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Abstract

Teleparallel gravity is an alternative formulation of gravity which has the same
field equations as General Relativity (GR), therefore, it also known as the Teleparallel
equivalent of General Relativity (TEGR). This theory is a gauge theory of the trans-
lations with the torsion tensor being non-zero but with a vanishing curvature tensor,
hence, the manifold is globally flat. An interesting approach for understanding the
late-time accelerating behaviour of the Universe is called modified gravity where GR
is extended or modified. In the same spirit, since TEGR is equivalent to GR, one
can consider its modifications and study if they can describe the current cosmological
observations. This thesis is devoted to studying several modified Teleparallel theories
of gravity with emphasis on late-time cosmology. Those Teleparallel theories are in
general different to the modified theories based on GR, but one can relate and clas-
sify them accordingly. Various Teleparallel theories are presented and studied such
as Teleparallel scalar-tensor theories, quintom models, Teleparallel non-local gravity,
and f(T, B) gravity and its extensions (coupled with matter, extensions of new GR
and Gauss-Bonnet) where T is the scalar torsion and B is the boundary term which

is related with the Ricei scalar via }O{ =-T+ B.

This thesis was completed under the supervision of Christian Bohmer.
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Impact statement

The new results showed in this thesis are based on eleven different published
scientific papers. Basically, this thesis aimed at two directions, establishing new
research into some questions within modified gravity and cosmology, in particular,
for theories based on Teleparallel gravity. There is no foreseen impact outside of
academia at this stage.

One impact of this thesis was the possibility of determining a certain relationship
between standard modified theories of gravity based on General Relativity (GR)
and other modifications based on TEGR. Many of these theories were considered in
isolation in the past and their relationship with other similarly looking theories was
only made implicitly. Further, in this thesis, it was showed how two very popular
modified theories coming from these two different approaches, f( &) (based on GR)
and f(T) gravity (based on TEGR), are related and could construct the fundamental
theory underlying them both.

Another impact of this thesis is related to constructing a viable modified Telepar-
allel theory which could describe the evolution of the Universe without evoking any
cosmological constant. This tells us that modifications of Teleparallel gravity could
be good potential candidates for describing the dark energy problem.

An additional impact related to a quantum gravity approach was also shown in
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this thesis. There was proposed a new non-local Teleparallel theory of gravity which
is the first attempt to integrate this fundamental physical concept from quantum
gravity into Teleparallel gravity. Moreover, in different studies related to non-locality
(based on GR), researchers found that exponential type of couplings were able to
achieve a renormalisable theory of gravity. In all of those studies, researchers put
those terms by hand. In one work presented in this thesis, it was shown that these
exponential couplings appear naturally by using first physical principles with the
symmetries of the Lagrangian. Therefore, this study had an impact in resolving this

aspect about non-locality.
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Introduction

After the discovery that our Universe is expanding in an accelerating rate in 1998,
our comprehension of it has dramatically changed. This scenario was in a completely
opposite direction from what researchers expected and the responsible for this was
labelled as dark energy. It turns out that General Relativity (GR) can describe this
phenomenon by introducing a cosmological constant which acts like a fluid with a
negative pressure and violates the energy conditions making effectively a kind of re-
pulsive gravitational force. Due to the lack of theoretical motivations related to this
constant, other approaches have been formulated to explain this late-time accelerat-
ing behaviour of the Universe. One approach which is important for this thesis is the
one considered by the so-called modified theories of gravity. In this approach, one
considers that GR can be extended or modified and such differences could explain
the cosmological observations. There are other motivations on modifying GR such
as: explaining dark matter, inflation, the theory being non-renormalisable, etc.

GR is based on a specific connection which is called the Levi-Civita connection
which is symmetric and torsionless. This is of course, not the most general or unique
way to describe gravity. This thesis will be focused on an alternative way to describe
gravity which is called Teleparallel gravity. This theory is based on the Weitzenbock
connection which is a skew-symmetric and curvatureless one with a non-zero tor-
sion tensor. This theory is equivalent to GR on field equations, therefore, it is also

called the Teleparallel equivalent of General Relativity (TEGR). Then, this is an
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alternative and equivalent way to describe gravity, having the same observational
predictions as GR. However, the physical and mathematical interpretations are dif-
ferent. Since modified gravity has been very successful in cosmology, one can also
consider modifications of Teleparallel gravity and explore its consequences. In gen-
eral, modifications of TEGR are no longer equal to modifications of GR. This thesis
will deal with modifications of TEGR and will try to make a comparison and classify
them with respect to modified theories based on GR. Moreover, this study is also
conducted in order to study some cosmological models that one can formulate from
modifying TEGR. The emphasis will be given to the late-time accelerating behaviour
of the Universe.

Even though modifications of GR are very popular in order to tackle some of the
issues that appear in the theory, modifications to Teleparallel gravity were proposed
only some years ago. Then, the following question arises: are modified Teleparallel
theories of gravity good candidates to solve or alleviate some cosmological problems
such as the dark energy of dark matter problem? In terms of cosmology, is there any
advantage in modified Teleparallel gravity than standard modifications? Is there any
way to connect or classify those theories? Several modified Teleparallel theories will
be presented in this thesis in order to try to answer some of those questions.

This thesis is organised as follows: In Chap. 2, the Theory of General Relativity
is presented. The physical and mathematical principles underlying this theory are
described which give us the notion on how gravity can be described by geometrical
quantities such as curvature or the metric. Then, a brief discussion about standard
Friedman-Lemaitre-Robertson-Walker (FLRW) cosmology is given with the ACDM
model being presented as the easiest way to describe the cosmological observations.
Chap. 3 is devoted to introducing Teleparallel gravity as an alternative and equiv-
alent (in field equations) way to describe gravity. This theory can be written as a

gauge theory of the translations where the torsion tensor is the field strength of the
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theory. Its equations and equivalence with GR is also shown in this chapter. Chap. 4
deals with the most popular modifications of TEGR, the so-called f(7) gravity and
Teleparallel scalar-tensor theories. The issue of the lack of Lorentz covariance in
modified Teleparallel theories is also discussed and then, the “good tetrad” approach
is presented as being a way to alleviate this issue. New Teleparallel scalar-tensor
theories are presented and a extended quintom model is studied in the context of
cosmology. In Chap. 5 there is presented and studied an interesting Teleparallel
model labelled as f(T, B) gravity which is directly connected to the so-called f( ;{)
gravity which is one of the most popular modified theories based on GR. Then, flat
FLRW cosmology will be studied using the Noether symmetry approach and the re-
construction method. After that, a generalised model which considers non-minimally
couplings with matter is presented giving also a complete classification of how those
generalised theories are related to theories based on GR. Chap. 7 is dedicated to
present new classes of modified Teleparallel models based on the decomposition of
the torsion scalar. Chap. 6 will introduce a generalisation of f(7, B) by including
Teleparallel Gauss-Bonnet terms and the trace of the energy-momentum tensor. As
a final model, Chap. 8 presents a non-local theory of gravity based on Teleparallel
gravity. This theory is introduced motivated by quantum gravity. The cosmology
of those kind of models is presented and studied numerically and using the Noether
symmetry approach. Finally, Chap. 9 finishes this thesis with some concluding re-

marks.



The Theory of General relativity

Chapter Abstract

This chapter is devoted to briefly introducing the most important conceptual and
mathematical characteristics of General Relativity. A discussion related to the prin-
ciples underlying the theory is presented. The most important mathematical and
geometrical quantities are defined and the Einstein field equations are stated. A

brief introduction to cosmology concludes this chapter.

2.1 A theory of curved spacetime

General Relativity (GR) was proposed by Einstein in 1915, changing the way we
understand gravity. He introduced the idea of a dynamic spacetime, where gravity is
explained as a geometric consequence, where matter and energy deform spacetime.
Any source of energy curves the spacetime, which creates the notion that another
particle is attracted by it. The idea of Newtonian gravity, based on the gravita-
tional force is replaced by the notion of a deformable spacetime. It relies on several
principles such as the equivalence principle which assumes an equivalence between
accelerated frames and gravitational fields. It is assumed that the gravitational mass
mg is exactly the same as the inertial mass m; (Roll et al., 1964).

GR has been a very successful theory. It has been tested with good precision at

Solar System scales. GR also describes new phenomena that in standard Newtonian
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gravity are not present. Some of them are: gravitational lensing, gravitational red-
shift, gravitational waves, black holes, etc. Some of these effects have been measured
in different scenarios. Further, gravitational waves were discovered in 2016 giving us
the last untested verification of GR and a new window for astronomical observations.

In the following, the main mathematical and physical properties of GR will be
introduced. The aim is to only briefly explain the most relevant concepts. For a
more detailed descriptions of GR, see the classical books by Weinberg (1972); Misner
et al. (1973) ; Wald (1984) and also more modern books D’Inverno (1992); Bohmer

(2016).

2.2 Basic principles of the theory

Before going further in the mathematical description of General Relativity, the prin-

ciples that are assumed to be true which are the basis of the theory will be described.

2.2.1 Equivalence principle

The equivalence principle is one of the most important ingredients of General Rela-
tivity. This principle states that there is an equivalence between the measurements
obtained by an observer who is immersed in a gravitational field in an inertial refer-
ence frame, and an observer in the absence of a gravitational field in an accelerated
reference frame. This principle can be separated into two parts: the weak equivalence

principle and the strong equivalence principle.

2.2.1.1 Weak equivalence principle

The weak equivalence principle is important not only in General Relativity, but also

in the Newtonian gravitational law. It formally states that:
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“The movement of a test particle in a gravitational field is independent of its

mass and composition.”

It should be clarified that a test particle is a particle which is affected by a
gravitational field but it does not make any modification or contribution to it. Hence,
if a body is free-falling and only gravitational forces are acting on it, its mass and
composition will not play any role on its movement. Here is given an easy example of
this effect. Suppose that an elephant and a mouse start falling down at a time ¢, from
a tall building as is depicted in Fig. 2.1. Also, suppose that there is no air resistance
so the only force acting on them is the gravitational force of the Earth. The weak
equivalence principle states that even though the elephant has a much bigger mass
than the mouse, they must reach the ground at the same time ¢;. This principle
is not something new since different physicists noticed this effect experientially in
the past. Galileo Galilei in the 17th century observed experimentally this effect by
dropping two different objects at the same time with different compositions and mass
from the top of the Tower of Pisa. For this reason, this principle is also known as
the Galilean equivalence principle. Later, Isaac Newton and Friedrich Wilhelm also
noticed a similar effect by measuring the period of different pendulums with different
masses and identical lengths. Even though these experiments were carried out with
old experimental techniques, all of them suggested that the mass and composition
of a body in a gravitational field do not contribute to its movement (assuming zero
external forces other than gravity). For example, the astronauts from Apollo 11 who
landed on the Moon in 1969 also carried out an experiment showing that a hammer
and a feather dropped at the same height and time, reached the ground of the Moon
at the exact same moment (see Shapiro et al. (1976) for details). This experiment
was possible since the Moon has no atmosphere. More recent experiments have also

observed this effect with great precision (see for example Baessler et al. (1999)).
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Figure 2.1: Representation of the weak equivalence principle.

Technically speaking, this principle states that the inertial mass will have exactly
the same value as the gravitational mass. On the one hand, the inertial mass refers
to the mass which appears in the second law of Newton. This quantity measures how
resistant a certain body is to change its movement when a force acts on it. On the
other hand, the gravitational mass is directly related to the gravitational forces and
is a measure of how strong (or weak) a certain body will attract another. Physically
speaking, there is not a fully well-explained reason on why these two quantities need
to be equal. Since all the experiments suggest that these masses have the same value,
then, this assumption is needed for a consistent theory of gravity. Moreover, modern
experiments have shown that both masses are equal with a precision of 107! in order

of magnitude (Baessler et al. (1999)). The question whether the gravitational mass
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and the inertial mass are always the same is somehow one of the most important and
basis principles known in physics. Since this principle is based on observations, it
will always be important to check if this principle is valid at all scales also with much
higher precision. Further, there currently exist new projects such as the Satellite Test
of the Equivalence Principle (STEP) and the CNES (Sur le site du Centre national
d’études spatiales) micro-satellite, which are supposed to increase the precision of
measurements up to around 107!7 of order in magnitude (Touboul et al. (2012)).

A brief description will show mathematically how this principle works using New-
tonian laws. Consider a particle of inertial mass m; and gravitational mass m, which
is moving in a certain gravitational field g. If one assumes that there are no external

forces, the force which acts on the particle will be given by
F = md = my,gq, (2.1)

where @ is the acceleration of the particle. Hence, this equation can be also expressed
as

i= (%)g (2.2)

From here one can directly see that the trajectory of the particle depends on the
gravitational field, its inertial mass and also on its gravitational mass. Consider that
Z(t) is the position vector of the particle measure with respect to a reference frame

O, then the above equation will be

¢'T(t) _ (me\._
ez (Ef)g — 2

where it is assumed that the weak equivalence principle is always valid giving us

m; = mg. Since both masses cancel in the above equation, the trajectory of the
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particle only depends on the gravitational field and does not depend on its mass nor
composition. If one assumes that the gravitational field is constant and homogeneous,
then the acceleration will also be constant. Since the acceleration is constant, the

trajectory of the particle with respect to O will be either a straight line or a parabola.

2.2.1.2 Strong equivalence principle

Now, let us also infer another important result from Eq. (2.3). Consider another
reference frame O" which is accelerating constantly with respect to the reference

frame O. The reference coordinate systems are related as follows

at?, (2.4)

where @ is the acceleration. By taking second derivatives with respect to time, it can

easily be found that

=— . (2.5)

Now, by replacing Eq. (2.3) in the above equation, it gives us

>z
dt/2

—j-a. (2.6)

From this equation it can be noticed that there is a certain equivalence between
an accelerated reference frame and a homogeneous constant gravitational field. For
instance, if one takes @ = ¢, i.e., if the reference frame O’ is a free-falling reference
frame, the trajectory which follows the particle with respect to the observer O’ is a
straight line with constant velocity with respect to O’. From here, one can infer that
for any homogeneous and constant gravitational field, an observer who is free-falling
will not experience any gravitational effects. Hence, it is possible to eliminate all

the effects produced by a homogeneous constant gravitational field in a reference
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frame which is free-falling. Fig. 2.2b represents a free-falling frame where a person
is inside a lift which is falling towards the Earth since its rope was cut. In this case,
the term @ = ¢ in Eq. (2.6) and then d%#'/dt’* = 0. If the person throws a ball,
its trajectory must follow a straight line with constant velocity ¢ with respect to
the person. The movement of the ball will not experience any gravitational force.
Fig. 2.2a represents a frame where a person is inside a rocket in the space in such
a way that all the gravitational forces acting on it are zero. In this case § = @ = 0
and then again one has d?#'/dt'> = 0. Therefore, if the person throws a ball, its
trajectory will be identical to the other mentioned frame where the person is inside
the elevator falling towards the Earth. Thus, there is an equivalence between the
movement of the ball inside the lift and inside the rocket. Moreover, any experiment
made in a frame as Fig. 2.2a will be equivalent to other experiments made in a frame
as Fig. 2.2b. So, it could be said that both frames are indistinguishable from each
other. This effect has been tested experimentally many times, see for example (Will,
2014). One interesting experiment is the Zero Gravity facility by NASA which uses
a reduced gravity aircraft to test this effect. Since the 1960s, this special spacecraft
has been used to experience a zero gravity environment by falling down for about
5 seconds. By doing this, the objects inside the vehicle are in free-fall due to the
gravitational force of the Earth and hence, for some time, it is possible to eliminate all
the gravitational effects inside the spacecraft. Another experiment is carried out by
ZARM (the centre of applied zero technology and microgravity) located in Bremen.
They have a special tower known as Bremen Drop Tower, where it is also possible to
experiment highest-quality conditions of weightlessness, comparable to one millionth
of the Earth’s gravitational force.

This principle can also be understood the other way around. One in principle can
replicate all the gravitational effects on its corresponding accelerating inertial frame.

As an example, Fig. 2.3 shows two other physically equivalent reference frames. In
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the first frame, a person is inside a rocket in the space where all the gravitational
effects are zero. In this frame, the term § = 0 in Eq. (2.6). Now, consider that this
rocket is accelerating constantly exactly as the gravitational acceleration in the Earth
a = g as it is drawn in Fig. 2.3a. Now, if this person shoots a ball, this ball will follow
a parabola exactly as in the Earth. Moreover, the person inside the rocket cannot
make any experiment to distinguish if he/she is on an accelerated rocket or he/she is
on the surface of the Earth as Fig. 2.3b. Hence, physically speaking, the situations

described in Figs. 2.3a and 2.3b are indistinguishable, making them equivalent.

i
§5 AT

| | | §~9.8m/s

EARTH

(a) Person in a rocket. (b) Person in a lift falling towards the Earth.

Figure 2.2: Two equivalent reference frames showing the strong equivalence principle.
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i=g~98m/s*

G~ 9.8 m/s?

(a) Person in an accelerating rocket. (b) Person on the Earth.

Figure 2.3: Two equivalent reference frames showing the strong equivalence principle.

A similar thought experiment as is drawn in Fig. 2.2 was carried out by Einstein
after he developed his Theory of Special Relativity. He thought about what would
happen if someone is in an elevator and suddenly the rope is cut. If this happens,
the elevator will start falling down towards the Earth and hence, a person inside the
elevator will be in a free-falling reference frame. From the Einstein’s perspective,
he realised that since the person will not experience any gravitational effect when
he/she is falling down, then there must be some connection between gravitational
fields and accelerated reference frames. This thought experiment was important for

him so he postulated the strong equivalence principle, which says:
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“Locally, the behaviour of the matter in an accelerated reference frame can

not be distinguished from the behaviour of it on its corresponding gravitational

field.”

This principle states that if one considers a free-falling reference frame where the
observers are constrained in a sufficiently small region where the inhomogeneities of
a gravitational field are negligible, then this reference frame will be an inertial frame
(locally). This kind of reference frame is called local inertial reference frames. All
the known physical laws can be applied in inertial reference frames. Hence, using
this principle, it is possible to connect all ideas of Special Relativity with systems
which are immersed in gravitational fields. Therefore, when a certain gravitational
field exists, it is possible to reproduce all the known physics for inertial reference
frames if one considers a sufficiently small region which is in a free-falling reference
frame. If one neglects all other forces, in these kinds of local reference frames, a test
particle will be at rest or moving in a straight line with constant velocity.

An important consequence of this principle is related to the concept of gravity.
The Newtonian concept of gravity states that a certain massive object with a certain
mass produces an attractive gravitational force to another body. This results in
producing that they experience movement (with respect to the mass centre of the
system). In the next section, this idea will be discussed mathematically (see Sec. 2.3).
Einstein changed this idea radically by saying that the matter (any kind of matter
described by the energy-momentum tensor) would produce that the spacetime (an
entity defined in Special Relativity which connects the notion of space and time)
now will deform or curve in such a way that the objects/matter will experience this
attraction force between them. Hence, gravity is now described as an effect due to
the curvature of the spacetime and all kind of matter (even energy) can produce this

kind of deformation. If one object contains more mass/energy, then the spacetime
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will be more curved. This idea can be summarised by using one of most famous John
Wheeler’s quotes: “Spacetime tells matter how to move; matter tells spacetime how
to curve” (Wheeler & Ford, 2000). This will be discussed further in Sec. 2.4. Fig. 2.4
represents a pictorial view of the notion of gravity introduced by Einstein. In this
picture, there is a big massive object (that for example this could be the Sun) and a
smaller massive object (that could be the Earth). Both objects curve the spacetime
but the more massive one curves it more. This deformation of the spacetime creates
the smaller object to orbit around the bigger massive body (strictly speaking, it

orbits around the centre of mass of the system).

Figure 2.4: Representation of how a big massive object (the Sun) curves the space-
time making another small body (the Earth) orbits around the big massive object
(or strictly speaking, orbits the centre of mass of the whole system).

A very important example of this mentioned effect is that light is deflected when
it passes near a gravitational field, the so-called light defiection. This effect happens
since the matter produced a curved spacetime so that when a ray of light passes near
this curved region, it will experience a change in its direction (and even it can be

magnified). This phenomenon was first observed by the astronomers Dyson, Edding-
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ton and Davidson in 1919 (Dyson et al. (1920)), only 4 years after Einstein proposed
his Theory of General Relativity. To do this, they studied different stars located
in the same direction as the Sun and during a Solar eclipse, they measured that
the light coming from those stars were deflected by the gravitational field produced
by the Sun. General Relativity predicts that these stars must appear in a different
position due to the deformation of the spacetime of the Sun since their light must
be influenced on their path to the Earth for being in the same direction as the Sun.
This experiment was the first which verified the Theory of General Relativity. As
pointed out before, this theory was a paradigm shift in physics since some researchers
at that time were a little sceptical about the validity of GR. This experiment was
crucial since gave a lot of credibility to the theory. More recent experiments have
been carried out with high precision matching also with the GR’s predictions (Will
(2014)).

Another important prediction of General Relativity which directly emerges from
the equivalence principle is the gravitational time dilation. GR says that for an
observer who is closer to a matter source, its proper time will be slower. Hence,
a person located on the surface of the Earth will measure a different proper time
than an astronaut who is inside the International Space Station. Indeed, this effect
has been measured several times and actually is one of the most important effects
that needs to be taken into account for the correct operation of artificial satellites
and GPS systems. Since the satellites which are used for GPS are not located on
the Earth, their clocks will be slightly faster than the clocks on the Earth. The
full phenomenon is a little more complicated since the satellites are also moving
with respect to the Earth so another correction needs to be added to the clocks
since Special Relativity predicts that the proper time also changes when a source is
moving with respect to another (dilation of time). The later effects produce that the

clocks of the satellites are slightly slower than a clock situated on the Earth. If one
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combines both effects, dilation of time due to the movement of the satellite (slow
proper time) and the gravitational time dilation due to the fact that the satellite is
a certain distance of the Earth (faster proper time), the clocks on-board are slightly
faster than a clock located on the Earth. It has been measured that the combined
effect is around 38 microseconds per day (Ashby, 2002). The error margin predicted
by the GPS system is of the order of 15 metres, so it requires sensitivity on time
of about 15 m/c (where ¢ is the velocity of the light). This sensitivity is around
50 nano-seconds, so even though the delay time produced by relativistic effects is
small, it is significant since the sensitivity of the instruments is very high. Further,
if one does not take into account these relativistic effects, the clocks on-board would
make the whole GPS system to make an incorrect position in only about 2 minutes
and it would accumulate at a rate of about 10 kilometres per day. Therefore, the
gravitational time dilation is an important effect that needs to be taken into account
in a correct operating GPS system. This is one of the most important practical
applications of General Relativity.

To conclude, the equivalence principle is one of the most important theoretical
postulates in physics. Einstein used this principle as an initial point to develop his
theory and by using it, all the kind of effects mentioned before appear naturally in
the theory. Some of these consequences will be mathematically explained afterwards

but some of them will not be shown since it is not the main aim of this thesis.

2.2.2 General Covariance principle

Another important principle which is assumed to be valid in GR is the covariance

principle, which can be summarised as follows:

“Field equations must be written in a tensorial form so they must be covariant

under an arbitrary but smooth transformation of the spacetime coordinates. In
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other words, they must be invariant under spacetime diffeomorphisms.”

It is well-known that Special Relativity was founded on the basis of inertial ob-
servers where all of them are equivalent. In GR, Einstein incorporated non-inertial
observers. As pointed out before, he introduced the idea of local inertial reference
frames, where in a small region of the spacetime all the inhomogeneities of a gravi-
tational field can be neglected. From the equivalence principle, accelerated reference
frames (non-inertial reference frames) are equivalent locally to a frame which is not
accelerating but immersed in its corresponding gravitational field. Since it is always
possible to locally define a local inertial reference frame by choosing a small region of
the spacetime in such a way that all the gravitational effects are neglected, Einstein
incorporated all the well-known physics coming from inertial reference frames. Since
the laws of physics cannot change from one observer to another, if one can find some
laws with respect to a specific reference frame, they must be also valid for any other
reference frame.

This principle also states that the field equations must be invariant under diffeo-
morphisms which requires a smooth (one-to-one) map between manifolds. Basically,
if the equations are invariant under diffeomorphisms, this set of mapping preserves
the structure of the manifold. This statement can be separated into two parts: pas-
sive and active diffeomorphism invariant principles. The former is intrinsically valid
in all theories in physics. This principle says that a specific object in a theory (for
example, a metric) can be represented in different coordinate systems but it can-
not represent different physical consequences. The active diffeomorphism associates
different objects in a certain manifold in the same coordinate system. Hence, a dif-
feomorphism map f : 2 — f#(z") associates one point to the manifold to another

one. For more details regarding the diffeomorphism invariance, see Gaul & Rovelli

(2000).
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The covariant principle is relevant since it tells us that if one is able to formulate
field equations in a tensorial form (quantities which are invariant under general trans-
formations of spacetime coordinates), they must be also true in all other reference

frames.

2.2.3 Lorentz covariance principle

The majority of the physics known assumes the validity of the Lorentz covariance

principle which can be summarised as follows:

“Field equations must be valid in all inertial frames in such a way that ex-
perimental results are independent of the boost velocity or the orientation of a

laboratory though space.”

This principle ensures that the experimental results must coincide in different
inertial frames. This principle of course is related to the general covariance principle
but it is more restricted since the quantities must be also covariant under Lorentz
transformations. Mathematically speaking, this means that all the physical quanti-
ties must transform under the Lorentz group. As mentioned before, GR defined the
locally inertial frames in a sufficiently small region of space. So, GR also assumes a
locally Lorentz covariance principle which says that for any infinitesimal region, all
the physical quantities must also be Lorentz covariant. In this sense, Einstein’s field
equations are invariant under a Lorentz transformation. This makes a consistency
theory with respect to Special Relativity in the absence of gravitational fields. There
are some modified theories of gravity which do not obey this principle. As will be
seen in a forthcoming section, f(7') gravity is an example of this (see Chap. 4). How-
ever, there is a way to alleviate this problem in this theory which will be discussed

later.
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2.2.4 Causality and relativity principles

Another two important principles which are implicit in GR are the causality and the

relativity principles. The former one can be summarised as follows

Causality principle: “Each point in the spacetime must have a valid notion of

past, present and future”.

The causality principle is of course implied by Special Relativity and light cones.
This principle ensures that an effect in the future always occurs from a cause in the
past from the light cone of the event. This is of course a consequence of the velocity
of the light being finite. It can be understood as a cause-effect relationship always
ensuring that the world line lies inside its light cone. There are some theories which
are acasual, for example see Chap. 8.

Another important implicit principle is the relativity principle which tells us that

Relativity principle : “There is not a preferred inertial frame ”

The Relativity principles states that there are no special or preferred inertial
frames. Hence, it is not possible to have a situation where a special frame exists where
the experiments produce different results. All the physics laws must be equivalent
in all inertial frames. Since it is always possible to have locally inertial frames, the
principle of relativity must be also valid in GR (as it is valid in Special Relativity).
From this principle comes the name of General Relativity since the movement is
always related to a frame but neither of them should give rise different physical

interpretations.
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2.2.5 Mach’s Principle

An important philosophical principle which inspired Einstein to develop GR is Mach’s
principle. Even though, this principle is not a fundamental assumption underlying
GR, it is worth mentioning it since it inspired Einstein when he was formulating GR.
Imagine that there is only one particle in the Universe. If this particle is moving and
all the motion is always a relative concept (comparing different frames), how can one
explain the inertia of this particle without having any other frame? Mach postulated

the following philosophical statement

“The inertia felt by the bodies are the result of the interaction of all the matter

of the Universe with them”

Hence, this principle states that the large-scale structure of the Universe affects
locally the behaviour of a certain body and hence the corresponding physical laws
acting on it. Therefore, local inertial frames are affected by all the other distribution
of matter in the Universe. The idea of inertia is something that Einstein questioned
himself. Consider that someone is on a bus and this bus rapidly changes its direction.
The person on the bus will feel a fictional force known as a centrifugal force. This
kind of effect is considered to be an inertial one and Mach thought that the person
on the bus actually is affected by the matter of the whole Universe (or distant stars)
which creates these inertial effects. Physically speaking, this principle is vague and
for that reason, some people believe that it is more a hypothesis than a principle
or a conjecture. However, Einstein believed in this principle and even though it is
more a philosophical point of view of the theory, it was important at that time. For

a more detailed discussion about this principle, see Brans & Dicke (1961).
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2.3 Important mathematical quantities

Since GR is a theory based on the assumption that matter/energy curves spacetime,
Euclidean geometry is insufficient to fully describe the theory. For describing curved
spaces, the geometry must be described by a more general kind of geometry allowing
non-flat Euclidean spaces. The main aim of this section is to define some basic
mathematical quantities that will be useful in all the thesis. The purpose of this
section is to only formulate basic quantities and not be so mathematically rigorous.
A deeper introduction to the important geometrical quantities can be found in the
books Wald (1984); Bohmer (2016). GR is constructed in a Riemannian geometry
which deals with the concept of Riemannian manifolds. Just after Einstein created
his Theory of Special Relativity (1905), he wanted to incorporate the idea of gravity
into it. Then, he proposed this notion of deformation of spacetime as a new way of
thinking about gravitational effects. The problem was that he needed to spend a lot
of time to formulate GR due to the fact that Riemannian geometry was needed. Up to
that point, the concept of space in physics was always considered to be flat and non-
dynamic. Hence, a new set of tools was needed for him to formulate his conceptions.
So, he spent around 10 years formulating his ideas based on non-trivial spaces using
the concepts only used by mathematicians at that time. GR is constructed as a
3 + 1 dimensional continuum spacetime theory with three spatial dimensions and
one temporal dimension. This spacetime is a special space known as a manifold M
which is a set that has the local differential structure for R* but not necessarily its

global properties (see Wald (1984) for its mathematical definition and properties).

2.3.1 Metric tensor

In order to measure angles between curves and distances between points in non-trivial

spacetimes one needs to define the metric tensor. This tensor is a rank 2 symmetric
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tensor defined on a smooth manifold M, labelled as g,,,, which is directly related to

the line element (or the interval in Special Relativity) ds as follows

ds® = g, (x)dztdz” . (2.7)

The line element measures the distance between two infinitesimal points located at
x* and 2* + dx*. The metric tensor is usually called the metric for simplicity. More-
over, it is also usual (but incorrect) to also refer to the line element as the metric.
In general, the metric depends on the coordinates. A non-degenerate spacetime is
the one which satisfies ¢ = det(g,,) # 0. The inverse of the metric g" is always
well-defined for non-degenerated spacetimes, which of course satisfies g,,¢"* = 53.
Since dx*dz” is symmetric, only the symmetric part of g, plays a role in the line
element. A symmetric metric tensor in n dimensions contains n(n + 1)/2 functions.
Therefore, in 4 dimensions as in GR, the metric tensor has 10 functions. The metric
in n dimensions is a n X n matrix with positive, negative or even mixed sign eigen-
values. General Relativity is a 4 dimensional theory (one time dimension and three
space dimensions) which assumes a Lorentzian metric whose posses three positive
eingenvalues and one negative eigenvalue. Hence, it is usual to consider two kind of
signature notations, namely (—+++) or (+———). The metric and its inverse allow
us also to map contravariant (defined in the tangent space) and covariant vectors
(defined in the cotangent space). For any arbitrary covariant vector v, its corre-
sponding contravariant vector v* can be obtained by contracting it with the metric
as v* = g"v,. Hence, one can also define the scalar product of two arbitrary vectors

v* and w* via

v-w = guutw”, (2.8)
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where both vectors are evaluated at the same point of the manifold. From this

definition, one can also define the norm of a vector on the manifold which reads
vev=|vf* = guotv”. (2.9)

When vectors are orthogonal to themselves, they are called null vectors and satisfy
guv"v” = 0.
Further, one can easily then define that the angle 60,, between two arbitrary

non-null vectors as follows

: Hap?
08 0y = e I 10 : (2.10)
[ollwl  /(grv*o?) (gapww?)

From this definition it can be seen that two vectors are orthogonal if g, v*w” = 0.
Furthermore, the metric and its inverse also allows us to raise and lower indices for
tensors. For example, for a (1) tensor 7,,,%, one can also define its corresponding
(3) tensor as T, = ¢"*T),,5°.

Let us now consider an arbitrary curve C on a manifold parametrised by z# =
x#(\) in a certain coordinate system x#. If this curve starts at a point P; and finishes

at a point Py (the end points of the curves), the length of this curve is defined as

Py Py Py dxt dxv
L:/ ds:/ \/gw,dx“dx”:/ i ) (2.11)
n » » d\ dX

Moreover, one can also define the n-volume of a space of dimension n as

- / det (g, )d" (2.12)

As can be seen, the definitions of angles, distances, longitudes and volume depend
on the metric. Hence, this geometric object is one of the main ingredients in General

Relativity.
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2.3.2 (Geodesic equation

A geodesic equation is defined as a particular curve which joins two points F; and P
making its length (defined by (2.11)) stationary under small variations and vanish
at the end points. Basically, this curve represents the curve which minimises (or
maximises) the distance between the points P; and Py. This definition comes from
the principle of least action or Hamilton’s principle which states that the dynamics
of any physical system is determined by minimising the action S of the system.
Mathematically speaking, this is equivalent to taking variations of the action and
then assuming that for all possible perturbations, that variation is S = 0. In this
case, to find the shortest length which joins the points, one can consider that L and
ds in (2.11) are the action and the Lagrangian of the system respectively. Therefore,
by taking variations in (2.11) it can directly be found that geodesics satisfy the

Euler-Lagrange equation,

ods  Ods d 0Ods

- = - = 2.1
Szt Oxr  d) a(daz_ﬂ) 0, (2.13)
ax

where ds = /g, dxrdx”. It is easy to check that the first and second term on the

above equation can be written as

() () ew
d od d /1 da* Pa (Dgusy (da' (d
ey~ alaan) ~opr  (50) () (&) e

where it was used the fact that ds = 1 for the affine parametrisation. By replacing

the above expression in the Euler-Lagrange equation (2.13) and then multiplying it



Chapter 2. The Theory of General relativity 25
with the inverse of the metric g**, one finds the geodesic equation given by

d?z dzt dx?
—_— al =0 2.16
d\? + {W d\ d\ ’ ( )

where the Christoffel symbol of the second kind { [Z,} has been defined as

1
{31/} = §gaﬁ (augl/,ﬁ + augub’ - aﬁguy) . (217)

It is easy to see that when one is considering an Fuclidean space in Cartesian co-
ordinates, the Christoffel symbol is zero for all the components and then from the
geodesic equation, one obtains d?z®/d\? = 0 which gives us that a straight line is
the shortest curve which joins the points P; and Py. It is important to mention that
this quantity does not transform as a tensor under a general coordinate transforma-
tions, so, it is not a tensor. Since the metric is symmetric, one can directly notice
that the Christoffel symbol is symmetric on its lower indices giving us that for a
n-dimensional space, it contains n?(n + 1)/2 components. Thus, for GR which is a
4-dimensional theory, this quantity contains 40 components.

In conclusion, the geodesic equation is the equation which describes the motion for
any kind of body (or particle) when gravitational effects are taking into account and

it is one of the most important ingredients in GR.

2.3.3 Covariant derivative, connections and paral-

lel transportation

Let us consider an arbitrary vector v, and perform a coordinate transformations
from z, — ). By taking partial derivatives of the new vector v;, with respect to

the second coordinate system dv;, /0z'", it can be seen that this quantity is related
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to 0v,/0z" as follows

/ a 8 2, .
= g = (5) (o) s + () 09
so that due to the second term on the right hand side of the above equation, deriva-
tives of vectors do not transform as tensors under a general coordinate transfor-
mation. This quantity depends on the coordinates chosen and therefore it is not a
convenient quantity to consider on the manifold. One can also make a similar trans-

formation and compute partial derivatives in two different coordinate systems with

/

L one can also

respect to an arbitrary tensor, for example A,,. If one computes 0., A
obtain the same conclusion that partial derivatives do not transform as tensors under
general coordinate transformations. Therefore, one can not know if a vector (or a
tensor) is constant on a manifold without introducing another kind of derivative.
Thus, one needs to define another type of derivative which transforms covariantly
under general coordinate transformations.

Let us first define a geometrical object defined on a manifold known as connec-

tion labelled as T'j,. This geometrical object is the one which transforms from one

coordinate system to another as
o= (5) () () (520) (). 219)

In general, a connection defined on a certain manifold does not necessary depend on

the metric. Using this definition, it is possible to define a covariant derivative V,
on a manifold which has the property that it transforms covariantly under a general
coordinate transformation. The covariant derivative of covariant and contravariant

vectors can be defined as

Vv, = 0vy, — T 05, (2.20)
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V0" =0,0" + Fguv'g . (2.21)

It is easy to check that V,v, and V,v” transform as tensors as expected. For any
arbitrary (%) rank tensor A, 7 one can then define that the covariant derivative

with respect to it is given by

Vadyw 07 = O\ = T A = T Ay P —
F T4 A P+ TR A (2.22)

Again, it is easy to check that this definition is covariant under coordinate trans-
formations. Hence, the connection allows us to define derivatives which transform
covariantly under general coordinate transformations. One can also notice that for
any function f, the covariant derivative is exactly the same as the partial derivative
V.f = 0.f. The covariant derivative maps a () rank tensor to a (,,%,) rank ten-
sor and it is linear. Additionally, covariant derivatives satisfy the Leibniz rule and

commute with contraction. From the latter properties, it can be clearly seen that

vu(gaﬁgﬂ’y) =0 vugab’ = _goa/gb"yv,ugwy . (223)

Let us now define a tensor @),as, to rewrite the above equation as

Vugab’ = Qua,@ = _gaugﬂ'yvugwy- (224)

Clearly, Q)05 is a 3 rank symmetric tensor on its last two indices. From here, it is
necessary to distinguish between two kind of geometries which depend on the choice

of the connection defined on the manifold:
1. Metricity or metric compatibility: when @ a3 = 0

2. Non-metricity: when Qs # 0.
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A connection which satisfies the metric compatibility condition is labelled as Lorentz
connection. General Relativity is a theory which assumes the first kind of connection
where V,g.3 = 0. Moreover, another important condition for the connection is
established in GR. It is assumed that the connection in GR is torsion-less (assumes
that torsion tensor is identically zero, see Sec. 2.3.4), which is equivalent as having

a symmetric connection
(2.25)

This torsion-less connection is also named the Levi-Civita connection and it is one
of the main ingredients in constructing GR. Hence, GR is a geometric theory based
on a specific connection which satisfies the metric compatibility condition and it
is torsion-less. From hereafter, o will be used to denote mathematical quantities
computed with the Levi-Civita connection (GR). This notation will be useful in other
sections dealing with Teleparallel gravity where the connection and then covariant
derivatives are different.

One can verify that the unique connection which satisfies the metric compatibility

condition which is also symmetric, is given by the Christoffel symbol (2.17), namely

Ca o 1 o
F/W = {MV} = 59 6<augl/5 + aug,uﬁ - 869#1/) . (226)

Therefore, the torsion-less and compatibility conditions give us the above connection
which matches with the Christoffel symbol defined in the geodesic equation.
In standard flat spacetimes, a vector v’ remains constant along a line if it satisfies

dv’
d\

—0, (2.27)

where A is an affine parameter used to characterised the curve. Since GR is based on
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curved spacetimes, the notion of transporting vectors parallel along a line needs to
be changed. In this context, one needs to introduce the parallel transportation that
allows us to define this kind of transportation in curved spacetimes. It is then said

that any vector v' is parallel transported along a curve parametrised by \ if

TV’ =0, (2.28)

where V; is the covariant derivative and T" is a tangent vector of the curve. According
to this definition, it can be proved that the final transported vector v'* resulting by
parallel transporting the vector v' from z’ to an infinitesimally close point located

at x' + dz* will be

V' (x + dr) = v'(z) — T4/ (x)da® = o'(z) + v’ () . (2.29)

Additionally, for a covariant vector v;, after a parallel transportation along the curve,

one can also obtain the vector v} located at x + dz* via

vi(x + dr) = vi(x) + Dhog(x)dat = vi(x) + dvi(z) . (2.30)

These definitions will be useful in forthcoming sections where the geometrical inter-

pretation of some important mathematics quantities will be explained.

2.3.4 Curvature tensor, Ricci scalar, scalar curva-

ture and torsion tensor

In general, unlike partial differentiation, a covariant derivative defined on a manifold
does not necessary commute, i.e., in general, VWVAAW...O‘B“' =+ V,\V,YAW,..O‘ﬁ“'. Let

us first study the commutator relationship considering an arbitrary smooth function
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f by computing its second covariant derivative using (2.21) which gives us

vuvuf = a,uauf - Fﬁya)\fa (231)

VoVuf =0,0.f —T,,0\f - (2.32)

Now, using 0,0,f = 0,0, f, one finds that the commutator relation for covariant

derivative for a function is given by
2V Vo f =V, V. f =V, V,.f = -T".0\f, (2.33)
where it has been defined the torsion tensor T’\W as
T, =T, —T,,. (2.34)

This quantity will be important in the forthcoming chapter where Teleparallel theo-
ries of gravity are considered. As pointed out before, GR is based on a torsion-free
connection, so that in that theory it is assumed that 7%, = 0 or equivalently the
connection is symmetric 12‘,}# = lgij The torsion tensor is skew-symmetric on its last
two indices. Hence, for a n-dimensional space, it contains n?(n — 1)/2 components
and therefore in 4 dimensions contains 24 components. It can be proved that even
though the connection I' does not transform as a tensor under a general coordinate
transformation, the torsion tensor does transform as a tensor.

Even though this quantity is assumed to be zero in GR, let us try to understand
better what this quantity is measuring. To do that, let us consider a 2 dimensional
geometry and then define three different points Fy, P, and P, separated infinitesi-
mally from each other. Let us suppose that Py is located at ' and P, and P, are
located at z' + dz} and z' + dxb respectively. Hence, the difference between the

points Py and P is just do! and the difference between Py and P is just dz. Then,
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let us transport the vectors dz! and dz? defined at the point Py towards the points
P3 and P;. By doing this, one is able to define the two new vectors as dr} and dz’,
respectively. These two vectors defined at the points P; and P, can be obtained with

the parallel transportation equation obtained in (2.29), giving us
drk(Py) = dly — F;k(x)dac]fdx]z , dri(Py) = dat — F;k(x)dx]ldxg . (2.35)

Using these two new vectors, one can then define two new points P3; and P, with

coordinates being equal to

Now, by subtracting the coordinate of these points, it is found the following expres-

sion

7'(P) — 2'(Py) = (xl + da + dab — F;k(m)dxlfd:c]?>
- (:Bl + daly + dr’ — zk(x)dx{dx@ (2.37)

= T'(x)de)dah (2.38)

where Eq. (2.34) was used. From here, one can understand the geometrical meaning
of the torsion tensor. The difference of the coordinates of the points P; and P, is
proportional to this tensor. Hence, this quantity measures the failure to close an
infinitesimal parallelogram since if the torsion tensor is different from zero, those
points will not coincide. Fig. 2.5 represents more or less the situation described here,
starting from a point F, and then defining new points P, and P, infinitesimally sep-
arated. As can be seen from the figure, the points P3 and P, do not coincide, making
an “open” parallelogram. Obviously, when the torsion tensor is zero, the points co-

incide and the standard kind of geometry is recovered where a closed parallelogram
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is obtained. GR is a theory which assumes that the torsion tensor is zero so that,
the final parallelogram always will be closed. However, in Teleparallel theories of
gravity when the torsion tensor is different from zero, this geometrical effect plays a

role (see Chap. 3).

dx?, X 1"k

i
dx}

Figure 2.5: Representation of a 2 dimensional manifold with torsion. This represen-
tation shows that the parallelogram will not be closed on a manifold with torsion.

Let us now consider an arbitrary vector v* and again use the definition of covariant
derivative acting on contravariant vectors given in (2.21). By taking second covariant

derivatives of this vector, one can easily find that

Vo Vauk = 0,(0av" + Thyv®) — TY, (Oav® + T 0%) + T (O™ + Tg0°%),  (2.39)

ViV ot = 0\ (0,0" + T v®) — T, (Fav" + Fgavﬁ) + I (0,0 + ngvﬁ) , (2.40)
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so that by assuming 0,0,v* = 0,0,v" and subtracting the above equations, one finds
2V, Vo' = V, Vol =V Vol = RFE (v + TP )\ V 01 (2.41)
where the curvature tensor R*,,\ was defined as

RFoon = 0,Th, — O\ + T T, — T4, T4 . (2.42)

This geometric object is skew-symmetric on its last two lower indices RFn,y =
— R* 4. Hence, it contains n*(n—1)/2 components in a n-dimensional space, giving
rise to 96 components in a 4 dimensional space. Exactly as with the definition of
the torsion tensor, it can be proved that the curvature tensor transforms as a tensor
under a general coordinate transformations. It is interesting to note that a sufficient
condition for finding a coordinate system where all the components of the connection
[, = 0, is by having that in that coordinate system, R¥ ., = 0 and T A =0.

Let us now try to understand geometrically what this quantity means. To see this,
let us take a 2 dimensional example with an initial vector v (where i = 1,2) de-
fined on a certain point Py = ' on a manifold which possesses curvature. Let us
now parallelly transport the vector v} around a small closed curve. If one parallelly
transports the vector v} from the point P, located at z* to a point P, located at a

point z’ 4+ dx!, from (2.29), one obtains
vh(z) —vi(P)) = F;k(x)vé(x)dx'f ) (2.43)

Now, one can parallelly transport the vector v} from the point P, to the point P,
located at z' + dx? + dz’. Since the new vector obtained by transporting v} is
different, it will be labelled as v. Then, one closes the curve by transporting the

vector from P, to P (located at z* + dxb) and then from P; to our initial point P,
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with the vectors labelled as v} and v} respectively. Therefore, as written above, the

difference between the vectors for that circuit is given by

Vi (P) — vy (P) = T (Povi(Py)das, (2.44)
Vy(Py) —v5(P3) = —T%(Po)v(Pa)dat, (2.45)
vi(Py) —vi(z) = —T%(Ps)v}(Ps)dat . (2.46)

It should be remarked that it was used that z%(P3) — 2(P;) = —dz and z'(FRy) —
2'(P3) = —dz%. One is interested to find how the initial vector v(z) is related with
the final vector v}(z). The coordinates of the points P; are known so that it is easy

to find that the connections evaluated at each point are

Ui(P) = Ti(w 4 dey) =T (x) + dad (0T%,) (x) (2.47)
F;-k(PQ) = F;k(:v + dxy + dzy) = F;k(x) + (dot + dxé)(@lfgk)(x) . (248)

Ti(Py) = Tip(w 4 das) =T (x) + dab (0T, ) (x) . (2.49)

Using the above relationships and (2.43) and (2.44), one can find that the vector

v4(P,) is equal to

vy(Pr) = wp(w) = Ty(e)vg()day — Dy (x)vg(x)day

+D5 (@), (2)vg (@) dari day, — (L5,) (x)wg (x)dayday , (2.50)

where terms proportional to dx!dxT'dz% were neglected. Then, by using (2.45) and

(2.49) and after some simplifications, the vector vi(Ps) becomes
vi(Ps) = wi(w) — I‘;k(x)vé(x)dxg + Rijkl(x)vgdx'fda:é , (2.51)

where (2.42) was used to incorporate R’;j;(z), which is the curvature tensor evaluated
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at the initial point Fy. Finally, from (2.46) one can find that the difference between

the final vector v} (x) and the initial vector v () at the point Py located at z* becomes

vi(z) —vh(z) = R j(x)vddalkdrl . (2.52)

Hence, the difference between those vectors is proportional to the curvature tensor.
From here, one can directly understand geometrically what this tensor represents.
If one starts with an initial vector v}(z) and one parallelly transports it around a
closed curve, one will end up with another vector v%(x), and the difference between
them is proportional to the curvature tensor evaluated at that point. Hence, the
curvature tensor measures the failure of this vector to return to its original value
when it is parallelly transported. This procedure is depicted in Fig. 2.6 where it can
be seen that the final vector v}(x) differs by the initial vector v(z) after parallelly

transporting it around a closed curved.

Py =+ dxy + dxg

Figure 2.6: Representation of a 2 dimensional manifold endorsed with curvature. If
the curvature tensor is different than zero, the final vector v}(x) would not coincide
with the initial one v} (z).
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Let us now state the Ricci theorem which says that any Lorentz connection can
be written as a combination of torsion, known as contortion tensor K u’\y, and the

[¢]
Levi-Civita connection I‘fw, which reads as

r), =T+ K, (2.53)
where the contortion tensor is defined as

1
Ku/\l’ - §(T>\MV - TVMA + TMAV) : (2'54)
This theorem is valid for any connection. If one uses this relationship in the curvature

(2.42), one obtains
R/\ pov — é)\ pnov + %O'KI/)\,U, - %VKU)\;L + Ka)\pKVpu - KapuKV/\p ) (255)

where R* ,,, is a generic curvature and » uov 18 a curvature computed with the
Levi-Civita connection. Hence, curvature can be always split as a combination of a
torsion piece which depends on the contortion tensor and, the curvature computed
with the Levi-Civita connection. In GR, torsion is zero so that K,*, = 0 and then
R* oy = ]Olz’\ pov- 1t is important to mention that by doing some computations, one

can also relate the curvature tensor with the torsion tensor yielding
Ry = =T 10 T" 35 — Vi T ) - (2.56)

It is also possible to define some contractions of the curvature tensor. One impor-
tant contraction of the curvature tensor is the Ricci tensor which is obtained by
contracting the first and third indices of the curvature tensor, giving us

Rox = R'aun = 0T, — 0T, + Ty IO, — T T (2.57)

ap >’
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which in general is not symmetric. Again, by using the Ricci theorem, one obtains
Ruv = Ry + Va0 — VoK + K2 K2 — KP LK, (2.58)
Moreover, it is also possible to express the above quantity as
2Ry = =3V TP 50 + 175,17 oy . (2.59)

It is easy to see that for GR, the Ricci tensor is always symmetric since the tor-
sion tensor is zero. It should be remarked that one can also define the contraction
R = Ru/\ which is a totally skew-symmetric tensor and it vanishes for a sym-
metric connection (as in GR). This quantity is known as homothetic curvature. The
other contraction R7,\, = —R, is just minus the curvature tensor due to its skew-
symmetric property on its last two indices. Therefore, there are only two possible
independent contractions for the curvature tensor and for the GR case, only the Ricci
tensor is non-zero.
Further, one can also consider a contraction with the metric and the Ricci tensor,
which gives us the so-called curvature scalar or Ricci scalar given by

R= ga)\RozA = ga/\aquA - @O‘Fgu + ga)\rgurf&\ - ga)\rgkrgu ) (2'60)
A Riemannian space is the one which possesses curvature but the torsion tensor is
zero and then the connection is equal to the Levi-Civita one. As pointed out before,
GR is based on this kind of spaces. For this case, the curvature tensor has also two

additional symmetry conditions
Rau’y)\ = _R'uoz'y)\a Rua'y)\ = R’y)\uaa (261)

which gives us that the curvature tensor contains only n*(n? — 1)/12 components in
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a torsion-less space. Hence, in GR, the curvature tensor contains 20 components.

2.4 Einstein field equations

2.4.1 Newton’s law of Universal Gravitation

This section will briefly review some basic properties of the Newtonian Gravitational
law. The aim is to have a picture of those laws in order to then study the Einstein
field equations which are a generalisation of them. First of all, Newtonian gravity
is of course based on Newtonian laws. After Einstein proposed Special Relativity, it
was known that Newton’s laws are valid only in some situations. Surprisingly, for
the most part of the phenomena at the scales of the human are within the range of
Newton laws. Mainly all the physics employed on Earth is based on these laws and
even though they are incomplete, they cannot be discarded. It is now known that

classically, these laws are valid when:

A body is moving with a certain velocity v which is very small comparable

with the velocity of light (v/c < 1).

Is valid when the gravitational field is in a weak field regime (GM/r < 1).

They are valid only in inertial reference frames.

Is based on the Galilean transformations (not Lorentz transformations as Spe-

cial and General Relativity)

In 1687, Newton proposed the Universal gravitational laws which in some sense,
governed the notion of gravity from that time until Einstein proposed GR. Let us
consider a case where there are two particles whose masses m; and msy are separated
by a vector 7 = ¥y — &;. For observational reasons, Newton realised that the force

which exerts the particle msy to the particle with mass m; must be proportional to its
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masses and inversely proportional to the square of the distance between the vector

which separates them, namely

mqmso F

EERER (2.62)

F=@

where |7] is the norm of the vector 7 and G is a gravitational constant that a priori
needs to be determined by experimental measurements. Fig. 2.7 shows a represen-
tation of this situation. Cavendish in 1789 was the first who measured this constant
using a torsion balance. To be precise, Cavendish was not trying to calculate this
constant. Rather, he was trying to calculate the density of the Earth. Moreover, the
real value of the gravitational constant G was not important at that time. However,
if one can measure the density of the Earth, using Newtonian laws, it is also possible
to estimate the value of G. Cavendish did not compute G but using the value of the
density of the Earth that he found, it is trivial to find the correct value of GG. There-
fore, mostly all authors said that Cavendish was the first who actually measured the
value of GG, even though in his notes he did not mention G at all. Hence, one can
say that Cavendish was the first who measured implicitly the value of G. Currently,
we know that the value of G in the international system of units is approximately

G ~ 6.67408(31) - 10~ '"Nm? /kg? (Mohr et al., 2016).

m1

4,

Figure 2.7: Representation of how the Newtonian Gravitational law works for two
particle with masses m; and ms located at #; and ¥y with respect to an observer O.
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Since Newton knew that the gravitational force acts even at very long distances,
he realised that it was convenient to also define the gravitational field g. A gravita-
tional field g; of a particle with mass m is defined as the gravitational force which
this mass generates to a test particle (mqy in this case), divided by the mass of this

test particle ms, which reads as

. F my T
=——=-G——. 2.
& ma G\FP |7 (2.63)

Notice that the minus sign comes from the third Newtonian law since the force
appearing on the above equation is the force which exerts m; to ms and hence it is
a minus of difference with respect to the force given in Eq. (2.62). Hence, a certain
particle m; will generate a gravitational field g for having a mass and its value will
be given by the above expression. Now, if one generalises this idea by changing the
particle to a continuous body, one can express its gravitational field by

=2
gz—G/pwwﬁ—ilﬂ% (2.64)
\%

7=

where V' is the volume of the body, dV’ is an infinitesimal volume of the body
and now the vectors ¥ and & describe the position where the gravitational field
is computed and the origin vector of the coordinate system respectively. In this
equation, p(2”) is the density distribution of the matter which of course in general
can be non-constant. From this definition, it is easy to check that V x g = 0 which

tells us that the Newtonian gravitational field is irrotational. Hence, there exists a

gravitational potential ¢ such that

g=-Vo, (2.65)
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where ¢ is defined as

¢ = G/V f(f/> av’. (2.66)

|77 — 7

Thus, the gravitational potential satisfies the Poisson equation given by
V3¢ = 4nGp, (2.67)

and also the gravitational field satisfies the Gauss equation V- g = —4nGp. The
above equation can be used to calculate the gravitational potential for any kind of
configuration as, for example, a spherically symmetric body. An important conse-
quence can be seen from this equation. First of all, it tells us that the gravitational
effects act instantly since the time is not present in this equation. This means that
Newtonian gravity says that if the Sun suddenly disappears, all the planets orbiting
around it, will automatically feel that the gravitational force of the Sun disappeared.
This is of course not consistent with Special Relativity which says that the maximum
speed which information can travel is the velocity of the light. The latter thought
experiment is known as the cosmic catastrophe. Today, it is known that the basics
of Newtonian laws are valid only for some specific cases as mentioned earlier.

Using GR, it is possible to check that the gravitational field propagates at ex-
actly the velocity of the light so it is not instant as is proposed by Newtonian gravity.
Even though the Newtonian gravitational laws have some inconsistencies, the Poisson
equation for the gravitational field could describe mostly all the phenomena in the
Planetary system. Hence, it is a good tool for astronomers and engineers to estimate
some specific gravitational scenarios such as the movement of comets, asteroids or
even the movement of the Earth around the Sun. This is true since the gravitational
field in those situations can be considered as being weak and then Newtonian law

can be used. However, for example, when one wants to understand how Mercury is



Chapter 2. The Theory of General relativity 42

moving around the Sun, one cannot use Newtonian gravity. This problem happens
since the gravitational field is much stronger near the Sun and since Mercury is the
closest planet to the Sun, the gravitational effects cannot be estimated using Newto-
nian gravity. This problem was actually observed before Einstein came out with GR,
when astronomers did not understand why the orbit of Mercury and its movement
around the Sun were not the one expected using Newtonian gravity. Moreover, at
that time, astronomers needed to introduce a new planet near the Sun to more or
less match the observations. This planet of course was never found. This problem
is known as the Mercury perihelion shifting. Using GR, one can study how Mer-
cury moves around the Sun and actually one can measure and see that the orbit of
Mercury changes around 43 arcseconds per century on its perihelion in every cycle,
matching with a high precision with astronomical observations. For the interested

reader about confrontation between GR and experiment, see Will (2014).

2.4.2 Einstein field equations

Einstein was an intuitive person formulating his theories. Based on the principles
mentioned in a Sec. 2.2, he was able to formulate the field equations which rules the
movement of bodies when gravitational fields are presented. In order to find these
field equations, Einstein used some conditions that those equations must satisfied
and then he formulated the equations intuitively. First, he realised that the field
equations should have a similar form as Maxwell’s equations. One can proceed as
follows. Let us take the metric g,, in a slightly curved spacetime in such a way that
one can express it as a flat Minkowski metric plus an additional small metric term.

This perturbation can be written as

Guw = N + Py s with [h| < 1. (2.68)
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Now, consider the Newtonian limit where the gravitational fields are small and also
that the bodies move with velocities much smaller than the velocity of the light. For

coordinates z* = (t,x'), the geodesic equation (2.16) for this case will be given by

>z 1
P 577“ Ivhoo ~ 0. (2.69)

Then, for the O-component, one obtains

d*t

which gives us t = ¢;7 + ¢2. So, without loosing generality, one has dr = dt. Then,

the i-th component in (2.69) becomes

d*z

1=

Now, for the 2nd Newtonian law d?Z/dt*> = § and by comparing the Newtonian

Poisson equation (2.67) with the above equation, it is easy to see that
V2hoo = 87Gp, (2.72)

so that one directly finds that the Newtonian gravitational potential is related to the

perturbed metric as
hoo ~ —2§Z5, (273)
so that the 00 component of the metric will be

Joo ~ —(1+29¢). (2.74)
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Hence, the first ingredient needed to construct the field equations is that the 00
component of the metric must satisfy the above equation for the cases where the
gravitational field is weak.

For non-relativistic matter, the 00 component of the energy-momentum tensor is

Too = —p and then by using (2.68) and (2.72) one finds that
V2400 = 871G To0 - (2.75)

The above equation could describe the Newtonian Gravitational law for the specific
case where the gravitational field is not sufficiently large to deform sufficiently the
spacetime. The above equation is known as the Newtonian gravitational limit. The
above equation is just a guess of the final field equation for any kind of gravitational
field since it is based on non-relativistic assumptions. However, one can notice that
the form of the Einstein field equations for any distribution kind of matter, must
relate the energy-momentum tensor to gravity. Therefore, let us take the following

form of the possible field equations,
éuy = /{27;1/’ (276)

where x? is a unknown coupling constant and Gy, is a tensor that it is unknown
a priori, but it must satisfy some specific properties to ensure the validity of all
the principles studied in Sec. 2.2. Therefore this tensor must satisfy the following

conditions

e [t must be formed from the metric tensor and also its derivatives. éuv must
have dimensions of a second derivative. Any other terms with N # 2 number
of derivatives would appear multiplied with a constant of dimensions of length
to the power of N — 2. GR assumes that the field equations are uniform in

scale, so that (G, must have only terms with second derivatives of the metric.
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Hence, this tensor only contains either terms quadratic in the first derivatives

or linear in the second derivatives of the metric.

e From Eq. (2.76), it can be noticed that the right-hand side of the equation ap-
pears the energy-momentum tensor which always is a symmetric tensor. Hence,

o
G, must also be a symmetric tensor.

e Since the matter must be conserved in the sense of covariant differentiation,
ie., V, 7" = 0, from Eq. (2.76), one notices that this new tensor G, must
also be covariantly conserved, i.e., V,G*” = 0. This condition ensures that

matter and energy are conserved and also that particles follow geodesics.

e As one can see from Eq. (2.75), for weak gravitational fields (Newtonian limit),
the 00 component of the tensor éuv must be approximately equal to CO,‘OO R

VQQOO-

As discussed in Sec. 2.3.4, the curvature tensor (2.42) is constructed with the metric
and its derivatives. Moreover, this tensor contains up to second derivatives in the
metric so that it seems like a plausible quantity to consider in the final form of the
field equations. Further, it can be seen that a linear combination of its contraction
(Ricci tensor and scalar curvature) is the most general form that (O}W must have in
order to full fill the first condition written above. Therefore, one can write down

that the most general COJW should take the following form
Co:;w = leozuu + Oy guuéa (277)

which of course is a symmetric tensor and C and C5 are arbitrary constants. These
constants can be set directly by using the Newtonian limit and also the fact that
this tensor must satisfy %uG‘“’ = 0. A simple analysis tells us that using these two

conditions, one has that ¢} = —2C,. It should be noted again that the symbol ©
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was introduced to label quantities computed with the Levi-Civita connection since
in forthcoming chapters, it will be dealt with other kinds of connections. Therefore,
a tensor which satisfies all the requirements established above is the one which is

given by
o o 1 o
G,uz/ = R;,LV - §guuR' (278)

This tensor is known as the Finstein tensor. Moreover, from the Newtonian limit

one can also notice that the coupling constant must be equal to
K = 871G (2.79)

Hence, from Eq. (2.76), the final form of the famous Einstein field equation is the

following

o 1o
RMV - §Rguu — ’i277u/ . (280)

The above equations are known as the Finstein field equations. The left-hand side of
this equation describes the geometry of spacetime, characterised by the Ricci tensor,
scalar curvature and the metric. The right-hand side of this equation contains all
the information related to the matter content, which is in the energy-momentum
tensor 7,,. The constant x? is just a coupling constant that needs to be equal to
87 G in order to match the Newtonian limit given by the Poisson equation (2.67). In
this form, one can directly notice that the concept of gravity is directly related to
the geometry. This consequence comes directly from the principles assumed in the
theory. In general, this equation is difficult to solve since it is a system of 10 non-
linear partial differential equations. For that reason, Einstein thought that nobody

will be able to solve his equation. Surprisingly, only one year after Einstein proposed
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its equations, Karl Schwarzschild found the first exact solution of GR for a vacuum
spherically symmetric geometry. Currently, there are more than 4000 known exact
solutions in GR (Stephani et al., 2009). Basically, the equations are complicated to
solve but they can be treated by assuming some symmetries in the spacetime studied.

Soon after Einstein proposed this famous equation, in 1917 he proposed its first
modification. With the aim of having a stationary Universe, he realised that one
needed to introduce an additional term to Eq. (2.80). He thought that the Universe
must be static and that also that it must satisfy the Mach’s principle. Moreover, he
also thought that in order to avoid the gravitational collapse, one needed to introduce
this new term to his equation. He said: “The term is necessary only for the purpose
of making possible a quasi-static distribution of matter, as required by the fact of
the small velocities of the stars”. This term is known as the cosmological constant
and he noticed that it is possible to modify his field equations to also satisfy the
condition of having a static Universe. This modification it is known as the Finstein

€ equations wi cosmological consitant, exXp 1c1t 1ven

Id equations with logical constant, explicitly given by
o 1o 9
R/u/ - §Rguy + Aguu =K 771&7 (28]‘)

where A is the famous cosmological constant. Some years later Einstein introduced
this cosmological constant, astronomical observations proved that the Universe is
expanding (not static). Then, he thought that adding this term to his equation was
the most important failure of his career. Today, it is known that the Universe is
expanding but also in an accelerated way. Trying to understand the acceleration of
the Universe is one of the most important goals for the physics today. Actually, one
of the most important models for modern cosmology is based on this cosmological
constant since it can mimic (quite well) the behaviour of the accelerated expansion of
the Universe (see Sec. 2.5.2). One can say that the motivational idea of introducing

this constant was incorrect (since Einstein wanted to have a static Universe), how-
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ever, in the end, this constant is one of the most important ingredients in modern
cosmology.

Another alternative way to find the Einstein field equations is by using the stan-
dard Lagrangian approach. Soon after Einstein proposed its equation, the mathe-
matician Hilbert realised that it is also possible to define an action which describes
the Einstein field equations. Then, one can vary this action with respect to the
metric using the standard variational method. The action principle tells us that for
any given action S, its variation S (in this case with respect to the metric) must
be zero. This principle comes from the idea of the minimization of the action. This

action is known as the Einstein-Hilbert action and it is explicitly given by

1 o
SGR = 2—/#/(141' vV —gR + Sm; (282)

where g = det(g,,) and Sy, is any matter action. In this action the scalar curvature
R is the main ingredient. By varying this action with respect to the metric and
equating it to zero, 6Sgr = 0, one directly finds that the integrand of the first term

becomes
1o

o o ST
/ZgSR+ Roy/—g = 5g]fy—§Rgﬂy]5guv,/—_ | (2.83)

where it has been used that 0v/—¢g = —(1/2)\/—¢ ¢,,0¢"". From the definition of

the scalar curvature R = ;{Wg‘“’ given in Eq. (2.60), now with I'}, = 12;)”, it can be
directly found that the first term in the above equation becomes
5}03 o uv ° uy S0 Ho ST
V=g = V=9Ruw09" +/—gVo|g"oly, — g'7 o'y
dgw/ H H
— V=gRu0g" +bit., (2.84)

where /—¢g %MV“ = 0,(v/—g V") was used (where V* is any vector). By using the
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latter identity, one can directly see that the whole last term on the above equation is
a boundary term (b.t.). Since this boundary term does not affect the field equations,
it can be neglected. Hence, from Eq. (2.83) and the action (2.82) one directly finds

that

o 1o
R;U/ - §Rg,u1/ = HZEV? (285)

where 7, is the energy-momentum tensor defined as

2 /08
T = ——(—m)ég’“’. (2.86

g V=g \dg" )
As can be seen, Eq. (2.85) matches with (2.80) so that, the Einstein field equations
obtained from the Einstein-Hilbert action match with the ones proposed by Einstein.
One can also add a cosmological constant to the Einstein-Hilbert action by adding

the term

1
Sy = 5 d*z /=g A, (2.87)

and then find the corresponding Einstein field equation with a cosmological constant.
For modified theories of gravity, the Lagrangian approach is extremely important. In
future chapters, this approach will be used to obtain the field equations of modified
theories of gravity. This thesis will be focusing on modified theories of gravity,
explicitly speaking, modified Teleparallel models. As pointed out, it will focus on
studying some cosmological models. To understand this better, the basis concepts

of cosmology will be introduced in the next section.
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2.5 Friedmann-Lemaitre-Robertson-Walker

cosmology

Cosmology is facing an important challenge today. The discovery of the acceler-
ated expansion of the Universe changed radically the notion of how our Universe
is evolving. This section is devoted to describing some basic properties of cosmol-
ogy, starting from Newtonian cosmology and then finishing with the well-known
Friedmann-Lemaitre-Robertson-Walker cosmologies starting from GR. These sec-
tions will be useful to also understand future sections related to modified theories of
gravity where different models will be proposed to mimic the dark energy problem.

Cosmology tries to address and model the Universe at great scales and understand
how it evolves and how it will continue evolving in time. Hence, its study is difficult
and challenging but also it is an extremely interesting and on-going subject. One
can say that cosmology is quite a new field on physics but that is not true at all.
From the very beginning of times, mankind has asked about what is our place in the
Universe and how it all started. Even though those questions have always been on the
table, before the 20th century, cosmology was thought to be more a subject related to
philosophy rather than physics. One can say that modern cosmology started in 1929,
when the astronomer Edwin Hubble discovered that the Universe is expanding. The
expansion of the Universe has been one of the most important discoveries in the XX
century since it changed the vision and comprehension of the Universe. Hubble used
distant galaxies and realised that if a galaxy is further away from the Earth, they
tended to move faster with respect to the Earth. So, distant galaxies are moving
further away from Earth than the nearest ones. The most accepted model which
deals with those observations is that the Universe itself is expanding and hence, with

respect to an observer on the Earth, a further away galaxy will move faster than
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nearer galaxies. An easy way to understand the expansion of the Universe is by
thinking that the Universe is similar to a balloon which is inflated at each moment
as it is depicted in Fig. 2.8. Consider that initially at ¢y, the Earth is located at
a point A of this balloon, and there are two galaxies: a nearer galaxy located at
the point B and a further away galaxy located at a point C. Now, if the balloon is
inflated at ¢’, from the perspective of an observer located on the Earth (comoving
with the expansion), the galaxies will be displaced towards two new points B’ and
C’. Now the distance between the galaxies are greater due to the expansion, i.e.,
Ax'yp > Az ap and Az'y > Axac. Hence, from a comoving observer located on the
Earth, the galaxies would be moving further away with respect to the Earth. Since,
there are more space contained from the Earth and the further away galaxy located

initially at B, the increment in the Az ¢ — Az/y is greater than the increment in

z' o — AT AC Az p—Azap
t'—tg t'—tg

the distance Az — Az’ 5. Therefore, the quotient = , or in
other words, the velocities of the galaxies with respect to the Earth satisfy vac > vap.
Hence, a further away galaxy will move faster than a closer galaxy with respect to
the comoving observer located in the Earth. From the perspective of the Earth, one
can think that the galaxies are moving further away from it, but it is the balloon
(the Universe) which is creating this effect since it is inflating in all directions making
the points become displaced. This is actually the same as Hubble measured: distant
galaxies were moving faster away with respect to the Earth. Therefore, exactly as
the balloon is expanding one can understand those measurements as the Universe
itself is expanding.

Hubble measured the recession velocity v for different galaxies and noticed that

depending on its distance D with respect to the Earth, one can establish the following

relationship

v=HyD, (2.88)



Chapter 2. The Theory of General relativity 52

Figure 2.8: The Universe is represented as an expanding balloon where an observer
located at the Earth is said to be comoving with the expansion. The further away
galaxy (located initially at C') will move faster than the closer galaxy (located initially
at B) with respect to the Earth.

where Hj, is known as the Hubble constant. The above equation is known as the
Hubble law. Hence, the recession velocity of a further away galaxy will be greater than
a near galaxy. Hubble measured this constant but it is known that his measurements
were not good enough to find a good approximation of its real value. Actually,
from his measurements, the relationship between v and D was not linear. Since he
developed this theory, many researchers have tried to estimate this constant with
higher precision. This is one of the most important constants in physics and with
different modern techniques and astronomical measurements, it is believed to be
approximately Hy =~ 67,4 4+ 0.5 km s~ 'Mpc~! (Aghanim et al., 2018). However,
there is a discrepancy of around 3.60 about this value with local measurements of the
Hubble constant, which suggest that its value is slightly bigger; Hy ~ 73,2441, 74 km
s 'Mpc™! (Riess et al., 2016). Then, those values and error bars are non-overlapping.

The Hubble constant is also important to estimate the age of the Universe since it
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is directly related to it via (Hawley & Holcomb, 2005)

1
tUniverse = I ~ 13.8 Gyrs. (2.89)

Thus, the Universe is more or less 13.8 billion years old. The Hubble law can be seen
as the beginning of modern cosmology and because of that, Hubble is regarded as
one of the fathers of cosmology.

A more recent important discovery which changed all the notion of modern cos-
mology was discovered in 1998. Supernovae type la have a consistent peak luminosity
so they can be used as standard candles in the Universe. Two independent groups
of researchers studied these kinds of astrophysical objects and they noticed that
the Universe is not only expanding, but also it is expanding in an accelerated rate
(see Riess et al. (1998); Perlmutter et al. (1999)). This is an extremely important
discovery since it was in the opposite direction as physicists believed. Further, the
researchers who discovered the accelerated expansion of the Universe won the Nobel
prize in 2011. If the Universe is accelerating, there must be something unknown that
is creating this behaviour. Since this ingredient was not understood, it was labelled
as dark energy. Even today researchers do not understand well this quantity and
it is an on-going field to study. One of the most important goals is to understand
this quantity better and hence, some people believe that GR must be modified to
understand this problematic issue in a better way. This thesis will be focus on some
modifications of GR with an emphasis on studying the dark energy problem.

In the next sections, it will briefly describe the basic notions of Newtonian cosmol-
ogy and then the standard Friedmann-Lemaitre-Roberton-Walker cosmology starting
in GR with a cosmological constant. The latter model gives us one of the most im-

portant models of modern cosmology describing the current observations.
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2.5.1 Newtonian Cosmology

The basic ideas of cosmology will be introduced using standard Newtonian gravity
and then GR will be used to understand cosmology in a more rigorous way. An
expanding Universe can be naively understood using the ideas of Newtonian gravity
and Newton’s laws. Let us suppose that the Universe is homogeneous and spherically
symmetric. Consider a comoving spherically symmetric surface located in a certain
position of that Universe. Let us also suppose that the radius of this surface is much
less than the radius of the Universe. Therefore, all the galaxies inside the comoving
surface will only by influenced by their own gravitational fields. In this way, one can
neglect all the other gravitational fields from the rest of the Universe. Thus, this
situation can be understood if one imagines that the Universe is a Newtonian gas
expanding homogeneously and isotropically in all directions. Any particle of this gas

(which can be seen as a cluster of galaxies) will have the following trajectory

(2.90)

where a(t) is a scale factor of the whole gas and t; is an initial time where the expan-
sion started. This function will tell us how the gas is expanding (or contracting). If
one assumes a coordinate system where the centre of the gas is located at its origin,
the gravitational energy potential of a particle of the gas U(t) located at a distance
equal to the radius of the comoving sphere |z(t)| can be found by using Eq. (2.66),

giving us
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where M is the mass inside the sphere of radius |z(t)| and V(¢) = (4/3)m|z(t)]? is

the volume of the sphere. The kinetic energy of this particle will be

K(t) = ymle(i)

a(t)’
a(to)?’

(2.92)

where dots represent differentiation with respect to the time ¢. Then, the total energy

of the particle will be the sum of the energy potential plus the kinetic energy, namely

E= %m% a(t)? — ——pa(t)?| . (2.93)

On the other hand, from the 2nd Newtonian law, one directly finds that the acceler-

ation Z(t) of the gas will be

#(t) = —G% _ —gnemx(t)\ | (2.94)

Now, if one substitutes (2.90) into the above equation, one can find a differential

equation for the scale factor:

a(t) = —%ﬂGp(t)a(t). (2.95)

Now, the energy density can be written as

M 3 CL3 (to)

plt) = oom = M

v ) a(t)™ = poa(t)™?, (2.96)

where initial energy density py = 3Ma®(ty)/(4mx(ty)) was defined here. Therefore,

one can rewrite (2.95) as follows

d, ., 8 d 1
E(a () = §7TGp°E (a_> . (2.97)
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Finally, by integrating this equation, one finds

(2.98)

where £k is an integration constant. The above equation is known as the first
Friedmann-Lemaitre- Robertson- Walker (FLRW) equation, with the scale factor a(t)
being the function which measures distances in a expanding or contracting universe.
Using GR, the constant k£ can be identified as the spatial curvature of the universe.
Using Newtonian gravity, it is not possible to identify k& with the spatial curvature of
the Universe. This equation is extremely important in cosmology since as it will be
seen later on, this equation also appears naturally using GR. The model described
above using Newtonian gravity to find the FLRW equations was firstly introduced
in McCrea & Milne (1934), soon after the FLRW model was introduced in GR.

Let us now briefly study what one can say about this model. As pointed out
before, this model visualizes the expanding Universe as a Newtonian gas which is
expanding in time. Each particle of the gas can be interpreted as a galaxy in an
expanding Universe. From observational measurements, at these scales, it has been
tested that the Universe is homogeneous and isotropic (see Sec. 2.5.2 for further
details). Hence, in principle one can choose any supercluster of galaxies (a particle
in our model) to draw the spherical surface which contains it on this boundary in
such a way that one can neglect all the other gravitational effects by the rest of the
Universe. By using (2.93) and (2.98), one can find that the total energy of a particle

on the boundary of this sphere will be given by

1zt
E = —émwk. (2.99)

From here, one can notice three important cases which depend on the sign of the

constant k. Depending on this sign, different kinds of expanding universes can be
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obtained. From the above equation, one can notice that this model tells us that
for £k < 0 the universe expands infinitely, for £ = 0 the universe expands until a
late-time ¢ — oo and for k > 0 the universe expands and then it stops to begin a
new contracting era (known as Big Crunch). The model used using the Newtonian
laws is known as Newtonian Cosmology. Even though, Newtonian Cosmology might
reproduce some viable characteristics from (2.98) and (2.99), to fully understand the
dynamics of our Universe, one needs to use GR. The Newtonian interpretation is

essentially incomplete for various reasons, for instance:

e The Newton laws do not work for situations where the particles move at veloc-

ities comparable to the velocity of the light.

e To have a better understanding of what it means the scale factor a(t), one

needs to use GR.

e To justify that one can neglect all the effects of the matter outside the sphere
one needs to assume the Birkhoff Theorem. To probe this theorem, one of

course needs GR.

e To understand that the constant of integration k is a spatial curvature one

needs to use GR.

e Newtonian gravity uses the concept of absolute time which is incorrect.

There are other several important problems coming from this approach. However,
the Newtonian laws can give us an intuitive and initial idea of the behaviour of an
expanding universe. Therefore, to understand it with more precision and in a more

rigorous physical way, GR needs to be used.

2.5.2 FLRW Cosmology and ACDM model

Cosmology tries to describe the structure, history and the dynamic of the Universe

considering it as an entire whole entity. When one is referring to Einstein cosmology,
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one is referring to the cosmology which assumes that GR is valid. Therefore, it
implies that also the GR principles and the Einstein field equations are assumed
to be correct. As will be seen in following sections, it is also possible to obtain
more general equations by taking some modified theories of gravity. In mostly all
those models, the standard GR case can be recovered in a a specific limit. Mainly
all the cosmological models assumed that at cosmological scales, the Universe is
homogeneous and isotropic. Therefore, any location in the Universe does not occupy
a special position. The latter is known as the cosmological principle, which can be

summarised as follows

“Over very large scales and statistically, the Universe is homogeneous and

1sotropic on its spatial part, always it has been like that and it will be like this for

”

ever

Homogeneous means that the Universe must be uniformly distributed and isotropic
means that there is not any preferred direction. The cosmological principle also says
that those characteristics must be valid from the beginning of the Universe and
moreover, that it will be like that for ever. Hence, the Universe has translational
and rotational symmetries. It also states that it is valid on very large scales. Cur-
rently, there is observational evidence that the Universe satisfies the cosmological
principle for scales at around [ 2> 200h~[Mpc]' (~ 108 light years). Observational
observations such as the 2dF Galaxy Redshift Survey (Loveday et al., 1995) shows
that at that mentioned scale, the Universe is homogeneous and that the galaxies are
somehow non-randomly associated or organized. It is important to mention that one
of the most important evidences which suggests that our Universe is isotropic comes

from CMB observations (Ade et al., 2014b).

Lh=1[Mpc] is a galaxy distance unit which depends on the Hubble constant Hy and hence it
depends on the cosmological model assumed. In this case h = Hy/100[km/s/Mpc]
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2.5.2.1 FLRW cosmology

The assumption that the Universe is homogeneous and isotropic, one can find a
metric which describes this kind of spacetime. The metric which describes a universe
which satisfies the cosmological principle is the FLRW metric. In this geometry, the
space contains the greatest number of symmetries so it is the maximally symmetric
spacetime. Technically speaking, a maximally symmetric spacetime is a spacetime
which has N(N +1)/2 Killing vectors for N spatial dimensions of the spacetime. For
the GR case N = 3, there are 6 independent Killing vectors. They are associated with
the invariance of rotations and translations in the FLRW spacetime. Using pseudo-
spherical coordinates (¢, 7,6, ¢) centred at any point of the universe, the most general

spacetime with this property is given by the FLRW metric which is

dr?
1—Ekr?

ds* = dt* — a*(t) +72d0* + r¥sin® 0 dy? | | (2.100)

where a(t) > 0 is the scale factor of the universe which has dimensions of length
and of course only depends on the coordinate ¢ since re-scale distances through the
expansion. This function is the same one introduced in the previous Newtonian
cosmology section. The constant k = {—1,0,1} is the spatial curvature representing
different kind of universes. For k = —1 the universe is an open universe (hyperbolic
space), hence if for example one draws a triangle, the sum of their angles is less
than 180°. For the k = 0 case, the universe is flat (Euclidean space) and finally for
the case kK = +1 the universe is closed (3-sphere space). For the last case, the sum
of the angles of a triangle is always greater than 180°. Cosmological observations
tell us that the Universe is almost flat £ ~ 0 (Aghanim et al., 2018). This metric
was first derived by Alexander Friedmann in 1924 but his results were not regarded
important at that time since the Universe was assumed to be static. Soon after,

Georges Lemaitre also derived the same result independently and later in the 30s
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Howard Roberton and Arthur Walker showed rigorously that actually the above
spacetime is the most general one satisfying the cosmological principle. For these
historical reasons, some people only name this spacetime as Friedmann-Roberton
(FR) or Friedmann-Roberton-Walker (FRW). However, being rigorous, all of them
somehow contributed to this important metric so throughout this thesis, this metric
will be labelled as the FLRW metric.

To fully describe the dynamics of the Universe, one also needs to assume the
matter/energy which describes the content of the Universe. In cosmology, it is usual
to model all the matter/energy content of the Universe as a perfect fluid whose

energy-momentum tensor is given by

7711/ - (P + p)uuul/ - pgw/ ) (2101)

where p = p(t) and p = p(t) are the pressure and energy density of the fluid and u* is
the 4-velocity of an observer comoving with the expansion u* = (1,0, 0,0) satisfying
uu, = 1. It should be noted that a perfect fluid is the one which that has an
equation of state which relates its pressure with its energy density as p = p(p) or
p = p(p). Now, there are all the ingredients to obtain the FLRW equations in a GR
setting. For the FLRW metric (2.100) and the matter content described by a perfect
fluid as (2.101), the standard FLRW equations can be obtained using the Einstein

field equations (2.80), giving us
3k
3H* + — = K%p, (2.102)
a

.k
3H?+2H+E = —K’p, (2.103)

where dots denote differentiation with respect to time and the so-called Hubble pa-
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rameter or Hubble rate has been introduced,
a
H=-. 2.104
: (2104

Eq. (2.102) is called the first Friedmann equation of the Friedmann constraint and
Eq. (2.103) is called the second Friedmann equation or the acceleration equation.
The first FLRW equation is the same one described in the Newtonian Cosmology
section (see Eq. (2.98)).

Sometimes it is also convenient to derive the so-called Raychaudhuri equation
which can be directly found from the FLRW equations. By subtracting (2.102) with

(2.103) one arrives at

a K2

- 5B+ 0), (2.105)

which tells us about the acceleration of the universe. The universe is acceler-
ating(decelerating) when @ > 0(d < 0) and moreover expanding(contracting) if
@ > 0(a < 0). From this equation one can notice that if 3p + p > 0 the universe will
be decelerating whereas for 3p 4+ p < 0 the universe is accelerating. By using the
fact that the energy-momentum tensor is covariantly conserved (%MT‘“’ = 0), one

can obtain the conservation equation for the fluid which is given by
p+3H(p+p)=0. (2.106)

This equation is not an independent equation since it can also be obtained directly
from the FLRW equations. There are two independent equations and there are three
unknown variables (a(t), p and p), so the system must be closed with an additional
equation. To do this, one usually assumes that the fluid relates its energy density

with its pressure as a certain function p = p(p). Hence, there is a certain equation
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of state (EoS) which relates those quantities. Moreover, a barotropic fluid is usually

assumed for standard cosmology. This fluid has the following equation of state
p=wp, (2.107)

where w is a constant known as the equation of state parameter. Depending on its
value, it could represent different kind of fluids, namely:

e Cosmological constant fluid w = —1.

e Dark energy fluid w = —1/3.

e Dust (non-relativistic fluid) w = 0.

e Radiation (relativistic fluid) w = 1/3.

Fluids are known to be always in the regime where w = [0, 1] but negative values of w
could be also considered. However, up to now, fluids with negative w have not been
discovered yet. Using the EoS equation, the system of equations is closed. Then, by
using the conservation equation of the fluid (2.106) it can be directly found that the

energy density behaves as

p(t) = poat) 0+ (2.108)

Hence, the energy density for matter-like, radiation-like and a cosmological-like fluids

behave respectively as

Pm = Pom a(t)iz5 y Prad = Po,rad a(t)izl y  PA = Po- (2109)

Here pom, poraa and po are integration constants. If one uses the equation of state
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(2.107) into Eq. (2.105), one finds

g = —%2(3w+1)p. (2.110)
From this equation one can see that the only way to achieve an accelerating scenario
would be when w < —1/3. Hence, one needs negative values of the state parameter
to obtain accelerating universes. Therefore, dark energy needs to be described by
a negative value of the state parameters which gives rise to repulsive gravitational
effects. These kind of fluids violate the standard energy conditions. A fluid described
by a w < —1 state parameter is known as phantom fluid. Fluids with w < 0 have
not been found yet in the laboratory.
Assuming a flat universe (k = 0), if one replaces (2.108) in the Friedmann con-

straint (2.102), one can find that the scale factor of the universe takes a power-law

form when w # —1

alt) o 5w | (2.111)

and an exponential form
alt) o =V (2.112)
when w = —1. From (2.111), one can see that for a radiation-like fluid the scale factor

behaves as a(t) oc t'/? and for a matter-like fluid as a(t) o t2/3. It should be remarked
that (2.111) could describe an expanding or contracting universe depending on the
sign of the square root. The solution described by (2.111) is known as a power-law
solution and the solution behaving as (2.112) is known as a de-Sitter solution. The

latter solution corresponds to a never-ending accelerating behaviour of the universe.
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2.5.2.2 A very brief history of the Universe

In this section, it will be very briefly discussed what observations have told us about
the history of the Universe. Roughly speaking, from different observations, it has
been noticed that the Universe has faced different eras. It started at around 13.8
billion years ago in a Big Bang in a cosmological singularity where all the evolution
of the Universe started. The Universe was really hot and small and then during the
expansion became colder and bigger. It can be said that GR is not a sufficiently
powerful theory to fully describe what happened from times from 0 to the Planck
time (around < 10* seconds after the Big Bang). To understand this era better,
a quantum theory of gravity is needed since quantum effects are important at those
scales. Up to now, there is not a final accepted quantum gravity theory so this
is a challenging open question in physics. After this, the Universe experienced an
inflation era, which was an extremely rapid accelerating expansion of the primordial
Universe. The Universe expanded around 10%% times in a very small fraction of
time of around 10733 to 10732 seconds (Guth, 1981). This is the same as more
or less expanding the Universe from a nanometre to approximately 10 light years
in only that extremely small period of time! After that, the Universe passed an
era dominated by radiation (around 10 seconds after the Big Bang) where photons
dominated the evolution of the Universe (Ryden, 2016). At this stage, the Universe
became transparent and then the Cosmic Background radiation was created (CMB)
(Spergel et al., 2007). This epoch finished at around 400.000 years after the Big Bang
(Ryden, 2016). As seen, in GR, a(t) o t'/? in this era. Cosmology at early-times tries
to deal with those epochs of the Universe. After that, the Universe faced a matter
dominated era, that according to GR, the scale factor behaves as a(t) o< t¥/3. Tt is
believed that in this epoch, the galaxies were formed. Finally, at approximately 10

billion years after the Big Bang, the Universe started experiencing a dark energy era.
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The physics of the era comprehending from matter to the dark energy dominated era
is known as late-time eras. In this moment, we are living in the transition between
matter-dark energy eras. This history of course, is just a very brief description about
what actually has happened to the Universe and how it has been evolved. However,
a good cosmological model should be able to at least describe those kinds of different
dominated eras. One of the most challenging and important questions in physics is
how to try to describe the evolution of the Universe from the Big Bang. This naive
model of our Universe is constructed by different observational measurements (see

for example Aghanim et al. (2018); Spergel et al. (2007)).

2.5.2.3 ACDM model

The simplest model which mimics the dark energy is known as the A-cold-dark-matter
model or ACDM. In this model, the cosmological constant A plays an important role
and it is assumed that the Einstein field equations with the cosmological constant
are valid. For the FLRW metric, the Einstein field equations with a cosmological

constant (2.81) takes the following form

3k
3H2+§—A = Kp, (2.113)

-k
3H2+2H+;—A = —K’p. (2.114)

These equations are called the FLRW with cosmological constant. It should be noted
that A can be written either on the left hand side or the right hand side of the above
equations, but to emphasize that it is related to the geometry (or a modification of
the Einstein field equations), it was written on the left hand side. This is of course
just a matter of convention; one can also think that A is a kind of matter and then,
it should appear on the right hand side of the above equations. If one assumes that

p=p==Fk=0and A # 0 one can directly find a(t) o< eV*/3" which according to
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(2.112), is the same solution as a w = —1 fluid with
A =Kpy. (2.115)

Then, a flat universe without any source will give rise a de-Sitter universe. Hence, the
cosmological constant is related to the vacuum energy density py = pyac and behaves
as a fluid with a negative pressure. Since a constant energy density (w = —1) give
rise to the same evolution of a universe as only having a cosmological constant, this
kind of fluid is sometimes known as a cosmological-like fluid.

Let us now consider the standard flat ACDM model where it is assumed that £ = 0
and the matter is described by a energy density p = p,, and a barotropic pressure
P = Pm = Wpy. For this case, the energy density will be given by Eq. (2.108) and
from the FLRW with a cosmological constant (2.113)-(2.114), one can directly find

that the scale factor behaves as

2

a(t) o sinh %\/3/\(1 + w)t] e (2.116)

which behaves as a(t) o e (matter dominated) for t — 0 and a(t) eV/A/3
(cosmological constant dominated) for ¢ — oo. Hence, this model has the correct
asymptotic behaviour starting with a matter-dominated era and then finishing in
dark energy dominated era with A being the responsible of this epoch. The latter
epoch is then dominated by the cosmological constant. For early-times, this model
can replicate a radiated dominated era by choosing w = 1/3 and a matter dominated
era by choosing w = 0. However, this model cannot describe both early dominated
eras at the same time. To achieve a universe which faces the correct history of our
Universe; radiation era — matter era — cosmological constant era; an additional
fluid must be introduced. However, by doing that, it is not possible to find an exact

solution for the scale factor. Omne can then use for example, dynamical systems
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techniques to analyse and model this more reliable representation.

If one introduces more fluids, in general, these fluids must satisfy the conser-
vation equation given by (2.106). So, for example let us assume that there are two
fluids characterised by their two energy-momentum tensor 72(,}) and 72(3) respectively.

(1)

Since the total energy-momentum tensor 7,, = T’ + 7:53) satisfies the conservation

equation, one can rewrite that each fluid satisfies
%“7;(3) = Qlla %M,];(S) — _QV7 (2117)

where (), is a vector which measures a transfer of energy-momentum between the
fluids. If there is no interaction or transfer of energy-momentum between those
fluids, one obtains that (), = 0 and therefore each fluid, independently satisfy its
own conservation equation %“7;},}) = (0 and %"7;(3) = 0. This procedure of course
can be generalised for N fluids but of course the model will be more complicated to
analyse.

Today, it is also known that the matter content described by p,, is mainly com-
posed by another unknown quantity labelled as dark matter in 1933 by Fritz Zwicky.
This quantity was introduced with the aim to understand different astronomical ob-
servations that did not match with the theoretical gravity models. Examples for those
observations are weak gravitational lensing (Clowe et al., 2006), CMB (Spergel et al.,
2007), galaxy rotation curves (Rubin et al. (1980); Navarro et al. (1996); Corbelli
& Salucci (2000)) and also observations from galactic halos and clustering (Moore
et al. (1999); Cooray & Sheth (2002)). It is believed that this kind of matter does
not interact electromagnetically, and thus it is not possible to directly observe it with
standard telescopes. Usually, it is modelled as a cold kind of matter with an EoS
w = 0.

For completeness, let us finish this briefly description of ACDM by introducing

three different fluids: a cold dark matter-like fluid pegn, a baryonic matter-like fluid
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pr, and a radiation-like fluid p,.q. The first two matter-like fluids can be described as
a fluid with an EoS w = 0 behaving as py, o< a(t)™3. Then, the first FLRW equation

(2.113) reads

3k

3H? = HQ(pcdm+pb+prad)+A_¥~ (2118)

Assuming that there is not interaction between the fluids, the energy densities behave
as Eq. (2.109). Now, by dividing the above equation by 3H?, one can rewrite it as

follows
1 =Qm+ Qaa + Q0 + (2.119)

where dimensionless density parameters were defined in the following way

/4}2 szrad
3H?

Qrnzfzcdm—i_gzb: 3H? ) —3H2

(pcdm + Pb) s Qrad =

and then Qp = —3k/a®> =1 — Qu — Qaa — Q. Now, by using the solutions (2.109)

and then by replacing them in (2.119) one finds
H2 = Hg [(chmp + Qb,O) CL_3 + Qrad,O CL_4 + QA70 + Qkﬁ a_2 N (2121)

where it was assumed that the integration constants (related to pg,) are ag = 1
and ) ., and Hj is the Hubble constant. Using this simple model, one can mimic
different epochs of the Universe as matter, radiation and cosmological constant eras.
From the above equation, one can directly see that at early-times, the radiation term
will dominate, then matter will dominate and finally the Universe will be dominated
by dark energy represented by the cosmological constant. From observations we

know that the best way to describe our Universe is by having the following parame-
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ters (Aghanim et al., 2018)

Qeamoh® = 0.11933 £0.00091,  Qy,0h* = 0.02242 £+ 0.00014, Qg ~ 1074,

(2.122)

Qo = 0.3111 £ 0.0056, Q40 = 0.6889 + 0.0056, Q2% = 0.001 £ 0.002.

(2.123)

The above values tells us that our Universe is mainly composed by the dark energy
component. Hence, it is extremely important to understand its behaviour and its
physical properties. Observational measurements suggest that our Universe is almost
flat (k ~ 0). This will be considered in almost all the models studied throughout
this thesis. One can also notice that non-baryonic matter (cold dark matter) consists
of around 84% of all the matter content p,,. Thus, one can say that cosmology is
facing the most exciting and interesting time on its history since the most important
ingredients, dark energy and dark matter, are not very well understood yet. One
of the most important motivations of introducing modified theories of gravity is
to try to understand those quantities better. Using Combining Planck data with
Pantheon supernovae and BAO data, it has been measured that the dark energy
state parameter is w = —1.03 £ 0.003 which is consistent with having a cosmological
constant as a responsible of dark energy (Aghanim et al., 2018). Hence, one can
say that the ACDM described by Eq. (2.121), is the simplest model which describes
the different epochs that the Universe has experienced. Of course, this is not the
final model and there are certain problems that will be discussed better in the next

section.

2.5.2.4 The Cosmological constant problem

Despite the good precision with which ACDM predicts the current cosmological

observations, theoretically there are some issues and one of the most important
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ones is called the cosmological constant problem. In this section, this problem will be
briefly explained. For more details, see the reviews by Weinberg (1989, 2000); Martin
(2012). The cosmological constant is introduced in GR as a parameter with the aim
of describing the accelerating expansion of the Universe. Then, using observations,
one can constrain its value. According to what was shown in the previous section,
a cosmological constant acts like a fluid with a negative pressure with an equation
of state equal to py = —pp (with wy = —1). From observations, the cosmological

constant needs to take a very small value of approximately (Clifton et al., 2012)

A~1072m™2. (2.124)

However, it is not possible to consider a fundamental theoretical reason on why this
value needs to take this very small value. In quantum field theory, the energy density

of a vacuum py,. is given by (Sakharov, 1968)

<0’TMV‘O> = —Pvac Guv » (2125)

where |0) is the vacuum state which, classically, is the state of minimum energy.
At the quantum level, due to the Heisenberg principle, the kinetic and the potential
energy cannot be zero at the same time. Then, an additional source of energy coming
from quantum effects (vacuum state) contributes to the Einstein field equations.
Thus, there are two types of cosmological constants, one related to classical effects
and the other related to quantum ones. Classically, it is interpreted as the value
of matter fields when the kinetic energy is zero and the potential is minimum, then
Pyvac = V(Pmin), where ¢ is a classical scalar field which represents a perfect fluid. By

doing this, one obtains that classically,

pa =~ 1074 GeV?. (2.126)
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On the other hand, the quantum effects due to fluctuations in the vacuum state can
be computed by considering a massive scalar field ¢ with mass m and a potential
V(¢) = m?>¢?/2. The energy density of this quantum state is given by (Martin et al.,

2014)

2

1 m* m
M — 10 py |0) = —— [ VK2 2Pk = log [ — | ~ —10% GeV*

(2.127)

where k = |k'| is the norm of the 3-dimensional momentum £’. Tt is clear that the
above integral diverges (UV divergence), therefore a cut-off scale k. was introduced
to obtain the above approximated value. Quantum field theory would be valid until
this cut-off and GR is supposed to be valid just below the Planck scale. It should be
noted here that the zero-point energy density is positive for bosons and negative for
fermions. Both contributions are equal in absolute value and then the final result is
zero. Fermions are anti-commuting objects, giving rise to a negative vacuum energy
density. This is the reason why in the above equation, a negative sign appears. For
more details about this, see Weinberg (1989); Martin (2012).

The problem arises here. The Standard Model of particles predicts two symmetry
breaking phase transitions: Electro-Weak and QCD phase transitions. In those
phase transitions, the vacuum energy plays an important role being non-zero and
from experiments and observations, it has been measured that the energy density of

vacuum in those transitions are at the order of

Prae =2 10°GeV?, plP ~ 1072 GeV*. (2.128)

Then, the total energy density of vacuum is the sum of each quantity

Prac = Pow 4 pQCP 4 pO ~ (3 GeV? . (2.129)

vac vac
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Now, if one compares the above resulting value with the observed value of the cos-
mological constant (2.126), one notices that there is a huge difference of around 45
orders of magnitude! This is known as the cosmological constant problem and theo-
retically, is still an open problem in modern physics. One approach on trying to solve
this issue is by modifying the Einstein field equations, which is known as modified
theories of gravity. This thesis will deal with modifications of gravity but considering

an alternative and equivalent formulation of gravity, known as Teleparallel gravity.



Teleparallel gravity

Chapter Abstract

This chapter is devoted to presenting a translation gauge theory of gravity known
as Teleparallel gravity. The most important mathematical quantities are defined
and it is demonstrated that their field equations are equivalent to the Einstein field
equations. This theory represents an alternative description of gravity where the
spacetime is globally flat but not trivial since the torsion tensor is non-zero and

appears as the field strength of the theory.

3.1 An alternative description of gravity:

Teleparallel gravity

General Relativity (GR) is a very successful theory accurately describing the dynam-
ics of the Solar System. All predictions of General Relativity, including gravitational
waves, have now been experimentally verified. Nonetheless, when applied to the
entire Universe, we are faced with conceptual and observational challenges that are
sometimes simply summarised as the dark energy and the dark matter problems.
When considering the total matter content of the Universe, it turns out that approx-
imately 95% is made up of these two components we do not fully understand yet.
This, together with developments in other fields of physics has motivated a variety

of models which can be seen as extensions or modifications of General Relativity.

73
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Perhaps surprisingly, alternative formulations of General Relativity were con-
structed and discussed shortly after the formulation of the Einstein field equations.
One such description, which is of particular interest here, is the so-called Teleparallel
gravity or Teleparallel equivalent of General Relativity (TEGR). Its equations of mo-
tion are identical to those of General Relativity and their actions only differing by a
total derivative term. While both theories are conceptually different, experimentally
these two theories are indistinguishable. In TEGR, there is not a geodesic equation as
in GR. Instead, similar to electromagnetism, force equations describe the movement
of particles under the influence of gravity. Additionally, the dynamical variable is the
tetrad instead of the metric as in GR. With the aim to unifying electromagnetism
with gravity, Einstein introduced this approach in the 1920s with the tetrads being
the dynamical fundamental variables. This quantity has 16 degrees of freedom and
the metric only 10, so Einstein thought that the remaining degrees of freedom could
be used to describe electromagnetism. Of course, he did not succeed this unification
due to the fact the extra degrees of freedom, in the end, were related to the Lorentz
invariance of the theory. These ideas were first introduced by Einstein (Einstein,
1928).

The key mathematical result to this approach goes back to Weitzenbock in 1923
(Weitzenbock, 1923) who noted that it is indeed possible to choose a connection
such that the curvature vanishes everywhere but being non-trivial by having non-
zero torsion. The Teleparallel name stems from the fact that the notion of parallelism
is global instead of local on flat manifolds, see for instance Mgller (1961); Hayashi &
Nakano (1967); Cho (1976); Aldrovandi & Pereira (2013); Maluf (2013) and reference
therein. Additionally, parallel transportation does not depend on the path chosen,
hence, angles and lengths are invariant under parallel transport.

This chapter is devoted to introducing the basis foundations of TEGR, which

is derived as a gauge theory of the translations. The field strength is given by
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torsion tensor and due to the nature of the spin connection, it gives a globally flat
spacetime with zero curvature. For a more detailed description of TEGR, see the
book Aldrovandi & Pereira (2013), which will be used in this thesis to review the

most important properties of this theory.

3.2 Tetrads and linear frames

Any gravitational theory is constructed in a manifold which at any point, a tangent
space is defined as a Minkowski spacetime with a metric 7,, = diag(+1, —1, —1, —1).
In this thesis, Greek indices «, 3,7, .. denote spacetime indices whereas Latin indices

a,b, c,.. denote tangent space indices. Then, local bases for vector fields are defined

as {9, } = {52} for a spacetime coordinate z*, and {0,} = {32 } for a tangent space
coordinate . The fundamental variable in Teleparallel gravity is the so-called tetrad
field or vierbein which are the basis for vectors on the tangent space. In this thesis,
the tetrad is labelled as ej; and its inverse as E¥. Hence, the basis can be written as
e* = e,dz' and e, = E}0,. Tt should be noted that tetrads can be always defined
if the manifold is assumed to be differentiable. The tetrads satisfy the orthonormal

conditions, namely

Elen =0y, (3.1)
ELen =9, (3.2)

Additionally, the linear basis satisfies the following commutation relationship,
eq, €p] = eqey — epeq = EXO,(EY0,) — Ef'0,(ELD,) . (3.3)

After some simplifications, one gets that the above equation becomes

[eas ] = BN By (Oue;, — Ouep)ec = fCapee, (3.4)
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where the structure coefficients or coefficient of anholonomy f¢,; was defined as
the curl of the basis {e,}. Holonomic frames or inertial frames are the ones where
fCuw vanishes at every point of the manifold. Linear frames provide a relation be-
tween Minkowski tangent spacetime metric 7,, and Minkowski spacetime metric 7,,,

namely,

Nw = 626377(119, (35>

which are known as trivial frames. Let us now define linear frames where f¢, is
related to gravitation and inertia. In those frames, a pseudo-riemannian metric and

its inverse can be written with the tetrads as follows

Guw = €peonay, 9" = EVE™. (3.6)

It should be remarked that in those frames, it is always possible to locally have
f%w = 0 but globally they will not be zero since now they represent both inertia
and gravity. It is easy to verify that the determinant of the tetrad is related to the

determinant of the metric by

e = det(e}) = v/—g. (3.7)

Then, in Teleparallel gravity, the fundamental variable is the tetrads and metric can

be reconstructed via (3.6).
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3.3 Gravitational gauge theory of the trans-

lations

Teleparallel theories of gravity are based on the idea of working within a geometri-
cal framework where the notion of parallelism is globally defined. In the standard
formulation of General Relativity this is only possible for spacetimes which are flat
and hence are completely described by the Minkowski metric 7,,,. When working on
manifolds with torsion, it is possible to construct geometries which are globally flat
but have a non-trivial geometry. It turns out that Teleparallel gravity can be written
as a gauge theory of the translations. A gauge transformation is defined as a local

translation of the tangent space coordinates,
% — '+ e*(at) (3.8)

where €* is a transformation parameter and then the infinitesimal transformation
takes the form dz% = ®Pyz® with P, = J, being the infinitesimal generator that
satisfies [Py, Py] = 0,0p — 0p0, = 0. Now, a general source field ¢ = ¢(z%(z#)) will
transform under the transformation (3.8) as dp = €*0,p. A global translation will

lead that those derivatives to transform according to
3(0up) = €0,0,0 + (Outp)0,€” (3.9)

which is not covariant. The above expression will be covariant only if €* is constant.
Then, one needs to introduce an auxiliary gauge potential B, with the aim to recover

covariance when derivatives are acting on any generic source field ¢. If one introduces
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the translational gauge potential

B/,L - BZP(],) (3.10)

with P, being the infinitesimal generators of translations, one can construct a gauge

covariant derivative

enp = Oup + B0up (3.11)
with 0Bj; = —J,€%, in such a way that for any source field ¢, one obtains
d(enp) = €*0a0up , (3.12)

which transforms covariantly under gauge transformations. Then, the gravitational

coupling prescription is achieved by replacing d,¢ — e, ¢, giving
enp = €,0up, (3.13)
and the tetrad field now is given by
e, = 0,2 + By (3.14)

It should be noted that the above tetrad is non-trivial, then Bj; # J,€®.

Let us now perform a Lorentz transformation ¢ — A%z’ which changes the frame
from e, — Agez and then the gauge potential transforms as Bj; — Ang. Then, the
covariant translation derivative transforms as e, = €0, as before but with the
tetrads being equal to

el = 0, + ?;)“bua:b + By, (3.15)

where

W, = N3, AY (3.16)
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is a purely gauge quantity known as spin connection which represents inertial effects
in the new rotated frame. Since this connection is different from the ones computed
in GR, bullets will be used to differentiate between them. Here, one can find that

the gauge covariant derivative acting on a vector z® is equivalent to
Dyt = 92" + Wyl (3.17)

and notice that this term represents the non-gravitational part of the tetrad. In
these frames, one finds 0B, = —D,€".

Let us remember here that any general connection can be split into two parts,
I, = E20el + Eywy el = EfDyel (3.18)

where the first part depends on tetrads and the second part on the spin connection.
Here D, is a covariant derivative where the generators act on tangent space only.
Conversely, one can find that the spin connection can be written as

why, = es0,Ey + el Ef = elV , Ey (3.19)

vt opp

where V,, is a general covariant derivative acting on the spacetime indices. The
above relationship is valid for any theory of gravity.
If one computes the commutation relation of gauge covariant derivatives, one

obtains

b b
len, €] = epe, —epe, = €10a€, 0y — €04, 04

_ (@LB‘; — 9,B" + 0", B’ — @LabVB};) P, (3.20)

where Eq. (3.15) was used. In gauge theories, the field strength is given exactly by
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the above quantity, which in this case is
T, = 0,B% — 9,B° + 0%, B, — %, B", = DB —D,B%.  (3.21)

Now, if one replaces (3.15) in the above equation and uses [2.)”,2.),,]95“ = 0, one
obtains that the field strength can be rewritten as

a o a a ®a b ®a b hd a hd a .a .a
T = Ouey — Oyel, + wiye, — wye), = Duey, — Dyey, =T, — Ty, (3.22)

which is skew-symmetric and the so-called Weitzenbdck connection was defined as

T, = Dyl = el + el (3.23)

If one compares (2.34) with (3.22), one notices that the field strength 7, is exactly
the torsion tensor. This means that in Teleparallel gravity, the field strength is
the torsion tensor and the connection is the Weitzenbock connection which is skew-
symmetric on its lower indices. It can be proved that the torsion tensor transforms as
a tensor and it is covariant under local Lorentz transformations, i.e., if /¢ — A¢a?,
the torsion tensor 7", — Angjy. Moreover, since tetrads are invariant under gauge
transformations, the torsion tensor is also invariant under gauge transformations. It
should be noted again that quantities with bullets mean that they are computed
in terms of the Weitzenbock connection. To avoid writing bullets in all quantities,
only connections, covariant derivatives and terms computed from curvature will be
labelled with them and all the other quantities as torsion will not have a bullet.

It is worthy mentioning here that ﬂ)‘llm is a purely inertial connection which

represents inertial effects. Then, one can choose a specific frame where globally, this
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term vanishes. Using (2.42), one can rewrite the curvature tensor as
R = 0wy, — O,y + Wy, — w e, w, (3.24)

then, if w,” = w,", the connection is purely inertial (see (3.16)) and the curvature

is identically zero:

R = 0t — Dy, + 170,10, — 174,10, = 0, (3.25)
and for a non-trivial tetrad, 7%, # 0 since the potential BZ # 0. Therefore, Telepar-
allel gravity is a theory where the curvature is zero (globally flat spacetime) but
torsion is non-zero. Moreover, Teleparallel gravity is a gauge theory of translations
where the torsion tensor appears as the strength field of the theory. On the other
hand, in GR, the spin connection 1(1))“1)“ gives a zero torsion but a non-vanishing cur-
vature. Let us finish this section by using (3.19) which in Teleparallel gravity will
read as

B = OBy + €T, B = eV, (3.26)

. . . . . . o .
which in a specific frame where the spin connection vanishes w?,, = 0, one obtains

the Teleparallel condition:
SO By + T B = "V, =0, (3.27)

From the above equation, one can understand why the theory is called Teleparallel
gravity. It turns out that this equation is a distant parallelism condition since tetrad
is parallel-transported by 1.“;#. This however, is no longer true for other frames
where the spin connection is non-zero. This thesis will be focused on modifications
of Teleparallel gravity in the frames where the spin connection vanishes since the

majority of the literature, historically, has been written in those frames. It should
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be remarked again that spin connection is a pure gauge quantity which measures

inertial effects so that it does not modify the equations of motion.

3.4 Action, field equations and equiva-

lence with GR

In this section, the Teleparallel field equations will be derived and their equivalence
with GR will be stated. For Teleparallel gravity, one has that the relationship be-
tween the Weitzenb6ck connection and the Levi-Civita connection (used in GR) is

given by the Ricci theorem (2.53),
I, =T, + K., (3.28)

or in terms of spin connections

W = W + K% . (3.29)
As seen in Sec. 2.3.4, from Eq. (2.55), the curvature tensor can be split into two
pieces: one part depending only on a combination of torsion, known as the contortion
tensor defined as (2.54), and the Riemannian curvature ;%’\QW computed with the
Levi-Civita connection. Then, by contracting R*,», = Ra., one obtains the Ricci
tensor which can be also split into two pieces as in (2.58). Now, if one contracts the
Ricci tensor given by (2.58), with the inverse of the metric as g®’ R,s, one obtains

the Ricci scalar (or scalar curvature) which can be written as

o 2 e}
R:R+T—Eau(eT“)=R—T+B, (3.30)
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where the boundary term
B =20,(cT") = 29, 1"
= E 'u(e ) = 2V,u , (331)
and the so-called torsion scalar T
1 2N 1 2N “w
T = ZT Ty + §T Ty —THT,, (3.32)

were defined. Here, the torsion vector T, = T*), was also defined. Later, it will
be remarked why B is called the boundary term. For simplicity, it is convenient to

introduce the superpotential
S = i(Ta“” —TH,r =T ")+ %(5ZT“ — T = %(KU“” —ORTY +60TH), (3.33)
in order to rewrite the scalar torsion in a compact way as follows
T = S\"T,, . (3.34)

For GR, one has 7%, = 0 and hence T'= B = 0 which gives us that the Riemannian
curvature ]O% = R. On the other hand, for Teleparallel gravity, the Weitzenbock
connection gives us a globally flat spacetime with zero curvature and then with zero
scalar curvature (see (3.25)). By choosing the TEGR case, one needs to replace
quantities with the bullets, then R*,,, = ].%)‘Cw,, and also R = R. Therefore, in

Teleparallel gravity, Eq. (3.30) becomes

. o 2 o
RéR:R+T—g@@Wﬁ:R—T+B:o, (3.35)
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which can be arranged to obtain
0 2
R=-T+ -0,(eT")=-T+B. (3.36)
e

Let us emphasise here that 7" and B are computed with the Weitzenbock connection
whereas ](32 is a scalar computed from the Levi-Civita connection. Then, (3.36) is a
fundamental equation which relates GR with Teleparallel gravity and it will appear
frequently in the following chapters. It should be remarked again that this equation
is only valid in Teleparallel gravity.

The Lagrangian of Teleparallel gravity needs to be constructed as any gauge
theory, with the strength field which is the torsion tensor. To do this, one needs to

consider the following action

1
STEGR = —= tr(T A *T) + S, (337)

2K2

where tr represents the trace, T = (1/2)1%,, Pydx* A dx” is a 2-form and T =
(1/2)%T*,, Pydz™ A dx” is its Hodge dual (A is the exterior product). The constant
k? = 87G is added in the action in order to match it with the Newtonian limit
(and GR). Additionally, a matter action S, was added for increased generality. It
is important to mention that this Hodge dual is not the standard one. In this case,
this Hogde dual is more general since TEGR is constructed on the soldered bundle
giving the opportunity to transform internal and spacetime indices with the tetrad
fields. Therefore, this dual is sometimes called as generalised Hodge dual. Involving

all the possible index contractions, one has
*TAW = eew,pg(aT)‘p" + VTP + T ,g7) (3.38)

where a, b and c are constants and €,,,, is the Levi-Civita symbol. Since the torsion
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tensor is skew-symmetric on its last two indices, 7% w =—T A, only two contractions

vy
are needed to construct the generalised Hodge dual, then one needs to set b = 2a.
Moreover, in 4 dimensions one has Jx T w = —T’\m which gives us that a = 1/4 and

¢ = —1. Further, if one uses some identities from the form calculus, one obtains that

the action (3.37) becomes

1
Srecr = 53 / Ted'z + S, (3.39)

with 7' being the scalar torsion (see (3.34)). From here one can notice a very im-
portant property of Teleparallel gravity that it is one of the reasons why it is a
fundamental theory. According to (3.36), the Ricci scalar ]O% and the torsion scalar
T differ by the term B. Since the Einstein-Hilbert action, which is the action which
produces the Einstein equations (see (2.82)), is constructed with the Lagrangian
Ler=+v—9 ;% =e }O% and the Teleparallel Lagrangian is Ltrgr = €T, they will differ
by

Lon — Lrpor = e(R+T) = eB = 0,(eT"). (3.40)

Clearly, the Teleparallel Lagrangian and the Einstein-Hilbert Lagrangian differs only
by a term which is a boundary term. That is the reason why B was labelled as a
boundary term before. This means that the Teleparallel action (3.39) differ only by a
boundary term with respect to the Einstein-Hilbert action (2.82). Thus, if one takes
variations with respect to the tetrads in the Teleparallel action, one obtains the same
equations as taking variations of the Einstein-Hilbert action (2.82) with respect to the
metric. Therefore, action (3.39) gives the Einstein field equations. This is the reason
why in the literature, Teleparallel gravity is also known as the Teleparallel equivalent
of General Relativity or TEGR. Although they have the same field equations, they
are not completely equivalent theories since they have different actions and different

physical interpretations of the same physical effect. Since Teleparallel gravity has
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the same equations as GR, all the experiments that have confirmed its validity can
be also understood as confirming that Teleparallel gravity is correct also. Then, one
can conclude that it is a matter of interpretation whether gravity is described by a
zero torsion theory with non-zero curvature (GR) or a theory with zero curvature
and non-zero torsion (TEGR).

It should be mentioned here that Einstein used another approach to construct
the Teleparallel action based on scalars constructed by all the possible contractions
of the torsion tensor: T““’\TWA,T“”’\TW,\ and TM)‘T”“V. By doing this, one has a
three parameter theory, that Einstein set in a very specific way in order to recover a
theory which is equivalent to GR in field equations. A theory without setting these
three parameters was later studied by Hayashi & Shirafuji (1979) and called New
General Relativity. In Chap. 6, this theory and its modifications will be discussed.

To conclude this section, let us find the Teleparallel field equations which are
equivalent to the Einstein field equations. Since this thesis will deal with the frames

where the spin connection is zero, this will be assumed here, giving us that the torsion

tensor (3.22) can be written as
T = ey, — Oy€), = Dye, — Dyey, =17, — T}, - (3.41)

One can label this approach as the pure tetrad formalism since the spin connection
does not appear. It should be noted that TEGR was first formulated in this formalism
and historically, it has remained like this over time. An important consequence
arises here. The torsion tensor is no longer covariant under Lorentz transformations.
This, however, it is not an important issue with TEGR since it turns out that the
theory with zero spin connection is quasi-local Lorentz covariant due to the fact
that the Teleparallel action (3.39) is invariant under local Lorentz transformations
by a boundary term (Cho, 1976). For more details about this, see Sec. 4.2. When

one considers modifications of Teleparallel gravity, one needs to be careful with the
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Lorentz covariance. This will be discussed in the forthcoming chapters (see Sec. 4.2).
Let us now take variations of the action (3.39) with respect to the tetrads, giving

us

2k2

dSTEGR = 1 (edT + Tée)d*z + /5(£m e)d*z (3.42)

where L, is a density matter Lagrangian. If one uses g’ = n®EFEY it is easy to

show that

69" = — (g™ Bl + g By ) ocs. (3.43)

Se = eB)def . (3.44)
Then, the second term in (3.42) is equal to
Tée = eTE)5es . (3.45)

The first term in (3.42) requires more computations. By expanding that term one

obtains

edT = e (}La(TWTw) + %5(TWTW) - 6(T“TM)> . (3.46)

By varying and taking derivatives in (3.2) one finds respectively the following rela-

tions

§E° = —E°E"§e"

mY

0,Eq = —ESEL),c". (3.47)

Then, using Eqs (3.43) and (3.47), it is easy to show that

0T = —E)TP,0¢} + E)(Du0¢ — ,0¢) (3.48)

0T = —(BUT + ¢y + T )ocs + g B} (0r3¢s — D,0¢3) . (3.49)
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Using the latter equations, it is possible to find the following identities:

§(T,T*) = —2(T°T%, + T"T,) Etdel 4+ 2 (T*EY — T*EZ) .0¢ (3.50)
0(TapTH) = 2(T7" = T*) T)0 ELbel + (T°,° — TP, *) E40,0¢} ,(3.51)

§(TopT™™) = —AT"™T,,3E 5" + 4T, " E*0,0¢% . (3.52)

By replacing (3.50)-(3.52) in (3.46), integrating by parts and neglecting boundary

terms, one finds
edT = 4| — 0,(eSu ") + €T ,1a Sy M| des . (3.53)

Finally, by replacing (3.45) and (3.53) in (3.42) and setting 0Strgr = 0, one obtains

the Teleparallel field equations given by
4
—0,(€8, ") — AT .S, M — TE) = 25T, (3.54)
e

where the energy-momentum tensor was defined as

1d(el,
7 = 10elm) (3.55)
e oes
If ones introduces the following current vector
, 1
Jo'' = EJT? .S, — -TE!, (3.56)

4

one finds that the conservation law is valid,

9, (e(ja“ - 2,-;27;”)) ~0. (3.57)
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Using (2.58), (3.28) and (3.36), one finds that the Einstein tensor is equivalent to
D _ 2 4 A o SV o\
G = Ze00u(eS,™) = 207,85, = ST6). (3.58)
e

hence, the Teleparallel field equations (3.54) are equivalent to the Einstein field
equations (2.80). This is of course expected as it was discussed before since their

Lagrangians differ only by a boundary term, hence, giving the same field equations.

3.5 The Teleparallel force equation

In the previous section, it was demonstrated that the Teleparallel field equations are
the same as the Einstein field equations. In this section, in the context of Telepar-
allel gravity, the equation which describes how particles move in the presence of
gravity will be presented. The motion of a spinless particle of mass m immersed in
a gravitational field given by the gauge potential B¥ is described by the following

action

b b gk b b
S = m/ ds = m/ gwd—daz” = m/ Guudr” = m/ Uge® (3.59)
a a 8 a a

where vt = dx"/ds and u® = utef,. Then, by using e® = dz® + Bidx" (see (3.14)),
one obtains

b

S = m/ uq(dr® + Bydx"). (3.60)

It should be noted again that the spin connection was set to be zero (special frame).

Now, by taking variations in the above action, using dz® = (9,2%)dz", 0B, =
(8ABfL)6x’\ and e*du,, and finally by simplifying the expression, one arrives at

b
d a . .
58 =m / (e;d—i — (DB - DVBZ)uau”> Satds . (3.61)
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By using (3.41), one notices that the term D, B} —D, Bf, = T*,,, is the torsion tensor.

Therefore, by setting 0S = 0, one finds

o dug

e = ™ uau” (3.62)
that can be rewritten as
duy | (Kﬁw - fﬁ,) wa’ =0, (3.63)
ds H
where T2, uyu” = —K*,,uyu” and the Teleparallel condition (3.27) were used. The

above equation is the Teleparallel force equation which is the equation of motion of
a particle m in a gravitational field. Here, contortion plays the role of a force. Here,
one can notice an important difference between GR and Teleparallel gravity. In GR,
free-falling particles follow geodesics given by (2.16). On the other hand, in Telepar-
allel gravity, particles follow the force equation where contortion (or torsion) acts as
the force. From the Ricci theorem K*,, — 1.“2‘1, = 12;)”, one finds that the Teleparallel
force equation is equivalent to the dynamics described by the geodesic equation (see
(2.16)). Then, spinless particles will follow the same trajectories in the presence of
gravity in GR than Teleparallel gravity. Then, TEGR is also consistent with the
equivalence principle. An interesting feature can be interpreted here. As discussed
in Sec. 2.2.1, GR is based on the weak equivalence principle which says that the grav-
itational mass is equal to the inertial mass, i.e., mgy = m;. This principle is based on
experiments and a priori, it could be violated at some scales such as quantum scales
(Damour, 2001; Lammerzahl, 1996). If new experiments show that this principle is
violated at some scales, then GR will be ruled out at those scales. So far, all the ex-
periments have measured with great precision the equivalence between those masses

but future experiments with better precision could find a certain difference between

them. On the other hand, Teleparallel gravity does not have this principle as one of
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the bases of the theory. This principle was not used to construct Teleparallel gravity
as a gauge theory of the translations. Then, Teleparallel gravity dispenses with the
weak equivalence principle. Hence, it can comply with universality, but remains a
consistent theory in its absence. Moreover, in Aldrovandi et al. (2004a,b), it was
found that the Teleparallel force equation (3.62) would be modified if one does not

assume that m; = my, giving

dug
<0uxa + aBZ) d—z = aT?, uyu”, (3.64)

where oo = mg/m; is the ratio between the gravitational mass and the inertial mass.
If « = 1, one recovers the standard Teleparallel force equation. This equations
could be extremely important if the weak equivalence principle is violated. Let us
emphasise again here that this formalism cannot be achieved in the context of GR.
This is one of the great advantages of Teleparallel gravity with respect to GR and it
could be one of the unique ways to distinguish between these equivalent gravitational

theories.



f(T) gravity and Teleparallel scalar-tensor theories

Chapter Abstract

This chapter discusses the most popular modifications of Teleparallel gravity, the
so-called f(T') gravity and Teleparallel scalar-tensor theories. The physical motiva-
tions for introducing modifications of gravity will be discussed, giving emphasis to
cosmology. The issue of the breaking of the Lorentz transformations is also discussed
and then how one can alleviate the issue using “good tetrads”. Some cosmological
predictions or models are also provided and a new quintom scalar field model is

presented.

4.1 Why do we want to modify TEGR (or

GR)?
Since GR (or TEGR) describes many effects that have been observed and it is a
successful theory, why are we interested in modifying it? In this section, there will
be discussed some motivations and physical reasons on why modified gravity could
be a reasonable way to address some issues that cannot be avoided with standard
GR. For a more detailed description of modified gravity, see the reviews Nojiri &
Odintsov (2006); Sotiriou & Faraoni (2010); Capozziello & De Laurentis (2011); No-
jiri & Odintsov (2011); Clifton et al. (2012). Since GR has the same field equations

as TEGR, the physical motivation could be the same since the same issues that

92



Chapter 4. f(T') gravity and Teleparallel scalar-tensor theories 93

GR cannot address, are also true in TEGR. One usually call modified gravity where
the Einstein-Hilbert (or TEGR) action is modified/extended. One can modify it by
changing the matter/energy (right hand side of the GR’s equations) or the parts
related to the geometry (left hand side of the GR’s equations). Usually, changing
the matter/energy is not considered as being part of modified gravity since the ge-
ometrical theory is the same but new different kind of sources are considered. This
is an alternative way to understand some issues related to cosmology. For example,
quintessence models introduce a scalar field to understand the late-time accelerating
behaviour of the Universe.

Let us first discuss some issues related to cosmology which is one of the main
important subject in this thesis. First of all, GR needs a cosmological constant A,
which acts as a fluid with a negative pressure py = —pj, to describe the current
accelerating behaviour of the Universe. Without evoking a cosmological constant,
GR can only produce this scenario by adding some extra scalar fields. As discussed
in Sec. 2.5.2.4, the value of the cosmological constant measured by observations
is drastically different from that expected from considering quantum and classical
aspects related to the vacuum energy. The latter is known as the cosmological
constant problem and some researchers believe that there is no way out of this
problem without either changing GR, adding extra scalar fields or changing the
Standard Model of physics. If one considers modifications of GR, it is possible for
some theories, to describe an accelerating late-time behaviour of the expansion of
the Universe without evoking any cosmological constant. Further, the new terms
coming from the modifications are responsible for this acceleration. This is one of
the most important motivations for modified gravity.

At early-times of the Universe, there was a period of an extremely rapid accel-
erating expansion of the Universe. A cosmological constant A cannot be used to

describe this epoch since inflation is followed by a radiation era and there is no way
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to stop inflation (acceleration) with a cosmological constant. This accelerated epoch
can be understood by GR with a scalar field called the inflaton. However, GR does
not explain the origin of the inflation or its nature. In addition, its predictions have
fine-tuning problems in the parameters. Some examples of this are: the initial con-
ditions for inflation and the slow-roll approximations. Modified gravity is able to
describe both the inflationary era (early-times) and the current dark energy era in a
unified way.

Another interesting problem that cannot be cured with GR, can also be addressed
with some modified theories of gravity. As seen in Sec. 2.5.2.3, the value of the energy
density of matter (baryonic plus dark matter) is today at the same order of magnitude
as the energy density of the dark energy. Why are those values exactly the same
order of magnitude today? Is there any physical reason why those quantities should
be the same order of magnitude? This problem is known as the coincidence problem.
Some physicists believe that this is not a problem and indeed is just a coincidence
but, a priori, there is no theoretical explanation for this. Some modifications of GR
might be able to solve this issue (Nojiri & Odintsov, 2006).

Another issue in cosmology is related to the cosmological singularities. In GR, it
is not possible to avoid them but for some modified gravity theories, it is possible to
construct bounce solutions which avoid some singularities which are related to the
initial time of the Universe.

It is well known that in order to understand the observations of the rotation curves
of galaxies, one needs to introduce a dark matter component. Since this is just a
component which is introduced by hand in GR in order to describe those effects (and
others), is there any possibility that one can describe those effects without evoking a
fluid like dark matter? Well, the answer is yes. There are some modifications of GR
such as f( ]O%) gravity or MOND (Modified Newtonian Dynamics) which mimic some

behaviour coming from dark matter. For example, MOND modifies the Newtonian
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laws to reproduce the flat rotation curves for spiral galaxies and also to achieve
the luminosity-rotation velocity relation, known as Tully-Fisher relation (Famaey &
McGaugh, 2012). This theory is a empirically motivated theory. It is important to
mention that modified gravity has not been so successful to describe dark matter as
to describe dark energy.

Another motivation for introducing modified gravity theory is related to the so-
called missing satellite problem. According to ACDM (and then GR), the Milky
way should have numerous dwarf galaxies orbiting it. However, only about 30 dwarf
galaxies orbiting our galaxy have been observed (Clifton et al., 2012).

Another problems in GR is the fact that it is not renormalisable and also it
cannot be quantised. Some modified theories of gravity have also tried to formulate
a renormalisable theory in order to unify it with the other forces.

As a final comment related to motivating GR (or TEGR) is the fact that by
studying modified gravity theories, one can learn more about GR (or TEGR). Since
modified gravity can be seen as a generalisation of GR (or TEGR), one can learn
more properties that could not be seen easily directly by studying GR (or TEGR).

There are many ways of modifying the gravity sector. One can think that at Solar
System scales, GR works fine but at large scales such as cosmological ones, GR might
be modified. Having this in mind, any viable modification of GR must predict the
same observations at Solar System scales as GR. This can be achieved by having an
Einstein-Hilbert action and then adding more terms coming from the modifications.
Alternately, one can neglect a GR background and work out a modified theory with
some screening mechanisms which can ensure the predictions of the theory at Solar
System scales. Still, there is not a final modified theory of gravity which can solve
all the problems that we know so far.

There are more additional problems related to GR and also to cosmology. For

further details, see the reviews Sotiriou & Faraoni (2010); Clifton et al. (2012).
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4.2 Lorentz transformations

Since the TEGR action is based on contractions of the torsion tensor (scalar torsion
T), then, TEGR is generally covariant under general transformations. However, what
happens with Lorentz covariance? In this section, the Lorentz transformations for
Teleparallel gravity will be discussed. These transformations are just transformations

of the tangent space coordinate x®. Then, a local Lorentz transformation is given by
z* — Ala?, (4.1)

where A} is the Lorentz matrix which satisfies
Nab = Nea NG A (4.2)

where 74, is the Minkowski metric. Special Relativity is consistent with the covari-
ance of the Lorentz transformations, therefore, they are fundamental transformations
in physics. GR is invariant under Lorentz transformations (see Sec. 2.2.3), but what
happens with TEGR? Further, when one is considering modifications of TEGR, are
they also invariant under Lorentz transformations? To study this, let us consider the
case where the spin connection is different from zero. By performing a local Lorentz
transformations (4.1), one obtains that tetrads and the spin connection transform
according to

et — AleS,  w®, — AWC, (ATE — (AT)29,A5 . (4.3)
Here, (A~1)? represents the inverse of the Lorentz matrix. Then, one can prove that

the torsion tensor with the spin connection different to zero (3.22) is covariant under



Chapter 4. f(T') gravity and Teleparallel scalar-tensor theories 97

local Lorentz transformations,

T, — AyT®,,, when spin connection is non-zero. (4.4)

Therefore, the scalar torsion T is also covariant under Lorentz transformations. Since
the TEGR action is based on T', then, the TEGR’s equations are invariant under
Lorentz transformations. However, as mentioned before, for historical and compu-
tational reasons, Teleparallel gravity was formulated in the so-called pure tetrad
formalism where the spin connection is set to be zero. This is like choosing a gauge
(or a frame) from the beginning since this object is related to inertial effects. The
field equations do not change when one is considering those frames since the TEGR

Lagrangian (3.39) can be written as (Krssék, 2017a)

ETEGR(GZ, &Jabu) = LTEGR(eZa 0) + 8,u<€&}'u) , (45)

[ ] [ ]
where wt = w®

vevey, and the spin connection appears like a boundary term without
affecting the field equations. When one considers the frames where the spin connec-
tion vanishes, one obtains that after a Lorentz transformation (4.1), the torsion

tensor transforms as
T — AT, + Ap (€50, AL — eza,,Alc’) ,  when spin connection is zero, (4.6)

therefore, it is not covariant under Lorentz transformations. Then, in the pure
tetrad formalism, 7" is not longer covariant under Lorentz transformations. However,

according to (4.5), one has that the torsion scalar can be separated as follows

T(ef, wy,) = T(ef,0) + gau(e&)u) : (4.7)

7
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Then, from (4.6) and (4.7), it can be shown that even though the torsion tensor is no
longer covariant under local Lorentz transformation, the Lagrangian (4.3) is quasi-
invariant under local Lorentz transformation (up to a boundary term). The terms
which break the Lorentz covariance are the ones in the boundary term. Then, any
linear combination in 7" in the action will lead to a theory which respects the Lorentz
covariance. Then, the TEGR action is invariant under local Lorentz covariance
in both the pure tetrad formalism and the covariance one. However, how does it
happen when one is referring to modifications of Teleparallel gravity where now the
Lagrangian is no longer Ltpgr = €1/2x%? In general, those theories will break
Lorentz covariance since now the surface term, which is not a local Lorentz invariant
quantity, is now no longer a total divergence (Golovnev et al., 2017; Li et al., 2011,

Sotiriou et al., 2011). Therefore, there are two alternatives to avoid this issue:

(i) Work within the formalism when the spin connection is different to zero: This
is a new formalism, first developed in Krssdk & Saridakis (2016). The spin
connection depends on the choice of the observer so that it is not determined
uniquely. Moreover, it is only related to inertial effects. In TEGR, this quantity
does not affect the field equations since it appears as a boundary term in the
action. However, when one is modifying TEGR, it is no longer a boundary term
and hence, it contributes. In order to obtain this spin connection, one can use
a reference tetrad defined by setting the gravitational constant equal to zero.
This methodology is still under development and there is still a debate on how
to find the spin connection since there is no equation for this field. It can be
understood that this is a field without dynamics so it might be a problematic

issue.

(ii) Work within the pure tetrad formalism which breaks the Lorentz covariance but

considering the so-called “good tetrads”. This will be discussed in Sec. 4.3.2

As mentioned before, both formalisms will give rise to the same field equations.



Chapter 4. f(T') gravity and Teleparallel scalar-tensor theories 99

In this thesis, for practical and historical reasons, the second approach (ii) will be
employed for formulating modified Teleparallel theories of gravity. Another reason
for choosing this approach is that (i) is currently in progress. For new studies related
to this approach, see Krssdk & Saridakis (2016); Golovnev et al. (2017); Krssak

(2017a,b).
4.3 f(T) gravity

4.3.1 Action and field equations

A well-studied modification of GR is to consider f( ]C-i{) gravity (De Felice & Tsujikawa
(2010); Sotiriou & Faraoni (2010); Capozziello & De Laurentis (2011)) where f is an
arbitrary (sufficiently smooth) function of the Ricci scalar

1
Sy~ 22

/ F(RIV=gd'c+ S (4.8)

This action is a straightforward modification of the Einstein-Hilbert action (2.82),
where now [g{ is replaced by an arbitrary function f( ]?'{) Then, for the specific case
where f( }O%) = ;2, one recovers GR. It should be remembered that the Ricci scalar
depends on second derivatives of the metric tensor. Hence variations with respect
to the metric will require integration by parts twice which will result in terms of the
form %M%VF where F' = f/( _;2), making the theory fourth order. Moreover, only
the GR case where f( ]o%) x ]O% yields second order field equations. In cosmology,
this theory has interesting applications, for example, the possibility of describing the
cosmological history of the Universe without evoking a cosmological constant. For
more details about those models, see the reviews Nojiri & Odintsov (2011); Clifton
et al. (2012); Nojiri et al. (2017).

In analogy to the above theory, one then can consider a straightforward modi-

fication of Teleparallel gravity by changing in the TEGR action (3.39), the scalar
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torsion 7" by an arbitrary function f(7'). Then, the action of this theory is given

by (Bengochea & Ferraro, 2009)

1

5m3:5§

/f@k#x+&m (4.9)

Since the torsion scalar T" only depends on the first derivatives of the tetrads, this
theory is a second order theory. Moreover, in the pure tetrad formalism, since T itself
is not covariant under local Lorentz transformations (see Sec. 4.2), f(T") gravity is
also not locally Lorentz covariant (Li et al., 2011; Maluf, 2013). Hence, there is a
trade-off between second order field equations and local Lorentz covariance. Since
f(T') does not differ from f( ;2) by a total derivative term, these theories are no longer
equivalent. For a complete discussion about this, see Chap. 5. By taking variations

in (4.9) with respect to the tetrads, one obtains
1
0Ss(T) = F/ [6fT5T+ foe+6(eLy)| d'z, (4.10)
K

where fr = df (T)/dT. The second term in the variations is je = eE}des (see (3.45)).

The first term in the above equation can be computed by expanding it,
1 UV 1 02N o
efr6T = efr (Zé(T Tpn) + 50(T" ) = 3(T TM)> , (4.11)

and then using (3.50)-(3.52) accordingly, and finally ignoring boundary terms, the

above term takes the following form
efrdT = | — 4e(0,fr)Sa " — 40,(eSa ™) fr + defrT 1Sy )‘“] des . (4.12)

Then, by replacing the above expression, using (3.45) and setting 6Syr) = 0, one
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arrives at the f(7') field equations which are
de| frr(O,T)| S + Ae0u(eS™) fr — Ae frT% S = ef6) = 22T, (4.13)

where the energy-momentum tensor 7) was defined as (3.55). Clearly, by taking
f(T) = T, one recovers Teleparallel gravity. To finish this section, let us mention
that according to Ferraro & Guzman (2018), f(T") has three degrees of freedom which
means that it has one extra degree of freedom than GR (or TEGR). This extra degree
of freedom can be interpreted as scalar one. However, in Bamba et al. (2013a), the
authors found that f(7") gravity does not have any further gravitational modes at
first linear perturbation level. Therefore, f(7T') gravity has two propagating degrees
of freedom, exactly as GR. Then, it will not be possible to find any difference between

f(T) and GR in future gravitational wave detections.

4.3.2 Good and bad tetrads

This section is devoted to presenting the approach presented in Tamanini & Boehmer
(2012) which is a way to work properly when one is considering modifications of
Teleparallel gravity. In some sense, the problem that f(7") breaks the Lorentz covari-
ance is somehow alleviated using this approach. It is based on choosing the correct
tetrads since different tetrads give rise to different field equations. Good tetrads are
the special form of tetrad (or frames) where the field equations do not impose any
condition on the form of the function f. This definition and formalism can be then
extended to any modified Teleparallel theory of gravity since this structure is the
same for any modification.

In f(T) gravity, Lorentz transformations change the field equations (not the met-

ric). Let us first study a spherically symmetric case whose line element in spherical
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coordinates (t,r,0, ¢) is

ds* = A(r,t)%dt* — B(r,t)%dr? — r*(d6* + sin 0*d¢?) . (4.14)

As mentioned before, according to g,, = nabeZel,j, different tetrads could give rise
to the same metric tensor. The easiest tetrad for the above metric is given by the

diagonal one given by

e}, = diag(A(r,t), B(r,t),r,rsind). (4.15)

Using this diagonal tetrad in the f(T") field equations (4.13), gives us that the theory
satisfies the Birkhoff theorem but the Schwartzschild metric is no longer a solution
of this theory. Without affecting the metric, one can always change tetrads by a
local Lorentz transformation, obtaining Eq. (4.3). Then, let us perform this Lorentz
transformation for the diagonal tetrad (4.15). To do this, consider the tetrad (4.15)
and perform a general 3-dimensional rotation R in the tangent space parametrised

by three Euler angles «, 3, 7 so that

A = , (4.16)
0 R(p,9,1)

where R(¢p,V,v¢) = R.(¢)R, (V) R, () with R; being the rotation matrices about the
Cartesian coordinate axis with angles ¢, 9, ¥, respectively. One reduces transforma-

tion (4.16) considering the following values for the three Euler angles

a20—_7 6:¢7 7:7(7‘)7 (417)

where 7 is taken to be a general function of both ¢ and r. By doing this, the new
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rotated tetrad becomes

A 0 0 0

0 Bsinfcos¢ —r(cosfcos@siny +singcosy) rsinf(singsiny — cosb cos ¢ cosy)
M

0 Bsinfsing r(cos¢cosy —cosfsingsiny) —rsinf(cosbsin ¢ cosy + cos @siny)

0 Bcost rsin @ siny rsin® 6 cos

(4.18)
Then, with this new rotated tetrad, the f(7") field equations are reduced to 7 inde-

pendent equation with two important constraints:

freT'(rt)cosy =0, frB(rt) =0, (4.19)

where primes denote differentiation with respect to the radial coordinate r and dots
with respect to time t. Here, one can see how this approach works. Since the idea
is to eliminate all constraints on f, we can assume frr # 0 and fr # 0, otherwise
TEGR is recovered. From the above equation, one directly finds that B(r,t) = B(r).
The case T" = 0 is also a very specific case where T is a constant, therefore, any
solution in GR can be constructed in this case since f(7") will be f(7}). Then, one
good choice is when cosy = 0 which gives us v = 7/2 (or —7/2). By choosing
v = —n/2 and B(r,t) = B(r), Egs. (4.19) are satisfied. Then, the rotated tetrad

with 7 = —m/2 becomes

A 0 0 0

0 Bsinfcos¢ rcosflcos¢ —rsinfsing

& = : (4.20)

0 Bsinflsing rcosfsing 1rcos¢psint

0 Bcost —rsinf 0
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which gives us the following torsion scalar

2B —1) (A(B — 1) — 2r A")

T —
r2AB2

(4.21)

The rotated tetrad (4.20) is indeed a good tetrad since it does not constrain the value
of f nor the value of T" (see (4.21)) and contains TEGR (or GR) in the background,
i.e., if f =T, one recovers the expected results: the Birkhoff theorem is valid and the
standard GR spherically symmetric equations are recovered without imposing any
condition on T" and f. This procedure can also be used for other spacetimes such as

FLRW cosmology or different ones.

4.3.3 FLRW Cosmology

One can follow the same methodology described before for FLRW cosmology. Let us
discuss the flat case (k = 0). Consider the FLRW metric (4.33) in pseudo-spherical

coordinates. The FLRW diagonal tetrad can be written as follows
e = diag(l, a(t), a(t)r, a(t)r sin 9) . (4.22)

Using this tetrad, one can notice that the scalar torsion T' (see Eq. (3.34)) becomes

2
T=-6H>+— (4.23)

)
7”2@2

where H = a/a. Here, one notices that this tetrad is a “bad tetrad” since based on
the isotropy and homogeneity of the FLRW spacetime, the scalar torsion needs to
depend only on time. Moreover, if one uses the diagonal tetrad (4.22), the FLRW

cosmological equations for f(7') gravity also depend on the radial coordinate. For
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example, the first FLRW equation in f(7') gravity for this tetrad reads

1 f
(6H2 — W) fT + 5 = I‘€2p, (424)

where a perfect fluid with energy density p was considered. Therefore, this tetrad
is a bad tetrad and one can follow the procedure employed in the previous section
to fix this issue. Let us now perform a rotation in this tetrad, in such a way that
et = Apel, where Af is the rotational matrix (4.16) with the three Euler angles now
being

a=0-, B=¢, y=r(rt), (4.25)

where now the function v = 7(¢,r) depends on time and the radial coordinate. By

doing this, one finds the following rotated tetrad

1 0 0 0
0 acos¢sind —ra(cosysing + cosfcos¢siny) rasinf(sin¢siny — cosf cos g cosy)
&= (4.26)
0 asinfsing ra(cospcosy — cosfsingsiny) —rasinf(cosf cosysin ¢ + cos ¢siny)
0 acosf rasin 0 sin~y racosysin? 6

It is easy to check that, as expected, the flat FLRW metric (4.33) is invariant under
this rotation since the above tetrad also satisfies Eq. (3.6). Using this tetrad, one
finds

4 d
T:W<rd—Zcos7+sin7—l—1>—6H2. (4.27)

Since the scalar torsion cannot depend on the radial coordinate, the first term in

parenthesis needs to be cancelled, giving us the following equation for ~:

d
'r’al—7 cosy+siny+1=0, (4.28)
r
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which can be solved and gives us 6 solutions. One can choose one of those solutions
to find the correct good tetrad. In this case, the two easiest solutions to work out
are: v = —7/2 or v = 3w /2. If one uses the first solution (7 = —7/2), one finds that

the rotated tetrad (4.26) becomes

0 acos¢sin® racosfcos¢ —rasinfsing

e = . (4.29)

0 asinfsing racosfsing rasinfcos @

0 acosf —rasinf 0

In this rotated tetrad, the torsion scalar becomes

T =—-6H?, (4.30)

which does not depend on the radial coordinate. Therefore, this rotated tetrad is a
good tetrad. Using the rotated tetrad (4.29) and the f(7T') field equations (4.13), the

flat FLRW cosmological equations for f(7") become

6H?fr + %f(T) = Kk%p, (4.31)
23H? + H) fr + 2H fr + %f(T) = —K%p, (4.32)

where fT = fTTT. Different studies have been conducted to analyse these equations.

The most important results in cosmology are the followings:

e Some specific forms of f(7T') give an accelerating behaviour of the Universe
without introducing any cosmological constant A. For some important studies
in this direction, see Wu & Yu (2010a,b); Bamba et al. (2011); Dent et al.

(2011).

e A phantom divide line becomes plausible. According to observations (Feng
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et al., 2005), the equation of the state parameter of dark energy crossed the
cosmological constant boundary w, = —1 from above to below (Wu & Yu,

2011).

e [t is possible to find bounce solutions which solve the Big Bang singularity
issue presented in GR. Some examples of those solutions are described in Cai
et al. (2011); Bamba et al. (2013b); de Haro & Amoros (2013); Odintsov et al.

(2015).

e According to Nunes (2018), using CMB+BAO+H, observations, a small de-
viation of f(T") gravity with ACDM is observed with a better fit in the data.
Additionally, it is possible to solve the issue of the tension on measuring the

Hubble constant H,, which appears in GR!.

For a comprehensive review regarding the physical and cosmological interpretations
regarding f(7') cosmology, see Cai et al. (2016).
Alternatively, it is not so difficult to show that in flat FLRW, the metric in Cartesian

coordinates

ds? = dt* — a(t)*(dz® + dy® + d2?), (4.33)

with the diagonal tetrad

e, = diag(1, a(t), a(t), a(t)) (4.34)

is a good tetrad in the sense of Sec. 4.3.2 and Tamanini & Boehmer (2012) since
it does not constrain the function f nor the scalar torsion 7. The majority of the

cosmological models that will be presented are related to flat FLRW cosmology?,

IThe local value of the Hubble constant is slightly different from different observations but
matching within the error bars.
2For observations constraints k = 0. See Sec. 2.5.2.3 for more details.
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hereafter, the above diagonal tetrad with the flat FLRW metric in Cartesian coordi-
nates will always be chosen since it is a good tetrad. Obviously, tetrad (4.34) gives
the same field equations (4.31)-(4.32) than considering the rotated tetrad in spherical

coordinates (4.26).

4.4 Scalar-tensor theories

4.4.1 Brans-Dicke and scalar-tensor theories

There are numerous ways to modify both General Relativity and Teleparallel gravity
with the aim of being able to understand the late-time acceleration of the Universe
without the need for a cosmological constant. One approach is to modify the gravi-
tational sector and one can consider both f( ﬁ) theories of gravity and f(7) theories,
as discussed in the previous sections. One can also consider a coupling between
a scalar field and the gravitational sector. In standard General Relativity, matter
fields are only coupled to gravity via the metric g,, and this ensures the validity
of the strong equivalence principle. In the original idea of Brans & Dicke (1961), a
non-minimal coupling was introduced to obtain a relativistic theory implementing
Mach’s principle. Not surprisingly it is known as Brans-Dicke theory and it is one of
the most studied modifications of Einstein gravity.

The action of Brans-Dicke theory is given by

SBD == /d4ZL’\/_ |: R - —¢8¢2 + ﬁ (435)

where £, determines the matter contents, xk? = 87G and ¢ is the scalar field. The
constant wgp is called the Brans-Dicke parameter. If the latter parameter is positive,
then the scalar field is canonical whereas if it is negative it represents a phantom
scalar field since it has the other opposite sign in the kinetic term. In later gen-

eralisations of this theory a self-interacting potential V' (¢) for the scalar field was
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introduced in the action, namely

Sgp = / d*z/—g {— R— ““j; 0¢* — V(o) + L | - (4.36)

In the presence of matter, Brans-Dicke theory reduces to General Relativity in the
limit wpp — 00, and from Solar System experiments, the strong bound wgp > 10*
can be obtained (see e.g. Bertotti et al. (2003)). One interesting aspect of the action
above is that the scalar field ¢ changes the effective Newton’s gravitational constant.
This implies that now the strength of the gravitational interaction depends on the
value of the scalar field, which in turn can depend on the spacetime position.

One can further generalise the Brans-Dicke action by considering any arbitrary
coupling function F'(¢) non-minimally coupled with the Ricci curvature. Then, ac-

tion (4.36) can be generalised to

Sscalarftensor = /

o

(5 + F@) E s Lu(0),00% — V(9) + La| v=gd's,

(4.37)

where now F(¢) and w(¢) are coupling functions. The above action gives rise to the
so-called scalar-tensor theories. For w(¢) = 1 (w(¢) = —1) one obtains a canonical
scalar field (phantom scalar field). The standard approach is to consider a coupling
between the scalar field and the Ricci scalar, of the form (Chernikov & Tagirov

(1968); Callan et al. (1970); Birrell & Davies (1980))

F(¢) =&¢°. (4.38)

Here ¢ is a coupling constant. In this notation the effective gravitational constant
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can be written as

G

Get = ———7 73
714 k2

(4.39)

and one can redefine such a scalar field so that it coincides with the standard Brans-
Dicke field. Such a non-minimal coupling has motivations from different contexts.
It appears as a result of quantum corrections to the scalar field in curved space-
times (Ford, 1987) and it is also required by renormalisation considerations (Callan
et al., 1970). It also appears in the context of superstring theories (Maeda, 1986).
Such models have attempted to explain the early-time inflationary epoch, however,
the simple model with a quadratic scalar potential is now disfavoured by the current
Planck data (Martin et al. (2014); Ade et al. (2014a, 2016)).

Minimally coupled quintessence corresponds to taking F'(¢) = 0 (or & = 0) in
the Lagrangian (4.37). For a review of quintessence type models, see Copeland
et al. (2006). Quintessence alone can give rise to many interesting features from
late-time accelerated expansion of the Universe to inflation Ratra & Peebles (1988);
Wetterich (1988); Zlatev et al. (1999). However, simple models of scalar field inflation
are becoming disfavoured by the latest Planck data. Another issue with a simple
quintessence approach is that the effective equation of state must always satisfy
Weg > —1 and require a very flat fine tuned potential in order to explain current
cosmological observations.

Minimally coupled quintessence is not considered as modified gravity since the
action only has the standard Einstein Hilbert action plus some terms related to
the scalar field. Then, this theory is in the so-called Finstein frame. The frame
corresponding to f( ;%) gravity is usually called the Jordan frame. If one considers

vacuum case L, = 0, by making the following conformal transformation,

Guv = e /g\,uz/ (440)
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with g,, denoting the Einstein frame metric, one obtains that the minimally cou-
pled quintessence action (Einstein frame) is equivalent to the f( ](32) gravity (Jordan
frame). Then, there is a correspondence or equivalence between the Einstein and Jor-
dan frames (Nojiri & Odintsov, 2011). In the case where £, # 0, this equivalence
still holds but matter in the new frame is now coupled with the conformal factor in
a different way, making that particles in the new frame do not follow geodesics. In
addition to these, there are also frames in which the scalar field is non-minimally
coupled to gravity, and these can be reached by a f( ]?2) gravity by also using a suit-
ably chosen conformal transformation, or directly by the Einstein frame theory by
conformally transforming the theory. Generally speaking, one should confront the
theoretical predictions of a specific gravitational theory with the observable Universe
history supported by the current observational data. In this sense, each of the three
mentioned frames, namely the f( ]?1’) gravity, and the minimal and non-minimal scalar
theories, may give a viable description of the observable Universe history. However,
it is not clear that a viable description in one frame gives also a viable and conve-
nient description in the other frame. For instance, it may give a viable but physically
inconvenient description. In other words, there appears the question which of these
three frames is the most physical one (and in which sense) or, at least, which of these
frames gives a convenient description of the Universe history. Eventually, the answer
to this question depends very much from the confrontation with the observational
data, from the specific choice of the theory and from the observer associated with
specific frame. At the same time, the related question is about equivalent results
in all three frames and/or about construction of the observable quantities which are
invariant under conformal transformations between the three frames. Further, even
though mathematically, both frames are equivalent, in Bahamonde et al. (2016), it
was shown that it is possible to have various correspondences of finite time cosmolog-

ical singularities, and in some cases it is possible a singular cosmology in one frame
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might be non-singular in the other frame. This situation appears since the conformal
transformation is singular in those cosmological singularities. Moreover, if acceler-
ation is imposed in one frame, it will not necessarily correspond to an accelerating

metric when transformed in another frame (Bahamonde et al., 2017¢).

4.4.2 Teleparallel scalar-tensor theories

An alternative approach related to scalar-tensor theories has been to consider a
scalar field non-minimally coupled to torsion. The following action for Teleparallel
scalar-tensor theories is considered,

STEGR ST = / [(% + F(gb))g + %w(gb)ﬁugb@”gb —V(¢) + L | ed's. (4.41)

This gives rise to different dynamics to the case of the non-minimal coupling to
the Ricci scalar. When F(¢) = 0, one obtains a minimally-coupled model which
is Teleparallel gravity and a kinetic and a potential term, which is equivalent as
quintessence models (taking F'(¢) = 0 in (4.37)). This action was first introduced
in Geng et al. (2011), with the specific case where w(¢) = 1 (canonical scalar field)

and, similarly as in (4.38), the coupling function was taken to be

F(¢) = x¢° . (4.42)

This theory was labelled as Teleparallel dark energy. This theory again has a richer
structure than simple standard quintessence behaviour, with both phantom and
quintessence type dynamics possible, along with dynamical crossing of the phan-
tom barrier.

The equivalence between General Relativity and Teleparallel gravity breaks down
as soon as one non-minimally couples a scalar field and then the field equations result

in different dynamics. In Bahamonde & Wright (2015); Zubair et al. (2017), there
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was introduced a more general action, with the aim of unifying both of the previous

considered approaches

T 1 1

Srocnsme = [ (54 F()) 5 + 5608 + 5u(0)(8,0)(0"0)

—V(¢) + L |ed s, (4.43)

where now there is a additional coupling function G(¢) with the boundary term B.
Since R = —T + B (see (3.36)), the above action also contains the case where the
Ricci scalar is non-minimally coupled with the scalar field when the functions are
chosen to be F(¢) = —G(¢). Then, in the latter case, the above action is reduced
to (4.37). For the case G(¢) = 0, a Teleparallel theory non-minimally coupled with
the torsion scalar is recovered and for F/(¢) = 0, a Teleparallel quintessence with a
non-minimal coupling to a boundary term is recovered.

Let us now find the field equations for the theory (4.43). By varying the ac-

tion (4.43) with respect to the tetrad field, one finds

sswansre = [ { |5 (5 + F@))5T + 16008 — (o) @.0) )50
1/1 1 1
+5( + F0)) T+ 56(6)B + 50(0)(9,0)(0"6) — V(9)| E2oes
+(5(e£m)} d*z, (4.44)
where de = Ede§ and (3.43) were used. Variations with respect to the scalar

torsion fo7T were found in Sec. 4.3 (see Eq. (4.11)). Hence, one needs to change fr
by & + F(¢) in (4.11) in order to obtain the corresponding term which appears in
the above equation. The second term in the variations corresponds to find variations

with respect to the boundary term B. By doing the corresponding calculations, one
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obtains
G($)0B = [235%%@(@ — 2B Ofs — BfsE — 4(0,G(6))S." |5et . (4.45)

For further details about how to compute this term, see Sec. 5.1 where all the im-
portant calculations are derived and only one needs to replace fg by G(¢) in order
to obtain the above result. Hence, by using the above equation and Eq. (4.11), one

obtains that the field equations are given by

(15 HF(0)) |0e) - B8, — {BLT| By | qul0)9,00% - V(@)

+w(6) B0 60,6+ 2(0,F (8) + 0, G(6)) ELS,™ + ELOG(9) — ELNVV,G(6) = T2,
(4.46)

where ﬁ = %a%"‘, remembering that %a is the covariant derivative linked with the
Levi-Civita connection and 7} is the matter energy momentum tensor. We have
used units where x2 = 1.

By taking variations in the action (4.43) with respect to the scalar field ¢, one

finds the modified Klein-Gordon equation given by
° 1 / ° © ! 1 / !
()06 = S0/ ($)V,0V" 6+ V'(6) = S (F(OT+C()B) . (447)

Here primes denote differentiation with respect to the scalar field.
For flat FLRW described by the metric (4.33) and the diagonal tetrad (4.34), and

considering a canonical scalar field w(¢) = 1, Egs. (4.46) become

SH*(1+ F(¢)) = pm + V() + %gz? +3HJG'(¢), (4.48)

(3H2 + 2H)(1 + F(¢)) = — (pm —V(¢) + %dﬂ) — 2HGF'(9) + (G"(9)¢* + G'(¢)0).

(4.49)
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Here, H = a(t)/a(t) is the Hubble parameter and dots and primes denote differ-
entiation with respect to the time coordinate and the argument of the function
respectively. It was also considered that the matter is described by a perfect fluid
with energy density given by p,, and pressure p,,.

The modified Klein-Gordon equation (4.47) becomes
, . ) 1/, )
b+3HO+V'(9) = 5(F(OT +C(9)B) (4.50)

where in flat FLRW, T = —6H? and B = —6(H +3H?). It should be noted that the
Klein-Gordon equation can be also obtained directly from the field equations (4.48)
and (4.49), so that it is not an extra equation. Thus, this model has two independent
equations, three given functions depending on the model (F(¢), G(¢) and V(¢)) and
four dynamical variables (¢, a(t), pm and pp,).

One can also rewrite (4.48)-(4.49) in a fluid representation as follows,

1

2 _

= g (4.51)
. 1

2H = —TF(@(%H%—%H), (4.52)

where peg = pm+py is the total energy density and peg = pm+py is the total pressure.
The energy density and the pressure of the scalar field p, and p, are respectively

defined as follows

po =SB HV(6)+3HIG(S), (159
pe = 3P V() £UMGF(G) — (@OF+C0)F). (@45

It can be shown that the conservation equation, i.e. V,7"" = 0 is valid, then the
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standard continuity equations read

et + 3H (pet + Det) = 0, (4.55)

pm + 3H (pm + pm) = 0. (4.56)

In Bahamonde & Wright (2015), the specific case was studied for the coupling func-

tions

F(¢) =&0°, G(6) =x¢, (4.57)

where ¢ and y are coupling constants. Specifically, using the dynamical system
techniques, in the case when there is only a pure coupling to the boundary term
(€ = 0), it was found that the system generically evolves to a late-time accelerating
attractor solution without requiring any fine tuning of the parameters. A dynamical
crossing of the phantom barrier was also shown to be possible. For further details
regarding the method of dynamical system, see the review Bahamonde et al. (2017a).
In Zubair et al. (2017), the validity of the first and second law of thermodynamics at
the apparent horizon was discussed for any coupling F'(¢) and G(¢). Moreover, the
authors also found some analytical cosmological solutions for the Eqs. (4.48)-(4.49).

To finalise this section, let us note that a theory which is minimally coupled with
the scalar torsion (replace F(¢) = 0 in (4.43)), which is the analogy of a theory
which is minimally coupled with the Ricci scalar (replace F(¢) = 0 in (4.37)) is
not equivalent to f(7') gravity. Hence, if one takes f(7) gravity, which can be
considered as a Jordan frame, and performs a conformal transformation (4.40), the
resulting action does not give a Teleparallel minimally coupled theory. Thus, the
dynamics of f(7') gravity is not equivalent to Teleparallel action plus a scalar field
since an additional term appears (Yang (2011); Wright (2016)). For more details

about conformal transformations in modified Teleparallel theories of gravity, see
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Sec. 6.4.

4.4.3 Teleparallel quintom models

For minimally coupled models (F(¢) = 0 in (4.37)) with canonical scalar field, the
equation of state must satisfy wq, > —1, while for a phenomenologically acceptable
phantom case, (i.e. valid only after the early-time discontinuities in its equation of
state have taken place), the phantom scalar field equation of state is constrained to
be wqe < —1. In a minimally coupled model, there is no way to cross this phantom
barrier (i.e. the cosmological constant value wge = —1) with a single canonical or
phantom scalar field. An interesting model which allows for such a crossing to take
place was proposed by Feng et al. (2005), which is known as quintom models. This
scenario of dark energy gives rise to the equation of state larger than -1 in the past
and less than -1 today, satisfying current observations. It can be achieved with more
general non-canonical scalar fields, but the simplest model is represented by the
quintom action made up of two scalar fields, one canonical field ¢ and one phantom

field o (minimally coupled):

o

1 1
Squintom = / [ﬁ + §3u¢3“¢ — 5@08“0 —V(p,0)+ Ln|vV—9g d*x ,(4.58)

2K2

where now the energy potential V (¢, o) depends on both scalar fields. A phantom
scalar field has the opposite sign of the kinetic term. It should be noted that phantom
scalar fields violate the conservation of probability and also they have unboundedly
negative energy density. This lead to the absence of a stable vacuum quantum state.
Therefore, phantom scalar fields have Ultra-Violet quantum instabilities (Cline et al.,
2004; Copeland et al., 2006). Hence, the model presented above needs to be consider
as a toy model to describe the dark energy, and not as a fundamental theory of
gravity. For more details about quintom scalar fields, see Cai et al. (2010).

On the other hand, it is also possible to consider Teleparallel quintom models
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minimally coupled with two scalar fields. Since ]C-)E = —T + B, a minimally coupled
model based on ]O% (GR plus two scalar fields minimally coupled) will lead to the
same theory as a theory based on T' (TEGR plus two scalar fields minimally cou-
pled). However, one can generalise the quintom models by considering non-minimally
coupling between the Ricci scalar and the scalar fields, namely

R 1 o 1 1
Secamon = [ [+ 5 (7(0) + £s(0)) 4 560,600 + 10,0000

“V(6,0) + /:m] J=gd'z, (4.59)

where now there are two coupling functions fi(¢) and fy(o) and for being more
general, two coupling constants, xy and £ were introduced in order to have quintom
models with £ = —x = 1 (one canonical scalar field and one phantom scalar field),
two canonical scalar fields (£ = y = 1) or two phantom scalar fields (£ = y = —1).
It should be remarked that in principle one can also introduce coupling functions
wi(¢) and wsy (o) instead of the coupling constants £ and x. For simplicity, coupling
constants will be only considered in this section. The above action can be seen as
a generalisation of the non-minimally scalar field model presented in (4.37), with
now having two scalar fields. This action was first presented in Marciu (2016) with
f1(@) = c1¢® and fy(0) = c0? and £ = —x = 1. The author studied its cosmology
using numerical techniques finding a late-time accelerating behaviour of the Universe
with a possibility of the crossing of the phantom divide line.

In the same spirit as (4.59), recently, there was proposed a generalised Teleparallel
action which is a generalisation of (4.44) with two scalar fields, namely (Bahamonde
et al., 2018a)

Stocrainon = | (50 + 5 (7(0) + ()T + 5 (9(6) + (o)) B

+%§8u¢8“¢ + %Xauaa“a —V(p,0)+ Em] ed'z,  (4.60)
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the functions fi, f2, g1 and g9 are coupling functions which depend on two different
scalar field ¢ and 0. The field equations for this model can be easily found by
using (4.11) and (4.45). Moreover, the computation is straightforward from the field

equations for one scalar field (see Eq. (4.46)). The cosmological equations are then

given by
(14 [1(0)+ fo0)) = it V(0,0) + 566 + 56
+3H (91(6)0 + g(0)0) . (4.61)
BH? £ 21)(1+ [i(6) + fo0)) = —pu+V(0,0) — 3607 — xo?
—2H(6f1(9) + 6 £3(0)) + G1(¢) + ga()
(4.62)

Here, k? = 1 was also assumed. It can be shown that the continuity equations (4.55)
and (4.56) are also valid in this theory. The modified FLRW equations (4.61) and

(4.62) can be also be rewritten in terms of effective energy and pressure, as follows

3H? = peg, (4.63)

3H>4+2H = —peg, (4.64)

where peg = pm + P + Po, Peft = Pm + Py + Do Were defined and

po = —BHA(8) + VA(6) + 36 + BHG(6)5, (1.65)
po = (H?+2H)[(6) + 560+ 2HO(6) — i~ Vilo),  (4.66)
pe = —3H>fy(0)+ Va(o) + %;«52 +3Hgh(0)o, (4.67)
e = (BH?+2H)fs(0) + %Xaz + 2HG f5(0) — §o — Va(o) . (4.68)

One can define the equation of state of the dark energy or scalar fields as the following
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ratio of the scalar field pressures and energy densities

Wy = Po ) We = bo (4.69)

Po Po

For the present generalised quintom model in Teleparallel gravity, the dark energy

equation of state is:

+ Do
I (4.70)
Py + Po
One can also define the total or effective equation of state as
m + + g
Weff = et _ P TP Py ; (4.71)
Peft  Pm T Py T Po
and the standard matter energy density as:
Pm
O, = —— . 4.72
Ve (4.72)

Analogously, one can define the energy density parameter for dark energy or scalar
fields as,

Qge = Uy + Oy | Q¢:%, Qg:%, (4.73)

such that the relation Q,, + Q4 + Q, = Q, + Qqe = 1 holds.

In Bahamonde et al. (2018a), the specific case where the coupling functions are

fi(@) =ad®,  folo) =c0®, g1(¢) = c30°, ga2(0) = cao”, (4.74)

where ¢; (i = 1,..,4) are constants was studied. Further, the authors considered that
the energy potential is an exponential type and also that it can be split into two

parts,

V(g 0) = Vi(¢) + Va(o) = Vie ™7 4 Voe 29, (4.75)
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where A\; 2 > 0 and V; and V, are constants. It was also assumed that the fluid is a
standard barotropic one with p, = wpy. The dynamical system of this model was
studied in Bahamonde et al. (2018a), finding a 6 dimensional one with 21 critical
points (but only 13 ensures that the potentials are positive). One of those points
represents a matter dominated era whereas the other ones are dark energy dominated
eras. The numerical solutions deduced in the case of scalar torsion and boundary
couplings with the scalar fields are depicted in Figs. 4.1-4.5. The study can be
divided into two general models: (i) a model where the torsion scalar is non-minimally
coupled with the scalar fields (g; = g2 = 0); ii) a model where the boundary term
is non-minimally coupled with the scalar fields (f; = fo = 0). For each model,
four different set of numerical constant were chosen. For the model non-minimally

coupled with T, the following four models were studied:

o Model T1: ¢; = 0.7, \ = Xy = 0.6,V = Vo = 1.02, 6(t;) = o'(t;) = —0.6,
b(t;) = &(t;) = 0,t; = 0.008.

e Model Ty: ¢; = 0.5, A\ = Xy = 0.5, V4 = Vo = 1,9(t;) = o(t;) = 0.5,0(t;) =

0.01,6(t;) = 0.001,¢; = 0.05.

e Model Ty: ¢; = 0.7, M = dp = 0.6, V4 = Vo = 1.08,6(t;) = o(t;) = 0.6, d(t;) =

0,6(t;) = 0,t; = 0.008,

e Model Ty: ¢; = 0.6, M\ = Ay = 0.01,V; = Vy = 1.01, 6(t;) = o(t;) = 8, d(t;) =

0.0001,4(t;) = 0.001,¢; = 0.035.

On the other hand, for the model non-minimally coupled with the boundary term,

the following models were studied:

e Model By: ¢35 = 0.5\ = Xy = 0.7,V; = Vo = 1,6(t;) = o(t;) = 0.6,0(t;) =

0.001,4(t;) = 0.000001, ¢; = 0.0295.
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e Model By: ¢35 = 0.6, A\, = Xy = 0.4, V; = V3 = 1.05, (t;) = o(t;) = 1.5,6(t;) =

0.001, 5(¢;) = 0.001, ; = 0.0295.

e Model By: ¢5 = 0.4, M\ = Xy = 0.2,V = V; = 1.05,¢(t;) = o(t;) = =5, d(t;) =

0.00001, &(t;) = 0.00001, ¢; = 0.0083.

e Model By: ¢5=0.6,\; = Ay = 0.5, V] = V5 = 1.055, ¢(t;) = o(t;) = 1.1, 6(t;) =

&(t;) = 0.00001, ¢; = 0.0015.

In the left panel of Fig. 4.1, the evolution of the cosmic scale factor as a function
of cosmic time for the four models 7T;. One can observe that the dynamics of the
Universe in the case of the four scalar torsion models corresponds to an accelerated
expansion, very close to a de Sitter expansion at late-times. The present time is at
the numerical value of ty; = 0.96, where the cosmic scale factor is approximately equal
to unity a(tg) ~ 1, as requested from the numerical method considered. Moreover,
one can observe that the values of the coupling coefficient ¢; have a minor influence
on the dynamics on the large scale. The Universe in this model is accelerating
independently from the values of the coupling parameter c;.

The case of boundary coupling models, neglecting the scalar torsion couplings
are represented in the right panel of Fig. 4.1, where a similar behaviour is observed:
the dynamics of the Universe in the case of the four boundary coupling models
corresponds to an accelerated expansion, toward a de Sitter stage, independently
from the values of the coupling parameter c3. As previously mentioned, one has a
similar behaviour as in the left panel of Fig. 4.1; an evolution of the system toward
a de Sitter stage in the distant future.

The influence of the scalar torsion coupling coefficient ¢; in the evolution of
the density parameters of the Universe (dark energy density parameter and matter
density parameters) are presented in Fig. 4.2. In these figures one can observe that

at the present time ¢, = 0.96, the density parameters have the values suggested by
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astrophysical observations, 23 = 1 — €, ~ 0.70. From the numerical evolution, it
can be noticed that at the initial time, the Universe faces a matter dominated era,
while at the final numerical time, the cosmic picture is dominated by the dark energy
quintom fields non-minimally coupled with the scalar torsion. Hence, the present
quintom model with a scalar torsion coupling is able to explain the current values of
the density parameters in the Universe, in a good agreement with astronomical and
astrophysical observations. It is easy to see that the values of the coupling coefficient
c1 have minor effects on the values of the density parameters, since with a proper fine-
tuning of the initial conditions, we are able to reproduce the corresponding current
values of the density parameters in the Universe. From this, one remarks that the
present generalised quintom model in the framework of Teleparallel gravity theory
with a scalar torsion coupling is a feasible dark energy model.

Additionally, in Fig. 4.3 is displayed the evolution of the density parameters in
the case of boundary coupling models B;, considering different values of the coupling
coefficient c3, previously discussed. Here, one has a similar behaviour as in the case
of a scalar torsion coupling. At the initial time, the Universe faces the matter domi-
nated epoch, while at late-times the dark energy fields dominate the cosmic picture.
Hence, boundary coupling models B; also represent feasible dark energy models, ex-
plaining the acceleration of the Universe as well as the current values of the density
parameters. The values of the boundary coupling parameters c3 have a minor influ-
ence on the evolution of the density parameters corresponding to the dark energy
fluid and matter fluid, respectively, similar to the scalar torsion models T;. Conse-
quently, in both models with boundary couplings B; and scalar torsion couplings 7;
endowed with decomposable exponential potentials, the Universe is evolving towards
a state dominated by dark energy fields over the matter fluid, while the cosmic scale
factor is in an accelerated stage.

The time evolution of the dark energy equation of state in the case of scalar torsion
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coupling models 7; is shown in Fig. 4.4. One can remark that for the scalar torsion
coupling models, the dark energy equation of state can exhibit the main specific
feature to quintom models; the crossing of the phantom divide line. For scalar
torsion coupling models, in the first stage of evolution, the dark energy equation of
state presents oscillations around the cosmological constant boundary, while at later
times the equation of state evolves asymptotically towards the ACDM model, acting
almost as the cosmological constant. As a consequence, the generalised quintom
model in the Teleparallel gravity theory with a scalar torsion coupling can be in
agreement with cosmological observations which have suggested that the cosmological
constant boundary might be crossed by the dark energy equation of state. Finally,
the evolution of the dark energy equation of state in the case of boundary coupling
models B;, is depicted in Fig. 4.5. As in the previous models, at the initial stage
of evolution, the models show the crossing of the phantom divide line, while in
the end at the final time, the dark energy quintom model acts asymptotically as
a cosmological constant. As a concluding remark, it should be remembered that
the present generalised quintom model in the Teleparallel gravity with scalar torsion
and boundary couplings represents also a possible dark energy model, an alternative
to the ACDM model, which can explain the observed crossing of the cosmological
constant boundary in the near past of the dark energy equation of state, as suggested
by various cosmological observations. Notice that this behaviour can be achieved

without evoking any cosmological constant.
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f(T, B) gravity and its extension with non-minimally

matter couplings

Chapter Abstract

In this chapter, a modified Teleparallel theory of gravity is presented which is based
on an arbitrary function f which depends on the scalar torsion 7" and a boundary
term B = (2/e)0,(eT*) which appears via R = —T + B. This theory can be-
come either f(T') gravity or the Teleparallel equivalent of f( ](32) gravity. Flat FLRW
cosmology is discussed in this theory, finding some cosmological solutions using the
Noether symmetry approach and also the reconstruction method, which mimics some

interesting kinds of universes.

5.1 General equations

As seen in Chap. 4, the first straightforward modification of the Teleparallel equiv-
alent of General Relativity is the so-called f(7T) gravity where one generalises the
TEGR Lagrangian (see Eq. (3.39)) to an arbitrary function of the scalar torsion. In
the standard Teleparallel approach where the spin connection is zero, this theory
is not covariant under Lorentz transformations. This theory is very different from
its analogous metric counterpart, f( ;%) gravity. A general framework will be now
considered which includes both f( ]O%) gravity and f(T') gravity as special sub-cases.
This theory was presented in Bahamonde et al. (2015), and then, this chapter will

127
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review the most important results discussed in that paper. Let us emphasize here
that in this chapter, the standard approach in Teleparallel theories of gravity will
be assumed where the spin connection is zero (pure tetrad formalism). Eq. (3.36)
says that the Ricci scalar ]c—}'{ differs by a boundary term B from the scalar torsion 7.
Therefore, Bahamonde et al. (2015) proposed a new modified Teleparallel theory of

gravity given by the following action,

1
Sf(T,B):/ [@f(T,BHEm ed'z, (5.1)

where f is a function of both T"and B = (2/e)0,(eT") and L,, is a matter Lagrangian.

Variations of the action with respect to the tetrad gives

58 1) = / {21 (£(7. B)oe + efn(T, B)SB + efr(T, B)OT) +5(6£m)} .

K2

(5.2)

where fgp = 0f/0B and fr = 0f/OT. The variations of Fde and eF¢T, where F is

a function, were derived in Sec. 4.3.1. Using those results, one obtains

efr(T, BYST = | — 4e(0,f7)S, "™ — 40,(Sa ™) fr + 4e f1T7 1aSs A#] Jed,  (5.3)

f(T,B)se = ef (T, B)E}def . (5.4)

Now, let us compute the variations of the new term coming form 6 B. Performing

this variation, one first finds
efs(T, B)OB = — ( B +2(9, fB)T“>5e — 2¢(D,f5)T", (5.5)
where

T = g™ T°,, = g E° <80€Z - (‘l,eg) : (5.6)



Chapter 5. f(T, B) and its extension non-minimally coupled with matter 129

was used to define the torsion vector. By using (3.49), the last term on the right

hand side of (5.5) becomes

(0, f5)5T" = |0, (EXeq™)(0.f5)) = 00 (EL(eg™) (0,5

— e(0,f5) (E;;TA + g T, + Tw)] ged (5.7)

where boundary terms were neglected. Using dxe = eg"”0\g,,, and the compatibility

equation for the metric V,(g") = 0 one finds
8)\6 = €I:App, 8}\g;w = _(fAVM -+ fA#V) . (58)

It should be reminded that I.“ A“# denotes the Weitzenbock connection. Using Eqgs. (3.28)

and (5.8), the first term of (5.7) can be written in terms of covariant derivatives as
d, (@(69“”)(%‘3)) — eE)0fp — €(0,/5) (ngy AV, 4 T a,) . (5.9

Remind here that li = %“%u which is computed with the Levi-Civita connection.

Using the same idea, the second term of (5.7) becomes

0 (E(eg™)0ufn)) = cBLV Voufn + e(0ufp) (9" y = T ")

_fxaku_fwauA_i_f\Aua_KA#a)‘ (5.10)
By replacing (5.9) and (5.10) into (5.7) one obtains

(0ufp)0T" = =[e(Ouf) (BET* + g Ty + T + g (P, = Tu) = T
- f‘au)\ + ]F)\HQ - K)\ua - f‘a“)\ + fMLL)\a + Eé\f‘yﬂy - E?f‘yﬂy) - eEa)l\lifB

+ eE'VV, fB} Jed . (5.11)
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If one uses the symmetry of the Levi-Civita connection and then uses Eq. (3.28), one

can simplify the above equation as follows

e<a“fB)5Tu = |:e<aﬂf3) (EST)\ + ]..—‘)\ua - ]..—‘aﬂ)\ - K)\ua>

— eE’Ofp + eEYVV, fB] ged. (5.12)

Now, by replacing this expression into (5.5) and using (3.44) and 2S5, = K, +

EFT* — EXTH, one finds

efs(T, B)SB = |2 BV, f5 — 2¢EXOf5 — BefsE> + 2¢(9,f5) (zsﬂ

R M, T K%)] ged. (5.13)

The last four terms on the right hand side are identically zero due to (3.28). Thus,

finally, the variations of the boundary term contribution become
efs(T, B)SB = |2¢ BV, f5 — 2eEX0f5 — BefpE — 4e(0,f5)S." | 5e? . (5.14)

Hence, the f(T, B) field equations can be obtained by replacing the above expression
and the variations of 07 and de (see Egs. (5.3)-(5.4)) into (5.2) and then using

0Ssr,B) = 0 giving us

2 BN [ — 2eETN, [ + eBfpE + de|(0,f5) + (0 fr)] S

+40,(eS") fr — 4e frT7 1aSo™ — ef B = 25%eT, (5.15)

where the energy-momentum tensor was defined as follows

T 16(eLm)

a
e des

(5.16)
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One can rewrite the above field equation in spacetime indices by contracting with

e, yielding

23,0/ — 26V Vo fis + B0} + de| (9uf5) + (D fr)] S,

+4€%0,(eS ") fr — defrT7 1, S, M — efd) = 2k%eT) . (5.17)

Here, the energy-momentum with only spacetime indices was defined as contracting
(5.16) with €2, namely 7.} = 2T}, In the following, some properties of this theory
will be studied, as for example, the limiting cases that one can recover from this

approach.

5.1.1 Some important special theories

In this section, some interesting theories that can be recovered from f (7', B) gravity
will be presented. The first special case that is interesting to mention is a new kind

of theory related to the boundary term, choosing
f(I,B) =T+ F(B), (5.18)

where F(B) is a function that depends only on the boundary term. The term T
was included above in order to have GR in the background and then this theory
can have all the GR solutions in the limit where F'(B) = 0. This theory is new
and in general is a 4th order theory. Cosmological solutions in this theory will be
found in forthcoming sections (see Sec. 5.2.1.3). Additionally, in Sec. 5.2.2.4, the
reconstruction method for this theory will be employed to mimic some interesting
cosmological models.

Another straightforward theory that can be covered from f (7', B) gravity is when
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one considers

(T, B) = f(T), (5.19)

so that fp = 0. In this case, one finds the same f(T) field equations given by (4.13).
Let us make an important remark about this limit. One verifies immediately that
this is the unique form of the function f which will give second order field equations.
Recall that linear terms in the boundary term B do not affect the field equations.
Therefore, the generic field equations contain terms of the form 9,0, f, which are
always of fourth order and can vanish if and only if f, is a constant, so that f is
linear in the boundary term. Therefore, for a non-linear function f, f(7T) gravity
is the only possible second order modified theory of gravity constructed out of }O%,
T and B. As mentioned before, the price to pay is the violation of local Lorentz
covariance.

Another interesting theory that can be constructed from this theory is found by

considering
f(T,B) = f(-T +B) = f(R), (5.20)

where Eq. (3.36) was used. This is the Teleparallel equivalent of f( ;%) gravity. Let
us now verify that this theory actually has the same field equations as standard f( ]O%)
gravity. To do this, let us introduce the standard notation for the derivative of f

from f( _;%) gravity

o

f(R)=f(-T+B)=—fr=f5. (5.21)

Inserting this form of function into our general f(7', B) field equation (5.17) leads to
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the following field equations

26(53&[7 — 26%/\%,/17 + eBF§) — 4¢20,(eS," ) F + 4eFT° ,S,™ — ef5) = 2r%eT,).

(5.22)

This equation is not written in the standard way of f( ;2) gravity since the above
equation is written in terms of quantities related to Teleparallel gravity such as the
superpotential and the torsion tensor. To verify that this equation is the same as
standard f( ;2) gravity, one must change all those terms. One can rewrite the fourth

term in (5.22) as
1460, (eS") = 20, (e,") — 20, (eT*) + eBS} + 4S5, T,.°,, . (5.23)
Inserting this back into (5.22) gives

2e5)1F — 26V Y, F — 289, (e K, ™) + 2Fd, (eT*)

— 4eF ST, — ef5) = 265%eT . (5.24)

Next, one needs to replace the torsion components with curvature. To do this, one
needs to change f‘gy = f‘ij + K,%, and then use Eq. (2.58) to find the following
identity

B = L (0neB, ) + 0,(e1Y)) 25,7, (5.25)

Using this final identity (5.25), it is then easy to see that the field equations reduce

to the f( ](32) field equations in standard form
o 1 o o o
FRu — §fgw + 9,OF =V, V., F = *T,,, (5.26)

where 7,, is the energy-momentum tensor. Thus it can be concluded that equa-
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tion (5.22) is the Teleparallel equivalent of f( ]O%) gravity. From here, one can notice
how f(]oi’) and f(T') are related. Fig. 5.1 shows how those theories are related. The
starting point is a gravitational action based on an arbitrary function f(7', B) which
depends on the torsion scalar and a torsion boundary term. If this function is as-
sumed to be independent of the boundary term, one arrives at f(7") gravity which we
identified as the unique second order gravitational theory in this approach. Likewise,
if the function takes the special f(—T + B), one finds the Teleparallel equivalent of
f( ]O%) gravity. Any other form of f(7, B) will result in gravitational theories which
are not of second order.

= f(T
f(T, B) =10 > f(T)

f=f(=T+B) f=T

N

f(R) — GR or TEGR
f=R

Figure 5.1: Relationship between f(T, B) and other gravity theories.

5.1.2 Lorentz covariance

One important issue in modified Teleparallel theories of gravity is the loss of the
Lorentz covariance. In this section, this property will be studied for f(7T', B) gravity.
Let us first rewrite the field equations in a covariant way. If one inserts the expression

for the Ricci tensor (5.25) into the field equation (5.17), one finds
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o o o 1
HHV = _fTG/u/ +guu|:|fB - V,U,vaB + §(BfB + TfT - f)g/ux

+2|(fBB + fBT)(%)\B) + (frr + fBT)(%)\T)] S = KT, (5.27)

where the relations ]O% = —T + B and ]o%l)) = (o},)j‘ + %(B — T)6) were used. It is
readily seen that if one considers the f(7) limit, then this equation coincides with
the covariant form of the f(7") field equations presented in Li et al. (2011), and one
notes that this equation is manifestly covariant. However, it is not in general invariant
under infinitesimal local Lorentz transformations. Since the Lorentz transformations
are symmetric, a necessary condition for the equation to be Lorentz covariant is that
the antisymmetric part of the field equations to be identically zero, so the coefficient

of S,*, must vanish identically, see for example Li et al. (2011). Requiring this gives

two conditions

fee+ fer=0, and frr+ fer=0, (5.28)

which can be satisfied if one chooses

fr+fe=c, (5.29)

where ¢; is a constant of integration. By introducing X =T + B and Y =T — B,

one obtains that the above equation becomes fx = ¢; which can be solved yielding

~ ~ O

f(T,B)=f(-T+B)+aB=f(R)+aB. (5.30)

Since B is a total derivative term, the resulting field equations are unchanged by
terms linear in B. Hence, one can set ¢; = 0 without loss of generality. As showed
before, f of this form simply reduces to the f( Foi) field equations, which are manifestly

Lorentz invariant. Hence one can conclude that the above field equations are Lorentz
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invariant if and only if they are equivalent to f( ]O%) gravity. Therefore, the Teleparallel
equivalent of f( ]Oi’) gravity is the only possible Lorentz invariant theory of gravity
constructed out of ]?2, T and B. Conversely to the above, the price to pay is the

presence of higher order derivative terms.

5.1.3 Conservation equations

Requiring the matter action to be invariant under both local Lorentz transforma-
tions and infinitesimal coordinate transformations gives the condition that 7, is

symmetric and divergence free
VT =0, (5.31)

as shown in Li et al. (2011). Hence one requires the left-hand side of our field
equations to also have this property. Let us show that this is indeed the case and
that there is no need for this to be imposed as an extra (independent) condition.

For compactness, let us define the vector
Xo = (35 + f5r)(VaB) + (frr + for) (VaT))|. (5.32)
Taking the covariant derivative of H*”, one finds after some simplification
VI H,, = — {J%W - %Bgm, n 2%%;,)“} X", (5.33)
Now using

o o 1
Ry = =2V" Sy + 5B = 25" uKoay (5.34)
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simplifies Eq. 5.33 to
VI H,, = 257, K,y XV (5.35)
However, one knows that the energy momentum tensor is symmetric, and hence
Hiyy = =Sy "X = 0. (5.36)
This implies
V'H,, = 2H"EK,,, =0, (5.37)

which follows from K being antisymmetric in its last two indices. This means that

on shell the left-hand side of the field equations are conserved.

5.2 FLRW Cosmology

In this section, flat FLRW cosmology will be studied for f(7, B) gravity. First, the
main equations will be derived and then results from Bahamonde et al. (2018b); Ba-
hamonde & Capozziello (2017) will be presented. First, some cosmological analytical
solutions will be found using the Noether symmetry approach. These results were
presented in Bahamonde & Capozziello (2017). Then, the other sections will be
devoted to review Bahamonde et al. (2018b) where the reconstruction method of
f(T, B) cosmology will be studied. Let us now introduce the basic equations of a
flat FLRW cosmology in f(T, B) gravity. The metric which describes this spacetime

in Cartesian coordinates is given by

ds* = dt* —a(t)*(da? + dy* + d2?), (5.38)
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where a(t) is the scale factor of the universe. In these coordinates, the tetrad field

can be expressed as follows

e, = diag (1,a(t),a(t),a(t)) . (5.39)

Since f(T, B) is not covariant under Lorentz transformations, one needs to be very
careful with the choice of the tetrad. For instance, the unwanted condition frr = 0
appears when one considers a flat diagonal FLRW tetrad in spherical coordinates.
The above vierbein is a “good tetrad” as we discussed in Sec. 4.3.3 since it will not
constrain our system. By considering a standard perfect fluid as a content of the
universe described by an energy-momentum as (2.101) and using the above tetrad,

one can find that the field equations (5.17) in flat FLRW become

3H2(3f3 + 2fT) — 3HfB + 3HfB + %f(T, B) = /~§2p, (5.40)
(H? + H)(3f5 +2fr) +2Hfr — fo+ Sf(T.B) = —wp,  (541)

where dots represent differentiation with respect to the cosmic time and p and p
are the energy density and pressure of the cosmic fluid. It should be remarked that

fB = fBBB + fBTT and fT = fBTB + fTTT. Clearly, if one chooses that
f(T,B)=T = —6H?, (5.42)

one recovers the standard flat FLRW equations in GR (see Egs. (2.102)-(2.103) with
k=0).
It can be shown that the scalar torsion and the boundary term in flat FLRW

become

. 2
T=-6 <9> = —GH?, (5.43)
a
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B=—6 F + 2(9)1 — —6(H + 3H?). (5.44)

a a

Therefore, the Ricci scalar is

R=-T+B=-6 [(9)2 + g] — —G(H +2H?) . (5.45)

a

It should be observed here a very important remark regarding the notation. One
needs to be very careful with different metric signature notations. Usually, in
Teleparallel theories of gravity, researchers use the metric signature as in this the-
sis; nq = diag(1l,—1,—1,—1). However, in standard theories of gravity as in f( _;2)
gravity, authors usually use the other signature notation 7,, = diag(—1,1,1,1). The
difference of this notation makes that 7', B and ]ciz have different signs. If one uses
the notation 7, = diag(—1,1, 1,1), one obtains that T' = 6 H?, B = 6(H + 3H?) and
]%L = G(H +2H?). Since this thesis uses the standard Teleparallel notation, one needs
to be careful when one wants to compare our theories with f( ;{) gravity since usually
other papers in that theory use the other signature notation. Hence, to recover f( _;2)
gravity in the standard notation (see for example Sotiriou & Faraoni (2010)), one
needs to replace f(T,B) = f(+1T — B) = f(—]c%) Therefore, to recover that case

with the standard notation, one must change

fr— fr, fB——Ir, [frr— frr, fBB— [rRrR, frB— —fRR. (5.46)

It should be noted that to avoid to write o as a sub-index, fr = df( }02) /d;% was
defined instead of f%. By doing this, one easily obtains that Eqgs. (5.40) and (5.41)
become the standard FLRW equations in f( ]O%) gravity reported in Sotiriou & Faraoni

(2010), namely

. . 1
—3H*fr+3H fr — 3H fr + 5/ = K2p, (5.47)
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. . |
_SHQfR_HfR+2HfR+fR+§f = —K’p. (5.48)

. o

It should be noted here that fp = fRRd}o%/dt and then fr = frrr (dR/dt)* +
frr d? ]o%/ dt?. Onme can also recover f(T') gravity just by assuming that f(T, B) =
f(T)in (5.40)—(5.41), giving us the same equations (4.31)—(4.32) studied in Sec. 4.3.3.
In the following sections, some properties and consequences for flat FLRW cosmology

will be studied for modified f(T, B) gravity.

5.2.1 Noether symmetry approach

In this section, the Noether symmetry approach will be used to find exact cosmologi-
cal solutions in f(7, B) gravity. This section is a review of the paper by Bahamonde
& Capozziello (2017). This technique proved to be very useful for several reasons: 7)
it allows us to fix physically interesting cosmological models related to the conserved
quantities (i.e. in particular couplings and potentials) (Capozziello et al., 1996); ii)
the existence of Noether symmetries allows to reduce dynamics and then to achieve
exact solutions (Capozziello et al., 2012); i) symmetries act as a sort of selec-
tion rules to obtain viable models in quantum cosmology (Capozziello & Lambiase,
2000). The Noether symmetry approach has been widely used in the literature to
find cosmological solutions in modified gravity (see Nojiri & Odintsov (2006); Nojiri
& Odintsov (2011); Bamba et al. (2012); Clifton et al. (2012); Nojiri et al. (2017) for
recent reviews).

The main idea is to find symmetries in a given model and then to use them to
reduce related systems and find exact solutions. As a byproduct, the existence of
the symmetries selects the functions inside the models that, in some cases, have a
physical meaning. In this sense, the existence of a Noether symmetry is a sort of
selection rule. Essentially, the technique consists of deriving constants of motions.

Any constant of motion is related to a conserved quantity that allows to reduce the
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system and then to obtain exact solutions. If the number of constants is equal to
the number of degrees of freedom, the system is completely integrable.

In the specific case here, the cosmological equations can be derived both from the
field Egs. (5.40)-(5.41) or deduced by a point-like canonical Lagrangian £(a, a, T, T, B, B)
related to the action (5.2). Here, Q = {a, T, B} is the configuration space from which
it is possible to derive TQ = {a,a, T, T, B, B}, the corresponding tangent space on
which £ is defined as an application. The variables a(t), T'(t) and B(t) are, re-
spectively, the scale factor, the torsion scalar and the boundary term defined in the

FLRW metric. The Euler-Lagrange equations are given by

doL ocr doL oc doL  oc

dt 0a  Oa’ dtor 0T’ dtoB 0B’ (5-49)

with the energy condition

oL, OL.. OL .
= a4+ =T +"SB-L=0. .
Eo= g+ 7T+ L=0 (5.50)

As a consequence, the infinite number of degrees of freedom of the original field
theory are reduced to a finite number as in mechanical systems.
Let us consider the canonical variables a,T, B in order to derive the f(7,B)

action as follows

Sf(T,B) :/£<a,d,T,T,B,B>dt.

By using (5.43) and (5.44), one can rewrite the action (5.2) into its point-like repre-

sentation using the Lagrange multipliers A; and Ay as

Serp) :27r2/dt{f(T,B)a3—)\1 {T—|—6<%>2] — (B+6 [%H(%ﬂ)} .

(5.51)

Here 272 is the volume of the unit 3-sphere. By varying this action with respect to
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T and B, one finds

(@®fr —M)0T =0 — A\ =d’fr, (5.52)

(CL3fB — )\2)5B =0 — )\2 = Clng . (553)

Thus, the action (5.51) becomes

Sprm = 27r2/dt{f(T, B — d’ fy (T + 6(%)2)

—a*fs (B+6 E +2(S)QD } (5.54)

and then the point-like Lagrangian is
Ly = a*[F(T,B) = Tfr = Bfs| — 6aifr + 6a%( forT + fonB).  (5.55)

where we have integrated by parts. This Lagrangian is canonical and depends on the
three time-dependent fields a, 7', and B. If one chooses f(7, B) = f(T'), one recovers

the Teleparallel f(7') cosmology with the Lagrangian (Basilakos et al., 2013)
Ly = a® [f (T) - TfT] — 6ad’ fr . (5.56)

In addition, if one chooses f(T,B) = f(+T1T — B) = f(—;%) one obtains the point-
like Lagrangian action of f( ]O%) gravity with the standard notation (Capozziello &

De Felice, 2008)

L =0 [f(fa) . éfR} + 6aa? fr + 6020 dR/dt frr . (5.57)

With these considerations in mind, let us search for cosmological solutions for the

above models by the Noether symmetry approach.
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In general, a Noether symmetry for a given Lagrangian exists, if the condition

LyL=0 — XL=0, (5.58)

is satisfied. X is the Noether vector field and Lx is the Lie derivative. It should be
observed that (5.58) is not the most general condition for finding Noether symmetries
to a specific Lagrangian. In this section, (5.58) will be used but in a forthcoming
section (see Sec. 8.4), the most general Noether symmetry condition will be used for
another modified Teleparallel theory.

For generalised coordinates ¢;, one can construct the Noether vector field X given

by

X = a(g) 9] _I_dai(q) 9]

a¢ ' dt 9’ (5:59)

where of are functions defined in a given configuration space Q that assign the

Noether vector. In our case, a symmetry generator X in the space Q = {a, T, B} is
X = ad, + BOr + 0B + a0, + O} + 70y, (5.60)

where «, 5,7 depend on a, T and B. Therefore one has

& — (Z—Z‘)a T (g—;)T n (%)B, (5.61)
5= (5)a+ ()7 + (55)E. (5:62)
i Ov\ . 0 . 0 .

i (e ()14 () o

A Noether symmetry exists if at least one of the functions «, 5, and ~ is different
from zero. Their analytic forms can be found by making explicit Eq. (5.58), which
corresponds to a set of partial differential equations given by equating to zero the

terms in a2, aT, aB,T?, B, BT and so on. For a n dimensional configuration space,
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one has 1 + n(n + 1)/2 equations derived from Eq. (5.58). In this case, the config-
uration space is three dimensional, so one has seven partial differential equations.

Explicitly, from (5.58), one finds the following system of partial differential equations
Oa 50 0
fT <2CL— + Oé) + fTB (ay —a —ﬂ> + afTTB — aZfBB 7 0, (564)

da
0 0
+Ga—§+2a> 2fT +afBB ;

fro (

Z a(frreB + fresy) =0, (5.65)
[BB ( g + aﬁ + 2a) + afTB% +a(Bfres +VfeBB) — Qng_g =0, (5.66)

0B 0B

fTBa—a —0, (5.67)

804
fBBaB 0, (5.68)

Oa oo
fTB@B + fBBaT 0, (5.69)

3 (f — BfB — TfT) a—a (BfTB + TfTT) B —a (BfBB + TfTB) v = 0, (570)

where the unknown variables are «, 3, v and the function f(7T, B). There are two
different strategies to solve it and to find symmetries: (i) one can directly solve
the system (5.64)-(5.70) and then find the unknown functions; (i) one can impose
specific forms of f(7T, B) and search for the related symmetries. The second approach
will be adopted to study f(7, B) cosmology. Hence, some different f(7', B) functions
will be imposed to then find out the Noether vector satisfying (5.64)—(5.70). Finally,

by using the symmetries, cosmological solutions will be found.

5.2.1.1 f(T,B) = f(T)

The first example that will be studied is f(T') gravity. The cases studied in Atazadeh
& Darabi (2012); Wei et al. (2012) are straightforwardly obtained. Egs. (5.67)-(5.69)

are identically satisfied since frp = fgg = 0. The other equations become

fT (2@2—3 + ()4) + afTTﬁ == 0, (571)
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oo
fTa_T =0, (5.72)
Oa
frag =0, (5.73)
3 (f - TfT) o — CLBTfTT =0. (574)

By discarding the TEGR case (f(T') = T') one has that fr # 0 and hence, from

Egs. (5.72) and (5.73), one finds a = a(a). From Eq. (5.74), one finds that

afrrT

ala) = 3(f——TfT)B(a’T’ B). (5.75)

By replacing this expression in (5.71), one obtains the following differential equation

for

op 3f
da  2afrT

B(a, T, B). (5.76)

To solve this equation, let us assume that § can be separated as ((a,T,B) =

B1(a)Pe(T)Ps(B), giving us

adh 3 3
- R (5.77)

Here, we have used that the 1.h.s of the equation only depends on a and the r.h.s only

on 7', so that C' is a constant. Thus, it is easy to solve the above equation yielding
(1) = foTc, (5.78)

where fj is an integration constant. Moreover, it is straightforward to find that the

Noether symmetry vector becomes

_ 3
X = —lﬂoalf%ﬁa i poTa"ze

3 c Or + 0z, (5.79)
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where () is an integration constant. As shown in Atazadeh & Darabi (2012); Wei
et al. (2012), using this symmetry, one finds that f(7T) gravity admits power-law
cosmological solutions of the form of a(t) oc t72¢/% where Cs is another constant.
A more general study of power-law f(T") cosmology is in Basilakos et al. (2013) where
the full Noether symmetry condition was used.

o

5.2.1.2 f(T,B) = f(-T + B) = f(R)

o

One can recover f(]o%) gravity by assuming f(7, B) = f(—=T + B) = f(R). However,
as mentioned above, it is better to find the corresponding f(— }O%) equations to match
with the standard notation used in f( }O%) gravity. Hence, one needs to change the

derivatives as (5.46) and then the system of differential equations (5.64)-(5.70) related

to the Noether symmetry in f(R) gravity becomes

Ir (2aa_ + a) + afrr <6 + ag_ﬁ —y - a%) =0, (5.80)

frr <ag + ag—ﬁ + 20 — g;) + fR_ +afrrr(Bf—7) =0, (5.81)
fan (055 a4 20— g ) b afuan(d - 0) = 2ngy =0, (582
frram =0, (58)

fros =0, (58)

e (G - 32) 0 (8

o (f = Rin) = aRfrr(5 ) = 0. (5.86)

In addition, one requires that f = —<v to obtain the same generators as in f( 132)
gravity. In doing this, Eqgs. (5.81) and (5.82) are identical due to (5.85) and hence

the Noether equations become

fr (Zag—z + a) + 2afrr (6 + ag—f) =0, (5.87)
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fRR (ag—a + 200+ 2&3—2) + 2fR + ZaﬂfRRR =0 (588)
fRRgg 0. (5.89)
a(f—i’sz) — 28R frr = 0. (5.90)

It is worth noticing that, in order to recover the same Noether symmetry equations
as in Capozziello & De Felice (2008), one requires that 8 = % 5 . This issue comes out
in the computation of the Lie derivative since the generator and some terms related

with the generator of T" and B are summed twice. Therefore, by changing § = %B

one finds the same equations as in Capozziello & De Felice (2008), that is

Ir <2a(9_ + 04) +afrr (@ + a%) =0, (5.91)

fRR (ag_ + 2a0 + agg) + 2fR —I— anRRR =0 (592)
Jda

frRmE =0, (5.93)

o (f - f%fR) — aRfrrB =0. (5.94)

Since the trivial GR case is not important in this study, frr # 0 and, from (5.93),

one directly finds that o = a(a). Hence, Eq. (5.92) can be rewritten as

da 2—0‘) , (5.95)

aR(EfRR) = _fRR<da + B

and solved yielding

Bla, i) = @) _ laola 7). (5.96)
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where g(a) is an arbitrary function depending on a. Now if one replaces this solution

into (5.91), one obtains

]

fr(R)[e(a) — a(aa”(a) + o'(a))] + afag'(a) + g(a)] = 0, (5.97)

which is satisfied only if each bracket is zero. One has

afa) = ;;) % _ (o _2a1>0‘1, (5.98)

gla) = 2 , (5.99)

where ¢,y and «; are integration constants. It is important to mention that this
result is more general than that in Capozziello & De Felice (2008) where some terms
in a(a) are not present; however the final result does not change since the symmetry
vectors are similar. By replacing the above expression into (5.94), one finds

(o + 1) (3f(fz) — 2}%fR(ig)) 3 ) )
2% +5ala0 — ) f(R)—cR =0,  (5.100)

which is valid only if ¢ = 0 and ag = a;. This gives the result
f(R) = foRY?, (5.101)

where fy is an integration constant. By using this symmetry it is possible to show

that f( ]O{) gravity admits power-law solution of the form
a(t) oc % and a(t) = agleat® + cst® + ot + ert + o) /2 (5.102)

The above analysis for f( é) gravity is not new, so all the details on how to find the
above cosmological solutions were not included above. For more details about how

those cosmological solutions were found after finding the symmetries, see Capozziello
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& De Felice (2008).

5.2.1.3 f(T,B)=T+ F(B)

The case f(T, B) = T+ F(B) is a deviation of TEGR up to a function which depends

on the boundary term. The Noether conditions (5.64)-(5.70) give

Qag—z +a— azFBB% =0, (5.103)

—22—; + aFBBg—; =0, (5.104)

Fip (ag—z—l—ag—;—l—%z) —i—a’yFBBB—Zg—g =0, (5.105)
FBBg_g =0, (5.106)

FBBg_; =0, (5.107)

30 (F — BFg) —aBFypy =0. (5.108)

Discarding the trivial case F'(B) = B which gives standard TEGR, from (5.106) and
(5.107) one obtains again that o = a(a). Using this condition in (5.104), one finds

that v = (B, a) and the equations become

do 0
2a—= +a— azFBBa—z — 0, (5.109)
da 0y
FBB<a%+aa—B+2a> +a”yFBBB —0, (5110)
3a (F — BFp) — aBFppy = 0. (5.111)
One can rewrite (5.110) as
Op(vFpp) = —F (do‘+20‘> (5.112)
B\VI'BB) = BB\ 1, a) :
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which can be solved for 7, yielding

doe _aN Fg g(a)
_ 2_) -5 99 5.113
" (da + a FBB + FBB ’ ( )

where g(a) is an arbitrary function of the scale factor. It should be remarked that the
latter solution is very similar to the one found in (5.96) for the case f(7T, B) = f( ](32)

Therefore, from (5.109) one finds that

do d*o do dg
F<2 B P 2—) 2028 L 2% ), 5.114
B2t ada adaQ +a+ ada—l—ada ( )
which has the following solution
C C
a(a) = aat —, gla) = — — — 3 loga. (5.115)

Here, ¢, Cy and c3 are integration constants. Now, by using (5.111) and (5.113) one

finds that
a*(3Bc; log(a) — Bes + 3¢ F) 4+ Cy(B + 3F — 3BFp) = 0. (5.116)
Since F' = F(B), the first term is zero, so that ¢; = c3 = 0, yielding
B+3F —3BFg =0, (5.117)
which can be solved obtaining

F(B) = foB + %Blog(B) . (5.118)
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Therefore, one finds the following symmetry solutions

x = %o,y p0, - 22
a

0 5.119
a3FBB B> ( )

f(T.B) = T+ fOB+%Blog(B). (5.120)

Let us now search for cosmological solutions for this model. Considering (5.119), it

is convenient to introduce the following normal coordinates

1 4
v = Frn+1 } , 5.121
U 30261 v 02[ B + log(a) ( )
which transform the Noether vector as

Lagrangian (5.55) reads as follows (i # 0)

L= [it) +u(t)ud)] , (5.123)

(L) — LU (5.124)

Hence, it is easy to find the following solution

U(t) = u—;eult + uot 4+ g R (5125)
Uy

where wug, u1,us and us are integration constants. Additionally, since £ = £ — 2V,

with £ being the Hamiltonian (the energy) of the system and V(¢) = 2C5uze™* can
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be understood as an energy potential, one finds the following constraint
202U1U1 = €£. (5126)

Finally, using (5.121) one can express this cosmological solution in terms of the scale

factor as follows,

3CHuzevtt

alt) = [—2 +3Cy (tu2 + u0>] v (5.127)

uy

It is easy to see that this solution gives a de-Sitter universe for the specific choice
Uy = ug = 0.

To conclude this section, let us stress again that the method employed in the
Noether symmetry approach is not the most general form. However, using the sym-
metries found from this approach, some interesting cosmological solutions were found.
This method is very useful to study systems with difficult equations as seen in this
section. It is important to mention that those symmetries come directly from the
first principles of physics (Noether symmetries) and then the solutions found are
implicitly part of the symmetries of the equations.

There are other alternative ways to find solutions in this kind of models, like for

example the reconstruction method that will be used in the next section.

5.2.2 Reconstruction method in f(7T, B) gravity

In this section, the usual reconstruction method will be used to find the specific form
of the function f(T, B) which mimics different cosmological models. This section
is devoted to review Bahamonde et al. (2018b). Remark that in the latter paper,
the authors used the other metric signature notation, therefore, the following solu-
tions would be slightly different from the ones presented there. Hereafter, it will

be assumed that the matter pressure is p,, = wp, where w is the state parameter.
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Therefore, by using the matter conservation equation, one finds

pm(t) = poa(t) 3D (5.128)

5.2.2.1 Power-law Cosmology

It would be interesting to explore the existence of exact power solutions in f(7, B)
gravity theory corresponding to different phases of cosmic evolution. Let us consider
a model described by a power-law scale factor given by

at) = <£>h , (5.129)

to

where ¢, is some fiducial time and h is greater than zero. These solutions in General
Relativity (GR) help to explain the cosmic history including matter/radiation and
dark energy dominated eras. In GR, these solutions provide the scale factor evolution
for the standard fluids such as dust (h = 2/3) or radiation (h = 1/2) dominated eras

of the Universe. Also, in GR, h > 1 predicts a late-time accelerating Universe. Using

(5.43) and (5.44), the scalar torsion and boundary read as follows

6h?
6h(3h — 1)
B = ———. (5.131)

Now, for simplicity, let us assume that the function can be written in the following

form

f(r,B) = fi(T)+ fo(B). (5.132)
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By inverting (5.130) and (5.131), the 00 equation given by (5.40) becomes

SAT) ~Tha(T) ~ pu(t) = K (5.133)

—2B?f, pp(B) + (1 — 3h)Bfa p(B) + (3h — 1) fo(B) = (2 — 6h)K . (5.134)

Here, K is a constant for the method of separation of variables and f, r = df,/dT

and fo p = dfy/dB. One can directly solve the above equations obtaining

2,€2p0 to 3h(w+1)
T) = V=T V=T + 2K 1
f1(T) T 3h(w 1 1) <\/6h ) + G +2K, (5.135)
fo(B) = —CyB203 _ 4B — 2K . (5.136)

Then, one can mimic either radiation dominated era or matter dominated era by
choosing w = 1/3 and w = 0 respectively. Then, the scale factor parameter h
can have any value for those epochs. In GR, those parameters are always h = 1/2
(radiation era) and h = 2/3 (matter era), but in f(7, B) gravity, the scale factor
can have different power-law parameters for those eras. It should be noted that this
is one specific form of the function which mimics a power-law cosmology. There
are other possible functions that also will represent this model. The separation of
variables can be done either by choosing that p,, depends on T or B. The latter
comes from the fact that p,, = pn(t) and also T = T'(t) an B = B(t). Hence, in
principle, the energy density is p(t) = pg(%)_%(w“) and by using (5.130) and (5.131)

one can rewrite the energy density in two ways, namely

—3(w+1)
h h
m(T) = 6h/2( > , 5.137
pm(T) po( = or ( )

—3(w+1)

pm(B) = po | 62 (M) : (5.138)

VBt
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Hence, one has a freedom to choose either p, = pn(T) or pm = pu(B) in the
separation of variables. In the computations done above, p, = pn(T) was chosen
but in principle, another kind of solution for the reconstruction method can be found
by choosing py, = pm(B). A similar approach was done in Sec. 5.1 in de la Cruz-
Dombriz & Saez-Gomez (2012) and also in de la Cruz-Dombriz et al. (2017). As
stated in those references, in TEGR, the density matter is usually described by T" so
that without losing any generality, the same approach was used here. Then, for the
following sections, py, = pm(T) instead of py, = pw(B) will be also used. It should
be noted that from Eqs. (5.130) and (5.131), one can also express T = T(B) or
B = B(T). In principle, one can try to solve the 00 equation (5.40) just by changing
all in terms of T. However, this procedure makes the equation very complicated
and it is almost impossible to find an analytical solution for the function f. As
pointed out before, this kind of behaviour is something well-known in reconstruction
techniques when one is considering two functions in f. See for example de la Cruz-
Dombriz & Saez-Gomez (2012); de la Cruz-Dombriz et al. (2017) where the authors
also would be able to express either T' = T'(T¢) or R= ;z(é) in their theories. Here,
(3 is the Gauss-Bonnet term (see Sec. 7.1 for more details about this term). In those

papers, one can also notice the situation described above.

5.2.2.2 de-Sitter reconstruction

If one assumes that the universe is governed by a de-Sitter form, i.e., the scale
factor of the universe is an exponential a(t) o« efo! both the torsion scalar and
the boundary term are constants. Explicitly they are given by T = —6HZ and
B = —18H{ respectively. This kind of evolution of the universe is very well known
and important since it correctly describes the expansion of the current universe. In
GR, for this kind of universe, it is known that the universe must be filled by a dark
energy fluid whose state parameter w = —1 and hence the energy density is also a

constant. To find de-Sitter reconstruction, one must set H = Hy. From Eq. (5.40), it
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can easily be seen that any kind of functions of f(7', B) can admit de-Sitter solution

if the following equation is satisfied,
1
H02 <9fB(T07 Bo) + 6fT(T0, Bo)) — §f<T0, Bo) = /€2p0 . (5139)

For instance, by assuming that the function is separable as f(T, B) = f1(B)+ f2(T),

a possible reconstruction function which describes a de-Sitter universe is given by

B T

F(T,B) = 2x%py+ foe ™ + foe 283 (5.140)

which of course is a constant function. Here, fy and fy are integration constants.

5.2.2.3 ACDM reconstruction

Here, the reconstruction of the f(7', B) function for a ACDM cosmological evolution
will be discussed in the absence of any cosmological constant term in the modified
Einstein field equations. This model was firstly formulated in Elizalde et al. (2010)
in f( ;2, é) modified Gauss-Bonnet theory of gravity. The cosmological effects of
the cosmological constant term in the concordance model is exactly replaced by
the modification introduced by f(7T', B) function with respect to the usual Einstein-
Hilbert Lagrangian.

For simplicity, instead of working with all the variables depending on the cosmic
time ¢, the e-folding parameter defined as N = In(a/ag) will be used. By using
a(t) = ap/(1 + z), the e-folding parameter can be also written depending on the
redshift function z as N = —In(1+42) = In(1/(1+ 2)). In terms of this variable, one
can express a(t), H(t) and time derivatives as

v AN d d
g, g2t ¢ .
@=doe o dt’ dt dN



Chapter 5. f(T, B) and its extension non-minimally coupled with matter 157

Therefore, one can rewrite equation (5.40) in terms of N, yielding

SH2(3fp + 2fr) — 18H [(H*H" + HH" + 6H2H') fpp + 2H*H' fBT]

+3HH [+ %f(T, B) = k*pm(N). (5.141)

Here, primes denote differentiation with respect to the e-folding N. Additionally,
in term of the e-folding, the scalar torsion and the boundary term are T = —6H?
and B = —6H (3H + H') respectively. Now, for convenience, let us introduce a new
variable ¢ = H? making the above equation become

3 1
5 (¢ +69) fz — 18949 fre —99fBE (¢" + 69") + 69fr + §f (T, B) = K*p - (5.142)

It is easy to find that the torsion scalar and the boundary term written in this
variable are T'= —6¢g and B = —3(¢' +6g) respectively. Now, it will be also assumed
that the function f(T, B) is separable as Eq. (5.132). Using these assumptions, the
above equation becomes

g (9" + 69) f1,8(B) — 99f1,88(B) (9" + 64") + %fl(B) =

W pu((N) — 5 FoT) ~ 69 fo2(T). (5.143)

Let us now reconstruct the ACDM model whose function g = ¢(N) is given by

(Elizalde et al., 2010)

2, =3
K~ pPoag

g=H*=H;+1e™", 1=—=

(5.144)

In this model, the e-folding can be expressed depending on the boundary term and
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the torsion scalar as follows

1 ol 1 61
N=Zlog-——" ) =Zlog -] . 5.145
3 Og( B+18H§> 3 Og( 6H02+T) (5.145)

Therefore, one can rewrite Eq. (5.143) as follows

2 (27TBH§ + 162Hy + B?) f1,p5(B) — Bfi,p(B) + fi(B) = K, (5.146)
6H2+T\"" 1 K

2p0 [ —L—— — [T+ Thr(T) = — 14

wo( L ) BT+ ThT) = 5 (5,147

where K is a constant since the r.h.s. of (5.143) depends only on 7" and the Lh.s.
only on B. The energy density can be expressed depending on 7" or B so that, the
above equations are one of the possible options to reconstruct a ACDM Universe.
Thus, by solving the above equations, one finds one way to reconstruct ACDM is by

taking the following functions,

fi(B) = 2BCy+ Cy\/B+9H2 + K , (5.148)

L(T) = —K+CV-T- @H%(ai”l)—(wﬂ) <6H22F1 kT
3 0 0 0 27 72, 6Hg
1 3 T
_T2F1 <§’_w;§;_6H2>> ) (5149)
0

where Hy # 0 and for the case where Hy = 0 one finds

fi(B) = BC +CyW—-B+ K, (5.150)
2—wl€2p0 T w1

T) = — V-T - K. 151

fo(T) w1 < 3&31) +Cs (5.151)

Here, (', C5 and C3 are constants and o F} represents the hypergeometric function
of the second kind. The case where Hy = 0 represents a power-law solution with
h = 2/3. The above solution is consistent with Egs. (5.135) and (5.136) in that limit.

The case T = —6H3, B = —18H? which represents de-Sitter universes can not be
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recovered directly from the above equations. However, these models can be recovered
directly from (5.143) by imposing g = HZ (with [ = 0) which actually gives us the
same result obtained in the previous section (see Eq. (5.140)). This issue comes from
the fact that one expresses the e-folding depending on B or T', one needs to assume

[ # 0. The same issue can be seen in Sec. 2.1 in Elizalde et al. (2010).

5.2.2.4 Reconstruction method in f(7T, B) =T+ F(B) cosmol-

ogy
In this section, the specific case where the function takes the form f(T, B) = T+F(B)
will be studied, which is similar to models of the form f( _;%) = ]O% + F( ;{) and
f(T) =T+ f(T) studied in f( }o%) and f(T) gravity respectively (Nesseris et al.,
2013). This theory is equivalent to consider a Teleparallel background (or GR)
plus an additional function which depends on the boundary term which can be also
understood as F(B) = F(T + }o{) It is important to mention that even though
the case f(T,B) = fi(B) + f2(T) studied in the previous section is more general
and in principle could contain the case f(T') = T + F(B), one might obtain a
different reconstruction solution. The latter comes from the fact that the case f(T") =
T + F(B) is a very specific choice of the function and also that all the functions
found before in Secs. 5.2.2.1-5.2.2.3 are one of the possible choices for reconstructing
the corresponding models. Moreover, due to the mathematics technique employed
before, i.e., the method of separation of variables, if one tries to recover the case
f(T) =T + F(B) from the solution, one might not obtain the same answer. As an
example, for the power-law case it is not possible to recover f(T,B) = T + F(B)

unless one restricts the model with ¢} = 0 and h = -2 ) which is only a kind

3(w+1
of power-law model (see Eqgs. (5.135) and (5.136)). Hence, it is interesting and
important to also study if it is possible to reconstruct these cosmological models

within this particular theory.
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In this model, the 00 field equation (5.40) becomes

. . 1
3H? +9H?*Fp — 3HFp + 3HFg + 5F(B) = Kpm(t), (5.152)

where the energy density is given by (5.128). Equivalently, from (5.141), it is easy

to rewrite the above equation in term of the e-folding,

SH?+9H?Fp—18H |(H*H"+ HH"?+6H*H')Fp +3HH’FB+%F(B) = K2pm(N) .
(5.153)

Let us now perform a reconstruction method for all the same models studied in

Secs. 5.2.2.1-5.2.2.3.

For a power-law cosmology described in Sec. 5.2.2.1, Eq. (5.152) can be written as

follows,

3
B(h+2BFgp(B)) 1 F(B) 6h(3h — 1)\ 2"
— “BFp(B) + — = s — 154

2~ 6h 2 BEB(B) + == = o Bt (5.154)

which can be directly solved, yielding the following solution

1-3h 2h hB log(B)
F(B) = B B —
(B) QB2+ (C2+(3h+1)2) 3h+1
B p
(3h — 1)I{22p+13pp0 <(1B?;g)h>

Tt D(-Bh+prl) (5.155)

where C and C5 are integration constants and p = —%h(w +1).
Now, for a de-Sitter reconstruction, the scale factor behaves as a(t) = age”°, then
B = —18H; and hence from (5.152) we directly find that the function takes the

following form,

__B_
F(B) = Cie ™% —2(3Hi — K’py) - (5.156)
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Here, ('} is an integration constant. Let us now reconstruct a ACDM universe where

g = HZ +1e 3N In this theory, Eq. (5.143) becomes

1 F(B) 1
(B*+27BH] + 162H;) Fpp(B) — §BFB(B) + (T) -3 (B+9H;) =
; —3(w+1)
372(w+1) 2 3/ v 5.157
N T B 18 » (5:157)

where Eq. (5.145) was used to express all in terms of the boundary term B. The
above equation is difficult to solve analytically for all values of w, so that for sim-
plicity, let us assume the cold dust case w = 0, which gives us

_ 4K%po (B + 9HP) N 2Blog (B + 18H?) (3a3l — k*po)

B 9a3l 9a3l

8Hy+/B + 9HE arctan ( Y EESH(%) (3agl — K*po)
Ci\/ B+ 9H?
+ T +Cy\/B + 9H2

AB
+2BCy — = - 18H , (5.158)

F(B)

where C and Cy are integration constants.
Let us stress here that the final expressions for the function F'(B) becomes less

complicated than in f(7, B) gravity.

5.3 Generalised non-minimally gravity matter-

coupled theory

Other kinds of modified theories of gravity have been considered in the literature.
Some interesting ones are theories with non-minimal coupling between matter and
gravity. In the standard metric approach, some alternative models have been pro-
posed such as f(é, T) (Harko et al., 2011), where T is the trace of the energy-

momentum tensor or non-minimally coupled theories between the curvature scalar
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and the matter Lagrangian f( ]?2) + fof ]iz)ﬁm (Bertolami et al., 2007). Further, an-
other more general theory is the so-called f( ;{, L.,) where now an arbitrary function
of R and L., is considered in the action (Harko & Lobo, 2010). Along the lines
of those theories, modified Teleparallel theories of gravity where couplings between
matter and the torsion scalar have been also considered. Some important theories
are for example: f(T,7T) gravity (Harko et al., 2014a) and also non-minimally cou-
plings between the torsion scalar and the matter Lagrangian theory fi(T)+ fo(T)Ly
(Harko et al., 2014b). Along this line, recently, there was presented a new generalised
non-minimally gravity-matter coupled theory with the following action (Bahamonde,

2018)

SHT.B.Lw) = / ef (T, B, L) d'x, (5.159)

where the function f depends on the scalar curvature 7', the boundary term B and
the matter Lagrangian L. The energy-momentum tensor of matter 7. is defined

as
_ 1o(eLnm)

TB
@ e 56%

(5.160)

Let us further assume that the matter Lagrangian depends only on the components
of the tetrad (or metric) and not on its derivatives, which according to Harko et al.

(2014b) is equivalent as having

=0, (5.161)
which gives us the following energy-momentum tensor

TP = LuE) + ey
Oeg

(5.162)
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Now, by a variation of action (5.1) with respect to the tetrad, one obtains

0Lm
OSHTB.Ly) = / [efT(ST +efpdB + efLWCSG% + f5e] d*z, (5.163)
B

- /e [deT + fgéB + f1 (7;6 + EmE5> deg + fEfée%] d'z,

(5.164)

where Eq. (5.162) was used and fr = 0f/0T, fg = 0f/0B and fr, = 0f/0Ly.
Variations with respect to the torsion scalar and the boundary term are given by
(5.3) and (5.14) respectively. Hence, by setting dSsr,p.,,) = 0, one obtains the

f(T, B, Ly,) field equations given by

2B f5 — 2BIN Vo fs + BfpEL + 4 [(Ouf:r) + (aufB)] Sa?

+4fy <e—la“(esa By T .S, /3“) ~fEP — fiLnEP = TP

The above field equations can be also written only in spacetime indices by contracting

it by e$ giving us

25§ﬁf8 - 2%5%)\]”3 + BfBéf +4 [(aufT) + (aufB)} Sx wi

4 fped <e—1au(esa wey _ o Wsﬂ) — f88 — fLwd? = TP (5.165)

From these field equations, one can directly recover Teleparallel gravity by choosing
f(T,Ly) = T/2k* + L,, which gives us the same action as (3.39). Moreover if
one chooses f(T,Ly) = T/26* + fi(T) + (1 + A fo(T)) L, one recovers the non-
minimal torsion-matter coupling extension of f(7T') gravity presented in Harko et al.
(2014b). Let us now study the conservation equation for this theory. First, ]o%f =
éf—{—%(B —T)6% will be used, where éf is the Einstein tensor. Using this relationship,

one can rewrite the field equation (5.165) as follows
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o o o o 1
Hyp = frGxsg — VaVs[e + 9xs0fB + é(TfT + Bfp — LnfL — f)gw

1
+2XVS)\V5 = §fL7;\B; (5166)
where for simplicity the quantity

X, = (fer+ fep+ fBT)%VB + (frr + fre + fTL)%yT

+(frr + fpr + fLL)%ow (5.167)

was introduced. By taking the covariant derivative of H,z and after some simplifi-

cations, one finds that

° 1 o ]_ o
V' Hyg = =257 \Kpsp X* — égkﬁv)\(ﬁme) = —§ngA(£me), (5.168)

where there was used the fact that the energy-momentum tensor is symmetric and
hence S77\KgypX A = 0. The latter comes from the fact that field equations are
symmetric, and hence the energy-momentum tensor is also symmetric. Now, let us
find a condition that f needs to satisfy in order to have the standard conservation
equation for the energy momentum tensor, i.e., %ﬂ"‘” = 0. By taking the covari-
ant derivative in (5.166) and assuming %,ﬂ”“’ = 0, one obtains that the standard
conservation equation for the energy-momentum tensor is satisfied if the function f

satisfies the following form

o OLom o
(TW - g,wﬁm> Vi fL = —2elgs, e VifL =0, (5.169)

which matches with the conservation equation presented in Harko & Lobo (2010).
Thus, in general in f(7T, B, L,,) gravity, the energy-momentum tensor is not covari-

antly conserved and depending on the metric and the model, the energy-momentum
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tensor may or may not be conserved.

In Bahamonde (2018), the complete dynamical system for flat FLRW cosmology
was presented and for some specific cases of the function, the corresponding cosmo-
logical model was studied for a perfect fluid. It should be noted that even though
the density matter Lagrangian L,, is not unique for a perfect fluid, according to
Bertolami et al. (2008), its choice does not change the energy-momentum tensor and
therefore, the field equations would be the same independently of this choice. In
general, the theory is very complicated to work since it becomes a 10 dimensional
dynamical system. This is somehow expected since the theory is very general and
complicated. Using the full dynamical system found for the full theory, different
special interesting theories were also studied in that reference.

Fig. 5.2 shows the most important theories that can be constructed from the action
(5.159). The graph is divided into three main parts. The left part of the figure
represents the scalar-curvature or standard metric theories coupled with the matter
Lagrangian. Different interesting cases can be recovered from this branch, such as
a generalised f( ]C-)E, L) theory or a non-minimally scalar curvature-matter coupled
gravity T/2k* + f1(B) + fo( B)Ly, or just standard f/( ]Oi’) gravity. The entries at the
middle of the figure represent all the theories based on the boundary term B and the
matter Lagrangian L£,,. In this branch, new kind of theories are presented based on
a general new theory T/2k?+ f(B, Ly,), where the term T'/2x? is added in the model
to have TEGR (or GR) in the background. The right part of the figure is related to
Teleparallel theories constructed by the torsion scalar and the matter Lagrangian.
Under these models, a new general theory f = f(7, L) is highlighted in a box,
allowing to have a new kind of theories with new possible couplings between T' and
L. As a special case, this theory can also become a non-minimally torsion-matter
coupled gravity theory f = fi1(T)/2k* + fo(T)Lym, presented previously in Harko

& Lobo (2010). Thus, different gravity curvature-matter or torsion-matter coupled
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theories can be constructed. Some of them have been considered and studied in the
past but others were recently presented in Bahamonde (2018). From the figure, one
can directly see the connection between modified Teleparallel theories and standard
modified theories. The quantity B connects the right and left part of the figure.
Hence, the connection between the Teleparallel and standard theories is directly re-
lated to this boundary term B. Therefore, one can directly see that the mother of
all of those gravity theories coupled with the matter Lagrangian is the one presented

in this section, the so-called f(7T, B, Ly,).

f(T,B, L)
=88 e, F=n@)+pmL. 1= 100 poe,
! ;ffj) + f2(R)Lm S+ (B + o(B)m f;g) + fo(T) L
F(R) =1 £(B) =1 f(T) =1
R T T
L)y SR+ hi(B)+ L LD e
L
£

Figure 5.2: Relationship between f(T', B, L,,) and other gravity theories.
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Chapter Abstract

This chapter introduces new classes of modified Teleparallel gravity models based on
an action constructed to be a function of the irreducible parts of torsion f(Tax, Tten, Tvec),
where T, Tien and Ty are squares of the axial, tensor and vector components of tor-
sion, respectively. This is the most general (well-motivated) second order Teleparallel
theory of gravity that can be constructed from the torsion tensor. Different particular
second order theories can be recovered from this theory such as new General Rel-
ativity, conformal Teleparallel gravity or f(7') gravity. Additionally, the boundary
term B can also be incorporated into the action. By performing a conformal trans-
formation, it is shown that the two unique theories which have an Einstein frame
are either the Teleparallel equivalent of General Relativity or f(—=T + B) = f( ]O%)

gravity, as expected.

6.1 Torsion decomposition and other Telepar-

allel gravity theories

An interesting approach of modifying Teleparallel gravity was considered in the late

1970s (Hayashi & Shirafuji, 1979) called New General Relativity. In this model the

167
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torsion tensor is decomposed into its three irreducible components, namely

2 1
T)\uu = g(t/\;w - t)u/;t) + g(g/\uvu - g)\uv,u) + eAuupapv (61)
where
v, =T, (6.2)
[ o
1 vo
a, EGWJPT P, (6.3)
1 1 1
t)\,uzx = i(T)\;w + T,u)\zx) + 6<gw\vu + gu,LLU)\> - gg)\;ﬂju ) (64>

are three irreducible parts with respect to the local Lorentz group, known as the
vector, axial, and purely tensorial torsions, respectively. One can then square these

three pieces to construct the following scalars,

1 1

Ren = t/\wjt)\l“/ - 5 (T)\;U/T/\'ul/ + T/\;WTM/\V) - §T)\)\;LTVVM ) (65)
1 Ay Av

T = a0 = — (DT = 2T, 7). (6.6)

Tree = V0" =T, T,"" . (6.7)

Using these three scalars, one can construct new classes of Teleparallel modified
theories. Hayashi & Shirafuji (1979) introduced New General Relativity theory where

a linear functional of these squared quantities were considered. This action then reads

1
Snar = / [—2 5 (0 + @1 T + 03 Toen + a3Tec) + ﬁm] ed's (6.8)
K

where the four a; are arbitrary constants. The number ay can be interpreted as the

cosmological constant. Clearly, by choosing the following constants

a; =

DO | o
Q
[\
|
Wl N
Q
w
|
|
I
—~
D
o
~—
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one can recover the scalar torsion, yielding

3 2 2
T =T+ =Tien — =Tyec - 1
5 lax + 3Ty 3 (6.10)

Then, for the special case where the constants are chosen as (6.9), one can recover
the standard Teleparallel equivalent of General Relativity action. Recently, there
has been an increased interest in conformal gravity models that have many attractive
features, see for instance Mannheim (2006). As it turns out, it is possible to construct
conformal gravity in the Teleparallel framework leading to conformal Teleparallel
gravity (Maluf & Faria, 2012). This model has second order field equations, which
are much simpler than those of the usual Weyl gravity based on the square of the
conformal Weyl tensor. The action of this model is taken to be quadratic in the

torsion scalar

1 2 4
Scrg = / {T/{QT +£m] edx, (6.11)
where the scalar
~ 3 2
T==-Twy+ =Tten 12
5 + 31t (6.12)

was introduced. It should be noted that this theory takes the same scalars from the
New General Relativity action (6.8), with coefficients a1 = 3/2,a2 = 2/3,a3 = 0.
Then, this theory is constructed without the vectorial part of torsion and therefore,
it not possible to construct TEGR directly from its action. It is interesting to note
the absence of the vector torsion in the action. We will return to this observation
in Sec 6.4. This model combines some elements of f(7') gravity and New General
Relativity. New General Relativity and conformal Teleparallel gravity consider the

Lagrangian to be a function of torsion only and do not include its derivatives, as a
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result of which the equations of motion are always second order. Let us also mention
that in Chervova & Vassiliev (2010), a similar action coming from 3-dimensional
Cosserat elasticity (see Cosserat et al. (1909)) was studied where only the axial
part of torsion was considered. This theory is then conformally invariant under the
rescaling of the 3-dimensional metric g, by an arbitrary positive scalar function. The
authors found if a 3-dimensional space is assumed to be a elastic continuum medium
which only experience rotations, in its stationary regime, the equations are equivalent
to the Weyl equations (massless Dirac equation). In Cosserat elasticity, torsion is
usually called dislocation tensor and it is related to the rotational deformations of
the medium (Boehmer et al., 2011). Then, there is an interesting analogy between

Cosserat elasticity and Teleparallel gravity.

6.2 New class of modified Teleparallel grav-

ity models

Many Teleparallel models discussed before, except for new General Relativity and
Teleparallel conformal gravity, assume the torsion scalar to take the same form as
in the Teleparallel equivalent of General Relativity. While this is well-motivated by
the fact that the General Relativity limit is easily achievable, these are not the most
general models one can consider. The main objective of this chapter is to review Ba-
hamonde et al. (2017b) where there was introduced a new modified Teleparallel
theory that would naturally include many Teleparallel models and allow us to anal-
yse their general properties.

Inspired by f(7T) gravity and the approach put forward in (6.8), one can then gen-

eralise this action to an arbitrary function of the three irreducible torsion pieces.
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Hence, let us consider the following action

1
Sf(Tax,thmTvcc) = / |:2_/€2f(Tax7 Tlcena Tvec) + ﬁm € d4$ s (613)

which naturally includes all previous models. Since the torsion pieces only contain
first partial derivatives of the tetrad, the resulting field equations will be of second

order. Variations of this action with respect to tetrad fields yield,

1
58f(Tax,Tten,Tvec) = / [ﬁ (fde + efTaxéTax + efTvechvec + ethendﬁen>

+ (5(e£m)] diz, (6.14)

where fr. = 0f/0Tvee, fri.. = Of/0Tvec and fr,., = Of /0Tien. In the following
section, the variations of each piece will be presented and then the field equations of
this model. It should be noted that in Bahamonde et al. (2017b), there was presented
the case where the spin connection is different to zero, but in this thesis, the field

equations in the pure tetrad formalism will be presented.

6.3 Variations and field equations

6.3.1 Variations of T,.. and T4

Straightforwardly, variations of the vector torsion with respect to the tetrad yields,

efTvecéTveC = GfTvec(S(’UiUi) = 2UifTueC5T>\ ‘ = 2€UCfTvec5 [E;\ECVTbA,,] s (615)
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where v; was expressed with Latin indices for convenience. If F'is any function, it

can be proved that by taking of F§T",, with respect to tetrads, one obtains

FoT",, = F[ag(agag — 525" ]0,(5et) = —aV(F((s;ag - 5;;55))56; Y bt (6.16)

a

Here, the term b.t. represents boundary terms. It should be noted that ¢ = e% Eyd},
so that in general the term 0,0, = 0\(E}0;) # 0. By using the above expression,

0E;, = —E] Bl de;; and neglecting boundary terms, (6.15) becomes
1T = =21, (VTP e+ 0700) + 03 (e 0P BY = v E])) |0c . (6.17)

Now, let us find the variations corresponding to the axial part. To do that, let us

rewrite the axial torsion as follows

1 1
a; = éeibchbcd = aeideEngTbm, (6.18)
from where the variations with respect to tetrads follow straightforwardly
efr..0(a;a’) = 2ead" fr, da;, (6.19)

2 . -
= = [ efr ' BT i+ 0, (eew fra' ELE] )| oef. (6:20)

6.3.2 Variations of 7.,

It is useful to rewrite the tensorial torsion as

t)\,uu = 7;\/1,1/ + V)\,u,u ) (621)
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where
1 1 1
7j\w/ = é(T)\/,LV + Tp,)\l/) s V)\,uu = E(QW\UM + gl/,uv)\) - gg)\uvu . (622)
One can then straightforwardly rewrite T, as
AUV 1 o
Tlcen = 7-)\/UJT - EUMU ) (623)

and then the corresponding variations with respect to the tensorial part yields
1
6'fr—r’tené‘j—‘ten = ethené(ﬂﬂVT)\uy) - Eethend(Uﬂvu) . (624)
The first term can be rewritten as

1
71;;1/7-/\/“/ = 5(770139/)0[905 + EI?EggUB)prJTCOz,B 5 (625)

and then after using (6.16) and (6.17), one can compute in a fairly complicated but

straightforward way the variations with respect to the tensorial part, yielding

ethen 6ﬂcn = _ethen <2TbaUTbBO + TﬁpanaU + Tapanaﬁ - Tﬁaivi - Uﬁva) (56%

-9, [e Fro (T%, = T, — 21,7 — PEY + UVEg)] 5el.  (6.26)

6.3.3 Field equations

We derived the field equations following the pure tetrad approach to Teleparallel
theories, where the Teleparallel spin connection is vanishing. The theory is in this
case manifestly invariant under general coordinate transformation but non-covariant
under local Lorentz transformations. One can work in the particular frame where

the spin connection vanishes, which is always possible on account of the pure gauge
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character of the Teleparallel spin connection. One then naturally loses local Lorentz
covariance Li et al. (2011) and must restrict considerations to the case of good tetrads,
which need to be calculated following the method of Ferraro & Fiorini (2011a);
Tamanini & Boehmer (2012). For sake of deriving the field equations, both methods
yield the same result.

By adding up (6.17), (6.20) and (6.26) and using fde = efE3de), one finally
arrives at the field equations of the new classes of Teleparallel theories of gravity,

namely

2 .
2€ [T, (UCTB ac +0° Ua> + 20, <€fTveC (v E; — v EJ )> + gﬁideefTaxalEf T4
2 ) .
+ g&, <eeia6dfTaxa2Eé’E5) +efr., (2Tb,wa'B” —i—TﬁpgT’)a" +Tapanaﬁ —T8 —U'Bva)

+0, [e o (T%, — T, — 2T, — P + v”Ef)] — 2k2eTP . (6.27)

6.3.4 Inclusion of parity violating terms and higher-

order invariants

Action (6.13) is sufficiently general to include all previously known models of mod-
ified Teleparallel models with second order field equations that do not introduce
additional fields. For sake of completeness of our approach, let us discuss further
viable generalizations to obtain models with second order field equations that are
possible in this Teleparallel framework.
One can recall here that three invariants (6.5)—(6.7) are the most general, quadratic,

parity preserving, irreducible torsion invariants (Hayashi & Shirafuji, 1979). If one
relaxes the requirement of parity preservation, we have two new quadratic parity

violating invariants which are (Hayashi & Shirafuji, 1979)

P, =vta,, and Py = em,pot’\“”t,\p" ) (6.28)
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One can then naturally consider a straightforward generalization of the gravity La-

grangian in the following way

e
2K2

L" f(Taxa ﬂem Tvec; Pl; PQ) 3 (629)

and derive the corresponding field equations.

The Lagrangian (6.29) is the most general Lagrangian taken as a function of
all invariant quadratics in torsion. However, since one considers the Lagrangian to
be an arbitrary non-linear function, one can also consider higher order invariants
obtainable in this framework. For an illustration, let us consider the two invariant

quartic torsion terms

S = t’\"”v,\a#vy, Sy = t)‘“”a,\vua,,. (6.30)

It is obvious that one can construct a large number of such higher-order invariants.
It should be remarked that S; is a pseudo-scalar while S5 is a true scalar under
spatial inversions. In principle, one can include all of them in the Lagrangian and
the resulting field equations will be still of the second order. The derivation of
the corresponding field equations is rather straightforward using previous results,
but becomes increasingly involved with an increasing number of allowed invariants
in the Lagrangian. Therefore, one should exercise caution and consider only well-
motivated terms in the Lagrangian. This is the reason why we primarily focus
on Lagrangian (6.13), which can be considered to be general enough to include all
previous models, allowing the analysis of some of their generic properties, and still

have rather manageable field equations.
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6.3.5 Inclusion of the boundary term and deriva-

tives of torsion

Another possible extension of the model (6.13) is to include the derivatives of tor-
sion. This results in theories with higher-order field equations, which start to be
increasingly complicated when adding further terms. Therefore, one should again
exercise caution and consider only those derivative terms that are well-motivated.
One of such well-motivated terms is the so-called boundary term (see Chap. 5),

that can be rewritten in terms of the vectorial part of torsion as follows
2
B =-0,(ev"). (6.31)
e

The boundary term is key in understanding the differences of f(7) and f( ;%) gravity.
For instance, one of the features of f(7') gravity is that the field equations are of
second order while the f( ]O%) gravity field equations are of 4th order. It is precisely
the boundary term B which contains second derivatives of the tetrads which, after
using integration by parts twice, gives the 4th order parts of the field equations seen
in f( ]o%) gravity.

One can then include the boundary term and consider the Lagrangian

e
L= @ f(TaXa 77ten7 Tveca B) . (632)

As will be seen in the following section, this Lagrangian naturally appears in the
analysis of conformal transformations of the model. The corresponding field equa-
tions will be given by (6.27) with an addition of terms corresponding to the variation
of the boundary term. The new contribution would be the same as adding the terms

coming from the variations computed in Eq. (5.14).
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6.4 Conformal transformations

6.4.1 Basic equations

It is interesting to study this theory under conformal transformations and the result-
ing issues of coupling in the Jordan and Einstein frames. The first paper which dealt
with conformal transformations in modified Teleparallel theories was Yang (2011). In
that paper, the author showed that it is not possible to have an equivalent Einstein
frame in f(7T') gravity. Thus, for example, it is not possible to constraint f(7°) gravity
using post-Newtonian parameters from a scalar field equivalent theory. Therefore,
it would be interesting to analyse if this characteristic is also valid for new general
classes of Teleparallel theories. Let us now consider the conformal transformation
properties of the theory given by the action (6.13). Let us introduce the label (index)
A =1,...,4, and then introduce two sets of four auxiliary fields ¢4, and x4. This

allows us to rewrite the action as

1

8 = ﬁ |:f(¢A) + Xl(TaX - ¢1) + X2(ﬂen - ¢2) + XS(Tvec - ¢3)

+xa(B — ¢4)] ed'z. (6.33)
Variations with respect to x4 yield the four equations

¢1 = Tax ) ¢2 = 7j‘cenv ¢3 = Tvec 5 ¢4 =B. (634>

Additionally, varying with respect to ¢4 one arrives at

0f(¢s)

XA = 8¢A = FA. (635)
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Therefore, action (6.33) can be rewritten as
1 4
_ 4
S=5 | (3 Fatonon —viow] eas, (636
where the energy potential
4
V(da) =D 65Fs(6a) — [(6a) (6.37)
B=1
was defined. Next, let us apply a conformal transformation to the metric
G = (@) G, T = Q7 (2)g"" (6.38)

where (2 is the conformal factor. When conformal transformations are applied at the

level of the tetrad, one obtains
e = Q(x)el, L= QN x)E", e=Q%. (6.39)
Using these transformations one finds that the torsion tensor transforms as
TP =17 + Q780,90 — 600,9) . (6.40)

Hence it is possible to verify that

Tax = szaxa (641)
ZZ—’ten = QQﬁen s (642)
Toee = VT + 602049, + 95 (5,)(8,9) , (6.43)

~ ~ ~ o~ 6 ~ ~
B = 0?B — 4099, — 180"Q0,0 + éQc‘)#(éﬁ“”@Q) : (6.44)
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This shows that the irreducible torsion pieces T,y and Ti, transform very simply,

they are multiplied by the conformal factor Q2.

6.4.2 Minimal and non-minimal couplings

Using the above relationships, action (6.36) takes the following form

1 _ _ R L
S=_— / [Fl(gbA)Q*?Tax 4 Fy(64)Q 2 e + Fg(gzﬁA)(Q*ZTvec +6Q7%519,0

T 9R2

G 2(B.0) + Fioa) (2B - 40759, - 180905,0

+20798,(670,0)) — @ V(o) e (6.45)

From here one can see that if Fy(¢4) = 0, or in other words, if the function does
not depend on the boundary term B, it is not possible to eliminate all the terms
related to 7" in order to obtain a non-minimally coupled theory with T} or a theory
minimally coupled to the torsion scalar (an Einstein frame). Integrating by parts
the two terms B and the term (6£2/ 3)@ (Eﬁ’“’ng), one can rewrite the above action

as follows

5= 2%2 / [Fl(qu)Q_Qfax + Fy(64)Q Then + F3(64)Q T
+ 20720 (3F(0)2710,02 — ,Fi(04)) + 9Fs(64)2 7 (0,2) (3,0)

— 6Q73(0"0) 0, Fy(d4) — Q-4V(¢A)} ediz . (6.46)

Now, let us study the case where one eliminates all the couplings between the scalar

field and T* (or equivalently B ). To do that, one must impose the following constraint

3F3(p4)710,Q — 0, Fu(pa) = 0. (6.47)
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It should be remarked that 0, = (i was used in the above equation. By taking
derivatives 0, to this equation and then by substituting back into (6.47), one can

find the following condition

Oy F3(04)0,Fu(da) = 0,F3(04)0, Fiu(Pa) (6.48)

which expressed in terms of the initial function f(¢4) reads

O f(pa) 0*f(da) _ O f(pa) 0*f(da) (6.49)
0¢p30¢c 00100  0p30¢p 0ps0pc .

Here, the chain rule was used to evaluate

2
0uFa(0) = 0,005 L), (6.50)

In general, Eq. (6.49) is a system of sixteen differential equations. However, this
reduces to six because the involved second order partial derivatives commute. How-
ever, these six equations are not all linearly independent. One can show that, in fact,

only three of them are linearly independent, namely

f(0,0,1,1)(¢A)2 _ f(O’O’O’Z)f(O’0’2’O)(¢A) 7 (6.51)
FOD (64 fOPO(94) = FOOD (4) FOLOD (), (6.52)
f(1,0,1,0)(¢A)f(o,1,o,1)(¢A) _ f(o’l’l’o)(¢A)f(1’0’0’1)(¢A>- (6.53)

It should be recalled here that ¢4 = {Tax, Tten, Tvec, B} and superscripts denote dif-
ferentiation (e.g. fOO%Y) = 92f/0(Tyee B) or fOLON) = 92 f/O(T,nB) or f(0002) =
02 f/OB?). One can directly see that for the special case where f = f (%T ax T+ %Tten —
%Tvec, B) = f(T, B), the second and third equations are automatically satisfied and

only (6.51) is needed to eliminate all the couplings between the scalar field and ™,
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This result is consistent with Eq. (91) reported in Wright (2016) where the f(7T, B)
case was studied.
If one is interested in finding a theory where the scalar field is minimally coupled

to the torsion scalar (in the Einstein frame) one must impose

s 2 3 3
O = —3Fi(da) = —5Fa(Pa) = SF5(¢a) (6.54)

Additionally, the conditions (6.51)—(6.53) must also hold to eliminate the couplings
with TH. By solving these equations, we directly find that the Einstein frame is

recovered if

(T, Tven, Toec, B) = f(—g(—gTaX - then + gT + B)) = f(—g(—T + B))
— 1(=2k) = T, (6.5)

~ O

which is f(R) gravity. As expected, the unique theory with an Einstein frame is
either the Teleparallel equivalent of General Relativity or f( ]Oi’) gravity. From these
computations, one can understand better why modified Teleparallel theories of grav-
ity do not have an Einstein frame formulation. It can be noticed that T, and Tie,
transform in a simple way under conformal transformations and the problematic term
which creates this issue comes from the term 7T,... This is not possible to see directly
if one starts with f(7) gravity. Furthermore, the boundary term B is a derivative
of the vectorial part (not the other pieces), so that only theories which contain B
might remove the problematic terms coming from the conformal transformations in
Tee. In principle, one could have speculated that it is possible to remove those new
problematic pieces with other kind of theories (not just f( ]o%) gravity), but as was
shown here, this is not possible for other theories different than f(—7 + B) = f( _;z)
gravity or TEGR gravity. Let us finish this section mentioning that other transfor-

mations (such as disformal transformations) have not been studied in full detail in
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modified Teleparallel theories of gravity. It could be an interesting approach to find

if other types of transformations could give rise to an Einstein frame.

6.5 Connection with other theories

In this chapter, a new modified Teleparallel theory of gravity was studied which
generalises and includes all of the most important and well-motivated second order
field theories that can be constructed from torsion. In this theory, instead of con-
sidering a linear combination of the irreducible parts of torsion, a function of them
f(Tax; Tten, Tvec) is proposed in the action. Additionally, the possibility for the func-
tion to depend on the boundary term B was also studied, allowing the theory to have
an f( ]q{) gravity limiting case. Now, one can recover some well-known theories and
this section is devoted to classifying them. Starting with this general theory, Fig. 6.1
shows a classification of the various theories which can be constructed and their re-
lationships. The most relevant theories in the present discussion are highlighted in
boxes. Let us begin with f(7}, B) gravity. This theory is an arbitrary function of
the three torsion pieces and the boundary term but could be generalised further, as
discussed in Section 6.3.4. It is a large class of theories which contains many of the
most studied modified gravity (metric and Teleparallel) models as special cases. As
one can see, new General Relativity (NGR), conformal Teleparallel gravity (CTG),
f(T) and f( é) gravity and other well-known theories are part of this approach. Two
models which have not been studied so far and might be interesting from a theoret-
ical point of view are f (T\), which corresponds to a modified conformal Teleparallel
theory of gravity and f(Tnxgr) which has a clear connection to standard General

Relativity.
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— T+ B - R) =R
s m) LI [y Al
2
~ /0‘34 k)
43"2’(}2 -
f= (T, B) NGR  » f(T) =T
f =Tngr
J(T., B) AT FTven) B TSS
[z} f _ f(T'Z) I3 f _ f(TNGR) 3NGR.
a; = 2
az = %
asz = 0 ~ _
~ f(r) = T2

CTG

=
=

Figure 6.1: Relationship between f(7;, B) and other gravity theories. In this diagram
T is the scalar torsion, T; = (Tux, Ttens Tvec)s INGR = 1T ax + 2T ien + a3Tyec Tepresents
the scalar coming from the new General Relativity theory and 7' = 3Tax + 3 Ten is
the scalar coming from the conformal Teleparallel theory. The abbreviations NGR,
CTG and TEGR mean new General Relativity, Teleparallel conformal gravity and
Teleparallel equivalent of General Relativity, respectively.
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Chapter Abstract

A possible Teleparallel Gauss-Bonnet contribution is being presented with the aim
of formulating an extended Teleparallel modified theory of gravity. The possible
coupling of gravity with the trace of the energy-momentum tensor is also taken
into account. This is motivated by the various different theories formulated in the
Teleparallel approach and the metric approach without discussing the exact relation-
ship between them. The connection between different theories is clarified with this
formulation. The Teleparallel equivalent of modified Gauss-Bonnet gravity can be

recovered from this theory.

7.1 Gauss-Bonnet term

The principal aim of this chapter is to review the work by Bahamonde & Bohmer
(2016), where there was presented an extended modified Teleparallel theory of gravity
by taking into account the Gauss-Bonnet term and its Teleparallel equivalent. The
Gauss-Bonnet scalar is one of the so-called Lovelock scalars Lovelock (1971) which
only yields second order field equations in the metric. In more than four dimensions,
the study of the Gauss-Bonnet term is quite natural. In four dimensions, on the other
hand, the Gauss-Bonnet term can be written as a total derivative and its integral

over the manifold is related to the topological Euler number.

184
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The Teleparallel equivalent of the Gauss-Bonnet term was first considered in
Kofinas et al. (2014); Kofinas & Saridakis (2014) who studied a theory based on the
function f(T,T¢) where T is a Teleparallel Gauss-Bonnet term. As is somewhat
expected, Ty differs from its Teleparallel equivalent by a divergence term. Hence, as
in modified General Relativity, it is possible to formulate modified theories based on
the Gauss-Bonnet terms or its Teleparallel equivalent in such a way that both theories
are physically distinct. The link between these theories comes from the divergence
term which needs to be taken into account when establishing the relationship between
the different possible theories.

Teleparallel geometries have been well-understood for many decades. Perhaps
more surprising is the fact that the Gauss-Bonnet term was not studied in this
context until quite recently (Kofinas & Saridakis, 2014). The Gauss-Bonnet term is

a quadratic combination of the Riemann tensor and its contractions given by
G= R2 - 4R;U/RMV + R;,LVH)\RNVK)\ ) (71)

which plays an important role of connecting geometry to topology. It is well known
that the addition of the Gauss-Bonnet to the Einstein-Hilbert action does not affect
the field equations of General Relativity, provided one works in a four dimensional
setting. This fact implies that the topology of the solutions is unconstrained. In more
than four dimensions, the addition of the Gauss-Bonnet term affects the resulting
gravitational field equations.

Following the procedure outlined in Sec. 3.4, one can again compute the (com-
plete) Gauss-Bonnet term using the connection (2.53) and decompose this result
into a Levi-Civita part and an additional part depending on torsion only. Under-
standably, this process is quite involved. It can be shown, see Kofinas & Saridakis

(2014); Gonzalez & Vasquez (2015), that the Gauss-Bonnet term can be expressed
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in a fashion similar form to (3.36) which simply reads
G=-T+Bg. (7.2)
The Teleparallel Gauss-Bonnet term T is given by

To = (K, ' JGTK S Kt — 2K, KyF K6 KT + 2K, K KG9 K A+

i k el\ sabed
2Kaij eKC,d )6ijkl ) (73)
where commas denote differentiation so that Kc,dd = 0,;K.°, and (51?‘;?’,5[1 is the gen-
eralised Kronecker delta which in four dimensions is equivalent to 5%?’,5‘1/ = 5“b6d5ijkl.

This term depends on the contortion tensor and its first partial derivatives, and it
is quartic in contortion. This is expected as curvature in general is quadratic in
contortion, and the Gauss-Bonnet term is itself quadratic in curvature.

On the other hand, the Gauss-Bonnet boundary term Bg reads

1 1. .0 g
B = - 0345, [éKb” R+ KK defl] . (7.4)
The above formula was obtained by converting the calculus of forms provided in Ko-
finas & Saridakis (2014) to a tensorial form in four dimensions. The above expression
was first presented in this form in Bahamonde & Béhmer (2016). Equivalently, by
using (2.55) with RAOW, = f{’\wu = 0, one can relate ]o{)‘a,w with K¢, and then the
term Bg can be rewritten depending only on the contortion tensor as follows
1 .
B = 000, | 17 (KM a + K" oK) ] (7.5)
It should be noted that it was also used the fact that spacetime indices can be trans-

formed into Latin ones using R’y = ESELEY el R*o,r- When discussing the Telepar-
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allel equivalent of General Relativity in the pure tetrad formalism, one touched upon
the issue of Lorentz covariance. As before, in the pure tetrad formalism, it is clear
that for instance T; cannot be a Lorentz covariant scalar. To see this, one notes that
the final term in the definition (7.3) contains a partial derivative. Therefore this term
will contribute second partial derivatives of the local Lorentz transformations which
cannot be cancelled by any other term in Ty. Since the Gauss-Bonnet term COJ is a
Lorentz covariant scalar, these second derivative terms must be cancelled by terms
coming from Bg. Consequently the combination —7T; + B¢ is the unique Lorentz
covariant combination which can be constructed. This fact becomes important when
considering modified theories of gravity based on the Teleparallel equivalent of the
Gauss-Bonnet scalar.

In the following some simple examples of the Gauss-Bonnet term and its Telepar-

allel equivalent will be presented.

7.1.1 Example: FLRW spacetime with diagonal

tetrad

Let us begin with the FLRW metric

o (dz? + dy* + d2?)

ds® = dt* — a(t
’ al?) (14 Er2)2

(7.6)

and the diagonal tetrad given by

a(t) a(t)
"1+ (k/4) (22 +y?2+ 22) 1+ (k/4) (22 4+ y2 + 22)

alt) )) , (7.7)

14 (k/4) (22 + y? + 22

diag <1

T e
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using spatial Cartesian coordinates. It is straightforward to verify that

o ki aa?
— gt 9yt 7.8
G aa aa?’ (7.8)
i a2 ki, , o
TG:245¥—2/§§5($ +y +27), (7.9)
BG:_%E&_%EE(”@ +y 4+ 27). (7.10)

These three quantities display some of the key properties important in this context.
Firstly, one notes that T and Bg depend on the Euclidean distance from the origin
while the Gauss-Bonnet term CO¥ is independent of the Cartesian coordinates. The
unique linear combination —7T + B¢ is independent of position. Secondly, in case of
a spatially flat universe, these terms are absent and the term B¢ identically vanishes.
The terms depending on the spatial coordinates can be changed by working with a
different tetrad, or in other words, these terms are affected by local Lorentz trans-
formations. In the context of extended or modified Teleparallel theories of gravity,
tetrads (7.7) should be avoided. The construction of a suitable static and spheri-
cally symmetric tetrad in f(7") gravity, for instance, is rather involved, see Ferraro
& Fiorini (2011b). In general the choice of a suitable parallelisation is a subtle and
non-trivial issue (Ferraro & Fiorini, 2015). Finding a tetrad for which T and Bg
are both independent of the spatial coordinates is a rather involved task, however,
following the approach in Secs. 4.3.2 and 4.3.3, it will be shown that a tetrad with
this property can be constructed. Before doing so, we discuss another example with

different symmetry properties.

7.1.2 Example: static spherically symmetric space-

time — isotropic coordinates

In this example we consider static and spherically symmetric spacetimes and work

with isotropic coordinates (¢, x,y, z) to avoid coordinate issues with the tetrads. Let
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us choose
el = diag(A(r), B(r), B(r), B(r)) ,

where r = y/x? + y? 4 22 is the Euclidean distance from the origin.

The metric then takes the isotropic form
ds* = A(r)?dt* — B(r)*(dz® + dy® + d2?).

The first three quantities of interest ]?'i, T and B are given by

° 4 A/ 8 B/ Al B/ BIZ A/I B//
S NI b =AY it 4—)
R (rA A8 ‘B TCA B
1 A/ B/ B/Q
T ——(4—— 2 )
AN W e
1 4A 8B AB A" B
B = ——(—— Ll o 4-) .
EGCA T BT A A T
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(7.11)

(7.12)

(7.13)
(7.14)

(7.15)

Here, primes denote derivation with respect to the radial coordinate r and dots with

respect to time t. A direct calculation verifies that indeed R = —T + B as expected.

Next, the explicit forms of (o}, Te and Bg are given by

° 8 2 A/ B/ 2A/ B/2 A/ B/3 2A// B/ A// B/2
¢ = Glpas iam AT AT AT
2 A/ B/l A/ B/Bl/
S A )
8 2A/ B/2 A/ B/3 A// B/2 A/ B/B//
T, - DALY _ABR AB L ABEY
¢ T BGARE CAB T AR ‘A B
5 _ _8 <2A’B’ 4A'B'2+2A"B' 2A’B”>
7 "Bi\12AB rAB rAB rAB

(7.16)
(7.17)

(7.18)

which indeed satisfies the required identity COJ = —T¢ + Bg. It should be observed

that the expressions are considerably more complicated than in the previous case.

The tetrads used in (7.7) and (7.11) serve as simple examples which are useful to

compute the relevant quantities.
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7.1.3 Example: FLRW spacetime — good tetrad

Let us next consider FLRW metric in spherical coordinates given by

ds? = dt? — a(t)2[ dr + dQQ] , (7.19)

1—kr?

where a(t) is the scale factor of the universe and k = {0, 41} is the spatial curvature
which corresponds to flat, close and open cosmologies, respectively. This section will
generalise the calculations shown in Sec. 4.3.3 where only the flat case was considered.

The simplest tetrad field which yields the above metric is the diagonal one given

by

el = diag(l, \/%, a(t)r,a(t)rsin 9) . (7.20)

However, when this tetrad is used in f(7') gravity it implies an off-diagonal field
equation which is highly restrictive, namely the condition fry = 0. Such a theory is
equivalent to General Relativity and hence not a modification. In order to avoid this
issue, one can follow the procedure outlined in Ferraro & Fiorini (2011a); Tamanini
& Boehmer (2012) (described also in Sec. 4.3.2) which allows for the construction of
tetrads which result in more favourable field equations. As it was done in Sec. 4.3.2,
let us perform a 3-dimensional rotation which gives us a new rotated tetrad (7.20)
given by

e® = Afeb . (7.21)

o

Then, the rotated tetrad for FLRW in spherical coordinates for any spatial curvature

takes the following form
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1 0 0 0
0 “%0 —ra(cosysin ¢ + cosfcos¢psiny) rasinf(sindsiny — cos b cos ¢ cosy)

= e

0 asin @ sin ¢

T ra(cos ¢ cosy — cosfsingsiny) —rasinf(cosf cosysin ¢ + cos sin~y)

P oy
Wi rasin 0 sin ~y ra cos-ysin” 6

(7.22)
Next, let us focus on the non-flat case k # 0, since the Gauss-Bonnet boundary term
Bg = 0 and hence directly G = —T¢ when k = 0. By using the rotated tetrad (7.22),

the torsion scalar 7" and the boundary term B becomes

4 (/1 —kr? : 1 a’ k
T = = <—r2 [r”y’ cosy + sin ’y} + ﬁ) - 6$ — 2; : (7.23)
4 1 — kr? : 1 a a’ k

In order to have T and B position independent, one must choose our function 7 to

satisfy
V1 —kr?|rvy cosy + Sin'y] +1=0. (7.25)
For an open universe k = —1 gives us the following function
v(r) = — arcsin [arcsinh(r)/r] , (7.26)

where the constant of integration was set to zero. Using this choice of v ensures
that the first terms in (7.23) and (7.24) disappear thereby making 7" and B time
dependent only. Therefore, the rotated tetrad (7.21) with £ = —1 and the function

v given by (7.26) is a “good tetrad” in the sense of Tamanini & Boehmer (2012).
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Independently of the choice of tetrad, one always obtains the usual Ricci scalar

° . -2 k
R=-T+B=6-2—-6% —6-. (7.27)
a a a

Moreover, by using this rotated tetrad one finds that the Gauss-Bonnet terms are

also independent of r, one can verify that

a 9 1
To = 8- (3H . ?) : (7.28)
a
Bg = 165, (7.29)
and hence the Gauss-Bonnet term in an open universe becomes

° a /. o 1
G =—Tg+ Bg = —24° <H - —2> . (7.30)

a a

On the other hand, for the closed FLRW universe (k = +1), one finds that the

function v has to be of the form

v(r) = — arcsinh (W) : (7.31)

This yields

i 1

T, = 242 <H2 . —) , 7.32

¢ a a? ( )
i

Bg = —48. (7.33)

with the Gauss-Bonnet term given by

) . ,
G=-Ts+Bg = —24% <H2 + —) . (7.34)

a?
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7.2 Modified Teleparallel theory: (Gauss-

Bonnet and trace extension

We are now ready to discuss the general framework of modified theories of gravity
and their Teleparallel counterparts. In principle, the following approach could be
applied to any metric theory of gravity whose action is based on objects derived
from the Riemann curvature tensor. Any such theory can in principle be re-written
using the torsion tensor thereby allowing for a Teleparallel representation of that

same theory.

7.2.1 Action and variations

Let us now consider the framework which includes the Teleparallel Gauss-Bonnet
and the classical Gauss-Bonnet modified theories of gravity. Inspired by the above
discussion, one can define the action

1

where f is a smooth function of the scalar torsion 7', the boundary term B, the
Gauss-Bonnet scalar torsion T and the boundary Gauss-Bonnet term Bg.

Variations of the action (7.35) with respect to the tetrad gives

1
0SH w510 B0 = / [27;2 ( foe+ efsdB + efrdT + efr,0Tq + e chaBG)

+5(e£m)] d'z . (7.36)

The first three terms above, fde, efgdB and efrdT, are the same terms derived
before in Eqgs. (5.3), (5.4) and (5.14) respectively. In the following sections, the

remaining two variations which depend on Tz and B¢ will be presented.
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7.2.1.1 Variation of B

The Gauss-Bonnet boundary term is given by

Bg = éﬁz‘jkléb':daﬁa %Kbijlo%klcd + Kbinckadﬂ] , (7.37)
or equivalently
Bo = é@u(eEjng) | (7.38)
where the vector B¢
B = eijklebcda(%}(bij R+ KK 1) (7.39)

was introduced. Using the relationship between the contortion tensor and the Rie-
mann tensor, this means Eq. (2.58), and recalling that in four dimensions €;;5e"* =

5?;,?{‘, the above term (7.39) can be rewritten as
BE, = 0 i, ((Kc’fl),d + KdmcKm“> . (7.40)

Considering variations of the function f(7,B,Tg, Bg) with respect to the tetrad

fields, the contribution of Bg becomes

efBG(SBG = eaﬂ(fBG)(Eng - Eng) - efBGBGEg] 56% - eEgau(ch)éBg"

(7.41)

where fp, = 0f(T, B, T, Bg)/0Bg, boundary terms were neglected and,

OBy, = —Ey EY de;, and de = eEgée% were used. The final term in the above equation
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reads

eE 0, (fpg)0BE = Py0 Ky — 5 e B O, (f5) Ko (0. K ) o€, (7.42)
where again boundary terms were neglected and for simplicity the following tensor

was introduced

P = eEﬁqau(ch){ ((chl),d + deckal>5§?5fd + O KT K

FOE R I~ S0, (e BT BLO.(fro) KM) (7.43)

It should be noted that from (7.42), one notices that the term §K,” needs to be
expressed as a variation with respect to the tetrad dej. Therefore, one can firstly
compute how an arbitrary tensor D%;6K,% changes its form in this context. This
formula will be useful for computing P?;;0 K, and is also needed when computing
the variations of T in the next section.

Recall the contortion and torsion tensors, respectively

K7 =5 (T’zﬂ =T + Tb”> : (7.44)
T = By By (Ouel, — Dyel,) (7.45)

Beginning with (7.44), one obtains that
L . 1 . 1 )
Dbij(SKbU — Db[ij](SKb[w] — 5 (Dbih o Dhib + Di[bh])(;szh _ 5Cribhéj":zbh , (746)
where for simplicity the tensor

C" = D" — DMP 4 DM =~ (7.47)
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was introduced. This tensor needs to be skew-symmetric in its last two indices since
8T, is skew-symmetric in this pair.

Next, by using (7.45) and neglecting boundary terms one finds
DYk = [0,(CBLE] ) + T BICM et (7.48)

Equivalently, by using (7.47), one can find explicitly that for any specific tensor D;*",

the transformation from D°;0 K" to terms with def will be

Dbij(SKbij - |:6N <(Dbah - Dhab + Da[bh})EﬁEl?) T TiabEf/f(Dbih - Dhib + Di[bh]) 56% )

(7.49)

Now, if one changes Dbij — Pbij, one obtains the useful equation

Phyo = [0,((P'" = PR+ B BLE] ) + T BV — P 4 P e

(7.50)

Finally, if one replaces (7.50) in (7.42) and then replaces that expression in (7.41),
one finds the variations of the Gauss-Bonnet boundary term with respect to the

tetrad. This is given by

efp0Bs = — [aﬂ((Pbah _phby Pa[bh])Eg‘Ef) S+ Tl B (P — P 4 plbi)
— 67 e B O (50 ) I KM o + €0,(f5,) (EY B — EVBE)

te fBGBGEf] 5es, (7.51)

where P?;; is explicitly given by Eq. (7.43).
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7.2.1.2 Variation of T

For simplicity, Tz can be split into four parts as follows

Te = (K KKK — 2K, 9K K K + 2K, Ky KK,
2K K K )5

= Ter + Too + Tas + Tau, (7.52)

where Tq1, Tgo, Tz and Ty are the first, second, third and fourth term of the
right-hand sides, respectively. Variations of the Ti(;), ¢ = 1,2, 3,4 contributions with

respect to the tetrad can be expressed as
efTG(STG = efTG (5TGl + 5TG2 + (Sng =+ (5T04) . (753)

Here, fr, stands for the partial derivative of f(T', B, T, T) with respect to T. The

first, second and third term can be computed without difficulty, yielding

OTer = Ko K PRl Sil + G Kot + K Ko

VK eKbechki(s%’gﬂ 5K, (7.54)
0Tar = 2| K B KOG+ K™ Koy p Kot + K B o
RSP I 6 (7.55)

0Tes = Q[Kbkerelef Ot + K Ky K copest + K KR K 0!

+demeker’njc<sgf;gil} 5K, (7.56)

For the final term e fr,074, one needs to be careful since one needs to integrate by

parts and hence needs to change 9y to 0y = E0,. Therefore, one needs to compute
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the following term

echéTG4 = 26fTG(5 Kainbkech,d] 5g]bkcld = 2€fTG5 [EgKainbkeaﬂ(Kcel) 5;1]5]5;1 ’

(7.57)

By ignoring boundary terms, these terms become

efradlcs = 2[€ch (KbkeKcel,d(S%blffl+Kbkechl,d5Z§§fi>
o0 (e Bl fr K" ) [ o1,

—2¢ fr, 07t B EF K, Ky 0, (K. el . (7.58)

Now, by adding (7.54)-(7.56) and (7.58) one finds

efr6Ta = |efr, X — 205040, <eEg fTGKCelekiﬂ 5K,

—2e fr 6 B Ky RGP K e (7.59)

where the following tensor

X,

ij Ky KF g Ko 505 + K K p Ko + K KT Koy 07

+ K K00 — 2K K KT e — 2K, K KT S
—2K. T Ky Ky 0ce — QdelekeKcei(s%)lg? + QKbkerelefcf;Zbﬁi
F2IG K 1 Ky 0Pt + 2K G K ST+ 2K K G 0

F2EK K a0t + 2K Ky adpestt (7.60)

was introduced. It can be shown easily that this long expression is also equivalent to

T 0Ty O0Tge  O1gs foed -t O
i = - = — — - 25 ](c6 i g
3 aKaU aKa"] 8Kal-7 + 0Kal-7 + mnkl ,d aKa”

PG [Kfm"Kbke] . (7.61)
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Next, for simplicity the tensor
Y0 = efn, X'y — 255040, <e fTGEijcelKa’“i) , (7.62)
will be introduced to rewrite Eq. (7.59) as
efr,0Ta = Y6 Ky'o — 2e fr 0 B K, T KF K oes . (7.63)

Finally, by using equation (7.49), one can change 0K, to dej by changing D%; to

Y?;;. Doing that, one finally finds that the variations with respect to the T part is

efrgdTe = [8“ ((Ybah — YRt Ya[bh])E,’jEf> Tl EP (Y — Yhb 4+ Yk

—2e frodyi B Ko Ko K o O (7.64)
where Y?;; is explicitly given by Eq. (7.62).

7.2.2 Equations of motion and FLRW example

Let us now find the equation of motion of the full model with T; and Bg contribution.
By replacing (5.4), (5.3), (5.14), (7.51) and (7.64) into (7.36) and then by setting

5Sf(T,B,Tg,BG) = O, one finds

9, <(Pbah _phby Pa[bh])EsEl?) +TiabE}ﬁL(Pbih _phby Pi[bh])

— ST e O (f50) Ko KM o + €8,(f55) (EY Bl — ELBG) + efpe Ba B}

9, ((Ybah _yhby Ya[bh])E};LLEf) _ TiabE}f(Ybih _yhby Yi[bh])

126 fro Sl B Ko K K+ 2eEO f — 20ESNV Vo f + eBfpEL

e (Duf5) + (Oufr)| Sa +40,(e8,%) fr = Ae frT"aSy™ — e B} = 22T

(7.65)
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The field equations are very complicated, however, when considering a homogeneous
and isotropic spacetime, they simplify considerably and can be presented in closed
form. Comparison of these equations with previous results serves as a good consis-
tency check of these calculations.

Let us now consider flat FLRW, where the field equations for the f(T, B,Tq, Bg)

theory are given by

3H? (3fp + 2fr — AH” fr¢) + 3H (fp — AH’ fr¢) — 3H fp + 12H? fre; + g = r’p,

H? <9fB +6fr +4ffc) +H (3f3 +2fr — 12H? fre + 8HfTG> +2H fr

+ 8H3fTG — 12H4fTG — fB + g = —fi2p.

Here, for simplicity, it was considered that the matter is a standard perfect fluid
with energy density p and isotropic pressure p. One should make explicit that
fB = fBBB + fBTT + fBTGTG + fBBGBG using the chain rule, so that dot denotes
differentiation with respect to cosmic time. Remark that in flat FLRW, Bs = 0 and
then, it does not appear in the equations. As was discussed in Sec. 5.2, to recover
modified Gauss-Bonnet gravity theory with the standard metric signature notation
(nay = diag(— + ++)), one needs to change T — —T, B — —B and Tz — —T¢. In
other words, since this thesis is based in the standard Teleparallel signature notation
Ny = diag(+———), one needs to change f(T, B,Tg, Bg) = f(+T —B,+1¢— Bg) =
f(—= ;Ti, —CO}) to recover the corresponding equations in standard signature notation in

the modified Gauss-Bonnet gravity theory. Then, to recover the standard notation,

derivatives change as follows

fr—=fr, fB——fr, [frc— fa, [fea— —/fa, (7.66)
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where fr = 8f/6]o{ and fg = 8f/8(0;’. Doing this, gives us

—3(H* + H) (fr + 4H?f&) + 3H fr + 12H? fo + g = K2p, (7.67)

—H*(3fr —Afq) — H(fr+ 12H? fo — 8H f¢) + 2H fr + 8H® f¢,

—12H fe + fr + g = —k%p. (7.68)

These equations match those reported in Cognola et al. (2006); Kofinas et al. (2014)
which serves as a good consistency check of our field equations in the Teleparallel
formulation.

Let us now consider a close FLRW spacetime (k = +1) where the rotated tetrad is
given by Eq. (7.22) with v equal to (7.31). In this case, the modified FLRW equations

become

3H?(3fp + 2fr — 4H? fre) + H(3f5 — 12H? fr¢) — 3H f5

+12H? fra + g ((H + H)(2fs0 + fr) — H(2fpa + fra)| + g =r’p, (7.69)

H2(9fp + 6fr + 4frc) + H3fs + 2fr — 12H? fre; + 8H fr¢)
2 (6082 + E)@fsc + r) — fr A — 2fr]

+2H fr + 8H® fre — 12H* fr¢ — fp + g = —r’p. (7.70)

In the close FLRW case, Bg = —48d/a® # 0 so that this term now contributes to

o o

the equations. By setting f(T, B,Tq, Bg) = f(+T — B,+1¢ — Bg) = f(—R, —G),
one then recovers the Gauss-Bonnet equations f( ;2, é) with the standard metric

signature notation in a close universe (k = +1) which are given by

—3(H? + H)(fr + AH2f5) + 3H fr + 12H3 f

v e - HiG) + L= w2, (7.71)
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—H*(3fr —Afe) — H(fr+ 12H? f¢ — 8H f¢;) + 2H fr + 8H® f¢,

: [6(H2 +H)fo+ fr— 2fa] Lo ey, (7.72)

—12H*fe + fr— =
a 2

Finally let us consider the Einstein static universe where all dynamical variables are

assumed to be constants which give

4
f=2K%py, f— ng = —2K%py. (7.73)
0

For the choice f(R, (o}) ~ R+ /{2g(é), one notes that R = 6/a3 and G = 0 in this

case. The field equations reduce simply to

6

3
— +£2g(0) = 2K% py & — =K po— —=9(0), (7.74)
ap ag 2
6 9 4 9 1 K>
— 0) — 5 =-2 < —— = —g(0 7.75
a(2)+"i g() (I% K- Po, CL(Z) K" po + 29()7 ( )

which are exactly the & = +1 equations reported in Boehmer & Lobo (2009), pro-
viding a second consistency check. It should be noted that the rotated tetrad used

for this calculation proves computationally very challenging.

7.2.3 Energy-momentum trace extension and con-

nection with other theories

Let us now consider the above framework and include the trace of the energy-

momentum tensor to the action (7.35). This gives the extended action

1
Sf(TvaTGVBch) = / {@f(T, B? TG? BGJ 7-) + Lm € d4x 5 (776)
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where additionally f is a function of the trace of the energy-momentum tensor 7 =
E? T4 As before £, denotes an arbitrary matter Lagrangian density. One can define

the energy-momentum tensor as

a_lé(eﬁm)
me SEM

(7.77)

and assume that the matter Lagrangian only depends explicitly on the tetrads and
its derivatives and does not depend on the connection independently. The energy-

momentum tensor is then given by
0Ly
) . (7.78)

7'(1 = —2€Z£m — 2(8__E#

I

Variations of the action (7.76) with respect to the tetrad gives one additional term,

namely

efr0T = efr(4Q) + T)des , (7.79)
1 0T 3 1 0*L
B Zeb (2o ) = 7P L ZpPp  — Zeb (o
a 4€a( oeg ) «t QE“ £ 2€a(8e%663> ' (7.80)

This completes the statement of the field equations.

Let us finish this chapter with a discussion of the relationship between the various
modified theories of gravity which are governed by the function f(7,B,Tg, Bg, T).
In the pure tetrad formalism, in general these are fourth order theories which violate
local Lorentz covariance. Therefore, these theories are quite different from General
Relativity in many ways. However, for a particular choice of this function, one is able
to recover General Relativity or its Teleparallel equivalent. Therein lies the power
of this approach, namely one can recover the two equivalent formulations of Gen-
eral Relativity using a single unified approach. This in particular clarifies the roles

of the total derivative terms present in our framework. As was shown in Chap. 5,
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by considering the function f(7', B) one can formulate the Teleparallel equivalent of
f( ]o%) gravity and identify those parts of the field equations which are part of f(7T)
gravity, the second order part of the equations which is not locally Lorentz invariant.
In analogy to this, one can also make the relationships between various modified
theories of gravity clear which are based on the Gauss-Bonnet term and also the
trace of the energy-momentum tensor.

The top left corner of Fig. 7.1 refers to f(T, B, T¢, Bg) gravity, the most general the-
ory one can formulate based on the four variables. One can think of the top entries
as the Teleparallel row and the bottom as the metric row. The arrows indicate the
specific choices that have to be made in order to move from one theory to the other.
If one now includes the trace of the energy-momentum tensor to this approach, things
get slightly more complicated as the number of possible theories increases quite dra-
matically. Fig. 7.2 visualises the entire set of possible theories. Now, the left half
of the figure corresponds to the metric approach while the right half corresponds to
the Teleparallel framework. The four main theories of the previous discussions are
highlighted by boxes. Many of these theories were considered in isolation in the past
and their relationship with other similarly looking theories was only made implicitly.
One should also point out that the representation of these theories is only one of

the many possibilities and moreover, Fig. 7.2 is incomplete. There are many more

f=1T1Tc) f=7(T)

f(T7B7TGaBG) f(T) TG) ” f(T)
f=f(-T+ B,-Tc + Bg) f=T

[R5 7+ B f(R) > GR or TEGR

/=R

Figure 7.1: Relationship between f(T, B, T, Bg) and other gravity theories.
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theories one could potentially construct which we have not mentioned so far. The
diagram was constructed having in mind those theories which have been studied in
the past.

In constructing the diagram, one also made the interesting observation that the
theory based on the function f( ;{, T') should be viewed as a special case of the
Teleparallel gravity theory f(T, B). To see this, simply recall the principal identity
]o% = —T + B which shows that the special choice f(—T + B,T) is the Teleparal-
lel equivalent of f( ](22, T') theory and also that the Teleparallel framework should be
viewed as the slightly more natural choice for this theory. Additionally, the theory
f( ]o%, T) is based on two different connections which is somehow a problematic ap-
proach.

A short list of the most important theories is written in Table 7.1 with accompa-
nying references for the interested reader, mainly focusing on the primary sources

or reviews where such theories were considered.  Of the many possible theories

f(T,B,Ta,Ba,T)

f=f(-T+ B,-Ts + Bc) f=£f1T,B,T)

F(R,G) F(T,B,T)

f=f(=T+B,T) f=fTT)

f=fR) F(R,T) f=f(T,B) F(T,T) f= 1)

f=f(—T+B) f(T,B) [=f(T)

GR or TEGR

Figure 7.2: Relationship between f(T, B,Tq, Bg,T) and other gravity theories.
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Theory | Some key references

f(R) | Reviews Sotiriou & Faraoni (2010) & De Felice & Tsujikawa (2010)
f(T) | Ferraro & Fiorini (2007), and review by Cai et al. (2016)

f(T,B) | Bahamonde et al. (2015)

f(]iz, T) | Myrzakulov (2012)

F(R,G) | Nojiri et al. (2005)

f(T,T¢) | Kofinas & Saridakis (2014) & Kofinas et al. (2014)
R. T) | Harko et al. (2011)
T,7T) | Harko et al. (2014a)

Table 7.1: Short list of previously studied theories covered by the function
f(T7B7TG7 BG)T)'

one could potentially construct from f(7T, B,Tq, Bg,T ), one identified some which
might be of interest for future studies. Clearly, there are many theories which do
not have a general relativistic counter part like f(B,Tq, Bg,T) since no theory in
this class can reduce to General Relativity. However, it is always possible to consider
such a theory in addition to General Relativity by considering for instance a theory
based on T'+ f(B,Tq, Bg, T). For a function linear in its arguments this yields the
Teleparallel equivalent of General Relativity.

It is also useful to make explicit the limitations of the current approach. In essence,
one is dealing with modified theories of gravity which are based on scalars derived
from tensorial quantities of interest, for instance, the Ricci scalar or the trace of the
energy-momentum tensor. However, theories containing the square of the Ricci ten-
sor or theories containing the term ]O%WT‘“’ are not currently covered. In principle,
it is straightforward though to extend our formalism to such theories. In case of the
quantity ]%LWTW, one would have to recall Eq. (2.58) with R, = fiw = 0, so that,
]O%W can be expressed in the Teleparallel setting, something that also has not been
done yet. Likewise, one could also address quadratic gravity models (Deser & Tekin,

2003) which contain squares of the Riemann tensor and use Eq. (2.55). Theories de-
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pending on higher order derivative terms also require a separate treatment (Otalora
& Saridakis, 2016).

The current approach is entirely based on the torsion scalar T" which is motivated
by its close relation to the Ricci tensor. However, in principle one could follow the
approach done in Chap. 6 and decompose the torsion tensor into its three irreducible
pieces and construct their respective scalars. This would allow us to study a larger
class of models based on those three scalars and the boundary term.

For many years now, an ever increasing number of modifications of General Relativity
have been considered. This chapter focused only on theories where the gravitational
field can either be modelled using the metric of the tetrad. Hence, all types of metric
affine theories where the metric and the torsion tensor are treated as two indepen-
dent dynamical variables were excluded. It would be almost impossible to present
a visualisation that also encompasses all those theories. Even this would represent
only a fraction of what is referred to as modified gravity. It would still exclude higher
dimensional models, Einstein-Aether models, Hotava-Lifshitz theory and many oth-
ers. It is also interesting to note that f( ;2) gravity for instance can be formulated as
a theory based on a non-minimally coupled scalar field. Hence, many of the theories
in Fig. 7.2 might also have various other representations which in turn might be

connected in different manners.



Teleparallel non-local theories

Chapter Abstract

Even though it is not possible to distinguish General Relativity from Teleparallel
gravity using classical experiments, it could be possible to discriminate between
them by quantum gravitational effects. These effects have motivated the introduc-
tion of non-local deformations of General Relativity, and similar effects are also
expected to occur in Teleparallel gravity. This chapter is devoted to studying non-
local deformations of Teleparallel gravity along with cosmological solutions. Along
this track, future experiments probing non-local effects could be used to test whether
General Relativity or Teleparallel gravity give the most consistent picture of gravi-
tational interaction. Additionally, a further generalised non-local theory of gravity
is introduced which, in specific limits, can become either the curvature non-local or
Teleparallel non-local theory. Using the Noether symmetry approach, it is found
that the coupling functions coming from the non-local terms are constrained to be
either exponential or linear in form, which in some non-local theories are needed in

order to achieve a renormalisable theory.

8.1 Teleparallel non-local gravity

GR tells us that gravitational interaction is described by the curvature of torsion-less

spacetimes. On the other hand, TEGR describes gravity by the torsion of spacetime,

208
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so that the curvature picture is not necessary. Even though these two approaches
are fundamentally different, they produce the same classical field equations. Thus,
both theories predict the same dynamics for classical gravitational systems, and so
classical gravitational experiments cannot be used to test them. In other words, they
are equivalent at classical level.

However, because these theories are conceptually different, they are expected to
produce different quantum effects. An important remark is in order at this point.
One can deal with TEGR only at the classical level because it produces the same
classical field equations as GR. Considering quantum effects and non-locality, it
is improper to speak of the equivalence of the two theories since they could be
fundamentally different.

Even though there does not exist a fully developed quantum theory of gravity,
there are various proposals for quantum gravity, and a universal prediction from
almost all of these approaches seems to be the existence of an intrinsic extended
structure in the geometry of spacetime (Das & Vagenas, 2008), and such an ex-
tended structure would be related to an effective non-local behaviour for spacetime
(Modesto, 2016; Modesto & Shapiro, 2016). For example, in perturbative string the-
ory, it is not possible to measure spacetime below string length scale, as the string
is the smallest available probe. As it is not possible to define point-like local struc-
tures, string theory produces an effective non-local behaviour (Eliezer & Woodard
(1989); Calcagni & Modesto (2014); Calcagni et al. (2016). Similarly, there is an
intrinsic minimal area in loop-quantum gravity (Major & Seifert, 2002), and this
extended structure is expected to produce a non-local behaviour. It can be argued,
from black hole physics, that any theory of quantum gravity should present intrinsic
extended structures of the order of the Planck length, and it would not be possible
to probe the spacetime below this scale. In fact, the energy needed to probe the

spacetime below this scale is more than the energy needed to form a mini black hole
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in that region of spacetime (Maggiore, 1993).

Thus, quantum gravitational effects produce effective extended structures in
spacetime that would lead to non-locality (Das & Vagenas, 2008). Hence, it can
be argued that the first order corrections from quantum gravity will produce non-
local deformations of GR (Elizalde & Odintsov, 1995; Modesto et al., 2011), and this
will, in turn, produce a non-locality in cosmology. The effect of non-local deforma-
tions in cosmology could be a straightforward explanation for cosmic acceleration
(see for example Jhingan et al. (2008); Deffayet & Woodard (2009)).

Furthermore, the non-locality induced by GR deformations could be used to
describe the transition from radiation to the matter dominated era if it is consistently
constrained with the observations.

As non-locality is produced by first order quantum gravitational effects, it is ex-
pected that they would also occur in Teleparallel gravity. Unlike the standard local
classical dynamics, the behaviour of such non-local effects could be very different in
Teleparallel gravity and GR, and they can be used to experimentally discriminate
between these two theories. Therefore, it is interesting to study the non-local defor-
mation of both GR and Teleparallel gravity. Even though the non-local deformation
of GR has been extensively studied, the non-local deformation of Teleparallel gravity
has recently been introduced in Bahamonde et al. (2017c,d). Thus, this chapter is
devoted to review the latter references related to non-local Teleparallel gravity.

At present, the non-local Teleparallel gravity satisfies all the existing cosmolog-
ical experimental constraints, and can explain phenomena that are explained using
non-local deformations of GR. However, as the non-local Teleparallel gravity is fun-
damentally different from non-local deformation of GR, future experiments can be
used to verify which of these theories is the correct theory of gravity. Thus, the
action for General Relativity Sggr, can be corrected by a non-local terms Sgrni, due

to quantum corrections, and so the quantum corrected non-local GR can be written
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as (Deser & Woodard, 2007)

S1 = Scr + SarAL - (8.1)

Similarly, the standard classical action of TEGR, Stggr, can be corrected by a
non-local term due to quantum corrections Strgrnr, and so the quantum corrected

non-local Teleparallel gravity can be written as (Bahamonde et al., 2017d)

Sy = SteGR + STEGRNL - (8.2)

It is not possible to experimentally differentiate between Sgr and Strgr, but the
quantum corrections to these theories Sgrnr, and Stegrni, are very different. Thus,
it is experimentally possible to discriminate between &; and S;. It may be noted
that as in the non-local GR case, the non-local correction to Teleparallel gravity
is motivated by quantum gravitational effects, and it is not arbitrary added to the
original action.

It may be noted that non-local Teleparallel formalism could be a better approach
to study quantum gravitational effects. This is due to the fact that TEGR does not
require the equivalence principle to be formulated (see Sec. 3.5), and it has been
argued that quantum effects can cause the violation of the equivalence principle
(Seveso & Paris, 2017). Furthermore, a violation of the equivalence principle can
be related to a violation of the Lorentz symmetry (Wang et al., 2016), and the
Lorentz symmetry is also expected to be broken at the UV scale in various approaches
to quantum gravity, such as discrete spacetime ('t Hooft, 1996), spacetime foam
(Amelino-Camelia et al., 1998), among others. In our approach, the pure tetrad
formalism will be used. In this formalism, the torsion tensor does not transform
covariantly under local Lorentz transformations. Hence, the torsion scalar also is not

covariant under local Lorentz transformations. In standard Teleparallel gravity where
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just a linear combination of the scalar torsion is considered in the action Stgagr, the
theory becomes quasi-local Lorentz invariant, or invariant up to a boundary term.
However, when one is considering modifications of Teleparallel theories of gravity,
such as f(T') gravity or in our case non-local Teleparallel gravity, the theory is no
longer local Lorentz invariant. The loss of this covariance in Teleparallel theories

might be an interesting behaviour on quantum scales.

8.1.1 Action and field equations

In this section, a non-local deformation of Teleparallel gravity will be presented
along with the field equations of the model. Adopting the formalism developed for
non-local deformations of GR (Deser & Woodard, 2007), one can write a non-local

deformation for Teleparallel gravity as

1
2K2

_ gTEGR+% / de() T@) (07 T)@) + 8. (84)

STeleparallelfNL =

d'z e(z) T(z) [ F(GIT(x)) + 1} + / d'z e(z) Lo (8.3)

where f is an arbitrary function which depends on the retarded Green function
evaluated at the torsion scalar!, £,, is any matter Lagrangian, 00 = 9,(eg??9,)/e is
the scalar-wave operator, and G[f](z) is a non-local operator which can be written

in terms of the Green function G(z, ) as

o

glflx) = (D‘lf)(x)=/d4flf’€(x’)f(x’)G(%x’)- (8.5)

Furthermore, like the non-local corrections to the GR, these non-local corrections
to the Teleparallel gravity are also motivated from quantum gravitational effects. It
can be noted that, as for non-local GR, the Green function is evaluated at the Ricci

scalar ;2, in non-local Teleparallel gravity, the Green function is evaluated at the

'Quantum effects such as the Planck constant have been absorbed in the definition of this
function
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torsion scalar 7.

It is worth noticing that unlike GR which produces the same equations of motion
as the TEGR, the non-local deformation of GR is different from the non-local defor-
mation of Teleparallel gravity. The latter comes from the fact that ]o{ = -T + B,
where B is the boundary term so that Sqr (which is constructed by jgi) and Stegr
(which is constructed by T') produces the same field equations. However, the non-
local terms \/—_gjc%fl(ﬁ_lé) and eng(ﬁ_lT) coming from the non-local actions
Saryr, and Strarnn, Will produce different field equations even for the case where
fi= 0! R and fo= O-'T. This happens since the boundary term B, which is the
difference between T and ]O%, produces a contribution in the variational process in
non-local terms. This fact is in the same spirit as was discussed in the other chapters
(see for example Chap. 5).

Now by a variation with respect to the tetrad, one obtains

OSrsmaant. = SStean + 57 [ [THGIT)se + ef(GIT)ST + e To5(G(T)] d's

+/d4x5(e£m). (8.6)

The first two terms in the integrand are easily computed since they are similar to

the terms in f(T") gravity, giving us

efGITNST = —4[e(0,£(GIT)S," + Bu(eS, ") F(GIT])
—ef(GITIT ,uSy ™3t (8.7)
TF(GIT))6e = T f(GIT])ELses. (8.8)

The last term e 70 f(G[T]) in (8.6) is new and therefore, it will be computed here.

This term can be written as
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eTaf(g[TD:eT(Sf(ﬁ—lT) - eTf’(g)(ﬁ—laT—ﬁ—l(cﬁ)ﬁ—lT) (8.9)

= e (@) ML)

e (T (G))oT . (8.10)

Let us now work out the second term on the right-hand side since the variation of
F(e)dT is well-known for any function F'(e) which depends on the tetrad. Now, if
one expands the first term, one obtains

aﬂ(egﬁwa’/)
e

e (11695 ( )O'T = (O Tf/(G)Toe

+0,(GITF (@O (g5 + ebg™).

(8.12)

where [] x (J7!'7 = T was used and boundary terms were neglected?. Now, if one
takes into account that de = eEle% and 697 = —(g°PE? + g’ E7)def, one can

expand the above term yielding

0,(eg"0,)

e

—6ﬁ_1(Tf/(g))5< )ﬁ_lT = € 8u<g[Tf/(g)]>(auT) (gleg - QQB(HE;/))

TGIT f’(g)]Ef] 5es. (8.13)
Therefore, variations of the non-local term is

eTof(GIT]) = e|TGITf(G)EL +0uGIT S @N@T) (9" Ef — 20"“EL) |oes

e GITf(G)]6T . (8.14)

2x here denotes the function composition so that (0 x O~ f = f.
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Therefore, by adding (8.7), (8.8) and (8.14) and using the TEGR field equations,

one can find the non-local Teleparallel gravity field equations that can be written as

A[8,70, 4+ - 0,(65,1%) ~ 7 S, — T 7| [#(GIT)) + 6T (O)
~ 0, (GIT7(@N) 0, T) (6B — 2PV ED ) — 20,(e5,4%) + 4T 08,

+TEP = 2:*TP . (8.15)
In the next section, Teleparallel non-local cosmology will be introduced and studied.

8.2 Teleparallel non-local cosmology

Since the non-local field equations are difficult to use, it is easier to first rewrite the
non-local action (8.4) in terms of two scalar fields ¢ and #. This approach is in the

same spirit as was done in Nojiri & Odintsov (2008). Doing this, one has

1
STeleparallelfNL = 2_/£2 / d4£17 € [T(f(¢) + 1) - @ﬂ@’% - HT] + Sm . (816)

Now by varying the above action with respect to ¢ and 6 one obtains ¢ = &lflT and
0o = — f'(¢)T', respectively. By varying this non-local action with respect to the

tetrads, one obtains

21~ 6)+) | 0,(e80) - BT, = LELT| - 20,00 - f(0) LS,

@00 B~ 00)(20) — (2:0)@°6)] = wT7 . (817

These equations are straightforward to obtain (see Sec. 4.4.2 where a similar action
was used). It should be noted that by introducing these scalar fields, one is localising
the nonlocal field equations given by (8.15). Let us study non-local cosmology from

the field equations (8.17). Let us assume a flat FLRW cosmology with the tetrad in
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Euclidean coordinates e} = diag(1,a(t),a(t),a(t)), and write the FLRW metric as
ds? = dt?*—a(t)?(dx®+dy*+dz?) for a spatially flat spacetime. Thus, the cosmological

field equations can be written as

S +0 - [(0) = 500+ klpm+pa), (5.18)

(140~ F@)EH +2H) = —06+2H(0 — f(8)) — K(pn+pr). (319)

where dots represent differentiation with respect to the cosmic time and it was as-
sumed that the matter is described by the energy density of standard matter p,, and
an energy density related to a cosmological constant py. The equations for the scalar

fields can be written as

—6H*f'(¢p) +3HO+6 =0, (8.20)

3SH)+6H> +¢=0. (8.21)

These equations describe a non-local model of Teleparallel cosmology. One can take
into account constraints on them from recent cosmological data. If one assumes
f(¢) = Ae™, where A and n are constants, the dynamics of the model given by
the system (8.18)-(8.21) can be tested. In order to constrain the free parameters of
the model, SNe Ia (type Ia supernovae) + BAO (baryon acoustic oscillations) + CC
(cosmic chronometers) + Hy were used in Bahamonde et al. (2017d). At 1o and 20
confidence levels (CL) from the joint analysis SNIa + BAO + CC + Hy, it was found
the following constraints : A = —0.009713%5:057, n = 0.020861 ) 0%s, h = 0.712715012
km/s/Mpc, Qx4 = 0.701875:05%, and Q,,0 = 0.2981700%, with x2,, = 707.4. For
further details about the data used, see Bahamonde et al. (2017d). It should be
noted that the constraints are close to the ACDM model, without any evidence

for non-local effects in the present analysis, which here are characterised by the
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Figure 8.1: Reconstruction of the ¢(z) (deceleration parameter) and j(z) (jerk pa-
rameter) from SNIa + BAO + CC + H, data set at 1o CL.

parameters A and n. Let us define two important cosmological parameters:

() = ——. (8.22)
jz) = # (8.23)

Here, ¢(z) and j(z) are known as the deceleration parameter and the jerk parameter
respectively. The jerk parameter is a dimensionless parameter which measures the
third derivative of the scale factor with respect to the cosmic time whereas the
deceleration parameter measures the cosmic acceleration of the expansion of the
universe. They are usually expressed in terms of the redshift z. A positive j(z) with
a negative deceleration parameter ¢(z), gives a deceleration to acceleration transition.
In order to investigate kinematic effects, Fig. 8.1 shows the deceleration ¢(z) and jerk
Jj(z) parameters as a function of the redshift. The standard error propagation is used
using the best fit values from SNIa + BAO + CC + Hj in the reconstruction (grey
region) of both parameters. On the left panel, ¢(z) is shown, where the transition
from decelerated to accelerated phase occurs at z ~ 0.6, with qo = —0.54 £ 0.15.
As expected, ¢ — 1/2 for high redshift. The right panel shows the jerk parameter
j(z) obtained from the joint analysis, the dotted black line (j = 1) represents the
ACDM model. In general, small deviations can be noted when non-local effects are

introduced, but such effects are close to the dynamics of the ACDM model.
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The free parameters of the non-local Teleparallel cosmology are strongly con-
strained by present cosmological data. Furthermore, since non-local GR and non-
local Teleparallel gravity are fundamentally different, it is possible that future cosmo-
logical data can be used to test which of these two proposals is the correct theory of
gravity. As these theories are fundamentally different, experiments can be performed
to distinguish each other. Here some possible experimental tests will be proposed
that could be pursued in the near future to know which is the correct theory of
gravity.

The first experiment that could be performed is based on the violation of the equiv-
alence principle, as this could only occur in non-local Teleparallel gravity. The ac-
curacy of the weak equivalence principle has been measured from the acceleration of
Beryllium and Titanium test bodies using a rotating torsion balance (Schlamminger
et al., 2008). It has been found that for acceleration a, the accuracy is of the order
Aa/a ~ 1.8 107", The accuracy was increased to Aa/a ~ 2 - 107! using The MI-
CROSCOPE satellite Touboul et al. (2017) and in the following years, the sensitivity
will be increased even more. It is possible to use more accurate future experiments
to observe a violation of the weak equivalence principle. As such, a violation would
only occur in non-local Teleparallel gravity and it could be used as an experimental
test to know which of these theories is the correct theory of nature.

One can also test these theories by performing experiments using photon time de-
lay and gravitational red shifts measured by high energy gamma rays. Both these
non-local effects would produce different photon time delays that have been observed
by measuring the round trip time of a bounced radar beam off the surface of Venus
(Shapiro et al., 1971). This kind of experiments, performed with more precision, can
be compared with effects produced by the non-local deformation of both theories,
and any discrepancy between results could be used to discriminate between them.

Similarly, gravitational red shift could be used to distinguish between the two the-
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ories. The gravitational red shift derived by gamma rays of energy 14.4 x 107GeV
has been measured in the Pound-Snider experiment (Pound & Snider, 1965), and
it is possible to perform similar experiments with higher energy gamma rays with
present day technology. Since non-local Teleparallel gravity and non-local GR pre-
dict different gravitational red sifting, such difference could be compared with these

more accurate experiments.

8.3 Generalised non-local gravity and cos-

mology

Let us now present a generalisation of (8.4) and standard non-local gravity described
by the scalar curvature (Deser & Woodard, 2007), which for simplicity, one can label
it as a generalised non-local Teleparallel gravity (GNTG). Its action is given by
1 0 o
Santg = STEGR + 52 d*ze(x) (€T (x) + XB(m))f((D_lT) (x), (D_IB)(x)>

+ /d4xe£m. (8.24)

Here, T is the torsion scalar, B is a boundary term and f(ﬁ_lT, &l_lB) is now an
arbitrary function of the non-local torsion and the non-local boundary term. The
Greek letters ¢ and y denote coupling constants. It is easily seen, that by choosing
¢ = —x = —1 one obtains the standard Ricci scalar introduced in Deser & Woodard

(2007). From (8.5), one can directly see that the following relation is also true
O'Rr=-0'T+ 0B, (8.25)

and thus, if f(ﬁflT, Ii*lB) = f(—ﬁflT + ﬁle), the action takes the well known
form R f(ot ;%) given by the action described in Deser & Woodard (2007). Moreover,

non-local Teleparallel gravity given by the action (8.4) is recovered if y = 0 and
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fO'T.07'B) = F(O7'T).

Since the field equations for the GNTG theory are very cumbersome, the action
(8.24) will be rewritten in a more suitable way using scalar fields, according to Nojiri
& Odintsov (2008). Specifically, the action can be rewritten introducing four scalar

fields ¢, 4,60, ¢ as follows

Sente = Stegr + %/d”‘xe [(5T +xB)f(¢,¢) + H(ﬁd) -T)+ C([iSO - B)]

+/d4xe£m,

— Swwcn+ 5 [ d0el(ET+XB)(6. ) - 0,00" — 0T ~ 0,00 — B

+/d4a:e.cm. (8.26)

By varying this action with respect to 6 and ¢ one obtains ¢ = ﬁ_lT and ¢ = &l_lB

respectively. In addition, by varying this action with respect to ¢ and ¢ one obtains

06 = (€T + XB)%’;@) , (8.27)
0¢ = (67 + XB)%’;’“”) . (8.28)

In the scalar representation it is not straightforward how curvature or Teleparallel
non-local gravity can be recovered. Let us explicitly recover these theories under

scalar formalism. For example, by setting £ = —1 = —x, f(d,¢) = f(—¢ + ¢), and

6 = —( one obtains standard non-local curvature gravity, namely
1 o o o
Sumamant. = 5 | dev/=g | R+ RIW) = 0.0" — CR| + Su, (8:29)
1 o o o o
= 52 d'r /=g [R + Rf(DflR)} + S, (8.30)

where ¢V = —¢ + . On the other hand, the non-local TEGR is recovered if in the
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action (8.26) one chooses { =1, x =0, f(¢,¢) = f(¢) and ¢ = 0. One then obtains

1
STeleparallel—NL - 2_,%2 d4l‘ (& [T (f(gb) + ]-) - a,ﬂaucb - QT] + Sm ) (831)
_ L 4 ° 1
- =5 dwe[T(f(D T)+1)} 4 S, (8.32)

which is equivalent as the action considered before (see Eq. (8.4)). A more general
class of theories, like T+ (£T + XB)f(ﬁ‘lT) or T + (T + XB)f(ﬁ‘lB) can be
obtained by setting f(¢, ) = f(¢) and f(d,p) = f(p) respectively. Obviously, in

these cases, one can change the values of £ and y to obtain other couplings like

S = 2—; dize —T+Bf(ﬁ’1T)} + S, (8.33)
1 § o

§ = 55 [ dae T+Tf(mle)} + S, (8.34)
1 r o

S = 55 [ dae T+Bf(m—13)} + S (8.35)

Fig. 8.2 is a comprehensive diagram representing all the theories that can be re-
covered from the action (8.26). Here, we have not considered unnatural couplings
like R f (Igl’lT) or T'f (ﬁ’l ;{) because |t and T, B are quantities defined in different
connections, so mixed terms like ;% f (ﬁ_lT) are not natural terms to consider. The
above half part of the figure represents different non-local Teleparallel theories and
the below part of it, the standard curvature counterpart. As can be easily seen, only
TEGR and GR dynamically coincide while this is not the case for other theories
defined by T, ]ig and B. From a fundamental point of view, this fact is extremely
relevant because the various representations of gravity can have different dynami-
cal contents. For example, it is well known that f(7') gravity gives second order
field equations while f( ]c-)z) gravity, in metric representation, is fourth order. These
facts are strictly related to the dynamical roles of torsion and curvature and their

discrimination at fundamental level could constitute an important insight to really
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understand the nature of gravitational field (see Cai et al. (2016) for a detailed dis-

cussion).

T + Bf(¢)

T+ (§T+XB)f(¢)C T+Tf(¢)

=Xx=0¢=1

Teleparallel non-local gravity
W0
& =

R+ Rf(—+ )

Standard non-local gravity

Figure 8.2: Relationship between GNLG and other gravity theories. The diagram
shows how to recover the different theories of gravity starting from the scalar-field

representation of the general theory. It should be noted that ¢ = ﬁ_lT and ¢ =

o o

07 !B so that —¢ + o = 7! R. Clearly, the curvature and torsion representations
“converge” only for the linear theories in R, the GR, and in T, the TEGR.

By varying the generalised non-local action (8.26) with respect to the tetrads, one

obtains the following field equations

21 = €/ (0r) — 0) [ ¢0,e5) - X085, ~ LELT] -

— S [@0)/@0)B; — (0°0)(0u0) — 0.60)(06)] — 3[(0* V(Do) EE — (070 0u)
= (0@ +20,[1(6,9)(€ +x) - 0 - | BLS, 7+

(BiC— BivPV,) (€= xf(6,0) = 2T (3.30)
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Let us now take into account the tetrad ej = diag(1,a(t), a(t), a(t)), which repro-
duces the flat FLRW metric ds* = dt* — a(t)*(dz? + dy* 4+ dz*). For this geometry,

the modified FLRW equations are

B0~ 6f +1) = 0o+ 00+ BHE ~xf) +Wpm,  (83T)
(QH+3H)(0—6f +1) = —5(p— 200~ FRH(E+2x) +)

+2H (2¢ +60) + ¢ — K*pm, (8.38)

where p,, and p,, are the energy density and the pressure of the cosmic fluid respec-
tively and dots denote differentiation with respect to the cosmic time. The equations

for the scalar fields can be written as

6H>+3Ho+¢ = 0, (8.39)
6(H+3H*)+3Hp+¢ = 0, (8.40)

—6H (£fy +3xfp) — 6Hx [, +3H(+( = 0, (8.41)
—6H? (Efy +3xfs) —6HXfs +3HO+0 = 0, (8.42)

where the sub-indices represent the partial derivative fy, = 0f/0¢ and f, = 0f /0.
In the following section, the Noether symmetry approach will be used to seek for

conserved quantities.

8.4 The Noether symmetry approach

Let us use the Noether symmetry approach in order to find symmetries and cos-
mological solutions for the generalised action (8.26). For simplicity, hereafter the

vacuum case will be assumed, i.e., p,, = p,, = 0. It can be shown that the torsion
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scalar and the boundary term in a flat FLRW are given by
T=—-6H?, B=—18H?—6H, (8.43)

so that the action (8.26) takes the following form

at i

Sowir = 2 [ a'arf 6 6.0 -0 -1 -6(25 - Diso) -0

a

— — g’xp} . (8.44)

Considering the procedure in Capozziello et al. (1996), one finds that the point-like

Lagrangian is given by
L =6ad*(0+1—£f(¢,0)) +6a’a(xf(h, ) =) —a®bp —a’(p.  (8.45)

Let us now apply a more general formalism than was done in Sec. 5.2.1. The generator

of infinitesimal transformations is given by (Paliathanasis, 2014)
X = X(t,2")0, +n'(t, 2")0; , (8.46)
where 2# = (a, 0, ¢, p, () and the vector 7' is
n'(t,2") = (n“,n(’,ndﬁn@,ng) : (8.47)

In general, each function depends on t and z#. If there exists a function h = h(t, z#)
such that
d\ dh

X1 aa _ ah 4
L+ Ldt o (8.48)

where £ = L(t, 2", 2") is the Lagrangian of a system and X! is the first prolongation

of the vector X (Paliathanasis, 2014), then the Euler-Lagrange equations remain
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invariant under these transformations. The generator is a Noether symmetry of the
system described by £ and the relative integral of motion is given by

oL oL
I =2\ (i#@ —c) —ra (8.49)

The set of generalised coordinates z# = {t, a, 0, ¢, p, (} gives rise to the configuration
space Q@ = {z*,u = 1,...,6} and the tangent space T Q = {z#, "} of the Lagrangian
L = L(t,z", i"). Clearly, the procedure can be applied to many different models
starting from Fig. 8.2.

From Eq. (8.48), considering the general point-like Lagrangian (8.45), the full
Noether conditions give rise to 43 differential equations. However, there are 24

differential equations that can be easily solved giving us the functions

A=A1), h=h(a,0,0,0.¢), ns=nslaé,¥,¢1). (8.50)

The remaining 19 differential equations are the followings:

6hg + a’ngs =0, (8.51)
6h,y + a® (ance — 6x fytae) =0, (8.52)
h+a® (ang; — 6xf sMas) =0, (8.53)
he+a® (61az + any:) =0, (8.54)
a (Mg +Mco) — 6Xfwnape =0, (8.55)
a(Ng.c + Myp) + 6149 =0, (8.56)
6X S 6Ma.0 — anp,s =0, (8.57)
OX S pMay — aney =0, (8.58)
67a,c + anyc =0, (8.59)

ha =60 (Xfonss + XFunps = ce) +12a(Ef =0 = 1)ae =0, (8.60)
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6a (XS — o) +12(0 +1 = Ef)nap — a°nga =0, (8.61)
6X(foMaw + fwnae) —a oy +nce) =0, (8.62)
6(X.f6Mac = Mas) — @ (My,s + o) =0, (8.63)
6Xf 670 —a(Mpp + Moo — A1) — 31, =0, (8.64)
6X S 4Nag = 6May — 3Ma — a(Nyy +1nce —Ai) =0, (8.65)

6a (Xf.sno.6 + XS 00N + XfsMaa + XS Moo + XFowly — XAifo — Nc.s)

+12xf g0 +12(0 + 1 = EfYap — *1lpa = 0, (8.66)
6a (X fene.c + XLwmee = Naa = Nee + M) +12(0 + 1 = € f)nagc

—12n, — a*nyq =0, (8.67)
6a (X.f.Ms0 + XFowlo + X Lo Maa + Mo — M) + XL — c.0)

12X fpta + 1200 +1 = Ef Yoy — @ =0, (8.68)
a(X0F sMo0 = EF o + XS M = Ef o = 26/ M + ENLS + 20000 + 2

g — anea — (0 + l)At) Y041 —Ef)=0. (8.69)

Here commas denote partial derivatives. Clearly, being a system of non-linear partial
differential equations, the solution is not unique. This means that several Noether
symmetries can be selected according to different functions. In the next subsections,
Noether symmetries will be found in specific non-local Lagrangians. The first sub-
section will be focused on the Teleparallel non-local case where f = T'f ([i_lT) and
the second subsection will be focused on the standard non-local curvature case where

RF(O'R).
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8.4.1 Noether symmetries in Teleparallel non-local
gravity with coupling 7'f (ﬁ_lT)

8.4.1.1 Finding Noether symmetries

Let us first study the case where one recovers the Teleparallel non-local case studied
in Sec. 8.1.1. In this case, the torsion scalar T" is coupled to a non-local function
evaluated at the torsion scalar, that is f(O7'7T) = f(¢). For Noether symmetries,

one needs to consider,

fo.0)=f(d), x=0, {=1 and (=0, (8.70)

in the general action (8.26) and thus the point-like Lagrangian (8.45) becomes

L="6a(—f(p)+0+1)a*—a*0¢p. (8.71)

From Egs. (8.50)-(8.69), it can be immediately seen that the dependence on the

coordinates of the Noether vector components is

Ma,0,6,t) = At), (8.72)
Na(a,0,0,t) = na(a,0,0,1), (8.73)
ns(a,0,0,1) = ns(a, 1), (8.74)
mo(a,0,6,t) = ngla,0,t), (8.75)
h(a,0,6,t) = h(a,0,¢). (8.76)

It should be remarked that there is no need to impose any assumption to find the
symmetries. Even though the system is given by 19 differential equations, one can

solve it in full generality. This computation is straightforward but lengthy so it will
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not be explicitly showed here. By solving Eqs. (8.51)-(8.69) for f, one obtains

af' (@) —caf (@) +ca—c3=0, (8.77)

where ¢y, o and c¢3 are constants. There are two non trivial solutions (f # constant)
to (8.77) depending on the value of ¢, i.e.

@¢
e —2+1,  #0,

C2

f(o) = (8.78)
cr + i_?¢7 Cy = Oa

where ¢7 is another integration constant. From (8.32), one can notice that for having
a TEGR (or GR) background we must have that ¢35 = ¢y in the exponential form

and c; = 0 in the linear form. The Noether vector has the following form
1
X = (C4 —+ c5t)8t — 5(62 — c4)a8a + (Cg -+ 029)89 + 018¢, (879)
and the integral of motion is

I = [4d® (c2 — ¢cs) a+ 6ad® (cat + c5)] (= f() + 0+ 1) + ¢g

atc,0 + atcy (0 + 1)¢ —a® (cqt + cs) ¢ . (8.80)

8.4.1.2 Cosmological solutions

In the previous subsection the form of the function f was found to be constrained as
an exponential or a linear form of the non-local term (8.78). It can be shown that
for the linear form, there are no power-law or de-Sitter solution. Here, we will find
solutions for the exponential form of the coupling function.

As pointed out before, it is physically convenient to choose ¢o = ¢3 in order to have
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a GR (or TEGR) background. Hence, in this section, this condition will be assumed
for the constants. For the exponential form of the function f(¢) given by (8.78), the

point-like Lagrangian (8.71) takes now the form

c3¢

L = —6ad? <076 oyl 1) — ¥, (8.81)

so that the Euler-Lagrange equations are given by

C:

29 . c2¢
& 4016’) + 6y H? <C7e A _g— 1) —0,

¢ <4H(C76% —0—-1)— «9925) +H <4CQC7<;56

(8.82)

6H>+3Hd+¢ =0, (8.83)

—6207 H2H 46+ 3HO=0), (8.84)

6H? (—076% +0+1) =06+ 60H> =0, (8.85)

for a, 6, ¢ and the energy equation, respectively. If one considers de-Sitter solution
for the scale factor,

a(t) = e™ = H(t) = Hy,
one immediately finds from (8.83) that

—3Hpt
o(t) = —2Hol — CblgTO e (3.86)

For the sake of simplicity, ¢; = ¢ = 0 will be considered otherwise Eq. (8.84) cannot

be integrated easily. By this assumption, one can directly finds that

O(t) = e 30" [ —c;(3Hot + 1) — b + 0, (8.87)
3H,

where 0; and 6 are integration constants and the branch ¢; = 2¢,/3 was needed to

choose, otherwise Eq. (8.82) cannot be satisfied. Hence, from (8.82) one directly see
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that 0, = —1, giving us the following cosmological solution,
6
a(t) = et @(t) = —2Hpt, 6(t) = e 3Ho! (—07(3H0t +1) — 3?1) —1, (8.88)
0
and
f(¢) = cre™3Hot (8.89)

If one considers that the scale factor behaves as a power-law a(t) = aot?, where p is

a constant, from (8.83) one directly finds that

6p? log(t — 3pt
— p Og( p ) + ¢1 t173p+(b07 (890)

o (t) 1-3p 1-3p

where ¢; and ¢, are integration constants that for simplicity, will be assumed that
are zero, otherwise (8.84) cannot be integrated directly (as was done before). By
doing this, one obtains

et cr(3p — 1)(c1 — 3e1p) _Gegp®
_at™ t — 3pt)a—ias 8.91

0(t)

<P’ and p # 1/3 were

where 0y and 6, are integration constants and also ¢; # (gpfl)Q

assumed since there are not solutions for these other two branches. By replacing

this solution into (8.82) one obtains that ¢y = 01(2+f’2+9p2) and 6, = —1 yielding the

following solution

6p? log(t — 3pt) g a0 g, Oot! P
= = op(1 = 3p)* o 4 o — 1 92
(1) 3y 0(t) = er(1 = 3p)” 0% 4+ —— 5 L (8.92)
(92 —9p+2)s
a(t) =aot’, f(§)=cre & . (8.93)

As seen, the Noether symmetry approach constrained the function f to be either an
exponential or a linear one. Then, it was found that the exponential case admits both

de-Sitter and power-law solutions. Thus, the Noether symmetry approach provides
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a good tool to find cosmological solutions.
8.4.2 Noether symmetries in curvature non-local

@) O (]
gravity with coupling Rf(00'R)
Let us find now Noether symmetries for the case where curvature non-local gravity

is considered. Then, the coupling ]O% f (ﬁfl ]o%) is present in the action. To recover this

case, one must set
fo,9)=f(=¢+¢)=[f(¥), x=1, {=-1, 6=—C. (8.94)

In this way, the point-like Lagrangian (8.45) reads as follows
L =6aa®(f() + 0 + 1) + 6a2a(f (V)¢ + 0) + a*09) . (8.95)

and Noether condition equation (8.48), gives a system of 18 differential equations.

Also this is a special case of that presented in (8.51)-(8.69). The result is
)‘(a79a¢7t) = A(t) and h(a707¢7t) = h(a707¢) ) (896)

and the system reduces to 9 equations. However, the full system is still difficult to
solve without any assumption. A simple assumption is choosing h(a, #,1) = constant.

The last two equations of Noether condition for f(¢) are

2 (W) +erf(@) +er—es = 0, (8.97)

2 f" () + e f/() = 0. (8.98)
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and the Noether vector results to be
1
X = (05 + c4t)8t + §G(C4 — Cl)aa + (63 + 01(9)69 — 2028¢ . (899)

Egs. (8.97) and (8.98) are easily solved and the form of f is

—1+z—?+066_%¢ a#0,
F(w) = . (8.100)

Ce+20732 . c; =0

Again, the form of the function is either exponential or linear in ¥ = ﬁ_l }O{ This
result is very interesting since, without further assumptions than A = const., the sym-
metries give the same kind of couplings for both Teleparallel and curvature non-local
theories. These two couplings can be particularly relevant to get a renormalisable
theory of gravity. As discussed in Modesto & Rachwal (2014, 2017), the form of
the coupling is extremely important to achieve a regular theory. In particular, the
exponential coupling plays an important role in calculations. Here, the symmetry
itself is imposing this kind of coupling. In other words, it is not put by hand but
is related to a fundamental principle, i.e. the existence of the Noether symmetry.
Even though this method has only been used here to find exact solutions, it might
be possible to identify the conserved Noether quantities, which appear from first
principles for each model, to a physical real conserved quantity. However, this has
not been done before due to the increase number of new conserved charges which
appears in modified gravity. Following a similar approach as in Sec. 8.4.1.2, it is
possible to find that curvature non-local gravity admits both de-Sitter and power-
law solutions for the exponential and the linear f. For more details about those
solutions, see Bahamonde et al. (2017c).

Let us stress again one of the most important results of what was found using
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the Noether symmetry approach. It was proved that, in most physically interesting
cases, the only forms of the distortion function selected by the Noether symmetries,
are the exponential and the linear ones. According to the literature (Jhingan et al.,
2008; Nojiri & Odintsov, 2008), this is an important result, because, up to now, these
kinds of couplings were chosen by hand in order to find cosmological solutions while,
in our case, they come out from a first principle. In addition, there is a specific class
of exponential non-local gravity models which are renormalisable (see Modesto &
Rachwal (2014, 2017)). This means that the Noether symmetries dictate the form
of the action and choose exponential form for the distortion function. As discussed
in Bahamonde & Capozziello (2017) (see Sec. 5.2.1), the existence of Noether sym-

metries is a selection criterion for physically motivated models.



Concluding remarks

This thesis dealt with a not so well explored fundamental theory of gravity based
on a manifold with torsion but with vanishing curvature tensor. This theory is
called Teleparallel gravity (TEGR) and its field equations are equivalent to General
Relativity (GR). Perhaps, its lack of study has been related mostly from a historical
point of view since Einstein developed GR before TEGR. Since both theories have
the same equations, they can be seen as fundamental theories of gravity. The physical
interpretation of them is quite different. GR understands gravity as a deformation
of the spacetime and TEGR returns the point of view of thinking that gravity is a
force mediated by the torsion tensor. Then, even though they are equivalent on field
equations, their physical interpretations are very different.

Since it is possible to consider extensions or modifications of GR in order to
explore or solve different theoretical /observational issues, it is also possible to do it
considering Teleparallel gravity as the fundamental theory of gravity. In this thesis,
a plethora of different Teleparallel modified theories of gravity have been presented
with emphasis on constructing theories that can be physically well motivated and
also that can be somehow related to their counterpart related to modifications of
General Relativity. It is not possible to classically distinguish between GR to TEGR
since they have the same field equations but their generalisations are different. A
possible future way to distinguish between which theory of gravity describes better

our Universe is by studying modifications of TEGR (or GR) or also considering
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quantum approaches such as non-local effects. One powerful way to discriminate
between modified theories could be related to their validity to describe the current
cosmological observations or possible new gravitational wave detections.

One of the aims of this thesis was to try to use modified Teleparallel theories
of gravity to tackle some cosmological problems such as the dark energy problem.
It was found that similar to modifications of GR, Teleparallel modified theories are
good candidates to explain all the cosmological history of the Universe; starting
from a Big Bang, facing an inflation era, then passing from a radiation to a matter
dominated era and finally entering a dark energy dominated era. Many Teleparallel
models have been presented and they have been classified and compared with the
standard modified models. In term of cosmology, both approaches tend to be very
successful.

Let us here now try to discuss some advantages when one is working with modifi-
cations of TEGR. All Teleparallel theories of gravity are based on the scalar torsion T’
which contains only first derivatives of tetrads. On the other hand, GR is based on the
Ricci scalar ]O% which depends on second derivatives of the metric tensor. Therefore,
some Teleparallel theories are mathematically simpler than other modified theories
coming from GR. For example, f(7T') gravity is only a second order theory whereas
f( ]o%) is a fourth order theory. Then, for example, further generalisations containing
non-minimally couplings with scalar fields (see Sec. 4.4.2) or matter (see Sec. 5.3) are
mathematically simpler in modified Teleparallel gravity than modified GR. It should
be noted that in those sections, a further generalisation was taken into account
considering couplings with the boundary term B which makes the equations more
difficult, but, in principle those theories coming from Teleparallel gravity only based
on T are mathematically simpler than the ones based with GR. Another interesting
advantage on working within Teleparallel gravity is the possibility of reconstructing

all the models coming from GR just by adding the corresponding boundary terms B
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or B¢ if Gauss-Bonnet terms are considered. Then, one can have a broader family of
theories of gravity when one is considering Teleparallel gravity. It should be remem-
bered again that the relationship _;2 = —T + B is a fundamental relationship which
is derived from the Ricci theorem and then assuming that the spacetime is globally
flat. In modified GR, this is not possible since torsion tensor is identically zero and
therefore Ricci scalar cannot be related to the torsion scalar. Moreover, from the
Ricci theorem, one only obtain that the full curvature Ricci scalar is R = ]o%, where
](32 is the quantity computed with the Levi-Civita connection. Therefore, one cannot
extend modifications of GR in such a way that one can reconstruct/relate modifica-
tions of Teleparallel gravity such as for example f(T') gravity or f(T, L,,) gravity. In
easy words, if one assumes GR as the fundamental theory, one cannot find for ex-
ample, theories such as f(T') gravity or Teleparallel dark energy, but if one assumes
TEGR as the fundamental theory, one can find an equivalent Teleparallel version
of other modifications of GR such as f( ]Oi’) gravity or f( ]o%, L) gravity. This is of
course an advantage since all the models coming from modifications of GR can also
be reconstructed using the boundary terms. This feature was seen in all the sections
related to modified Teleparallel gravity where, it was always possible to construct
the counterpart theory coming from the GR point of view.

Another interesting advantage of TEGR and (its modifications) are that the the-
ory is based on the gauge theory of the translations. It is well known that gravity
cannot be integrated to the other three forces to create a Unified Theory of Every-
thing. However, all the remaining three forces are also based on gauge theories, so
that, in principle, TEGR could be a good candidate in order to construct modifi-
cations or generalisations in order to unify gravity with the other forces. GR on
the other hand cannot be fully written as a gauge theory, therefore, it is from its
basis written in a different language than the other forces. This of course is just

a conjecture since there does not exist a final quantum gravity theory but since
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TEGR is based on the same gauge structure as the other forces, it might be a very
good candidate for constructing quantum gravity theories. One effect that is very
common in quantum gravity is the existence of an intrinsic extended structure in
the geometry of spacetime, and such an extended structure would be related to an
effective non-local behaviour for spacetime. Then, as was seen in Chap. 8, non-local
effects are very natural if they are considered from Teleparallel gravity. This kind of
approaches seem very interesting and natural to follow for future work.

GR is based on the validity of the equivalence principle (see Sec. 2.2.1), therefore,
if this principle is violated at some scales, then GR will be ruled out at those scales.
On the other hand, another advantage about TEGR is that it is consistent with
universality but it is not needed to construct the theory. One can further consider
theories with a generalised Teleparallel force as presented in Sec. 3.5 where univer-
sality is no longer true and the theory is still consistent. This is a very interesting
approach that can be considered for future work in order to see their consequences
in modified gravity.

Only future experiments and observations will tell us about whether modifications
of GR or TEGR could be the most adequate way to understand gravity. We are facing
a very promising era in physics where much accurate data will be available with new
instruments. Gravitational waves opened a new window to discriminate or rule out
modified theories of gravity and in the following years, it will become a more powerful
tool for physicists. TEGR is now viewed by some people as an exotic gravitational
theory but this is only historical. Future experiments could help us on constraining
their modifications and possibly, in the future, TEGR will be considered as a more

natural theory than GR.



Conventions

This thesis works with the standard metric signature notation in Teleparallel gravity
which is 7, = diag(+ — ——). This can be a little confusing since mostly all the
literature based on GR is written in the other metric signature notation. A list of
symbols is presented in Tab. A.1. It should be noted that torsion tensor and its
contractions are denoted without a bullet above from Chapter 3 to avoid writing
them in all the quantities. In Chapter 2, torsion tensor refers to any connection.
Then, other objects constructed with the torsion tensor are also denoted without a
bullet. For example: superpotential S¢,,, contortion tensor K u)\u or boundary term
B are denoted without a bullet above. This means that only covariant derivative and
connections can have a bullet above, meaning that they are computed with respect

to the Weitzenbock connection.
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Mathematical symbol

Convention

(+-—)

Metric signature notation

Greek indices (e.g. a, 8,7, ..) running from 0, 1,2,3

Space-time indices

Latin indices (e.g. a,b, ¢, ..) running from 0, 1,2,3

Tangent space indices

€, Tetrad
Ev Inverse of the tetrad
e = det(ey,) Determinant of the tetrad

c=1and k? = 871G

Coupling gravitational constant in natural units

Ricci curvature Ry, = R,

Riemann curvature contracted first and third index

Quantities without symbols above (e.g. Ro"x, T, Vi, R)

Quantities computed for any general connection

Quantities with o above (e.g. ]%Q“ﬂ, ]O{, 10“;:,,, %u )

Quantities computed with the Levi-Civita connection

Quantities with e above (e.g. Ra*ya, R, T Vi )

Quantities computed with the Weitzenbock connection

Torsion tensor 7™ v, torsion vector T, = ™ A

and torsion scalar T'

uantities computed with the Weitzenbock connection
p

(excepted in Chap. 2 where they refer to any connection)

0= v,V

D’alembertian computed with the Levi-Civita connection

7:u/

Energy-momentum tensor

Table A.1: List of symbols and their conventions. Exceptions of some convention

rules are written explicitly.



Bibliography

Ade, P. A. R., et al. (2014a). Planck 2013 results. XXII. Constraints on inflation.

Astron. Astrophys., 571, A22. arXiv1303.5082

Ade, P. A. R., et al. (2014b). Planck 2013 results. XXIII. Isotropy and statistics of

the CMB. Astron. Astrophys., 571, A23. arXiv1303.5083

Ade, P. A. R., et al. (2016). Planck 2015 results. XX. Constraints on inflation.

Astron. Astrophys., 594, A20. arXiv1502.02114

Aghanim, N., et al. (2018). Planck 2018 results. VI. Cosmological parameters.

arXiv1807.06209

Aldrovandi, R., & Pereira, J. G. (2013). Teleparallel Gravity, vol. 173. Dordrecht:

Springer.

Aldrovandi, R., Pereira, J. G., & Vu, K. H. (2004a). Gravitation without the equiv-

alence principle. Gen. Rel. Grav., 36, 101-110. arXivgr-qc/0304106

Aldrovandi, R., Pereira, J. G., & Vu, K. H. (2004b). Selected topics in teleparallel

gravity. Braz. J. Phys., 3/, 1374-1380. arXivgr-qc/0312008

Amelino-Camelia, G., Ellis, J. R., Mavromatos, N. E., Nanopoulos, D. V., & Sarkar,
S. (1998). Tests of quantum gravity from observations of gamma-ray bursts. Na-

ture, 393, 763-765. arXivastro-ph/9712103



Bibliography

Ashby, N. (2002). Relativity and the global positioning system. Physics Today,

55(5), 41-47.

Atazadeh, K., & Darabi, F. (2012). f(T) cosmology via Noether symmetry. Fur.

Phys. J., C72, 2016. arXiv1112.2824

Baessler, S., Heckel, B. R., Adelberger, E. G., Gundlach, J. H., Schmidt, U., & Swan-
son, H. E. (1999). Improved Test of the Equivalence Principle for Gravitational

Self-Energy. Phys. Rev. Lett., 83, 3585.

Bahamonde, S. (2018). Generalised nonminimally gravity-matter coupled theory.

Eur. Phys. J., C78(4), 326. arXiv1709.05319

Bahamonde, S., & Bohmer, C. G. (2016). Modified teleparallel theories of gravity:

Gauss—Bonnet and trace extensions. Eur. Phys. J., C76(10), 578. arXiv1606.05557

Bahamonde, S., Bohmer, C. G., Carloni, S., Copeland, E. J., Fang, W., & Tamanini,
N. (2017a). Dynamical systems applied to cosmology: dark energy and modified

gravity. arXiv1712.03107

Bahamonde, S., Bohmer, C. G., & Krssdk, M. (2017b). New classes of modified

teleparallel gravity models. Phys. Lett., B775, 37-43. arXiv1706.04920

Bahamonde, S., Bohmer, C. G., & Wright, M. (2015). Modified teleparallel theories

of gravity. Phys. Rev., D92(10), 104042. arXiv1508.05120

Bahamonde, S., & Capozziello, S. (2017). Noether Symmetry Approach in f(7, B)

teleparallel cosmology. Fur. Phys. J., C77(2), 107. arXiv1612.01299

Bahamonde, S., Capozziello, S., & Dialektopoulos, K. F. (2017¢). Constraining Gen-
eralized Non-local Cosmology from Noether Symmetries. Eur. Phys. J., C77(11),

722. arXiv1708.06310

241



Bibliography

Bahamonde, S., Capozziello, S., Faizal, M., & Nunes, R. C. (2017d). Nonlocal

Teleparallel Cosmology. Eur. Phys. J., C77(9), 628. arXiv1709.02692

Bahamonde, S., Marciu, M., & Rudra, P. (2018a). Generalised teleparallel quintom
dark energy non-minimally coupled with the scalar torsion and a boundary term.

JCAP, 1804(04), 056. arXiv1802.09155

Bahamonde, S., Odintsov, S. D., Oikonomou, V. K., & Tretyakov, P. V. (2017e).
Deceleration versus acceleration universe in different frames of F'(R) gravity. Phys.

Lett., B766, 225-230. arXiv1701.02381

Bahamonde, S., Odintsov, S. D., Oikonomou, V. K., & Wright, M. (2016). Corre-
spondence of F(R) Gravity Singularities in Jordan and Einstein Frames. Annals

Phys., 373, 96-114. arXiv1603.05113

Bahamonde, S., & Wright, M. (2015). Teleparallel quintessence with a nonminimal
coupling to a boundary term. Phys. Rev., D92(8), 084034. [Erratum: Phys.

Rev.D93,1n0.10,109901(2016)]. arXiv1508.06580

Bahamonde, S., Zubair, M., & Abbas, G. (2018b). Thermodynamics and cos-
mological reconstruction in f(7, B) gravity. Phys. Dark Univ., 19, 78-90.

arXiv1609.08373

Bamba, K., Capozziello, S., De Laurentis, M., Nojiri, S., & Sdez-Gémez, D. (2013a).
No further gravitational wave modes in F'(T') gravity. Phys. Lett., B727, 194-198.

arXiv1309.2698

Bamba, K., Capozziello, S., Nojiri, S., & Odintsov, S. D. (2012). Dark energy cosmol-
ogy: the equivalent description via different theoretical models and cosmography

tests. Astrophys. Space Sci., 342, 155-228. arXiv1205.3421

Bamba, K., de Haro, J., & Odintsov, S. D. (2013b). Future Singularities and Telepar-
allelism in Loop Quantum Cosmology. JCAP, 1302, 008. arXiv1211.2968

242



Bibliography

Bamba, K., Geng, C.-Q., Lee, C.-C., & Luo, L.-W. (2011). Equation of state for

dark energy in f(7T) gravity. JCAP, 1101, 021. arXiv1011.0508

Basilakos, S., Capozziello, S., De Laurentis, M., Paliathanasis, A., & Tsamparlis,
M. (2013). Noether symmetries and analytical solutions in f(T)-cosmology: A

complete study. Phys. Rev., D88, 103526. arXiv1311.2173

Bengochea, G. R., & Ferraro, R. (2009). Dark torsion as the cosmic speed-up. Phys.

Rev., D79, 124019. arXiv0812.1205

Bertolami, O., Boehmer, C. G., Harko, T., & Lobo, F. S. N. (2007). Extra force in

f(R) modified theories of gravity. Phys. Rev., D75, 104016. arXiv0704.1733

Bertolami, O., Lobo, F. S. N.; & Paramos, J. (2008). Non-minimum coupling of

perfect fluids to curvature. Phys. Rev., D78, 064036. arXiv0806.4434

Bertotti, B., less, L., & Tortora, P. (2003). A test of general relativity using radio

links with the Cassini spacecraft. Nature, 425, 374-376.

Béhmer, C. G. (2016). Introduction to General Relativity and Cosmology, vol. 1.

World Scientific Publishing Europe.

Birrell, N. D., & Davies, P. C. W. (1980). Conformal Symmetry Breaking and

Cosmological Particle Creation in A¢* Theory. Phys. Rev., D22, 322.

Boehmer, C. G., Downes, R. J., & Vassiliev, D. (2011). Rotational elasticity. The

Quarterly Journal of Mechanics & Applied Mathematics, 64(4), 415-439.

Boehmer, C. G., & Lobo, F. S. N. (2009). Stability of the Einstein static universe in

modified Gauss-Bonnet gravity. Phys. Rev., D79, 067504. arXiv(0902.2982

Brans, C., & Dicke, R. H. (1961). Mach’s principle and a relativistic theory of

gravitation. Phys. Rev., 124, 925-935.

243



Bibliography

Cai, Y.-F., Capozziello, S., De Laurentis, M., & Saridakis, E. N. (2016). {f(T) telepar-

allel gravity and cosmology. Rept. Prog. Phys., 79(10), 106901. arXiv1511.07586

Cai, Y.-F., Chen, S.-H., Dent, J. B., Dutta, S., & Saridakis, E. N. (2011). Mat-
ter Bounce Cosmology with the f(T) Gravity. Class. Quant. Grav., 28, 215011.

arXiv1104.4349

Cai, Y.-F., Saridakis, E. N., Setare, M. R., & Xia, J.-Q. (2010). Quintom Cosmology:

Theoretical implications and observations. Phys. Rept., 493, 1-60. arXiv0909.2776

Calcagni, G., & Modesto, L. (2014). Nonlocality in string theory. J. Phys., A47(35),

355402. arXiv1310.4957

Calcagni, G., Modesto, L., & Nardelli, G. (2016). Quantum spectral dimension in

quantum field theory. Int. J. Mod. Phys., D25(05), 1650058. arXiv1408.0199

Callan, C. G., Jr., Coleman, S. R., & Jackiw, R. (1970). A New improved energy -

momentum tensor. Annals Phys., 59, 42-73.

Capozziello, S., & De Felice, A. (2008). f(R) cosmology by Noether’s symmetry.

JCAP, 0808, 016. arXiv0804.2163

Capozziello, S.,; & De Laurentis, M. (2011). Extended Theories of Gravity. Phys.

Rept., 509, 167-321. arXiv1108.6266

Capozziello, S., De Laurentis, M., & Odintsov, S. D. (2012). Hamiltonian dynamics
and Noether symmetries in Extended Gravity Cosmology. FEur. Phys. J., C72,

2068. arXiv1206.4842

Capozziello, S., De Ritis, R., Rubano, C., & Scudellaro, P. (1996). Noether symme-

tries in cosmology. Riv. Nuovo Cim., 19N/, 1-114.

Capozziello, S., & Lambiase, G. (2000). Selection rules in minisuperspace quantum
cosmology. Gen. Rel. Grav., 32, 673-696. arXivegr-qc/9912083

244



Bibliography

Chernikov, N. A., & Tagirov, E. A. (1968). Quantum theory of scalar fields in de

Sitter space-time. Ann. Inst. H. Poincare Phys. Theor., A9, 109.

Chervova, O., & Vassiliev, D. (2010). The stationary weyl equation and cosserat

elasticity. Journal of Physics A: Mathematical and Theoretical, 43(33), 335203.

Cho, Y. M. (1976). Einstein Lagrangian as the Translational Yang-Mills Lagrangian.

Phys. Rev., D1/, 2521. [,393(1975)].

Clifton, T., Ferreira, P. G., Padilla, A., & Skordis, C. (2012). Modified Gravity and

Cosmology. Phys. Rept., 513, 1-189. arXiv1106.2476

Cline, J. M., Jeon, S., & Moore, G. D. (2004). The Phantom menaced: Constraints

on low-energy effective ghosts. Phys. Rev., D70, 043543. arXivhep-ph/0311312

Clowe, D., Bradac, M., Gonzalez, A. H., Markevitch, M., Randall, S. W., Jones, C.,
& Zaritsky, D. (2006). A direct empirical proof of the existence of dark matter.

Astrophys. J., 648, L109-L113. arXivastro-ph/0608407

Cognola, G., Elizalde, E., Nojiri, S., Odintsov, S. D., & Zerbini, S. (2006). Dark
energy in modified Gauss-Bonnet gravity: Late-time acceleration and the hierarchy

problem. Phys. Rev., D78, 084007. arXivhep-th/0601008

Cooray, A., & Sheth, R. K. (2002). Halo models of large scale structure. Phys. Rept.,

372, 1-129. arXivastro-ph /0206508

Copeland, E. J., Sami, M., & Tsujikawa, S. (2006). Dynamics of dark energy. Int.

J. Mod. Phys., D15, 1753-1936. arXivhep-th /0603057

Corbelli, E., & Salucci, P. (2000). The Extended Rotation Curve and the Dark Matter

Halo of M33. Mon. Not. Roy. Astron. Soc., 311, 441-447. arXivastro-ph/9909252

Cosserat, E., Cosserat, F., et al. (1909). Théorie des corps déformables.

245



Bibliography

Damour, T. (2001). Questioning the equivalence principle. Compt. Rend. Acad. Sci.

Ser. IV Phys. Astrophys., 2(9), 1249-1256. arXivgr-qc/0109063

Das, S., & Vagenas, E. C. (2008). Universality of Quantum Gravity Corrections.

Phys. Rev. Lett., 101, 221301. arXiv0810.5333

De Felice, A., & Tsujikawa, S. (2010). f(R) theories. Living Rev. Rel., 13, 3.

arXiv1002.4928

de Haro, J., & Amoros, J. (2013). Nonsingular Models of Universes in Teleparallel

Theories. Phys. Rev. Lett., 110(7), 071104. arXiv1211.5336

de la Cruz-Dombriz, A., & Saez-Gomez, D. (2012). On the stability of the cosmolog-

ical solutions in f(R, Q) gravity. Class. Quant. Grav., 29, 245014. arXiv1112.4481

de la Cruz-Dombriz, 1., Farrugia, G., Said, J. L., & Saez-Gomez, D. (2017). Cosmolog-
ical reconstructed solutions in extended teleparallel gravity theories with a telepar-

allel Gauss—Bonnet term. Class. Quant. Grav., 34(23), 235011. arXiv1705.03867

Deffayet, C., & Woodard, R. P. (2009). Reconstructing the Distortion Function for

Nonlocal Cosmology. JCAP, 0908, 023. arXiv0904.0961

Dent, J. B., Dutta, S., & Saridakis, E. N. (2011). f{(T) gravity mimicking dy-
namical dark energy. Background and perturbation analysis. JCAP, 1101, 009.

arXiv1010.2215

Deser, S., & Tekin, B. (2003). Energy in generic higher curvature gravity theories.

Phys. Rev., D67, 084009. arXivhep-th/0212292

Deser, S., & Woodard, R. P. (2007). Nonlocal Cosmology. Phys. Rev. Lett., 99,

111301. arXiv0706.2151

D’Inverno, R. (1992). Introducing Einstein’s Relativity. Clarendon Press.

246



Bibliography

Dyson, F. W., Eddington, A. S., & Davidson, C. (1920). A Determination of the
Deflection of Light by the Sun’s Gravitational Field, from Observations Made at

the Total Eclipse of May 29, 1919. Phil. Trans. Roy. Soc. Lond., A220, 291-333.

Einstein, A. (1928). Riemann-Geometrie mit Aufrechterhaltung des Begriffes des

Fernparallelismus. Wiley Online Library.

Eliezer, D. A., & Woodard, R. P. (1989). The Problem of Nonlocality in String

Theory. Nucl. Phys., B325, 389.

Elizalde, E., Myrzakulov, R., Obukhov, V. V., & Saez-Gomez, D. (2010). Lamb-
daCDM epoch reconstruction from F(R,G) and modified Gauss-Bonnet gravities.

Class. Quant. Grav., 27, 095007. arXiv1001.3636

Elizalde, E., & Odintsov, S. D. (1995). A Renormalization group improved nonlocal
gravitational effective Lagrangian. Mod. Phys. Lett., A10, 1821-1828. arXivgr-

qc/9508041

Famaey, B., & McGaugh, S. (2012). Modified Newtonian Dynamics (MOND): Ob-
servational Phenomenology and Relativistic Extensions. Living Rev. Rel., 15, 10.

arXiv1112.3960

Feng, B., Wang, X.-L., & Zhang, X.-M. (2005). Dark energy constraints from the

cosmic age and supernova. Phys. Lett., B607, 35-41. arXivastro-ph/0404224

Ferraro, R., & Fiorini, F. (2007). Modified teleparallel gravity: Inflation without

inflaton. Phys. Rev., D75, 084031. arXivgr-qc/0610067

Ferraro, R., & Fiorini, F. (2011a). Non trivial frames for f('T') theories of gravity and

beyond. Phys. Lett., B702, 75-80. arXiv1103.0824

Ferraro, R., & Fiorini, F. (2011b). Spherically symmetric static spacetimes in vacuum

f(T) gravity. Phys. Rev., D84, 083518. arXiv1109.4209

247



Bibliography

Ferraro, R., & Fiorini, F. (2015). Remnant group of local Lorentz transformations

in {(T') theories. Phys. Rev., D91(6), 064019. arXiv1412.3424

Ferraro, R., & Guzmén, M. J. (2018). Hamiltonian formalism for f(T) gravity. Phys.

Rev., D97(10), 104028. arXiv1802.02130

Ford, L. H. (1987). Gravitational Particle Creation and Inflation. Phys. Rev., D35,

2955.

Gaul, M., & Rovelli, C. (2000). Loop quantum gravity and the meaning of dif-
feomorphism invariance. Lect. Notes Phys., 541, 277-324. [,277(1999)]. arXivgr-

qc/9910079

Geng, C.-Q., Lee, C.-C., Saridakis, E. N., & Wu, Y.-P. (2011). “Teleparallel” dark

energy. Phys. Lett., B704, 384-387. arXiv1109.1092

Golovnev, A., Koivisto, T., & Sandstad, M. (2017). On the covariance of teleparallel

gravity theories. Class. Quant. Grav., 34(14), 145013. arXiv1701.06271

Gonzalez, P. A., & Vasquez, Y. (2015). Teleparallel Equivalent of Lovelock Gravity.

Phys. Rev., D92(12), 124023. arXiv1508.01174

Guth, A. H. (1981). The Inflationary Universe: A Possible Solution to the Horizon

and Flatness Problems. Phys. Rev., D23, 347-356.

Harko, T., & Lobo, F. S. N. (2010). f(R,L,,) gravity. Eur. Phys. J., C70, 373-379.

arXiv1008.4193

Harko, T., Lobo, F. S. N., Nojiri, S., & Odintsov, S. D. (2011). f(R,T) gravity.

Phys. Rev., D84, 024020. arXiv1104.2669

Harko, T., Lobo, F. S. N., Otalora, G., & Saridakis, E. N. (2014a). f(T,T) gravity

and cosmology. JCAP, 1412, 021. arXiv1405.0519

248



Bibliography

Harko, T., Lobo, F. S. N.; Otalora, G., & Saridakis, E. N. (2014b). Nonmini-
mal torsion-matter coupling extension of f(T) gravity. Phys. Rev., D89, 124036.

arXiv1404.6212

Hawley, J. F., & Holcomb, K. A. (2005). Foundations of modern cosmology. Oxford

University Press.

Hayashi, K., & Nakano, T. (1967). Extended translation invariance and associated

gauge fields. Prog. Theor. Phys., 38, 491-507. [,354(1967)].

Hayashi, K., & Shirafuji, T. (1979). New General Relativity. Phys. Rev., D19,

3524-3553. [Addendum: Phys. Rev.D24,3312(1982)].

Jhingan, S., Nojiri, S., Odintsov, S. D., Sami, M., Thongkool, 1., & Zerbini, S.
(2008). Phantom and non-phantom dark energy: The Cosmological relevance of

non-locally corrected gravity. Phys. Lett., B663, 424-428. arXiv0803.2613

Kofinas, G., Leon, G., & Saridakis, E. N. (2014). Dynamical behavior in f(T,T¢)

cosmology. Class. Quant. Grav., 31, 175011. arXiv1404.7100

Kofinas, G., & Saridakis, E. N. (2014). Teleparallel equivalent of Gauss-Bonnet

gravity and its modifications. Phys. Rev., D90, 084044. arXiv1404.2249

Krssak, M. (2017a). Holographic Renormalization in Teleparallel Gravity. Fur. Phys.

J., C77(1), 4. arXiv1510.06676

Krssdk, M. (2017b). Variational Problem and Bigravity Nature of Modified Telepar-

allel Theories. arXiv1705.01072

Krssdk, M., & Saridakis, E. N. (2016). The covariant formulation of f(T) gravity.

Class. Quant. Grav., 33(11), 115009. arXiv1510.08432

Lammerzahl, C. (1996). On the equivalence principle in quantum theory. Gen. Rel.
Grav., 28, 1043. arXivgr-qc/9605065

249



Bibliography

Li, B., Sotiriou, T. P., & Barrow, J. D. (2011). f(T) gravity and local Lorentz

invariance. Phys. Rev., D83, 064035. arXiv1010.1041

Loveday, J., Maddox, S. J., Efstathiou, G., & Peterson, B. A. (1995). The Stromlo-
APM Redshift Survey. 2. Variation of galaxy clustering with morphology and lu-

minosity. Astrophys. J., 442, 457. arXivastro-ph/9410018

Lovelock, D. (1971). The Einstein tensor and its generalizations. J. Math. Phys.,

12, 498-501.

Maeda, K.-i. (1986). Stability and Attractor in Kaluza-Klein cosmology. Class.

Quant. Grav., 3, 233.

Maggiore, M. (1993). A Generalized uncertainty principle in quantum gravity. Phys.

Lett., B30/, 65-69. arXivhep-th/9301067

Major, S. A., & Seifert, M. D. (2002). Modeling space with an atom of quantum

geometry. Class. Quant. Grav., 19, 2211-2228. arXivgr-qc/0109056

Maluf, J. W. (2013). The teleparallel equivalent of general relativity. Annalen Phys.,

525, 339-357. arXiv1303.3897

Maluf, J. W., & Faria, F. F. (2012). Conformally invariant teleparallel theories of

gravity. Phys. Rev., D85, 027502. arXiv1110.3095

Mannheim, P. D. (2006). Alternatives to dark matter and dark energy. Prog. Part.

Nucl. Phys., 56, 340-445. arXivastro-ph/0505266

Marciu, M. (2016). Quintom dark energy with nonminimal coupling. Phys. Rev.,

D95(12), 123006.

Martin, J. (2012). Everything You Always Wanted To Know About The Cosmological
Constant Problem (But Were Afraid To Ask). Comptes Rendus Physique, 13, 566—
665. arXiv1205.3365

250



Bibliography

Martin, J., Ringeval, C., Trotta, R., & Vennin, V. (2014). The Best Inflationary

Models After Planck. JCAP, 1403, 039. arXiv1312.3529

McCrea, W. H., & Milne, E. A. (1934). Newtonian universes and the curvature of

space. The quarterly journal of mathematics, (1), 73-80.

Misner, C. W., Thorne, K. S., & Wheeler, J. A. (1973). Gravitation. San Francisco:

W. H. Freeman.

Modesto, L. (2016). Super-renormalizable or finite Lee-Wick quantum gravity. Nucl.

Phys., B909, 584-606. arXiv1602.02421

Modesto, L., Moffat, J. W., & Nicolini, P. (2011). Black holes in an ultraviolet

complete quantum gravity. Phys. Lett., B695, 397-400. arXiv1010.0680

Modesto, L., & Rachwal, L. (2014). Super-renormalizable and finite gravitational

theories. Nucl. Phys., B889, 228-248. arXiv1407.8036

Modesto, L., & Rachwal, L. (2017). Nonlocal quantum gravity: A review. Int. J.

Mod. Phys., D26(11), 1730020.

Modesto, L., & Shapiro, I. L. (2016). Superrenormalizable quantum gravity with

complex ghosts. Phys. Lett., B755, 279-284. arXiv1512.07600

Mohr, P. J., Newell, D. B., & Taylor, B. N. (2016). CODATA Recommended Values
of the Fundamental Physical Constants: 2014. Rev. Mod. Phys., 88(3), 035009.

arXiv1507.07956

Mgller, C. (1961). Conservation laws and absolute parallelism in general relativity.

Nordita Publ., 64, 50.

Moore, B., Ghigna, S., Governato, F., Lake, G., Quinn, T. R., Stadel, J., & Tozzi,
P. (1999). Dark matter substructure within galactic halos. Astrophys. J., 524,
L19-1.22. arXivastro-ph/9907411

251



Bibliography

Myrzakulov, R. (2012). FRW Cosmology in F(R,T) gravity. Fur. Phys. J., C72,

2203. arXiv1207.1039

Navarro, J. F., Frenk, C. S., & White, S. D. M. (1996). The Structure of cold dark

matter halos. Astrophys. J., 462, 563-575. arXivastro-ph/9508025

Nesseris, S., Basilakos, S., Saridakis, E. N., & Perivolaropoulos, L. (2013). Vi-
able f(T') models are practically indistinguishable from ACDM. Phys. Rev., D88,

103010. arXiv1308.6142

Nojiri, S., & Odintsov, S. D. (2006). Introduction to modified gravity and gravita-
tional alternative for dark energy. eConf, C0602061, 06. [Int. J. Geom. Meth.

Mod. Phys.4,115(2007)]. arXivhep-th/0601213

Nojiri, S., & Odintsov, S. D. (2008). Modified non-local-F(R) gravity as the key for

the inflation and dark energy. Phys. Lett., B659, 821-826. arXiv(0708.0924

Nojiri, S., & Odintsov, S. D. (2011). Unified cosmic history in modified gravity:
from F(R) theory to Lorentz non-invariant models. Phys. Rept., 505, 59-144.

arXiv1011.0544

Nojiri, S., Odintsov, S. D., & Oikonomou, V. K. (2017). Modified Gravity Theories
on a Nutshell: Inflation, Bounce and Late-time Evolution. Phys. Rept., 692, 1-104.

arXiv1705.11098

Nojiri, S., Odintsov, S. D., & Sasaki, M. (2005). Gauss-Bonnet dark energy. Phys.

Rev., D71, 123509. arXivhep-th/0504052

Nunes, R. C. (2018). Structure formation in f(7") gravity and a solution for Hj

tension. JCAP, 1805(05), 052. arXiv1802.02281

Odintsov, S. D., Oikonomou, V. K., & Saridakis, E. N. (2015). Superbounce and

252



Bibliography

Loop Quantum Ekpyrotic Cosmologies from Modified Gravity: F(R), F(G) and

F(T) Theories. Annals Phys., 363, 141-163. arXiv1501.06591

Otalora, G., & Saridakis, E. N. (2016). Modified teleparallel gravity with higher-

derivative torsion terms. Phys. Rev., D94 (8), 084021. arXiv1605.04599

Paliathanasis, A. (2014). Symmetries of Differential equations and Applications in
Relativistic Physics. Ph.D. thesis, Athens U. arXiv1501.05129
URL https://inspirehep.net/record/1340442/files/arXiv:1501.05129.

pdf

Perlmutter, S., et al. (1999). Measurements of Omega and Lambda from 42 high

redshift supernovae. Astrophys. J., 517, 565-586. arXivastro-ph/9812133

Pound, R. V., & Snider, J. L. (1965). Effect of Gravity on Gamma Radiation. Phys.

Rev., 140, B788-B803.

Ratra, B., & Peebles, P. J. E. (1988). Cosmological Consequences of a Rolling

Homogeneous Scalar Field. Phys. Rev., D37, 3406.

Riess, A. G., et al. (1998). Observational evidence from supernovae for an accelerating
universe and a cosmological constant. Astron.J., 116, 1009-1038. arXiv:astro-

ph/9805201

Riess, A. G., et al. (2016). A 2.4% Determination of the Local Value of the Hubble

Constant. Astrophys. J., 826(1), 56. arXiv:1604.01424

Roll, P. G., Krotkov, R., & Dicke, R. H. (1964). The Equivalence of inertial and

passive gravitational mass. Annals Phys., 26, 442-517.

Rubin, V. C.; Thonnard, N., & Ford, W. K., Jr. (1980). Rotational properties of
21 SC galaxies with a large range of luminosities and radii, from NGC 4605 /R =

4kpe/ to UGC 2885 /R = 122 kpe/. Astrophys. J., 238, 471.

253


https://inspirehep.net/record/1340442/files/arXiv:1501.05129.pdf
https://inspirehep.net/record/1340442/files/arXiv:1501.05129.pdf

Bibliography

Ryden, B. (2016). Introduction to cosmology. Cambridge University Press.

Sakharov, A. D. (1968). Vacuum quantum fluctuations in curved space and the

theory of gravitation. Sov. Phys. Dokl., 12, 1040-1041. [,51(1967)].

Schlamminger, S., Choi, K. Y., Wagner, T. A., Gundlach, J. H., & Adelberger, E. G.
(2008). Test of the equivalence principle using a rotating torsion balance. Phys.

Rev. Lett., 100, 041101. arXiv0712.0607

Seveso, L., & Paris, M. G. A. (2017). Can quantum probes satisfy the weak equiva-

lence principle? Annals Phys., 380, 213-223. arXiv1612.07331

Shapiro, I. I.; Ash, M. E., Ingalls, R. P., Smith, W. B., Campbell, D. B., Dyce, R. B.,
Jurgens, R. F., & Pettengill, G. H. (1971). Fourth test of general relativity - new

radar result. Phys. Rev. Lett., 26, 1132-1135.

Shapiro, L. I., Counselman, C. C., & King, R. W. (1976). Verification of the Principle

of Equivalence for Massive Bodies. Phys. Rev. Lett., 36, 555—558.

Sotiriou, T. P., & Faraoni, V. (2010). f(R) Theories Of Gravity. Rev. Mod. Phys.,

82, 451-497. arXiv0805.1726

Sotiriou, T. P., Li, B., & Barrow, J. D. (2011). Generalizations of teleparallel gravity

and local Lorentz symmetry. Phys. Rev., D83, 104030. arXiv1012.4039

Spergel, D. N., et al. (2007). Wilkinson Microwave Anisotropy Probe (WMAP)
three year results: implications for cosmology. Astrophys. J. Suppl., 170, 377.

arXivastro-ph /0603449

Stephani, H., Kramer, D., MacCallum, M., Hoenselaers, C., & Herlt, E. (2009).

Exact solutions of Einstein’s field equations. Cambridge University Press.

't Hooft, G. (1996). Quantization of point particles in (2+1)-dimensional gravity and
space-time discreteness. Class. Quant. Grav., 13, 1023-1040. arXivgr-qc/9601014

254



Bibliography

Tamanini, N., & Boehmer, C. G. (2012). Good and bad tetrads in f(T) gravity.

Phys. Rev., D86, 044009. arXiv1204.4593

Touboul, P., Metris, G., Lebat, V., & Robert, A. (2012). The MICROSCOPE
experiment, ready for the in-orbit test of the equivalence principle. Class. Quant.

Grav., 29, 184010.

Touboul, P., et al. (2017). MICROSCOPE Mission: First Results of a Space Test of

the Equivalence Principle. Phys. Rev. Lett., 119(23), 231101. arXiv1712.01176
Wald, R. M. (1984). General Relativity.

Wang, Z.-Y., Liu, R.-Y., & Wang, X.-Y. (2016). Testing the equivalence principle
and Lorentz invariance with PeV neutrinos from blazar flares. Phys. Rev. Lett.,

116(15), 151101. arXiv1602.06805

Wei, H., Guo, X.-J., & Wang, L.-F. (2012). Noether Symmetry in f(7T') Theory.

Phys. Lett., B707, 298-304. arXiv1112.2270

Weinberg, S. (1972). Gravitation and cosmology: principles and applications of the

general theory of relativity, vol. 1. Wiley New York.

Weinberg, S. (1989). The Cosmological Constant Problem. Rev. Mod. Phys., 61,

1-23. [,569(1988)].

Weinberg, S. (2000). The Cosmological constant problems. In Sources and detection
of dark matter and dark energy in the universe. Proceedings, 4th International
Symposium, DM 2000, Marina del Rey, USA, February 23-25, 2000, (pp. 18-26).
arXivastro-ph /0005265
URL http://www.slac.stanford.edu/spires/find/books/www?cl=QB461:

I57:2000

255


http://www.slac.stanford.edu/spires/find/books/www?cl=QB461:I57:2000
http://www.slac.stanford.edu/spires/find/books/www?cl=QB461:I57:2000

Bibliography

Weitzenbock, R. (1923). Invariantentheorie, noordhoff, groningen. Invarianten The-

orie. Nordhoff, Groningen.

Wetterich, C. (1988). Cosmology and the Fate of Dilatation Symmetry. Nucl. Phys.,

B302, 668-696. arXiv1711.03844

Wheeler, J. A.; & Ford, K. (2000). Geons, black holes and quantum foam: a life in

physics.

Will, C. M. (2014). The Confrontation between General Relativity and Experiment.

Living Rev. Rel., 17, 4. arXiv1403.7377

Wright, M. (2016). Conformal transformations in modified teleparallel theories of

gravity revisited. Phys. Rev., D93(10), 103002. arXiv1602.05764

Wu, P, & Yu, H. W. (2010a). Observational constraints on f(7") theory. Phys. Lett.,

B693, 415-420. arXiv1006.0674

Wu, P., & Yu, H. W. (2010b). The dynamical behavior of f(7T') theory. Phys. Lett.,

B692, 176-179. arXiv1007.2348

Wu, P., & Yu, H. W. (2011). f(T") models with phantom divide line crossing. Fur.

Phys. J., C71, 1552. arXiv1008.3669

Yang, R.-J. (2011). Conformal transformation in f(7°) theories. EPL, 93(6), 60001.

arXiv1010.1376

Zlatev, 1., Wang, L.-M., & Steinhardt, P. J. (1999). Quintessence, cosmic coinci-
dence, and the cosmological constant. Phys. Rev. Lett., 82, 896-899. arXivastro-

ph/9807002

Zubair, M., Bahamonde, S., & Jamil, M. (2017). Generalized Second Law of
Thermodynamic in Modified Teleparallel Theory. Fur. Phys. J., C77(7), 472.
arXiv1604.02996

256



	Abstract
	Impact statement
	Preface
	Introduction
	The Theory of General relativity
	A theory of curved spacetime
	Basic principles of the theory
	Equivalence principle
	 Weak equivalence principle
	Strong equivalence principle

	General Covariance principle
	Lorentz covariance principle
	Causality and relativity principles
	Mach's Principle

	Important mathematical quantities
	Metric tensor
	Geodesic equation
	Covariant derivative, connections and parallel transportation
	Curvature tensor, Ricci scalar, scalar curvature and torsion tensor

	Einstein field equations
	Newton's law of Universal Gravitation
	Einstein field equations

	Friedmann-Lemaître-Robertson-Walker cosmology
	Newtonian Cosmology
	FLRW Cosmology and CDM model
	FLRW cosmology
	A very brief history of the Universe
	CDM model
	The Cosmological constant problem



	Teleparallel gravity
	An alternative description of gravity: Teleparallel gravity
	Tetrads and linear frames
	Gravitational gauge theory of the translations
	Action, field equations and equivalence with GR
	The Teleparallel force equation

	f(T) gravity and Teleparallel scalar-tensor theories
	Why do we want to modify TEGR (or GR)?
	Lorentz transformations
	f(T) gravity
	Action and field equations
	Good and bad tetrads
	FLRW Cosmology

	Scalar-tensor theories
	Brans-Dicke and scalar-tensor theories
	Teleparallel scalar-tensor theories
	Teleparallel quintom models


	f(T,B) and its extension non-minimally coupled with matter
	General equations
	Some important special theories
	Lorentz covariance
	Conservation equations

	FLRW Cosmology
	Noether symmetry approach
	f(T,B)=f(T)
	f(T,B)=f(-T+B)=f(R)
	f(T,B)=T+F(B)

	Reconstruction method in f(T,B) gravity
	Power-law Cosmology
	de-Sitter reconstruction
	CDM reconstruction
	Reconstruction method in f(T,B)=T+F(B) cosmology


	Generalised non-minimally gravity matter-coupled theory

	f(T_ax,T_ten,T_vec,B) gravity
	Torsion decomposition and other Teleparallel gravity theories
	New class of modified Teleparallel gravity models
	Variations and field equations
	Variations of T_vec and T_ax
	Variations of T_ten
	Field equations
	Inclusion of parity violating terms and higher-order invariants
	Inclusion of the boundary term and derivatives of torsion

	Conformal transformations
	Basic equations
	Minimal and non-minimal couplings

	Connection with other theories

	f(T,B,T_G,B_G,T) gravity
	Gauss-Bonnet term
	Example: FLRW spacetime with diagonal tetrad
	Example: static spherically symmetric spacetime – isotropic coordinates
	Example: FLRW spacetime – good tetrad

	Modified Teleparallel theory: Gauss-Bonnet and trace extension
	Action and variations
	Variation of B_G
	Variation of T_G 

	Equations of motion and FLRW example
	Energy-momentum trace extension and connection with other theories


	Teleparallel non-local theories
	Teleparallel non-local gravity
	Action and field equations

	Teleparallel non-local cosmology
	Generalised non-local gravity and cosmology 
	The Noether symmetry approach
	Noether symmetries in Teleparallel non-local gravity with coupling Tf(^-1T)
	Finding Noether symmetries
	Cosmological solutions

	Noether symmetries in curvature non-local gravity with coupling Rf(^-1R)


	Concluding remarks
	Appendix
	Conventions

