] =

In subsequent chapters, when a coordinate basis is introduced, we will then use Greek indices to
indicate the coordinate basis components of tensors as was done in the previous chapter. For now
however, we will use Greek indices in the capacity of the so-called abstract index notation.

In the following sections, we turn our attention to the construction of a space-time whose natural
choice of an affine connection is both metric compatible as well as not necessarily symmetric. We
will first introduce the definition of an affine connection following [55] by Hawking and Ellis before
moving on to discuss the requirement that the affine connection be metric compatible. The definition
of a Riemann-Cartan space-time will then be given by following [9] by Tseng through the use of a 4-
dimensional manifold together with the metric tensor as well as the non-symmetric metric compatible
affine connection considered as an additional structure on the manifold.

3.3 Construction of Riemann-Cartan space-time

We begin this section by giving the definition of an affine connection which we consider to be an
additional structure on a given manifold. Let M be a 4-dimensional manifold and let p be a point
in M. The additional structure referred to as an affine connection, denoted as V, is defined to be a
description which provides a differential operator Vx = X"V, for all vector fields X at p € M and
satisfies the properties [55]:

1. for vector fields X, Y, Z and f,g € C;° we have

ny+ng = fVy X +gVzX (3.5)
= fY'"V, X + 92"V, X ; (3.6)

2. for vector fields X,Y, Z and «, 8 € R we have

Vz(aX +8Y) =aVzX + VY (3.7)
=aZ"V, X + 5Z"V,Y ; (3.8)

3. for vector fields X, Y and f € C}° we have

Vy (fX) =Y (f) X + fVy X (3.9)
=Y (/)X + fY'V, X . (3.10)

In the third property given above, we have used the fact that the description provided by an affine
connection is consistent with the idea that a tangent vector field, say Y, acting on a function, say
[ € Cp°, yields the directional derivative of f at p, i.e., Vy f = Y (f) for any affine connection V.
Furthermore, we note that the affine connection V maps the type (k,1) tensor field BHi#2# N vy
to the type (k,l 4 1) tensor field V,B*#2# ., and we refer to this quantity as the covariant
derivative of B [5]. It is at this point that we wish to introduce the type (0, 2) tensor field g referred
to as the metric tensor. Intuitively, the metric tensor provides us with the notion of an inner product
on the tangent space T, M for all points p in the manifold M. More formally, a metric tensor on
a manifold M is a type (0,2) tensor that is nondegenerate and symmetric [5,55]. The property
of nondegeneracy means that g (X,Y) = 0 for all vectors Y € T, M if and only if X is the zero
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vector. In addition, when we say the metric tensor is symmetric, it is meant that, given two vectors
X,Y € T,M, we have g (X,Y) = g (Y, X). In the abstract index notation, the symmetric property
of the metric tensor can be written as g,, = g,,. In this thesis we take g to be a Lorentz metric with
signature (—, 4+, +,+). Since we are dealing with a Lorentz metric, the manifold M is taken to be a
pseudo-Riemannian manifold since the metric tensor is not necessarily positive semi-definite.

Now that the notions of an affine connection and a metric tensor have been introduced, we wish
to introduce the notion of a metric compatible connection for which we have non-vanishing torsion.
Let us first begin by introducing the notion of a connection coefficient. Let V and V' be two affine
connections considered as additional structures on the manifold M. Now, let X be a tangent vector
field at p € M and let f € C;° be a function on M. By making use of the abstract index notation,
we consider the map (V, — V) ( fxh ) The application of the Leibniz rule yields

(Vo= Vo) (£X°) = [(Va = Vi) f] X7 + f (Vo — Vi) XP . (3.11)

As already mentioned, the description provided by a given affine connection is consistent with how
tangent vector fields provide the notion of a directional derivative of a function on M. That is, for
any two affine connections V and V' and a function f € Cp, we have Vo f = V! f. Tt therefore
follows that equation (3.11) becomes

(Vo= Vo) (fX7) = £ (Va - Vi) X7 (3.12)

The above expression implies that the quantity (V, — V.) X # depends only on the value taken on
by the vector field X at p € M and it follows that (V, — V) is a linear map [5]. Since this is a
linear map, we can introduce a type (1,2) tensor field, say L? oo, that is such that

(Vo = VL) XP=1° X°. (3.13)
We now wish to consider what happens when we act the same map on a dual vector field v. We note
that (v, X) = v, X* € C;° and thus
(Vo = Vo) (0X7) =0 (3.14)
The application of the Leibniz rule in the above expression yields
v (Vo — Vo) XP + XP (Vo = Vi) v3=0. (3.15)
By making use of equation (3.13), the above expression becomes
XP(Losv0 + (Va — Vi) v) =0 . (3.16)
Since the above expression holds for all tangent vector fields X, we have
(Vo — Vi) v = —L%sv0 (3.17)

which describes the action of the map (V, — V7)) on a dual vector field. By extending the notions pre-
sented in equations (3.13) and (3.17) it is possible to consider the action of the linear map (V, — V1)
on a type (k,l) tensor field B. That is, for a tensor field B of type (k,l), the action of the map
(Vo — V) yields [5]

k !
(Va _ V;) Bulu.ukwmyl _ ZLH&UBMWUMMW.HW _ Z LgayiBm'"”k e (3.18)
=1 =1

If we instead consider the map (V,, — d,) where we have replaced the affine connection V!, with the
partial derivative J,, then the map is still in fact linear, however, it does not necessarily define a
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(1,2) tensor field but rather a type (1,2) pseudo-tensor. We denote this pseudo-tensor as I, and
we refer to it as a connection coefficient. Following equation (3.17), we write [5,55]

(Vo —0q)vg = —f“faﬁvo = Vaug = 0qvg — f‘”aﬁvg ) (3.19)
Similarly, following equation (3.13), the action of the linear map (V,, — 0,) on a vector field X yields
(Vo —0) XP =T _X° — VX’ =09, X° +1T8 Xx° . (3.20)

Through the use of equation (3.18) we conclude that, for a type (k,[) tensor field B, we have

k l
= 8(13#1“.#161/1...1/1 + Z F/’L&UB/'LI-“U-"H]{:UI.“UZ - Z FUOWZ_BHL“,L% Vi..o..V] " (321)
i=1 =1

vaB#1~~-#k

V1...1p
Up until now, we have not assumed that the natural choice of an affine connection is metric compatible.
In this thesis, we will only be concerned with affine connections that are metric compatible. Given a

metric tensor g on a manifold M, the requirement that the affine connection V is metric compatible
implies that [5]

vag;w =0. (322)
The application of equation (3.21) to the above expression yields
0= Vagu = Oadur — Lapdor — T Guo - (3.23)
By carrying out cyclic permutations of the indices in the above expression, we obtain [76]
0= Vugva = ugva — Lo — T%abvo - (3.24)
and
0= Vidap = OvGau — f“mg(w — f“uugw . (3.25)
By adding equations (3.23) and (3.24) and then subtracting equation (3.25), we obtain
0= 8&9#11 + augz/a - 81/9041 + Tauu + T,uz/a - faa,ugol/ - f‘aluagm/ ) (326)
where we have defined the torsion tensor, T, to be [8,33]
79, :=1%,-1%9,. (3.27)

By substituting —f”ua =T% — f”a# into equation (3.26), we obtain the following expression for the
connection coefficients associated with a non-symmetric, metric compatible affine connection V [77]

1
IR 59"" (Oa9uv + Ougva — Ovgap + Tvap — Topw + Tiva) - (3.28)

Given a metric tensor g on a manifold M, the natural choice of an affine connection that is non-
symmetric and metric compatible has corresponding connection coefficients given by equation (3.28).
For the remainder of this thesis, we will use the symbol V to denote the affine connection which is
non-symmetric and metric compatible and therefore has the connection coefficients given by equation
(3.28). We are now in a position to give the definition of the Riemann-Cartan space-time which is
done following [9] by Tseng.

Definition 3.3.1. Let M be a manifold and let g be a metric tensor on M. Given this metric tensor,
we let V be the non-symmetric and metric compatible affine connection, constructed as an additional
structure on the manifold M, with connection coefficients given by equation (3.28). We then define
the Riemann-Cartan space-time to be the tuple (M, g, V).

Furthermore, we refer to the connection V used in the above definition as the Cartan connection
[70,75]. We have now constructed the Riemann-Cartan space-time as desired. As is done in [75]| by
Audretsch, we will denote the 4-dimensional Riemann-Cartan space-time defined above as Uy. In the
following section we wish to study further the Riemann-Cartan space-time defined in this section by
studying the notions of curvature and torsion in this space-time.
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3.4 Curvature and torsion

In this section, we turn our attention to studying curvature and torsion on the Riemann-Cartan
space-time Uy as defined in Definition 3.3.1. As already mentioned, the natural choice of an affine
connection in Riemann-Cartan space-time is non-symmetric as well as metric compatible. The fact
that the natural choice of an affine connection is not necessarily symmetric gives rise to non-vanishing
torsion. This can be seen in equation (3.27) where the torsion tensor is defined. In the event that the
connection coefficients are symmetric in their second and third indices, the torsion tensor vanishes.
However, by assuming that the natural choice of an affine connection, V, is not necessarily symmetric,
the right-hand side of equation (3.27) is non-vanishing and thus, the Riemann-Cartan space-time
possesses non-vanishing torsion. Although we have already provided a definition for the torsion
tensor, which is given in equation (3.27), in terms of the connection coefficients f“’u we wish to
provide an alternative definition for the torsion tensor which is given below [9,55].

1284

Definition 3.4.1. Let X and Y be arbitrary vector fields at a point p in the manifold M. We define
the torsion tensor, T, at the point p to be the type (1,2) tensor field that is such that

T(X,Y)=VxY -VyX —[X,Y] . (3.29)

Our goal now is to derive the above relation from the definition given in equation (3.27). This is
carried out by following the derivations given in [76,77]. In order to show how the definition of the
torsion tensor given in equation (3.27) leads to equation (3.29), we first note that equation (3.29) can
be written as [5]

7%, X"Y" = X"V,Y’ —Y'V, X7 — [X,Y]" . (3.30)

Now, let f be a C* function on the manifold M. We now consider the action of the Lie bracket on

f by making use of its definition:

[X,Y)f=X"V,(YIV,.f) = Y'V, (X'V,f)
— (X"V, Y7 =YV, X))V, f + XPYY (V,V, -V, V,) f . (3.31)

Let us now consider the action of the covariant derivative V,, on the type (0,1) tensor field V, f.
Through the application of equation (3.19) we obtain the following

VuVuf =00 f —1°,Vof . (3.32)
By swapping the lower indices in the above expression we obtain the following
VoVuf =0,0uf —1%,Vof . (3.33)

By subtracting equation (3.33) from equation (3.32) as well as by making use of the fact that the
partial derivatives commute, we obtain

where we have made use of equation (3.27) in order to introduce the torsion tensor into the above
expression. By substituting equation (3.34) into equation (3.31) and by making the argument that
the resulting expression must be satisfied for all dual vector fields V, f, equation (3.30) is obtained.
Before moving on to discuss the notion of curvature in the Riemann-Cartan space-time, we first
wish to make a note on the existence of a metric compatible, symmetric affine connection which we
shall denote as D. This metric compatible, symmetric affine connection is referred to as the Levi-
Civita connection and is the only metric compatible affine connection in space-times for which only
symmetric connections are considered [5,6]. This result is known as the Fundamental Theorem of
Riemannian Geometry and the interested reader is directed to [6] for a detailed discussion. We denote
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the pseudo-tensor used to describe the action of the linear map (D, — 04) on a dual vector field, say
v, as F0a5~ That is, we write

Da’l}ﬁ = 80/0/3 — Faa/ﬂ}g . (335)

By definition, the connection coeflicients of the Levi-Civita connection are symmetric in their second
and third indices, i.e., I’ 5 = I'%,. Clearly, the torsion tensor associated with the Levi-Civita con-
nection is zero. Furthermore, the Levi-Civita connection is nothing more than the natural choice of an
affine connection in Riemann-Cartan space-time in the absence of torsion. Therefore, by considering
equation (3.28) for the case where we are dealing with the torsion-free connection D with symmetric

connection coefficients I'?, ., we have the following expression for the connection coefficients [5,55, 78|

(o2 1 ov
I, = 5g (Oa9uv + Ougva — Ovgap) - (3.36)

These connection coefficients are referred to as Christoffel symbols and, as can be seen from the above
expression, depend only on the metric tensor [5]. Although the Levi-Civita connection is not the
natural choice of an affine connection in the Riemann-Cartan space-time, it can still be considered as
an additional structure on the manifold M included in the definition of Uy [57|. Therefore, we can still
make use of the Levi-Civita connection when considering Riemann-Cartan space-times, however, we
must rely on the natural choice of an affine connection, V, in order to obtain the relevant geometrical
descriptions of the space-time. For example, the curvature and torsion of the space-time U, are
determined using the Cartan connection V.

Since we are interested in considering the Levi-Civita connection as an additional structure on the
Riemann-Cartan space-time Uy, we wish to relate it to the natural choice of an affine connection V
for such a space-time. In order to do this, we define the so-called contorsion tensor which is defined
as [8,33,77]

1
K,ul/a = 5 (T,uz/a - Tua,u + Ta,uzz) . (337)
By substituting the above expression for the contorsion tensor as well as the expression for the
Christoffel symbols given in equation (3.36) into equation (3.28), we obtain the following expression

for the connection coefficients of the Cartan connection [77]

re, =17, +K°, . (3.38)

That is, the contorsion tensor is defined as the difference between the Cartan connection coefficients
and the Christoffel symbols. By making use of the above expression, we can use the contorsion tensor
to relate the Cartan connection and the Levi-Civita connection [8,33,77]. By considering the action
of the Cartan connection on a dual vector field, say v, we can make use of equation (3.38) in order
to obtain

VQU/B = 8a215 — Faaﬁvg — KUaﬁUU . (339)
It therefore follows from equation (3.35) that we have
Vavg = Davg — K% 05 = (Vo — Do) vg = =K% 505 . (3.40)

Therefore, from the above expression, we can interpret the tensor field K Uaﬁ as the specific tensor
field that describes the action of the linear map (V, — D,,) on a dual vector field.

Having found the tensor field that describes the action of the difference between the Cartan
connection and the Levi-Civita connection, which we refer to as the contorsion tensor, we wish to
now turn our attention to the notion of curvature of the Riemann-Cartan space-time Uy. Here we
will be interested in discussing the notion of curvature associated with the Cartan connection as well
as the Levi-Civita connection. The reason for this is that the curvature associated with the Levi-
Civita connection is well understood in the context of torsion-free space-times and satisfies useful
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properties that we wish to make use of [5]. In addition, by relating the two aforementioned curvature
tensor fields, we will be able to examine how the expressions differ in the presence of torsion. This
examination is carried out following [76,79].

Let f be a smooth function on the manifold M and let v be a dual vector field. By considering

the action of the map (Van - V3V + Tf’aﬁvp> on fug, it is not difficult to show that (see [76] for

a derivation)
(vavﬁ — V5V + Tfjwv,,) (fvo) = f (vavg v v T”aﬁvl,) Vo . (3.41)

That is, the action of the map (VQVB — VgV + Tpaﬁvp) on a dual vector field at p € M depends
only on the value taken on by the dual vector field at the point p € M. This implies that the
map (VQV5 —VgVa + Tpaﬁv,,) is linear and thus, we can introduce a tensor field, say R_, *, that

afo
describes the action of this linear map. That is, we have

(VaVs = VoVa + T4V, ) v = Rop v, - (3.42)

We refer to the the tensor field Raﬁgp as the non-null torsion Riemann tensor. This tensor gives us the
notion of curvature in the Riemann-Cartan space-time Uy since it is the curvature tensor associated
with the Cartan connection which is the natural choice of an affine connection in Uy. Furthermore,
we define the non-null torsion Ricci tensor to be

Ry =R’ . (3.43)

In addition, we define the non-null torsion Ricci scalar to be

R:=R) (3.44)
It is clear from the above discussion that both torsion and curvature are aspects of a given affine
connection [33,68]. It is important to note, however, that since an affine connection is viewed as
an additional structure on the space-time manifold M [55], one can have multiple affine connections
defined on M [57]. It is because of this that we may consider the Levi-Civita connection as an
additional structure on Uy. So far, we have discussed the curvature associated with the Cartan
connection. We now wish to consider the notion of curvature for which the Levi-Civita connection
is considered. Since the Levi-Civita connection is nothing more than the Cartan connection in the
absence of torsion, it can be deduced that (DoDg — DgD,) is a linear map [5]. It therefore follows
that we can introduce a tensor field, say R B ap , that is such that for a dual vector field v we have [5]

(DoaDg — DgDy) vo = Raﬁgpvp . (3.45)
We refer to the tensor field R 60’) as the torsion-free Riemann tensor. As was done for the non-null
torsion Riemann tensor, we can define the torsion-free Ricci tensor as

Ry =R,  , (3.46)
as well as the torsion-free Ricci scalar as

R:=R) . (3.47)
Before we move on to discuss the relationship between the non-null torsion Riemann tensor and the
torsion-free Riemann tensor, we first wish to discuss the properties satisfied by these tensor fields.
We will consider the properties satisfied by the non-null torsion Riemann tensor, following [5,76], and
we will then use these to determine the properties satisfied by the torsion-free Riemann tensor by
considering what happens when we have vanishing torsion.
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We begin by considering the action of the map given in equation (3.42) on the metric tensor g.
By carrying out this action and noting that the Cartan connection is metric compatible, we have [76]

0= (Vavﬁ - V,gva + T%ng) Juv = Raﬁuu =+ Raﬁuu ) (348)

where we have carried out a contraction of the fourth index in the Riemann tensors through the use
of the metric tensor. It can be seen from the above expression that the non-null torsion Riemann
tensor is antisymmetric in its third and fourth indices. Clearly the same is true for the torsion-
free Riemann tensor since the torsion-free Riemann tensor is nothing more than the non-null torsion
Riemann tensor in the case of vanishing torsion. Let us now turn our attention to equation (3.42)
explicitly. By carrying out an index substitution in this expression we have

(VaVa = VaVa+T%,Y,) vs = Ry, (3.49)

By adding equations (3.42) and (3.49) we obtain [76]

(T2 + T Voo = (Rop” + Ro) 0 - (3.50)
By making use of the fact that the torsion tensor is antisymmetric in its second and third indices and
that the above expression holds for an arbitrary dual vector field, we have

Raﬁap = —Rﬁwp . (3.51)
That is, the non-null torsion Riemann tensor is antisymmetric in its first and second indices. We
again argue that the torsion-free Riemann tensor is also antisymmetric in its first and second indices.

In considering the torsion-free Riemann tensor, it is known [5] that the tensor field obtained by
antisymmetrising the first three indices of the torsion-free Riemann tensor vanishes. That is, the
torsion-free Riemann tensor satisfies the following property

Rsl =0, (3.52)

where we have made use of the notational convention described in equation (3.2). The above property
is referred to as the first Bianchi identity for the torsion-free Riemann tensor. By following the
derivation given in the author’s previous work [76], we can obtain a corresponding expression for the
first Bianchi identity for the non-null torsion Riemann tensor. In order to obtain such an expression,
we wish to study the type (0, 3) tensor field V(aVpvs) Where v, is an arbitrary dual vector field. On
the one hand, by making use of equations (3.19) and (3.27), we can write this aforementioned type
(0,3) tensor field as [76]

1 A
ViaViUo = 5 (0T 50 = ThsOp Vo) = T Togt) - (3.53)

That is, we have given an expression for the tensor field V[,V gvy by writing the Cartan connection
in terms of partial derivatives and connection coefficients. On the other hand, through the use of the
definition of the non-null torsion Riemann tensor given in equation (3.42), we can write the tensor
field V(, Vv, as [76]

_ L5 P P P A
ViaViUo) = 5 (Bisl100 = Ty 0y + sl oon) - (3.54)

By equating the right-hand sides of equations (3.53) and (3.54), we obtain [76]

P_9

> p A T
Riosel = 0aT05 = Tapl oy - (3.55)

We have thus obtained the expression for the first Bianchi identity associated with the non-null torsion
Riemann tensor. As expected, when the torsion tensor vanishes, equation (3.55) reduces to equation
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(3.52). Lastly, we wish to investigate the property referred to as the second Bianchi identity. For the
torsion-free Riemann tensor, it is known [5] that it satisfies the second Bianchi identity

A
DioRyy) =0 . (3.56)

We wish to derive a similar relation for the case where the non-null torsion Riemann tensor is consid-
ered. That is, we wish to consider the type (1,4) tensor field obtained by acting the Cartan covariant
derivative on the non-null torsion Riemann tensor and by antisymmetrising the first three indices.
Here, we follow the derivation provided in [76] which is carried out following the method given in [5]
for the case of a Riemannian space-time. For an arbitrary dual vector field v, we consider the type
(0,4) tensor field V|, V5V v, and the following two equivalent expressions for the tensor field

6V [aV5Vo10p = (VaVs = V5Va) Vot + (V5Ve = VoV5) Vot + (Vo Va = VaVe) Vsu, (3.57)

= Vo (VsVe = VoV3) 0y + V5 (VoVa = VaVo) vy + Vo (VaVs — V5Va) v, -
(3.58)

Let us first turn our attention to equation (3.57). By making use of the definition of the non-null
torsion Riemann tensor given in equation (3.42) we have

(VaVg = V5Va) Voty = Ros, Vaty + Rop, Vova — T 5VAVe, - (3.59)

By substituting equation (3.59) into equation (3.57), one obtains
1 /-~ -
ViaVsVoitp = (Blapo Vs + R 1 Vo1on = Thas Vs Yoty ) - (3.60)

We now turn our attention to the expression given in equation (3.57). We again make use of the
definition of the non-null torsion Riemann tensor given in equation (3.42) and obtain

Vo (V5Ve — VoVs) v, = (vaﬁaﬁgp*) o + Ry Vaus — Va <T)‘BUV)\U,,> . (3.61)

By substituting equation (3.61) into the right-hand side of equation (3.58), one obtains

ViaVaVoty = % [(v[aéﬁg]f) or+ Rigo ) Vajor — Via (ng]va)} , (3.62)

where we have made use of equation (3.55) in carrying out a simplification. By equating the right-
hand sides of equations (3.60) and (3.62), we obtain the following expression for the non-null torsion
Riemann tensor

D, A _ 9T v A A
(ViaRs01™) 02 = 20053 Vuvp + T Vo Vaty = Tas Vs Vot (3.63)

which is what was obtained in [76] following the method described in [5] where the case of the torsion-
free Riemann tensor was considered. Now, by once again making use of the definition of the non-null
torsion Riemann tensor given in equation (3.42), we can introduce the non-null torsion Riemann
tensor into the right-hand side of equation (3.63). By considering the resulting expression and noting
that it should hold for any dual vector field, we obtain the following expression

D, A _qw b, A
v[aRﬂU]p - T [QBRO'}Vp . (364)

The above expression is the second Bianchi identity associated with the non-null torsion Riemann
tensor. As expected, when there is vanishing torsion and therefore the Cartan connection reduces to
the Levi-Civita connection, the Bianchi identity given in equation (3.64) reduces to equation (3.56)
which is the Bianchi identity associated with the torsion-free Riemann tensor. As we shall see in
subsequent chapters, the implications of having equations (3.55) and (3.64) being non-vanishing for
non-vanishing torsion are significant when considering theories for which one considers non-vanishing
torsion [7,74,79,80].
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Having now derived the non-null torsion Bianchi identities, we now wish to relate the non-null
torsion Riemann tensor to the torsion-free Riemann tensor in order to determine the so-called "non-
Riemannian contributions" [74]. The non-Riemannian contributions are the additional terms that
contribute to the construction of a tensor field defined using the Cartan connection that have no
contribution in the construction of the tensor field when defined using the Levi-Civita connection.
That is, the non-Riemannian terms are the terms that contribute to non-null torsion quantities in
addition to the torsion-free terms. It is of course expected that these terms vanish in the case of
vanishing torsion since, in such a case, the Cartan connection and Levi-Civita connection would
coincide. The relating of the non-null torsion Riemann tensor to the torsion-free Riemann tensor
allows one to relate the two Ricci scalars, i.e., the non-null torsion and torsion-free Ricci scalars. The
reason for studying this is due to the fact that these scalars play an important role when constructing
the gravitational action for a given theory [7,79]. In order to obtain the aforementioned relationship
between the non-null torsion Riemann tensor and the torsion-free Riemann tensor, we note that by
introducing the connection coeflicients of the Cartan connection into the left hand side of equation
(3.42) and noting that the resulting expression holds for any dual vector field v, we have the following
expression for the non-null torsion Riemann tensor
Ryl = 081, = Ol Vg, + 100 TV s =T TV ¢
It is not difficult to see from the above expression that, when considering the Levi-Civita connection
which is simply the Cartan connection in the case of vanishing torsion, the torsion-free Riemann
tensor can be written as

(3.65)

Rope = 051 o = 0l gy + D00l 55 = T, T s (3.66)

«

By introducing the contorsion tensor into the right-hand side of equation (3.65) through the use of
equation (3.38) and identifying the Riemannian terms that contribute to the torsion-free Riemann
tensor as given in equation (3.66), one obtains the following expression for the non-null torsion
Riemann tensor |76, 79|

5 A A

R . P = Raﬁap + DgK?,, — DQK”BU + Kpﬁ/\K wo — K2\ Kgy (3.67)

affo

By contracting the first and fourth indices in the above expression, one obtains the following expression
which relates the non-null torsion Ricci tensor to the torsion free Ricci tensor

Rag = Rao + DsK%,, — DoK'y, + K%\, Ky — K73 KB, . (3.68)

We can now make use of the above expression in order to obtain an expression that relates the non-
null torsion Ricci scalar to the torsion-free Ricci scalar. By taking the trace of equation (3.68) one
obtains

R=R+2D, T+ T, (3.69)
where we have defined T := T” % to be trace of the torsion tensor and we have defined

1
T:= -

1
— 4Tgﬁo‘T" " — §T5§T" o =TT, (3.70)
to be the torsion scalar [8,81]. We note that it is possible to write the torsion scalar as the torsion
tensor contracted with a type (2, 1) tensor field say S,/. In constructing this tensor field, it is useful

to introduce the tensor field

1
5 (_Tll,ua - T,ual/ + Tauu) s (3.71)

which we shall refer to as the Weitzenbick contorsion tensor. By making use of the Weitzenbtck
contorsion tensor and by defining the tensor field

Wuya = Ky,ua - Tuua =

v 1 14 v v
S =5 (WHy+ 05T = 6)T") (3.72)
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where 45 is the Kronecker delta symbol, it is not difficult to show that [8,33,35, 36, 81]

T=1",5". (3.73)
We note that the tensor field S, is often referred to as the superpotential |8].

The importance of the torsion scalar is apparent from equation (3.69). More specifically, equation
(3.69) tells us that the non-Riemannian contribution to the non-null torsion Ricci scalar is composed
of the torsion scalar T" and a total Levi-Civita covariant derivative of the trace of the torsion scalar.
As we shall see in Chapter 4, this plays an important role in gravitational theories for which the
associated action contains a Lagrangian density that is linear in either the non-null torsion or torsion-
free Ricci scalar. The reason for this is that, for such an action, the total covariant derivative can
be integrated out and will therefore have no contribution in the resulting equations of motion. An
example of such theories are the so-called Teleparallel Theories of Gravity for which the natural choice
of an affine connection yields zero curvature [8,32]. Such theories will be discussed in detail in Chapter
4. For now, however, it will prove to be useful to discuss the decomposition of the torsion tensor
as provided in [79,80]. We can then write equation (3.69) in terms of the quantities included in the
aforementioned decomposition of the torsion tensor.

The notion of decomposition can be done for any tensor field. Namely, it is possible to decompose
a given tensor field into a trace component, a totally symmetric component, a totally antisymmetric
component and, lastly, a component that defines the difference between the tensor field and the other
decomposed quantities |5,79]. Following what is done in the review article |79] by Shapiro, we consider
the following decomposition of the torsion tensor

1
Tzz,ua = g (T,ugua - Tagua) + T[u;wc] + Qu,ua . (3'74)

In the above decomposition, the first term is the trace component while the second term is the totally
antisymmetric component [79]. The @Q,.q tensor field defines the difference between the torsion tensor
and the sum of the trace component and the totally antisymmetric component. We note that the
Quua tensor field is, of course, antisymmetric in its second and third indices and, in addition, it is
traceless [79]. Furthermore, it is not difficult to check that this tensor field satisfies the property

P Qs =0, (3.75)

where € is the Levi-Civita tensor. At this point, we wish to introduce the vector field V' defined
through the following expression |79]

VY= T, (3.76)

We note that, through the use of the vector field defined above, we can write the totally antisymmetric
term in the decomposition of the torsion tensor as follows

1
T’[V/La} = _Eeu,uapvp . (377)
We now wish to write equation (3.69) in terms of the decomposition of the torsion tensor. In order
to do this, we turn our attention to the definition of the torsion scalar given in equation (3.70). We
have the following expressions for the first two quadratic terms that contribute to the definition of
the torsion scalar in equation (3.70)

2 1
Ty,uaTVMa - gTVTu - Evava + Ql/,anVua P (3'78>

1 1
Tuon T = =3 T — VoV + Qua Q™ . (3.79)

Substituting the above two expressions into equation (3.70) yields an expression for the torsion scalar
in terms of the quantities included in the decomposition of the torsion tensor. Substituting this
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resulting expression into equation (3.69) yields? the following equation [79,80]
D 2 « 1 a 1 vpo
R=R+2D,T" = ST,T° + VoV + 5QuuaQ . (3.80)

We have thus obtained an expression relating the non-null torsion Ricci scalar to the torsion-free Ricci
scalar with the non-Riemannian contributions written in terms of the decomposition of the torsion
tensor. This expression has been obtained following [79,80] by Shapiro and will play an important
role when considering specific gravitational theories constructed on the Riemann-Cartan space-time
Us.

When constructing gravitational theories on a Riemann-Cartan space-time, it is often useful to
make use of the so-called Cartan formalism which is the subject of the following section.

3.5 Cartan formalism

In this section, we discuss the Cartan formalism in the context of the Riemann-Cartan space-time
U, defined previously. This discussion is carried out by mainly following what is done in [7] by
Trautman, [9] by Tseng and [16] by Nakahara. The reader interested in a more in-depth discussion
on the topics mentioned in this section is directed to the aforesaid references. The Cartan formalism
involves studying curvature and torsion on a Riemann-Cartan space-time through the use of a non-
holonomic basis. Specifically, a non-holonomic basis is a non-coordinate basis composed of smooth
vector fields that are orthonormal to each other [5]. We denote these vector fields as é,. Let p € M
where M is the Riemann-Cartan space-time manifold. Let {0/0z”} be a coordinate basis for the
tangent space T, M at the point p. The smooth vector fields that make up the non-holonomic basis
are then written as the following linear combination of the coordinate basis elements

&, = ea”% =e,/ 0, , (3.81)
where the e;” are elements of the general linear group GL4 (R) [7,16]. That is, the coefficients e, are
4 x 4 invertible matrices with real entries. The above expression implies that the non-holonomic basis
elements are linear combinations of rotations of the coordinate basis elements with these rotations
being described by the coefficients e/’ [16]. As is common for the case where a four-dimensional space-
time is considered, we shall refer to €, as a tetrad and refer to its coefficients e,” as the associated
vierbein |5,8,16]. Furthermore, we note that the Greek indices are lowered and raised through the use
of the metric tensor and the Latin indices are lowered and raised through the use of the Minkowski
metric 7, = diag (—1,1,1,1). Consider the dual space T, M for a point p € M. We have already
introduced the holonomic basis {0/0x"} for the tangent space T, M. We let {dz"} be the coordinate
basis for the dual space. We note that the tangent space basis element 9/0z” = 9, and the dual
space basis element dx¥ satisfy the orthogonality relation given in equation (2.17). That is, we have

(dz",8,) = 6" | (3.82)

Now, following [16] by Nakahara, we introduce the basis {éa} that is dual to the non-holonomic basis
{€,}. That is, we have

~

(0°, &) = o . (3.83)

In terms of a linear combination of elements of the coordinate basis for the dual space, we can write
the dual tetrad field 8¢ as

6% = %, da” . (3.84)

*We note that there is an error in the expression as it is given in [79]. Here, in equation (3.80), we give the corrected
equation which is given in [80].
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It is important to note that we require the tetrad field to be related to the metric tensor. Given the
Riemann-Cartan space-time Uy with metric tensor g,,,, we require that the coefficients of the tetrad
field satisfy the following expressions |8, 16]

I = nabeaueby , (3.85)

and
TNab = guueaueby . (3.86)

Given a space-time with metric tensor g, we can construct a tetrad field through the use of equation
(3.85). We note, however, that there will not be a unique choice of a tetrad field given a metric tensor.
Furthermore, although the metric tensor is Lorentz invariant, the tetrad field does not in general
satisfy this property of Lorentz invariance. For theories of gravity where the space-time considered
is constructed using an affine connection that is dependent directly on the tetrad field instead of
the metric tensor, such as the so-called extended teleparallel theories of gravity, the theories are
not necessarily Lorentz invariant 3. This results from the fact that the connection coefficients will
not be Lorentz invariant since the tetrad field itself is not Lorentz invariant. Extended teleparallel
theories of gravity will be considered in Chapter 4 where the fact that these theories are not in general
Lorentz invariant will be discussed. For now, however, we continue with the discussion of the Cartan
formalism using the expressions given above that relate the tetrad fields to the metric tensor.

We note that the metric tensor g can be written as the following tensor product of dual tetrad
fields [16]

g = gda" © de¥’ = n,0° ® 6" (3.87)

where we have made use of equations (3.84) and (3.85) in obtaining the above expression. Further-
more, the conditions of orthonormality given in equations (3.82) and (3.83) imply that e%,e,” = dy
and e“#eb“ = 0y respectively. Let us now consider the Cartan connection V given a non-holonomic
frame of the form given in equation (3.81). For such a connection, we define the Cartan connection
coefficients T'¥ , with respect to this non-holonomic basis through the relation [16]

Vi€, = ea”Vl,éb = fkabék . (388)

We can also consider the action of the covariant derivative V,, associated with the Cartan connection
on a tetrad field. Through the application of equation (3.20), we have the following

Vi, = (ue] +T%,50,”) 95 . (3.89)

We notice that (3.88) contains the Cartan connection coefficients defined through the use of a non-
holonomic basis whereas the connection coefficients in equation (3.89) have been introduced using
a coordinate basis {0/0z"}. By making use of equations (3.88) and (3.89), we obtain the following
relation between the Cartan connection coefficients in a holonomic frame and the Cartan connection
coefficients in a non-holonomic frame [16]

TBV(; = f‘kabe,feayeb(; — eb53yeb6 = ef <5{f(9,, + Tk e ) ebs . (3.90)

v

Through the use of equation (3.90), one can obtain the following expression for the Cartan connection
coefficients in a holonomic frame contracted with a dual space basis element

1 da” = e’ DFebs | (3.91)
where

3See [37] for a discussion on how the so-called f(T) theories of gravity do not satisfy the property of Lorentz
invariance.
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is referred to as the Lorentz covariant derivative and
wh, =Tk, 97 (3.93)

is known as the connection one-form [16]. In terms of the coordinate components of the Cartan
connection coefficients, we have the following from equation (3.91)

Fﬂl/é = ekﬁDkbuebJ ) (394)

where we define Dkby to be the component of the Lorentz covariant derivative Dkb with respect to the
dual space basis {dz"}.

With the above expression in mind, we can find an expression for the torsion tensor described in
the non-holonomic frame in terms of the Cartan connection coefficients defined in equation (3.88) for
a given non-holonomic basis. By making use of equation (3.81), which tells us how we can find the
tensor components in a non-holonomic frame given a holonomic frame, as well as by making use of
the expression for the torsion tensor given in equation (3.27) one has the following

k b 2 B

70 =Tk e e el =17 - T . (3.95)
By making use of equation (3.90) which relates the Cartan connection coefficients in the non-holonomic
frame to the Cartan connection coefficients in the holonomic frame, it follows from the above expres-
sion that one has

Tk, =Tk, Tk, +ee’ <8,/6k5 - 856’“,,) . (3.96)

The third term in the above expression is nothing more than the Lie bracket of the tetrad fields,
ie., [€q, éb]k. Therefore, one has the following expression for the non-holonomic components of the
torsion tensor [16]

T, =%, — %, — [éa, )" . (3.97)

So-far, we have introduced a number of relevant quantities defined on Uy using the non-holonomic
frame. We now wish to show that the connection one-form satisfies the so-called Cartan structure
equations [7]. These important equations are geometric statements about the torsion and the curva-
ture in Uy. Before stating and then proving these relations following Nakahara [16], we first wish to
introduce the so-called torsion two-form and the curvature two-form. We define the torsion two-form
and the curvature two-form to be

1 R R
T = JT%, 6° n6° (3.98)

and

1. L
Rba = iRdCba 06 A Od 5 (399)

respectively. Here, the non-null torsion Riemann tensor components in the non-holonomic frame are
written as R Jc. and, as before, the torsion tensor components in the non-holonomic frame are written
as T%,. We now wish to state and prove the following theorem, which describes the satisfaction of
the Cartan structure equations, following Nakahara [16].

Theorem 3.5.1. The equations
T = d0% + w A O° (3.100)
and
R, = dw® + w’, A wS, (3.101)

which are referred to as the Cartan structure equations, are satisfied by the connection one-form [9,16].
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Proof. We begin by proving the first Cartan structure equation (3.100) which involves the torsion
one-form defined in equation (3.98). Given an arbitrary dual vector field (one-form) v, it is not
difficult to show that the exterior derivative of this dual vector field satisfies the following expression

dv(X,Y) =X (Y))-Y (X)) —-v(X,Y)] , (3.102)

where X and Y are arbitrary vector fields. By making use of the above expression, we can consider
the action of d@?, which appears on the right-hand side of equation (3.100), on two non-holonomic
basis elements. That is, we can consider

d6° (éy, €.) = & (<éa, éc>> —e. (<éa, éb>) — 67 ([ép, &) - (3.103)

Now, since the first two brackets in the above expression contain Kronecker deltas as a result of
equation (3.83), the first two terms vanish and we are left with

d6% (éy, é.) = — [y, €)% (0%, é1) = —[éy, €.]" . (3.104)

We now turn our attention to considering the second term on the right-hand side of equation (3.100).
As done above, we consider the action of this term on two non-holonomic basis elements. By writing
the wedge product of the connection one-form and a non-holonomic dual basis element 6° in terms
of tensor products, the aforementioned action on two non-holonomic basis elements is

<wad A éd> (&, €.) = (wad ©67 6% w“d> (&, €.)
= (w%, &) (0%, é.) — (69, &) (w?,, &) . (3.105)

We note that, from equation (3.93), the action of the connection one-form on a non-holonomic basis
element yields the Cartan connection coefficients in a non-holonomic frame, i.e., (w?,é,) = I'%,.
Therefore, it follows that the last expression given above in equation (3.105) becomes

(wad VAN éd> (éb, éC) == f‘abdfsg - facdég == fabc - facb . (3106)

By adding equations (3.104) and (3.106) we obtain the following expression for the action of the
right-hand side of equation (3.100) on two non-holonomic basis elements

(46" + wy 1 07) (&4, 60) = T% — T, — [én, &)°
— 79, , (3.107)

where we have made use of equation (3.96) in order to introduce the non-holonomic torsion tensor
components. But the right-hand side of equation (3.107) is nothing more than the action of the
torsion two-form on two non-holonomic basis elements. Therefore, it follows that

T (&, €.) = (dé“ +w? A éd) (&, &) . (3.108)

The above expression implies that the connection one-form satisfies the first Cartan structure equation
given in equation (3.100).

We now turn our attention to proving the second Cartan structure equation (3.101). Let us begin
by considering the first term on the right-hand side of equation (3.101). We consider the action of
this term, which is the exterior derivative of the connection one-form, on two non-holonomic basis
elements. By making use of equation (3.102), one has the following expression for the action

dw'y (€0, &q) = éc (w0, €4)) — éq (W', &) — w' ([éc. &) - (3.109)

Since the action of the connection one-form on a non-holonomic basis element yields the Cartan
connection coefficients in the non-holonomic basis, the above expression can be written as

dwab (éc, éd) = éc (fadb> — éd <facb> — fakb [éc, éd]k . <3110)
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We now wish to consider the second term on the right-hand side of equation (3.101). By writing
the wedge product in terms of tensor products, the action of this term on two non-holonomic basis
elements is

(W Aw%) (€, €a) = (W', €c) (W, €q) — (W%, &) (W', €q)

- fwlceI~‘6(ii) - fecbfade ) (3111)

where we have made use of the fact that the action of the connection one-form on a non-holonomic
basis element yields the Cartan connection coefficient in a non-holonomic basis. Therefore, it follows
that the action of the right-hand side of equation (3.101) on two non-holonomic basis elements yields

(dw + w, AwS) (éc, €4) = €. <fadb> ~ € (facb> — %, [, éd]k +T, 0%, — T, 0% . (3.112)

Let us now turn our attention to examining the components of the non-null torsion Riemann tensor in
a non-holonomic basis. By making use of equations (3.65) and (3.90) we have the following expression
for the non-holonomic components of the non-null torsion Riemann tensor

Rdcba = R

p o

l“/apecuedyebo—ea =2 <fakbedaecﬁa[ﬁ€ka] + edaecﬁek 8/3}f‘akb + edaecﬁf‘klbfamkel [ae’r%])

= —T% [ec, €d)" + &, (fadb) —€éq (facb) + 10 g — T T%, , (3.113)

which is nothing more than the right hand side of equation (3.112). We note that the action of
the curvature two-form on the non-holonomic basis elements yields the components of the non-null
torsion Riemann tensor in this basis which is what is evaluated in the above two expressions. It
follows that the connection one-form satisfies equation (3.101). We have thus shown, following [16],
that the connection one-form satisfies the Cartan structure equations. ]

Theorem 3.5.1 allows one to obtain a number of geometric statements about Uy. In particular, the
Cartan structure equations can be used to derive the Bianchi identities in the Cartan formalism [9,16].
We have already obtained the Bianchi identities using space-time indices in Section 3.4. There, the first
and second Bianchi identities are given in equations (3.52) and (3.64) respectively. These identities
in the Cartan formalism can be obtained by carrying out exterior derivatives of the Cartan structure
equations.

Let us first consider the first Cartan structure equation (3.100) and take the exterior derivative
of this expression. Carrying out this process yields the following [16]

4T = d (dé“) +d (w“b A é”) . (3.114)

As a result of the properties associated with the exterior derivative, the first term on the right-hand
side of the above expression vanishes and we are left with

AT = dw? A 6° — w% A d6° . (3.115)

Now, through the use of the second Cartan structure equation (3.101), we can substitute the first
term on the right-hand side of the above expression for the curvature two-form in order to obtain

AT = R, A 0° — w? A ('wcb NP+ éC) . (3.116)

From the first Cartan structure equation (3.100), it is not difficult to see that the terms in the
brackets are nothing more than the torsion two-form and thus, we obtain the first Bianchi identity in
the Cartan formalism [9, 16]

R, A6 =dT? + w®, ATC . (3.117)

It is clear form the above expression that, should the torsion tensor be vanishing, the right-hand side
of the above expression vanishes.
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In order to obtain the second Bianchi identity in the Cartan formalism, we take the exterior
derivative of the second Cartan structure equation (3.101). By taking the exterior derivative of the
second Cartan structure equation, one obtains the following

AR, = d (dw%) + dw? A wS — w? A dw®, . (3.118)

By substituting the second Cartan structure equation into the above expression, and by noticing that
the first term in the above expression vanishes, one obtains

dea = (Rca — wad A wdc) A wcb — wac A (Rbc — wcd A wdb> . <3119)

By canceling like terms in the above expression, we arrive at the second Bianchi identity which is
presented in the Cartan formalism [9, 16]

dR," = R4 Aw®, — wo A R,° . (3.120)

To conclude this section in which the Cartan formalism is briefly discussed, we wish to note the
effect of dealing with a space-time whose natural choice of an affine connection is metric compatible,
such as the Cartan connection, on the tetrad field. In order to conduct such a study, we wish to first
introduce the so-called full covariant derivative which is given as follows

DY = 6rV + wh, . (3.121)

While Dkb is only Lorentz covariant, the full covariant derivative given above is both Lorentz covariant
as well as space-time covariant. We now wish to consider the so-called tetrad postulate* which is given
by the expression [82]

Dreb =V, ek +wh e, =0, (3.122)

(67

where 'wkb is the connection one-form and Dkb is the full covariant derivative as before. To see how

the tetrad postulate implies the metric compatibility of the affine connection, we consider the action
of the Cartan covariant derivative on the metric tensor and then make use of equation (3.85) in order
to apply equation (3.122). Carrying out this approach, we have

Vigas = Vo (eaanabeb5> = nabebﬁvye“a + nabeaavl,ebﬁ . (3.123)

We now make use of the tetrad postulate given in equation (3.122) by substituting the action of
the Cartan covariant derivative on the vierbein in the above expression for the connection one-
form contracted with the vierbein. By taking the connection one-form to be antisymmetric, i.e.,
wY = —w,?, the above expression then yields

Vigas = —eaﬁwacyeca - eaawacyecﬁ =0. (3.124)

That is, by taking the connection one-form to be antisymmetric, the associated connection is metric
compatible.

This concludes our discussion on the Cartan formalism where a general Riemann-Cartan space-
time is considered. In subsequent chapters where the so-called Einstein-Cartan theory of gravity
is studied, the formalism discussed in this section will prove to be of great use. In Chapter 4, we
discuss specific theories of gravity beginning with the Einstein-Cartan theory. This theory will be
discussed in terms of a given holonomic frame as well as in the Cartan formalism outlined in this
section. In the following section, we wish to describe some common space-time structures that are
specific cases of the Riemann-Cartan space-time Uy. Specifically, we will describe the specific cases of
the Riemann-Cartan space-time where either the torsion tensor is required to vanish or the non-null
torsion Riemann tensor is required to vanish.

4Given that the Cartan connection is metric compatible, this statement is, in fact, an identity although it is often
referred to as the tetrad postulate.
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3.6 Riemannian space-time and Weitzenbock space-time

In Section 3.3, we introduced the notion of a Riemann-Cartan space-time and denoted this space-time
as Uy. We defined this space-time®, following [9], as the tuple (M, g, V) where M is a manifold, g is
the metric tensor and V is the Cartan connection which is both non-symmetric and metric compatible.
In this section, we wish to briefly discuss the notions of the so-called Riemannian space-time and the
Weitzenbock space-time. Both these space-times are special cases of the Riemann-Cartan space-
time and are obtained by imposing certain restrictions on the Cartan connection. That is, additional
restrictions are imposed on the natural choice of an affine connection used to construct the space-time.

We first wish to consider the so-called Riemannian space-time which we shall denote as V4. In
this thesis, as was done for the Riemann-Cartan space-time Uy, we construct a definition for the
Riemannian space-time Vj following [9]. The Riemannian space-time is constructed by imposing the
condition that the Cartan connection be symmetric. With such a requirement, the Cartan connection
and the Levi-Civita connection coincide [74]. That is, the natural choice of an affine connection in
the Riemannian space-time Vj is simply the Levi-Civita connection D whose connection coefficients
are the Christoffel symbols which are defined in equation (3.36). We now give the formal definition
of a Riemannian space-time below.

Definition 3.6.1. Let M be a manifold and let g be a metric tensor on M. Given this metric tensor,
we let D be the Levi-Civita connection, constructed as an additional structure on the manifold M,
with connection coefficients given by equation (3.36). We then define the Riemannian space-time to
be the tuple (M, g, D) [9].

Of course, since the Levi-Civita connection is torsion-free, the Riemannian space-time® Vj is
torsion-free. We refer to the quantities obtained using the Levi-Civita connection, and which describe
Riemannian space-time, as being Riemannian [75]. When we considered Riemann-Cartan space-
time previously, we found that quantities, such as the non-null torsion Riemann tensor, that were
constructed using the Cartan connection could be written in terms of the associated Riemannian
quantities as well as additional terms that arise as a result of having non-vanishing torsion. These
additional terms are referred to as non-Riemannian contributions to the non-null torsion quantities
[74].

As per Definition 3.6.1, the Riemannian space-time V; has non-vanishing curvature and vanishing
torsion achieved by taking the natural choice of an affine connection to be the Levi-Civita connection.
It is in fact possible [32] to construct a space-time whose natural choice of an affine connection leads
to the space-time having vanishing curvature and non-vanishing torsion. Such an affine connection is
referred to as the Weitzenbock connection [8,32]. The Weitzenbock space-time, which we shall denote
as Wy, is constructed by imposing that the Cartan connection must satisfy the additional requirement
characterized by the following expression involving the connection coefficients 8,32, 33]

I, =el0uc", . (3.125)
The affine connection with associated connection coefficients given by the above expression is referred
to as the Weitzenbick connection [8,33]. The expression given above can be derived by first studying
the second Cartan structure equation, which is given in equation (3.101), and choosing a particular
solution which results in the vanishing of the non-null torsion Riemann tensor. This particular solution
is referred to as the Weitzenbock gauge and imposes the vanishing of the connection one-form [84]. It
is evident from the second Cartan structure equation that the vanishing of the connection one-form
implies the vanishing of the non-null torsion Riemann tensor [84]. It can be seen from the definition
of the connection one-form, which is given in equation (3.93), that when the connection one-form
vanishes then the connection coefficients in the non-holonomic frame vanish. Taking the connection
coefficients in the non-holonomic frame to be vanishing in equation (3.90) yields the expression given
in equation (3.125). We have thus shown that the choice of the Weitzenbock gauge, which is described

°In the author’s Honours thesis [83] this space-time was referred to as the non-null torsion space-time. In this work,
however, we follow [9] by Tseng and refer to the space-time as the Riemann-Cartan space-time.
5n [83], the Riemannian space-time Vj is referred to as the torsion-free space-time.
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by the vanishing of the connection one-form, yields the Weitzenbock connection whose connection
coefficients in the holonomic frame are given by equation (3.125).

It is also not difficult to show that by substituting the expression for the Weitzenbock connection
coefficients in the holonomic frame given in equation (3.125) into equation (3.65), which is used to
obtain the components of the non-null torsion Riemann tensor in the holonomic frame, that the
non-null torsion Riemann tensor vanishes. For a derivation of this, the reader is directed to [76].

Having now introduced the Weitzenbock connection by taking the particular solution of a van-
ishing connection one-form known as the Weitzenbock gauge, we are now in a position to define the
Weitzenbock space-time Wy. We again follow 9] in presenting a definition for such a space-time.

Definition 3.6.2. Let M be a manifold and let g be a metric tensor on M. Given this metric tensor,
we let V be the Weitzenbock connection, constructed as an additional structure on the manifold
M, which has space-time connection coefficients given by equation (3.125). We then define the
Weitzenbick space-time to be the tuple (M, g, V) [9].

The fact that this space-time has vanishing curvature and that gravity is a result of non-vanishing
torsion has many physical implications [8,85,86]. For instance, it is argued in [85,86] that gravity
is, in fact, not a manifestation of curvature but rather a manifestation of torsion. The conclusions
found in these aforesaid references are motivated by the so-called Pound-Rebka experiment which is
reported in [87].

In this thesis, we are interested in studying a class of theories known as the f(7') theories of
gravity which are constructed on this space-time. Before turning our attention to studying specific
gravitational theories, however, we will first turn our attention back to the Riemann-Cartan space-
time defined in Definition 3.3.1 in order to discuss the notion of an auto-parallel of a given connection.
That is, we wish to discuss the notion of a tangent vector field, say £”, to a curve (), where A € R is
a parameterisation of the curve, that is parallel propagated as described by a given affine connection.
This will lead us to the discussion of families of curves, more specifically smooth congruences of
curves, generated by the Cartan connection as well as a study of how neighbouring curves in such
a congruence diverge or converge with respect to each other. For such a discussion, we require the
so-called Raychaudhuri equation for a congruence of curves generated by the Cartan connection.

3.7 Auto-parallels in Riemann-Cartan space-time

In this section, we wish to introduce the notion of an auto-parallel of a given connection. Let us begin
by considering a Riemann-Cartan space-time Uy as per Definition 3.3.1 which is given in Section 3.3.
Intuitively, an auto-parallel of a given affine connection is a curve that is "as straight as possible"
as described by the affine connection [5]. More specifically, a curve is said to be an auto-parallel of
a given affine connection if the parallel propagation, described by the given affine connection, of the
tangent vector field of the curve yields a vector field that has the same direction as the tangent vector
field. That is, the parallel propagated vector field should have the same direction as the tangent
vector field [5]. With this in mind, we write the following definition for an auto-parallel” of a given
affine connection following [5,55, 74].

Definition 3.7.1. Let () be a curve in the Riemann-Cartan space-time Uy with parameterisation
A € R. Let £ be a tangent vector field to the aforementioned curve () and let V be an arbitrary
affine connection considered as an additional structure on the manifold M used in the definition of
Uy. We say that the curve y(\) is an auto-parallel of the affine connection V if

'V = fer (3.126)

where f: v C M — R is a smooth function on v(t) [5,55,74].

"We note that the term "auto-parallel" does not appear in [5, 55| since these books are on GR. Instead the term
"geodesic" is used. In the case of a Riemannian space-time, these two notions coincide and so we use the definitions
where parallel propogation is concerned. The term "auto-parallel" is used in the review article [74] and we make use
of the definition therein.
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In the above definition, equation (3.126) implies that the action of @5 on the tangent vector
field & yields the vector field f&* which clearly has a direction that is that of the tangent vector

field. Let the connection coefficients that describe the action of the map <@a — 8a> be denoted by

I*,,. Now, let (U,v) be a coordinate chart for the manifold M with ¢ : i/ € M — O C R* and
U such that v is contained in U. In addition, let the coordinates in the open subset O of R* be
denoted as (:170, z!, 22, 1‘3). For such a coordinate chart, the tangent vector field for the curve v(\) is
&M = dz#/dX and thus, by making use of the aforementioned connection coefficients associated with
the affine connection V, one can write equation (3.126) as |5
d?zt . dz¥ dzC dz#
ve———=f—. 3.127
d\2 e dA dA dA ( )
It is not difficult to see that by carrying out a reparameterisation of the curve v with a parameter 7

that satisfies the differential equation

d?r dr
- D 12
o =T (3.128)
one can write equation (3.127) as
Az o da¥ da” -
T L ) = eVt =0 (3.129)

dr? vo dr dr

That is, we have introduced a parameterisation, 7, that is such that the action of the operator @g
on the tangent vector field &* of the curve v vanishes. Such a parameter is referred to as an affine
parameter [5,55]. In this thesis, when considering an auto-parallel of a given affine connection, we
will always take the parameterisation of the relevant curve to be the affine parameterisation. Having
introduced the notion of an auto-parallel for an arbitrary affine connection, we wish to consider now
the notion of extremal curves. For a curve v(\) with original parameterisation A € R, one writes the

length, say [, of this curve as [5, 74|
q doH dxv
= [ d\/ g T 3.13

where p, ¢ € M are the endpoints of the curve «. Having introduced the above expression which gives
the length of a curve v we now state the following definition for an extremal curve following |74].

Definition 3.7.2. Let v(\) be a curve in the Riemann-Cartan space-time manifold M. If this curve
is such that its length, whose expression is given in equation (3.130), experiences an extremum, then
the curve +y is referred to as an extremal curve.

The notion of extremal curves is of great importance since the paths followed by test particles®
are taken to be extremal curves [36,74,88|. An argument for this was first introduced in [36]. A brief
review of how this argument affects the singularity theorems in the Riemann-Cartan space-time can be
found in [88]. It is important to note that the length of a given curve in a Riemann-Cartan space-time
does not depend on the torsion tensor [74]. This implies that the presence of torsion has no effect on
the paths followed by test particles since the only dynamical quantity used in the construction of the
length is the metric tensor [74]. This is an important point to make since this should imply that the
paths followed by test particles are then not necessarily auto-parallels of the Cartan connection which
is the natural choice of an affine connection in a Riemann-Cartan space-time. Instead, it turns out
that the paths followed by test particles are auto-parallels of the Levi-Civita connection® [5,36,74].
This result is contained in the following theorem which we prove following [5].

8We emphasize that we take test particles to have negligible spin. For the case where a particle in Riemann-Cartan
space-time is taken to have non-vanishing spin, the path followed by such a particle will be different from an extremal
curve. This is discussed in detail in [75].

9We note that we use the term geodesic here only when the differential equation describing the auto-parallel curves
of the natural choice of an affine connection coincides with the differential equation describing extremal curves.
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Theorem 3.7.1. Let v(\), with original parameterisation X\, be a curve in the manifold M, which
forms part of the Uy tuple as per Definition 3.8.1. If this curve is an extremal curve, then it is an
auto-parallel of the Levi-Civita connection D.

Proof. In order to show that extremal curves are nothing more than auto-parallels of the Levi-Civita
connection, we wish to show that the differential equations obtained through extremising the length
equation (3.127) are nothing more than the differential equations satisfied by auto-parallels of the
Levi-Civita connection. Let us consider the following one parameter family of ordinary variations of
the coordinate components z# € R

ot =t 4 soxt | (3.131)

where s € R and dz* is referred to as an ordinary variation and is such that dz#(p) = dz#(g) = 0 [89].
From equation (3.127), the length action for the above family of ordinary variations reads

a dzt dav
1[s] :/ A\ g —o>—5 . (3.132)
) AN dA

By requiring that the above expression experiences an extremum, one has the following

| dl 1 [ dae dz? 2 dat da” dat déa
0=— == dA —_— OoGu———02° + 29— ——— | . 3.133
ds ls—o 2/p (gaﬂ D) d>\> (”9“ D S P > (8.133)
Without the loss of generality, we may assume that the original parameterisation of the curve is such

that ga[g%% =1 [5]. In addition, one can perform an integration by parts on the second term in

the integrand on the right-hand side of the above expression in order to obtain

q A2zt 1 dz® dzf
0= —/Z; dA { A2 + 59“0— (ﬁaggg + 8ﬁgaa - aggaﬁ) d)\d)\} 53:0 s (3134)
where we have made use of the fact that the ordinary variation dx vanishes at the points p,q € M.
It is not difficult to see that the integrand contains the Christoffel symbols I'* o 1-€ the connection
coefficients of the Levi-Civita connection, given in equation (3.36). Therefore, since the above equation
holds for arbitrary ordinary variations dx”, one obtains

A2t dz® dzf
" —— =9 3.135
d)\2 T ap dXx dA ’ ( )

which are nothing more than the differential equations satisfied by a curve whose tangent vector
field is parallel propagated with respect to the Levi-Civita connection, i.e., &¥ D, &* = 0. It therefore
follows that extremal curves are auto-parallels of the Levi-Civita connection. ]

The reader may notice that we have refrained from using the term geodesic which is commonly
used in the study of GR. The reason for this is due to the theorem given above. In the case of a
Riemannian space-time, i.e., the Cartan connection and the Levi-Civita connection coincide, extremal
curves are auto-parallels of the natural choice of an affine connection since this connection would be
the Levi-Civita connection. In the event that extremal curves and auto-parallels of the natural choice
of an affine connection for a given space-time coincide, these curves are referred to as geodesics [74].
Of course, this is the case for Riemannian space-times whose natural choice of an affine connection
is the Levi-Civita connection. Here, however, we are concerned with Riemann-Cartan space-times
whose natural choice of an affine connection, which is the Cartan connection, does not necessarily
coincide with extremal curves. We have therefore followed the review article [74] by Hehl in making
the distinction and avoiding the term "geodesic". As pointed out in [74], the auto-parallels of the
Cartan connection coincide with the auto-parallels of the Levi-Civita connection in the event that
the contorsion tensor is totally antisymmetric. In order to see this, consider an auto-parallel curve of
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the Cartan connection V with tangent vector field €. By making use of equations (3.20) and (3.38),
we have

0=¢"V, &' = a6 + T seveh
= 0+ TV o7 + K7 peEP (3.136)

In the instance where the contorsion tensor is antisymmetric in its second and third indices, and
therefore totally antisymmetric, the third term on the right-hand side of equation (3.136) vanishes
due to the contraction of symmetric indices with antisymmetric indices. The resulting expression
then reduces to the differential equation associated with an auto-parallel curve of the Levi-Civita
connection.

Our goal now is to study families of curves in the Riemann-Cartan space-time Uy. In particular,
we are interested in studying the rate of expansion of a cross-sectional area enclosing a family of
curves. Such a notion is of great use when studying focusing conditions, i.e., the conditions that allow
for the convergence or divergence of neighbouring curves. In order to study the rate of expansion
of a cross-sectional area enclosing a family of curves contained in Uy, we wish to first specify what
we mean by a "family" of curves. Here we will be interested in considering smooth congruences of
timelike curves. We define a congruence of curves following Wald [5].

Definition 3.7.3. We define a congruence of curves to be a family of curves for which each p € M
has at most one curve in this family passing through it.

Having now introduced the notion of a congruence of curves, we wish to turn our attention to the
consideration of a congruence of timelike curves generated by the Cartan connection. In particular, we
will be interested in studying the rate of expansion of a cross-sectional area, say A, that encloses this
congruence. Through such a consideration, we follow the derivations given in [5,58-61,83| in order
to obtain the Raychaudhuri equation for a congruence of timelike curves generated by the Cartan
connection. Following the terminology of [83], we refer to the equation derived in [58] as the non-
null torsion Raychaudhuri equation and we derive this in Section 3.8. We note that the kinematic
quantities included in the resulting expression do not describe the relevant physical properties of
the congruence. That is, the expansion scalar defined in [58] does not give the physical expansion
associated with a curve generated by the Cartan connection [60,61]. In order to consider the relevant
physical kinematic quantities, we turn our attention to the Raychaudhuri equation derived in [60,61].
We shall derive this equation in Section 3.9 and refer to this as the geometric Raychaudhuri equation.

3.8 Non-null torsion Raychaudhuri equation

In this section, we derive!” the non-null torsion Raychaudhuri equation whose derivation is given
in [58] as well as the review article [59]. Consider a cross-sectional area A which encloses a smooth
congruence of timelike curves of the Cartan connection. Let us denote the tangent vector field to
these curves as £”. We note that we have not assumed that these curves are auto-parallels of the
Cartan connection and, therefore, the action of the map V¢ on the tangent vector field £” may
be non-vanishing. Our first step is to consider the type (0,2) tensor field B, defined through the
expression [5]

B, :=V.,E, , (3.137)

where &, = guﬁﬁﬂ. We note that, by taking §” to be normalized to unit length, i.e., g (&,6)=-1,1it
is not difficult to show that the tensor field B, satisfies the following property

"B, =0. (3.138)

0The derivation carried out here was conducted by making use of the Mathematica notebook
non_ null_torsion_ Raychaudhuri.nb which was constructed by the author and is available at https:
//www.dropbox.com/sh/cfybc2cysixchlz/AACjKqONHComUPoXcZz90DH7a7d1=0.


https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
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Furthermore, through the use of the definition of the non-null torsion Rimeann tensor given in equation
(3.42), one has the following expression

(VoV5 = V5Vo)a = Ryp 6o — T 5V pba - (3.139)

By writing the first term on the right-hand side of the above equation in terms of a total Cartan
covariant derivative and then taking the trace of the resulting expression, one can obtain [83]

§VeB =V (V") — B B,* — Rgp7¢" — T%,,67B°, (3.140)

where B is the trace of the tensor field BW. We now wish to find a decomposition of the tensor field
obtained by projecting ém, onto the hypersurface. This decomposition should contain symmetric and
antisymmetric parts that are both traceless as well as a term which yields the trace of the tensor field
Euy. Let us begin by introducing the so-called spatial metric which is a metric for the hypersurfaces
of constant time and is defined through the expression [5,59|

hw/ = Guv + gu&/ . (3141)

Having defined the spatial metric, we now wish to introduce the quantities that form part of the
decomposition of hlf‘hf B,g. We shall refer to these as the non-null torsion kinematic quantities. We
first introduce the non-null torsion expansion scalar as

0:=h%Va’ =B, (3.142)
which is simply the trace of B,,. In addition, we define the non-null torsion shear tensor as
_ 0
J#V = hUMthV(Ufp) — gh‘mj s (3143)

which is traceless and is the symmetric term in the decomposition of the tensor field BW. Lastly,
we introduce the tensor field referred to as the non-null torsion twist tensor through the following
expression

By = W0,V 56, (3.144)

which is traceless and is the antisymmetric term in the decomposition of BW. In terms of the tensor
fields defined above, the decomposition of the tensor field By, is written as [59]

~ B B 0 ~
BMV = w,w + O"uy + gh“y - égg,/B#U . (3145)

In terms of the above decomposition, we can write the second term on the right-hand side of equation
(3.140) as

L 62
B B,® = Gap6"" + Gap”* + 5hwhﬁa : (3.146)
and thus, by introducing a suitable parameterisation, say A, equation (3.140) becomes [59, 83]
do o o 0> -
ﬁ == Va (§6Vg§a) - O'MVU'LLV + w;ujwl“/ - g - RMVé.'LLSV
o a0
— 175087 (0% +0%+ h% - 555,0%5“) , (3.147)

where we have made use of the fact that the non-null torsion shear tensor is symmetric while the non-
null torsion twist tensor is antisymmtric. We note that the non-null torsion Raychaudhuri equation is
a special case of the Raychaudhuri equation derived in [63] which considers non-metricity in addition
to non-vanishing torsion.

As mentioned earlier, for a congruence of curves generated by the Cartan connection, the non-null
torsion expansion, shear and twist do not provide us with the relevant physical interpretation. In
order to find expansion, shear and twist tensors that give us the desired physical interpretation, we
turn our attention to the Raychaudhuri equation derived in [60,61] and is discussed in the following
section
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3.9 Geometric Raychaudhuri equation

Here, we derive!! the Raychaudhuri equation given for the first time in [60,61]. In this thesis, we
refer to this equation as the geometric Raychaudhuri equation.

By making use of the affine connection V, we introduce the tensor field B of type (0,2) defined
in the following way

o

Bap i= Vgta + Tappt” = Data + Kot . (3.148)

By making use of the fact that the tangent vector field is normalised to unit length, it is not difficult
[¢]

to see from the above definition of B that we have

§*Bap = T(a)p§™E" - (3.149)

Furthermore, due to the fact that the torsion tensor is antisymmetric in its second and third indices,
we have

€8 Bag = €9V gt (3.150)

which vanishes when considering auto-parallel curves of the Cartan connection. We now wish to find
o

a physical interpretation of B. Through the use of the Lie derivative, we have
Len” = EVan — K51 €% = Vo + K, n°¢" = 0. (3.151)

It follows from equations (3.151) and (3.148) that one can write
§Van = (Vat” + T30 ) 1 = Boan® . (3.152)

[¢]
From the last expression, one can interpret the tensor field B as being a measure of the failure for

the deviation vector ) to be parallel propagated with respect to the Cartan connection. Moreover,
[¢]

B is a linear map that can be used to extract the non-null torsion expansion, shear and twist.
In order to derive the non-null torsion Raychaudhuri equation, we wish to find an expression for

§PV B, p in terms of the non-null torsion Riemann tensor. From the definition of the non-null torsion
Riemann tensor, we have

€75 ) Bag = V5 (€Y 0) — (V4E7) (Y pta) — Roppat €”
— T 367V pa + £V g (Tappt") - (3.153)

By taking the trace of equation (3.153), we obtain
V4B,® =V, (gﬁvﬂga) ~ BB — Rapt®e® + T4, B + B, Ty&" + 6PV, T, . (3.154)
Let us now define the geometric expansion as
0:=h’B> (3.155)

the geometric shear as

o o ° 0
Gap 1= WuhyBiap) = shas . (3.156)

1This derivation was carried out using the Mathematica notebook Geometric_ Raychaudhuri.nb which
was constructed by the author and is available at https://www.dropbox.com/sh/cfybc2cysixchlz/
AACjKqONHComUPoXcZz90DH7a?d1=0.


https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
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and the geometric twist
Wag = h% 3By - (3.157)

The so-called expansion, shear and twist defined here are the aforementioned physical quantities
needed to construct the geometric Raychaudhuri equation using the affine connection V. These

quantities, referred to as the geometric kinematic quantities, provide us with a decomposition of the
o

(o]
projected tensor field h7 h” ﬂBap. More specifically, we can relate B to the kinematic quantities
through the following expression

]
o

o o 0 0 o
Bag = Bag + Gap + 3has = €65 Bap — €6aBys (3.158)

Equation (3.158) is the desired decomposition of B in terms of the geometric expansion, shear and
twist. It is noted, from the definitions given in (3.155), (3.156) and (3.157), that the twist tensor, (f)a57

[}
is the antisymmetric part of the projected tensor h7, h” 5Bap, the shear tensor, 3(15, is the symmetric

part and that ghag is the trace component in the decomposition. Now that we have obtained this

desired decomposition of the projected l%’a,g, we wish to turn our attention back to equation (3.154)
in order to obtain the Raychaudhuri equation.

By substituting equation (3.158) into equation (3.154) and by choosing a suitable parameterisa-
tion, a, of the curves generated by the affine connection V, one can obtain the geometric Raychaudhuri
equation

o

da (e} O (o] o] ]. © ~
= Va (£7567) = 5apo™ +Gapd™ — 267 — Rapé™é?
1o o o
— agpfﬁ <3l9hap + o — W — g“g”v,,gp> + £V (T,€Y) . (3.159)

The above equation is the desired geometric Raychaudhuri equation and was derived in [60, 61| for
the first time.

We now wish to give an interpretation for the physical quantities used in the construction of this
Raychaudhuri equation. In order to provide such an interpretation, we turn our attention to the
cross-sectional area A that encloses the considered congruence of curves generated by the Cartan
connection. For an observer traveling along a curve contained in this congruence, the observed
expansion or contraction of the cross-sectional area A is measured by the geometric expansion scalar.
In addition, the tendency for the cross-sectional area A to become ellipsoidal in shape is described
by the geometric shear tensor. Lastly, the geometric twist tensor describes how the cross-sectional A
rotates about the congruence as seen by an observer moving along a curve contained in the congruence.

In Chapter 5, we will be interested in considering congruences of timelike curves in order to study
conditions relating to the attractiveness of gravity. For such a study, the Raychaudhuri equation
will play an important role. In particular, one can study the focusing conditions for test particles in
various gravitational theories. It is important to note, however, when studying the focusing conditions
for test particles that one considers a congruence of curves followed by test particles. Since we take
the paths followed by test particles'? to be extremal curves, it follows from Theorem 3.7.1 that
test particles follow auto-parallel curves of the Levi-Civita connection [74]. This implies that in the
case of the Riemann-Cartan space-time Uy, although the natural choice of an affine connection is, by
definition, the Cartan connection, one should consider the auto-parallels of the Levi-Civita connection
when studying the conditions associated with the requirement that gravity be attractive. Therefore,
when studying test particles in the presence of gravity, we will not turn our attention to the non-null
torsion or geometric Raychaudhuri equations since these are derived using the Cartan connection

12This is true here since we consider test particles to have negligible spin. The reader interested in the behaviour of
spin-particles in the presence of torsion is directed to [75,90].
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whose auto-parallels are not necessarily followed by test particles. Instead, since the Levi-Civita
connection is torsion-free, we seek a torsion-free Raychaudhuri equation which describes a congruence
of curves generated by the Levi-Civita connection. We derive such an equation in the following section
following [5].

3.10 Torsion-free Raychaudhuri equation

Since the Levi-Civita connection is nothing more than the Cartan connection in the absence of torsion,
one can derive the torsion-free Raychaudhuri equation directly from either the non-null torsion Ray-
chaudhrui equation (3.140) or the geometric Raychaudhuri equation (3.159). That is, one considers
instead a congruence of timelike curves, generated by the Levi-Civita connection, with tangent vector
field &#. By considering the case of vanishing torsion, both equations (3.148) and (3.137) reduce to
the type (0,2) tensor field

B/U/ = Dl/gu . (3160)

The above expression implies that this tensor field is constructed through the action of the Levi-Civita
covariant derivative on the tangent vector field. In addition, since the above expression is the torsion-
free case of equation (3.148), the tensor field B measures the failure of the deviation vector field i
to be parallel propagated with respect to the Levi-Civita connection. One can introduce the torsion-
free expansion scalar 0, shear tensor o, and twist tensor w,, by replacing the Cartan connection in
equations (3.142), (3.143) and (3.144) with the Levi-Civita connection. More specifically, we write
the torsion-free expansion scalar as

0 :=h%B", (3.161)
the torsion-free shear tensor as
Oap 1= h%oh g Bag — ghag : (3.162)
and the torsion-free twist tensor as
Wap = h”ahpB)Bag . (3.163)

In this thesis, we refer to the last three expressions as the torsion-free kinematic quantities.

For the torsion-free case of equation (3.140), the non-null torsion Ricci tensor reduces to the
torsion-free Ricci tensor and the terms in brackets have no contribution due to the fact that the Levi-
Civita connection yields a vanishing torsion tensor. Through these considerations, one can obtain the
torsion-free Raychaudhuri equation from equation (3.140)

2
jg = Do (£Dpt™) = 00 + s % — R, €he” (3.164)
where f3 is a suitable parameterisation [5]. Since we would be interested in studying a congruence of
timelike auto-parallels of the Levi-Civta connection, we consider the case where the tangent vector
field &” is parallel propagated with respect to the Levi-Civita connection. In such a case as well as
for a suitable affine parameterisation, say 7 which denotes the proper time, the first term on the
right-hand side of the above equation vanishes. Lastly, without the loss of generality, we take the
tangent vector field £ to hypersurface orthogonal, i.e., the torsion-free twist tensor vanishes with
wuy = 0. It follows that the Raychaudhuri equation for a congruence of timelike auto-parallels of the
Levi-Civita connection is [5]

6 L 62 ,
o = owot = 5 — R (3.165)
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The above Raychaudhuri equation was derived in [54] by Raychaudhuri. In the study of GR, the above
Raychudhuri equation plays a significant role in the investigation of singularity theorems [5,54-56].
The reader who is interested in the role of the Raychaudhuri equation in the study of singularity
theorems is directed to [55] by Hawking and Ellis as well as to [56] by Hawking and Penrose. For
a study on singularity theorems for gravitational theories that include torsion, the interested reader
is directed to [88]. We will return to the above expression in Chapter 5 where we shall study the
focusing conditions in the so-called f(T') theories of gravity.

As a final comment, we wish to compare the torsion-free kinematic quantities defined in equations
(3.161), (3.162) and (3.163) to the non-null torsion kinematic quantities as well as the geometric
kinematic quantities. By introducing the Cartan covariant derivative into equations (3.161), (3.162)
and (3.163) through the use of the contorsion tensor, one can obtain the following which relates the
torsion-free, non-null torsion and geometric expansion scalars

0=0+Ts" =0 . (3.166)
In addition, one can obtain the following expression that relates the shear tensors
- 1 o
Oaf = OaB — ngfphag + haahpBKu(gp)fu =0a8 , (3.167)
as well the below expression relating the twist tensors
Wap = Dag + W0l g K", 160 = Gag — E WM 3Ky (3.168)

We note that, while the geometric expansion scalar and shear tensor coincide with their torsion-free
counterparts, this is not the case for the geometric twist tensor. That is, the difference between the

(o]
tensor fields B and B lies entirely in the totally antisymmetric part. This is easily seen by examining
the second equality in equation (3.148) since the tensor field K,, 3" is antisymmetric.

3.11 Chapter conclusions

In this chapter, we have discussed the notational conventions used in this thesis as well as the notion of
the Riemann-Cartan space-time Uy. By following what was done in [9], we defined the U, space-time
to be the tuple (M, g, V) where M is the space-time manifold, g is the metric tensor and V is the
Cartan connection which is non-symmetric and metric compatible. Upon defining Uy, we studied the
notions of curvature and torsion in this space-time following [74,77,79|. To this end, we introduced
the so-called contorsion tensor as the non-Riemannian contribution to the connection coefficients
of the Cartan connection. We also made use of the contorsion tensor to relate the non-null torsion
Riemann tensor to the torsion-free Riemann tensor. More specifically, we discussed how one can write
the non-Riemannian contribution to the non-null torsion Riemann tensor in terms of the contorsion
tensor as well as its first order derivatives. We also followed what was done in [5] in order to derive
the Bianchi identities associated with the torsion-free and non-null torsion Riemann tensors.

By following what is done in [9,16,18], we discussed the so-called Cartan formalism. This formalism
will be made use of in Section 4.2 where we discuss the Einstein-Cartan theory of gravity.

We concluded this chapter with the important topic of the notion of auto-parallel curves in Uy. In
the event that the tangent vector field of a curve is parallel propagated in the direction of itself with
respect to the Cartan connection, we refer to this curve as an auto-parallel of the Cartan connection.
Similarly, if the tangent vector field is parallel propagated in the direction of itself with respect to the
Levi-Civita connection, we refer to the curve as an auto-parallel of the Levi-Civita connection. By
following [74], we noted that extremal curves are auto-parallel curves of the Levi-Civita connection.
This implies that, when considering test particles to follow extremal curves, one should consider a
congruence of auto-parallel curves of the Levi-Civita connection when studying the satisfaction or
violation of the condition that gravity be attractive. For such a study, one requires the Raychaudhuri
equation.
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By following [58,59], we derived the non-null torsion Raychaudhuri equation by decomposing the
tensor field obtained by acting the Cartan covariant derivative on the tangent vector field. While this
equation is well-defined on Uy, the aforementioned tensor field does not measure the failure for the
deviation vector between curves contained in the congruence to be parallel propagated with respect
to the Cartan connection. This implies that the kinematic quantities associated with this tensor field
do not give the relevant geometrical description. By following what is done in [60,61], we derived
the geometric Raychaudhuri equation by decomposing the tensor field that measures the failure for
the deviation vector to be parallel propagated with respect to the Cartan connection. In the case
of vanishing torsion, both the non-null torsion and geometric Raychaudhuri equations reduce to the
well-known torsion-free Raychaudhuri equation which was derived in the case of Riemannian space-
time Vj in [54]. The tensor field that is decomposed in order to derive the torsion-free Raychaudhuri
equation is both the Levi-Civita covariant derivative of the tangent vector field as well as the measure
of the failure for the deviation vector field to be parallel propagated with respect to the Levi-Civita
connection.

Since test particles follow auto-parallel curves of the Levi-Civita connection, one must turn to the
torsion-free Raychaudhuri equation in order to study the satisfaction or violation of the condition
that gravity be attractive. In Chapter 5, we will make use of this Raychaudhuri equation in order to
study the focusing conditions in f(7) theories of gravity.

For now, however, we turn our attention to discussing various gravitational theories that can be
constructed on Uy. This is done in the following chapter.



Chapter 4

Gravitational theories with non-vanishing
torsion

4.1 Introduction

In the previous chapter, we discussed space-times for which the natural choice of an affine connection
is not necessarily symmetric while still satisfying the property of metric compatibility. In particular,
we discussed the so-called Riemann-Cartan space-time whose natural choice of an affine connection
provides a description involving non-vanishing torsion in addition to non-vanishing curvature. In this
chapter, we study gravitational theories that are constructed using the Riemann-Cartan space-time
U, as well as theories constructed on the Weitzenbock space-time Wj. In Section 4.2, we discuss
the formulation of the so-called Einstein-Cartan (EC) theory. Following this, we discuss two possible
modifications to this theory. We first discuss the Einstein-Cartan-Saa (ECS) theory of gravity which
results from making a specific modification to the volume element of the action of the EC theory.
This is done in Section 4.3. Following this, we discuss the gravitational theory resulting from a Chern-
Simons modification to the EC theory in Section 4.4. We conclude this chapter with a discussion
on the formulation of f(T') theories of gravity which are constructed on the Weitzenbock space-time.
This is done in Section 4.5.

4.2 Einstein-Cartan theory

In this section, we present the so-called Einstein-Cartan (EC) theory of gravity following [91] by
Kibble, [92] by Sciama, [7] by Trautman and [9] by Tseng. The EC theory is often viewed as GR with
the inclusion of torsion [9]. In this section, we wish to discuss the formulation of the EC theory before
moving on to derive the field equations and discuss the phenomenology of the torsion tensor in this
theory. We begin this section by first giving a definition for the EC theory. In defining gravitational
theories, we require, firstly, a space-time and, secondly, a gravitational action. In constructing the
EC theory of gravity, we make use of the Riemann-Cartan space-time defined in the previous chapter.
That is, we consider a space-time whose natural choice of an affine connection is the Cartan connection
which is metric compatible and not necessarily symmetric which implies that the space-time has non-
vanishing torsion. When constructing a gravitational theory for such a space-time, the constructed
action will dictate the role of torsion in that theory. In the EC theory, the gravitational action in the
Cartan formalism reads

Sec == [ R Ala (4.1)
where k? := 87G/c?, R is the curvature two-form as before and Cap is defined as

R S
Cap = * (ea VAN eb) = Eeaqueq AQ™ | (4.2)

43
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where €4pgm is the Levi-Civita tensor in the non-holonomic frame [9]. We now define the EC theory
to be the Riemann-Cartan space-time Uy together with the action given in equation (4.1) [9]. In
addition to the EC action given in equation (4.1), we can introduce the matter action S,,, which has
associated matter Lagrangian density L,,, so that the total action considered is

Given the total action above, we wish to study the role of curvature and torsion in the EC theory.
In order to do this, we require that the total action experiences an extremum under an ordinary
variation [89]. That is, we require that

5S=0. (4.4)

By requiring that the total action experiences an extremum, we can follow [7,9] in order to obtain the
EC field equations. Let us begin by considering the EC Lagrangian density which has the following
form

LEc = R A Cap - (4.5)

The above expression can be obtained by simply reading off the Lagrangian density from the expression
for the EC gravitational action given in equation (4.1). By carrying out an ordinary variation of the
Lagrangian density given in equation (4.5) one obtains [9]

d(Lrc) =6 (f?ba A Cab) = 0R" A Cap + RPN 6Cap - (4.6)

Let us first consider the variation of {,;. By making use of equation (4.2), one obtains the following
for the variation of {, [9]

1 L R .
0Cab = 3 (Eabcdwc A O + €qpea° A 60d>
= €abcd5éc A% (4.7)

In equation (4.2) we defined the two-form field {,; as the Hodge dual of the wedge product between
two non-holonomic basis elements. In addition, we can define the four-form field ¢ as

¢ il = %eabcdéa NIV IN (4.8)

the three-form field {, as
Ca 1= *€q %Eabcdéb NO“NOT (4.9)

the one-form field (. as
Cabe = % (€a N €y N €c) = €apead? (4.10)

and, lastly, the zero-form field (4p.q as simply being the Levi-Civita tensor in the non-holonomic
frame [9]

Cabed = * (éa A Eép N éc N éc) = €agbed - (4.11)

Now, by making use of equation (4.10) ,which provides us with the definition of the one-form field
Cabe, it follows from equation (4.7) that we can write the variation of the two-form field {, as

5Cab = 6éc A Cabc . (412)

Let us now turn our attention to studying the variation of the curvature two-form R which appears
on the right-hand side of equation (4.6). By making use of the second Cartan structure equation which
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is given in equation (3.101), we obtain the following expression for the variation of the curvature two-
form

SR = ddw™ + sw?, A w® + w® A Sw . (4.13)

Now, we note that the action of the Lorentz covariant derivative, which is defined in equation (3.92),
on the variation of the connection one-form yields

Déw® = dsw™ + sw A w' + w% A sw' (4.14)
which is nothing more than the right-hand side of equation (4.13). It therefore follows that [9]
SRY = Diw® . (4.15)

Therefore, by substituting equations (4.12) and (4.15) into equation (4.6), one obtains the following
expression for the variation of the EC Lagrangian density

dLpc = (D(Swab> A Cap + R A 56° A Cape - (4.16)

By adding and subtracting like terms in the above expression and by grouping terms that contribute
to a total Lorentz covariant derivative, one obtains

§Lpc = RY™ A 86° A Cape + d <5w“b A Cab) — 6w A Dl (4.17)

where we have made use of the fact that the action of the Lorentz covariant derivative on a smooth
function is nothing more than the action of the exterior derivative on that function. We note that
the above expression contains the Lorentz covariant derivative of the two-form field {,;. By making
use of the definition of the two-form field {,; given in equation (4.2), one obtains the following for
the action of the Lorentz covariant derivative on this two-form field

1 L
DC(zb - §D (szcdoc A 0d>
= €abed <Déc) A Cabc 5 (418)

where we have made use of equation (4.10) in order to introduce the one-form field (g into the
above expression. We now wish to consider the action of the Lorentz covariant derivative on the
co-tetrad field 8¢ which is given in the above expression. It can be seen that the right-hand side of
the first Cartan structure equation (3.100) is nothing more than the Lorentz covariant derivative of
the co-tetrad field. Thus, the action of the Lorentz covariant derivative on the co-tetrad field 0° is
nothing more than the torsion two-form field 7. It therefore follows that equation (4.18) becomes

DCab =T°A Cabc . (4.19)

Substituting the above result into equation (4.17) yields
OLic = R N 660 A Care = 0w™ AT Cape +d (50 A G ) (4.20)

Through the appropriate modification! of the gravitational action, the third term in the above ex-
pression has no contribution [5]. We are now in a position to carry out the variation of the EC
Lagrangian density with respect to either the co-tetrad field or the connection one-form field in order
to obtain two sets of field equations. Let us begin by varying the Lagrangian density with respect to
the co-tetrad field @¢. By carrying out such a variation, one obtains [9]

0LEC
56¢
!Such a modification involves the inclusion of the so-called Gibbons-Hawking- York boundary term [5,93,94]. This

term is necessary when considering a space-time manifold that has a non-vanishing boundary since the third term in
equation (4.20) will be non-zero.

= —R" A Cope - (4.21)
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For the variation of the matter Lagrangian density, we define 7. as the three-form field obtained by
varying the matter Lagrangian density with repect to the co-tetrad field. That is, we write |7]
0Ly

56

Te (4.22)

It therefore follows from equations (4.21) and (4.22) that the ordinary variation of the total action
with respect to the co-tetrad field yields the following field equation [7,9]

1 ~
Tlﬁcabc A Rba = —T¢ , (423)

where we have reintroduced the factor of 1/ (2k2) that was initially omitted when defining the EC
Lagrangian density. We now wish to consider the variation of the EC Lagrangian density with respect
to the connection one-form. By carrying out such a variation of equation (4.20) one obtains

0LEC
— _T° . 4.24
5w“b A Cabc ( )

As was done in the case of varying the matter Lagrange density with respect to the co-tetrad field,
we define s, to be the three-form field obtained when varying the matter Lagrangian density with
respect to the connection one-form field. That is, we write

16l
St = 3 gt -

It then follows from equations (4.24) and (4.25) that the field equation obtained by varying the total
gravitational action with respect to the connection one-form field is |7, 9|

(4.25)

1
ﬁCabc NTC = sgq ) (4.26)

where we have once again reintroduced the constant factor of k2. Equations (4.23) and (4.26) are
the desired field equations in the EC theory of gravity and are referred to as the Finstein-Cartan
equations |7]. Here the EC equations have been written in differential form.

We now wish to write the EC equations in terms of non-holonomic basis components. Such a form
of the EC equations is referred to as the Sciama-Kibble form and can be found in [92] by Sciama as
well as [91] by Kibble. We shall derive the Sciama-Kibble form of the EC equations given in equations
(4.23) and (4.26) by following [9]. Let us begin by considering the EC equation (4.23). Through the
use of the definition of the curvature two-form, which is given in equation (3.99), we have

- 1~ N N
Cape N RP = 5}@}“06 AOYA Cape - (4.27)

By substituting the definition for the one-form field (g given in equation (4.10) into the above
expression, one obtains

- 1 -~ A A N
Cape N RP = 5Rlelmea,,cd@e NG NG (4.28)

By making use of equation (4.9) in order to introduce the two-form field ¢, into the right-hand side
of the above expression one obtains

. 1~ .
Cape N R = ERlebaeabchmnwae A Cmn - (4.29)
Writing the contraction of the Levi-Civita tensors in terms of Kronecker delta symbols yields
pba 14 ba pe 1 l l
Cae N R = 210y, "0° A (8LCup + 0o + 0}en)

A 1 -~ A
= —RY 0° A e + 5Rce‘-"aee Alap (4.30)
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where the components of the non-null torsion Ricci tensor in the non-holonomic frame have been
introduced into the right-hand side of the above expression. Now, by making use of the following

. 1 R . R
0% A Cpe = §€bclk9a NNl

1
Ik
= —epake " Cm

2
= Qo0 — Cep (4.31)
we can write equation (4.30) as
Fba 5 1= b
Cabc ANR™ = =2( Ry — §R77cb C . (432>
By substituting the above expression into the first EC equation (4.23) and by defining the energy-
momentum tensor through 7. := 74¢% [9], one obtains the Sciama-Kibble form of the first EC
equation [7]
. 1. 9
Ry — §R770b =k“Ty . (4.33)

In order to obtain the Sciama-Kibble form of the second EC equation, which is given in equation
(4.26), we can carry out a similar process. By carrying out such a process for the left-hand side of
equation (4.26), one obtains the following

1 o
Cabc ANTC = §Tclmel A (@TCZ)C + 5{;71Cca + 5214-(117)
1

=~ [ (94— 0160) + 75 (t1ca — alce) + 71 (31— )]

= - CbaCc - TaCb + TbCa 5 (4-34)

and we remind the reader that T := T'9_ is the trace of the torsion tensor in the non-holonmic frame.
Finally, by substituting equation (4.34) into equation (4.26) and by defining the spin-current tensor
through s.p := $45cC¢ 9], one obtains the Sciama-Kibble form of the second EC equation [7]

TC + 05Ty — 65Ta = k*sy . (4.35)

We have thus obtained the Sciama-Kibble form of the field equations in the EC theory which have
been obtained before in [91,92]. It is important to note that the second EC equation allows us to
describe an important relationship between the torsion tensor and the spin matter content which
is contained in the spin-current tensor. Such a relationship can be interpreted from the following
theorem which is stated and proved here following |7,9].

Theorem 4.2.1. In the event that the spin-current tensor vanishes, the EC theory of gravity reduces
to GR [9].

Proof. We consider the second EC equation in the Sciama-Kibble form given in equation (4.35). By
taking the trace of this equation and substituting the resulting expression back into equation (4.35),
one obtains the following expression for the components of the torsion tensor in the non-holonomic
frame |7]

k‘2
b = 5 (2Sabc + 0S5yt — 5§5add) ~ (4.36)

It is evident from the above expression that, in the case where the spin-current tensor vanishes, i.e.
s,y = 0, then the torsion tensor vanishes. Since the torsion tensor vanishes, the Cartan connection
reduces to the Levi-Civita connection and, thus, the non-null torsion Riemann tensor reduces to the
torsion-free Riemann tensor. In such a case, the first EC equation, which is given in equation (4.23),
reduces to the field equations of GR. We have thus shown that, when the spin-current tensor vanishes,
the EC theory of gravity is nothing more than GR. O
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The theorem proved above implies that GR is simply a degenerate case of the EC theory of
gravity [9]. As already mentioned, Theorem 4.2.1 provides us with an important relationship between
the torsion tensor and the spin matter content. More specifically, the torsion tensor provides a
geometrical interpretation of the spin-current tensor [70]. Such a notion is worth mentioning since
such a relationship does not hold between curvature and the energy-momentum tensor. From the first
EC equation in the Sciama-Kibble form given in equation (4.33), it can be seen that the vanishing of
the energy-momentum tensor implies the vanishing of the non-null torsion Ricci tensor, however, this
does not imply the vanishing of the non-null torsion Riemann tensor and therefore does not imply
the vanishing of curvature. The fact that the vanishing of the spin-current tensor directly implies the
vanishing of torsion implies that the spin-current tensor is geometrised by the torsion tensor in the
EC theory of gravity [70].

So far, we have derived the EC field equations in differential form, which are given in equations
(4.23) and (4.26) as well as in the Sciama-Kibble form, which are given in equations (4.33) and
(4.35). It is not difficult to obtain these field equations in terms of the holonomic basis components
by applying the rotations described by the tetrad field to the Sciama-Kibble equations. Nevertheless,
here we wish to derive the EC field equations in coordinate components through the direct variation
of the gravitational action. The reason for this is that, in subsequent sections, we will follow this
method in deriving the field equations for theories that are modifications of the EC theory. Therefore,
it will prove to be useful to carry out such a derivation of the coordinate component field equations for
the EC theory of gravity which is equivalent to the application of the vierbein to the Sciama-Kibble
equations. We begin by considering the EC Lagrangian density given in equation (4.5). By writing
the curvature two-form in terms of its non-holonomic components through the use of its definition
as well as by making use of the definition of the two-form field (s, we have the following for the EC
Lagrangian density

N 1 - A A A A
RY A Loy = =Ry %€qpqmB° N 0L N O N O™ (4.37)
4 dc q

By introducing the four-form field ¢ into the above expression through the use of its definition given
in equation (4.8) and by contracting indices in the Levi-Civita tensors in order to produce Kronecker
delta symbols, one obtains [9]

- 1.~
R Cap = 5 o™ (0507 — 3265 ) €
= RC¢, (4.38)

and we remind the reader that R denotes the non-null torsion Ricci scalar. We note that the volume
element chosen to construct the action integral in the EC theory is the four-form field . From the
definition of this four-form field, we note that it can be written as

C=60"N0"NO> NG . (4.39)

The taking of this four-form field to be the volume element in the EC theory, as well as in GR, is
referred to as a natural choice of a volume element since it is the simplest construction of a volume
element from the co-tetrad fields. In order to write this volume element in terms of the dual basis
elements associated with the holonomic frame, we can make use of the definition of the four-form
field ¢ as well as the vierbein in order to write it is

1
¢ = Eeabcde“”‘speaﬂebyec(gedpdmo Adzt A dz? A da?

=e dz® Adzt Ada? Ada? (4.40)

where e is the determinant of the vierbein. It is not difficult to see from equation (3.85) that e = \/—g

and, thus, it follows from the form of the volume element given in equation (4.40) that we can write
the EC action as [79]

1

SEc = 572

/ Ry/—g d*z . (4.41)
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We remind the reader that k? := 87G/c* as before and we now write the Lagrangian density associated
with the above action as

Lec=Rv—g . (4.42)

where we wish to ommit the inclusion of the constant k for simplicity. We now wish to vary the above
Lagrangian density with respect to the metric and contorsion tensor components in the holonomic
frame. In [95], the Einstein-Hilbert action Sgy := [ R\/—g d*z is considered and the field equations
valid for GR are derived by carrying out a variation of this action with respect to the holonomic
components of the metric tensor. Here, we shall follow this method in first varying the EC action
with respect to the holonomic components of the metric tensor and then varying the EC action with
respect to the holonomic components of the contorsion tensor. Let us denote the variation of the EC
Lagrangian density, equation (4.42), with respect to the metric and contorsion tensor components
in the holonomic frame as 0,Lgc and dx Lrc respectively. Varying the EC Lagrangian density with
respect to the metric yields

0gLEC = (69R) V=9 +R(0,v/=9) . (4.43)
The variation of /=g with respect to the metric yields [95]

1
bgV=9 = =5V=9 9" . (4.44)
Let us now consider the variation of the non-null torsion Ricci scalar. We have the following [95]
6gR = Ry dg™ + g" 4Ry . (4.45)

Since the metric tensor and the torsion tensor are treated as being independent quantities, the vari-
ation of the non-null torsion Ricci tensor with respect to the metric is equivalent to the variation of
the torsion-free Ricci tensor with respect to the metric since the non-Riemannian contributions to the
construction of the non-null torsion Ricci tensor are independent of the metric tensor. Therefore, by
making use of equation (3.66), we obtain the following for the variation of the non-null torsion Ricci
tensor with respect to the metric

Og Ry = 0g Ry = 03017, — 0,677 + T3, 6175 4 6T, 17, — T,6T7 | — o1, 17 |
= Dy (o7%,,) = Dy (97%,) (4.46)

where we have made use of the so-called Palatini identity [95]. It is evident from the last expression
that the variation of the non-null torsion Riemann tensor with respect to the metric yields total Levi-
Civita covariant derivatives of the Christoffel symbols. Since these are covariant derivatives associated
with the Levi-Civita connection and the choice of a volume element in the EC action is compatible with
the Levi-Civita connection, the variation of the non-null torsion Ricci tensor yields a pure boundary
term. This term can be removed through the appropriate modification of the gravitational action,
i.e., by including the so-called Gibbons-Hawking-York boundary term [5,93,94|. The variation of the
EC Lagrangian density now reads

d¢LECc = V—9 9" Dg (M‘ﬁw) —+/—g D¥ ((5FBBV) + \/—gRW(SgW — 72_9}?3 9u0g"” . (4.47)

Let us now turn our attention to carrying out the variation of the EC Lagrangian density with
respect to the contorsion tensor. In order to carry out such a variation, we turn our attention to
equation (3.68) and study the variation of the non-Riemannian terms since these are the only terms
that carry dependence on the contorsion tensor. The variation of the EC Lagrangian density with
respect to the contorsion tensor yields

SxLrc =v/—g 9" 0Kk R = —g ¢

OR,, ORy,
- D Ty SK®
oK, 7 <a (DWKC“U/\)>] oA

-9 VA VA v
= V(1) + g — i) 6K (4.48)
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It therefore follows from equations (4.47) and (4.48) that the total variation of the EC Lagrangian
density is given by the expression

SLec = /=g ¢"' D (5rﬁw) /=g D" (5%,,) +v=g [ <RW - %R gw> g™
+ % (77 + 9T, = 33T K™, - (4.49)

By writing the matter action as Sp, := [ d*zL,, and writing the energy-momentum tensor in holo-
nomic basis components as [95]

2 Ofm
Tuy ‘= \/Tgég/“/ )

it follows from equations (4.49) and (4.50) that the first EC equation in holonomic basis components
obtained by varying the total action with respect to the metric is

(4.50)

1 -
Ryy = SRy = KT (4.51)

where we have reintroduced the constant factor k2. Now, by defining the spin-current tensor as

w4 OLw
VS YT N

it follows from equations (4.49) and (4.52) that the second EC field equation, written in terms of
holonomic basis components, obtained by varying the total action with respect to the contorsion
tensor is

(4.52)

Y T KTy — 01Ty = ks, ) (4.53)

The EC field equations given in equations (4.51) and (4.53) are the holonomic basis component forms
of equations (4.33) and (4.33) respectively.

It is not difficult to see that, through the application of the GL4 (R) matrices %, on the Kibble-
Sciama equations (4.33) and (4.33), one can obtain the holonomic basis component equations (4.51)
and (4.53) respectively. The reason we chose to provide an alternative derivation is due to the fact
that we want to use this method when considering gravitational theories that are modifications of
the EC theory of gravity. Examples of such theories are considered in subsequent sections. For now,
however, we wish to study the energy-momentum tensor and the spin-current tensor. Let us first
turn our attention to the EC field equation (4.51) in order to study the energy momentum tensor. As
already mentioned, if the spin-current tensor vanishes then, since the torsion tensor geometrises spin
in EC theory, the non-null torsion Ricci tensor reduces to the torsion-free Ricci tensor and, therefore,
equation (4.51) reduces to the Einstein field equations of GR. Since the first Bianchi identity associated
with the torsion-free Riemann tensor vanishes, it follows that the torsion-free Ricci tensor is symmetric
and thus, in the case of a vanishing spin-current tensor, the energy-momentum tensor is symmetric. In
the event that the spin-current tensor is non-vanishing, however, the torsion tensor is non-vanishing by
equation (4.53) and thus, the first Bianchi identity associated with the non-null torsion Riemann tensor
is non-vanishing which implies that the non-null torsion Ricci tensor is not necessarily symmetric.
In such a case, it follows from equation (4.51) that the energy momentum tensor is not necessarily
symmetric. The spin-current tensor, on the other hand, is always antisymmetric in its first and second
indices. This can be seen from the fact that the first term on the left-hand side of equation (4.53)
is the torsion tensor which is antisymmetric in its second and third indices and that the second and
third terms together form an antisymmetric tensor.

Turning our attention to the second Bianchi identity associated with the Cartan connection, which
is given in equation (3.64), it is evident that, in the case of a non-vanishing spin-current tensor, the
energy-momentum tensor is not necessarily conserved. However, it is possible [7] to construct a
conserved and symmetric tensor that is written as a combination of the energy-momentum tensor
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and the spin-current tensor. In order to do this, we note that the second Bianchi identity associated
with the Levi-Civita connection, which is given in equation (3.56), implies the following

D,G", =0, (4.54)

where G, == Ry, — %ng, is the Einstein tensor [5]. Let us turn our attention to the first EC field
equation given in equation (4.51). By moving the non-Riemannian constributions on the left-hand side
of equation (4.51) to the right-hand side, the left-hand side then becomes the Einstein tensor. We can
then make use of the second EC equation (4.53) in order to write the non-Riemannian contributions
in terms of the spin-current tensor. We can then combine these terms with the energy-momentum
tensor in order to write the first EC field equation as

1
Ry — QRgW = KT, , (4.55)

where we define the effective energy-momentum tensor, which is both symmetric as well as conserved,
to be

1
Tow = Ty — QD" (swf’ + s"W + SUZ,M) — 7r<4s/f,,sg — 43/;”’30,;” + 25(,,”3””#
- guusopksgp)\ - 2guu50p)\5m\p + ZQMVSpS'D) s (456>

and we have defined s, := s,/ [7]. The energy-momentum tensor combined with the three terms on
the right-hand side of the above expression which are covariant derivatives of the spin-current tensor
yields the so-called Belinfante-Rosenfeld tensor |7|. As noted in [7], the Belinfante-Rosenfeld tensor
arises naturally in the EC theory as can be seen in the above expression.

We can make use of the above expression for the effective energy-momentum tensor in order to
obtain an expression for the antisymmetric part of the energy-momentum tensor. This antisymmetric
part is given below

27108 = Do8op” — 4w (sa"psgpg — s;psgpa) . (4.57)

This concludes our discussion of the EC theory of gravity. In the following two sections of this
chapter we consider modifications of this theory. The first such modification discussed here, referred
to as the Einstein-Cartan-Saa theory of gravity [11,12], involves a different choice of a volume element
to the one used in this section. This is the first modification that we wish to consider in this thesis
and is discussed in the following section.

4.3 Einstein-Cartan-Saa theory

In this section, we discuss Saa’s modification to the EC theory of gravity which is referred to as the
Einstein-Cartan-Saa (ECS) theory of gravity. This theory was first presented by Saa in [11]. The
approach that is made in Saa’s modification to the EC theory is to construct a gravitational action
whose integrand consists of the non-null torsion Ricci scalar, as is the case in the standard EC theory,
however, the choice of a volume element is different. The motivation for choosing a different volume
element lies in an issue surrounding the application of the Minimal Coupling Procedure (MCP) in
Riemann-Cartan space-time. Let us first outline this issue which is discussed in detail in [11,12]. In
this thesis, we make use of the definition for the MCP that is used in [11].

Consider some action, S, in Minkowski space-time whose Lagrangian density, £, depends on n
distinct fields, say ¢; for ¢ € {1,...,n}, and their first order derivatives, d,¢;. Suppose we were to
carry out an ordinary variation of this action and obtain the corresponding equations of motion. In
order to determine how these fields behave in the presence of a gravitational field as described by GR,
one can apply the MCP to either the action or the equations of motion. Applying the MCP to the
Lagrangian density in Minkowski space-time L (¢;, 0,¢;) yields the Lagrangian density £ (¢, D,;).
Since the volume element for GR, \/—g€uv0p, is compatible with the Levi-Civita connection, one can
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comfortably perform an integration by parts in the action. As a result of this, if we were to instead
apply the MCP to the equations of motion found in Minkowksi space-time, we would obtain the
same result as varying the action. This is not what occurs in the standard EC theory of gravity.
Suppose we apply the MCP, as described by the EC theory of gravity, to the action in Minkowski
space-time. The application of the MCP to the Lagrangian density £ (¢;, 0,¢;) yields the Lagrangian
density L (¢i, Vu¢;). In carrying out a variation of this action, one has to first convert the Cartan
covariant derivatives of the fields ¢; to Levi-Civita covariant derivatives which, upon the application
of an integration by parts, will yield pure boundary terms. As a result of this, the equations of
motion obtained by carrying out a variation of the action is not the same as the equations obtained
by applying the MCP to the equations of motion in Minkowski space-time.

In order to resolve this issue, Saa suggested a modified volume element that will allow for comfort-
able integration by parts using the Cartan covariant derivative [11]. An issue surrounding the method
for constructing such a volume element that is given by Saa in [11] has been disputed by Fiziev in [12].
In [11], Saa stated a particular procedure for calculating the Cartan covariant derivative of the volume
element. In [12], Fiziev argued that this aforementioned procedure is actually how one computes the
transposed Cartan covariant derivative of the volume element. Indeed, as pointed out by Fiziev, the
natural choice of a volume element, i.e., the volume element used in the standard EC theory and GR,
is compatible with the Cartan covariant derivative. However, it is not compatible with the transposed
Cartan covariant derivative. The fact that the natural choice of a volume element is not compatible
with the transposed Cartan covariant derivative leads to the MCP issue of standard EC theory.

In order to construct a volume element that allows for comfortable application of integration by
parts using the Cartan covariant derivative requires that this volume element in fact be compatible
with the transposed Cartan covariant derivative. In this section, we shall show why this is the case and
then construct the Einstein-Cartan-Saa (ECS) theory of gravity using this volume element. Let us
first begin by studying the natural choice of a volume element and how the integral of the divergence,
as described by the Cartan connection, of some arbitrary vector field does not yield a pure boundary
term. In holonomic basis components, the Levi-Civita tensor is written as

€uwop =V —9 Ewop (4.58)

where €., is the Levi-Civita symbol as before. The volume element used in the standard EC theory
of gravity, which is also the natural choice of a volume element, is written as

1
¢ = —epopdat Ada¥ Adax? Ada” . 4.59
4! prop

Let B be a vector field on the Riemann-Cartan space-time manifold M and let us consider the
following volume integral of the Cartan divergence of the vector field B

I:= / d*z\/—g V,B" . (4.60)

By converting the Cartan covariant derivative in the integrand of the above expression to a Levi-Civita
covariant derivative through the use of the contorsion tensor, we obtain the following

I= /d‘*;p\/fg(DVB" - T,B") , (4.61)

where we have made use of the fact that the trace of the contorsion tensor is nothing more than
the trace of the torsion tensor with a minus sign. Of course, the volume element in the integrand is
compatible with the Levi-Civita connection. However, for the sake of completeness, let us show how
the first term on the right-hand side of the above expression is a pure boundary term. By making
use of the fact that equation (3.36) provides us with the expression

5= (—9) ?95v/~9 (4.62)
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it follows that we can write equation (4.61) as [96]
7= / dz (FgauB” +B'385\/7—g> . / 42T, B = / diz 9, (V=gB") - / AT, BY . (4.63)

The first term on the right-hand side of the second equality is a boundary term. The second term,
however, does not necessarily constitute a boundary term. The goal of [11] was to construct a volume
element that would allow for the volume integral of a Cartan divergence V,,B” to be a pure boundary
term. As pointed out by Fiziev in [12], the natural choice of a volume element is not only compatible
with the Levi-Civita connection but also compatible with the Cartan connection. In order to show
that this is indeed the case, let us consider the action of the Cartan covariant derivative on the natural
choice for a volume element and convert it to a Levi-Civita covariant derivative through the use of
the contorsion tensor:

V€123 = Dy€p123 — KBV5€0123 . (4.64)

The first term on the right-hand side of the above expression vanishes since the natural choice of a
volume element is compatible with the Levi-Civita connection and the second term vanishes since
the contorsion tensor is antisymmetric in its first and third indices. As desired, and as pointed out
by Fiziev in [12], the natural choice for a volume element is compatible with the Cartan covariant
derivative, i.e., we have

Vy€apop =0 . (4.65)

Although the volume element is compatible with the Cartan connection, it is evident from equation
(4.63) that the volume integral of a Cartan divergence of an arbitrary vector field does not yield
a pure boundary term. As we shall now show, by following what is done in [11], by introducing a
new volume element that is compatible with the transposed Cartan covariant derivative, the volume
integral of the Cartan divergence of an arbitrary vector field then yields a pure boundary term.

Let us begin by defining the transposed Cartan connection. We define the connection 7V whose
action on some arbitrary dual vector field, say w, yields the type (0,2) tensor field

N ,wy = 0wy, —T%,,w, | (4.66)

as the transposed Cartan connection. In the above, the I uv are the Cartan connection coefficients.
We note that, while the Levi-Civita and Cartan connections are metric compatible, the transposed
Cartan connection is not necessarily metric compatible. This is easily seen by acting the transposed
Cartan covariant derivative on the metric tensor as follows

N agu = Dagu — K090 — Kyaup = —2K o - (4.67)

The above expression implies that the transposed Cartan connection is only metric compatible in the
case where the symmetric part K(,,), vanishes, i.e., when the contorsion tensor is totally antisym-
metric. Before we show the desired result, we first require the notion of Stokes’ theorem which is
stated here without proof and as given in [66].

Theorem 4.3.1. (Stokes’ theorem). If N is an n-dimensional manifold with boundary ON and w is
an (n —1)-from on N then

/ dw = w , (4.68)
N ON

where dw denotes the exterior derivative of w.

For a proof of Stokes’ theorem, the reader is directed to [66] by Spivak. We now wish to turn our
attention to showing that if a volume element is compatible with the transposed Cartan connection,
then the volume integral of the Cartan divergence of an arbitrary vector field is a pure boundary
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term. Let M be the Riemann-Cartan space-time manifold and let us consider the following surface
integral

/ ivC (4.69)
oM

where ¢ is a 4-form volume element, v is some arbitrary vector field on M and i, denotes the interior
derivative in the direction of v. In holonomic basis components, we write the 4-form volume element
as

-1
¢ = ZEWO,pdm” Adz” Adz? Adz? . (4.70)

Substituting the above expression into the surface integral given in equation (4.69) yields

- 1
/ 1w€ = |/ Eaggpvadwﬁ Adx? AdzxP . (4.71)
oM 4 Jom

We can now make use of Stokes’ theorem which is given in equation (4.68) in order to obtain the
following from the above expression

s 1
/ iwC =5 / O (Eapopv™) da* Ada? Adz® Ada” . (4.72)
oM 4 Jm

Since the Christoffel symbols of the Levi-Civita connection are symmetric, we can replace the partial
derivative in the above expression with the Levi-Civita covariant derivative in order to obtain

- 1
/ iyC = 0 / Dy (€apopv™) dz* Ada® A dz® A dz?
oM 4l Jm
1
= [(Dx€aBop) V™ + €apopDAv] dz* A dz? A dz® Adz” . (4.73)
cJM

We now wish to consider the case where the volume element ¢ is compatible with the transposed
Covariant derivative, i.e., the 4-form field €,4,, satisfies the following

¥ \éapo = 0. (4.74)

Through the use of the transposed contorsion tensor, we can convert the Levi-Civita covariant deriva-
tive in the first term on the right-hand side of equation (4.73) to a transposed Cartan covariant
derivative. This gives us

UpDAEOégUp = UPTVAQ@,,) + U“KVVME(X@,)\
= *Tyvygagg)\ , (4.75)
where, in the second equality, we have made use of the fact that we assume the volume element to
compatible with the transposed Cartan connection as well as the fact that the trace of the contorsion
tensor is nothing more than the trace of the torsion tensor with a factor of a minus sign. Let us now
turn our attention to the second term on the right-hand side of equation (4.73). By converting the

Levi-Civita covariant derivative to a Cartan covariant derivative through the use of the contorsion
tensor, we obtain the following

gaﬁapD)\’Up = gaﬁng)\Up + gaﬁa)\Tyvy . (4.76)

By substituting equations (4.75) and (4.76) into equation (4.73), we can now obtain

/a il = /M EVo . (4.77)
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We have thus shown that the volume integral of the Cartan divergence of an arbitrary vector field
yields a pure boundary term if the volume element is compatible with the transposed Cartan connec-
tion. This is the premise for Saa’s modification of the EC theory.

In order to construct the modified action, we require an explicit expression for the volume element.
In order to find such a volume element, let us first consider the action of the transposed Cartan
covariant derivative on the natural choice for a volume element:

V¥ 01234 = Tyi€0123 (4.78)

where we have made use of the fact that the natural choice of a volume element is compatible with
the Levi-Civita connection. By introducing a potential function, say ®, and writing the trace of the
torsion tensor as the gradient of this function, i.e., by writing

T,=-0,2, (4.79)
and substituting this into equation (4.78) one obtains
—TV,/ In €0123 — VVCD . (4.80)

By integrating the above expression, one arrives at the four-form field volume element given in equa-
tion (4.70) where we define the following quantity that is obtained by integrating equation (4.80)

Euvop ‘= e? —9 €uvop - (481)

While the above volume element is compatible with the transposed Cartan connection, it is worth
mentioning that it is not compatible with the Levi-Civita connection. We can now construct the
following gravitational action by making use of the volume element given above

1

SEcs = TkQ

/R e®y/—g diz . (4.82)
We now define the Einstein-Cartan-Saa (ECS) theory of gravity to be the Riemann-Cartan space-
time Uy together with the gravitational action given above. In the standard EC theory of gravity, the
volume element used in the construction of the gravitational action depends only on the metric. In
the ECS theory, the associated gravitational action, which is given in equation (4.82), is constructed
using a volume element which is dependent on both the metric as well as the potential function & for
which the trace of the torsion tensor is written as a gradient.

In order to determine which quantities will yield the field equations for the ECS theory of gravity,
we turn our attention to equation (3.80) which relates the non-null torsion Ricci scalar to the torsion-
free Ricci scalar together with non-Riemannian contributions. We note that the non-Riemannian
contributions in equation (3.80) contain a total covariant derivative, associated with the Levi-Civita
connection, of the trace of the torsion tensor. Since the ECS gravitational action is constructed using a
volume element that is not compatible with the Levi-Civita connection, this total covariant derivative
does not contribute as a boundary term and therefore cannot be removed in the gravitational action.
It is possible, however, through the use of the contorsion tensor, to introduce a total Cartan covariant
derivative of the trace of the torsion tensor into the right-hand side of equation (3.80) which will
contribute as a boundary term. By converting the Levi-Civita covariant derivative to a Cartan
covariant derivative, we now write the equation that relates the non-null torsion Ricci scalar to the
torsion-free Ricci scalar as follows

4

R:R+2V“T“+3

1 1
T, T% + ﬂVQV‘1 + iQVWQ”’w‘ . (4.83)
The covariant derivative given above is associated with the Cartan connection and will therefore
contribute as a boundary term since the volume element is compatible with the transposed Cartan
connection. We may therefore remove this covariant derivative term in the ECS gravitational action.
Let us now turn our attention to the last three terms on the right-hand side of equation (4.83). In
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order to study the scalar formed by these three terms, we first wish to make a note on the contorsion
tensor.

By decomposing the contorsion tensor into a trace component and a traceless component, one can
write the contorsion tensor as

1
Ka,uu = g (Tag,uz/ - Tug,ua) + Pa,u,u s (4'84)
where P, is the traceless part of the contorsion tensor defined through the difference. In constructing
the above expression, we have made use of the fact that the trace of the contorsion tensor is nothing
more than the trace of the torsion tensor with a factor of a minus sign. Now, by making use of this
decomposition together with the decomposition of the torsion tensor, one can obtain the following

expression for the scalar produced by contracting the traceless tensor P, with itself
(077 1 « 1 rvuo
Py PYF = ﬂVaV + §QVWQ Hee (4.85)

Therefore, by substituting equation (4.85) into equation (4.83) and substituting the resulting ex-
pression as well as equation (4.79) into the ECS action given in equation (4.82), one obtains the
following

1 4
Spes = 55 d*z e®y/—g <R - gvﬁcw% - PWPW> , (4.86)

where we have removed the total Cartan covariant derivative of the trace of the torsion tensor |[11].
We now wish to study the field equations associated with the ECS theory of gravity for which the
case of a vacuum is considered. That is, the total gravitational action is simply the ECS action given
above. We begin by reading off the ECS Lagrangian density from equation (4.86) and write

4
Lrcs :=e®y/—g <R + gvﬂév% + PWPW) : (4.87)

where we have omitted the constant k2 for simplicity. In order to obtain the field equations in the
case of a vacuum, we require that the ECS gravitational action experiences an extremum. Let us first
consider the case where we vary the action with respect to the traceless tensor P, . It is not difficult
to see that, by carrying out such a variation, one obtains

Py =0 (4.88)

That is, for the case of a vacuum, the ECS theory predicts that the traceless term in the decomposition
of the contorsion tensor vanishes. It now remains to vary the ECS action with respect to the metric
tensor as well as the potential function ®. Let us begin by varying the action with respect to the
metric tensor. Varying equation (4.86) with respect to the metric tensor yields

d

1 4
— [ d*z/=g {59 (e®R) +e®6g"'V, 0V, ® — %gwﬁg’w (R + 3vﬁq>v5¢>> } , (4.89)

0gSECS = 572

where we use d, to denote variation with respect to the metric tensor as before. Let us now turn our
attention to the first term in the above expression. By writing the torsion-free Ricci scalar as the
contraction of the metric tensor with the torsion-free Ricci tensor, one obtains the following

dg (e*R) = e®R,,69" + e®g" 0R,,, . (4.90)

We have already obtained the variation of the non-null torsion and torsion-free Ricci scalars in equa-
tion (4.46). We note that, while the variation of the torsion-free Ricci tensor is a total covariant
derivative with respect to the Levi-Civita connection, the second term in the above expression is only
a total covariant derivative when the potential function @ is a constant, i.e., when there is vanishing
torsion. This, of course, would then yield the Einstein field equations in a vacuum as one would
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expect. In order to understand the contribution of this term in the case where the potential func-
tion @ is not a constant, we first note that the variation of the Christoffel symbols is given by the
expression [13]
1
or’ = 5950 (Dpdgre + Drdgps — Dsbgpy) (4.91)
By substituting the above expression into equation (4.46) and then the resulting expression into
equation (4.90), one obtains the following

dg (eq)R) = eq)RWég’“’ + eq)D“D”(SgW — eq’g“yﬂéguy , (4.92)
where we define the torsion-free D’Alembertian to be O := DgDﬁ. By substituting the above expres-
sion into equation (4.89) and carrying out an integration by parts twice, one obtains the following
expression for the variation of the ECS action

1
0g98CS = 575 / d4x\/—g{eq>RW59W —e®5g"' D, ®D,® — e*6g" D, D,® + % g, 0" Ds® D’ ®

4 ® 4
+e%g,, 09" 0P + ge‘l’angu@w@ — %gwégﬂ” (R + 3v5<1>v5<1>> } . (4.93)
It therefore follows that the varying of the ECS gravitational action with respect to the metric tensor
leads to the following field equations
e™® 6Lpcs 1 1 1
0= =R,+ -V, oV, ®—-D,D,® o (0@ + ZV0eVFP® — —R) 4.94
V—g Oghv “+3“ “ +g"< +35 2> (4.94)

whose trace is given by the expression

5
0=-R+ gvﬁév% + 3000 . (4.95)

It is not difficult to see that, in the event that the potential function ® is constant, i.e., the torsion
tensor vanishes, equation (4.94) reduces the well-known Einstein field equations as one would expect.
Let us now turn our attention to carrying out a variation of the ECS action with respect to the
potential function ®. By varying the ECS Lagrangian density given in equation (4.87) with respect
to the potential function, one obtains the following field equations

e™® 0Lpcs

vV—g 0
where we define the non-null torsion D’Alembertian to be [ := ngﬁ. Now, by adding equation
(4.96) to equation (4.95), one obtains the following equation for the potential function

4 8 -
0= =R+ gvﬁcbv% - 500, (4.96)

8 -
V,BV'e 4 0b — 00 =0. (4.97)

By noting that we can relate the action of the torsion-free D’Alembertian operator on the potential
function ® to that of the non-null torsion D’Alembertian operator through the expression

0 =00 - V,0V"d (4.98)
it follows that we can write equation (4.97) as
O0d=0. (4.99)

The above equation implies the propagation of torsion in the ECS theory of gravity [11].

This concludes our discussion of the ECS theory of gravity. We note, however, that this is not the
only possible modification of the EC theory that allows for consistent results via the application of
the minimal coupling procedure (MCP). For example, Kazmierczak proposed a covariant derivative
in [97] that subtracts off the trace of the contorsion tensor from the Cartan connection coefficients.
In addition, a covariant derivative was presented in [96] which subtracts off the trace part in the
decomposition of the contorsion tensor from the Cartan connection coefficients. These modifications
are not discussed in this thesis and the interested reader is directed to the aforesaid references for
discussions on these modified versions of the EC theory.
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4.4 Chern-Simons modification of the Einstein-Cartan theory

In this section, we consider the Chern-Simons modification of the Einstein-Cartan theory of gravity
(CSEC) through the introduction of the Chern-Simons action in addition to the standard Einstein-
Cartan action. The Chern-Simons modification of General Relativity (CSGR) is studied in [13] by
Jackiw and Pi as well as in the review article [14] by Alexander and Yunes. It turns out that the
methods applied in constructing CSGR is easily extended to the case of the EC theory of gravity in
order to construct CSEC. In what follows, the approaches found in [13,14] are made use of in order to
consider the case where the torsion tensor is non-vanishing. For a detailed discussion on CSGR, the
reader is directed to [13,14]. It is worth mentioning that the CSEC theory has been studied in [15].

Let us begin our study of CSEC gravity by constructing the total action which is given as follows

S := Sgc + Scs + Sp + Sm (4.100)

where Sgc is the EC gravitational action given in equation (4.41);

Sos = Z/\/—g 0 "RR d'z . (4.101)

is the Chern-Simons action;
Sp = _g / V=3 (V,0V"6+ 2V (6)) d*e | (4.102)

is the coupling field action and Sy, is the matter action. Let us first discuss the integrand in the
Chern-Simons action given in equation (4.101). The 6 factor, which is also used in the construction
of the scalar field action, is referred to as the Chern-Simons coupling field. Furthermore, we define
the Pontryagin density [13,14] to be

RR:="R";"R,,." . (4.103)

In the above definition, the Hodge dual of the non-null torsion Riemann tensor is made use of. In
order to give an explicit expression for the Hodge dual of the non-null torsion Riemann tensor, we
first write

- 1 -
R=R, "dz"®dz" ®d2’ ® 0, = §R 9dzt A dz¥ @ daf @ Oy (4.104)

nvp
where we have made use of the holonomic construction. Through the application of the Hodge dual
operator to the above expression, one can obtain the following

1

‘R = E}NR e, AP AdrY @ daf @ dz ® 9, (4.105)

pvp €py

where €,,,5, is the Levi-Civita tensor as before. Since *R is itself a tensor, we can write it in the form
- 1.
‘R= 5*3”,,;’ da* A dz” @ da? @ 0, (4.106)

where *RWZ are the components of this tensor with respect to the holonomic frame. Now, on com-
parison of the above expression with equation (4.105), we see that one can relate the holonomic
tensor components of the Hodge dual of the non-null torsion Riemann tensor to the holonomic tensor

components of the non-null torsion Riemann tensor through the expression

1 -
"R, - (4.107)

*D g _
Rﬁvp - 5667 pvp

Having now defined the above tensor components, let us now turn our attention to the Pontryagin
density given in equation (4.103). As is done in [14], it is possible to write the Pontryagin density as
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the four-divergence (with respect to the Levi-Civita connection) of a type (1,0) tensor field K. This
tensor field is referred to as the topological current and it is defined through the expression

3 3 _ 9.
KY — Eyﬂapr‘dﬁa <8¢7Fap6 + SFQUAFAp5> . (4108)

It is not difficult to show that the topological current given above satisfies the relation
D,K” = Z*RR . (4.109)

Having now defined the topological current, whose divergence yields the Pontryagin density, we
can now write the integrand of the Chern-Simons action given in equation (4.101) as a product of the
Chern-Simons coupling field and the divergence of the topological current. That is, we can write the
Chern-Simons action as

Scs = % / d*z/—g 6D, K" . (4.110)

It is not difficult to see, from the above expression, that if the Chern-Simons coupling field is a
constant, then it follows that the Chern-Simons action vanishes as a result of compact support since
the integrand is the divergence of the topological current. In order to express the Chern-Simons
action in terms of the Cartan connection coeflicients, we can first perform an integration by parts on
the above expression in order to obtain

Scg = % </d41'Dl, (\/—g 0[~(V> - /d4x\/—gl~(”D,,9> . (4.111)
The first integral contains the divergence of the topological current and therefore vanishes due to
compact support [98,99]. It follows that, by substituting the definition of the topological current
given in equation (4.108) into the above expression, one obtains
o oo ~ 2-43 =

Scs =3 / d'z D,0 e""7PT™ 4 <ac,rﬁpA + grﬁw apA) : (4.112)
where €”#?° is the Levi-Civita symbol as before. In studying the standard EC theory in Section 4.2,
we have already obtained the total variation of the EC action. We now wish to obtain the total
variation of the Chern-Simons action by making use of the form given in equation (4.112). In order

to do this, we first wish to carry out the variation with respect to the metric and contorsion tensors.
That is, we first compute

« ~ ~
dgScs + 0k Scs = 5 / d*z D0 PR, 5 oT° | . (4.113)

We now wish to break up the right-hand side into terms that contribute as a result of a variation
with respect to the torsion tensor and terms that contribute as a result of a variation with respect
to the metric tensor. In order to do this, we write the Cartan connection coefficients as a sum of a
Riemannian term, which is the Christoffel symbol, as well as the non-Riemannian term which is the
contorsion tensor. That is, through the substitution of equation (3.38) into the above expression, one
obtains

dgScs + 0k Scs = —% /d4:v D¢ e”‘waaw)‘ (5Fﬂp)\ + 5K'8p/\> . (4.114)

We now wish to analyse the variation of the Chern-Simons action with respect to the metric
tensor. That is, we wish to consider the following integral whose total variation is equivalent to a
variation of the metric tensor

oI = /d4:1: D,6 EV“UPRUMB/\ 5F’8p/\ . (4.115)
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By making use of the variation of the Christoffel symbols given in equation (4.91), equation (4.115)
becomes

1 VIO T
o1 =3 / d*aD, 0”477 R 7N (Dr3gy, — DySgp) (4.116)

where we have used the fact that the non-null torsion Riemann tensor is antisymmetric in its third
and fourth indices whereas the metric tensor is symmetric in its indices. Now, by carrying out an
integration by parts in the above expression, and by once again making use of the fact that the
non-null torsion Riemann tensor is antisymmetric in its third and fourth indices, one obtains the
following

oI = / d'z 70 ( Ry Dy D0 + Dy Dy Ry™) S, (4.117)
We now note that, through the introduction of the type (2,0) tensor field defined as
~ wmv(pA 1 ~
¢ = DD, R + S D, 0D, R, (4.118)

we can write equation (4.117) as

oI = 2/d4:c«/—g CPASg,n - (4.119)

In this thesis, following the review article [14]|, we refer to the tensor field defined in equation
(4.118) as the C-tensor?. Now, by making use of equation (4.119), the variation of the Chern-Simons
action with respect to the metric tensor and the contorsion tensor reads

64Scs + 0k Scs = a / d*zy/—g Cprég™ — % / d*z D,0 ""PR,,, 5" 51(5,)A . (4.120)

We note that in order to obtain the total variation of the Chern-Simons action, it is necessary to
determine the variation of the Chern-Simons action with respect to the Chern-Simons coupling field.
By carrying out such a variation in equation (4.101), it follows that the total variation of the Chern-
Simons action is as follows

~ 6% ~ o -
5Sas = / d*z (a\ﬁ—g Condg™ — 5 Dut e R,,5 (SKﬁpA + Z\/—§ RR59> . (4.121)

In order to obtain the total variation of the total CSEC action given in equation (4.101), we note
that the total variation of the coupling field action is

d 1
0Sp = —g /d4x\/—g {2 <d‘0/ — D9> 00 + [Vﬁv,ﬂ — 39 (VgOVBH + 2V(¢9))} 59‘“’} , (4.122)
where we have introduced the torsion-free d’Alembertian operator as O := D,D”. Having now

obtained the total variation of the CSEC action, it is now possible to compute the relevant field
equations. Through the variation of the CSEC action, it follows from equations (4.49), (4.50), (4.121)
and (4.122) that the corresponding field equation is

1~ -
Ry = 5 R g + 20k*Cpy = K1y (4.123)

As can be seen from its definition, the C-tensor vanishes when the Chern-Simons coupling field is
constant which implies that the field equation given above yields the first EC field equation given in

?In three-dimensions, the tensor field defined in equation (4.118) is referred to as the Cotton- York tensor [14,100,101].
It is worth mentioning that the Cotton-York tensor gives an alternative representation of the so-called Cotton 2-form
through the application of the Hodge star operator [100]. Such a representation is only possible in three-dimensions
and the C-tensor does not provide a similar representation in four-dimensions. We therefore follow the terminology
used in [14] to distinguish the four dimensional C-tensor from the Cotton-York tensor.
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equation (4.51). Let us now turn our attention to the variation of the CSEC action with respect to
the contorsion tensor. By making use of equations (4.49), (4.52) and (4.121), one has the following
field equation [15]

S T 05T — 0Ty = ks, Y + 20k* Dt €7 Rygpun - (4.124)

We again note that when the coupling field vanishes, the second term on the right-hand side of the
above expression vanishes and the result is the second EC equation (4.53).

Before we state the field equations associated with a variation of the coupling field, we first wish
to make a note on the implication of the inclusion of the second term on the right-hand side of
the above field equation. Suppose that the coupling field is non-vanishing while the spin-current
tensor is vanishing. In such a case, it is possible to have non-vanishing torsion in addition to having
non-vanishing curvature. Therefore, for the case where the coupling constant is non-vanishing, the
vanishing of the spin-current tensor does not necessarily imply the vanishing of the torsion tensor.
We now turn our attention to the variation of the CSEC action with respect to the coupling field.
From equations (4.121) and (4.122) one has the following field equation

& V=g *RR - (dv —De) =0. (4.125)
4 do

The case of a dynamical Chern-Simons modification of the EC theory is where the coupling field
action has no contribution, i.e., § = 0 [14]. In such a case, the above field equation implies that
the Pontryagin density must vanish. This is referred to as the Pontryagin constraint [14|. Therefore,
in the case of a dynamical Chern-Simons modification, a solution of such a theory is such that the
Pontryagin density vanishes. In the case of CSGR, i.e., the torsion tensor vanishes, this implies that a
solution of GR may not be a solution of CSGR since a metric tensor, while solving the Einstein field
equations, may not satisfy the Pontryagin constraint. For example, while there are solutions such as
the Schwarzschild solution that satisfy the Pontryagin constraint, the Kerr solution does not satisfy
the Pontryagin constraint despite being a solution to the Einstein field equations [14]. One can ask
the question of whether the same would be the case for CSEC. That is, does the Kerr solution of
the EC theory satisfy the Pontryagin constraint which involves the non-null torsion Riemann tensor?
As already mentioned, in considering the case of a vacuum, the EC theory is equivalent to GR and
thus, the Kerr solution satisfies the field equations of EC theory. In the case of a vacuum for which
the Chern-Simons coupling field is non-vanishing, the torsion tensor is related to the non-null torsion
Riemann tensor as per equation (4.124). Therefore, it is possible for the torsion tensor to be non-
vanishing and thus for there to be a non-Riemannian contribution in the construction of the non-null
torsion Riemann tensor. Clearly, the question of whether the Kerr solution to the EC theory will
satisfy the Pontryagin constraint of CSEC is not equivalent to asking the same question for that of
CSGR. The authors of [15] present a perturbative approach to solving equation (4.124) and argue
that CSEC can accommodate a slow rotating Kerr solution. The interested reader is directed to [15]
for more information regarding this question.

This concludes our discussion of gravitational theories for which non-vanishing torsion is considered
in addition to non-vanishing curvature. We have considered the standard EC theory of gravity as well
as two of its modifications. The first modification considered, which was referred to as the ECS theory
of gravity, involved a different choice of a volume element to that used in the original formulation of
the EC theory. More specifically, the choice of a volume element was motivated by desiring that the
volume element be compatible with the transposed Cartan connection. This would allow for certain
physical equations, such as the Dirac equation®, derived through varying a corresponding action to
yield the same result as that which is obtained through applying the MCP to the associated equations
valid in Minkowski space-time [11|. The second modification considered, the CSEC theory, involved
the consideration of a Chern-Simons action term in addition to the standard EC action term given
in equation (4.41).

In the following section, we turn our attention to gravitational theories that are constructed on
the Weitzenbock space-time.

3In Appendix A we discuss the construction of the Klein-Gordon and Dirac equations on Uy.
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4.5 f(T) theories of gravity

4.5.1 Formulation

In this section we turn our attention to studying the specific teleparallel theories of gravity referred to
as f(T) theories of gravity. Such theories are constructed on the Weitzenbock space-time Wy defined
in Chapter 3. As we have done for gravitational theories considered in previous sections, the definition
that we wish to use for the so-called f(T') theories of gravity includes a space-time, in this case the
Weitzenbock space-time Wy, and a gravitational action. Before we introduce the gravitational action,
let us first consider the Einstein-Hilbert (EH) action which is defined as [5,95]

Sgx = / d*zy/—g R, (4.126)

and we remind the reader that R denotes the torsion-free Ricci scalar. By considering a Weitzenbdck
space-time, the non-null torsion Ricci scalar vanishes and thus, by substituting equation (3.69) into
the EH action, one obtains the following

Sgn = / dtzy/—g (=T — 2D, T") . (4.127)

The second term in the integrand is a total Levi-Civita covariant derivative and therefore has no
contribution in the EH action [33|. Therefore, the EH action used in the definition of GR is equivalent
to the gravitational action

Sr = /d% eT, (4.128)

on a Weitzenbock space-time and we remind the reader that e = /—g is the determinant of the
vierbein [8,33,34,81]. The gravitational action given in equation (4.128) is the action of the Teleparallel
Equivalent of General Relativity (TEGR). That is, TEGR is defined to be the Weitzenbock space-time
W, together with the gravitational action given in equation (4.128). This Lagrangian formulation
of TEGR was first introduced in [35] and then later on in [36]. Although this formulation was
first discussed in the aforesaid references, the first introduction of TEGR dates back to Einstein
and the interested reader is directed to the work [34] for the first English translations of Einstein’s
original papers on the subject. In considering a Riemannian space-time one can consider, instead
of simply the torsion-free Ricci scalar in the gravitational action, a more general function f(R)
of the torsion-free Ricci scalar. Such theories of referred to as the f(R) theories of gravity [102].
Similarly, one can consider a Weitzenbock space-time and consider a general function f(T') of the
torsion scalar in the gravitational action [33,40, 103]. Such theories are referred to as the f(T)
theories of gravity and are defined to be the Weitzenbtck space-time Wy together with the following
gravitational action [33,40, 103]

Syry = /d4x e f(T) . (4.129)

While TEGR is equivalent to GR, a given f(R) theory of gravity may not in general be equivalent
to the f(T) theory of gravity [33|. In this thesis, the f(7') theories are of great interest, however,
before discussing these generalised theories, we first wish to make some notes on TEGR. Firstly, we
wish to note that it is possible to describe gravitation through the consideration of a gauge theory [8].
In such an interpretation, curvature, which is described by the non-null torsion Riemann tensor, is
related to rotations while torsion, which is described by the torsion tensor, is related to translations.
In the case of TEGR, for which there is vanishing curvature and non-vanishing torsion, one can
interpret the theory as a gauge theory* for the group containing only translations [8]. By examining
the paths followed by test particles in the presence of gravity as described by TEGR, one can draw

4There have been recent disputes regarding the status of TEGR as a gauge theory of the translation group. Here,
we will not discuss this and instead direct the interested reader to [50-52].
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an analogy between this theory and Maxwell’s theory of electromagnetism. As discussed in Chapter
3, test particles follow auto-parallels of the Levi-Civita connection. That is, the paths followed by
test particles are described by the differential equation (3.135). In the study of GR, equation (3.135)
is referred to as the geodesic equation [5]. In TEGR, torsion, from which gravity results, acts as
a force and equation (3.135) is referred to as the force equation [8]. It is the force equation that is
analogous to the Lorentz force equation in Maxwell’s theory of electromagnetism [8]. While Maxwell’s
theory can be interpreted as a gauge theory of U(1), which is an abelian group, one can also interpret
TEGR as an abelian gauge theory [8]. One can study further various gravitational theories with
non-vanishing torsion in terms of gauge theories of gravitation and the reader is directed to [9] for a
further discussion.

Another note that we wish to make about TEGR, as well as extended Teleparallel Theories of
Gravity, is that the dynamical object is the vierbein as opposed to being the metric tensor which is the
dynamical object in GR. In order to see why this is the case, we note that the connection coefficients
associated with the natural choice of an affine connection for the Weitzenbdck space-time, which are
given by equation (3.125), depend explicitly on the vierbein instead of the metric tensor. Therefore,
the torsion tensor depends explicitly on the vierbein which implies that the dynamical objects for
extended Teleparallel Theories of Gravity are the vierbein. The fact that the metric tensor is Lorentz
invariant implies that gravitational theories for which the metric tensor is the dynamical object,
such as GR, are also Lorentz invariant. On the other hand, gravitational theories for which the
vierbein are the dynamical objects are not necessarily invariant under Lorentz transformations since
the vierbein are not necessarily invariant under Lorentz transformations [37]|. Of course, since TEGR
is equivalent to GR, it is invariant under Lorentz transformations. However, the same is not true in
general for a given f(T') theory of gravity. We now wish to turn our attention to studying how f(7")
theories of gravity are affected by Lorentz transformations of tetrad fields. In order to undergo such
a consideration, we first require the field equations associated with an f(7") action.

Let us consider a total gravitational action that consists of the f(T') action given in equation
(4.129) together with a matter action, say S,,, with an associated matter Lagrangian density, say
Ly,. Through the application of the Euler-Lagrange equations, one obtains the following by varying
the total gravitational action with respect to the vierbein [83]

o

Evaluating the derivatives in the above expression and defining the energy-momentum tensor as the
variation of the matter Lagrangian density with respect to the vierbein, i.e.,

l
;o= Caklm (4.131)

@ e del,

we have the following [33, 83|

Oe oT oT oT
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fe aa al +fT< 6ela — € eaay <ea(8yelo.)>> _fTT(ayT)eaa(Telg)—Qk Ta
(4.132)

The first term on the right-hand side of the above expression involves the derivative of the determinant
of the tetrad field with respect to the vierbein and can be evaluated to be the Kronecker delta symbol
02. In order to find the derivatives of the torsion scalar, we first note the derivatives of the terms
that are quadratic in the torsion tensor with respect to the vierbein [83]

0
el 8 o

— (T, o1, =4T\7°T 4 (T78T",,) = 27" T, — 2T"AT%,,

6 14 14 v
e’ Be (Te1™,,) = 27" T",, + 2T ;\,T"M : (4.133)
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By making use of the above derivatives as well as the definition of the torsion scalar given in equation

(3.70), one has the following expression for the derivative of the torsion scalar with respect to the
vierbein [83]

;. 0T

€arg

Oel

where S,/ is the superpotential defined in equation (3.72). In addition, we have the following

expressions for the derivatives of the terms that are quadratic in the torsion tensor with respect to
the first order derivatives of the vierbein [83]

g 0

= 4T85, (4.134)

0

(@6 (LT0) = AT e 3@ (TreT",) = 217, — 2T, (4.135)
0 . ) )
elﬂW (T3T%) = 20517 — 05T, (4.136)

By making use of the above expressions as well as equation (3.70), one can obtain the following
expression for the derivative of the torsion scalar with respect to the first order derivatives of the
vierbein [83]
oT
l ov
——— =457 . 4.137
€ o 6 (ayelg) [0} ( )
It therefore follows from equation (4.132) that the field equations for f(T') theories of gravity are
[33,40]
1 o v op 11 Ba ov ov k? o
Zféa + fr ( 305,77 +e e 0y (eel Sg )) + frr S, 0, T = 5 T (4.138)
where fr and frr denote the first and second derivatives of the function f(7') with respect to the
torsion scalar respectively.

4.5.2 Spherically symmetric space-time

Since the torsion scalar is not necessarily Lorentz invariant due to the fact that it depends explicitly
on the vierbein which are not necessarily Lorentz invariant, the left-hand side of the field equations is
not necessarily left invariant under Lorentz transformations. In order to elaborate on this notion, let
us consider the example of a spherically symmetric space-time in a vacuum. To this end, we consider
the following line element

ds? = —A%(t,r)dt* + B*(t,r)dr? + r* (d6” + sin® 6d¢?) | (4.139)

where A(t,r) and B(t,r) are arbitrary functions of the coordinate time and the radial distance. In
addition, we consider the case of a vacuum, i.e., 7%, = 0. In GR, and therefore in TEGR, one can show
that a metric tensor that is spherically symmetric in a vacuum is in fact static as well asymptotically
flat [5,55]. This result is known as Birkhoff’s theorem |5,55,104]. In this thesis, we shall refer to the
notion of a spherically symmetric metric, for which a vacuum is considered, being static as the first
inference of Birkhoff’s theorem. The notion of Birkhoff’s theorem in f(7") theories of gravity is an
open problem [40], however, an attempt had been made by the authors of [39] to provide a proof for
the first inference of Birkhoff’s theorem for a general f(T") theory. Following [37] and [40], we will
consider an argument for why the authors of [39] were not successful in providing a proof of the first
inference of Birkhoff’s theorem for a general f(T") theory.

In order to solve the f(T') field equations, one must first provide a tetrad construction according
to equation (3.85). A simple choice of a tetrad construction for the line element (4.139) would be the
diagonal matrix

A(t,r) 0 0 0
a 0 B(t,r) 0 0
ey = 0 (0 ) , 0 (4.140)
0 0 0 7rsinf
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For the tetrad construction given above, we compute the Weitzenbock connection coefficients as per
equation (3.125). Following [76], the non-zero Weitzenbock connection coefficients, in the holonomic

frame, are
_ A ~ B ~ A/ ~ B/
Ftttzzv FrtTZE’ Ftrtzz’ FT'I‘TZE’
=6 1 s 1 &6
FT9:;7 Frqﬁ:;’ [y, = cot 6 . (4.141)

~—

It therefore follows from equation (3.27) that the non-zero torsion tensor components, in the holonomic

frame, are |76]

B Al ) ) 1
TQ,,,:—TTTtZE, Ttrt:_Tttr:Z7 TT‘QZ_TQT‘:;’

1
¢ _ ¢ _ ¢ _ ¢ _
79, =-T% =~ T%, = ~T%, = cotf . (4.142)

Therefore, for the diagonal tetrad construction considered, the scalar terms that are quadratic in the
torsion tensor are given by the expressions [76]

(A)?  (B)? 2 cot? 6

POl == o2 ¥ epe 2~ g2 (4149)
(A2 (B)? 2 cot? 6
=2 (i - o i+ ) (4140
(B)2 (A2 4A’ 4 cot? 6
T T =~ * st t g T T e (4.145)

It now follows from equation (3.70) that, for the diagonal tetrad construction given in equation
(4.140), the torsion scalar is [39]

2 (1 oA
T2 (L) 414
B2 (r T > (4.146)

Using the above results, we now turn our attention to the f(7') field equations (4.138) in order to find
constraints on the functions A(t,r) and B(t,r) following [39]. The (r,t) field equation is written as

B
—fr=0. 4.147
A2Br Jr ( )
Therefore, it follows frpm the above field equation that the function B(¢,7) does not depend on
coordinate time, i.e., B = 0. Therefore, the component ggg depends purely on the radius, i.e.,
B(t,r) = B(r). We now note that the (¢,¢) field equation is given by the expression
A 1 B’ 1 f
— - — ==0. 4.148
(ABQT' T BT 27"2) Jr+ 4 ( )
In addition, we note that the (r,r) field equation reads
1 24 1 1
———t ——+ === -f=0. 4.149
< 2r2+AB2r+Bzr2>fT+4f (4.149)

Let us now examine the form of the function f(7'). From equation (4.146), which gives the expression
for the torsion scalar for the diagonal tetrad construction, one can interpret the torsion scalar as being
a function of r and A’/A since we already know that B is purely a function of . Therefore, one can
interpret a function of the torsion scalar, f(T), as a function of r and A’/A. Turning our attention
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back to the (r,r) field equation (4.149), we note that, for a given f(7") function, one could solve this
equation for A’/A in terms of a pure function of 7 [39]. Denoting such a function as J(r), one then
has

A/

=7 (4.150)

By integrating the above expression and defining the quantity A(r) := el h(r)dr one has the following
expression for the function A [39]

A(rt) = e“DA(r) | (4.151)

where C(t) is a pure function of time obtained through the integration. One can absorb the factor
of e® in the construction of the line element by carrying out the coordinate transformation dt’ =
eC®dt. Tt follows that the line element can now be written as [39)]

ds® = —A%(r) dt”? + B2(r) dr? + r? d6? + r2sin® 0 d¢? (4.152)

which is static. It was at this point that the authors of [39] argued that the first inference of Birkhoft’s
theorem for a general f(T') theory of gravity has been proven. However, as pointed out by Tamanini
and Boehmer in [37,105], there are additional constraints imposed by other field equations. More
specifically, the (r, ) field equation yields [37]

T frrcotf
272 N

where T" := 0, T. In order to avoid the restrictions imposed by setting 7" to zero, one must impose
frr = 0 which is the case of TEGR. Therefore, since we have frr = 0, the results presented by Meng
and Wang in [39] only hold for the case of TEGR which is already known since TEGR is equivalent
to GR. The reader may wonder if the imposing of 77 = 0 may be a viable restriction. Such a case is
studied in depth in [37] where it was noted that such an imposition results in "stringent constraints".
Here, however, we simply note that in the case of the Schwarzschild solution, where A% = (1 — 2M/r)
and B2 = (1 —2M/r)"", one has T’ = 4/r3. Therefore, the Schwarzschild solution does not satisfy
the condition 7" = 0 and therefore one must resort to imposing frr = 0 which yields TEGR [37]. It
follows that one cannot use the diagonal tetrad construction in order to prove Birkhoff’s theorem for
a general f(T) theory since the tetrad construction will impose that the f(7T") theory be TEGR for
which it is already known that Birkhoff’s theorem holds. Using the terminology of [37], the tetrad
constructed in equation (4.140) is referred to as a "bad tetrad".

We now wish to compare how the torsion scalar is affected by making use of a rotated tetrad.
For this case, let us consider the following line element which is both spherically symmetric and
static [106]

0, (4.153)

ds? = —A*(r)dt* + B*(r)dr? + p*(r) (d6* + sin® 6d¢?) | (4.154)

where one obtains the static case of equation (4.139) when p(r) = r. For the choice of a tetrad, we
act the SO(1, 3) rotation matrix

0 cos¢sinf cosfcos¢p —sing
a ._
RY, = 0 sinfsing cosfsing cos¢p |’ (4.155)
0 cos —sinf 0

on the diagonal tetrad diag (A, B, p, psin®). The application of such a rotation yields the following
tetrad construction [106]

0 0 0

A

o 0 Becos¢sing pcosfcos¢ —psinfsing (4.156)
0 Bsinfsing pcosfsing psinfcos¢p | ’ '
0

Bcosf —psinf 0
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and we consider the case of a static space-time, i.e., A = A(r) and B = B(r). For such a tetrad
construction, the non-zero components of the Weitzenbdck connection coefficients are

- A ~ P ~ psin® 0

I, = A [Mpg = B FT¢¢ = 5 f0¢¢ = —sinfcosf
. B . - - ~ o ~ - B
Frrr = E ) F¢¢9 = F¢9¢) =cotf , F¢T¢ = Ferg = ;, Fd)m = Fegr = Z . (4.157)

It follows from the corresponding torsion tensor components that the scalar terms that are quadratic
in the torsion tensor are

1 |42 2() —B)?
T T = Azt 2 | (4.158)
2 |A?  2(p — B)?
TVMCZTVHQ = ﬁ ﬁ + T s <4159)
1 [4(p)—B)?* 4A' (¢ —B) A2
T, T, = 23 e (4.160)

It therefore follows that, for the choice of a rotated tetrad, the torsion scalar takes the form [106]

2(p' — B) [,o'B+2A'] |

T=-—
B2p p A

(4.161)

We note that by setting A = B = 1 and p(r) = r, one obtains a vanishing torsion scalar which is
associated with Minkowski space-time. However, as noted in [106|, when the parity transformation
B — —B is performed, the torsion scalar is non-vanishing. It is important to note that equation
(4.146) differs to the above expression despite the fact that the quantities are scalars. This is of course
due to the fact that the torsion scalar depends explicitly on the vierbein and has been computed with
two different tetrad constructions with the second tetrad construction being obtained by carrying out
an SO(1, 3) rotation on the first. Here, we were interested in discussing how the torsion scalar differs
once a Lorentz transformation, in this case a rotation, has been carried out. The reader interested in
what restrictions are imposed by the rotated tetrad on a given f(7T') theory is directed to [37].

4.5.3 Toroidally symmetric space-time

In this subsection, we consider a space-time which is described by the line element

2

1—kaz2

ds? = —A(r)?dt* 4+ B(r)2dr? + p(r)? + (1 — kxz) dy?| (4.162)
where k = —1,0, 1 yields hyperbolic, toroidal or spherically symmetric space-times respectively [106].
In particular, we wish to consider how a given f(7") theory is restricted by the choice of a diagonal
tetrad. That is, we wish to consider the following tetrad construction [106]

A(r) 0 0 0
. 0 B(r) 0 0 163)
Cu= p(r) : :
® 0 0 oz 0
0 0 0 p(r)vV1 — kx?

For the diagonal tetrad construction given above, one has the following non-zero components of the
Weitzenbock connection coefficients

~ A N B’ B [ R . p/
Ft?"t = Z ) Frrr = § ) szz = \/ﬁ > Fxm: = Fyry = ; )

= kx

e ey (4.164)
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It follows from the above non-zero components that the scalar terms quadratic in the torsion tensor
have the following expressions

T, T = — 3T, T = 5 (AQ o ) T k) (4.165)
1 (A 20)\? k2
LT =5 <A+ ,0> TR k) (4.166)

and thus, the torsion scalar reads

2 /2 240
-5 <pp+ A”) . (4.167)

By examining the (r,z) f(T') field equation, one can obtain

!
kefrrl” (4.168)
22
By avoiding the restriction 7" = 0 it is easily seen that one must consider the toroidally symmetric
case where k = 0 or the case of TEGR with a cosmological constant, i.e., frr = 0 [106]. It can
therefore be concluded that for the cases where k # 0, the diagonal tetrad is a bad tetrad. However,
for the toroidally symmetric case, the field equations do not impose the condition that the second
derivative of f(T') with respect to the torsion scalar must vanish and is therefore a good choice of a
tetrad for such a case. The reader interested in a more in depth discussion of the toroidally symmetric
case for f(T') theories of gravity is directed to [106].

4.5.4 A derivation of the Reissner-Nordstrom solution in TEGR

In the previous sections, we studied spherically symmetric space-times for a general f(T') theory. In
this section, we wish to turn our attention to TEGR, i.e., we consider the case of f(T') = T, and
study briefly the so-called Reissner-Nordstrom solution. This solution is well-known and describes
the space-time outside an object that is spherically symmetric and carries an electric charge [55]. Up
until this point, we have not given a complete example of a derivation of a well-known solution in
GR by making use of the TEGR formalism. In this section, we shall derive the Reissner-Nordstréom
solution using the TEGR formalism. Let us start with a spherically symmetric and static metric
tensor whose line element is as follows

ds? = —A%(r)dt* + B%(r)dr? + r? (d6? + sin® 0d¢?) . (4.169)

In order to calculate the torsion tensor components, we first require a tetrad construction. Since we
are considering the case of TEGR, which is a Lorentz invariant theory, we are not restricted by the
choice of a tetrad field. Therefore, in order to make the calculations as simple as possible, we take
the tetrad to be of the diagonal form given in equation (4.140). The torsion tensor components are
therefore the same as what is given in equation (4.142) except, since we are dealing with a static
metric tensor, we have B = 0 which implies that 77, = —T",, = 0. We now turn our attention to the
consideration of the energy-momentum tensor. The matter action associated with the presence of an
electromagnetic field is as follows [8,89]

1
S =—7 / d*x eF,, F" | (4.170)

where F),, is the electromagnetic field tensor defined as

F,LW = 2D[MAV} . (4171)
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In the above definition, D, is the space-time covariant derivative associated with the Levi-Civita
connection and A, is the four vector potential. Let us write down the matter Lagrangian density as
follows

1 1
Lo = _ZGFWFW = —1eFm,Faﬂeaaeb“ecﬂeaynabnc‘i . (4.172)
By carrying out a variation with respect to the tetrad field, we obtain
1
0Lm = eF,, FMel dedy — EeFWF’“’ea”de“,, . (4.173)

It therefore follows from equation (4.131) that the energy-momentum tensor, for the given matter
Lagrangian density, is

1
N = —F, " 4 ZFaﬁFaﬁaﬁ . (4.174)

For this derivation, we take the four vector potential to read
A,U« = (_Q/ (471'1”) aOa 07 0) ) (4175)

where ¢ is the charge of the object that is under consideration. We are now in a position to write
down the TEGR field equations. For the (¢,¢) equation, the left-hand side of the field equation is
simply the left-hand side of equation (4.148) for the case where f(T') = T. The right-hand side can
be found by taking the (¢,t) component of equation (4.174). This component can be found to be

2
t_ q
It therefore follows that the (¢,t) field equation is as follows
1 1 B’ q>
- =_ 4.177
2B%r2  2r2 B3 2A2B2r4 7 ( )
where we have made use of the expression for the torsion scalar given in equation (4.146). We now
wish to obtain the (r,r) field equation. The left-hand side for this equation is nothing more than the
left-hand side of equation (4.149) for the case where f(1') = T'. For the right-hand side, we note that
the (r,7) component of the energy-momentum tensor is 7,” = 7,'. We therefore find that, by once
again substituting in equation (4.146) which gives the relevant expression for the torsion scalar, the
(r,7) field equation is as follows

Al 1 1 q>
e . N (4.178)
AB2r  2r2  2BZ%p2 2A2B2p4
We note that the other field equations do not impose any additional constraints to what is described
by the (t,t) and (r,r) field equations given above. We now turn our attention to solving these field
equations. By subtracting equation (4.177) from equation (4.178), we obtain the following differential
equation

A’ B’
A% By

It therefore follows that the vierbein components A and B satisfy

=0 = 8,(AB)=0. (4.179)

AB =1, (4.180)

where [ € R is a constant of integration. Since we can rescale the time coordinate through a gauge
transformation to ¢t — It,we can set [ = 1 [5]. It therefore follows from the above expression that we
can write AB = 1. We can now write the (¢, ) field equation (4.177) as

B’ (1 _ B2) q2

_ < 4.181
rB3 2B2r2 +27"4 ( )
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In order to solve this differential equation, we first consider the case of vacuum, i.e., for now we set
q = 0. This consideration results in the following differential equation

B’ 1
= —. 4.182
B(1-B)(1-B) 2r ( )

It therefore follows that, by integrating equation (4.182), we obtain
1
2

= 4.183
1+C/r’ ( )

where C' € R is a constant of integration. This gives the Schwarzschild solution with the component
B? given above and the component A? = 1/B2. In order to now find the Reissner-Nordstrém solution,
we let C'= C(r) be a function of r and substitute equation (4.183) into equation (4.181) in order to
obtain

¢’ q°
C'=-% = C=—+K, (4.184)
r2 r
where K € R is a constant of integration. It therefore follows, by substituting the above expression
into equation (4.183), that we have the following

2 1
1+ K/r+¢?/r?

(4.185)

We now require the constant K. In order to find this constant, we consider the vacuum case with
g = 0 and we study the Newtonian limit, i.e., we compare the solution as r — oo to the Newtonian
case [5]. In order to do this, we turn our attention to the force equation (geodesic equation in GR)
given in equation (3.135). For a test particle with a speed that is much less than the speed of light,
we make the approximation dz*/dr = (1,0,0,0). The force equation yields the following [5]
d2zr

a = W = _]‘_‘Ttt . (4186)
It is not difficult to show that I'",, = —K/ (2B%*?). In the limit as 7 — oo, we have B — 1 and thus,
in the Newtonian limit, we have

K
~ B 4.187
@92 ( )
According to Newtonian gravitation, the acceleration reads a = —GM /r? where M is the mass of the
Newtonian gravitational field [5]. It therefore follows that the constant of integration reads K = —2M

where we have set G = 1. It now follows that the line element reads

oM oM ¢\
ds? = — (1 - —+ qQ> dt* + <1 - —+ q2> dr® + r* (d6? + sin® 6d¢?) . (4.188)
T r r T
The above line element corresponds to the so-called Reissner-Nordstrom solution [55]. Here, we have
derived this solution in the TEGR framework as an example as to how one can obtain solutions in
this framework.

4.5.5 TEGR solutions that also solve f(T) theories

In Section 4.5.2, we discussed an approach to proving the first inference of Birkhoff’s theorem for a
general f(7T') theory. More specifically, we discussed an attempt by the authors of [39] to prove this by
making use of a diagonal tetrad construction. This led to a constraint on the second derivative of the
f(T) function, frp, which required the theory to be TEGR for which it already known that Birkhoff’s
theorem holds. This example demonstrates that the ansatz for the tetrad, i.e., the imposing of the
existence of a particular class of solutions, results in constraints on the f(7') theory. Moreover, this
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example illustrates the difficulty in extending results that are found to hold for the case of TEGR
to other f(T') theories of gravity. The constraint that fpp must vanish is easily avoided by making
use of the tetrad construction that is given in equation (4.156) which is obtained by carrying out a
rotation of the diagonal tetrad. Of course, TEGR is a Lorentz invariant theory and, therefore, the
field equations are unchanged when making use of this rotated tetrad. The fact that the tetrad used
in the f(T') field equations gives the same TEGR solution as any other tetrad obtained via a Lorentz
transformation provides us with a remarkable result for ultraviolet deformations of TEGR. This result
is given in [40] and is the subject of this section. Here, we will follow closely what is done in [40].

Before we discuss this result, we first wish to derive a relation that will be of great use. Let B
be a tensor field of type (2,1) and consider the action of the Levi-Civita covariant derivative on this
tensor field:

Dz/BaUV = ayBaJV - FUVaB,BUV + FJVBBaBV + FVVBBaUIB : (4'189)

Furthermore, let us assume that the tensor field B is antisymmetric in its second and third indices.
The reason for this assumption is that, later on, we would like to apply this result to the torsion tensor
and the superpotential tensor both of which are antisymmetric in their second and third indices. For
such an assumption, the third term in the above expression vanishes due to the fact that the symmetric
indices of the Christoffel symbols contract with the antisymmetric indices of the tensor field B. We
now substitute the Christoffel symbols in the above expression for the Cartan connection coefficients
and the contorsion tensor in order to obtain the following expression

Dz/BaUV — aVBaUl/ 4 fwﬁz/Bao—ﬁ _ f‘gaBIBUV + KﬁyaBﬁo—V . (4190)

We now wish to consider the following expression which appears in the f(7') field equations for the
case where the tensor field B is the superpotential [83]

e tel 0, (eelﬂBﬂg”) =0,B " + Ba‘”’elﬁﬁyelﬁ — BB"VelB&,ela . (4.191)

Since we are carrying out these calculations on the Weitzenbdck space-time Wy, the second and third
terms on the right-hand side of the above expression contain Weitzenbock connection coefficients. It
follows that we can write the above expression as

e tel 0, (eelﬁBﬁa”) =0,B)" + Ba””fﬁyﬁ - Bﬁ"”fﬁm . (4.192)
By combining equations (4.190) and (4.192), we can obtain the following expression
ov _ _—1.1 B ov B ov
D B, = ¢t 0, (eel B; )+Km3ﬁ . (4.193)

As already mentioned, the above identity will be useful to us when studying relations that involve the
divergence of either the superpotential tensor or the torsion tensor. For example, consider equation
(3.69) for the case of a Weitzenbock space-time, i.e.,

T=—-R-2D,T" . (4.194)

Contracting indices in equation (4.193) for the case where the tensor field B is the torsion tensor and
substituting the result into the above expression yields

T=—-R+2719,(eT") . (4.195)

The purpose of this exercise was to replace the Levi-Civita covariant derivative with a divergence
term. Having derived the above expression, we now wish to turn our attention to what is discussed
in [40].

Let us begin by considering the case of TEGR with a cosmological constant, i.e., the class of
theories that we wish to consider are described by f(T') = T — 20 where o is a constant. In addition,
for the time being, we are only interested in vacuum solutions, i.e., when we have 7,” = 0. Now, let
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the vierbein e, be a solution to the Einstein field equations. That is, the aforementioned vierbein is
a solution to the following equation:

1
0L (T = 20) + T 3] 8,77 (73] + ¢!, (e, /857 [€]) = 0. (1196)

The above expression is obtained by substituting f(7') = T — 20 and 7, = 0 into the f(7) field
equations (4.138). In addition, we have used the notation 7', [e"}] to indicate explicitly that the
torsion tensor is obtained using the tetrad e®,. Taking the trace of the above expression yields the
following equation

elu&, (eelﬁSﬁ‘w [e”}\]) = 2e0 . (4.197)
Of course, since the tetrad field solves the Einstein field equations, we have R[e%,] = 0. We now wish
to consider a general f(7') function. Let &%, = A%e’, be a solution to the f(7') field equations for this
general function. Following [40], we ask the question as to whether we can find such a tetrad field e?,
that allows for the torsion scalar to be a constant, i.e., we have T' = 2 where & is a constant. Since
TEGR is a Lorentz invariant theory, the vierbein €%, is a solution to the Einstein field equations. In
particular, we note that R[e%,] = 0 and

e 0, <eélﬁsﬁ“” [é"g]) = %0 (4.198)

where we have made use of the fact that € = e is a Lorentz invariant quantity. By making use of
the fact that R[e%,] = 0, we can make use of equation (4.195) in order to rephrase the question as
to whether we can find a tetrad field that allows the torsion scalar to be constant as whether we can
find a Lorentz transformation A% that allows for the following equation to be satisfied [40]

ag=-e19,(eT"[e%)]) . (4.199)

«

Since we have assumed that the tetrad field e, solves the f(T') equations for the case of a vacuum,
we can make use of the trace of equation (4.138) in order to obtain the following expression

f(26) — 20 fr (25) + € 0, (eélﬁSﬁ’w [é”;]) fr(25)=0. (4.200)

We can now substitute equation (4.198) into the above expression in order to obtain the following [40]

f(20)

2(0-0)= fr(20)

. (4.201)

We have thus shown, following [40], that if we can find a solution &%, that is such that it solves the
TEGR field equations and yields a constant torsion scalar with T'[e%,] = 27, then the tetrad field
e®, will be a solution to any f(7') theory satisfying the above expression. As stated in [40], this is a
remarkable property of f(7') theories. In particular, we can make specific mention to how one can
apply this method to f(7T') theories that are ultraviolet deformations of TEGR, i.e., theories that can
be written as

f(T)=T+0(T?) . (4.202)

In order to demonstrate why this is the case, consider a vacuum solution, €“,, to the TEGR field
equations that is such that ¢ = ¢ = 0. Turning our attention to the class of theories referred to
as ultraviolet deformations of TEGR, we have f(0) = 0 and fr(0) = 1 from the above expression.
Clearly, for such a consideration, equation (4.201) is satisfied and thus, the tetrad field &%, would
solve any theory that is an ultraviolet deformation of TEGR.
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4.6 Chapter conclusions

This concludes our discussion of gravitational theories constructed on the Riemann-Cartan and
Weitzenbock space-times. The most natural extension of GR to a theory that includes torsion is the
EC theory which we discussed first in Section 4.2. We first derived the EC field equations through
the use of the Cartan formalism before deriving the field equations in the holonomic frame. Following
the discussion on the EC theory, we discussed the ECS theory developed by Saa in [11] and reviewed
in [12]. The last modification of the EC theory that we discussed was the CSEC theory which is a
Chern-Simons modification that we constructed based on what was done in [13-15].

The last class of theories that we discussed are the f(T') theories of gravity which are constructed
on the Weitzenbock space-time. Specifically, we discussed the notion of Birkhoff’s theorem for f(7")
theories as well as the notions of so-called good and bad tetrads. In the following chapter, we will
make use of the formalism discussed here for f(7) theories in order to study the focusing conditions
that arise in these theories.

We note that there exists more general modifications of f(7") theories of gravity. One such example
is a class of theories that includes a Lagrangian density that can be written as a function of T and the
so-called Gauss-Bonnet term [44,45]. For a study on these class of theories as well as their relevance
to cosmology, the interested reader is directed to [44-49].






Chapter 5

Cosmological focusing conditions for f(7T')
theories

5.1 Introduction

In this chapter, we discuss the focusing conditions that arise in the context of f(7') theories of gravity.
In Section 5.2 we outline the tetrad construction to be used in our analysis. Following this, we turn our
attention to discussing the focusing conditions in Section 5.3. We will derive the focusing conditions
associated with a fundamental congruence in Section 5.3.1 by following what is done in [64]. In Section
5.3.2 we move on to derive, for the first time, the more general focusing conditions associated with a
one-parameter dependent congruence of timelike auto-parallel curves of the Levi-Civita connection.
We present our conclusions in Section 5.4. We note that the results presented in this chapter have
given rise to the article [65].

5.2 Tetrad construction for a Robertson-Walker space-time

We begin this chapter by considering a Robertson-Walker space-time which is described by the line
element

d 2
ds? = —dt* + a*(t) ot r? (d6? + sin® 0d¢?) | | (5.1)
— kr
where k = —1,0,1 corresponds to a spherical, flat and hyperbolic spatial geometry respectively [5].

The function a(t) is often referred to as the scale factor [107]. In addition, the redshift is written as
z and is related to the scale factor through the below expression [107]

z=a1-1. (5.2)

In the previous chapter, we studied two cases of space-times for which the choice of considering a
diagonal tetrad resulted in restricting the f(T") theory to be TEGR with a cosmological constant, i.e.,
frr = 0. Following the terminology used [37], this led us to classify those tetrads as "bad tetrads".
Following [37], we shall see that the choice of a diagonal tetrad given the metric described by the line
element in equation (5.1) is a bad tetrad as it too leads to the restriction frp = 0. The diagonal
tetrad construction given equation (5.1) is as follows

1 0 0 0
a(t)
o — |0 i O 0 (5.3)
. 0 0 ra(t) 0
0 0 0 ra(t)sind

The above tetrad construction yields the following non-vanishing components of the Weitzenbdock
connection coefficients
a 1 - kr -

rr_ T8 _pd He  _ 1o _ — ¢ _
FTtr_FW_Ft(b_a’ Fm_l‘m_;, TW_l—ik:r?’ [, = cot 0. (5.4)
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By making use of the above connection coeflicients in order to compute the components of the torsion
tensor, one can obtain the following expressions for the scalars that are quadratic in the torsion tensor

2 (1 + csc? 0) 4k

v 2
2 2
v ann (IT+cesc®0) 2k
B ,  cot?0 4k
T'T,=-9H" + 22 2 (5.7)

where we have defined the Hubble parameter to be H := a/a as defined in [5]. In addition, we also
define the Hubble constant to be Hy := H(z = 0) as well as the dimensionless Hubble parameter to be
h:= H(z)/Hp. It follows from the above scalar terms that the torsion scalar for the diagonal tetrad
construction has the following expression

2 2k

T =6H?— =
a2r2 ' a2

(5.8)

Having obtained an expression for the torsion scalar, we turn our attention to the f(T") field
equations in order to note any restrictions that might be placed on a given f(7') theory. For the case
of a vacuum, we note that the (r,0) field equation yields

frrcot 8 T

By avoiding the restriction 77 = 0, one arrives at the restriction' that frr = 0 which is the case of
TEGR with a cosmological constant. Therefore, following the terminology used in [37], we classify
the tetrad given in equation (5.3) as a "bad tetrad". We note that the restriction frr = 0 is imposed
regardless of the value for k. In [37], after noting that the diagonal tetrad is a bad tetrad, the
authors move on to discuss tetrads that are obtained through the application of rotation matrices on
the diagonal tetrad. In this thesis, however, we will only be interested in the consideration of the
spatially flat Robertson-Walker space-time in Euclidean geometry. That is, we wish to consider a
space-time whose metric tensor is described by the line element [5,107]

ds? = —dt? + a(t)? (da? + dy? + d2?) . (5.10)

Given this metric tensor, one can construct the diagonal tetrad [37]

1 0 0 0
e |0 a®)y o o0
=10 0 ap o |- (5.11)

Following what is done in [37,83], we have the following non-vanishing components of the Weitzenbock
connection coefficients associated with the above tetrad construction

Iy =T, =T3 =1, (5.12)

where H := a/a is the Hubble parameter as before. By making use of the above non-vanishing
connection coefficient components, one has the following expressions for the scalars that depend
quadratically on the torsion tensor

T T = ~6H?  TYTY, =3H* ., T,I" = -9H®. (5.13)

pov

It therefore follows that the torsion scalar has the following expression

T=6H*. (5.14)

Tt is important to emphasize that, in this calculation, we have used g = —1. We note that, for an arbitrary g
component, this restriction is not necessarily imposed.
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It is important to note that equation (5.8) does not reduce to equation (5.14) in the case of flat spatial
geometry, i.e., k = 0. The reason for this is as follows. In order to obtain the tetrad construction
given in equation (5.11) from equation (5.3), one must first perform a coordinate transformation
which results in an off-diagonal tetrad construction. One can then apply Lorentz transformations
in order to obtain equation (5.11) for the case of a flat spatial geometry. The fact that the torsion
scalar will not remain unchanged is due to the fact that it is not necessarily invariant under Lorentz
transformations.

Although the torsion scalar is not necessarily invariant under Lorentz transformations, since it is
constructed from the vierbein, the Ricci scalar, which is constructed from the metric tensor, is Lorentz
invariant. Therefore, whether calculated using equation (5.14) or (5.8), the expression —1" — 2D, T"
yields the Lorentz invariant Ricci scalar

22

a a
R=6(-4+— 5.15
(2+%). (5.15)

as per equation (3.69) [5,83].

We now turn our attention to studying the f(T") field equations which are given in [37]. In order
to derive these field equations, we first wish to specify the type of enery matter content that we wish
to consider. In this thesis, we are interested in making use of an energy matter content that is of the
general perfect fluid form [5,107]

T = PXpXv + P (G + XuXo) (5.16)

where x” is the four-velocity associated with a comoving observer, i.e., x* = (1,0,0,0). Now, from
the general expression for the f(7') field equations given in equation (4.138), we note that the (0,0)
field equation is [37]

1
ik 3H? fr = —4mp . (5.17)

In addition, by subtracting the above expression from the (1,1) f(7') field equation, one obtains the
following [37]

% f—=3H?fr — H (fr +12H” frr) = 47 P (5.18)

Let us consider what happens when we consider the case of TEGR with a cosmological constant in
equations (5.17) and (5.18). For the case of TEGR with a cosmological constant, we have f(T) =
T+6H o where o is a constant. By substituting this f(7') function into equation (5.17), one obtains
the following expression

o 8mp 2
The above equation is referred to as the Friedmann equation in the case of spatially flat geometry [108|.
Now, for the case of TEGR with a cosmological constant, equations (5.18) becomes

2% — _H? 4 3H2 o — 8P . (5.20)
a

For the consideration of spatially flat geometry, the above equation is referred to as the acceleration
equation [108|. Here, we wish to refer to equations (5.17) and (5.18) as the modified Friedmann equa-
tion and the modified acceleration equation respectively. Let us turn our attention to the Friedmann
equation (5.19) which holds in the case of TEGR with a cosmological constant. We can divide this
equation by Hg and evaluate the resulting expression at the present day value of z = 0 in order to
obtain [108,109]

Qmo+o=1. (5.21)
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In this expression, we have taken the present day value of the dimensionless Hubble parameter to
be h(z = 0) = 1 and, in addition, we have defined the so-called energy density parameter Qo as
follows [107-109]

. 8mpo

o = PO 5.22

Equation (5.21) is often referred to as the closure relation for the case of TEGR.

In this section, we have discussed the spatially-flat Robertson-Walker space-time in the context of
f(T) theories of gravity. The general f(T") field equations are stated in equations (5.17) and (5.18).
We also discussed the ACDM model as an f(T') theory. For a further discussion on the cosmological
constant, Dark Energy and the ACDM model, the reader is directed to [110] by Zeldovich as well as
the review article [111]. In this thesis, we will make use of the f(7') field equations mentioned in this
section in order to obtain the f(7") focusing conditions in the following section.

5.3 Focusing conditions for f(7') theories

Previously, in Chapter 3, we have already noted that for a theory constructed on the Riemann-Cartan
space time Uy, test particles follow the auto-parallels of the Levi-Civita connection. Therefore, for
f(T) theories of gravity, which are constructed on the Weitzenbock space-time Wy, test particles
follow auto-parallels of the Levi-Civita connection. We have already pointed out, following [8,35,74],
that these paths are not geodesics since the differential equations describing extremal curves do not
necessarily coincide with the differential equations describing the auto-parallels of the Weitzenb&ck
connection which is the natural choice of an affine connection in Wjy. In torsion-free theories of gravity
such as GR one refers to equation (3.135), which describes the paths followed by test particles, as
the geodesic equation. In theories of gravity constructed on Wy, one refers to this equation as the
force equation [8]. The fact that test particles follow auto-parallels of the Levi-Civita connection is
of great importance when deriving the conditions that arise as a result of imposing that gravity be
attractive. In order to obtain such conditions, we turn our attention to the consideration of a smooth
congruence of curves which are followed by test particles. More specifically, we wish to consider a
smooth congruence of timelike auto-parallel curves of the Levi-Civita connection.

The equation that describes the rate of expansion of a cross-sectional area enclosing this congru-
ence is nothing more than the torsion-free Raychaudhuri equation (3.165). Since it is a cross-sectional
area enclosing a congruence of auto-parallel curves of the Levi-Civita connection that gives us an in-
terpration of the affect of gravity on test particles, the requirement that gravity be attractive is
described by the inequality

T <o. (5.23)

In order to study the satisfaction or violation of this inequality, one studies the right-hand side of
equation (3.165). Clearly the first two terms on the right-hand side of equation (3.165) are not
positive. We therefore wish to study the requirement that the third term is not positive. That is, we
wish to study the requirement that

Ru,Ehe" >0 . (5.24)

We remind the reader that here £ is the tangent vector field of a curve contained in the aforementioned
congruence. Through the consideration of the above inequality, one can obtain the so-called focusing
conditions by introducing the energy matter content into this inequality through the use of the f(7')
field equations. In order to study how the Ricci tensor contracted with the four-velocity can be
non-negative, we turn our attention to the Einstein tensor defined as follows [5]

1
G = Ry — §Rgu,, ) (5.25)
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By relating the Ricci tensor and the Ricci scalar to the torsion tensor through the use of equations
(3.68) and (3.69), one can write the Einstein tensor as [83]

1

G = D, T, — DT, +2DgS,, — DgT" , + 5

Tgu + K%, K’ + K%, Ty . (5.26)
The above expression is a completely geometric statement in the context of the Weitzenbock space-
time Wy and is therefore theory independent. It is at this point, however, that we wish to introduce the
energy matter content into the above expression for the Einstein tensor. This is done by substituting
the general expression for the f(7') field equations given in equation (4.138) into the above expression.
This yields the following expression for the Einstein tensor which is specific to f(7') theories of
gravity [83]

1 1
G = = (k%,w —2fr7S,,PO5T — 3 fgW> + W5, S5 + DT,
1
— DT, — D\T",, + =Tguw + K%, K5, + K%, T, . (5.27)

2

Taking the trace of the above equation yields the following

1
G= . (K1 = 2freTY0,T — 2f ) + 2W%, S + 2T + K g K*5 + T°T, . (5.28)
T

We now turn our attention to studying the conditions that led to the satisfaction of inequality (5.24).
We note that the following condition allows for equation (5.24) to be satisfied [5]

Guéhe” > 0. (5.29)

The above condition is referred to here as the weak focusing condition. Alternatively, the following
inequality allows for equation (5.24) to be satisfied

1
G,uzz&ufl/ 2 _§G ) (530)

where G is the determinant of the Einstein tensor |5]. The above expression is referred to as the
strong focusing condition. We have now stated the weak and strong focusing conditions. For the case
of f(T) theories of gravity, the authors of [64] derived the focusing conditions given a fundamental
congruence, i.e., the tangent vector field & describes comoving observers. In this thesis, we derive
more general focusing conditions for f(7') theories of gravity by taking the tangent vector field & to
describe a one-parameter dependent congruence of timelike auto-parallel curves of the Levi-Civita
connection. In the following section, we summarise the results that are obtained by the authors
of [64]. These results are specific to comoving observers. Following this discussion, we derive the
focusing conditions given a one-parameter dependent congruence of time-like auto-parallel curves of
the Levi-Civita connection. We will then move on to discuss the derived focusing conditions for
namely three kinds of f(7") cosmological models. These include cosmological models of a polynomial
form, an exponential form and a hyperbolic tangent form.

5.3.1 Focusing conditions for a fundamental congruence

Let us consider the case where the tangent vector field of the curves contained in the congruence is
that of a comoving observer, i.e., &* = (1,0,0,0). By considering equation (5.27) for the case of a
spatially-flat Robertson-Walker space-time as well as an energy momentum tensor that is of a general
perfect fluid form, one can show that the weak focusing condition holds if and only if we have [64]

flT <p + 16% (f - fTT)> 20. (5.31)
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In the case of TEGR, i.e., f(T') = T, the above inequality reduces to the weak energy condition p > 0.
In addition, the strong focusing condition holds if and only if we have [64]

<47r (p+3P) — = (f — f+T) + 3fTTHT> >0. (5.32)

47 fr 2

We note that in the case of TEGR, the above inequality reduces to the inequality p + 3P > 0 which
is nothing more than the strong energy condition as expected. These are the focusing conditions that
were obtained by Liu and Reboucas in [64]. We note that in [64] the conditions that we have referred
to here as focusing conditions are referred to as energy conditions. In this thesis, we reserve the
term energy conditions for the focusing conditions in the case of TEGR which depends solely on the
energy-matter content. That is, we reserve the terms weak and strong energy conditions specifically
for the inequalities p > 0 and p 4+ 3P > 0 respectively.

In the following section we derive for the first time the f(7") weak and strong focusing conditions
for the case of a one-parameter dependent congruence of timelike auto-parallel curves of the Levi-
Civita connection. In the special case where the congruence is taken to be a fundamental congruence,
the focusing conditions obtained in the following section reduce to the inequalities discussed in this
section.

5.3.2 Focusing conditions for a one-parameter dependent congruence

In this section we derive for the first time the f(7T") weak and strong focusing conditions for a one-
parameter dependent cogruence of timelike auto-parallel curves of the Levi-Civita connection. These
results have given rise to the article [65] in which they are discussed. Let us begin by considering a
smooth congruence of curves with tangent vector field £. In this thesis, we are interested in studying
the satisfaction/violation of the weak and strong focusing conditions for one-parameter dependent
congruences of timelike auto-parallels of the Levi-Civita connection for which the tangent vector field
is given by the following expression [112]

1
V1—a282
In order for these curves to be auto-parallels of the Levi-Civita connection, we require that the tangent

vector field be parallel propagated with respect to the Levi-Civita connection, i.e., £*D,&¥ = 0. Such
a requirement implies that the parameter 8 be of the form

C

V= o (5.34)
where C' € R is the parameter that, when varied, produces different tangent vector fields that are
parallel propagated with respect to the Levi-Civita connection. We note that when C' = 0 the four-
velocity £ given in equation (5.33) reduces to the four-velocity associated with a comoving observer,
X%, used in the construction of the energy-momentum tensor given in equation (5.16). The weak and
strong focusing conditions associated with the case of a fundamental congruence were obtained in [64]
and are given in Section 5.3.1.

We now wish to make use of the four-velocity given in equation (5.33) in order to obtain the weak
and strong focusing conditions for a one-parameter, C', dependent congruence of timelike auto-parallel
curves of the Levi-Civita connection. Let us first obtain the weak focusing condition by making use
of equation (5.29). The Einstein tensor for a general f(T') theory is given in equation (5.27). By
considering the case of a spatially-flat Robertson-Walker space-time, whose associated vierbein is
given in equation (5.11), and contracting the Einstein tensor with the four-velocity given in equation
(5.33), we find the f(T) weak focusing condition to be?

€ =7(1,,0,0) , with ~:= (5.33)

1 1 1
8Tpeyy = = 8mp+ 5 (f = frT) + a’B’ (QHfTTatT - 2f>] +3d?8%H? >0, (5.35)

2We note that, since we are making use of natural units here, i.e., G = ¢ = 1, we have k? = 87 which is what is used
in the expressions that follow.
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and we refer to p.rs as the effective energy-density. We now wish to turn our attention to the strong
focusing condition which is given in equation (5.30). The trace of the Einstein tensor for a general
f(T') theory is given in equation (5.28). For the specific case of a spatiall-flat Robertson-Walker
space-time, the trace of the Einstein tensor reads [83]

G 8T +6frrHOT —2(f — frT)) . (5.36)

1
fr
We now find that, through the use of equation (5.30) the f(7T) strong focusing condition is as follows

(f = frT) + 3frr HOT

1 1
4 (peff +3Peff) = f7T |:47T (p+3P) — B

+ a?B? <2H frroT — % f)} +3ad%B8%H? >0, (5.37)

where we have introduced the so-called effective pressure, P.fs. We have thus obtained the f(7T') weak
and strong focusing conditions which are given in equations (5.35) and (5.37) respectively.

Consider now the case of a fundamental congruence. In such a case, we have C = 0 which implies,
from equation (5.34), that we have § = 0. It is not difficult to see that in the case where g = 0,
equations (5.35) and (5.37) reduce to equations (5.31) and (5.32) respectively. That is, the weak and
strong focusing conditions given here for a one-parameter, C', dependent congruence of timelike auto-
parallel curves reduce to the weak and strong focusing conditions given in [64] when a fundamental
congruence (C' = 0) is considered.

Let us now return our attention to the more general case of a congruence, i.e., we allow for a
general value of the parameter C'. We note that the one-parameter C' appears in equations (5.35)
and (5.37) through the parameter § via equation (5.34). Our goal now is to study these focusing
conditions for three specific bi-parametric f(7") theories of gravity. That is, we will consider three
f(T) theories whose f(T') functions depend on two parameters. We will then study the satisfaction
or violation of the focusing conditions in the parameter space.

5.3.3 Focusing conditions and cosmological models

In this section, we study the focusing conditions for three specific bi-parametric f(7") cosmological
models. Here, we will allow the f(T") function describing a specific cosmological model to depend on
two values: o and a. By changing the values of a and o in the f(T') function, one obtains different
f(T) theories. For each choice of cosmological model considered, we first solve the field equation
(5.18) for the dimensionless Hubble parameter defined as h(z) := H(z)/Ho [107]. For this study,
we take the Hubble parameter Hp to be that of the ACDM solution as it is obtained in [1|. For a
given cosmological model, we shall obtain a solution h(z) for each combination of @ and o values. In
this note, we are interested in studying the focusing conditions for the case of dust, i.e., the fluid in
equations (5.17) and (5.18) would be pressureless. In such a case, the energy-momentum tensor then
takes the form

Tuy = PXuXv » (5-38)

where x* = (1,0,0,0) is the four-velocity associated with a comoving observer. The conservation
equation for the energy-momentum tensor gives the following

D, =0 = p=-3Hp = p=poa?, (5.39)

where po is a constant. By writing the above expression in terms of the redshift, we obtain the
following expression for the energy density [107]

p(z) =po(1+2)° . (5.40)

Let us now turn our attention to the field equation (5.18) in order to obtain the dimensionless
Hubble parameter h(z). We are particularly interested in studying the focusing conditions at the
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present day value of z = 0. In solving such a differential equation, we impose the initial condition:
h(1100) = hx(1100), where

Ba(z) 1= MUy (1427 + 110, (5.41)

is the ACDM solution [107]. In addition, for illustrative purposes we take the ACDM energy density
parameter to be Q,,, = 0.315 as found in [1]. Once (5.18) has been solved in order to obtain h(z)
values for a particular cosmological model, we can then make use of the first field equation (5.17) in
order to find the energy density parameter values for €2,,,, which is defined in equation (5.22). Since
we expect to obtain different 2, values for different f(T") functions, the parameter €,,, will depend
on the values of a and ¢ as described by equation (5.17).

In this thesis, we shall consider three paradigmatic f(T") cosmological models with the first being
of a polynomial form [113], the second being of an exponential form [114] and the third being of
a hyperbolic tangent form [115]. In constructing these cosmological models, we make use of the
dimensionless torsion scalar, T, defined through the expression

= T

T:=—. 5.42
6173 (542)

Before proceeding with the aforementioned f(7") cosmological models, we shall impose two theoretical
constraints on the models under consideration. These constraints have been discussed in the context
of f(R) theories of gravity in [116-118]. In this note, we make use of these f(R) conditions?, as given
in [117], in order to impose similar conditions on f(7') theories. The first condition we wish to impose
on an f(7T) theory reads

. f(T)
lim ——= =1 5.43
AR = (54)
and ensures that the f(7') theory of gravity behaves like the TEGR, theory of gravity in the limit as
T — oo, i.e., at early stages of the cosmological evolution. In addition, the second condition to be
imposed reads [115]

Jr>0. (5.44)

As can be seen in equations (5.35) and (5.37), this condition ensures that the contribution of the
energy matter content in the focusing conditions is always nonnegative, i.e., the effective Newton’s
constant Gesy := G/ fr is always positive. By imposing this condition, one also ensures that the
gravitons are not ghosts [117].

Finally, recent developments in the field of Gravitational Waves have placed strong constraints on
the gravitational wave speed [119]. It is shown in [120] that such a constraint is trivially satisfied for
f(T) gravities. Consequently, the cosmological models discussed below are constructed in such a way
that the conditions given in equations (5.43) and (5.44) are satisfied. In addition, in the limit where
a cosmological model behaves as TEGR plus a cosmological constant, the parameter o will take on
the role of the cosmological constant.

Model 1: f = 6H§ (T + UTO‘)

The first cosmological model that we wish to consider? is of the polynomial form presented in [113,121].
Herein we restrict our consideration of « and o values to the region (o, «) € [0,1] x [-1,1). We note
that the conditions (5.43) and (5.44) for the combinations of o and ¢ values considered are satisfied.

3 In the context f(R) theories of gravity, an additional condition states that frr cannot be negative in order to
ensure a stable model against the so-called Dolgov-Kawasaki instability [117,118]. Nonetheless, such a condition does
not have a counterpart on the sign of frr .

iThe results given below were obtained using the Mathematica notebook Polynomial model.nb which
was constructed by the author and is available at https://www.dropbox.com/sh/cfybc2cysixchlz/
AACjKqONHComUPoXcZz90DH7a?d1=0.


https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
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We also note that the conditions (5.43) and (5.44) are satisfied for larger values of o, however, the
analysis regarding these larger o values can be understood from the results given here. The evolution
equation (5.18) for the dimensionless Hubble parameter h(z) becomes

%
dz

h? + o (2a — 1) B2
[h+oa(2a—1)h2e-1](1+2)

3
= 5.45
) (5.45)
Upon solving (5.45) for the dimensionless Hubble parameter, we turn our attention to studying the

weak and strong focusing conditions for this cosmological model. In terms of h(z), the weak focusing
condition (5.35) now reads

87 pe 1
P, ff :( > |:Qm0(1+2)3+0'(105)h2a

3HZ 1+ ocah20—2
/82 4 o N 52h2
_m éaa(a—l)hQ YW1+ 2)+h?+oh? +(1+Z>2 >0. (5.46)

where h' denotes the derivative of the dimensionless Hubble parameter with respect to the redshift.
In addition, for this cosmological model, the strong focusing condition (5.37) yields

4 e 3P, 1 1 _
7T(pff+ ff):< >|:Qm0(1+z)3_2aa(a_1)h2a 1h’(1+z)

3H? 1+oah?=2) |2
32 4
— 0 (1 — Oé) h2a — m <30'a (Oé — 1) hzailh/ (1 -+ Z) + h2 + O'h2a> :|
z
2h2
n (1B+ > >0, (5.47)
z

As already mentioned, €2, is dependent upon « and o through (5.17). More specifically for this
model, by evaluating (5.17) today, i.e., at z = 0, one gets

Qny = b3 + 0 (20 — 1) hZ™ | (5.48)

where hg := h(z = 0). We note that, since we have taken the Hubble parameter Hy to be the value
associated with the ACDM solution, we have hp(z = 0) = 1. The first panel in Figure 5.1 shows
Qo = Qo — 2o against the cosmological parameters o and o. In the second and third panels
of this figure, we give the 3D plots of equation (5.46) and equation (5.47) respectively for C' = 10*
against the parameters a and o. In Figure 5.2 we show, in the first panel, the dimensionless Hubble
parameter at the present day value hg for various combinations of @ and ¢ values. In addition, in
the second panel we show the 3D plot of fp. It is clear from this plot that the condition (5.44) is
satisfied. For the sake of completeness, we give the 3D plot of frr in the third panel of Figure 5.2.
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Figure 5.1: 3D plots associated with the polynomial cosmological model f = 6H§ (T +oT O‘). In the
first panel, we show the 3D plot of Qo 1= Qmo —*Qno which is defined as the difference between the
energy density parameter {2,,0, given in equation (5.48), and the ACDM energy density parameter
AQ,n0 which we set to 0.315 [1]. In the second panel, we give the 3D plot of equation (5.46) against
the cosmological parameters « and o. In the third panel, we show the 3D plot of equation (5.47). In
the second and third panels, we have set C' = 10%.

-1.0

Figure 5.2: 3D plots associated with the polynomial cosmological model f = 6HZ (T + JTO‘). In the
first panel, we show the 3D plot of the dimensionless Hubble parameter at the present day value hg
for combinations of o and o values. In the second panel, we give the 3D plot of the derivative fr.
From this plot, it is clear that the condition (5.44) is satisfied. In the third panel, we show the 3D
plot of the second derivative frr.

Let us now consider the {a, o} regions for which the weak and strong focusing conditions, as
provided in (5.46) and (5.47) respectively, are satisfied or violated. Figure 5.3 contains region plots
showing the satisfaction or violation of the weak and strong focusing conditions in the aforementioned
{a, o} parameter space at z = 0. The blue regions indicate where both the weak and strong focusing
conditions are satisfied, whereas the orange regions show where only the weak focusing condition is
satisfied. The first panel shows the region plot for the case of a fundamental congruence, i.e., when
C' = 0. The second panel shows the region plot for the case where C' = 1 and the third panel shows
the region plot associated with the case where C' = 10%. It is evident from Figure 5.3 that there exist
{a, o} combinations allowing for the strong focusing condition to be violated. In addition, Figure 5.3
illustrates how the satisfaction of the strong focusing condition changes as the value for C' changes,
i.e., when considering different four-velocities of the form given in equation (5.33). As the value for C'
is increased, the {a, o} parameter space area violating the strong focusing condition increases. For all
cases considered, the weak focusing condition remains satisfied. In order to illustrate where in these
contour plots the ACDM solution appears, we have plotted it as a single point. Figure 5.4 shows the
profile plots of equation (5.46) for constant o values . The first, second and third panels show such
profile plots for the cases C' = 0, C' = 1 and C' = 10* respectively. Analogously, the constant ¢ profile
plots of equation (5.47) are shown in Figure 5.5. For the latter scenario, as the value of C increases,
the limiting value of @ at which the strong focusing condition is violated gets higher.
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Figure 5.3: Region plots showing the satisfaction or violation of the weak and strong focusing con-
ditions for the polynomial cosmological model f = 6Hg (T + UTO‘). The blue regions indicate where
both the weak and the strong focusing conditions are satisfied whereas the orange regions indicate
where only the weak focusing condition is satisfied. The left, middle and right panels show the region
plots for the cases where C' = 0, C = 1 and C' = 10* respectively. We note that the weak focusing
condition is satisfied for all values of C' considered. In addition, we note that when the value of C' is
increased, the parameter space area violating the strong focusing condition is bigger. In these plots,
we have indicated where the ACDM solution appears by plotting it as a point.
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Figure 5.4: o-constant profile plots of equation (5.46) for the polynomial cosmological model f =
GHg (T + JT“). The solid blue curves show the o = 0.9 profiles, the dotted green curves show the
o = 0.6 profiles and the dashed red curves show the ¢ = 0.3 profiles. The left, middle and right
panels correspond to C' =0, C' =1 and C = 10* respectively.
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Figure 5.5: o-constant profiles of equation (5.47) for the polynomial cosmological model f =
6Hg (T+0TO‘). The solid blue curves show the o = 0.9 profiles, the dotted green curves show
the 0 = 0.6 profiles and the dashed red curves show the o = 0.3 profiles. The left, middle and right
panels correspond to C' =0, C' =1 and C = 10 respectively.

Model 2: f = 6H3 <T+ aeaT>

The second cosmological model considered® is of the exponential form given above [114]. Herein, we
shall restrict our consideration to o and « values such that (o, «) € [0,€] x [—1,0]. We note that the

®The results given below were obtained using the Mathematica notebook FExponential model.nb which
was constructed by the author and is available at https://www.dropbox.com/sh/cfybc2cysixchlz/


https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
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conditions (5.43) and (5.44) are satisfied in this region. For the exponential cosmological model given
above, equation (5.18) for the case of vanishing pressure reads

%
dz

h? + geh’ (2ah? — 1)
(h+ oah e 4+ 2002h3eh?) (14 2)

_ g (5.49)

Now, from equation (5.35), the weak focusing condition for the exponential cosmological model reads

8Tpesf 1 3 ah? 2
SHg - (1 + oo eah2) [Qmo (Lt 2)oe (1 oh )
2 4 2h2
_ 5—2 <—h3 (14 2) Woa2e® + 1 + Ueah2> } + 5—2 >0, (5.50)
(142)*\3 (1+2)

where we obtain the values for h(z) by solving the differential equation (5.49). In addition, from
equation (5.37), we find that the strong focusing condition for the exponential cosmological model
reads

47 (pess + 3P, 1 1
(PgHQ ”):(1+0aww)Eﬂmﬂl+ﬂ3—0&mﬂ—am)—2ﬂ+2”ﬁﬁmf&m
0
2 4 2p2
. ﬂ—2<—h3 (1 _|_Z) h’aa2e°‘h2 4 B2 +Ueah2)] + 5—2 >0. (5,51)
(1+2)*\3 (1+2)

As done for the case of the polynomial model, the energy density parameter €2,,, depends on the
values of o and a. More specifically, by evaluating (5.17) at h(z = 0) = hg, one can obtain

Qg = h3 + e (2003 — 1) (5.52)

In Figure 5.6, we give the 3D plot of Q0 := Qo —AQ0. In the second and third panels, we give
the 3D plots of equations (5.50) and (5.51) respectively. In Figure 5.7, we plot hg in the first panel,
fr in the second panel and fpr in the third panel.
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Figure 5.6: 3D plots associated with the exponential cosmological model f = 6Hg (T + an‘T>. In

the first panel, we show the 3D plot of Qo 1= Qo —*Qno which is defined as the difference between
the energy density parameter €2,,0, given in equation (5.52), and the ACDM energy density parameter
AQ,n0 which we set to 0.315 [1]. In the second panel, we give the 3D plot of equation (5.50) against
the cosmological parameters « and o. In the third panel, we show the 3D plot of equation (5.51). In
the second and third panels, we have set C' = 10%.

AACjKqONHComUPoXcZz90DH7a?d1=0.
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Figure 5.7: 3D plots associated with the exponential cosmological model f = 6H§ (T + aeaT>. In

the first panel, we show the 3D plot of the dimensionless Hubble parameter at the present day value
hg for combinations of o and ¢ values. In the second panel, we give the 3D plot of the derivative fr.
From this plot, it is clear that the condition (5.44) is satisfied. In the third panel, we show the 3D
plot of the second derivative fpp.

As is done for the first model above, the satisfaction or violation of the weak and strong focusing
conditions for this model in the {a, o} parameter space can be studied using (5.50) and (5.51)
respectively. Thus, Figure 5.8 shows the region plots of the satisfaction or violation of the weak
and strong focusing conditions. The blue regions indicate where both the weak and strong focusing
conditions are satisfied. The orange regions indicate where only the strong focusing condition is
violated. There, the first, second and third panels are produced by considering the cases where
C =0, C =1and C = 10* respectively. As observed in the polynomial model above, when the value
of C is increased, the {«, o} parameter space where the strong focusing condition is violated increases.
Also, for this cosmological model, the weak focusing condition remains satisfied. Figures 5.9 and 5.10
show constant o profiles of equations (5.50) and (5.51) respectively. A comment worthwhile to be
made concerns the constant o profiles in Figure 5.10. As the value of C' increases (from left to right
panels) and for a fixed o, the left-hand side of equation (5.51) seems to take smaller values which
could be eventually negative. Therefore the strong focusing condition may be violated.
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Figure 5.8: Region plots showing the satisfaction or violation of the weak and strong focusing condi-
tions for the exponential cosmological model f = 6HZ <T + UeO‘T>. The blue regions indicate where
both the weak and the strong focusing conditions are satisfied whereas the orange regions indicate
where only the weak focusing condition is satisfied. The left, middle and right panels show the region
plots for the cases of C' = 0, C' = 1 and where C' = 10 respectively. The location of the ACDM
solution is plotted as a point. We note that the weak focusing condition is satisfied for all values of
C considered. In addition, we note that when the value of C' is increased, the parameter space area
violating the strong focusing condition is bigger.
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Figure 5.9: o-constant profiles of equation (5.50) for the exponential cosmological model f =
6H§ <T+ JeO‘T>. The solid blue curves show the ¢ = 0.2 profiles, the dotted green curves show

the o = 0.14 profiles and the dashed red curves show the o = 0.07 profiles. The left, middle and right
panels correspond to C' = 0, C' =1 and C = 10* respectively.
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Figure 5.10: o-constant profiles of equation (5.51) for the exponential cosmological model f =
6Hg (T—i— aeaT>. The solid blue curves show the o = 0.2 profiles, the dotted green curves show

the 0 = 0.14 profiles and the dashed red curves show the o = 0.07 profiles. The left, middle and right
panels correspond to C =0, C =1 and C = 10* respectively.

Model 3: f = 6H3(T + 0T tanh (1/T)

The third and last cosmological model under consideration® is the hyperbolic tangent model whose
f(T') Lagrangian is given above [115]. We have considered the o and o parameters lying in the
(o,a) € [0,1/2] x [—1,1] interval for which the f(T") conditions (5.43) and (5.44) are satisfied. For
this model, equation (5.18) for the case of vanishing pressure reads

dh 3 2 1\ B2 2\ _ o _p2a-2 2 2 _
@—m{h + 0 (2 — 1) h** tanh (1/h%) — 20h sech® (1/h )H(h—i—aa(Qa 1)
x h?*~!tanh (1/h2) — 0 (4 — 3) h?* 3 sech? (1/h2) — 40h?*75 sech? (1/h2) tanh (1/h2) )} o

(5.53)

As done for the previous two cosmological models, we solve the above differential equation and obtain
values for h(z) for the various combinations of a and ¢ values. From equation (5.35), we find that

5The results given below were obtained using the Mathematica notebook Hyperbolic_ tangent model.nb
which was constructed by the author and is available at https://www.dropbox.com/sh/cfybc2cysixchlz/
AACjKqONHComUPoXcZz90DH7a?d1=0.


https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
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the weak focusing condition for this cosmological model in the case of dust reads

8Tpefs 202 2\ _12a—4 2 17! 3
3H§ = [1 + oah tanh (l/h ) oh sech (1/h )} |:Qmo (1+2)

4h/ﬁ2
3(1+2)
x tanh (1/h2) — 20 (a — 1) h?* 3 sech? (1/h2) — 20h?*75 sech? (1/h2) tanh (1/h2) ) + h?

ﬁ2h2
(1+42)°

+ 0 (1 — ) h**tanh (1/h?) — ch** ?sech® (1/h%) — (aa (o — 1) b2t

+ oh®* tanh (1/h%) ] + >0. (5.54)

In addition, we find that, from equation (5.37), the strong focusing condition for the hyperbolic
tangent cosmological model in the case of dust reads

AT (peff + 3Pefs) 20—2 2 20-4 2 171
SH2 = [1 + oah tanh (1/h%) — oh sech® (1/h )} 3

— 0 (1 — @) h**tanh (1/h?) + oh?* ?sech? (1/h%) — 2<aa (a — 1) h?* ! tanh (1/h?)

Qe (1 + 2)3

— 20 (a — 1) B** 3 sech? (1/h%) — 20h**~® sech® (1/h?) tanh (1/h?) )) (1+42)n

4 32
- 3(1_'6_2) (aa (a—1) h2*ltanh (1/h2) — 20 (a—1) H20=3 goch2 (1/h2)
200 s (1)t (1/17) )) 41+ ot v (10) | + Lm0 o)
(1+2)

As done for the previous two cosmological models, the energy density parameter €2,,, depends upon
the cosmological parameters o and o through equation (5.17) at the present day value of z = 0. In
particular

Qo = hi + 0 (2a — 1) h§® tanh (1/h3) — 20h3* *sech? (1/h3) . (5.56)

In Figure 5.11, we give the 3D plot of Qo := Qmo —*Qmo. In the second and third panels, we give
the 3D plots of equations (5.54) and (5.55) respectively. In Figure 5.12, we plot hg in the first panel,
fr in the second panel and frr in the third panel.
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Figure 5.11: 3D plots associated with the hyperbolic tangent cosmological model f =
6H§ (T + 0T tanh (1/T)) In the first panel, we show the 3D plot of Qo = Qo —*Qmo which is
defined as the difference between the energy density parameter 2,0, given in equation (5.56), and
the ACDM energy density parameter *€),,o which we set to 0.315 [1]. In the second panel, we give
the 3D plot of equation (5.54) against the cosmological parameters o and o. In the third panel, we
show the 3D plot of equation (5.55). In the second and third panels, we have set C' = 10*.
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Figure 5.12: 3D plots associated with the hyperbolic tangent cosmological model f =
6H§ (T + 0T tanh (1 /T )) In the first panel, we show the 3D plot of the dimensionless Hubble
parameter at the present day value hg for combinations of o and o values. In the second panel, we
give the 3D plot of the derivative fr. From this plot, it is clear that the condition (5.44) is satisfied.
In the third panel, we show the 3D plot of the second derivative frrp.

Figure 5.13 contains the region plots showing the satisfaction or violation of the weak and strong
focusing conditions for the hyperbolic tangent cosmological model. The left, middle and right panels
correspond to the choices C'= 0, C' = 1 and C = 10* respectively. As was noticed for the previous two
cosmological models, the higher the value of C' the bigger the area of the {«, o} region for which the
strong focusing condition is violated. For this cosmological model, unlike the two previous models,
we found that as the value for C' increases regions for which the weak focusing condition is violated
arise (see right panel in Figure 5.13). Figure 5.14 shows the constant o profiles of equation (5.54). In
the right panel, which corresponds to C' = 10%, there are o and ¢ combinations resulting in negative
values for the effective energy density, perr. This demonstrates that, although the weak focusing
condition may be satisfied for the case of a fundamental congruence (C' = 0), there may be values
for C' for which the weak focusing condition is not satisfied. Finally, Figure 5.15 shows constant o
profiles of equation (5.55). There we see that, as the value of C' increases (from left to right panels)
and for a fixed o, equation (5.55) seems to take smaller values which could be eventually negative.
Therefore the strong focusing condition may be violated.
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Figure 5.13: Region plots showing the satisfaction or violation of the weak and strong focusing
conditions for the hyperbolic tangent cosmological model f = 6HZ (T + 0T tanh (1 / T)) The blue
regions indicate where both the weak and the strong focusing conditions are satisfied whereas the
orange regions indicate where only the weak focusing condition is satisfied. The green region indicates
where both the weak and the strong focusing conditions are violated. The left, middle and right panels
show the region plots for the cases of C =0, C = 1 and C' = 10* respectively. We note that more
regions for which the strong focusing condition is violated arise when the value for C is increased. In
addition, we note that, while the weak focusing condition is satisfied for the case of a fundamental
congruence, regions for which the weak focusing condition is violated arise by increasing the value of

C.
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Figure 5.14: Constant o profile plots of equation (5.54) for the hyperbolic tangent cosmological model
f= 6H§ (T + 0T tanh (1 /T)) The solid blue curves show the o = 0.5 profiles, the dotted green
curves show the o = 0.3 profiles and the dashed red curves show the o = 0.1 profiles. The left, middle
and right panels correspond to C' =0, C =1 and C = 10* respectively.
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Figure 5.15: Constant o profile plots of equation (5.55) for the hyperbolic tangent cosmological model
f= 6Hg (T + oT“ tanh (1 /T)) The solid blue curves show the o = 0.5 profiles, the dotted green
curves show the o = 0.3 profiles and the dashed red curves show the o = 0.1 profiles. The left, middle
and right panels correspond to C' =0, C = 1 and C = 10* respectively.

5.4 Chapter conclusions

In this chapter, we studied the weak and strong focusing conditions for a one-parameter dependent
congruence of timelike auto-parallels of the Levi-Civita connection in the context of f(7") theories.
By noting that in the context of f(T') theories of gravity, test particles follow auto-parallels of the
Levi-Civita connection we made use of the torsion-free Raychadhuri equation in order to determine
the inequalities to be satisfied so such conditions hold. Through the consideration of a spatially-
flat Robertson-Walker space-time, we derived the weak and strong focusing conditions for a one-
parameter, C', dependent congruence of timelike auto-parallels of the Levi-Civita connection. It was
also shown that, in the case of a fundamental congruence, i.e., when C' = 0, the obtained focusing
conditions reduced to those previously found in [64] as expected. Once the general expressions were
obtained, we also examined the obtained weak and strong focusing conditions for three viable bi-
parametric f(7") cosmological models when the only standard fluid present is dust matter. These
cosmological models were of polynomial, exponential and hyperbolic tangent forms. Thus, results
presented in this work are expected to cover a wide phenomenology of more convoluted f(7") models.
For each cosmological model under consideration, we determined the Hubble parameter evolution in
terms of the redshift using the f(7') second Friedman equation, whereas the first one was used to
determine the matter density parameter today as a function of the f(7") parameters. Once the Hubble
parameter had been solved for, the weak and strong focusing conditions were studied for a redshift
value of z = 0. For each cosmological model considered, region plots were produced for the cases of
C =0,C =1and C = 10% It was found that, for all three cosmological models, the increase in the
value for C resulted in the parameter-space region where the strong focusing condition is violated to
be bigger. It was also found that, for the polynomial and exponential cosmological models, the weak
focusing condition remained satisfied when the value for C' was increased. However, in the case of the
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hyperbolic tangent model it was found that a sufficient increase in the value for C' eventually resulted
in the appearance of parameter-space regions for which the weak focusing condition is violated.
Consequently, for this model this result would imply that although the weak focusing condition for a
fundamental congruence is satisfied, one cannot conclude that the weak focusing condition would be
satisfied for all possible auto-parallel curves of the Levi-Civita connection, i.e., for all possible values
of C.

As a final comment, we wish to make a note on the focusing conditions that arise in the so-called
f(R) and f(Q) theories of gravity. Analyses of the focusing conditions in the context of f(R) theories
can be found in [122,123]. The authors of [122] reported f(R) models for which regions exist where the
weak focusing condition is violated in addition to regions that allow for the weak focusing condition
to be satisfied. The authors of [123] reported f(R) models for which the weak as well as the strong
focusing conditions can be satisfied or violated. The authors of [124] studied the focusing conditions
in the context of f(Q) theories of gravity. In [124], the focusing conditions are studied using the
present day values for the Hubble and deceleration parameters. There, f(Q) models were reported
where the weak as well as the strong focusing conditions could be satisfied or violated. In [64], f(T)
models where the weak focusing condition could be satisfied or violated were reported. There, the
authors made use of the present day values for the Hubble and deceleration parameters. Here, the
f(T) field equations for each considered model were solved and the solution h(z) was substituted into
the focusing conditions. In addition to this, we considered a one-parameter depend congruence, i.e.,
a general value for C. For each of the models considered, regions existed where the weak and strong
focusing conditions could be satisfied. For each of these models, regions for which the strong focusing
condition could be violated were found. Lastly, we note that for a value of C' = 10, regions exist
for the hyperbolic tangent model where the weak focusing condition can be violated. These obtained
results are specific to timelike auto-parallel curves of the Levi-Civita connection. For discussions on
neighbouring null curves in f(T) theories, the interested reader is directed to [64,125].



Chapter 6

ADM and GBSSN formulations of
Einstein-Cartan theory

6.1 Introduction

In this chapter, we consider the EC theory of gravity and derive the Arnowitt-Deser-Misner (ADM)
formulation as well as the Generalised-Baumgarte-Shapiro-Shibata-Nakamura formulation of the EC
theory. In Section 6.2, we study foliations of the Riemann-Cartan space-time Uy and derive the non-
null torsion Gauss, Codazzi and Ricci equations. In Section 6.3, we derive the ADM formulation of
the EC theory of gravity by following what was done in [19,20] for the case of GR. In Section 6.4, we
derive the GBSSN formulation of the EC theory by following what was done in [25,31] for the case of
GR. Since the torsion tensor is geometrised by the spin-current tensor in the EC theory, we discuss
the evolution of the decomposed effective energy-momentum tensor in 6.5 by following what was done
in [30]. Finally, in Section 6.6, we consider the spherically symmetric vacuum GBSSN equations and
evolve the system using the well-known Gamma-driver condition. We construct a 1-dimensional (1D)
code to carry out this evolution using the fourth-order Runge-Kutta (RK) method. Since such a case
has a vanishing energy-matter content, this system is the same as what occurs in GR. Similar systems
have been studied before in [2,26,27,31]. Methods that were applied in these aforesaid references are
made use of here when constructing our 1D code.

6.2 Foliations of space-time

In this section, we consider the Riemann-Cartan space-time Uy and the construction of spacelike
hypersurfaces which we shall denote as 3. Here we shall derive the non-null torsion versions of the
Gauss, Codazzi and Ricci equations. These derivations are carried out by following the torsion-free
derivations that are done in [19,20] by Baumgarte and Shapiro. Once we have derived these equations,
we will be able to study how the equations are modified as a result of removing the assumption of
vanishing torsion. We note that the results presented in this section are completely geometric and
are not specific to the EC theory of gravity. These geometric results, however, are still particular to
the Riemann-Cartan space-time.

We take the hypersurfaces ¥ to be spacelike surfaces of a function, say f, that is C**° on the
Riemann-Cartan space-time! manifold M. We define the dual vector field  as

Q,=V.f, (6.1)
with norm —a?. We now define the vector field m as being such that

nt = —aVHIf. (6.2)

1See Definition 3.3.1 for the definition used here for the Riemann-Cartan space-time Uy.
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The above definition implies that n is both normalised as well as timelike, i.e., we have g (n,n) = —1.
In addition, we take n to be orthogonal to the hypersurface .. We define the spatial metric, v, through
the expression

Yuv = Guv + nyny . (63)

Our goal now is to perform projections of four-dimensional tensor fields using the spatial metric
in order to obtain three-dimensional tensor fields. These three-dimensional tensor fields "live" in
the hypersurfaces of M, i.e., we can lower and raise the indices of these tensors using the spatial
metric. Let us begin by defining the three-dimensional (projected) covariant derivative. In this note,
we are interested in carrying out such a projection for both the covariant derivative with respect to
the Cartan connection as well as the covariant derivative with respect to the Levi-Civita connection.
Let B be a tensor field of type (k,l) on the space-time manifold M. We define the three-dimensional
Cartan covariant derivative of the tensor field B as [19,30]

NaB M, =0V ARV g B (6.4)

pPL-pL "

By replacing V,, with D, in the above expression, we obtain the definition for the three-dimensional
Levi-Clivita covariant derivative 3Du~ Let us now turn our attention to the vector field n which is used
in the definition of the spatial metric and is taken to be orthogonal to the hypersurface ¥. Since we
have chosen this normal vector field to be hypersurface orthogonal, 1 satisfies the following expression

n,=0. (6.5)

We also note that n gives the direction of evolution of the proper time [19].
It is at this point that we wish to define the extrinsic curvature temnsor as

Ky = =%, Vang . (6.6)

In [19], the extrinsic curvature tensor is symmetric, however, we note here that it is not immediately
clear whether this extrinsic curvature tensor defined above is symmetric or not. It turns out that
the above extrinsic curvature tensor is symmetric as a result of requiring that the projected torsion
tensor lies completely in the hypersurface ¥. This will be made clear later on. For now, let us
assume that the extrinsic curvature tensor is not necessarily symmetric. Let us now study the various
tensor fields that exist within the hypersurface Y. First, we wish to show that the three-dimensional
Cartan covariant derivative, and therefore the three-dimensional Levi-Civita covariant derivative, is
compatible with the spatial metric. We consider the following which results from the definition of the
three-dimensional Cartan covariant derivative and the definition of the spatial metric:

N o =V 170V 8900 + ¥ 0V 8 (neny) (6.7)

The first term on the right-hand side of the above expression vanishes since the Cartan covariant
derivative is compatible with the metric tensor. The second term vanishes due to the fact that
n“’yf = ( as is easily verifiable from the definition of the spatial metric. It follows that the three-

dimensional Cartan covariant derivative is compatible with the spatial metric, i.e., we have
3vu'7aﬁ =0. (6.8)

The above argument also holds for the three-dimensional Levi-Civita covariant derivative which we
denote as 3Du'

We now wish to study the three-dimensional torsion tensor associated with the three-dimensional
Cartan covariant derivative V u- Let w be a vector field in 3, i.e., we have (n,w) = 0, and consider
the action of the three-dimensional Cartan covariant derivative on this dual vector field:

N w, = Ow, — e w), . (6.9)

pv
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By making use of the fact that the three-dimensional Cartan covariant derivative is compatible with
the spatial metric, one can show that

1

T =577 (dﬂgo + 05Y0a — OoYap +> Ty gYar +° Thavor =T ZB%A) , (6.10)

where we have defined the three-dimensional torsion tensor as
~ A
Tha =20 - (6.11)

We can write the three-dimensional Christoffel symbols, i.e., the connection coefficients associated
with the three-dimensional Levi-Civita covariant derivative, as [19]
pr

1
sa = 577" (0aVp0 + IpYoa = O5ap) - (6.12)

Furthermore, in a similar way to what is done for the case of space-time, we define the three-
dimensional contorsion tensor? as the difference between the two three-dimensional connection coef-
ficients:

~ 1
3 .3 3 - o e} o
L, =12, -1, = 5 Cr v~ 3TW +°7) u) (6.13)
For a C'*° function, say f, on the hypersurface ¥, we note that the application of the map 3V‘Fav/3]
on this function yields the following:

2V Vg f = =T VaS (6.14)

On the other hand, by making use of the definition of the three-dimensional Cartan covariant deriva-
tive, 3Vu, we find that

NVl =178V Vaf — n*KagVaf - (6.15)

In order to interpret the result of antisymmetrising the above expression, we need to obtain an
expression for the antisymmetrised extrinsic curvature tensor. By making use of the fact that the
normal vector n is hypersurface orthogonal, it follows from the definition of the extrinsic curvature
tensor that

2K 05 = =T ppno - (6.16)
That is, the antisymmetrised extrinsic curvature tensor is equal to the three-dimensional torsion
tensor contracted with the unit normal vector field n. We now wish to relate the three-dimensional
torsion tensor to the space-time torsion tensor. We note that we have the following from equations
(6.14), (6.15) and (6.16)

VT sVt =8 T, VA f + 1, T 5 (6.17)

Since f is an arbitrary smooth function on X, 3V nf is an arbitrary dual vector field in X. It now
follows from the above equation that

A v
T aB = Vo' V8 Tiw , (6.18)

which relates the space-time torsion tensor to the three-dimensional torsion tensor. As it turns out,
equation (6.11) is not enough to define entirely the three-dimensional torsion tensor. This is due to
the fact that, in order for the three-dimensional torsion tensor to be restricted to the hypersurface X,
we need the additional requirement that

ngsTUW =0. (6.19)

2In Chapters 3 and 4, we denote the space-time contorsion tensor as K. In this chapter, we denote the three-
dimensional contorsion tensor as L to avoid confusion with the extrinsic curvature tensor.
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The above expression forms part of the definition of the three-dimensional torsion tensor and allows
for this tensor to lie entirely in the hypersurface 3. That is, the three-dimensional torsion tensor
is now defined through equation (6.11) together with equation (6.19). It now follows from equation
(6.18) that

A
31-' aB — FYpAVQM’YBVTlLV : (620)

Let us now return our attention to the extrinsic curvature tensor. We note that equation (6.16)
together with equation (6.19) implies that K, = 0 and, thus, the extrinsic curvature tensor is
symmetric. Consider now the action of the Lie derivative on the spatial metric in the direction of the
vector field n:

£n7aﬂ = 2'7a0r7/3pv(onp) (621)
= 2K,5 . (6.22)

That is, we can write the extrinsic curvature tensor as the Lie derivative of the spatial metric in the
direction of the unit normal vector field.

Up until now, we have only considered the projected torsion tensor and how this relates to the
space-time torsion tensor. We now wish to study the curvature projected into the hypersurface 3.
Let us begin by defining the three-dimensional non-null torsion Riemann tensor through the linear
map

(23V[N3VV} + %puugvp) Wo =? R,uuapwp ) (623)

together with the requirement that [19]

*Rapopn’ =0 . (6.24)

The last expression ensures that the three-dimensional non-null torsion Riemann tensor lies entirely
within the hypersurface ¥. One can think of equation (6.19) as being the torsion analogue of the
above expression. Following what is given in [19], one can also define the three-dimensional torsion-
free Riemann tensor as

2°D(,*Dywe = "R, w, , (6.25)

nuvo

together with the requirement
*Rapopn’ =0 . (6.26)

Since our goal is to ultimately derive the ADM equations associated with the EC theory of gravity, we
require the Gauss, Codazzi and Ricci equations. In order to derive these equations for the case of a
hypersurface of the Uy space-time manifold, we follow what is done by the authors of [19] where these
equations are derived for the case of vanishing torsion. We first wish to derive the Gauss equation.
Following [19], we first consider the following for a spatial dual vector field w:

N oV gw, = ’ya‘sfyﬁ“’y(,”v(;vuwl, — Vw7, Kop — W Kgy Koo - (6.27)

By antisymmetrising the above expression and by making use equations (6.20) and (6.23) together
with the fact that the extrinsic curvature tensor is symmetric, we obtain the following

3R0450P = 'YOC(S'V,B“'YUVRéqu + KopKps — KgpKao - (6.28)

Finally , by making use of the requirement that the three-dimensional non-null torsion Riemann
tensor lies entirely within the hypersurface ¥, i.e., by invoking equation (6.24), we can contract both
sides of the above expression with the spatial metric in order to obtain the non-null torsion Guass
equation

Rapop = Va0 Vd 0"V Bouwn + KapKpo — KgpKao - (6.29)
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Having derived the Gauss equation for the case of a Riemann-Cartan space-time, we now turn our
attention to deriving the Codazzi equation.

We begin by considering the following projection of the non-null torsion Riemann tensor by con-
tracting three times with the spatial metric and once with the unit normal vector field

Vo8 Vo P Ryor = Vo158 Vo, (vuvy ~ VY,V + T(LVV(;) n, . (6.30)
From the definition of the extrinsic curvature tensor in equation (6.6), we note the following
Y'Y V'V Vomy = N oKpo + Kapn*Van, . (6.31)

By substituting the above expression into equation (6.30) and by making use of the fact that the
extrinsic curvature tensor is symmetric in its two indices, we find the non-null torsion Codazzi equation
to be

5 A
VQ#’YQV’YU)\R“V)‘EW’E = 3V5Kag - 3VQK50 -7 aBK)\U . (632)

It now remains to derive the Ricci equation for the case of a Riemann-Cartan space-time. Following
what was done in [19], we begin by acting the Lie derivative on the extrinsic curvature tensor as follows

£nKos =n"VoKog+ KaoVen® + Kg,Van” —n" KaaT, — n" Kg Ty - (6.33)

By making use of the definition of the extrinsic curvature tensor, we can write the first term on the
right-hand side of the above expression as

n’VeKog = -—n’Ves ('y(;\V)Jw)
= -—nV,Vang —n’Vg (naag) , (6.34)

where we have defined a,, := n°Vyn,. We now turn our attention to the second term on the right-
hand side of equation (6.33). By making use of the fact that K, = —Vang — naag, which follows
from the definition of the extrinsic curvature tensor, we have

K;aVpn® = —Koo Kg” — Koanpa’ . (6.35)
Consider the following expression
n"VaVUng = vadg - KaUKgg - nad”Kog . (636)

In the final expression, we wish to introduce the so-called lapse function. The lapse function is intro-
duced through the consideration of an acceleration vector. We have already defined the acceleration
vector at := n5V5n” which is defined using the Cartan covariant derivative. It is also possible to
define an acceleration vector using the Levi-Civita covariant derivative. We write such an acceleration
vector as a 1= n® Dgn#. Since there are two acceleration vectors, we have two options for the lapse
function. When deriving the evolution equations, the lapse function plays the role of measuring how
much proper time has elapsed [19]. Since proper time is the affine parameter associated with timelike
auto-parallel curves of the Levi-Civita connection, we define the lapse function using the Levi-Civita
covariant derivative. That is, we rely on the Levi-Civita connection to provide us with the lapse
function. More specifically, the lapse function « can be introduced through the expression

a, :=n"Dgn, =°D, Ina . (6.37)

By making use of the previous results, we now find the non-null torsion Ricci equation to be

N 1 1
£ = —7,77,1°n" Ragps — &3DM3D,,04 +a®D, <anan>‘TAW) — K,/ K5 — K, 17", Tsa

wo\ g

1
+3) <3Dw —n"n‘;Tm;A> . (6.38)
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Since the extrinsic curvature tensor is torsion-free as a result of equation (6.19), we can take the
torsion-free part of the right-hand side of the above expression in order to write

i 1
EnKuw = —7,77,1°n" Ragps — Eng’Dl,a ~ K, K3 . (6.39)

We shall refer to this expression as the torsion-free Ricci equation. In this section, we obtained the
non-null torsion Gauss, Codazzi and Ricci equations. In the following section we make use of these
results in order to derive the ADM formulation of the EC theory of gravity.

6.3 The ADM formulation of the Einstein-Cartan theory of gravity

The non-null torsion Gauss, Codazzi and Ricci equations derived in the previous section are geometric
results and are specific to the Riemann-Cartan space-time Uy. In particular, these aforementioned
equations are not specific to the EC theory of gravity and the EC field equations have not, as of yet,
been invoked. In this section, we make use of the results obtained in the previous section together with
the EC field equations in order to obtain the so-called Arnowitt-Deser-Misner (ADM) formulation of
the EC theory of gravity. We begin by choosing the coordinate system which is discussed in [19] and
leads to the line element being of the form

ds? = —a?dt? 4 ij (dz' + Bidt) (da? + g7dt) . (6.40)

Let us turn our attention to the non-null torsion Gauss equation (6.29). By contracting indices
once in the non-null torsion Gauss equation and then taking the trace of the resulting expression, we
obtain

R+ K2 — KopK™ =29, PR Y
= R+ 2n"n" R, , (6.41)

where K is the trace of the extrinsic curvature tensor and we have used the fact that the non-null
torsion Riemann tensor is antisymmetric in its first and second indices. By making use of the first
EC field equation (4.51), we can introduce the energy-momentum tensor into equation (6.41) in order
to obtain

SR+ K? — Kog K = 16mntn"7,, . (6.42)
By defining the energy density p := nfn"7,,, we can write the above expression as
SR+ K? — KiK' = 167p . (6.43)

We shall refer to the above expression as the non-null torsion Hamiltonian constraint. In Section
4.2, not only was the energy-momentum tensor 7, defined but also the so-called effective energy-
momentum tensor 7,,. This definition of the effective energy-momentum tensor is given in equation
(4.56). In the EC theory, the torsion tensor is completely described by the spin-current tensor as per
equation (4.36). It therefore makes sense to include the torsion tensor into the energy-matter content
through the effective energy-momentum tensor. The evolution of the torsion tensor is then obtained
by evolving the energy-matter content. We therefore wish to obtain a Hamiltonian constraint equation
whose non-Riemannian contributions are contained entirely in the energy-matter content. In order
to do this, we turn our attention to the torsion-free version of equation (6.41) which is given below

SR+ K? — KopK® = R+ 2n'n"R,,, . (6.44)

We emphasize that the above expression is a completely geometric statement and holds true in Uy.
In order to introduce the effective energy-momentum tensor into the above expression, we make use
of equation (4.55) in order to obtain the following

SR+ K% — Kij KV = 16mp , (6.45)
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where ; = nkn"T,, is the effective energy density. We refer to the above expression as the torsion-free
Hamiltonian constraint.

As a result of the choice of coordinates in equation (6.40), the entirety of a spatial tensor is now
described by only its spatial components [19]. Because of this, we have switched to Latin indices in
the above which run from 1 to 3. That is, the Latin indices indicate the spatial components of a given
tensor. We now turn our attention to the Codazzi equation (6.32). Contracting indices once yields

WoKS, — WK — T K5 = —7FnR,,. . (6.46)
By making use of equation (4.51) and defining the momentum density as
Ja = =Y M (6.47)

equation (6.46) becomes
WK - WK — T, = 87, (6.48)

We refer to the above expression as the non-null torsion momentum constraint. In order to write an
expression for the momentum constraint equation whose non-Riemannian contributions are contained
in the energy-matter content, we turn our attention to the torsion-free version of equation (6.46) which
is written below

DK, —3Do K = —7'n Ry . (6.49)

We note that the above expression is a geometric statement that is valid on Us. We can make use of
equation (4.55) and define the effective momentum density as

ja = 77a‘un>\771)\ ) (650)

in order to write equation (6.49) as
DK, — DK = 8nj; . (6.51)

We refer to equation (6.51) as the torsion-free momentum constraint.

Having obtained the above constraint equations, we now wish to obtain an evolution equation
for the spatial metric and the extrinsic curvature tensor. Before doing this, we note that the Lie
derivative in the direction of the vector field

th = ant + B | (6.52)

is a natural time derivative [19]. In the above, « is the lapse function, as before, which measures the
proper time between hypersurfaces ¥ and 3 is the shift vector which measures the shifting of spatial
coordinates [19]. We note, in particular, that the lapse function describes the proper time measured
since we have described the lapse function using the Levi-Civita connection. From equation (6.22),
it follows that the ADM evolution equation for the spatial metric is

8,5%-]- = —QOzKij + 3Diﬁj + 3Dj,3i . (653)
In addition, we note that the evolution equation for the trace of the spatial metric is
Oy 11171/2 = —aK +°3D;p". (6.54)

We now wish to derive the evolution equations for the extrinsic curvature tensor as well as its trace.
Let us first define the stress-energy tensor and effective stress-energy tensor as

o

Sap =YY T s and  Sap =98 T (6.55)
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respectively. By making use of the torsion-free Ricci equation (6.39), one can obtain the following
evolution equation for the extrinsic curvature tensor

0K =a (3Rij + KK — 2K,-kKkj> + BRDLK; + KD, BF + K °Dip"

° 1 0 o
— 8 <SZJ — E%j <S — p)) — SDZ'SDJ'O( . (6.56)

It follows from the above expression that the evolution equation for the trace of the extrinsic curvature
tensor is

O K = 4ra <S + B) +aK; K9 + P K —3D%a . (6.57)

We have thus obtained the ADM equations for the EC theory of gravity.

6.4 The GBSSN formulation of the Einstein-Cartan theory of gravity

In [19,20], a discussion of the so-called Baumgarte-Shapiro-Shibata-Nakamura (BSSN) formulation of
GR is given. In this formulation, it is assumed that the determinant of the conformal spatial metric
is unity. As pointed out in [25,31], the conformal spatial metric is not unity in spherical coordinates.
For this reason, a Generalised-BSSN (GBSSN) formulation is presented in [25]. In this section, we
wish to apply this method to the EC theory of gravity. That is, we will obtain the GBSSN formulation
of the EC theory. As the GBSSN formulation is a modification of the ADM formalism, we will make
use of the results derived in the previous section. In Section 6.4.1, we will first discuss conformal
transformations on the Riemann-Cartan space-time Uy which will be required when we derive the
GBSSN formulation of the EC theory.

6.4.1 Conformal transformations on U,

Here, we introduce the conformal spatial metric, the conformal torsion tensor and the subsequent
transformations that will allow us to construct the BSSN formulation of the EC theory of gravity.
We begin by introducing the conformal spatial metric tensor, which we shall denote as %, through
the expression

Vij = e'yi; (6.58)

where ¢ is a scalar function and is referred to as the conformal factor |5,19]. We now wish to consider
the action of the Cartan covariant derivative on the conformal spatial metric. Let us first define the
type (1,2) tensor field C through the following expression

ko._axk 3Rk
%y = T ij - ij (6.59)

=k
where the T ;; denote the connection coefficients of the conformal three-dimensional Cartan covariant
derivative 3V;. Let us now consider the action of the three-dimensional Cartan covariant derivative
on the conformal metric tensor:

Nvij = 4€* Vi (6.60)

We notice that the above expression with the three-dimensional Levi-Civita covariant derivative used
instead of the three-dimensional Covariant covariant derivative holds. Let w denote a spatial dual
vector field. The tensor field C' allows us to write

3Viwj = 3’%wj — Ckijwk . (6.61)
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We can write the action of the three-dimensional Cartan covariant derivative on the conformal metric
tensor as

NTij = Vi — Clg — Clkﬂil ; (6.62)

and we note that the first term on the right-hand side of the above expression vanishes. We now wish
to obtain the resulting conformal transformation of the Cartan connection coefficients, i.e., we wish
to find Ckij in terms of the spatial metric. By making use of the above expression, we have

0= —Ni%ij + NVivjr + NV ki

= 4e* (=" Vb + 1k Vid + iV ;0) + (Clik - Clki) M+ (Cljk- — Clkj) i + (Clij + Clji) ik -
(6.63)

Having already introduced the conformal transformation of the spatial metric tensor, we now require
the conformal transformation of the torsion tensor in order to evaluate the right-hand side of the
above expression since

k k k ik
where 3Tkij = 31:“]2-]- — SIiji is the three-dimensional conformal torsion tensor. Following [79], we note
two possibilities for how the three-dimensional torsion tensor transforms?. The first such possibility

is referred to as weak conformal symmetry of the three-dimensional torsion tensor and implies that
the torsion tensor does not transform at all, i.e., we have

Tk =T (6.65)

The second option for a conformal transformation of the three-dimensional torsion tensor that we
note here is referred to as strong conformal symmetry of the three-dimensional torsion tensor and is
such that only the trace component undergoes a transformation, i.e., we have

TE =Tk 4 (5?&» - 55@-) 7, (6.66)

where h and o are some C' functions on the hypersurface 3. In this note, we consider only weak
conformal symmetry and therefore the tensor field C' is symmetric in its second and third indices.
It therefore follows from equation (6.63) that the three-dimensional Cartan connection coefficients
transform as

3fkij = T8+ 29" (Vi + 1™V b — i V1) (6.67)

where v denotes the inverse of the spatial metric tensor. Let us now turn our attention to deriving
the conformal transformation of the three-dimensional non-null torsion Riemann tensor. For a spatial
dual vector field w, we have

where we have made use of the fact that we are considering weak conformal symmetry of the torsion
tensor. Following from the above expression, one can obtain the following expression which describes
the conformal transformation of the three-dimensional non-null torsion Riemann tensor:

3p 1 _3p 1 ! l m Al
Having discussed the conformal transformations of the spatial metric and the three-dimensional tor-
sion tensor, we are now in a position to derive the GBSSN formulation of the EC theory of gravity.

3In fact, there is a third possibility for the conformal transformation which is rather complicated and we do not
mention here. The interested reader is directed to [79] for information regarding this.
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6.4.2 GBSSN evolution equations

In this section, we discuss the GBSSN formulation of the EC theory. For a discussion on the BSSN
formulation of GR, the interested reader is directed to the work [19,20] by Baumgarte and Shapiro.
The BSSN formulation is a modification of the ADM equations. This modification arises by making
use of the conformal transformations in the previous section. That is, as an example, instead of
evolving explicitly the spatial metric, one evolves the conformal spatial metric as well as the conformal
scalar. In the standard BSSN formulation, one makes the requirement that the determinant of the
conformal metric be unity [19,20]. That is, in the standard BSSN formulation, one takes ¥ = 1.
This is particularly useful for 3D numerical simulations where the coordinate system is Cartesian.
The reason for this is that the Minkowksi metric in Cartesian coordinates has a determinant of
unity. In this thesis, we are interested in obtaining simulations for spherically symmetric solutions.
For such simulations, we will be making use of spherical coordinates. In spherical coordinates, the
determinant of the Minkowksi metric is not unity. Therefore, one cannot make use of the standard
BSSN and instead must consider the so-called Generalised-BSSN (or GBSSN) formulation which was
first presented by Brown in [25]. In this section, we give the GBSSN formulation of the EC theory of
gravity by following what is done in [19,20, 25, 31] for the case of GR.

Let us begin by deriving the evolution equation for the conformal factor ¢. As already mentioned,
we do not impose the requirement that the determinant of the conformal spatial metric be unity.
Instead, we impose the following condition on the time evolution of the determinant of the conformal
spatial metric [25, 31]

(0 — £5)Ing = —2v 3Dy " . (6.70)

In the above, the parameter v is either 0 or 1. In the case where v = 0 the above is referred to as the
Euler condition whereas in the case where v = 1 the above is referred to as the Lagrange condition.
In order to derive the evolution equation for the conformal scalar, let us first take the determinant of
equation (6.58) in order to obtain

_ In(v/9)
¢ =— T (6.71)

We can make use of this expression together with equation (6.54), which describes the evolution of
the determinant of the spatial metric, in order to obtain the following

O = %K - %8k6k + 0880 — %5’@ In7%/2 . (6.72)
In the above we have made use of the expression given below which follows from equation (6.67)
STh,; =°T%,;—6 090, (6.73)

where we have denoted the connection coefficients of the three-dimensional conformal Levi-Civita
connection as T kl-j. Let us now turn our attention to studying the evolution of the trace of the
extrinsic curvature tensor. We first decompose the extrinsic curvature tensor, K, into a traceless
component and a trace component, i.e., we write
1
Kij = Aij + gK’Y’U R (674)

where the tensor A has zero trace. We now allow the tensor field A to undergo the same conformal
transformation as the spatial metric, i.e., it is rescaled as

Aij = €4¢Aij . (675)

As per the above rescaling, we note that we have f_lijf_lij = Aiinj. Turning our attention to the
previous evolution equation for the trace of the extrinsic curvature tensor, which is given in equation
(6.57), we now write the evolution equation as

o ° .. 1 [e)
0K =4ra <S + p> + <Az~jA” + 3K2> + B*0 K — D%a . (6.76)
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Let us now turn our attention to obtaining an evolution equation for the conformal spatial metric
~. We begin by noting that, from the definition of the conformal spatial metric, we have the following
expression for its time derivative

6_4¢8t’7ij = at’yij + 4’}’@‘6&5 . (677)
By making use equations (6.53), (6.72) and (6.74) as well as the fact that

2%(@'3F§)1 = 0ij » (6.78)

one can obtain the following evolution equation for the conformal spatial metric 5

_ 2 2
Oy = —2aAj + 293,05 B* + B0k + 4 (v — 1) 38O — gv%'@kﬁk - gv’%g’ﬁk@k Iny/? .
(6.79)

We now turn our attention to finding an evolution equation for the tensor field A. From equation
(6.75), which gives the rescaling of the traceless part of the extrinsic curvature tensor, we have the
following expression for its time derivative

€_4¢8t14ij = 4Aij8t¢ + 615141']' . (6.80)

By substituting equation (6.72) and the traceless part of equation (6.56) into the above expression as
well as by making use of the fact that

3DkAij + QAk(iSDj)ﬁk = ﬁkakA” + 2Ak(za]),8k s (6.81)
one can obtain the following evolution equation

TF °
¥+ ae*RIF — 8rae'?STF

(]

8tflij = —QOéAikAkj + OzK/L;j — 64¢ (3Di3DjOé)

2v < - 20 -
3 Ay B0, 32 + 4 (v — 1) Ai; B0 — §A¢j8k6k . (6.82)

+ 245,,0;) 8" + BEOp Aij —
In the above, we follow the notational covention that is used by the authors of [19] and use the
superscript TF to denote the traceless part of the given object. The last evolution equation that we
wish to obtain is that of the so-called conformal Levi-Civita connection functions defined as [19]

3T = —9,7Y7 — 719 In 712 . (6.83)
The evolution equation for the Levi-Civita connection functions reads?
_. .. e 4 . .. _. _ .
0y T = 2a°T" L ATV — 16707 ™ ji), — gofylkBkK —12aA499;¢ + 4(1 — v) 3T * O —3T* 5y B°
—2499;0 + BFOCT + 7% 0,0,8" + 2(1 — v)7! 098" + 2(1 — v)7" BF OOk

20 q= 0 o .
n ?” 373k, In7Y/2 + g 30, B + %w (ajakﬁ’f + 0, In7Y20,8" + 3£9;0, hwl/?) . (6.84)

In this section, we have derived the GBSSN formulation of the EC theory of gravity. This was
carried out by modifying the ADM formulation of the EC theory of gravity which was constructed
in the previous section. More specifically, we replaced the ADM evolution equations for the spatial
metric tensor and the extrinsic curvature tensor with evolution equations for the conformal scalar,
the trace of the extrinsic curvature tensor, the conformal spatial metric, the rescaled traceless part of
the extrinsic curvature tensor and the conformal Levi-Civita connection functions.

Up until now, we have not discussed a 3 + 1 decomposition of the energy-matter content. As
mentioned in Section 4.2, the EC theory reduces to GR in the case of a vanishing spin-current tensor.
This means that, in order to obtain results that may differ from GR, it is necessary to consider a
non-vanishing energy-matter content. In the following section, we follow what is done in [30] in order
to obtain a 3 + 1 decomposition of the energy-matter content for the EC theory of gravity.

“For a derivation, the reader is directed to the Mathematica notebook ADM and GBSSN_ EC_theory.nb
which was constructed by the author and is available at https://www.dropbox.com/sh/cfybc2cysixchlz/
AACjKqONHComUPoXcZz90DH7a?d1=0.


https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0

104 Chapter 6. ADM and GBSSN formulations of Einstein-Cartan theory

6.5 Decomposition of the energy-matter content

Let us turn our attention to constructing a 3 + 1 decomposition of the energy-matter content. In
doing this, we wish to obtain a set of evolution equations for the energy-matter content. Here, we
carry out the decomposition by following what was done by Gourgoulhon in [30] for the case of GR.
Since, in the presence of torsion, the energy-momentum tensor is not necessarily conserved, we do
not study this tensor directly when carrying out our decomposition. Instead, we study the effective
energy-momentum tensor given in equation (4.56) which is both conserved as well as symmetric.
Following what is done in [30], let us define the effective stress-energy tensor through the contraction
of the effective energy-momentum tensor with the spatial metric

Spv = Yua VTP . (6.85)

Substituting in the definition of the spatial metric into the above expression yields

o

S =T + nunﬁTgy + nynﬁ%# + n#nynanﬁ’ﬁm . (6.86)
By defining the effective energy density as
pi= nn" T, (6.87)

and the effective momentum density as

Jp = —YunsT"", (6.88)

we obtain the following expression from equation (6.85) after rearranging [30]

Tow = Sy + 20,5y + P, - (6.89)

We have thus obtained the 3+1 decomposition of the effective energy-momentum tensor which is
given above. Let us now turn our attention to obtaining the 341 evolution equations for the energy-
matter content. From the torsion-free differential Bianchi identity, we know that the effective energy-
momentum tensor is conserved and thus

0=D,T", = DyuS", + j*Dyny + nyDuj" + j,Dunt + Drjy + 1y Dpp + pry, Dun' + pDpm, .
(6.90)

By substituting in the extrinsic curvature tensor and making use of the fact that the effective mo-
o

mentum density 7 and extrinsic curvature tensor K are orthogonal to the unit normal vector n, we
obtain

0=D,T" = D,S", — j*K,, +n,Duj" — Kj, + Dnj, + n,Dnp — pKn, + pa,, , (6.91)

and we remind the reader that K is the trace of the extrinsic curvature tensor. By contracting the
above expression with the unit normal vector to the hypersurface X, we obtain

0 =n"D,T", =n"D,S", — Duj* — j*a, — Dpp + pK . (6.92)

Let us now study the right-hand side of the above expression. Consider the action of the three-
dimensional Levi-Civita covariant derivative on the effective momentum density:

(e}

SD,ujM = 'YMVDV].M = D,uj“ - jyaz/ . (693)

In addition, the first term on the right-hand side of equation (6.92) can be written as

n’D,S", = =S¢, D,n" = S"K,, , (6.94)
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where we have made use of the fact that the effective stress-energy tensor S is orthogonal to the unit

normal vector field n. Lastly, we note that the fourth term on the right-hand side of equation (6.92)
is nothing more than £nz, i.e., the Lie derivative of the effective energy density with respect to the
unit normal vector to the hypersurface . By making use of the above expressions as well as the
vector field ¢, we obtain the following from equation (6.92)

8p = a (Kijsfj ~3D . j+2j-a+ BK) + 50 (6.95)

and we have written the above expression using spatial indices. The above expression describes the
evolution of the effective energy density obtained by contracting equation (6.90) with the unit normal
vector field. Let us now consider the contraction of equation (6.90) with the spatial metric. Such a
contraction yields the following

0=7,"DyT" =7,"DuS", — i K,y — Kjo +4," Dy + pao . (6.96)

where we have introduced the extrinsic curvature tensor K on the right-hand side of the second
equality. Now, we note that the first term on the right-hand side of the second equality can be
written as

v,/ D, S*, =~ °D,S*, + S a, . (6.97)

Furthermore, we note that the Lie derivative of the effective momentum density with respect to the
unit normal vector yields

[e) o

Enjo ="y Dnjv — 7" Ko . (6.98)

It follows that, after the introduction of the vector field ¢, equation (6.96) becomes
Biji = a <3Djsﬂ'i + Skar — Kj; + Ba,;) + £gJi , (6.99)

which is the evolution equation for the effective momentum density.

In this section, we have obtained the 3+ 1 decomposition of the energy matter content for the EC
theory of gravity. In particular, we have derived the energy conservation equation, which is given in
(6.95), as well as the momentum conservation equation, which is given in (6.99).

6.6 GBSSN equations in spherical symmetry

In Section 6.4.2 we obtained the GBSSN equations for the EC theory of gravity. In this section, we
wish to study these equations for the case where the conformal spatial metric tensor is spherically
symmetric. The spherically symmetric, vacuum GBSSN equations for GR have been obtained before
in 2,26, 31|. Here, we shall extend these equations for the inclusion of torsion according to the EC
theory of gravity. Here, we present these equations by adding the necessary modifications to what is
done in [2,26, 31].

6.6.1 Evolution equations

Here, we make use of spherical coordinates® (r,6,v). Since we take the conformal spatial metric
tensor to be spherically symmetric, we can write this tensor 4 as follows

Yer 0 0
=1 0 A0 0 , (6.100)
0 0 Apgsin?@

®We note that we have used 1) to denote the azimuthal angle and reserved ¢ to denote the conformal scalar.
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Furthermore, we make the following ansatz for the rescaled traceless part of the extrinsic curvature
tensor

(! 0 0
Aij = Apr | 0 =700/ (27rr) 0 : (6.101)
0 0 ~op sin” 0/ (27rr)

As pointed out by Brown in [31], while in three-dimensional simulations it is necessary to ensure that
A;; is traceless, this is not necessary here since A;; is traceless by construction.
The ansatz for the conformal Levi-Civita connection function is
3fv’
3T = [ —cos@/ (Jpgsinb) | . (6.102)
0

With these assumptions in mind, we now turn our attention to stating the evolution equations. We
begin with the evolution equation for the lapse which we take to be

O = 1 ora — 2K . (6.103)
In addition, we take the evolution equation for the shift vector to be
0B" = B" + pu2B"0.8" , (6.104)

where B" is referred to as the auziliary field and has the following evolution equation

0B" = pu30PT" + 1870, B — pus "0, —nB . (6.105)

In the above, we have introduced the gauge parameters w1, pa, ps, t4, pi5,7 € R. These parameters
are constant and will be specified later on when carrying out our simulations. We note, however, that
it is necessary that pug does not exceed 3/4 in order to ensure that, at first order, the shift vector does
not propagate faster than the speed of light. For an explanation of this fact, the interested reader is
directed to [126].

From equation (6.72), one can show that the evolution equation for the conformal scalar function
is

(6.106)

8t¢:zK_Zar6T+v6rar¢_vﬁ <a7“77"7”+287’700> )

12 '77“7’ :}’99

Equation (6.76) in this coordinate system gives the following evolution equation for the trace of the
extrinsic curvature tensor

° 4¢ = _
0K = 4ra (S + ;;) - 6_7 (83& — W —2(8,9) (Bra) + W)

342, K?
T Tr . 107
+a(2’y721r+3>+/88[( (6.107)

For the (r,r) component of the conformal spatial metric, equation (6.79) gives
- v
at:}"rr = _204Arr +2 (1 - g) :)/rrarﬁr + 6T8r’_)/rr +4 (U - 1) ’_)/TT/BT8T¢
Oy 20,5
I ( e, _Wee) | (6.108)
3 Yrr Y66
Similarly, equation (6.79) yields the following evolution equation for the (#,60) component of the
conformal spatial metric

aygpA 2v
T = S0+ B0 G0 + 4 (0 = 1) F00 500
T

o Eﬁ@@ﬁr <ar'7rr + 287"709)
3 _t — ] .

OtYpe =

(6.109)

Yrr Yoo
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We now turn our attention to obtaining the evolution equation for the rescaled traceless part of the
extrinsic curvature tensor given the assumptions in equations (6.100) and (6.101). In order to do this,
we first wish to find the components of the three-dimensional torsion-free Ricci tensor

SRec = 04T, — 0T, +31¢, 514, —31°, 51, . (6.110)
The non-vanishing components of the conformal three-dimensional Levi-Cevita connection coefficient
are
- Or7 — - Or - - 07
37r _ Yrilrr 370 30 Or760 3pr 31 -2 700
. =—, % , =°T = —, 'y, =°T sin“f = ———— |
" 2'77’7’ 0 Y 2'790 o ww/ 27rr
370 spp_ cosf
I%,, = —sinfcos6 ., = . 6.111
wip sinf cos @ , i Ralcny ( )
In addition, we have
2%900r ¢

Ch,=Cly=C", =200, Clyy=C"y,/sin’0=— , (6.112)

Vrr

and thus, we find that the non-vanishing components of the Levi-Civita connection coefficient are

Or7 O cos
3pr _ Orrr 3pe _3py 978 3P
., =— —20 % ,="I"_ = — 20 r,=—
rr 2:}/7? r¢ ) ro ri 2,799 Td) ) Yo sin 6 )
. : o0 | 27000, ¢
310 37 3 2 r T
r = —sinfcosf ", =T sin“f = ——— + — . 6.113
b 00 py! % . (6.113)
In addition, we make note of the following derivatives
930 — 03'77‘1" _ (87“71"7")2 — 9292 9.3rd, — 3377"7" _ (3,/%02 872:'_)’99 _ (8/799)2 — 692
dLl rr — 5= 5 r¢’ r Lo dr — 5= —5 + — 5 r¢7
2 272, 2%y 277 Yoo Yoo
2
3pY cos” 6 3P0 2 .2
89F¢9_—1—Sin26 09Ty, = —cos™0 +sin" 0 ,
) 3Fd _ 81?’796 (87"5/99) (87"77"7“) 287"’_7698r¢ 2769 (arﬁrr) (8T¢) 2’79983¢ 114
d g = ——=— + —5 + — — —3 + — . (6.114)
271”1“ 277"7' 77”7” 77"7" ’YT‘T

We can now compute the components of the three-dimensional torsion-free Ricci tensor which are
given below

92~ 000 )2 2
SRy = — %Z;G i ?299) + 4026 + BT0 ST, — 2 (31“%) . (6.115)
06
0%~ Ory Or 20,7900
3R99 :SRiﬁd}/ Sin2 90— _ r:Y@H + ( 7’799)_(2 r")/rr) + T’Z@Q @
2%y 275, Yrr
2500 (0r7 0, 299002
_ Zoo T;;")( & + 79; ro +3T7 T 1 (6.116)
rTr rr

It follows that the three-dimensional Ricci scalar is
°R 23;?rr/7rr + 2 Rog /700 - (6.117)
We can now determine the (r,7) component of the traceless part of R;;
SRIY = ; CRyr — 5 Roo/T00) - (6.118)
In addition, in order to compute the right-hand side of the evolution equation for A,,, we require

) _
¢D2D.a)'" = 3 (afa 37 Do+ %31“7"99&0() . (6.119)
oo
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By making use of equation (6.82), we can now write the evolution equation for A,, as follows

_ 2 A2 o o TF o _ _
A, = f‘y "+ KA, — et <D DToz> +ae®3RIF 42 (1 — g) A0, 8" + 870 Apr
Tr

Yrr Yoo

Lastly, through the use of equation (6.84), we can write the evolution equation for the conformal
Levi-Civita connection function as

2aAT,,3fT _QQAWSFT 400, K 1204,,0,¢

TIrr 28’[‘_ p
+4(w—1)A4,B"0vp — =An " ( Jrr _%’9) — 8raet?STE (6.120)

T = == — - +4(1—0)’T"B70,¢
t Ve o A Y3 A Vo (=) '
_3[g, 4 — QAMG o 5O 4 5257" L2(1-v) 8T¢i67n57” N 2(1 —_v) Bro2e
7‘7" Yrr Yrr Yrr
Ugrrﬂq« < T’Yrr 281”709) 4 Q—U?’f""&ﬂr . 16?—04]7”
3 Yrr Y66 3 Trr
_ _ — \2 — — 2
+ 2 62BT + aTﬁT < r:)’rr + 57:799) + ﬁr 83_’77’7" . (ar/z/;r) + 8%799 . (@_7;9)
?ww 2% e 2%y 2%y Yoo Yoo

(6.121)

We have now written the GBSSN evolution equations for the EC theory of gravity given the
assumptions in equations (6.100), (6.101) and (6.102).

6.7 Puncture evolution with GBSSN

In this section, we carry out a numerical evolution of a black hole (BH) puncture using the GBSSN
formulation of EC theory. Here, we take the conformal spatial metric to be spherically symmetric
and consider the case of a vacuum. Since we are considering a vanishing energy-matter content, the
EC description coincides with the GR description. We note that such a study has been carried out
before in [2,26,31]. Here, we follow what is done in these aforesaid references in order to construct
our 1D code used for BH puncture evolution. We leave the inclusion of torsion into this 1D as the
subject of future work.

6.7.1 System of evolution equations

In carrying out our numerical simulations, we do not evolve the GBSSN equations given in Section
6.6.1 as they are stated. Instead, we have found that by inroducing new quantities, as was done
in [26], we obtain a more robust and stable code. Below, we outline the modified system of GBSSN
equations used for our simulations.

By following what was done in [26], we define a := 7., b := 799 /7% and A, := A,”. We now wish to
introduce these new quantities into the GBSN evolution equations and, in addition, find the evolution
equations for these new variables. The evolution equation for the lapse function is unchanged and,
for completeness, state the equation below again

Orov = 1 B7a’ — 2K | (6.122)

where we have used a prime to denote partial differentiation with respect to r. The evolution equation
for the conformal scalar, equation (6.106), can now be written as

_ O Vg grg 4.2
o= K — " +vp'¢ — <a+ +5) - (6.123)

The evolution equation (6.107) for the trace of the extrinsic curvature tensor is now written as

4¢ a 2 b, 2 K2
8tK——a[a —a <2 +¢>—T—b>}+ <A+3>. (6.124)
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For the radial component of the conformal spatial metric, equation (6.108) gives us the following
evolution equation

/ /
O = —20ad,+2 (1= 3) aB” + 87 +4(v 1) af’¢ - Lo’ (‘; + % + 22’) . (6.125)

By making use of equation (6.109), one can find the following evolution equation for the new variable

b
267b

2 o420
Ob = abA, — Evbﬁ“ + B 4w 1) — Cpar <‘; +-+ ) . (6.126)

3 b

Before moving on to state the remaining evolution equations, we wish to make a note on the
evolution equation for the shift vector given in equation (6.104). In this equation, one makes use of
the conformal connection function ®I'". In Minkowski space-time, one has 3" = —2/r which implies
that the conformal connection function is singular at the origin. This led Brown to introduce a
regularised conformal connection function in [31]. This regularised connection function was of the
form3T7, := I + 2/r. WhileI'7,, is not a true tensor, the regularised quantity

reg ° reg

_ _ a0 _ 2
A" ::3Fr _S,szrrij " E , (6.127)

[e]
where SFkij is obtained from the Minkowski metric in spherical coordinates, is in fact a true tensor.
The constraint equation for this quantity can be written as

_ a’ v 2 2

AN — — — + — — — 6.128

2a2  ab + rb  ra ( )

This regularised quantity was made use of in [26] and is what we introduce into our 1D code. To this
end, we introduce the following quantity

Akij :3Fkij _31“’3.]. . (6.129)

We will introduce this into the construction of the Ricci tensor. For now, let us write the evolution
equation for A,

4¢ 4¢
Oida = aK Ay — — (DDra) " + IR 4 54 (6.130)

We remind the reader that the superscript TF is used to denoted the trace-free part of the tensor.
On comparing the evolution equation for A, with the evolution equation (6.120) for A,., one can
notice that for A, the evolution equation contains only one term that carries a dependence on the
shift vector. This is the advection term which appears as the last term on the right-hand side of the
above expression.

In order to compute the right-hand side of the above expression, we note that

¢D2Dya)""

2
=3 [0/’ . (r n r%)] . (6.131)
In addition, we also note that the (r,7) component of the trace-free part of the Ricci tensor is as
follows

12 b d a v — 2 /1 a’?

3 pTF / T/ 924"
R - — 5 — - — -~ 5 4 a a A — - - ~ o
" r2 rb 20 2a <2a2 ab) [ rb (7’ b )] 2a?

!/

a (2 Vv 2 v d a °

An important note to make is that we have introduced A’ into the above expression. In addition,
we note that our code is more stable when we use the common practice of including A" into the
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evolution equations only when it appears differentiated. This is also what is done by Brown in [31]
when introducing 3Ffeg.
It now remains to find the evolution equation for A”. By making use of equations (6.121), (6.128)

and (6.126) we obtain

. 2004, (= _ 4aK'  120A,¢ a b2
Ar =2 (1r" +1%,)—= — 41 -0 — — — —
% a ( r Tg) 3 a a +al-v)fe <2a2 ab ar>
/ b/ 2 2Aa / B 2 2b/ T/ 2(1 — ! Qr! 2(1 — T
_ afg_i_i Br/_ia_i_ﬂr ATI+T+T +B + ( U)(ZS/B + ( U)Bd)
2a ab ar a r?b  b*r a a a

N vB" [ d b2 a’ N 4 N 20 N 208" [ d b2
3 \2¢2 ab ar a T b 3 202 ab ar
! / " 12 / /
oy g0 2 UN el e fa b
Fr+h <2a+r+b> ﬁ(a a? a<2a2 ab)
a” CL/2 b// N b/2 N a/b/ N 2a/ N 2
_ a — — — — — —_— — — —
202 a3 ab  ab?  a?b  a?r  ar?

2 287D

rb2 r

v
3a

2 roo4 20
abAy — 2bp" + T2 L B 40— 1) — bp (L 24 2 (6.133)
3 3 a T b
In the above expression, we have only included A™ when it appears differentiated and as part of the
advection term S"A™. )
Having now stated the evolution of A", we can now write the evolution equation for the shift.

This is given as follows
OB = B" + w8 . (6.134)

For the evolution equation for the auxiliary field B", we replace the conformal connection function
with the regularised quantity A”. That is, we use

OB" = s AT + paf B — us A — B . (6.135)

This choice of gauge is referred to as the Gamma-driver condition [26,31]. In our analysis, we
follow [2,26]| and set po = pg = pus = 0 and we set u3 = 3/4. In addition, we set the dampening
coefficient to n = 3/2. For the evolution of the lapse function, we set p; = 0 in equation (6.103).
Furthermore, since we are conisdering the case of a vacuum, we have already set 7;; = 0 and sk” = 0.
As a result of Theorem 4.2.1, it follows that, since the spin-current tensor is vanishing, we have a
vanishing torsion tensor. Therefore, the GBSSN equations used here are the same as when considering
GR. As noted in [31], the Lagrange condition is more physical than the Euler condition and, therefore,
we set v = 1 in our analysis.

Lastly, in order to obtain better stability, instead of evolving the conformal scalar function ¢, we
evolve the quantity x which is defined below

Y = e . (6.136)

This is also what is done in [2,26].

6.7.2 Numerics and initial data

In the construction of our 1D code, we make use of the fourth-order Runge-Kutta (RK) method to
evolve the system of evolution equations given above. Before stating these methods, we first wish to
make a note on the grid construction used. Here, we use a staggered grid approach by placing the
origin between the first two grid points. That is, we construct our radial gid points, 7, as [31]

rn=(—=1/24+n)dr, (6.137)
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where dr is our space-step and n € {0,..., N — 1}. In addition we note that, for our analysis, we
set N = 30000 in order to place the outer boundary sufficiently far-away. For the space-step, we use
dr = 0.01 and for the time-step we use d¢ = dr/2. Furthermore, we set the mass of the BH to be
M =1.

It is clear from the above construction that the origin lies between the grid points rg = —dr/2
and . = dr/2. We now wish to state the initial data to be used. For the lapse function, we make
use of the so-called pre-collapsed initial data, which is also used in [31], which is of the form

a(r,0) = < + ]2\9_2 : (6.138)

where M =1 is the mass of the BH [26]. For the components of the conformal spatial metric, we use
the initial data associated with a unit 2-sphere, i.e., we use

a(r,0) =b(r,0)=1. (6.139)

In order for the spatial metric to be the Schwarzschild BH solution at the initial state ¢t = 0, we take
the initial data of the conformal scalar function to be

-2

¢(r,0) = —In <1 + g{) = x(r,0) = (1 + ]2%) . (6.140)
Lastly, we take the initial data for the trace and rescaled traceless parts of the extrinsic curvature
tensor to be vanishing, i.e., we set K(r,0) = A,(r,0) = 0.

Having stated the initial data, we now wish to mention the boundary conditions that are used in
our analysis. Here, we make use of symmetric boundary conditions for scalars as well as type (0,2)
tensors at the inner boundary. For vectors at the inner boundary, we use antisymmetric boundary
conditions. More specifically, we set a(rg, t;,) = a(r1,tm), a(ro, tm) = a(ri, tm), b(ro,tm) = b(r1,tm),
X(r07tm) = X(Tlatm) K(r07tm) = K(Tl,tm) A (To,tm) = A, (r17tm) /Br(roatm) = Br(rlatm)
B"(ro,tm) = B"(r1,ty) and A" (rg,t,m) = A"(r1,t,). For a more in-depth discussion on this choice
of inner boundary conditions, the interested reader is directed to [126]. For the outer boundary
conditions, we simply freeze the last grid points according to the initial data. That is, we set
a(ry—1,tm) = a(ry-1,t0), a(rv—1,tm) = a(rn-1,%0), b(rn-1,tm) = b(ry_1,%0), X(TN Litm) =
X(rn-1,t0), K(rn—1,tm) = K(rn-1,%0), Aa(rn-1,tm) = Aa(rn-1,%0), B"(rN-1,tm) = B"(rN-1,10),
BT(T‘Nfl,tm) = B" (TN 1,t0) and A (’I“N 1,t ) = A (’I“Nfl,to).

We now turn our attention to the time evolution of the GBSSN equations. Below, we briefly
discuss the fourth-order RK numerical scheme which is used to evolve the system. For this scheme,
we set the time step to be dt = dr/2. In addition, for advection terms such as "a’, we use the
forward finite-difference scheme to calculate first-order spatial derivatives. That is, for some quantity
X, we write

X(Tn—i-l: tm) - X(Tny tm)

O X (T, tm) = i

(6.141)

For all other derivatives, we use a second order finite difference stencil. That is, we calculate the
first-order spatial derivatives using [127]

X(Tn—&-lv tm) — X(r’ﬂ—la tm)

Or X (T, tm) = 5 dr ) (6.142)
and calculate the second-order spatial derivatives using
X tm) — 2X (rp, t X(rp—1,t
82 X (1 tm) ~ (Tn42,tm) (ns tm) + X(rp—1,tm) ' (6.143)

dr?

We now wish to briefly outline the fourth-oder RK method following [127]. Let
X; € {aya,b,x, K, A,, ", B", A"} and let f; denote the right-hand side of the GBSSN evolution
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equation associated with X;. Given X;(ry,t,,), we calculate the quantity X; at the following time-
step through

Xi(rn,tmy1) = Xi(rn, tm) +dr (k1 + 2k2; + 2ks; + ka i) /6, (6.144)
where we define
ki = fi(X;) , (6.145)
koi:=fi <X]~ +drk;’j> : (6.146)
ksi:=fi (Xj + drk;’]) , (6.147)
kai:= fi (X;+drks;) . (6.148)

By making use of the above scheme, we evolve the vacuum GBSSN equations using the Gamma-
driver condition. We remind the reader that, for our analysis, we consider the case where n = 3/2.
In addition, we note that we carry out our simulations for up to t = 100M in order to show the
behaviour of the solutions for later times as well as to demonstrate the stability of the code.

6.7.3 Results

Here, we present the results obtained using our 1D code®. In Figure 6.1, we plot the lapse function
against /M at time values of ¢ = OM, 5M, 10M and 15M. In the left plot, we show the lapse
function for all 30000 grid points. In the right plot, we show the lapse function for the first 3000 grid
points. In Figure 6.2 we show the radial component a for ¢t = 0, 5M, 10M and 15M. In the left plot,
we show a for all 30000 grid points whereas in the right plot we show a for the first 5000 grid points.
Figures 6.3 and 6.4 show the plots of the shift 5" and In(1 — x) respectively.

In Figure 6.5, we plot a against r/M at time ¢ = 100M. Similarly, in Figure 6.6, we plot "
at time ¢ = 100M. In Figure 6.7, we plot the maximum value of a in the left plot as well as the
maximum value of 8" in the right plot. These maximum values are plotted against time up until
t = 100M. We also plot the log of the root-mean-square (RMS) values of the Hamiltonian constraint
H up to t = 100M in Figure 6.8. It is evident from Figures 6.7 and 6.8 that the numerical solution
starts to converge around t ~ 20M as expected [2—4].

We also plot the apparent horizon position and mass. In order to calculate the position of the
apparent horizon, we make use of the so-called apparent horizon function given in [128| and stated
below

2" 2 ¥ 2K
O(a,b,x, Ag, K) = X <—X + - + > +A,— —. (6.149)

In order to find the apparent horizon, ra, we solve the equation ©(a,b, x, Aq, K) = 0 at each time-
step. For a detailed discussion on finding apparent horizons in the context of numerical relativity,
the reader is directed to [128] by Thornburg. Once we have determined ray for a given time-step, we
calculate the apparent horizon mass. This is done by evaluating the below expression at rayg

Mg = Y0V (6.150)

2x

In Figure 6.9 we plot the position of the apparent horizon as well as the apparent horizon mass
May in the left and right plots respectively. It is evident from these plots that the apparent horizon
position and mass begin to stabilise around ¢ ~ 20M. In addition, we note that the apparent horizon
mass remains within 1.6% of unity for the entire duration of the simulation. We also note that, at
t = 100M, we have rag ~ 0.977 and Mayg =~ 1.005.

5This 1D code constructed by the author is available at https://www.dropbox.com/sh/cfybc2cysixchlz/
AACjKqONHComUPoXcZz90DH7a?d1=0 and is entitled numerical simulation.cpp. In addition, we have also made available
the Python codes that were used to plot the results.


https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
https://www.dropbox.com/sh/cfybc2cysixchlz/AACjKq0NHComUPoXcZz90DH7a?dl=0
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Figure 6.1: Plots of the lapse function o where we have taken the damping coefficient to be n = 3/2.
In the left plot, we have shown the lapse function for all 30000 grid points whereas in the right plot
we have shown this quantity for the first 3000 grid points. In both plots, the top-left panel shows
the profile at t = OM, the top-right at ¢ = 5M, the bottom-left at t = 10M and the bottom-right at
t=15M.
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Figure 6.2: Plots of the radial component a where we have taken the damping coefficient to be
17 = 3/2. In the left plot, we have shown the radial component for all 30000 grid points whereas in
the right plot we have shown this quantity for the first 5000 grid points. In both plots, the top-left
panel shows the profile at ¢ = OM, the top-right at ¢ = 5M, the bottom-left at ¢ = 10M and the
bottom-right at t = 15M.
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Figure 6.3: Plots of the shift 5" where we have taken the damping coefficient to be n = 3/2. In the
left plot, we have shown the shift for all 30000 grid points whereas in the right plot we have shown this
quantity for the first 3000 grid points. In both plots, the top-left panel shows the profile at t = 0M,
the top-right at ¢ = 5M, the bottom-left at ¢t = 10M and the bottom-right at t = 15M.
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Figure 6.4: Plots of In(1 — x) where we have taken the damping coefficient to be n = 3/2. In the left
plot, we have given the profile for all 30000 grid points whereas in the right plot we have shown this
quantity for the first 3000 grid points. In both plots, the top-left panel shows the profile at t = 0M,
the top-right at ¢ = 5M, the bottom-left at ¢t = 10M and the bottom-right at t = 15M.
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Figure 6.5: Plots of the radial component a for the case where n = 3/2 at ¢ = 100M. In the left plot,
we show the radial component a for all 30000 grid points whereas in the right plot we have shown a
for the first 5000 grid points.
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Figure 6.6: Plots of the shift 5" for the case where n = 3/2 at ¢t = 100M. In the left plot, we show
the shift for all 30000 grid points whereas in the right plot we have shown the shift for the first 3000
grid points.
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Figure 6.7: Plots of the maximum values of radial component a and the shift 3" for the first £ = 100M.
The left plot shows the evolution of the maximum value of the radial component a while the right
plot shows the evolution of the maximum value of the shift 5. It is clear from these plots that the
solution starts to stabilise around ¢ ~ 200 as expected [2-4].
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Figure 6.8: Plot of the natural log of the root-mean-square (RMS) of the Hamiltonain constraint #.
It is clear from this plot that the numerical solution begins to stabilise around ¢ ~ 20M which is
expected.
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Figure 6.9: The left plot shows the position of the apparent horizon whereas the right plot shows the
apparent horizon mass Mag. It is clear from both plots that the solution starts to stabilise around
t ~ 20M. In addition, the apparent horizon mass does not drift more than 1.6% away from unity.
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6.8 Chapter conclusions

In this chapter, we have derived the ADM and BSSN formulations of the EC theory of gravity
by following what has been done in [19] with regards to GR. In addition, we presented a 3 + 1
decomposition of the energy-matter content for the EC theory of gravity by following what was done
in [30] for the case of GR. Before we derived the ADM formulation of the EC theory of gravity,
we first studied spacelike hypersurfaces of the Riemann-Cartan space-time which is the underlying
space-time of the EC theory of gravity. In doing this, we derived the non-null torsion Gauss, Codazzi
and Ricci equations. We noted that the well-known torsion-free Gauss, Codazzi and Ricci equations
are well-defined on a space-like hypersurface of Uy since the three-dimensional Levi-Civita connection
is well-defined.

Following this, we turned our attention to determining an ADM formulation of the EC theory
of gravity by making use of the EC field equations discussed in Section 4.2. In order to derive the
ADM equations, it was necessary to introduce a lapse function. In the ADM formulation of GR,
one simply defines the lapse functions through the natural choice of an acceleration vector. In the
case of the EC theory, the underlying space-time U; admits both the Cartan connection as well as
the Levi-Civita connection. Therefore, there are two acceleration vectors: one which measures the
acceleration of the unit normal vector as described by the Cartan connection and the other which
measures the acceleration as described by the Levi-Civita connection. Since there are two acceleration
vectors, there are two choices for the lapse function. In order for the lapse function to describe how
much proper time has elapsed, it is necessary to define the lapse function using the acceleration vector
that is associated with the Levi-Civita connection. The reason for this is that, since test particles
follow auto-parallel curves of the Levi-Civita connection, the acceleration vector associated with this
connection will give the proper acceleration of the unit normal vector to the hypersurface.

Since the torsion tensor is determined entirely by the spin-current tensor in the EC theory [7],
we derived the ADM equations by making use of the torsion-free Gauss, Codazzi and Ricci equations
and introduced the torsion tensor through the use of the effective energy-momentum tensor. This
concluded our derivation of the ADM formulation of the EC theory. Following this, we turned our
attention to finding a 3 + 1 decomposition of the energy-matter content. In order to carry out such
a decomposition, we considered the effective energy-momentum tensor which is both symmetric and,
by the second torsion-free Bianchi identity (3.56), conserved. By following what was done in [30], we
obtained the evolution equations for the effective energy density and the effective momentum density.

Having derived the ADM formulation of the EC theory, we then derived the GBSSN formulation
of the EC theory which is a modification of the ADM formulation. This was carried out by again
following what was done in [19,20] for the case of GR. While the BSSN formulation assumes that the
determinant of the conformal spatial metric is unity, this is not assumed in the more general GBSSN
formulation. As pointed out in [25,31], the determinant of the conformal spatial metric in spherical
coordinates is not unity, implying the need for the GBSSN formulation.

We concluded this chapter by considering the vacuum GBSSN evolution equations in the case
of spherical symmetry. Since the EC theory reduces to GR in the case of a vanishing spin-current
tensor, in this instance the GBSSN evolution equations reduce to that of GR which are reported
in [26,31]. We constructed a 1D code to numerically evolve the system of GBSSN equations that
describes the evolution of a BH puncture. The 1D code that we constructed made use of the fourth-
order RK method for time integration. We reported our results as profile plots at time values of
t=0M,5M,10M,15M and 100M . In addition, we reported the evolution of the maximum values of
a and " up to t = 100M as well as the evolution of the log of the RMS of the Hamiltonian constraint
up to t = 100M. We note that the application of GBSSN in the case of spherical symmetry in GR
has been done before in [2,26,31].






Chapter 7

Conclusions

In this thesis, we have studied gravitational theories for which the natural choice of an affine connection
is metric compatible and not necessarily symmetric. That is, we allow for the torsion tensor to be
non-vanishing. Below, we mention the main points that have been discussed in this work.

In Chapter 2, we discussed some of the mathematical notions needed to construct a definition of
space-time. In particular, following [55,66], we introduced the definition of a manifold that we made
use of throughout this thesis. Following this, we discussed the notions of the tangent space and dual
space. We also discussed how integration is carried out on a manifold. Such a discussion proved to be
useful since, when constructing gravitational theories, an action integral is required for the definition
of the theory. We concluded the chapter by discussing the notion of a fibre bundle and mentioned
how the Teleparallel Equivalent of General Relativity (TEGR) can be written as a gauge theory of
the translation group [8] while the Einstein-Cartan (EC) theory can be written as a gauge theory of
the Poincaré group |[70].

In Chapter 3, we introduced the definitions of the various space-times that we made use of through-
out this thesis. We defined the Riemann-Cartan space-time to be the tuple consisting of the space-time
manifold, the metric tensor and the Cartan connection as the natural choice of an affine connection [9].
Furthermore, in the event that the Cartan connection is the Weitzenbdck connection, the space-time
was then referred to as the Weitzenbock space-time. In addition to these definitions, we discussed
the notions of auto-parallel and extremal curves in these space-times. In particular we noted that
since test particles follow extremal curves, test particles follow auto-parallel curves of the Levi-Civita
connection and not necessarily auto-parallel curves of the Cartan connection [74]. We discussed three
Raychaudhuri equations that can be constructed on the Riemann-Cartan space-time. We argued
that, since test particles follow auto-parallel curves of the Levi-Civita connection, one must turn to
the torsion-free Raychaudhuri equation to derive the relevant focusing conditions of the theory. This
argument is what led us to make use of the torsion-free Raychaudhuri equation in Chapter 5 when
determining the focusing conditions for f(7') theories.

In Chapter 4, we reviewed some of the gravitational theories that have non-vanishing torsion. We
began the chapter by first discussing the EC theory of gravity by following what was done in [7,9].
Following this, we reviewed the Einstein-Cartan-Saa (ECS) theory which was first presented in [11].
We noted that, in order to obtain a volume element that yields a pure boundary term upon the
integration of the Cartan divergence of an arbitrary vector field, one must ensure that this volume
element is parallel with respect to the transpose of the Cartan connection. Another modification
to the EC theory that we studied was the Chern-Simons Einstein-Cartan (CSEC) theory which was
constructed based on what was done in [13,14] for the case of General Relativity (GR). We concluded
the chapter by reviewing the f(T') theories of gravity.

In Chapter 5, we studied the focusing conditions that arise in the context of the f(T") theories of
gravity. In particular we derived, for the first time, the f(T") focusing conditions for a one-parameter
dependent congruence of timelike auto-parallel curves of the Levi-Civita connection. We then studied
these focusing conditions for three bi-parametric f(7") cosmological models. These results have given
rise to the article [65]. Future prospects could involve determining these focusing conditions for the
spatially-flat Robertson-Walker space-time in spherical coordinates.
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In Chapter 6, we derived the Arnowitt-Deser-Misner (ADM) and Generalised-Baumgarte-Shapiro-
Shibata-Nakamura (GBSSN) formulations of the EC theory. We first derived the non-null torsion
and torsion-free Gauss, Codazzi and Ricci equations given a Riemann-Cartan space-time. We then
made use of the torsion-free Gauss, Codazzi and Ricci equations together with the effective energy-
momentum tensor in order to derive the ADM equations. Since the torsion tensor was included
entirely in the energy-matter content, we then derived a set of evolution equations for the energy-
matter content by decomposing the effective energy-momentum tensor. Following this, we derived
for the first time the GBSSN formulation of the EC theory. We then considered the vacuum GBSSN
equations for the case of spherical symmetry. Such evolution equations coincide with those of GR
and are reported in [25,31]. We then constructed a 1-dimensional code to evolve this system. Such
systems have been numerically studied before in [2,26,27,31]. Modifications of our 1-dimensional
code to include non-vanishing torsion is left as the subject for future work. We noted that torsion
can be included via the effective energy-momentum tensor which contains the spin-current tensor.



Appendix A

Klein-Gordon and Dirac equations in
Riemann-Cartan space-time

Here, we wish to derive the Klein-Gordon and Dirac equations in the presence of curvature and
torsion. More specifically, we wish to derive these aforementioned equations given the Riemann-
Cartan space-time Uy. In deriving each of these equations, we require their formulation in Minkowski
space-time. We discuss these formulations in Sections A.1 and A.2 by following what was done in [89]
by Kleinert, [129] by Sakurai, and [130] by Scheck. We then following what is done in [79] by Shapiro
and apply the minimal coupling procedure (MCP) in order to derive the corresponding equations in

Us.

A.1 The Klein-Gordon equation in Minkowski space-time

Consider the Minkowski space-time described by the tuple (Rm,n,@) where 1 is the Minkowski
metric with signature (4, —, —, —). Here, we denote such a space-time as My. Let us consider the
Schrodinger equation, without forces, for a particle:

0 |U) = H|W) | (A.1)

where the ket |¥) is a Hilbert space element, H is the Hamiltonian operator and we have used natural
units to set A = 1. The Klein-Gordon equation

(~0* —m?) =0, (A2

where ¢(z) is a scalar field is the field theoretic analogue of the Schrodinger equation (A.1). While the
wavefunction ¥ (z) := (x|¥(x)) can be described by a probability density function (PDF), a solution
to the Klein-Gordon equation (A.2) cannot, in general, be described by a PDF [130]. Here, we allow
¢(x) to be a complex scalar field and we denote its complex conjugate by ¢*(z). Let S be a frame
which has coordinates z* and let S’ denote a frame that is obtained through the action of a Lorentz
transformation on S, i.e., the coordinates of S’ are 2/# = A",z where A", is a matrix describing the
Lorentz transformation. The scalar field ¢(x) has no spin degrees of freedom and is a Lorentz scalar,
i.e., in the frame S’ we have ¢'(2’) = ¢(x). Let us consider the following action constructed on the
Minkowski space-time My

Ska = /d4x ¢*(z) (-0 —m?) ¢(z) . (A.3)
Varying the above action with respect to ¢*(x) yields the Klein-Gordon equation (A.2). An equivalent

action can be obtained by carrying out an integration by parts on the above expression. This yields
the following action

S = / 'z [(9,67) (" 0ud) — m2679)] (A4)
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after requiring that the scalar field vanishes at the boundaries. It is easily verifiable that varying
the above expression with respect to ¢*(x) yields the Klein-Gordon equation (A.2). When we wish
to find the Klein-Gordon equation in the presence of curvature and torsion, we will apply the MCP
approach to the above expression. Before doing this, however, we wish to apply Noether’s theorem
in order to find a quantity that is conserved under a global internal symmetry [98]. First, consider a
one-parameter, u, family of U(1) symmetry transformations of the scalar field ¢(z):

Gy 1= e—z‘uG¢ ) (A5)

where ¢G is an element of the associated Lie Algebra u(1). We note that we obtain different ¢,
variations for different v € R. In addition, we note that the symmetry transformation of ¢* from the
above equation is nothing more than

(b* _ eiuG¢* ) (AG)

u

We now require that the Lagrangian density L (¢, ¢*, 0, ¢, 0,¢*) is invariant under a global internal
symmetry transformation of the form given above, i.e., we have [98]

£(¢u7¢27al/¢u781/¢2) = ‘C(d): ¢*7al/¢7 al/(b*) . (A7>
From the above expression, it follows that we have

d
du

[E ((lsu, gbq*u Oy du, al/d):;) - L (¢a ¢*a 09, 81/¢*)] =0. (A8>

u=0

Carrying out the differentiation with respect to the parameter w yields
oL do, oL de¢;
o, < ¢ Pu, 0) -0, (A.9)

9(8,¢) du lu=0 = 9 (d,¢*) du
where we have made use of the Euler-Lagrange equations. By reading off the Lagrangian density from
equation (A.4) and determining the derivatives of the scalar field with respect to u from equations
(A.5) and (A.6), it can be found that

= 60,6 = 6" 0,6 — $O,0* (A.10)

is a conserved Noether current with 0,5 = 0. This concludes our discussion of the Klein-Gordon
equation in Minkowski space-time My. In Section A.3, we derive the Klein-Gordon equation in the
Riemann-Cartan space-time Uy through the application of the MCP.

A.2 Dirac equation in Minkowski space-time

In this section, we follow what is done in [89,129] in order to discuss the Dirac equation in Minkowski
space-time M. Let us first discuss the Lorentz transformations that yield a frame S’, with coordinates
/M, from a frame S, with coordinates z*. As mentioned previously, the coordinates transform as
2" = A¥,z¥. Let us study the Lorentz transformation, A, that yields a rotation, by an angle say «;,
about the z—axis. Such a transformation, which we shall denote as R , (o), is written as

1 0 0 0
0 cosa —sina 0

Rs () = 0 sina cosa O]’ (A.11)
0 0 0 1

where we have suppressed space-time indices. The fact that the transpose of the above matrix is
equal to the inverse of the above matrix together with the fact that the determinant is unity implies
that it is an element of the Lie group SO(1,3). We now wish to find a matrix, say L% ,, that
allows us to obtain the above Lorentz transformation matrix through the use of the exponential map,
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ie, R = [e_iaLﬂ“ - Calculating the right-hand side through the use of a Taylor expansion and
dropping the space-time indices yields

n 2n+1L2n+1 0 (_1)na2nL2n

—iaLs _ — (= WLS _ 3

Let us consider the following 4 x 4 matrix as an ansatz:

0 0 00
.10 0 1 0
Lg——’L 0 -1 0 0 (A13)
0 0 0O
It is not difficult to show that
00 00
0100
2 _
L3 = 00 10 (A.14)
00 00
By substituting the last two expressions into equation (A.12), we obtain the following
1 0 00 00 00 0 0 0O
; 00 00 0100 0 0 10
—tals __ Qi
e =0 00 olT%o 0 1 0 sina (o g o] (A.15)
00 01 00 00 0 0 0O

which is nothing more than the rotation matrix R", (a) € SO(1,3). Through the use of the exponen-
tial map, one can obtain the SO(1,3) element R", () from the matrix L",. What we have considered
so far is simply a rotation about the z-axis. Let us now consider rotations about the x- and y- axes.
The matrices

00 0 0 000 0
oo o0 o 1o 0o 0 —1

Li==ilg 0 o 1| L2==ilg 00 o] (A.16)
00 —1 0 010 0

produce the rotation matrices R; € SO(1,3) and Ry € SO(1, 3) respectively. That is, one can obtain
the SO(1, 3) elements describing rotations about the x- and y-axes through the mappings Ry = e~**1
and Ry = e~"L2 respectively.

Up until now, we have only discussed rotations. To find all the generators of the Lorentz group
SO(1,3) we must consider, in addition to rotations, boosts. Consider the following Lorentz transfor-
mation that describes a boost in the x-direction

v By 0 0
By v 00

B = 0 0 1 0l (A.17)
0 0 01

where 3 := v/c, v is the velocity of the boosted frame and c¢ is the speed of light. Introducing the
rapidity, w := arctanh 5, allows us to write the above Lorentz transformation as

coshw sinhw

0

sinhw coshw 0

B = 0 0 1 (A.18)
0

0 0

_ o O O
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We now wish to find a matrix, say N1, that can produce the above Lorentz transformation through
the use of the exponential map. As an ansatz, we consider

0100
/1 0 0 O
0 00O

It is not difficult to show that

n 2n+1 N2n+1

0 2n n\72n

CiNww (— 1)” N

e lw_§0: ZE: BT . (A.20)
n—=

By making use of the fact that we have

1 0 00
2_ [0 100
Ny = 000 ol (A.21)
00 00
it follows from equation (A.20) that the exponential map yields
0000 10 00 0100
; 0000 010 1 000
—iwNy __ .
e =100 1 0 + coshw 00 0 0 + sinhw 000 ol (A.22)
00 01 00 00 00 00

which is nothing more than the Lorentz transformation By € SO(1,3) which describes a boost in
z-direction. In addition, the matrices

Ny =i N3 = (A.23)

o= O O
o O O O
o O o
o O O O
o O O
o O O O
o O O O
o O O

through the exponential map yield By = e ™M and Bs = e M3 which are the Lorentz transfor-
mations that describe boosts in the y- and z-directions respectively [89]. We note that an arbitrary
Lorentz transformation, say A, can be written as [89]

A = emi(oF LitwtNi) (A.24)

Consider now the matrices given in equations (A.13), (A.16), (A.19) and (A.23). These generators
satisfy the following set of commutation relations

3
[Li, Lj) =i eynle (A.25)
k=1
Nj] = izgijka , (A.26)
[N, Nj] stkLk : (A.27)

where 7,7,k € {1,2,3} and we remind the reader that we use €;j; to denote the Levi-Civita sym-
bol [89]. The above relations form a Lie algebra for the Lie group SO(1,3) for which the Lorentz
transformations R; and B; are elements for i € {1,2,3}.
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In the above, we have briefly discussed the associated Lie algebra of the Lorentz transformations
on the Minkowski space-time My. We now wish to turn our attention to studying spin-1/2 fields by
making use of the Lie algebra construction given in equations (A.25), (A.26) and (A.27). Let us first
define the Pauli spin matrices as follows [89]

T O I I B A r25)

Following [89], and with the above definitions in mind, we note that the matrices of smallest dimension
that satisfy the subalgebra described by equation (A.25) are

Turning our attention to the entire Lie algebra, which is given by equations (A.25), (A.26) and (A.27),
we note that there are two distinct options for ensuring the satisfaction of this Lie algebra. The first
such option is to define

M@:-%}. (A.30)
The second option is to instead define
io’

The first complete set of generators is then equation (A.29) together with equation (A.30) while
the second complete set of generators is then equations (A.29) and (A.31). Given the first set of
generators, an arbitrary Lorentz transformation can be written as

k

A — e—i((l o‘k—ibkak) , (A32)

where a,b € R3. On the other hand, given the second set of generators, an arbitrary Lorentz
transformation can be written as [89]

A = emi(atontitor) (A.33)

Given that we have two distinct sets of generators, we introduce two vector fields whose associated
transformation law is either that of equation (A.32) or of equation (A.33). That is, we introduce the
so-called Weyl spinors, ¢ and &, that behave in the following way under a Lorentz transformation [89]:

pla) — e il o=bron) o | (A.34)

(@) — emi(a"ontibion) v gy (A.35)
By making use of the Weyl spinors introduced above, the goal now is to construct an action integral
that is invariant under Lorentz transformations and from which we can extract the equations of
motion for a spin-1/2 field. The construction of such an action integral that is quadratic in the Weyl
spinors as well as their first order derivatives is given in [89]|. Here, we shall simply state this action
integral and the interested reader is directed to [89] for the construction. This action integral reads

5 = [ dta (il (@)0"0p(a) + ix @) Bx(a) — mil (@)x(a) — maxd (@)pl@) (430

where m1 and mg are constants, the superscript 1 is used to denote the Hermitian conjugate and we

define

o= (L) | 5 i (e o) (37
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In equation (A.36) we have omitted the space-time indices following [89]. We now wish to read off
the Lagrangian density from equation (A.36) and obtain the equations of motion. By carrying out
an ordinary variation of the action with respect to the Weyl spinor Hermitian conjugate ¢!, one can
obtain the following equations of motion:

ictOup(r) —mix(z) =0 . (A.38)

On the other hand, the ordinary variation of the action with respect to the Weyl spinor Hermitian
conjugate x! yields the following equation of motion:

iotOux(x) — map(x) =0 . (A.39)
Now, by acting ic#0,, on the equation of motion (A.38), one obtains
—0#5"0,0,¢(x) — miic” O, x(x) =0 . (A.40)
Now, we not that the anti-commutation relation

o - (A1)

implies that we have
o5 9,0, = Nax20? . (A.42)

Therefore, by substituting equation (A.39) into equation (A.38) as well as by making use of the above
expression we obtain the following equation

(—82 —mima) ¢(z) =0 . (A.43)
We can apply a similar procedure to equation (A.39) in order to obtain the following
(=0 —mim2) x(z) = 0. (A.44)

It is at this point we wish to define a new object which is the so-called Dirac spinor and is defined as
() = <W”)> . (A.45)
x(x)

For the sake of simplicity, from here on-wards we set m := m; = meo and we define the so-called
v — matrices as

= <0 UOH> : (A.46)

ot

In addition, we define ¢(z) := ¥ (2)7°. We now write the following action integral which is referred
to as the Dirac action [89]

Sis = / e () (i7", — mlaxa) () - (A4T)

By carrying out an ordinary variation of the above Dirac action with respect to ¥(x), one can obtain
the following equation of motion

(i')”uau —mlyxq)P(z) =0. (A.48)

By writing the above equation in terms of the Weyl spinors ¢(z) and x(z) through the use of the
definition of the Dirac spinor, one obtains equations (A.38) and (A.39). Equation (A.48) is referred
to as the Dirac equation in the Minkowski space-time M. Before moving on to discuss this equation
for a Riemann-Cartan space-time Uy, we first wish to apply Noether’s theorem in order to obtain
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conserved quantities for a global internal symmetry. Let us consider a one-parameter, u € R, family
of symmetry variations of the Dirac spinor field, ¢(x), described by the Lie group U(1). We write

Yy 1= e MGy (A.49)

Of course, the one-parameter family of symmetry variations for the adjoint Dirac spinor is given as
follows

Yy = e MG (A.50)
Given a Lagrangian density, £, that depends on the Dirac spinor, its first order derivative as well as
the adjoint Dirac spinor, a global internal symmetry of this Lagrangian density implies that

d

ol (£ (W, Othu) = £ (4,9, 0,9)) =0 . (A.51)

u=0
The above expression together with the Euler-Lagrange equations of motion imply that

5 oL diy,
"\ 00,y du

u:0> =0. (A.52)

By substituting equation (A.49) into the above expression, as well as by reading off the Dirac La-
grangian density from the Dirac action given in equation (A.47) we obtain the following conserved
Noether current [89]

j' =07 . (A.53)

In Section A.4, we wish to derive the Dirac equation given the Riemann-Cartan space-time Uy by
applying the MCP to the Dirac action in My. The MCP will not be applied directly to the Dirac
action as it is given in equation (A.47). By first writing the Dirac action as

Si2 = % /d4:): (i&(:}:)fy“@u + ilﬁ(m)’y“@u — 2m]14x415(:c)1/1(x)) , (A.54)

and then carrying out an integration by parts on the second term in the intgrand, we obtain the
following integral for the Dirac action

S = [ 4t (B0~ § (0,5(2)) 7 (2) ~ 2mliad(@)d(@) (4.55)

In Section A.4, it is this form of the Dirac action that the MCP will be applied to.

A.3 The Klein-Gordon equation in Riemann-Cartan space-time

Here, we consider the Riemann-Cartan space-time Uy. Our goal in this section is to derive the Klein-
Gordon equation for Uy by applying the MCP as described in the review article [79] by Shapiro.
Before stating the action integral to be used, we wish to make a note on the volume element that will
be used. While it is possible to consider an alternative to the natural choice of a volume element,
which is done in the ECS theory of gravity, in this section we will consider action integrals that are
constructed using the natural choice of a volume element. The Klein-Gordon equation in Minkowski
space-time is studied in Appendix A.1. Applying the MCP procedure to equation (A.4), which is the
action in Minkowski space-time, we obtain the following

Swa = [ d'ey=g[(D.#") (D'0) ~ "] (A.56)

and we remind the reader that D, denotes the Levi-Civita covariant derivative. In constructing
the above action from equation (A.4), we have introduced the natural choice for a volume element.
Since ¢ is a C'*° function on the Riemann-Cartan space-time manifold, the dual vector field obtained
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by carrying out a covariant derivative on the scalar field is independent of the covariant derivative
used, i.e., V,¢ = D,¢ = 0,¢. Since the volume element is parallel with respect to the Levi-Civita
connection, we have written the derivatives in the action in terms of Levi-Civita covariant derivatives.
Since the volume element is parallel with respect to the Levi-Civita connection, an integration by
parts of the above action integral yields

Ska = /d‘lx\/fgw (-D*—m?) ¢ . (A.57)

Therefore, by requiring an extremum of the action under ordinary variations of the complex conjugate
of the scalar field, ¢*, we obtain the Klein-Gordon equation in Riemann-Cartan space-time

(-D*-m?*)¢=0. (A.58)

It is worth noting that torsion does not play a role in the above expression. This is not surprising
since, as is the case for the Einstein-Cartan theory of gravity, an absence of spin degrees of freedom
implies that there is no torsion contribution. Let us now turn our attention to obtaining a conserved
quantity, through the use of Noether’s theorem, that arises through the occurrence of a global internal
symmetry. By applying a similar method to what was done in the previous section for the case of a
Minkowski space-time, we have the following Noether current

jvi=¢"Doo (A.59)

with the associated conservation equation D,j¥ = 0. This concludes our discussion of the Klein-
Gordon equation in the Riemann-Cartan space-time. We now wish to turn our attention to the Dirac
equation. In deriving the Dirac equation for Uy, we follow a similar approach to what was done for
the Klein-Gordon equation.

A.4 The Dirac equation in Riemann-Cartan space-time

In this section, we wish to derive the Dirac equation for the Riemann-Cartan space-time by following
what is done in [75,79]. The derivation in this section will be carried out by applying the MCP to
the Dirac action given in equation (A.55). Before we apply the MCP to the Dirac action, we first
wish to consider how the Dirac spinor behaves as a result of the action of the full covariant derivative,
defined in equation (3.121). As suggested in [79], the result of the Dirac spinor being acted on by the
full covariant derivative is

i a
Db = du1h — o boat (A.60)
where w® is the connection one-form defined in equation (3.93) and

Oab += ir}/[a/yb] : (A61)

On the other hand, the action of the full covariant derivative on the adjoint Dirac spinor field is [79]
- -
Dyp = 0, + ¥ w*,oap - (A.62)

We note that the connection one-form is also referred to as the spinor connection [8|. In addition, we
note that we have defined the spinor connection in a different manner to what is done in [79]. Let us
now turn our attention to the antisymmetric object o, defined in equation (A.61). Here, the gamma
matrices with Latin indices denote the gamma matrices in the non-holonomic frame. That is, the 4%
are given by equation (A.46) and satisfy

Jab) — pab (A.63)
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where n?% is the Minkowski metric. We remind the reader that, in this section, we make use of the
signature (+,—, —, —). We introduce the space-time gamma matrices, v*, by contracting the tetrad
coefficients with the gamma matrices in the non-holonomic frame, i.e., we write

yH=etvt . (A.64)
The anti-commutation relation satisfied by the space-time gamma matrices is as follows
Yy =g, (A.65)

where g, is the space-time metric [75]. Let us now turn our attention to equation (A.60) which
describes the action of the full covariant derivative on the Dirac spinor. By assuming the tetrad
postulate, i.e., that the action of the full covariant derivative on the vierbein vanishes, we have the
following expression for the space-time components of the connection one-form

wh, = e* Ve, . (A.66)
The above expression can be derived from equation (3.122) which follows directly from the tetrad
postulate. By substituting equation (A.61) into equation (A.60), and noting that the connection
one-form is antisymmetric, i.e., w® = —w"®, one can obtain the following expression

1
Dytp = 0 + w0 qa W) - (A.67)

Now, by substituting equation (A.66), which relates the spinor connection to the vierbein, into the
above expression we obtain

Dy = b+ Tptp (A.68)
where we have defined I, as
. 1 a v b
By = 26 (Vuer) 1’ (A.69)

In addition, we also have the following equation for the adjoint Dirac spinor field
,Dlﬂ/; = a;ﬂﬁ - Tﬁf‘u . (A.70)

The last three expressions are what is given in |75]. It is also worth noting that the action of the
total covariant derivative on the gamma matrices vanishes, i.e., D,7* = 0 [75]. In order to show this,
consider the following which follows from equation (A.70) [75]

D =07 + fo‘uﬁfyﬁ + f‘ufyo‘ — 'yafﬂ . (A.71)

By substituting equations (A.64) and (A.69) into the above expression yields
D o a (0% 1 a o v 1 (07 a v A
W" =7 Veea o Vinted — 1 Vs (A.72)

Substituting equation (A.65) into the third term on the right-hand side of the above expression yields
the following

1 1 1
Duy™ = §7avueaa + Z'YV'YQ'Yavueay + Zeaﬁvl’vafyﬁv#eay : (A.73)

Finally, by substituting equation (A.65) into the third term on the right-hand side of the above

expression we obtain

1 1 1 1
DA = ?yavueaa + Zvﬂ‘wav#e; + ivyeaavuea” — Zy,/y“vavuea” =0, (A.74)
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as desired. So far, we have only considered how the Dirac spinor behaves as a result of the action of
the full covariant derivative whose spin connection depends on the Cartan covariant derivative of the
vierbien. By defining the torsion-free spin connection

'lj?kb = Fkabéa s (A75)
we can introduce the torsion-free full covariant derivative as
DY = 0FD + w, . (A.76)

We remind the reader that the Fkab denotes the Christoffel symbols in the non-holonomic frame and
0 denotes the dual basis in the non-holonomic frame. The torsion-free full covariant derivative of the
spinor field is written as

Dyutb = b — Toth (A.77)

where the term I',, is found by replacing the Cartan covariant derivative in equation (A.69) with the
Levi-Civita covariant derivative. In addition, the torsion-free full covariant derivative of the adjoint
Dirac spinor field is given by the expression

Dy = 8 — T, (A.78)

Let us now turn our attention to applying the MCP to the Dirac action of Minkowski space-time My
which is given in equation (A.55). Replacing the partial derivatives in this expression with the full
covariant derivative D, one obtains the following action integral

Sie = ;/d4a: e (zﬁ’y”Dyz/J — Dby + 2im1/;1/1]l4x4) , (A.79)

where e is the determinant of the tetrad field, i.e., e = dete?,. Consider the second term in the
integrand on the right-hand side of the above expression. By making use of equations (A.70) and
(A.78), we can convert the full covariant derivative to the torsion-free covariant derivative as follows:

Dy = Dy + 9 (T =T, - (A.80)

By substituting the above expression into equation (A.79) we obtain the following
i — o _ . - .-
Sipp =5 / dz e <¢7 Dyih — Dy — (ru - ru) A+ 2zm1/1¢]l4x4> . (A.81)

Of course, since the full covariant derivative reduces to the torsion-free covariant derivative in the case
of vanishing torsion, it follows that, since the gamma matrices are compatible with the full covariant
derivative, the gamma matrices are also compatible with the torsion-free full covariant derivative,

o
i.e., D,v” = 0. By making use of this result together with the fact that the volume element ed*z is
compatible with the torsion-free full covariant derivative, an integration by parts of the second term
in the integrand in the above expression yields the following

Sije = % / dz e @wmw + &wﬁﬂw — ) (r# — fu) yHah + 2¢m¢¢14x4> . (A.82)

o)
We can now convert the torsion-free full covariant derivative D to the full covariant derivative D and
obtain the following

S1/s = % / d'w e (7" Do+ 97" Dyth +99* (T = ) 0 = 9 (T = T ) 70+ Zimwméz éza)
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By writing the difference between the non-null torsion and torsion-free spin connections in terms of
the contorsion tensor, we obtain the following

- = 1 € €
AH (Fu - FM) —~ (Fu — Fu) P = Keap (7 VP — %y VB) (A.84)
=T" . (A.85)

In order to obtain the second equality in the above, we applied the anti-commutation relation given
in equation (A.65) to the first term in equation (A.84) twice. By substituting the above result into
the Dirac action given in equation (A.83), we obtain the following space-time integral for the Dirac
action

- 1
Si2 = i/d4x e (’y”Dyw + Equf”w + im¢]14x4) . (A.86)

By varying the above action with respect to the adjoint Dirac spinor field, we obtain the Dirac action
of Riemann-Cartan space-time as is given in |75, 79|

VD) + %Tﬂw} =0, (A.87)

Clearly, the above equation is different to that which would have been obtained by applying the MCP
to the Dirac equation of Minkowski space-time. More specifically, if one were to apply the MCP to the
Dirac equation of Minkowski space-time, which is given in equation (A.48), the resulting expression
would not contain the second term in the above expression. That is, the term i7},7*1)/2 does not
appear in the Dirac equation obtained through the application of the MCP.
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