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Introduction

Gravity is one of the four fundamental interactions in nature, among elec-
tromagnetism, weak and strong nuclear forces; in particular, it is the weak-
est of all.

The Greek philosopher Aristotle gave one of the earliest attempts of ex-
planation of gravity by dividing the universe into terrestrial and celestial
spheres, with the idea that all bodies move toward their natural place. It
was Aristotle who first thought that objects with different masses should
fall at different rates. This supposition failed when, between the 16th and
17th century, Galilei conducted his experiments on gravity using inclined
planes, pendulums and telescopes, showing experimentally that all the ob-
jects accelerate toward the Earth uniformly if we neglect resistant forces.
It was the first primordial formulation of the Equivalence Principle.

A consistent theory of gravity was proposed by Newton in 1687 in his trea-
tise "Philosophiae naturalis principia mathematica", where he formulated
the inverse-square law of universal gravitation. The most important con-
ceptual ideas introduced by the Newton’s theory of gravity are: space and
time are two absolute entities, i.e. all the physical phenomena take place in
a non dynamical background; gravitational and inertial masses coincide,
i.e. the so called Equivalence Principle.

The idea of the absolute space, the failure of the theory to explain the ex-
cess precession of Mercury’s orbit, together with the incompatibility of
Special Theory of Relavity with the Newton’s theory were some of the
reasons that led Einstein to formulate the General Relativity in 1915 [28].
General Relativity suggests that gravity is no longer a force, as Newton
proposed, but instead it is just the effect of geometry, i.e. it is the curva-
ture of spacetime that causes objects to fall down to Earth. Time is not an
absolute notion and it depends on the position, in a gravitational field, in
which it is measured. Space and time, together, form the notion of space-



time.

Although General Relativity passed numerous tests over the years, for ex-
ample the three classic tests proposed by Einstein himself (the perihelion
precession of Mercury’s orbit, the deflection of light by the Sun and the
gravitational redshift of light), gravitational lensing and the direct detec-
tion of gravitational waves in 2016 [1, 2} 3], it is not free from defects.

A first shortcoming is the inability of General Relativity to be integrated in
a more general theory with Quantum Field Theory. The main conceptual
problem is that the Quantum Field Theory assumes the spacetime to be
non-dynamical, while in General Relativity the spacetime is a dynamical
quantity [15]].

From a cosmological point of view it exists the so called problem of the
dark approach. To explain why the universe is currently undergoing an
accelerated expansion phase, a new cosmological model, usually referred
to as the Concordance Model or A Cold Dark Matter (AC' D M) model, was
introduced. The AC DM model assumes that the universe is dominated by
an unclustered fluid with negative pressure commonly referred to as dark
energy, which drives the accelerated expansion. A candidate for dark en-
ergy is the cosmological constant A [24, 39]. The ACDM fails to explain
why the inferred value of A is 120 orders of magnitude lower in compar-
ison with the typical value of the vacuum energy density predicted by
Standard Model [25], and the coincidence problem, i.e. the energy density
of the cosmological constant, as indicated by cosmological observations,
has the same order of magnitude with the energy density of the matter
content of the universe.

As a possible solution to these problems it was thought to replace the cos-
mological constant with a scalar field ¢ rolling slowly down a flat section
of a potential V' (¢). This model is called quintessence [27, [18], however
it still has the coincidence problem since the dark energy and matter den-
sities evolve differently and reach comparable values only during a very
short time of history of the universe, coinciding right at present era.

In response to these and other shortcomings of General Relativity, sev-
eral alternative theories of gravity arose, some of which will be discussed
in this thesis. In particular, we will focus on the role that the affine con-
nection plays in various theories of gravity and we will also focus on three
quantities dependent on it, which constitute the so called trinity of gravity:
the curvature, which measures how much a vector rotates along a closed
curve; the torsion, which measures how much two vectors that are par-
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allel transported to each other are twisted, and the non-metricity, which
instead measures how much the length of a vector varies when it is par-
allel transported. Depending on what value these three quantities assume
we can obtain different theories of gravity. We will concentrate on theories
that are obtained by removing two quantities out of curvature, torsion and
non-metricity.

Initially we will show basic concepts useful for our study, such as the def-
inition of connection or isometries, and then we will concentrate on how
to modify the affine connection in presence of metric and manifold defor-
mations.

Then, we will focus on the theories obtainable from the trinity. First we
will deal with the case in which the curvature is the only non-zero quantity
and we will study the various approaches that can be obtained depending
on which one between the metric and the connection assumes the value
of dynamic variable. We will start from General Relativity, a purely met-
ric theory, which leads to the result that the connection must necessarily
be the Levi-Civita one. Later we will be interested in theories where the
metric is put in the background with respect to the connection, which as-
sumes the value of unique dynamic variable. In this framework we will
open a small parenthesis in which we will see that by imposing a non-zero
torsion we can naturally recover the concept of cosmological constant. Fi-
nally we will discuss an approach to gravitation in which both the metric
and the connection have the value of a dynamic variables but relegated to
two different roles, the metric is the one that regulates the causal structure
while the connection governs the geodesic one.

Afterwards, we will consider "teleparallel" theories, where curvature is
null. In particular, we will take in account the Teleparallel Equivalent to
General Relativity, which is a gravitational gauge theory where the con-
nection has the torsion as the only non-zero quantity out of the trinity
ones. In this theory the geometric character of gravity imposed by General
Relativity is lost and gravity is to be considered again as a force. The other
teleparallel theory considered is the Symmetric Teleparallel Equivalent to
General Relativity, where it is the non-metricity that dominates. This is
a theory in which there is ferment in recent years since non-metricity im-
plies the possible invalidity of the Equivalence Principle.

In the last part we will analyse the study of a generic affine connection
through which it is possible to catalog, in addition to the theories we
considered, all the theories that can be distinguished according to which
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quantities out of the trinity ones are taken into account.



Chapter 1

The Equivalence Principle

Already known to Galilei thanks to his free fall experiments, the Equiv-
alence Principle(EP) was formulated by Newton in "Philosophiae natu-
ralis principia mathematica": it asserts the equivalence between the iner-
tial mass m;, i.e. the property of a body to resist to being accelerated by
a force F = mja, and the gravitational mass m,, i.e. the coefficient that
appears in the Newtonian gravitational attraction law F, = Gym,M,r/r*:

m; = my. (1.1)

Today this is known as Weak Equivalence Principle (WEP) and the present
accuracy of equivalence is of the order of 10~'° [44]. However there are dif-
terent proposals for new experiments that would lead to the improvement
of this estimate, one of them is SAGE [43]] where the use of a multi-satellite
configuration is considered.

The WEP implies that it is impossible to distinguish, locally, between the
effects of a gravitational field from those experienced in uniformly accel-
erated frames using the simple observation of the free-falling particles be-
haviour.

Thanks to Special Relativity, Einstein generalised this concept not only for
free-falling particles but to any experiment. This principle is called Ein-
stein Equivalence Principle (EEP) and it states [19]:

* Weak Equivalence Principle is valid;

* the outcome of any local non-gravitational test experiment is inde-
pendent of velocity of free-falling apparatus;
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CHAPTER 1. THE EQUIVALENCE PRINCIPLE

¢ the outcome of any local non-gravitational test experiment is inde-
pendent of where and when it is performed.

It is defined as local non-gravitational experiment an experiment per-
formed in a small-size freely falling laboratory. It follows from the EEP
that the gravitational interaction must be described in terms of a curved
spacetime, i.e. the postulates of the so-called metric theories of gravity
have to be satisfied:

* spacetime is endowed with a metric g,,;
* the world lines of test bodies are geodesics of the metric;

e in local freely falling frames, called local Lorentz frames, the non-
gravitational laws of physics are those of Special Relativity.

There is another EP that is distinct from the WEP and EEP due to inclusion
of self-gravitating bodies and local gravitational experiments, it is called
Strong Equivalence Principle (SEP) and it states:

* Weak Equivalence Principle is valid for self-gravitating bodies as
well as for test bodies;

¢ the outcome of any local test experiment is independent of the veloc-
ity of the free-falling apparatus;

* the outcome of any local test experiment is independent of where
and when it is performed.

Of course WEP is recovered when the gravitational forces are ignored.

1.1 Tests of the Weak Equivalence Principle:
the torsion-balance experiments

Among the various tests of the WEP [Table[1.1]], the experiments based on
the torsion-balance deserve a mention due to the fact that the first high
precision experiment was performed by E6tvos precisely by using one of
them.

A torsion-balance consists in two masses of different composition con-
nected by a rod and suspended by a thin wire. If the inertial mass was
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CHAPTER 1. THE EQUIVALENCE PRINCIPLE

different from the gravitational one, then the gravity and the centrifugal
force would not compensate each other and eventually the rod would ro-
tate.

How to quantify a possible violations of WEP? Let us assume, for exam-
ple, that the inertial mass m; differs in a system from the gravitational one

according to
A

E
mg = my + EAHA?, (12)

where E4 is the internal energy of the body generated by interaction A
and 7" is a dimensionless parameter quantifying the violation of the WEP
induced by this interaction. Thus, the acceleration of a body is given by

EA
azg(l—i—EAnA ) : (1.3)

m;c?

We define a quantity called E6tvos ratio as the relative difference in accel-
eration between two different bodies:
Ef B

‘Cll — 0/2’ .

= ) 1.4
]al +Cl2‘ ( )

San?

n=2

mi1 C2 mi202

The measured value of 7 provides information on the WEP-violation pa-
rameters 1.

Researchers Method Limit on |7|
Newton(1686) Pendulum 10°
Bessel(1832) Pendulum 2.107°
Eotvos, Pekar and Fekete(1922) Torsion-balance 5-107°
Potter(1923) Pendulum 3-10°°¢
Renner(1935) Torsion-balance 2-107°
Roll, Krotkov and Dicke(1964) Torsion-balance 3 - 10~
Keiser and Fallen(1981) Fluid support 41071
Baessel et all.(1999) Torsion-balance  5-10714
MICROSCOPE(2017) Earth orbit 1071

Table 1.1: Tests of the Weak Equivalence Principle.



CHAPTER 1. THE EQUIVALENCE PRINCIPLE

1.2 The geodesic equation

In this last section we want to show that the free fall motion of a test par-
ticle is given by the geodesic equation due to the EP.

If we are in a locally inertial frame, where by the EP we are able to elim-
inate the gravitational force, the equations of motion would be that of a
free particle:

d>yH
p— 10
=0 (15)
where
ds® = napdy®dy” (1.6)
is the line element, with
Nap = diag(l,—1,—1,—1) (1.7)
the Minkowski metric. Performing the coordinate transformations
y' =yt (") (1.8)
we get
Pyt _d (A d 0y d (o) dit | oyt
ds® ds\ ds )] ds\ox* ds | ds\0x*) ds = Ox> ds? (1.9)
Pyt dax® dxf n oyt d?z* B
S 0x°02P ds ds @ Ox> ds?
Multiplying by dz*/dy* the Eq.(1.9) becomes
oz* 9*y* da® dxf  d’z?
= 1.1
Oyt dxeoxr ds ds + ds? 0 (1.10)
which can be written as
d?a y  dx? dz?
—_ = 1.11
ds? e ds ds 0 (11D
with ot 2
m
M, =T, =27 (1.12)

P7 T yt Dz P



CHAPTER 1. THE EQUIVALENCE PRINCIPLE

Eq.(L.11) is the geodesic equation and the quantities are called affine
connections, these ones express the gravitational force that acts on the par-
ticle. The geodesic equation show us that the affine connections give the
apparent forces, in the absence of a gravitational field, if we perform a
transformation from a locally inertial frame to another generic frame. This
manifests the equivalence between inertial and gravitational forces.



Chapter 2

Isometries and Killing equations

In this chapter we want to discuss about isometries, transformations which
preserve the metric, and the equations satisfied by the generators of these
transformations [36]. However, before this, we must set the geometrical
framework and define the Levi-Civita connection.

2.1 Geometrical structure

Spacetime is described by a 4-dimensional differentiable manifold M. We
can define on it a metric

g = gudzdz”, 9., = gupu, (2.1)

which is a rank-2 symmetric covariant tensor. The metric defines a scalar
product on the manifold between two vectors IV and W

gV, W) = g, VW, 2.2)

By definition, the metric is assumed to be non-degenerate, g = det(g,,) #
0, this allows to determine the inverse matrix g*” such that g"/g,, = 4§.
Thanks to this we can establish, in every point p of manifold, an iso-
morphism between the tangent space V,, and the dual one V. We use
a Lorentzian metric, i.e. a metric with a signature 2.

Independently to the metric, we can define the affine connection I'* .. It
introduces a local isomorphism of tangent spaces at different points = of

10



CHAPTER 2. ISOMETRIES AND KILLING EQUATIONS

the manifold, by specifying a rule that maps a vector V' at a point z into a
vector W at an infinitely near point z + du:

VA=W - V* = T Vida”. (2.3)

Defining a connection structure, we introduce the covariant derivative of
a tensor:

VAT Ay = O+ TP,
+ F'unApT'ul"'pm...z/m - Fp)\qu'ulm#nP---Vm T (24)

—T?,,, THitn,

1.

1..0°

The connection also defines the notion of parallel transport. Let y(t) be a
curve in M, specified by the parametric equations v(t) = {z*}. We define
the covariant derivative of a tensor field 7" along this curve as

dl"  dz*

The tensor 7' is said to be parallel transported along ~(¢) when it satisfies
the condition:
ViV, T = 0. (2.6)

with V# = da* /dt. Geodesics are particular curves whose tangent vectors
remain parallel when they are transported along them:

VEV, VY = a(t)V". (2.7)
Geodesics are said to be affine-parameterized if a(t) = 0, with ¢ the affine

paramater. In this situation, Eq.(2.7) becomes

Az

ds?

VAV, VY =0 = T, VIV (2.8)

Thanks to the connection and the covariant derivative, we define the quan-
tities

T)\HV = 2F>‘[MV], (29)
Q)\;w = V)\QW - &\gw - Fp)\ugpu - Fp)\ugupu (210)
R = 0,0%, — 9,0, + T35, — T, Ty, (2.11)
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CHAPTER 2. ISOMETRIES AND KILLING EQUATIONS

which are respectively the torsion tensor, the non-metricity tensor and the
Riemann tensor.

Contraction of the first index with the third one of the Riemann tensor
gives the Ricci tensor,

R® o = Ry, (2.12)
from which, using the metric, we get the Ricci scalar
R=g¢"R,,. (2.13)

It is useful to underline that torsion, non-metricity and curvature, which is
given by the Riemann tensor, are all properties of the connection and not
of the spacetime.

2.2 The Levi-Civita connection

Recovering the argument of the last chapter, let us take in account the
transformations

¥ = y(a). (2.14)

Under these transformations the metric becomes
g = Napdy“dy’ = ﬁagg udm“gy dz” = g, datdz”, (2.15)

where 540 5
G = Gops = Thap ai“ aiy. (2.16)

Deriving this equation with respect to 2%, we get

0%z OyP N oy~ 9%y°
B Dandz dxv P Yk B d
From Eq.(1.12), we achieve

B dy* oy’ , Oy’ oy
a)\guy — na,b’r ,u)\a P Ox? + Nap V)\W@ gpur UA + gpuF 2% (218)

NG = (2.17)

Finally, permuting the indices, we write the Levi-Civita connection:

A 1
F/\ul’ - {MV} - §g>\p (0u9vp + OuGup — OpGu) - (2.19)
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CHAPTER 2. ISOMETRIES AND KILLING EQUATIONS

Thus, if we start from the statement of the WEP, we find a metric de-
pendent affine connection. The relation (2.19) can also be derived by the
metric-compatibility relation

VG =0, (2.20)

imposing a null torsion.

2.3 Killing equations

A transformation y : z* — y”(x#) is an isometry if it preserves the metric:

dy* Oy’ _
glu/(x) = @@gaﬁ(y)' (221)

Let us consider the infinitesimal transformation
y*=a"+e”*  e€—0 (2.22)

where ¢ is the vector field that generates the transformation. Substituting
this transformation in Eq.(2.21), we obtain

() = (52“ ;; ) (55 + 65) 1)

« a B
~Guu0) + € () + €00 gus(y) + o).

(2.23)

In the last line we have replace g, with g, since the two tensors differ by
an e. Being

a v ~ a MV
G (y) ~ G (@) + e€° 9’ Y G + €€° 9 (2.24)
we find
07, OEX o&h
() = Gunlt) + €02 L S8 g @) e gu(r)  (229)

In order that the metric tensor is invariant under an infinitesimal transfor-
mation, it must be:

09W 05 @ 055
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CHAPTER 2. ISOMETRIES AND KILLING EQUATIONS

Using the Levi-Civita connection, this equation can be rewritten as
v,u,gl/ + vyg,u =0 (227)

These are the Killing equations. From the definition of Lie derivative

Y QW(:C)—ENJW(JU)
Leg = limg 9240 = 9u2). (2.28)

the Killing equations assume the form
Leg,, = 0. (2.29)

This equation denotes that a transformation is an isometry if the Lie deriva-
tive of metric with respect to the generator vector field is null and ¢ is
called Killing vector field.

Let ¢ and € be two Killing vector fields. We easily verify that:

1. alinear combination a¢ + b¢ (a,b € R) is a Killing vector field;
2. the Lie bracket [5 , é} is a Killing vector field.

is obvious from the linearity of the covariant derivative. To prove
we use the propriety
L[&é] = LeLg — LgLe, (2.30)

SO
L[g,é]g = LgLég — Lngg = 0, (231)

since L¢g = 0 and Lgg = 0.
Thus, all the Killing vector fields form a Lie algebra of the symmetric op-
erations on the manifold M.
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Chapter 3

The spacetime deformations

Studies concerning the deformations of spacetime [23| 26] are related to
physical problems that ranging from the spontaneous breaking of sym-
metry up to the gravitational waves. In this chapter we use an approach
in which the deformations are treated through Lorentz matrices of scalar
fields ®%,. These fields have a straightforward physical interpretation
which could contribute to explain several fundamental issues as the in-
flation in cosmology and other pictures where scalar fields play a funda-
mental role in dynamics.

3.1 Metric deformations

Let us consider a 4-dimensional spacetime manifold M endowed with
a Lorentzian metric g. We work in the tetrad formalism [49] where the
tetrads

he = ho'0, and h" = h®,dz" (3.1)
are linear bases that relate g to the tangent space metric
1 = Napda’da’ (3.2)
through the relation
Nab = g;wha“hby- (3.3)

This means that a tetrad is a linear frame whose members are pseudo-
orthogonal by the pseudo-riemannian metric g. Due to the relations

huha” = 8% and ekt = 6, (3.4)

15



CHAPTER 3. THE SPACETIME DEFORMATIONS

we can reverse Eq.(3.3):
G = nabha,uhbu‘ (35)

In the expressions just written we used the Greek alphabet (i, v, p,... =
0,1,2,3) to denote indices related to spacetime and the Latin alphabet
(a,b,c,... =0,1,2,3) to denote indices related to the tangent space.
Defining a new tetrad field with the help of a matrix scalar fields ®%, €
GL(4),

h* = ®*.h°, (3.6)
we introduce a manifold M with a metric
g = Ny @ B yhh? = ~,q(x)R°h, (3.7)
where
Yed (%) = 1oy @ ()P’ 4() (3.8)

is a matrix of fields which are scalars with respect to the coordinate trans-
formations. The manifold M and the metric g are respectively the defor-
mation of M and g. If all the functions of %, are continuous, then there
is a one-to-one correspondence between the points of M and the points of
M.

The matrices ®%,(z) are known as first deformation matrices, instead 7.q4()
are called second deformation matrices.

A particular subset of deformation matrices is given by

O (x) = Q(x)dy. (3.9)

This relation defines conformal transformation of the metric:
g=0(z)g. (3.10)

Then Eq.(3.7) can be regarded as a generalization of the conformal trans-
formations.
3.2 The deformed connection
Let us decompose the matrix ®%,(z) in its symmetric and antisymmetric
parts:

nacq)cb =Dy = (I)(ab) + (I)[ab] = Qnab + Oy + Pabs (311)
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CHAPTER 3. THE SPACETIME DEFORMATIONS

with Q@ = ®¢,, O, the traceless symmetric part and ¢, the skew sym-
metric part of the first deformation matrix. Then the second deformation
matrix assumes the form

Yab =Tea (205 + 0% + ¢°,) (5 + 0% + )
:QQnab + 2Q®ab + ncd@ca@db + Ted (@Ca@db + Soca@db> + (312)
+ e %-

Thanks to this relation the metric can be written as

g,uu = QQgMZ/ + Vv (313)

where
7#1/ :<2Q@ab + ncd@cagdb + Ned <@ca¢db + Soca@db) + (3 14)
+ Neap’ o0 ) uh .
In order to find the deformed connection we need to obtain the contravari-
ant deformed metric. It can be decomposed in the following way

g =g + M. (3.15)
The matrices 7,, and M are related by a relation that we get imposing

G " = 05 = aQ207 + a®,% + Q2N + 7\, (3.16)

H:

with @ = (®7!)",. Assuming that the deformations are conformal trans-
formations, we have o = 2!, therefore

Q27,7 + 2N + A = 0. (3.17)
From Eq.(3.17) we achieve
—1
A== (0 Q7)) (3.18)

The Levi-Civita connection corresponding to the metric g, is related to
the original Levi-Civita one by the relation

7, =T +C,,. (3.19)

17



CHAPTER 3. THE SPACETIME DEFORMATIONS

where R R
CU/W ZQQQU gk(pvu)Q - ngugg VaQ+

1, (3.20)
+ 597 (Viow + Varua = Vatw) -
The connection (3.19) derives from the relation
@)\g;w = v)\g;w - CU)\,ugoz/ - CU)\Vg,ucr (321)

imposing the metric compatibility.

The connection deformation acts like a force that deviates the test parti-
cles from the geodesic motion in the unperturbed spacetime, in fact the
geodesic equation

d?x° - dxtdz”
—+I7,——=0 3.22
ds? thu ds ds ( )
becomes » o o
x° el P dx¥
—_— I, ——=-C%,——. 3.23
ds? T ds ds " ods ds ( )

The deformed Riemann tensor is given by
R = R%g + V,C%y — V, 0% + C\uCPpy — C0Chp, (3.24)
while the deformed Ricci tensor is
Ry = Ry + VaC%u — V0% + CaCw — C20C g (3.25)
and the deformed curvature scalar
R=§"Ru+ 5" (VaC% = ViC%a + C*2aC — C*1Ca ) . (3.26)

We obtain the equation for the deformations in presence of matter From

Eq.(3.25):
~ 1 -
R +Vo 0%, —V,C% 0+ CC 1y — O3, Oy = KO, — §kgw@ (3.27)

where 6, is the deformed energy-momentum tensor.

18



CHAPTER 3. THE SPACETIME DEFORMATIONS

3.3 The Killing equations for deformed metric
Let us compute the Lie derivative of the deformed metric:
nguu :gaéaguu + gaué,uga + g,uaél/éa
:gavag;w + gar)\aug)\u + é.UFAo'VgAM—I_ (328)
+ gauvugg - gaurgu)\g/\ + go,uvuga - ga,urau)\g)\a
from which, since is symmetrical in the last two indices, we get
Vb = 0. (3.29)

However, so far we have set ourselves in the case of metric compatibility,
if we impose that the non-metricity tensor is not null, then the relation
just written is no longer valid since we have that the Lie derivative must
necessarily be different from zero since the presence of the non-metricity
does not allow the preservation of the scalar product. Therefore, what we
find is 1

V(,Ltéuu) + 5 (Qa;w - Q;wz/ - Quau> fg 7é 0, (330)

with Q,,,, the non-metricity tensor of the deformed connection.
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Chapter 4

Metric theories of gravity

By the EEP, Einstein formulated a new gravity theory, General Relativity
(GR), in terms of the spacetime curvature. In this chapter we present a
brief overview of GR and its extensions, while in the next chapters we will
discuss other approaches to gravity theory based on the curvature.

4.1 General Relativity: a metric theory

General Relativity [46] is a purely metric theory, where the only field that
mediates gravity is the metric and every concept and quantity are linked
to it.

The connection is torsionless and metric-compatible, i.e.

™, =0—=1", =1, 4.1)
Q)\;w =0— v/\gw/ = O, (42)
thus the connection is assumed to be the Levi-Civita one:
A A Lo 0 0 0 4
r pr = s = 59 ( nw9vp + vGup — pguu) . ( 3)

The Riemann tensor is the same of Eq.(2.11) and it satisfies the following
Bianchi identities:
R%g + R g + R%,3, = 0 (4.4)

VpRaﬁ/W + vuRaﬁVp + vvRaﬁpu =0 (4.5)
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CHAPTER 4. METRIC THEORIES OF GRAVITY

4.1.1 The geodesic in General Relativity

In GR we have two equivalent definitions of geodesic. The first is already
given in Chapter /by Eq.(2.7). The second one states that the geodesic is
the curve that minimises the distance between two points in a manifold,

that is )
g q dz® dzP\ 2
05 =3 [ds=o ["(gus" ) ds =0, 4
S ps p<gﬁdsds> s=0 (4.6)
The variation of the integral leads to

ydz® dax? d dax?

¢ 1
08 = O0rGap0 + 2gap—(0 d 4.7
/pz\/gaﬁvavﬂlwﬂx s ds TR g ] @

with v* = dz®/ds. Integrating by parts and cancelling the boundary term,
we get

dz® dx”
_ A
5S = /p l@,\gag(sx == ]ds—k
1 d?a” \dz? daP
—/ lgaﬁ 152 + Oxgapdr Is ds ]&Bads 4.8)
p

dz® dxP d?zP A
/p [( 8,\9&,8 aéL\ﬁ) ds ds — gx\p 152 ] ox*ds = 0,

where we used the fact that g,5dz“dz” = 1. Since

1
aag)\ﬁvavﬁ = aﬁg)\avavﬁ = 5 (aag)\ﬁ + aﬁg)\a) vavﬁ’ (49)
finally we achieve the geodesic equation
d?z*
T3t M, 500" = 0. (4.10)

The equivalence of these two definitions is due to the fact that GR is a
torsion-free theory.

4.1.2 Field equations

We can derive the field equations from Hilbert-Einstein action:
S— kz/d“x\/_—gR + /d4x\/_—g£m (G 0) 4.11)
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CHAPTER 4. METRIC THEORIES OF GRAVITY

where k is a dimensional constant, g is the determinant of the metric, R is
the Ricci scalar and £,, is the matter lagrangian density.
Varying the action with respect to the metric, we achieve

08 =k [ d'z (5V/=gR + V=90g" R + \/=99" 0Fyu)) + 5

4.12)
1 (
= /d4x\/—g5g“” (R/w — 2gWR) + /d4x\/—gg’“’5RW +0Sp.

The second integral can be evaluated in the local inertial frame, obtaining

R, = 0,1, — 0,110, (4.13)
R, = 0,01, — 0,0 44, (4.14)

MOR,, = ¢"0,01%,, — ¢" 0,00 10
g 0w =8 w =3 g (4.15)

=0, (g"0I'",, — g"" oI ,a) .

Then, we can write

gm/(SR;w = apru (416)
WP = géI?,, — g"ol'* 1. (4.17)

Therefore the integral is null since its argument is a pure divergence. In
fact, in general coordinates it is:

/d4x\/—gg“”5Rm, = /d4x\/—g8pr = /d4x\/—ngWp

(4.18)
= /d4xap (\/—_ng) =0.
Then {
55 =k [ d'y/=gog" (RW -3 gWR) +68,, (4.19)
from which we find the Einstein equations
1
Guw =R — §gu,,R = kO, (4.20)
where L s ’
O = — V=9£m) 4.21)
V=g  0g"
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is the matter energy-momentum tensor.
The second Bianchi identity Eq.(4.5) can be rewritten as follows

VEG,, = 0. (4.22)
This identity gives us the energy conservation equation

V"0, = 0. (4.23)

4.2 Extended Theories of Gravity

Extended Theories of Gravity (ETG) [22} 20] are an answer to the need to
put together a new theory capable of describing the gravitational interac-
tion, need arose with the appearance of the shortcomings of General Rel-
ativity (quantum gravity, inflationary paradigm, etc.). ETG consist essen-
tially of adding higher order curvature invariants or non-minimally cou-
pled terms between matter fields and geometry into the Hilbert-Einstein
lagrangian. In this section we analyse some of these theories.

421 f(R) theories

In f(R) theories the lagrangian density is a general function of the Ricci
scalar R, therefore the Hilbert-Einstein action takes the form

S = / d* /=g (R) + Sm. (4.24)

Let us calculate the field equations from the variational principle (for sim-
plicity, we calculate this variation in an inertial local frame):

5S = / d'z8 [\/=gf(R)] +65,.. (4.25)

The last term gives us the usual matter energy-momentum tensor (4.21),
whereas the first term provides:

[ s [V=gf(R)] = [ d'a [s5v=gf(R) + V=36 (R)
= [ aev=g [P R R~ Souf(R)] 69 (426
+/d4x\/—_gf’(R)g“”5RW.
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The second integral can be rewritten (Eq.(#.17)) as
[ dav=gr (R)g™ Ry, = [ d'ov/=gf (R)3,W*
= [ d'a, [V=af (RW’| = 0, [V=gf (R)] W*

__ / d'z0, =gl (R)| W”.
(4.27)
From the expression of the Levi-Civita connection (2.19), we obtain
1
g/il/érﬂlw = iap (g,uuégwj) — o <ga#5gpa> ) (428)
1
g'ror®,, = —58” (9adg”®) . (4.29)

Inserting these equations in Eq.([4.27), the integral becomes
[ d'av=af (R)g" 0 Ry, = [ d'20, V=3 (R)] 10" (989") — 0 (909" )
= [ d'g.,00, [V=g7 ()] 59"+
- [ d2gu 09, [V=91(R)] 69

(4.30)
The variation of the action is then
/ 1 v
[ das [V=gf(R)] = [ d*ov/=g |1/ (R) By ~ S0 f (R)| 59"+
+ /d4${g#uapap (\/—_gf/(R)) (4.31)
— 070, (x/—gf'(R)> }69‘”’.
The vanishing of the variation implies the following field equations
/ ]‘ / !/
F(B) By = S f(R)guw = Vi Vo f(R) = guDf (R). (4.32)

Adding the matter term and putting in evidence the Einstein tensor, these
field equations take the form

O, 1 (1 , : :
G = 5+ iy Lg% D) = ORI+ V0, () = 9,0f (23}5
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The term in braces,

01 = S0 [f(R) = F(R)RI+ ¥, 90 () — guDf (R), (439

is an effective energy-momentum tensor which can be interpreted as an
extra gravitational energy-momentum tensor due to higher-order curva-
ture effects.

4.2.2 Scalar-tensor theories

Scalar-tensor theories was born when we tried to incorporate the Mach’s
principle, which states that the local inertial frame is determined by the av-
erage motion of distant astronomical objects, into metric gravity and they
are characterized by the presence of a non-minimal coupling scalar field
¢. These theories exhibit a non-constant gravitational coupling, thus the
Newton constant Gy is replaced by the effective gravitational coupling;:

L
F()’
where F'(¢) is a generic function of the scalar field.

In a situation where gravity is not minimally coupled, a generic action is
given by

S= [ daV=g[FO)R+ 59" V,6%.6 = VO] + S (0, V), (436

with V(¢) a generic scalar field potential.
The variation of the action with respect to metric leads to the equation

Gepr = (4.35)

— 30w PR+ F(0) Ry + 9, 0F (6) — V¥, F(0)+

1 1 1 (4.37)
_Zg,ul/va¢va¢ + +§v,u¢vu¢ + §V(¢)g,uu = @um
that we can rewrite as o
G = =~ + 96{,f 4.38
= Fo) T (439
with
1 1
O = — ——|V,u0Vu0 — —gu VadV 0 + g,V (0)+
2F(9) 2 (4.39)

+ 29, 0F(¢) — 2V, V,F(¢)
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an effective energy-momentum tensor which includes the contributions
of non-minimal coupling, the kinetic terms and the potential of the scalar
field.

Varying the action with respect to ¢, instead we find:

O¢ — RF'(¢) — V'(¢)) = 0. (4.40)

As expected, we have obtained the Klein-Gordon equation.
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Chapter 5

Purely affine theories of gravity

The purely affine formulation [33, 42] is an approach to the gravitational
theory where the affine connection is the only variable and we express ev-
ery gravitational quantities in terms of it.

A general lagrangian density depends on the affine connection, its first
derivative, a matter field of any nature and on the correspondent deriva-
tive:

L= L(T,dT,$,00), (5.1)

where I' is an arbitrary affine connection and ¢ denotes a general matter
field.

The purely affine formulation allows us to solve several shortcomings of
the metric formulation of GR. It is important to underline that this formu-
lation is not a modified theory of gravity but GR itself written in terms of
the affine connection as a dynamical configuration variable. This equiva-
lence implies that also purely affine gravity is consistent with experimen-
tal tests of GR.

5.1 The affine variational principle

Let us calculate the dynamical equations for a purely affine theory. To do
this it is required to define the canonical momenta conjugate to I,

OL (I, 0T, ¢,09)
OOl w)

TP =

(5.2)
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and the canonical momenta conjugate to the field ¢,
oL (I',0I', ¢, 09)
9(00)
The total differential of the affine lagrangian density is equal to
oL oL
0

_= A 0 =
8FAWdF w +0°d(0,0) + ¢d¢

- (a?,\ﬁ B p7T/\Wp> dr)\uu + (gg - ppp> do+ (5-4)
7%

+ 0, (7T,\uypd1—‘/\“,, + ppdgb) .

P’ (5.3)

dL =my°d (0,0, ) +

Thus we obtain the following Eulero-Lagrange equations:
0L (I', 01, ¢, 09)
oA, ’
9L (T, 0r, ¢,0¢)
¢ '
Due to diffeomorphism invariance of General Relativity, to recover the
Einstein equations, the affine lagrangian must depend on the only invari-

ant quantity that can be construct in terms of JI', the Riemann tensor. In
particular, the affine lagrangian must assume the form

L=L(T,P,¢,00), (5.7)

Dyma? =

(5.5)

Opp’ = (5.6)

where P is the symmetric part of Ricci tensor. Using this lagrangian den-
sity the differential becomes

AL = 7 dP,, + I dT,, + pd (0,0) + ggdqﬁ, (5.8)
where we have defined the two quantities:
™ = ky/—gg" = LT, P9, (%))7 (5.9)
oP,,

which represents the controvariant density of the metric associated to the
manifold and it is a function of OI" being the canonical momentum conju-
gate to I', and

0L (', P,¢,00)

Vi
or,,

. (5.10)
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Using the relation
AP = S — 5P, (5.11)

after some manipulations, we achieve

oL
dL = (" — V ,myP) dl™,, + ( — p”> do+
(= Vom0 A+ \ g — % (5.12)
+ 0, (mdT 4 pPdo)
from which the Eulero-Lagrange equations derive:
Varh = I — géf\“jp”)p, (5.13)
I',P

The Levi-Civita connection is recovered when the lagrangian density de-
pends on affine connection only through the symmetric part of the Ricci
tensor, being 7 null by definition:

Vo = 0. (5.15)

To analyse the relation between the purely affine theory and metric theory,
it is useful to subtract from the lagrangian density £ the Hilbert-Einstein
one

Ly-p=ky—gR=1"P,, (5.16)
and then define the affine matter lagrangian density:

Ematt (71', F, ¢, &b) =L (F, P, ¢, 8¢) — W“VP;U/ (71', F, ¢, (9¢) . (517)

The Eq.(5.8) implies the following expression for the total differential of
affine matter lagrangian density

dL™™ = P, dr* + Ty dl,, + p'd (0,0) + 9,p"do, (5.18)
with oLm (1, T, ¢, 0¢)
ma 7T7 b )
P =— o (5.19)
L™ (n, T, ¢, 09)
w —
T = o (5.20)
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IL™ (7 T, ¢, 00)

P’ = (5.21)
9 (9,9)
From Eq.(5.9) we can derive g as a function of 7,
G = k=70 (w‘l)w. (5.22)
Inserting Eq.(5.22) into Eq.(5.19), we obtain
09pe OL™ " (8.1, $,09)
P =-—
omH 090
kv () ), - s (@, ) ] s
p(p vie 2 v pe]l 0G0y '
k 1 aﬁmatt
:ﬁ (gp(,ugu)o - 29/11/9;)0) m.
Inverting this relation we get the Einstein equations
G" = koM, (5.24)
where 1
G =+\/—g (P’“’ — 2g“”R> (5.25)

is the density of the Einstein tensor expressed in terms of the symmetric
part of the Ricci tensor, and

oL™ " (g,T', ¢,00)
09

is the affine energy-momentum tensor density.

In the case of J = 0 we have, as seen above, the connection I' equal to the

Levi-Civita one and © reduces to the standard metric energy-momentum
tensor.

oM =

(5.26)

5.2 The cosmological constant A in a purely affine
approach

In this section we want to show that we can write a lagrangian density, in
a purely affine formalism, which leads to Einstein equations with a cos-
mological constant [41] as we consider a non null torsion tensor 7™

EA - \/EkHVR,uy + OéEm <k7 ¢7 a¢) ) (527)
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where R,v is the Ricci tensor, £ is a symmetric tensor defined as
by = TP, T, Kk, = 6", (5.28)

with T, = T%,,, k is the absolute value of the determinant of £, and
L,, is the matter lagrangian density that depends on the connection only
through the torsion tensor.

The variation of the action corresponding to Eq.(5.27) is

58 =6 / d*oVEk" R,

= [davVER Ry, + [davE (RW - ;Rmk”"kw> I

(5.29)

Field equations result from the variation calculated under 6%,

Since the variation 6I'*,, can be divided into the symmetric part 6I'*(,,)

and the antisymmetric part 6I'*(,,; = 67*,,, we can vary the action under

6T'* (), substitute the resulting field equations into the action, and then

vary the action under 7%,

Varying under 6I'*(,,), we find the equations

Vokin = Opkir — 17 pekior =T pakie = —Q e, (5.30)
where
2 1 1 . 0
pri)\ = - (3 pkm)\ + § mkp/\ + gT)\k/m +7T pmkcﬁ\ + T p)\kan> . (531)

Permuting the indices in Eq.(5.30) we get the symmetric part of the con-
nection:

1
Fp;w = {Mpy} + Ta,u)\kp/\kua + TUV)\kp/\k,ucr - ikp/\ (Q)\,uu - Qu)\u - Ql//\u) )
k
(5.32)

pl 1. _
{MV }k = 2]{? (a'u,ko-y + al/kcr/.l, 80'k,ul’) (533)

is the Levi-Civita connection constructed from the rank-2 tensor £,,,,. Using
Eq.(5.30) and Eq.(5.32), we obtain the affine connection

e 1
Fp,uz/ - {MV }k + Tp,uu - g (5ZTV + 55T#) . (534)
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Defining the quantity

p 1
Cpul/ = Fpuy - {ILLV }k = Tpl“/ - g (6ZT,/ + 5I€TM) , (535)

we can decompose the Riemann tensor as

R = RN 4900, — VD, 4+ €Y%, — CYC0 (5.36)

puv

where RAE)];)V is the Riemann tensor constructed form the Levi-Civita con-
nection (5.33) and VU is the covariant derivative defined using this con-
nection.

Substituting Eq.(5.36) in Eq.(5.27), after some manipulation, we find the

action: )
s=[dtuvi (Rfj;)w 4 STMT,,k’“’> +asS,, (5.37)

The last term in the parentheses can be set to zero by one arbitrary co-
ordinate transformation, instead the first two terms have the form of the
Einstein-Hilbert lagrangian for the gravitational field with a cosmological
constant if we identify, up to a multiplicative constant factor, the tensor
k,, with the metric tensor g,,,:

2
Juv = Xkuua (538)

where the constant A has the dimension of inverse square length. Thus
Eq.(5.37) becomes the Hilbert-Einstein action with the cosmological con-
stant:

S / d'z /g (RE)g"™ +24) . (5.39)

Now, considering action (5.37) and varying it with respect to 677, we
obtain the equations
T,=0 (5.40)
1 a oL
R® — ~RBErok,, =2, — =
I a2 \/E(Sk"m/

nuv 9" po
Inserting (5.38) in (5.41), the Einstein equations of General Relativity with
cosmological constant are reproduced

(5.41)

1 e}
R}(j,gl/) - §R£‘%)gpagm} = Aguu - K@uzx- (542)
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Therefore we have shown that the cosmological constant occurs naturally
in the case in which we have a purely affine theory and a non-zero torsion,
unlike what happens in General Relativity.
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Chapter 6

Metric-affine theories of gravity

Until now we have discussed about theories where the main variable is
either the metric or the connection. In this chapter we analyse a mixed
approach: the Palatini formalism.

The Palatini approach to gravitational theories is based on the idea that
the affine connection I' is a variable independent of the spacetime metric
g. From a physical point of view, this is equivalent to decouple the casual
structure of spacetime and its geodesic structure.

The Palatini formalism applied to the Hilbert-Einstein action is completely
equivalent to the purely metric theory since it leads to the same field equa-
tions, however, the situation is different when we consider the Extended
Theories of Gravity as we will see [35, 9} 38, 21].

6.1 Extended Theories of Gravity in Palatini for-
malism

Let us begin with the study of the f(R) theories:
S = [ d'ay=gf(R)+ Sn (8.9) (6.1)
where R = R(g,I') = ¢" R, (I') (it will be so for the whole section), i.e.

the Ricci scalar R depends on both g and I', instead the Ricci tensor is a
function of the only affine connection. Varying the action with respect to
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the metric tensor, we obtain
5eS = / d'28g [V=gf (R)] + 855
= [ d% [8v/ =S (R) + V=38 (R)] + 55
_ / d'z [5v/=gf(R) + V=gf (R)3s R + 6¢Sm
- / d'x [5gv/ =g (R) + V=91 (R)3gg" Ryu| + 8¢S

from which we determine the field equations

1

f/<R)R(ul/) (F) - Ef(R)g;w = G,uy- (63)

Varying, instead, with respect to the connection, we get

Vi (V=gf'(R)g") =0, (6.4)

with V3 the covariant derivative defined using the independent connec-
tion I'. From Eq.(6.4) the bimetric structure of spacetime emerges, indeed
we can introduce a new metric ,, conformally related to g, by

V=9 (R)g" = V/—hh". (6.5)

This implies that the connection I' is the Levi-Civita one of the metric A,
with the only restriction that the conformal factor relating g¢,, and h,, is
non-degenerate. The General Relativity case is recovered for f'(R) = 1.

It is useful to consider the trace of the field equations :

f'(R)R—2f(R) = ¢""O,, =0O. (6.6)

6.2)

We refer to this scalar equation as the structural equation of spacetime. In
vacuo, this scalar equation admits constant solutions. In this case, Palatini
f(R) gravity reduces to GR with a cosmological constant [29].

Now, let us extend the Palatini formalism to non-minimally coupled scalar-
tensor theories, with the aim of understanding the bimetric structure of
spacetime in these theories.

We find the following field equations for the metric and the connection
from the scalar-tensor action (4.36):

1
F(¢) (R(w/) - 29uuR> = @Z),, + @,W, (67)
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Vi (V=9F(0)g") =0. (6.8)
The equations of motion of the matter fields are
Oé = V(o) + F(o)R, (6.9)
0L,
— = 0. N
50 0 (6.10)
In this case, the structural equation of spacetime implies that
(62 +0) 61
- Fo) '
The bimetric structure of spacetime is defined by the ansatz
V—9F(¢)g"" =/ —hh". (6.12)

It follows from Eq.(6.11) that in vacuo, ©¢ = 0 and © = 0, this theory is
equivalent to vacuum GR.

As a further step, let us generalise the previous results to the case of non-
minimal coupling in framework of f(R) theories. The action can be writ-
ten as

S = [ diav=g[FO(R) + 56" V,09,0 — V()| + 50 (0.70). (613)

The Palatini field equations are

) R
FO) |70y - 10, ] ~ 00, 1 0, (6.14)
Vi (V=9F () [ (R)g") =0, (6.15)
instead, the equations of motion for the scalar and the matter fields are
06 — F'()f(R) ~ V'(¢) =0, (6.16)
0Ly,
F 0. (6.17)
In this case, the structural equation of spacetime implies that
0’ + 0
"(R)R—2f(R) = : 6.18
FRR —2f(R) = = (618)
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The bimetric structure of spacetime is given by
V=gF(@)['(R)g" = v —hh*". (6.19)

In vacuo, we obtain from Eq.(6.18) that the theory reduces again to Ein-
stein gravity as for minimally interacting f(R) theories.

Finally, let us discuss the situation in which the gravitational lagrangian is
a general function of ¢ and R:

§= [da/=g[K (6.R) + 30" V,6V,6 = V(D)) + Su (0, V9), (620

which yields the gravitational field equations

0K (¢, R 1
(;R)RW — 5[( (¢, R) G = @;’L + ®MV7 (6.21)
0K (¢, R
% \/—giw’ )g"” =0, (6.22)
OR
while the scalar and matter fields obey
mp— BB gy, (6.23)
9¢
0L,
— =0. 24
=0 (624)
The structural equation of spacetime can be expressed as
W}z — 2K (¢,R) = ©% 4 ©. (6.25)

The bimetric structure of spacetime is defined by

\/—_gaKa(Z’R)g“” = v/ —hh. (6.26)

In this case, in general, we do not recover GR, as it is evident from Eq.(6.25)
in which the strong coupling between R and ¢ prevents, even in vacuo, the
possibility of obtaining constant solutions.
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Chapter 7

Teleparallel theories

We want to focus on those theories that are equivalent to the General Rela-
tivity whose main peculiarity is to work in situations with null curvature,
in particular we deal with the Teleparallel Equivalent to General Relativity
and the Symmetric Teleparallel Equivalent to General Relativity.

7.1 Teleparallel Gravity

The Teleparallel Equivalent to General Relativity (TEGR) [7,134] is an equiv-
alent description of General Relativity but with different conceptual basis.
In particular, TEGR, in contrast to GR, is well integrated within a gauge
theory context and can be defined as the gauge theory for the translation
group.

In this theory, gravity is mediated by torsion on a flat spacetime and the
dynamical field is the tetrad, differently from the theories seen so far where
the spacetime is curved and hence gravity is viewed as a purely geometric
effect.

7.1.1 Geometrical setting

The geometrical setting of TEGR is the tangent bundle, in which spacetime
is the base space and the tangent space at each point of the base space,
on which the gauge transformations take place, is the fiber of the bundle.
Spacetime is assumed to be a metric spacetime with a general metric g,
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and the tangent space is by definition a Minkowski spacetime with tan-
gent space metric 7)q.
We will use the Greek alphabet (1, v, p, ... = 0,1, 2, 3) to denote indices re-
lated to spacetime and the Latin alphabet (a,b,c,... = 0, 1,2, 3) to denote
indices related to the tangent space.
Since the base and the fiber are both four-dimensional spacetimes, the bun-
dle is said to be soldered. This means that the metrics are related by the
relation:

Juv = nabhauh’bm (71)

where h?, is the tetrad field, i.e. the components of the solder 1-form.
Differently from other gauge theories, in TEGR the soldering property
ensures the presence of torsion tensor, being by definition the covariant
derivative of the solder 1-form.

The tetrad fields, or vierbiens,

he = h®,da" and hg = hotd,, (7.2)

as already seen in Chapter 3, are general linear bases on the spacetime
manifold that satisfy the relations

W he” = 6" h®hyt = 5L, (7.3)

m
[hm hb] - fcabhm (74)

where f€¢,, are the so called structure coefficients, or coefficients of an-
holonomy, of frame {4, }. The whole set of such bases constitutes the bun-
dle of linear frames.

Because of the soldered character of the tangent bundle, a tetrad field re-
lates tangent space (or internal) tensors with spacetime (or external) ten-
sors. For example, if v® is an internal vector, therefore

v = htv® (7.5)
is an external vector, conversely
v* = h* k. (7.6)

In the presence of gravitation, the coefficients of anholonomy [, includes
both inertial and gravitational effects. In this case, the spacetime metric g,,,
represents a general pseudo-riemannian spacetime. Instead, in absence of
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gravitation, the anholonomy of the frames is entirely related to the inertial
forces that are present in these frames. In this case h”, becomes trivial
and it is indicated with e, while g, is the Minkowski metric in a general
coordinate system:

N = nabe“#eby. (7.7)

A preferred class of inertial frames, that we denote as %/, is characterized
by
fa =0 (7.8)
They are called, for this reason, holonomic frames.
A connection form w, it also called spin connection or Lorentz connection,
of a given connection in the bundle of linear frames, i.e. a linear connec-
tion, is a 1-form with values in the Lie algebra of Lorentz group:
m 1 a b 1 a by .1

w=w,dx" = §w S, = iw buSa A, (7.9)
with S,” a given representation of the Lorentz generators and w®, € Q'(M),
where w”, are matrices of 1-form and !(M) is the space of all 1-form.
A general linear connection I'?,, is related to the corresponding spin con-

nection w?, by
I, = ha0,h", + ho w,h",. (7.10)

This equation in nothing else but the tetrad postulate:
Vuh®, = 8,h%, = T7 uh%s + why,h’, = 0, (7.11)

where V , is the standard covariant derivative in the connection I'”,,,. The
postulate states that the tetrads are parallel vector fields.
Defining the covariant exterior derivative of a tensor, valued on the p-form
B%, as the operator D : Q?(M, T%) — QP1(M, T%), we get

DB%, = dB%, + w®. A B% — wh, A B, (7.12)

where d is the exterior derivative of a p-form. Through the Cartan struc-
ture equations,

1
T° = Dh" = 5Ta,,chb A he (7.13)

and ]
R%, = Dw®, = 5Rabcdwf Ahe, (7.14)
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we can define the torsion of a spin connection as a 2-form assuming values
in the Lie algebra of the translation group

1
T =T°P, = 3T, Puds*da”. (7.15)

with P, = 0, the translation generators, and the curvature of a spin con-
nection as a 2-form assuming values in the Lie algebra of the Lorentz

group
1

4
The torsion and curvature components have the form

1
R = 5R%Sab = — R%,, S dx" A da. (7.16)
Tal/u = al/hau - 8uhay + wacyhcu - wacuhcu7 (717)

c
Rabuu = aywabu - uwabu + wacuwcbu - wacuw bv - (718)

These relations can be expressed in purely spacetime forms if we use the

Eq.(7.10):
T, =h/ T, =1",, —17,,, (7.19)

ROy = ha WP xRy = 0,175, — 0,15y + 170,17 0 = 106,175, (7.20)
It is easily verified, using the relation

w“bc = wabuhcu7 (721)

that in the anholonomic basis {4, } the torsion and curvature components
are given respectively by

Tabc = LLJacb - wabc - fabca (722)

Rabcd == h'c(wabd) - hd(wabc) + waecwebd - waedwebc - fecdwabe- (723)

7.1.2 Gravity as a gauge theory

A gauge transformation in Teleparallel Gravity is defined as a local trans-
lation of the tangent space coordinates

' =% + e (2") (7.24)
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with €?(2#) the infinitesimal transformation parameters. An arbitrary
source field ¢ = ¢(x%(z#)) transforms under this transformation as

51 = €O, (7.25)

However, the ordinary derivative does not transform covariantly under
such transformation:

5(0,1) = €00 (0,1)) + (D™ D). (7.26)

As is usual in gauge theories, to recover the covariance, we have to re-
place ordinary derivatives by covariant derivatives involving a connec-
tion. Thus, we introduce a gauge potential B, a 1-form assuming values
in the Lie algebra of the translation group:

B, = B*,P,. (7.27)
It is easy to see, that the covariant derivative we construct with B,
hy = 0, + B* 0,9, (7.28)
transforms covariantly, i.e.
0(hut) = €*0a(hyt)), (7.29)
if the gauge potential transforms as
0B, = —0,¢€". (7.30)

Due to the soldered property of the frame bundle, the covariant derivative
can be rewritten in the form

hup = h° 0,1, (7.31)

where
h*, = 02" + B, (7.32)

is a non-trivial tetrad field, which means a tetrad with
B®, # 0,¢€, (7.33)

otherwise it would be just a translational gauge transformation of the triv-
ial tetrad e, = 0,,¢".
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When the translational covariant derivative assumes the form (7.31)), the
translational coupling prescription acquires the simple form:

0, = €,0,¢ — hytp = h* 0,0, (7.34)
Consequently, the spacetime metric changes according to
Ny = nabe““eb,, = G = nabhauhb,,. (7.35)

To obtain relations valid in a general Lorentz frame, it is necessary per-
forming a local Lorentz transformation:

¢ — Aab.’ﬂb. (736)
The scalar field transforms under this transformation as

Y — UM, (7.37)

with U(A) an element of the Lorentz group in the representation appro-
priate for the field +. Since B, — A%, BY u, it is immediate to see that the
translational covariant derivative assumes the form

hu¢ = 8;177b + L:Jabuxbaaw + Bauaawa (738)
where &%, is the purely inertial Lorentz connection
O = A% ()0, M5 (), (7.39)

i.e. it is the connection obtained from a Lorentz transformation of the van-
ishing spin connection &4, = 0:

(:}abu = Aae(l‘)(:]/edMAbd({L‘) + Aae(m)(i)MAbe(fL‘). (740)
Defining the Lorentz covariant derivative
f)mv“ = 0,2 + &%, 2", (7.41)

the tetrad becomes .
h, =D,z*+ B*,. (7.42)

In this class of frames, the gauge potential B¢, transforms according to
5B, = —D," (7.43)
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In addition to being invariant under local translations, any theory must
also be invariant under local Lorentz transformations. This second invari-
ance is related to the fact that physics must be the same, independently of
the Lorentz frame used to describe it. The Lorentz coupling prescription
can be obtained from the so-called general covariance principle. It states:
an equation valid in Special Relativity can be made to hold in the pres-
ence of gravitation if it is written in a generally covariant form, i.e. if it
preserves its form under general coordinate transformations.

The general covariance principle can be seen as an active version of the
Strong Equivalence Principle, in the sense that, by making a special rel-
ativistic equation covariant and using the SEP, it is possible to obtain its
form in the presence of gravitation. This vision of the general covariance
principle is opposed to the usual (or passive) SEP, which says that, given
an equation valid in the presence of gravitation, the corresponding special
relativistic equation is recovered locally.

The process of obtaining this coupling prescription comprises two steps:
the first is to pass to a general anholonomic frame, where inertial effects
are present in the form of a compensating term; then, by using the SEP,
the compensating term is replaced by a connection representing a gravita-
tional field.

Let us consider a vector field ¢** on Minkowski spacetime whose ordinary
derivative, in trivial holonomic frame, is

€L’ = 0,0" = 010,0". (7.44)
Under a local Lorentz transformation A,;(z), a vector field transforms as
6" = A (z)9", (7.45)

Thus, the relation between the Lorentz-transformed derivative and the
previous one is given by

el ¢’ = A’ Ay“Dyo?, (7.46)
where
Dy = ey + Aep (ML) ¢° (7.47)
and
€p = Abaei1 (748)
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is the transformed frame, which, due to the locality of the Lorentz trans-
formation, is anholonomic:

lev, €] = f*hea- (7.49)

Obtaining the Lorentz group element from the Eq.(7.48), the covariant
derivative becomes

1
Da¢c = ea¢c + 5 (fbca + facb - fcab) gbb (750)

In the right-hand side, the second term is the announced compensating
term which represents the inertial effects inherent to the chosen frame.

In the presence of gravitation, according to the translational coupling pre-
scription , the trivial tetrad is replaced by the non-trivial one and the cou-
pling prescription assumes the form:

1
Da¢c = ha¢c + 5 (fbca + facb - fcab) qbb' (751)

Let us consider the Eq.(7.22). With a permutation of the indices, we find
the relation

(Foa + fa = [ou) = D0 — K%, (7.52)

N —

where 1
cha = 5 (Tbca + Tacb - cha) (753)

is the contortion tensor in the tetrad frame. The left-hand side is the usual
expression of the General Relativity Lorentz connection in terms of the
coefficients of anholonomy:

= 3 (et Lo = ). 7.54

In the Eq.(7.52) we have both inertial and gravitational effects.

According to the general covariance principle, inserting Eq.(7.52) in
Eq.(7.50), we achieve the so-called full gravitational coupling prescription
in Teleparallel Gravity.:

Da¢c = ha¢c + (d}cba - KCba) be‘ (755)
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This equation is also valid when we consider a general source field

v — U(A)Y, (7.56)
with ‘
U(A) =exp (;ebcs”0> (7.57)

the element of the Lorentz group in the arbitrary representation S%. In
fact, after some calculations we get

Db = hatp — ; (&P, — K,) Shet (7.58)

7.1.3 Translational field strength

In gauge theories, we can find the field strength by the commutation re-
lation of gauge covariant derivatives. In the case of Teleparallel Gravity,
what we get is

B b)) = T, P, (7.59)
where
1%, = 8,B") — 0,B", + &%, B", — &% B°, (7.60)
is the translational field strength. Using the relation
D, (Dy2") = D, (Dyua) =0, (7.61)
it follows .
© = 0uh", — O,h%, + &%kt — O kY. (7.62)

Contracting with a tetrad, we find that the translational field strength has
the form of the torsion tensor

T°,, = h, T“ =17, —T",. (7.63)
where we have defined the Weitzenbdck connection:
%, = ha?0,h%, + ha? &0, (7.64)

This connection is the spacetime indexed connection corresponding to the
inertial Lorentz connection. The Weitzenbdck connection has an identi-
cally null curvature tensor:

R, =0, — aﬂrﬁw + 12,19, — 17,1, = 0. (7.65)
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Therefore, in Teleparallel Gravity, gravitation is represented by torsion,
not by curvature, conversely from what happens in General Relativity.

The Weitzenbick connection I v 1s related to the Levi-Civita connection
of General Relativity I'?,,, by

0%, =17, + K, (7.66)
7.1.4 Teleparallel force equation

Let us consider a particle of mass m in presence of gravitation. Along the
particle trajectory the spacetime interval can be written as

ds® = Gudztdzs” — ds = g, utde” = Napyu®h?, (7.67)

where dgh
u= (7.68)

ds

is the holonomic four-velocity, which is related to the anholonomic four-
velocity u® by
ds

Then, the teleparallel version of the action of the particle, described from
a general Lorentz frame, is

d
u' = h" ut = h° < > : (7.69)

q q
S = —mc/ u h® = —mc/ Ug (dma + dzabuxbdx“ + Baudx“) ) (7.70)
p p

The first term represents the free particle, the second one represents the
interaction with the inertial effects and the last one represents the gravita-
tional interaction. The variation of the action under a general spacetime
transformation,

=t + oxt, (7.71)

assumes the form
q
S =— mc/ (Uadd2® + 100y’ dat + o™y, 02’ dat+
p

(7.72)
+ U, 2 AT + ugd B ydxt + ug B, ddxt).
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Integrating by parts, substituting the expressions
oz = d,xtoxt, 6%, = 0,0y, 02f, OB, = 9,B%,0x", (7.73)

and considering that the curvature tensor of the Lorentz connection is null,
we find

d . .
0S5 =mec /q [h“# < ;a — wbapubup> — Tbupubupl oxtds, (7.74)
p S

from which we have the equation of motion:

dua ° ®
R wbapubup = Tbapubu". (7.75)
Using the identity
Tbapubup = —Kbapubup, (7.76)

and contracting with the tetrads, we can write the equation of motion in a
purely spacetime form:

du hd [J

d—: I puu” = —K” u,u”, (7.77)
this is the force equation. As already mentioned, it is the torsion that plays
the role of gravitational force.
From the relation (7.52), we achieve that the teleparallel force equation
coincide with the geodesic equation of General Relativity:

du®
ds

+ o?“bpubup =0. (7.78)
Then, we showed that the teleparallel description of the gravitational in-

teraction is completely equivalent to the description of General Relativity
although they are conceptually different theories.

7.1.5 Field equations

Due to the fact that TEGR is a gauge theory, the action is given by
S = k:/Tr (T AXT) + S (7.79)
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with L1 .

*T =3 (*Tap(,) P.da’ A da° (7.80)
the Hodge dual of the torsion tensor. After some manipulations, we can
write the action in terms of the scalar torsion 7™

S =k / dehT + S, (7.81)
with h = \/—¢g and
T =87 ,, = K"K, — K"*,K",, (7.82)

where we have defined the superpotential as
G — G = oo _ govon, g, 7.8

The action just written differs from the GR one only because of a diver-
gence. We can achieve this result remembering that the curvature of the
Weitzenbdck connection vanishes identically. Let us consider Eq.(7.65),
substituting the relation (7.66), we find
0= Rp@uu ZEPO;W + QJ.('DGV - auf.(—pe,u_F

+ fpopkoeu - fpoukoeu - fw@,u[.(pou—i_ (784)

+ fm@u-[.(pou + -[%pou-[.(vo@,u - -[.(pa,u}.(UQIM
Where o o o o o o o

Rp@;u/ = 8;11—‘/)01/ - &/Fpep + FPU/LFUGV - FPJVFJQ/L (785)

is the curvature of the Levi-Civita connection. Contracting the first and the
third index and multiplying by the metric tensor ¢%, Eq.(7.84) becomes

R=-T- iau (nn,), (7.86)

with R the scalar curvature of the Levi-Civita connection. Thanks to this
relation we got what we anticipated, that is, up to a divergence, the action
of TEGR is equivalent to the action of the GR.
To compute the field equations it is necessary to vary the action with
respect to the tetrad field h¢,. What we get is

Or (nSa"") — khoJu = khX,*. (7.87)
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The first term

hSe” = _ka(aaﬁha) = K7, — h 1% + b T, (7.88)
oltp

where £ stands for the teleparallel lagrangian density, is the superpoten-
tial, the second one

i = = g = (et -

L] 1 o
ec po
o L+ =005, ) (7.89)

k ok
represents the gauge current and the last one

Wt oo, = _O0Lm _ (0L
5he,

oL
-0 = 7.90
e aa) O
is the matter energy-momentum tensor. Due to the antisymmetry of the
superpotential in the last two indices, the total energy-momentum density
is conserved in the ordinary sense:

0y (hJa” + hX") = 0. (7.91)

7.1.6 Gravitation without Equivalence Principle

In this section we will show that as well as the Maxwell theory, a gauge
theory for the unitary group U(1), is able to describe the non-universal
electromagnetic interaction, i.e. every particle feels electromagnetic field
in different way, then the TEGR is able to describe the gravitational interac-
tion in the lack of universality, i.e. in the absence of the Weak Equivalence
Principle [8].

Analogously to the electromagnetic case, where we consider the fine struc-

ture constant q
VO = —, (7.92)
dp

which represents how much the particle electric charge differs with respect
to the Planck charge, in Teleparallel Gravity we take in account a dimen-
sionless coupling constant which takes into consideration the gravitational
mass m, in relation to the inertial mass m;:

\/Oz_g:

m

(7.93)

g
my;
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The translational gauge transformation of a field v, representing a particle
with m, # m;, is

W = U, (7.94)
where
U = exp (/age"d,) (7.95)

is an element of the translational group. The infinitesimal transformation
is given by

ot = 029,10, (7.96)
with )
0z = \/aye” (7.97)

the non-universal gauge transformation of the tangent space coordinates.
From the general definition of covariant derivative

J

h, =0, + B““@,

(7.98)
in a general Lorentz frame, we derive the translational gauge covariant

derivative of v: ~ .
h#w — hauaaw’ (799)

where ) ) .
h*, = h,x2* = D,a" + /o, B, (7.100)

is the translational covariant derivative of z%. Now we are able to write
the action of the particle in presence of gravitation:

q .
S=— mic/ Ug (Dux“ =+ . /ong“,J dx”
P

p (7.101)
= _ mic/ {uahau + (w/ag - 1) uaB“#} dat
p
It is important to underline that 2, is not a tetrad, unlike h“,,, because, by
definition, a tetrad cannot depend on any property of the particle.
Using the relations

dug .,
ou, = ngéy , (7.102)
ddat = doz*, 6B*, = 0,B",0z" (7.103)

51



CHAPTER 7. TELEPARALLEL THEORIES

and taking into account that the variation of the first term of the action
leads to Eq.(7.75)), we find

d a 3 kg
; — &P = — Ko upt® + F, (7.104)
S

d
Fu=—(vag — 1) h* [ P, Bbp% ~ (0uB" — 9,B",) ubup] ,  (7.105)

with
PP, =60 —ulu, (7.106)

a velocity-projection tensor, is a new gravitational force coming from the
lack of universality.

Let us note that although the equation of motion depends explicitly on the
properties of the particle due to , /@, this does not apply to the gauge po-
tential B“,. This means that the teleparallel field equations can be
consistently solved for B¢, independently of the validity or not of WEP.
Then, we have achieved the important result that the TEGR is able to de-
scribe the motion of a particle even in lack of universality.

7.1.7 Extended TEGR theories

Just as we need to extend General Relativity, in the same way, being an
equivalent theory, we need to modify the TEGR. There are many modi-
fications of TEGR, the most straightforward is the generalization of the
action to an arbitrary function of the torsion scalar f(7") [17], just like f(R)
in GR:
Siry =k / d'z f(T) + Sp. (7.107)
Varying the action with respect to the tetrad we obtain the field equations
Ahf"(T) (0,T) S, + 4h%, 0, (RS £(T)+ 7,108
—Ahf!(T)T? S, M — hf(T)6) = kO, '

Replacing f(T") with T' we recover the TEGR field equations. It is interest-
ing to notice that, even though the TEGR is completely equivalent to GR,
since the Ricci scalar and the torsion scalar differ only by a total derivative
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term, the same does not happen for f(R) and f(T) theories because the
boundary term behaves completely arbitrarily for non-linear terms of the
torsion tensor.

Other theories are the teleparallel scalar-tensor theories [13], theories in-
cluding couplings between the torsion scalar and the boundary term,
f(T, B) [12], theories with decomposition of the torsion tensor to its ax-
ial, tensorial and vectorial parts, (7., Tien, Tvec) [11], and more.

7.2 Symmetric Teleparallel Gravity

In this section we continue our study on teleparallel theories, however,
this time focusing on the one called Symmetric Teleparallel Equivalent of
General Relativity (STEGR)[37, 5, 16, 4]. Symmetric because the torsion is
zero and teleparallel because the curvature is also zero. However, STEGR
is not metric compatible:

v)\g/,u/ - Q)\;w' (7109)
From this we can compute the following connection
M, =T+ L., (7.110)
with |
£, = 387 O + D2 = Dr9) 7.111)

the Levi-Civita connection and

1
L)\uy = 59/\0 (Qo‘p,u - Quo‘u - QVO’[A) (7112)

the disformation tensor. It is evident that this connection is symmetric in
the last two indices.

7.2.1 Field equations

Let us define the non-metricity scalar:

1 1 1 1 .~
Q = QaHVPOLMV = _ZQaquauV + 5@04“1/@#&” + ZQQQQ - §QaQa (7113)
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with Q, = Q") Q" = Q.. The quantity P*,, is the non-metricity con-
jugate and it has the following form:

1

| | 1, -
Py = =1Q%, + 500" + Q0w — 5 (@0 +03.Qp) - (7.114)

Now we can write the STEGR action:
S = l{:/d“x\/_—gQ 48, (7.115)

The variation with respect to the metric leads to the equations
2
V=9

where ¢, stands for

Vo (V=0P"w) = Guw — Q9 = O (7.116)

Quv = — le (2Qa5uQ36 - Quaﬁ@uaﬁ) + ;QaﬁuQBaV
! ) (7.117)
7 (20:0% - QuQ)) = QuQ%

As in the case of Teleparallel Gravity, the STEGR action also differs from
that of General Relativity due to a divergence. Let us consider the curva-
ture tensor and the connection (7.110), we get

R® 5 = R® 4, + VL%, — VL, + L, L%, — LP3,L%,,,  (7.118)

where V is the covariant derivative of the Levi-Civita connection. Con-
tracting the first index with the third one and applying the teleparallel
condition R“,3, = 0, we obtain the relation

R=0Q-V.(Q"-Q"). (7.119)
This relation proves the equivalence between STEGR and General Relativ-

1ty.

7.2.2 The coincident gauge

Both the teleparallel condition and the torsionless one lead to an important
property of STEGR. The teleparallel condition restricts the connection to
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be purely inertial so that it can be parameterized by a general element A,
of GL(4,R):
T = (A7) 0,A7,). (7.120)

In addition, the torsionless condition constrains the transformation matrix
to satisfy 9;,A”,) = 0, so the general element of GL(4,R) determining the

connection can be parameterized by a set of functions {* as A%, = 9,£%,
then 5
« :I;a
re,, = a—eaﬂayg*. (7.121)

Thanks to Eq.(7.121)) we achieve the result that we can completely remove
the connection by means of a diffeomorphism. The gauge where the con-
nection vanishes, i.e.

% =1, (7.122)

can be interpreted as the gauge where the origin of the tangent space pa-
rameterized by {* coincides with the spacetime origin. For this reason the
gauge is called the coincident gauge [31]].

7.2.3 Extended STEGR theories

As for the TEGR, since the STEGR is equivalent to General Relativity, it is
useful to modify it. The most intuitive modification is the f(Q) theory:

Sty = k / A2 /=g f(Q) + Sim. (7.123)

Varying with respect to the metric we find the equation of motion

1 " o a A 1 o 1 «a
k@;w :gf (Q)aoc <Q(u v) 5(#@1/) - 5@ uv + 7@ guu) +

2
+ 1(Q) [(% _ ;Qa> Lo, + ;%QV _ L%MLBCW} L (7.124)
— S0 [1Q) + F(QVa (@7 - Q%))

An extension of non-metricity theories including scalar fields can be con-
structed if we consider the following action [30]

S= [dev=g(Ly— L)+ S (g ), (7.125)
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where the gravitational lagrangian density is equal to
Ly =A(p) Q—B(¢)9.00"¢ =2V (¢)
and the Lagrange multiplier terms are
L =20 TR g0y + 20, T 5.

The theory reduces to STEGR when A = 1and B=0= V.

56

(7.126)

(7.127)



Chapter 8
The trinity of gravity

So far our study has focused on theories whose fulcrum is given by con-
nections characterized by particular peculiarities (flat, torsionless, etc.),
now we want to show that taking the most generic connection possible,
all other theories can be derived from them. The general affine connection
I'*,, [32] that fulfills this task is

«
r<.,. = K, +L%,. 8.1
w={ 0 bR, 1)

The different terms that appear in the equation represent quantities that
we have already learned about in the previous chapters:

e the disformation tensor

=5 (@~ Qi — @), 52
that is related to the non-metricity
Qapw = Vaguw; (8.3)
¢ the contortion tensor
K®,, = ; (I, +T1T,% +T,%,), (8.4)

from which emerges the anti-symmetrical part of the connection by

the torsion tensor
TO‘W = QFQ[W]; (8.5)
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\ Tﬂlm/

} an.y

Figure 8.1: This figure illustrates the geometrical meaning of the curvature,
the torsion and the non-metricity.

e the Levi-Civita connection

o 1
{,UV} = §ga)\ (8ug)w + all.gu/\ - akg;w) ) (86)

which is the unique connection that is symmetric and compatible
with metric.

The curvature is determined by the usual Riemann tensor:
R = 0,0, — 0,05, + T35, — T, (8.7)

Let us describe the quantities that represent well-defined geometrical prop-
erties of the connection:

¢ Non-metricity, (),,.,, measures the variation of the length of a vector
as it is parallel transported. In metric spaces, i.e. Q... = 0, the length
of vectors is conserved.
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* Torsion, T,,, measures the non-closure of the parallelogram formed
when two infinitesimal vectors are parallel transported along each
other.

¢ Curvature, R®g,,, measures the rotation of a vector parallel trans-
ported along a closed curve.

Depending on which of these quantities are cancelled, we obtain the dif-
ferent theories we have analysed so far, for example General Relativity is
based on a metric and torsionless connection and imputed gravity to the
curvature, on the other hand the TEGR is founded on a metric and flat
connection with the torsion that plays the role of gravity generator. A list
of possible obtainable theories is given by the Table

Due to the fact that GR can be equivalently described in terms of the non-
metricity, torsion and curvature, we refer to these three seemingly unre-
lated elements as the trinity of gravity.

8.1 The Killing equations for general connections

We are interested in the study of the possible isometries that a theory
presents when it is characterized by a connection of the type (8.1). To do
this we need to calculate the Lie derivative of the metric L¢g,,, where ¢ is
a possible generator vector field. By definition of Lie derivative, we get

Legun =€ 00 G + 9or0u€’ + 9uo0n€°
=V oG + T 00 + ET g0+
+ 9oV = 9o D7 i + 900 V" — o700 (8.8)
=£7 (Qopr — Quov — Qupo) + 2V (6 +
+ T w00 + ET 0000 — 9ol in& = g T

Inserting Eq.(8.1)), we obtain
Legun =€ (Qopr — Quov — Quuo) + 2V (1) +

+ é.UKAng)\V + gUKAUVgA/L - gouKJukf)\ - ga,uKau)\fA
:2501—10“” —+ QV(“&,)—F

+ 50 (KAUMg)\V + KAO’Vg)\M - K/\NUgAV - K)\VUg)\M) :

(8.9)
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Geometrical objects Type of space Example of theories
R=0T=0Q =0 Minkowski space Special Relativity
theory
R#0T=0Q =0 Riemann space General Relativity
theory
R=0T#0Q =0 Weitzenbock space Translational gauge
gravity theory
R#0T=0Q #0 Weylspace Weyl’s gravity theory
[47]
R#0T #0Q =0 Riemann-Cartan space Einstein-Cartan
gravity theory [45]
R#AZ0T #0Q #0 Generalised Einstein-Schrodinger
metric-affine space theory

Table 8.1: Classification of gravity theories [40].

The terms containing the disformation tensor and the Levi-Civita connec-
tion, that would have come from the expression (8.I), cancel each other
because of their symmetry in the last two indices.

The last equation can be simplified utilising the contorsion tensor defini-
tion (8.4), indeed

K)\cr,u,gku + K)\crz/g)\,u - KAWQAU - KAucrgAu - _2T(w/)a' (810)
Finally we find
Legu = 2V &0y — 26T wyo + 267 Loy (8.11)

To represent the isometries, this equation should be set equal to zero, how-
ever this is not possible due to the non-metricity condition (8.3, which
ensures the non conservation of the vector length, therefore

Legu = 2V 160y — 26T o + 267 Loy # 0. (8.12)
Now, let us suppose the connection is compatible with the metric, then
Vuény — & Ty = 0. (8.13)

To obtain the Killing equations Eq.(2.29), the torsion must be totally an-
tisymmetric, T(,,)» = 0. This is exactly the necessary condition for the
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two concepts of geodesic, that is the curves that minimise the distance be-
tween two points in the manifold or a curve whose tangent vectors remain
parallel if they are transported along it, to be equivalent in the case of con-
nections with non-zero torsion [14]. In fact, when we have

(e «Q (0%
re,, = {W/} + K%, (8.14)

the two different definitions of geodesics lead to

b A2z o\ dx? dz?
55 =& / Vowdardet =0 = S5+ 1,555 (8.15)
and 2 e
o P
ViU Ve =0 S0 oy (8.16)

ds? ds ds

where 10“’\0p is the Levi-Civita connection. These differential equations are
equivalent if, and only if, 7{,,), = 0.

If in addition to the metric compatibility we impose that the connection is
torsionless we obtain the Killing equations again:

V& =0, (8.17)

with £ the Killing vector field.
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Discussion and Conclusions

Let us summarise what we have presented in this thesis. In Chapter [I|we
focused on one of the milestones that led to the formulation of gravita-
tional theories, that is the Equivalence Principle. In Chapter 2| we first de-
duced the Levi-Civita connection from the EP and then we showed which
relations must the transformations that leave the metric unchanged satisty,
that is, the Killing equations. In Chapter 3| we presented how the Levi-
Civita connection behaves when the metric is subject to deformations. In
Chapters and [6| we described theories where gravity is the effect of
the spacetime curvature. In the first of these chapters we dealt with metric
theories where the dynamic variable is precisely the metric, in particu-
lar General Relativity and its extensions. In the second one we regarded
the purely affine theories where the dynamic variable is the connection
and in the last one we considered metric-affine theories where both the
metric and the connection play the role of dynamic variables. In Chapter
[7] we presented the teleparallel theories, namely the Teleparallel Equiv-
alent to General Relativity and the Symmetric Teleparallel Equivalent to
General Relativity, where the gravity is mediated through the torsion and
non-metricity of spacetime respectively. In the last chapter we focused on
the so called trinity of gravity (curvature tensor R*,,,, torsion tensor 7%,
and non-metricity tensor @*,,) and what happens when we want to find
the Killing vectors for a generic affine connection.

Now we could ask ourselves what is the reason that led us to the study of
these different theories of gravity: we find the main answer in the EP. The
GR is based on the universality of free fall, which is the result of the equiv-
alence between inertia and gravity due to the EEP. If for some reasons the
EP will be disproved, then GR becomes unsuitable. Moreover the EP is
not reconcilable with quantum mechanics because controversies arise if a
particle is allowed to be in superposition states of different masses. It is
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in this scenario that the teleparallel theories come into play, which can be
formulated both with the EP and without it, as we showed. Let us stress
that although the Teleparallel Gravity is not a usual gauge theory, in the
sense that the tangent bundle is soldered and not internal, it keeps every
property of a gauge theory. This means that it is more appropriate to create
a unified theory with the other three fundamental interactions, in contrast
with GR. Furthermore, through its extensions, it is able to provide an ex-
planation for the present cosmic acceleration.

The analysis we did in Chapter 8 on the Lie derivative occurs precisely in
a framework where the validity of the EP is not ensured by the presence
of the non-metricity. From this analysis some important remarks follow:
first, from a general situation we can bring ourselves back to the results
of GR and therefore to the Levi-Civita connection, simply by annulling
the two elements of the trinity that are not relevant to GR, i.e. torsion
and non-metricity. This could be a clue to interpret the changes that in-
volve the introduction of torsion and non-metricity as a deformation of
the gravitational field. Secondly, we could interpret the loss of a symme-
try by a system, in different points of spacetime, as a consequence of the
presence of non-metricity with a consequent loss of importance for the EP.
Given the deep importance in understanding the validity of the EP and
therefore testing it with the highest possible accuracy, a space race was
born that led to the realization and proposition of space experiments such
as MICROSCOPE [44], ACES [16], STE-QUEST [10], QTEST [48] and in the
near future SAGE [43]. All these experiments aim to test the three, or at
least one, of the sub-principles on which the EEP is based, namely the Uni-
versality of Free Fall, the Local Position Invariance and the Local Lorentz
Invariance. The proof or the denial of one of these principles will tell us
if the moment of the decline of GR has come, which will then lead to the
dawn of new theories of gravity.

As a continuation to this thesis we will broaden the discussion to the theo-
ries that extend the TEGR and the STEGR, that is the f(7') and f(Q) theo-
ries of which just a hint was given in Chapter|7, and how possible Noether
symmetries are related to the non-conservation of the metric.
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