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Preface

«The answer to all these questions may not be simple. I know there are
some scientists who go about preaching that Nature always takes on the
simplest solutions. Yet the simplest by far would be nothing, that there
would be nothing at all in the universe. Nature is far more interesting than
that, so I refuse to go along thinking it always has to be simple.»

- Richard Feynman

Undoubtedly, the two great pillars of modern physics are General Relativity and
Quantum Mechanics. Even though they were both proposed in the beginning of
the 20th century by Albert Einstein and Max Planck respectively, they are still
considered modern for two reasons. The first one is that, they brought a revolution
in the way we see and describe nature, and thus we wanted to distinguish them
from the more classical and established ideas. The second one is that, they are both
describing concepts and events that are quite unfamiliar to us in everyday life and
in this sense, they feel modern.

General Relativity suggests that gravity is no longer a force, as Newton proposed,
but instead, it is just the effect of geometry, i.e. the curvature of spacetime that
causes objects to fall down to earth, planets to move around stars and stars to form
larger structures, such as galaxies. In addition, time is not anymore an absolute
notion; the measure of time strictly depends on the position in a gravitational field,
and together (time and position) they form the notion of spacetime. Quantum
Mechanics on the other hand, tells us, among others, that there is no way to know
simultaneously the position and the momentum of an object. Both theories have
been stringently tested from experiments and observations and, even if they present
some shortcomings and they are completely incompatible with each other, they are
considered the most convincing explanations describing the physical world.

The topic of this thesis however, has to do with gravitational theories, so we will
focus on such theories from now on. Even from the very beginning, i.e. when Einstein
introduced his theory, he proposed several tests that would verify its validity. These
were the “anomalous” precesion of the perihelion of Mercury, the deflection of light by
the sun and the gravitational redshift of light. Later, many were those that followed:
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gravitational lensing, light travel time delay, frame-dragging effects, as well as binary
pulsars, X-ray spectroscopy and finally the direct detection of gravitational waves
two years ago.

Far beyond astrophysical scales, general relativity is still very successful, as part
of the so-called standard model in cosmology or better the concordance model, A
Cold Dark Matter (ACDM). This model has also passed all the cosmological obser-
vation tests with flying colors. The accelerating expansion of the Universe through
supernovaetype Ia, the polarization of the Cosmic Microwave Background radiation
(CMB) and the large scale structure of the Universe are only some of them.

It seems though, that apart from its great success, it is not the final theory
of gravity. There are hints both from the theoretical and from the observational
point of view, that prove the malfunction of general relativity. First and foremost,
the inability to reconcile gravity with general relativity to a single theory of the
fundamental interactions, is puzzling the physical community for many years. This
is mainly because, Quantum Field Theory assumes the spacetime to be flat or,
at least non-dynamicall] while in general relativity the spacetime is unavoidably
dynamical and the quantum nature of matter fields is not taken into account.

Furthermore, the existence of black holes is predicted by general relativity and
even though, physicists where certain for their existence (because of many indirect
observations) for more than a century, they were directly observed two years ago,
through the detection of gravitational waves. However, in the very center of a black
hole, the theory predicts the existence of a singularity: a “point” in spacetime where
the gravitational field becomes infinite. Apart from the black hole singularity, there
exist some cosmological singularities too, with the most important being the one
at the beginning of the Universe, the Big Band singularity. Obviously, physicists
are not comfortable dealing with infinite quantities, since most of the time they are
unphysical.

At cosmological scales now, there exists the so called problem of the dark sec-
tor, i.e. the nature of dark matter and dark energy. It is known from vari-
ous observations, that the Universe is undergoing a phase of accelerating expan-
sion. The ACDM model assumes the existence of the cosmological constant, A,
which is associated with the energy density of space (vacuum energy). However,
the observed value of A disagrees with the theoretical prediction by 120 orders
of magnitude, consisting the biggest open problem in cosmology. Furthermore,
the value of the Hubble constant according to Planck measurements [1] is about
Hy = 67.8 £ 0.9km/s/Mpc. However, according to Hubble Space Telescope [2] its
value is about Hy = 73.24 £+ 1.74km/s/Mpc. Obviously, there is a discrepancy of

'Tn Quantum Field Theory in curved spacetime, the spacetime is, obviously, non-flat, but it is
still considered a fixed arena where quantum fields live.
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almost 30 between them and many cosmologists think that this number will grow
in the presence of new data [3]. In addition, the model suggests that approximately
85% of the matter content in the Universe consists of an unknown form of matter,
that does not interact with the baryonic matter that we see. No interaction with
photons or any other known particles means that it is very difficult to observe. Ob-
viously, there are many proposals in the literature of what the nature of dark matter
is, but to date no particle candidate has been found. More details about the current
problems of general relativity will be presented in the introduction.

Based on the above, many scientists started pursuing a better explanation for the
gravitational interactions in nature. But this is not new; Einstein himself wanted
to encompass his theory with Electromagnetism and thus started looking for uni-
fications, i.e. more general theories of gravity. Since then, many attempts for
modifications have been made; Eddington, Weyl, Kaluza and Klein, Dirac, Stelle,
Brans and Dicke are only few of the ones tried to find a more complete theory of
gravity. Some examples of the theories proposed (not in a chronological order) are:
string theories, nonlocal theories, scalar-tensor theories, teleparallel theories, higher
order theories, emergent approaches (Causal dynamical triangulation, Padmanab-
han thermodynamic approach, Verlinde’s entropic gravity) are more. The point of
this thesis is not to review all the theories that have been studied. This has been
done extensively in the literature. What we do here is to discuss a point of view that
is not so well studied yet. This is the three conceptually different, but equivalent
formulations of gravity.

The thesis is split into three parts. The first one tries to focus in the fundamental
geometric structure on which theories of gravity are built. We start by considering
the most general connection on a 4-dimensional manifold and from that we derive the
three equivalent descriptions of the gravitational interactions, i.e. General Relativity,
Teleparallel Equivalent of General Relativity and Symmetric Teleparallel of General
Relativity. The first one describes gravity as the effect of the curvature of spacetime,
the second one of its torsion and the third one of its non-metricity.

The last decade a plethora of theories has been proposed in the literature and
we have to start discriminating between those. Symmetries play a very important
role in field theories and can certainly help us with that task. In the second part
of the thesis, I present a geometric criterion using Lie and Noether symmetries of
differential equations, to select those theories of gravity that are invariant under
point, transformations. Using the invariant functions of these symmetries one can
reduce the dynamics of the system and find exact solutions.

Many applications in the cosmological minisuperspace are also included in the
second part. However, every new theory should be consistent with observations
at astrophysical scales too. For this reason, in the last part of the thesis, we use
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the maximum turnaround radius of large scale structures as a stability criterion to
constrain theories of gravity.

The author’s ultimate goal is, that this thesis will contribute as a guide to future
students and researchers who want to study the foundations of gravity. It is more
than certain, that this thesis will contain trivial mistakes and typos that the author
did. TIf the reader finds something like this, he is adviced to contact the author
directly. Nevertheless, I hope the reader will enjoy these pages and/or to be inspired
by them, as much as the author did writing them.
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Chapter 1
Introduction

«If you would be a real seeker after truth, it is necessary that at least once
in your life you doubt, as far as possible, all things.»

- René Descartes, Principia Philosophice

1.1 Gravity in the march of history

Gravity is one of the four fundamental interactions in nature, among electromag-
netism, and the weak and strong nuclear forces. Even if; it is the weakest of all,
gravity (and electromagnetism) is directly observed in everyday life. Due to this, it
was the first of the four that was studied experimentally. However, until today, it
still remains the least understood and most puzzling compared to the other three.

It was Aristotle who first thought that objects with different masses should fall
at different rates, but Galileo disproved this hypothesis, showing experimentally
that all the objects accelerate toward the Earth uniformly (if we neglect resistant
forces). He may not have conducted the well-known experiment from the Tower of
Pisa, however, he did many other similar ones using inclined planes, pendulums and
even telescopes, making himself the “father of the scientific method”.

A consistent theory of gravity though, was proposed by Newton in 1687. His
inverse-square law of universal gravitation will be the best description of the gravi-
tational interactions for more than 300 years, until Einstein introduces the general
theory of relativity. What Newton’s theory says is that, every object attracts every
other object with a force, which is inversely proportional to their distance squared
and proportional to the product of their masses. This description is so accurate (and
also simpler, compared to general relativity), that even nowadays, is used in many
applications where the masses, the speeds and the energies of the objects studied,
are sufficiently far from the relativistic limit.
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The most important thing regarding Newton’s theory of gravity, is the concep-
tual ideas introduced with it, behind its mathematical formulation. To be more
specific, Newton thought that space and time are two absolute entities, which prac-
tically means that, all the physical phenomena take place in an unaffected (non-
dynamical) background. Moreover, he also believed that gravitational and inertial
masses coincide, which later became known as the Weak Equivalence Principle.

Seemingly any theory that is consistent and can describe physical phenomena
is correct; so whether or not Newton’s theory of gravitation is right, would not be
so well-posed question. It would be more correct to ask how much of the physical
world a theory can describe; and if there exist more than one theories describing
the same phenomena, then the one with the fewest assumptions is the right one
(Occam’s razor).

As far as Newton’s theory is concerned, it established itself soon after its appear-
ance in the scientific community, but Newton was not so comfortable with what his
theory was implying. Using his own words to Bentley, “that one body may act upon
another, at a distance through a vacuum without the mediation of anything else,
by and through which their action and force may be conveyed from one another, is
to me so great an absurdity that, I believe, no man who has in philosophic mat-
ters a competent faculty of thinking could ever fall into it”. Indeed, the inability of
his theory to comply with Mach’s principle[], local physical laws are determined by
the large-scale structure of the universe |4], was one of the biggest problems of the
theory.

The idea of the absolute space, together with the failure of the theory to explain
the excess precession of Mercury’s orbit, were some of the reasons that made Einstein
want to find another description for the gravitational interactions. He became sure
after 1905, when he completed the Special Theory of Relavity, which explained a
series of phenomena, but was not compatible with Newton’s theory. It was then,
when he started working intensely towards a gravity theory consistent with Special
Relativity, and he managed to do it in 1915.

It is remarkable how good it fitted the observations (Mercury’s precession, Lense-
Thirring effect, deflection of light by the Sun and more) and how successful it still
is. At cosmological scales it passed with flying colours all the observetional tests;
from the redshift of type Ia supernovae, to the Hubble rate, to the cosmic microwave
background and the large scale structure in the Universe. This, however, does not
make Newton’s theory wrong. It is indeed less valid compared to General Relativity,
but even Einstein’s theory in the weak field limit, i.e. where the masses/energies and
the speeds of particles/objects are sufficiently small, reduces to Newtonian gravity.

I'Nowadays, when we refer to Mach’s principle, we usually mean the physical sense that Einstein
made out of an imprecise idea of Ernst Mach. R. H. Dicke reformulated Einstein’s statement too.
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The whole idea we had about gravity may have changed thanks to Einstein, but some
of the vital elements of Newton’s theory are still valid and have been incorporated
to the new theory.

It may be the case, that today, we are facing similar problems as in the beginning
of the 20th century. Back then, it was Newton’s theory under the microscope of
investigation, today it is General relativity. Even though successful with many
observations, it contains some shortcomings and we are called to explain them,
either in the framework of this theory or by changing fundamentally the picture we
have about gravitational interactions. In the following sections of this chapter, we
will review the success of General Relativity (GR from now on) and we will stress
the questions we are supposed to answer.

1.2 General Relativity and its mysteries

GR is a metric theory and it gives a geometric description of gravitational interac-
tions in the Universe. It generalizes Special Relativity (SR) and Newton’s theory
of gravity and it provides a general picture of gravity as a geometric property of
spacetime. Specifically, gravity is mediated through the curvature, i.e. the devi-
ation of spacetime from flatness, and this is directly related with the matter and
energy content of the Universe. Mathematically, this relation is described by the
Einstein field equations. In this sense, i.e. the spacetime structure is in relation
with the matter in the Universe, GR is in accordance with some of Mach’s ideas.

It has been more than 100 years since Einstein first introduced GR and since
then it has passed many tests at different scales. Specifically, at astrophysical scales,
it explains the orbits of the planets and other self-gravitating systems, it passes the
Solar System Tests and reduces to the Newtonian theory in the weak field limit. At
larger scales, it addresses the galactic dynamics as well as the clustering of galaxies
and it explains, in a consistent way, the cosmological observations, from the cosmic
microwave background radiation, to the late-time acceleration of the Universe and
the redshift of type la supernovae. Moreover, it implies the existence of black holes,
predicts gravitational waves, explains the gravitational lensing and redshift and
more.

In what follows, we will review the success of GR at astrophysical and cosmolog-
ical scales, in more detail; we will discuss the possibility and the need to extend its
validity at smaller scales and we will point out its weak points, i.e. those phenomena
and concepts that are still under investigation.
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1.2.1 Astrophysical implications

It was only two months after Einstein introduced his theory, and specifically on
January 1916, when Karl Schwarzschild, a German physicist, managed to solve
Einstein’s field equations in vacuum for a spherically symmetric non-rotating mass.
When Einstein read Schwarzschild’s paper, he wrote to him: “|...] Thad not expected
that one could formulate the exact solution of the problem in such a simple way. I
liked very much your mathematical treatment of the subject [...]”. For many years
physicists thought that Schwarzschild solution is nothing more but a mathematical
construction. From the beginning of the sixties though, and especially after the
discovery of pulsars and their identification with rapidly rotating neutron stars, not
only black holes stopped being considered as theoretical curiosities, but also the
whole theory of general relativity entered its “Golden age” [5] and became part of
theoretical physics.

It was then, between 1960-1975, that many exact solutions of the Einstein’s
equations had been found. R. Kerr found an exact solution of a rotating black
hole; E. Newman found a solution of a rotating and electically charged black hole.
In addition, W. Israel, B. Carter and D. Robinson came up with the, later called,
no-hair theorem which states that any stationary black hole can be described only
by three parameters, its mass, its angular momentum and its charge. In practice,
this means that any two black holes having these parameters in common, cannot be
distinguished.

The black holes are created in the end of the life circle of a massive star, and
are regions in the Universe where spacetime is so curved that not even light can
escape. S0 a good question would be, if nothing can escape, then how are we able
to know the three parameters mentioned above? Because of the fact that, the above
properties correspond to long-range gauge fields, they can be observed indirectly
from the outside of the black hole. More explicitly, the mass can be calculated
from the so-called ADM mass (Arnowitt, Desser, Misner), which is the gravitational
analog of the Gauss’s law [6]. Moreover, as any other object with electromagnetic
charge, the black hole would repel other objects with the same charge and finally,
the angluar momentum of a rotating black hole could be measured by the frame-
dragging of the gravitational field, which is the distortion of the spacetime around
a rotating mass.

We already said that nothing, not even light can escape from the black hole,
but what is the boundary that disconnects the outer spacetime, from the black
hole. This surface (or to be more precise the 3-dimensional hypersurface) that acts
as a boundary between the inner and the outer regions of spacetime, is called the
event horizon of a black hole and it got its name from the fact that if an event
happens inside it, an observer outside from this will never know it occured, because
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the information cannot escape. An interesting phenomenon that takes place near a
black hole is that, clocks appear to tick more slowly for an observer far away from
it; this is known as time dilation. Of course, observers moving towards the black
hole do not notice any difference on the ticking of their clocks and they cross the
event horizon without noticing anything peculiar.

For many years, it was believed that Schwarzschild black hole, i.e. the simplest
form of a black hole, which is spherically symmetric has a singularity at the event
horizon. However, it was proven in the mid-twenties that this was only a coordinate
artifact and there was no singularity there; this can be seen by making a proper
coordinate transformation. On the contrary, at the center of the black hole, there
exists a singularity which cannot be removed by a mathematical trick. For a static
black hole the singularity has a point shape while for a rotating black hole its shape
is a ring. In both cases though, this region contains the total mass of the black hole
and zero volume, thus having infinite density [6,/7].

The existence of singularities in GR is still an open issue in theoretical physics
and it is under investigation. The fact that the curvature and the density at a
specific region is infinite does not seem so physical and thus this is usually seen as a
breakdown of the theory [§]. It is believed though, that in a theory where quantum
effects could be incorporated in a theory of gravity, singularities would not exist.

Apart from black holes, GR implies also the existence of new phenomena that
its predecessor did not. At astrophysical scales, GR can explain how matter could
bend the light of a distant source, as it travels towards an observer. We call this
effect gravitational lensing, since the matter distribution, i.e. galaxies or clusters of
galaxies, acts as a lens between the source and the observer. How much the beam of
light deviates from its initial direction, or as we call it, the deflection of light can be
calculated in the context of GR, but unlike an optical lens, in gravity, the closer the
light passes to the center of the structure the more it will be deflected. Depending on
the size of the structure there exist three types of gravitational lensing: the strong,
the weak and the microlensing.

What is more, GR predicts the existence of gravitational waves (GW). These
are ripples in the fabric of spacetime that are produced by accelerated masses and
propagate as waves with the speed of light. Just as in electromagnetism, GW'’s
transport energy in the form of radiation and they were not detected before 2016,
i.e. 101 years after their prediction. They come in two polarization modes (in the
framework of GR), plus and cross and they can penetrate regions of spacetime the
electromagnetic waves cannot.

The first gravitational wave signal, GW150914, was observed on February 2016
[9] and it was produced by a binary black hole merger that happened a billion years
ago. When it crossed the Earth, it changed the length of a 4km arm of LIGO (Laser
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Interferometer Gravitational-Wave Observatory) by a thousandth of the width of a
proton. Since then, we observed six more signals such as this one. Interestingly, the
last one, GW170817, was produced a binary neutron star merger [10] and it was the
only one which was observed also in its electromagnetic spectrum, initiating thus
the field of multi-messenger astronomy [11].

1.2.2 Cosmological implications

Apart from the role at astrophysical scales, gravity is at great importance especially
at cosmic scales. We expect that the larger the scale, the more powerful gravity
becomes, since all the other interactions are tend to vanish at large scales. The
cornerstone of modern cosmology is the idea that the position in which we are
in the Universe is in no way special. This is known as the cosmological principle
and practically, it states that the spatial distribution of matter in the Universe is
homogeneous and isotropic at large scales. Of course this is by no means exact, but
it holds as a very good approximation the larger the scales we consider (let alone the
whole Universe) and it breaks down at local phenomena. In the rest of this section
we will see how cosmology is described in the framework of GR under the ACDM
(A Cold Dark Matter) concordance model.

The cosmological principle has a straightforward mathematical description. Re-
garding the geometry of the Universe, we have to assume that the curvature though-
out it is the same and the matter content is described by a perfect fluid, and the
only parameters needed for its description are the uniform energy density p and the
uniform pressure p. Let us now see, how the equations describing the dynamics of
the Universe, or else Friedmann equations look like. More details about the geomet-
ric structure of the theory will be given in the next chapter and also could be found
in numerous books in the literature [4,6-8|. However, for what follows basic notions
of tensor calculus, differential geometry and general relativity are considered known.

The energy-momentum tensor of a perfect fluid is given by

" = (p + p) uu” + pg"”, (1.1)

where u* is the 4-velocity of an observer comoving with the fluid and g,, is the
metric of the spacetime. The Einstein field equations are

G" + Ag"” = 8nGTH (1.2)

with G being the Newton’s constant, A being the cosmological constant and G*
the Einstein tensor, which is given by

1
G" = R — SRy (1.3)
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where R* and R are the Ricci tensor and scalar respectively. T*” is the energy-
momentum tensor for the matter and in our case it is given by .

The metric that describes the homogeneity and isotropy of the spacetime is called
Friedmann-Lemaitre-Robertson-Walker and in spherical coordinates it is given by

ds* = —dt* + a(t)? dr? +r2dQ?| . (1.4)

1 —kr?

a(t) is the scale factor and denotes the relative expansion of the Universe, dQ? is the
metric of a 2-sphere, i.e. dQ? = df? + sin?(§)d¢? and k is a constant representing
the curvature of space; it can be taken either as a dimensionless number taking the
values £ = —1 if the spatial hypersurface of constant ¢ has negative curvature, k = 0
if it is flat and k& = 1 if it has positive curvature or to have units of [L] 2.

By plugging (1.1) and (1.4) into (1.2)) we get the Friedmann equations

N2
a k G A
bl S — 1.
(a) + > 3 p+ 5 (1.5a)
a A7 A
-= —— 3 —. 1.5b
o T )+ (1.5b)

Considering that the Universe is homogeneous and isotropic at large scales, and
this stays unaffected in time, the only parameter left to evolve is its size, i.e. the
scale factor a(t). Indeed, if we impose a specific relation between the energy density
and the pressure of the perfect fluid, or else an equation of state, we can solve the
equations , for the scale factor and find the evolution of the Universe.

It is very often considered that, cosmological fluids obey the following equation of
state p = wp, where w is a dimensionless parameter. Hence, the continuity equation
yields _ .

VHT‘“’:O:>§+3(w+1)g:O:>poca3(w+1). (1.6)

A matter-dominated Universe (or else dust) consists of non-relativistic, collisionless
particles, whose pressure, compared to their energy density, is negligible. This means
that w = 0 and thus py; = 0. Moreover, from Eq. we see that its energy density
decreases as

pr o< a, (1.7)

or else that as the Universe expands the number density of the particles decreases. In
radiation-dominated universes, where radiation could be either electromagnetic or
any other particle moving close to the speed of light, it isw = —1/3 and pr = —pr/3.
From Eq. we find that pr oc a=*, which practically means that photons’ energy
density falls off faster compared to dust; this happens because they redshift. Last
but not least, the equation of state ppy = —pp, i.e. w = —1 describes the vacuum
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energy of the universe and from the continuity equation we find that (in this case
we consider k in ([1.4]) to have units of length™?)

pa ox 1. (1.8)

This means that as long as the universe expands, the energy density of matter
and radiation decreases, but vacuum energy wins in the long run and we call these
universe, vacuum-dominated, or in the context of the concordance model, where A
is associated with dark energy, dark energy-dominated.

Nowadays the consensus in modern cosmology is that, only (less than) 5% of the
total energy density of an FLRW Universe, in the framework of ACDM model, is the
matter-energy that we see, i.e. the baryonic matter. Everything else, namely the
rest 95% must be something unknown, dark, in order to fit the observations. More
explicitly, the 25% of this dark sector is identified as dark matter, a non-interacting
and non-relativistic form of matter, while the rest 70% is called dark energy, a non-
clustering form of energy density with a negative equation of state, as we saw above,
causing accelerated the expansion of the Universe.

Chronologically, dark matter was proposed much earlier compared to dark energy
[12]. Fritz Zwicky was examining the Coma cluster in the early thirties when he
used the virial theoremP to infer the existence of existent matter which could not be
seen, dark matter. Specifically, he calculated the graviational mass of the cluster and
after comparing it with what he expected from its luminosity, he realized it should
be 400 times larger. Thus, he deduced that the missing matter must be dark [13].

Another hint for the existence of dark matter is the rotation curves of galaxies.
Galaxies can be thought of as point masses in the center and test particles orbiting
around these point masses. If so, from Kepler’s second law, we can deduce that the
rotation velocities of the test particles will decrease the further they are from the
center. However, what we observe is that the galactic rotation curves remain flat
as we approach the “edge” of galaxies. Effectively, this means that apart from the
luminous mass of the galaxy, there should exist another form of dark mass, in the
sense that it does not interact with baryonic matter, in the outskirts of the galaxy.

Furthermore, as we already discussed before, one of the predictions of GR is the
gravitational lensing, which is the phenomenon where a massive object between an
observer and a source, acts as a lens bending the light coming from the source. Both

2For a stable system of N particles, bound by potential forces, the average kinetic energy over
time is related with its average potential energy under the following folrmula

N

(T) = —%Zm Ty,

k=1

with Fy being the force on the kth particle, located at ry.
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weak and strong graviatational lensing [14-17] indicate the presence of dark matter
in galaxies and galaxy clusters.

There are other hints for the existence of dark matter too. From the angular
power spectrum of the CMB anisotropies we can deduce the density of dark matter,
since the imprints that it leaves on the CMB are different from those of baryonic
matter [1]. In addition, the effect of dark matter not to interact with radiation,
makes its existence more probable, because it can allow density perturbations in
the early universe to have enough time, in order for structures, such as galaxies and
cluster of galaxies, to be formed. The collision of two clusters of galaxies resulted
the, well-known, Bullet cluster; however, its apparent center of mass is far displaced
from the baryonim center mass [18] and dark matter can explain this observation.

Dark matter has been around for almost a century now and it was integrated
in the Big Bang evolutionary model of the Universe, ACDM, in the beginning of
the eighties. Since then, there have been many proposals about its nature. The
candidate scenarios are three: hot, warm and cold dark matter. The best particle
candidate for hot dark matter is the neutrino, and for warm dark matter the sterile
neutrino. The most successful scenario, however, seems to be that of Cold Dark
Matter, i.e. a very weakly interacting, non-relativistic form of matter, and the
possible candidates are the axions, the MACHO’s (M Assive Compact Halo Objects)
and the WIMP’s (Weakly Interacting Massive Particles). It is not our task to review
neither the properties nor the success of each one of the candidates. For a review of
the current status of dark matter the interested reader should check [19,20].

Apart from its nature another deficit of the theory, is its inability to explain
the observed coincidence, between the baryonic energy density and the dark matter
energy density. Why two totally different forms of matter, with different production
mechanisms, have almost the same densities? Other problems, related to dark mat-
ter are: the cusp problem [29], i.e. the fact that galaxies are observed to have a flat
energy density of CDM pcpar, but N-body and other simulations give pcpar ~ 7~
with o ~ 0.7 —1.5; the missing satelite problem, i.e. the fact that simulations signify
the existence of about 500 sattelite dwarf galaxies around the Milky Way, but only
30 such galaxies have been observed. Just as important is, the apparent relation be-
tween dark matter and baryonic matter in galaxies, dictated in spiral galaxies by the
Tully-Fischer [31] and in elliptical galaxies by the Faber-Jackson relation [32], since
in the framework of the concordance model such relations should not be observed.

It is indeed believed in the community, that in the near future one of the parti-
cle candidates will be detected either directly or indirectly. However, expectations
are not always fullfilled and thus many skeptic scientists, based on all the above
shortcomings of the theory, try to find an alternative explanation for the “missing
matter” problem.

10
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As far as dark energy is conserned, its notion has been around since the eighties
[21] and it is the most accepted hypothesis to explain the accelerated expansion of
the Universe. Supposing that GR is correct, then the role of dark energy is played by
the cosmological constant A [22,23|, which acts like an intrinsic, fundamental energy
of space. Einstein thought that the Universe must be static and since his equations
dictated a gravitational collapse from the concentration of mass, he added by hand
a A term to oppose to the gravitational force and keep the Universe static. However,
not many years after, Edwin Hubble discovered that the Universe is expanding, and
Einstein called the cosmological constant term “the biggest blunder of his life”.

An expanding universe is very well described by the de Sitter solution of the
Einstein field equations in vacuum, named after Willem de Sitter who was probably
the first to study an acceleratingly expanding universe [33]. A de Sitter space is
the analog in Minkowski space, of a sphere in Euclideal space and therefore, it is
a Lorentzian manifold with positive curvature, which is maximally symmetric and
simply connected. From the Friedmann equations , we see that if we
set k = 0, i.e. a flat universe for simplicity, and also 7}, = 0, then the scale factor
takes the form

a(t) = et (1.9)

with the constant H = \/g being the Hubble expansion rate. But even if, we do
not neglect the matter content in the Friedmann equations, i.e. p # 0 # p in (1.5a]),
(1.5bf), we notice that at late times the cosmological constant will become dominant,
since its energy density remains constant , while that of matter falls off as a3
. Practically, this means that asymptotically the Universe will approach a de
Sitter space.

The presence of an energy density with negative equation of state, i.e. w = —1, is
favoured [24-26] compared to a flat, matter dominated or a universe with negative
curveture, by supernovae type la measurements. Moreover, such a model is also
consistent with CMB anisotropies [1|, combined with SDSS data |27]; with the
Integrated-Sachs-Wolfe effect of CMB [28|, and other observations.

What’s more, one can move the cosmological constant term at the right hand
side of Einstein’s field equations (1.2)). If one considers a perfect fluid with energy
momentum tensor

TH, = diag [A, —A, —A, —A] |

namely, w = —1, then the cosmological constant can be in a way regarded as matter
term, thus serving as the vacuum energy of matter fields. More precisely, it would
be effectively

A= 87TGpA )

11
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and from the Standard Model of particle physics one could specify its value. Omit-
ting the details [34], by taking the bound of validity of classical effects of gravity to
be at the Planck scale, we find that the energy density of the cosmological constant
is

pAtheoretlcal ~ 10108€V4

Y

while its observed value is
pAobserved ~ 10_126V4 .

This 120 orders of magnitude discrepancy, apart from almost embarassing, is the
biggest open problem in modern cosmology and it is called the cosmological constant
problem.

This is, sadly, not the only problem related to the cosmological constant. Apart
from the dark matter coincidence problem that we already talked about, there
is another coincidence probem. It seems |35] that the energy density of the cos-
mological constant, as indicated by cosmological observations, has the same order
of magnitude with the energy density of the matter content of the Universe, i.e.
PAltoday ~ Pmat.|today. This is rather unexpected because the scaling of these two
quantities with the size of the Universe is totally different.

1.2.3 Gravity at smaller scales

Even though it is not related to the subject of this thesis, the introduction would not
be complete, if we would not mention the problems of GR at lower scales, i.e. high
energies. At those scales the theory that describes the physical world is the second
great pillar of modern physics, Quantum Field Theory (QFT). In the context of GR,
matter fields are treated classically, with their quantum nature being ignored. So
it was more than expected for someone to ask, how gravity behaves at very small
scales, where the quantum phenomena cannot be ignored.

Indeed, very soon after the formulation of GR, attempts have been made to
incorporate it in a more unified theory. Even Einstein was affected by the work
of Eddington, Weyl and Kaluza and Klein. Eddington was followed by Dirac and
himself by Brans and Dicke who formulated their theory claiming that Newton’s
constant may not be a constant, but it may vary with time. Indeed, Brans and
Dicke substituted the running Newton’s “constant” with a scalar field and they were
the first, in 1961, who introduced a scalar-tensor theory of gravity.

However, it was not before the '70’s and '80’s when the idea of quantizing gravity
became very popular. Even though, there have been numerous proposals since then,
such as the supergravity and the superstring theory, none of them has achieved to
overcome all the problems. It seems that the riddles scientists have to solve, are

12
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more fundamental and have to do with conceptual issues rather than mathematical.
Specifically, the background (in)dependence is one of those. In QFT Heisenberg’s
principle is a key concept and introduces an uncertainty for the position/momentum
of a particle. On the other hand, in GR is of fundamental importance the fact that
the spacetime encompasses all the necessary information of the past, present and
future. Moreover, the fact that time is not a dynamical concept in QFT, while in
GR it is, creates another conceptual barrier between the two theories.

All in all, attempts for a quantum description of the gravitational interactions
have been made for at least half a century and curiosity was probably the main
motivation. Indeed, a neat theory that helps us understand better both gravity and
the quantum world would be a great success. However, up to now, we are led by
the “beauty” that nature should have and we try to formulate a theory with this
criterion. It could be the case though, that gravity has no quantum representation
at small scales and this whole hunt is futile.

1.3 Summary

An brief introduction to the implications of General Relativity has been attempted
in the previous sections. Apart from its great success, GR presents some intrinsic
limitations, as well as some notions not so well explained in its framework.

Putting them all together, these problems are: at high energies, the inability
of gravity to be integrated in a more general, unified theory with Quantum Field
Theory. In addition, the existence and the nature of singularities, either inside
black holes or the cosmological ones (e.g. Big Bang) seems to puzzle the scientific
community for a while now. Apart from these, the ACDM model presents its own
riddles: regarding dark energy, the most important one, is the cosmological constant,
which shows 120 orders of magnitude difference between its theoretical and observed
value. Furthermore, the coincidene that the energy density of the cosmological
constant appears to be the same as that one of matter today, creates more confusion
in the field. As far as dark matter is conserned, there exist even more problems, with
the biggest one being that no particle-candidate has been observed yet. Another
coincidence problem exists also here, between the energy density of baryonic matter
with this of dark matter, even though the two quantities are formed in different ways.
Finally, the missing satellite problem, the distribution of dark matter in galaxies, as
well as the relation between baryonic matter and dark matter in spiral and elliptic
galaxies complete the picture of open questions in modern cosmology.

Either one by one or as in groups, all of these problems have been studied thor-
oughly in the literature and individual or collective solutions have been proposed.
It is not our task to present them here and the interested reader is directly refered

13
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to the associated literature, see e.g. [79,/171,[274] and references therin. However,
none of the above is solved completely in the context of GR. This is considered by
many scientists as a signal to go beyond Eisntein’s theory.

The quest for an alternative description of gravitational interactions on cosmo-
logical scales started to take a front seat in physics almost twenty years ago, in the
beginning of 2000. There has been both theoretical progress including attempts for
renormalizing gravity as well as higher dimensional theories, as well as phenomeno-
logical one, trying to fix the theory to fit observations. The list is humongous:
there are scalar-tensor theories, such as Brans-Dicke, which is the simplest, or as
Horndeski’s, which is the most general scalar-tensor theory with second order field
equations. In these theories, apart from the metric, gravity is also mediated by
another (dynamical) field which transforms as a scalar. There are Tensor-Vector-
Scalar theories (TeVeS), which include a metric (rank-2 tensor), a vector and a scalar.
These theories were constructed by Bekenstein, as a relativistic formulation of M.
Milgrom’s Modified Newtonian Dynamics (MOND). What Milgrom thought [36] is
to modify Newton’s laws at galactic scales to explain their rotation curves. Indeed,
he proposed that there should exist an acceleration limit, ag, below which Newton’s
second law would become Fy = ma?/ag. Precisely, the Newtonian force is given by

Fy = m,u(ﬁ)a, (1.10)
Qg
where
1 x>1
= T 1.11
IO B (111)

is an interpolating function. Moreover, there exist bimetric theories, either with a
dynamical metric and another fixed, background metric, or with two dynamical met-
rics. Generalizations of the Einstein-Hilbert action have been also considered, with
the most common one being f(R) theory. What one does, is instead of considering
the E-H action, which is linear in the Ricci scalar, R, one takes a general function
of R and constructs a fourth order theory. Even more general actions have been
studied, including contraction of the Ricci tensor R, R*, of the Riemann tensor
Rm,agRWO‘ﬁ , Gauss-Bonnet terms G = R2—4RWR“"+RWO[/3RWO‘5 , as well as deriva-
tives of these. Numerous are the higher dimensional theories as well: Kaluza-Klein,
Randall-Sundrum, Einstein-Gauss-Bonnet, Dvali-Gabadadze-Porrati are only some
of them.

In this thesis, the aim is not to deal with extensions of General Relativity, such
as the addition of an extra field, or the generalization of an action. The goal is
to discuss theories that are equivalent to GR, but have totally different conceptual
formulation. For this reason, we will start by writing down the most general affine
connection in a four-dimensional manifold. This contains not only the Levi-Civita

14
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connection, which is the case for GR, but also an anti-symmetric part with non-
vanishing torsion and non-metricity. If curvature describes how the tangent spaces
“roll” at each point along a curve, the torsion shows how they are twisted about a
curve and non-metricity shows how they scale. More details will be given in the
following chapters. Apart from the mathematical description, we will devote some
time to discuss the physical properties of these theories and how they could help to
tackle the problems discussed above.

In the second part of this thesis, we will use Noether’s theorem to classify dif-
ferent theories of gravity in several spacetimes. Specifically, we will use the Noether
Symmetry Approach in order to classify the models that are invariant under point-
transformations. What is more, we will use these symmetries to find exact solutions
in each spacetime. In more detail, Lie and Noether point symmetries of differen-
tial equations have some geometric properties. Effectively, this means that, there
is a connection between the point symmetries of differential equations that are of
second order, with the collinations of the underlying manifold where the motion
occurs. Even though this might be known for a while, it has only been a couple of
years since this geometric property has been used as a criterion to select theories of
gravity. Specifically, we use this method to determine the symmetries of different
theories (i.e. dynamical systems) and the invariant function of the systems are used
to reduce their dynamics and find analytical solutions.

Finally, in the last part, we will see some astrophysical applications. In par-
ticular, we will use the turnaround radius, which is the radius at which initially
expanding, gravitationally bound structures will halt their expansion, turnaround
and collapse, as a stability criterion to constrain alternative theories of gravity. The
maximum size of a large scale structure with a given mass M can be estimated
using the maximum turnaround radius. Theories that predict an estimate for the
maximum turnaround radius of a structure, that is smaller than its actual observed
size, will be severely constrained.
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Geometric Foundations and the
Geometric Trinity of Gravity
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Chapter 2

Building blocks of a gravitational
theory

«Let noone who is ignorant of Mathematics enter herey»

- Inscription above the doorway of Plato’s Academy

«When the objects of investigation, in any subject, have first principles,
foundational conditions, or basic constituents, it is through acquaintance
with these that knowledge, scientific knowl- edge, is attained. For we
cannot say that we know an object before we are acquainted with its
conditions or principles, and have carried our analysis as far as its most
elementary constituents.»

- Aristotle, Physics 1.1

Apart from the phenomenological requirements (explain astrophysical and cos-
mological observations) that any self-consistent theory of gravity should have, it
must contain some basic theoretical properties, such as the universality of free fall,
the local lorentz invariance and more. This is the subject of this chapter; we will
try to discuss the minimum theoretical requirements that a relativistic gravity the-
ory should have and we will formulate them mathematically. Finally, we will built
general relativity from these and we will study what happens if we loosen up some
of its assumptions.

2.1 Necessities for validity

One of the great pillars of General Relativity is the Equivalence Principle. Based
on the works of Galileo and Kepler, Newton formulated a version of it in Principia
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as that the inertial mass of any body, my, i.e. this property of a body that governs
its response to a given force, F = mja, is equal to its gravitational mass, m,, the
property that dictates its response to gravitation, F = m,g. This is known today as
the Weak Equivalence Principle (WEP) and is better stated as “if an uncharged test
body is placed at an initial trajectory will be independent of its internal structure
and composition” [57].

The WEP was verified with great accuracy by the Eotvos experiment [58]. He
used a rod with two masses on its edges and he hung it from a thin fiber. He attached
a mirror on the rod, which in turn reflected light into a telescope. In this way, if
the rod would rotate, the light beam would be deflected and this would seen by the
telescope. If the inertial mass was different from the gravitational, then gravity and
the centrifugal force would not act in the same way on the two bodies and eventually
the rod would rotate.

However, Einstein was the one who thought that if the universality of free fall
holds, then an observer in a freely falling elevator in the same gravitational field, will
not understand the effect of gravity. So what he did is, generalize this idea to all the
laws of physics, not only the mechanical ones. It was this idea that opened the path
to GR and it is the foundation of metric theories of gravity. It is called the Finstein
Equivalence Principle and it states that: “(i) WEP is valid, (ii) the outcome of any
local non-gravitational test experiment is independent of the velocity of the (freely
falling) apparatus (which is the local lorentz invariance) and (iii) the outcome of
any local non-gravitational test experiment is independent of where and when in
the universe it is performed (which is the local position invariance)”. This was more
difficult to be tested than the WEP, since it required experiments for testing both the
local lorentz invariance and the local position invariance. The Hughes and Drever
experiments [59,60] managed to show that there is no preferred rest frame in which
the laws of physics change and thus local lorentz invariance holds. In addition, local
position invariance has been tested by gravitational redshift experiments and also
by measuring the constancy of fundamental non-gravitational constants, showing
that their values do not change with time.

EEP is fully embodied only in the so-called metric theories of gravity and this is
because its validity constrains gravitation to be a “curved spacetime” phenomenon.
The metric theories satisfy the following two postulates [61]:

1. There exists a metric g,,, which is a rank-2 tensor and captures all the geo-
metric and causal structure of spacetime throught the line element

ds® = Gudxtdz” .

2. If T* is the energy-momentum tensor of all matter fields and V,, a covariant
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derivative, derived by the Levi-Civita connection of the above metric gwﬂ,
then
Vv, T" =0.

Using the above postulates, Thorne and Will, but also Nordtvedt, Baierlein
and others after them, were able to construct the Parametrized Post-Newtonian
(PPN) formalism, which is now used to test metric theories of gravity. In particular,
this formalism contains parameters that observational gravitational physicists can
constrsain from the data and theorists can use these bounds on their new theories.
For more details see [274].

Apart from these two forms of the Equivalence Principle, there exists another one
which distincts itself from WEP and EEP by including self-gravitating bodies and
also local gravitational experiments. In particular, it is called the Strong Fquivalence
Principle (SEP) and it states that: (i) WEP is valid not only for test bodies but
also for bodies with self-interactions (planets, stars), (ii) the outcome of any local
test experiment is independent of the velocity of the (freely falling) apparatus, and
(iii) the outcome of any local test experiment is independent of where and when in
the universe it is performed”. It is worth noting that SEP includes EEP in the limit
where gravitational forces are ignored. The extension, however, of the local lorentz
invariance and the local position invariance to experiments involving gravitational
forces, is quite a strong requirement. Up to now, there is no other theory satisfying
the SEP, but general relativity.

Schiff and Dicke were the first who realized [62,63] that the gravitational experi-
ments are in a way, probes of the foundations of gravitation theory and not of general
relativity itself. This particular point of view led Dicke formulate a framework [64]
in which one can discuss the nature of spacetime and gravity. He formulated thus,
a set of assumptions and constraints any theory of gravity should satisfy and we
summarize them below:

e Geometric points are to be associated with physical events and the only
geometric properties a spacetime should have a priori are those of a four-
dimensional differentiable manifold; there shall be neither a metric nor an
affine connection.

e All the mathematical quantities should be expressed in a coordinate invariant,
covariant, form.

!The fact that in the covariant derivative V,, enters only the metric g,,, does not necessarily
mean that the metric is the only gravitational field. As it is in Brans-Dicke theory [77], the other
fields could help in the generation of spacetime, but they cannot directly couple to matter.
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e Gravitational effects should be described by one or more long-range fields,
having a tensorial form (scalar, vector, 2-rank tensor or even higher).

e The dynamical equations will be obtained from an invariant action principle.

e Last but not least, nature likes things as simple as possible, meang that
Ockam’s razor should be considered as a guiding principle [61].

However Dicke’s framework is very strict and confines a lot the theories that
could be accepted. This led theorists throughout the years to formulate a set of
fundamental criteria that, any viable gravitation theory should respect and they
emanate not only from a theoretical viewpoint, but also from experimental evidence.
These are the following:

e it must be complete, in the sense that, it should be able to analyze from “first
principles” the outcome of any experiment,

e it must be self-consistent, i.e. predictions for the outcomes of experiments
should be unique and indeprendent of the calculating method,

e it must be relativistic, that means to be able to recover Special Relativity at
low energies and,

e it must have the correct Newtonian limit, when the masses/energies are suffi-
ciently weak.

It is obvious that the last two criteria are based on the great success of both Special
Relativity and Newtonian theory of gravity at their range of validity.

Based on the above discussion, it is now time to study in more mathematical
detail the necessary tools that one needs to construct a theory of gravity. This is
what we do in what follows.

2.2 Gravity as Geometry: affine structure of space-
time

As we already discussed in the previous section, the fundamental object to construct
a gravity theory is the metric tensor and/or spacetime, which is associated with a
4-dimensional differentiable manifold. All these notions are part of the Riemannian
geometry. All the physical laws up to 1900 were built on a flat and non-dynamical
space. Because of the fact that, Einstein perceived gravity as the curvature of
spacetime, he should build his theory on a different geometry than the Euclidean,
and this is the reason it took him ten years, after SR, to formulate GR. The necessary
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mathematical tools and a mere introduction to the geometric description of a 4-
dimensional manifold will be attempted in this chapter. We will deal mostly, if not
exclusively, with quantities that are useful from a physicist’s point of view. For more
details one should check the literature on the subject [6[-8].

Spacetime is described by a 4-dimensional differentiable manifold M, and the
metric g, is a symmetric, rank-2, covariant tensor on M. It is used to define notions
such as time, distance, volume, curvature, angle and it is directly related to the line
element

ds® = Guvdxtdz” .

The fact that it is symmetric means that g,, = ¢,,. In n dimensions it can be
written as a n X n matrix, which means that in 4 dimensions it is supposed to have
16 independent coefficients. However, because of the symmetricity it has only 10.
It is also non-degenerate, meaning that the matrix is non-singular, g = det g, # 0
and thus invertible g, " = 6,7, which allows it to be used to raise or lower indices.
It has either one positive and three negative, or one negative and three positive
eigenvalues which means that its signature can be chosen by convention to be either
(—+ ++) or (+ — ——). Such a metric is called Lorentzian or pseudo-Riemannian
metric.

Apart from the metric, there exists another characteristic quantity of M and
this is the connection FAW. This is related to the parallel transport of a vector and
therefore it defines the covariant derivative as follows

vV1°=0,1° +1°,, 7. (2.1)
Respectively, for rank-2 mixed tensors it is given by
V1% = 0,1, +T'*,,T% =T, 1", . (2.2)

As we will see later on, in GR the connection is symmetric and it coincides with the
Levi-Civita one, {*,,}, which depends on the metric. This is not always the case;
the V,, in Eq. , is defined through the general connection I, which does
not necessarily depend on the metric. Making our notation clear: I'“,, is a generic

affine connection, while I'*,, = {*,,} is the Levi-Civita one, that depends only on
the metric through

o

1
F)\,uzx = igkp (gpu,u + Gupyy — g;w,p) . (23)

It is known from differential geometry [65] that a generic affine connection can
be decomposed into the following three parts

F)\p,l/ = FA}U/ + K/\;U/ + L)\ (24)

jnz
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where the second term is the contorsion tensor, defined through the torsion tensor

as
1
K)\W - §g/\p (Tupv + Twm + Tpuu) = _Kvup ) (2~5)
and the third term is the disformation tensor, defined through the nonmetricity
tensor as
A 1V A
L7y, = 59 (—=Qupw — Qupp + Q) = L. (2.6)
The torsion and the nonmetricity tensor are given by
TA,ul/ = F)\w/ - FAV;J, = F)\[p,l/] 5 (27)

Qpur = VoG = OpGp — T ppGi — I pu G »

where [uv] denotes the anti-symmetric part. In addition, through this connection,
one can define the Riemann tensor as

Ra,u,é’l/ = aﬁrau,u - ayraﬁ,u, + Faﬂ)\r)\uu - FQVAF/\BM . (29)

This tensor is used to express the curvature of the manifold M and it does not «
priori depend on the metric. As it is easily seen, it is anti-symmetric in the last two
indices. Contraction of the first with the third index of the Riemann tensor gives
the Ricci tensor, R,, = R% ., from which another geometric quantity is defined,
the Ricci scalar, by contracting it with the (inverse of the) metric, R = ¢g"'R,,.
For completeness, we should mention that one could define another Ricci tensor as
E’W = Ry = 0,I' — 0,1%,,, however, because this is anit-symmetric and the
metric is symmetric, their contraction vanishes.

Before we proceed, let us pause to discuss the properties of all the above tensors.
Strictly speaking, the curvature, the torsion and the non-metricity are all properties
of the connection and not of the spacetime. The curvature tensor measures the
failure of a vector to return in its initial position when parallely transported along a
curve. Moreover, the inability of a vector to form a closed parallelogram is described
by the torsion tensor. Finally, the non-metricity tensor measures the changes in the
norm of a vector when parallely transported. Mathematically, a parallel transport
of a vector along a curve in a spacetime with connection I'*,,, is given by

1
ViV’ = 5 (R yeu” +T%,V0) (2.10)

It should be obvious by now, that if we “switch off” the torsion and the non-
metricity of the connection, ie. T”,, = 0 and Q.. = 0, then identically the
connection becomes the Levi-Civita one and the theory reduces from metric-affine,
where both the metric and the connection of the manifold are independent, to GR,
where all the necessary information to describe the gravitational field is encoded in
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the metric. However, it turns out that there exist three equivalent descriptions of
GR by “playing” with the properties of the connection, and these are analytically
presented in the following three chapters.

Specifically, the theory of gravity which is based on the curvature of spacetime
(or better, of the connection) is General Relativity. Gravity is mediated by cur-
vature and the spacetime is torsionless and metric compatible. Furthermore, all
the mathematical quantities are calculated by the Levi-Civita connection, which is
symmetric in its two lower indices.

The Teleparallel theory of gravity (or else TEGR: Teleparallel Equivalent to
General Relativity), is an equivalent description of GR, with (almost) the same
action and field equations, but with different conceptual basis. In particular, gravity
is mediated by torsion on a flat spacetime (thus the curvature is zero) and the
dynamical field is the tetrad, which is covariantly conserved (meaning that the non-
metricity tensor vanishes). Moreover, its mathematical quantities are constructed
by the Weitzenbdck connection, which is anti-symmetric in its two lower indices.

Finally, there is a third equivalent description of gravity. It is called the Sym-
metric Teleparallel Equivalent to General Relativity (STEGR); teleparallel because
the curvature vanishes and symmetric because the torsion vanishes. Gravity is
thus mediated through non-metricity and through a gauge freedom (called the co-
incident gauge), the general connection can be chosen to be zero, ending up with

I, = —L*,,. We will study all of them, one by one, in the following chapters.

2.3 Conclusions

In this chapter, we studied the necessary tools and the viability criteria needed to
construct a relativitic theory of gravity. Specifically, we discussed the differences
between the different forms of the equivalence principle and we presented the so-
called Dicke’s framework in which one can discuss the nature of spacetime and
gravity. Furthermore, we listed a set of fundamental criteria, taking into account
both theoretical and experimental arguments, that any viable theory of gravity
should obey.

In addition, we described the affin structure of spacetime. We showed that a gen-
eral affine connection can be split into three parts: the Levi-Civita connection, the
contorsion tensor and the disformation tensor. Depending on whether the connec-
tion is purely symmetric or anti-symmetric, whether the torsion is zero or the metric
of the manifold is covariantly conserved, the geometry of the spacetime changes and
we can discuss the different properties of each theory. This is going to be the subject
of the following three chapters.
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Chapter 3

(General Relativity: The curvature of
spacetime

«I was sitting in a chair in the patent office at Bern when all of a sudden a
thought occurred to me: “If a person falls freely he will not feel his own
weight.” I was startled. This simple thought made a deep impression on
me. It impelled me toward a theory of gravitation.»

- Albert Einstein (Lecture in Japan, 1922)

After describing the picture of the affine structure of spacetime in the previous
chapter, it is time to start formulating gravity; meaning how is gravity mediated in
spacetime, how do different particles behave, what equations do they obey and so
on. In this chapter we are going to present the basic geometric setup of General
Relativity and we will attempt to answer the above questions in its framework.

3.1 General Relativity

When Einstein formulated his theory, he started using the analogy with the Poisson
equation,
V2p = 4rGnp ., (3.1)

which describes the dynamics of Newton’s theory. p is the density of a massive
object, Gy is Newton’s constant and ¢ is the gravitational potential. In addition,
the fact that GR is a classical theory makes the notion of the action unnecessary.
Only the field equations could perfectly do the job. However, since one needs to
directly compare with alternative field theories and also it is easier to study the
quantum behaviour of the theory, it is better to adopt the Lagrangian formulation.
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Chapter 3. General Relativity: The curvature of spacetime

As already mentioned in the previous chapter, the spacetime is described by
a manifold M, which is endowed with a metric g,, and a connection I'“,,, that
are in principle independent. In GR however, the connection is assumed to be the
Levi-Civita one, i.e.

1
§gaB (0,980 + 0u9us — OGy) - (3.2)

It is easily seen that, the above connection is symmetric in its two lower indices, i.e.
FOC#V — 1—‘0[

o
«@ «
<, =r%,=

v, and in addition that, the metric is covariantly conserved,

o

Vag,uu =0. (33)

Before we proceed to the essentials of the theory, let us make the comparison
with the discussion in the previous chapter. The fact that the connection is the
Levi-Civita one, i.e. it is symmetric, means that the torsion tensor vanishes

T, =T, =0, (3.4)

So in GR the spacetime (or more correctly, the connection) is assumed to be tor-
sionless. In addition, the metric is compatible and thus the non-metricity tensor
vanishes t00, Quu = 0. This means, the only property of the connection, and thus
of the spacetime, that survives is the curvature, which is now given by

R®.5, = 051, — 0,1%, + T\ I, — T2 5, . (3.5)
One can easily verify that the above Riemann tensor is symmetric in the exchange
of the first and last pair of indices and anti-symmetric in the flipping of a pair. In
addition, it satisfies the first and second Bianchi identities which respectively read

o

Raﬂ,u,u + Rauﬂu + Ra,uzlﬁ =0 ) (36)

VR apy + Vo R s + VR e = 0. (3.7)
Furthermore, one can now define uniquely the Ricci tensor as JO%W = ]o%a pav, Which
is symmetric and from this one, the Ricci scalar by contracting with the metric,
]Oi’ = g“”i%m,.
After introducing the necessary geometric tools let us proceed by examining the
Einstein-Hilbert action. In particular, this reads

1 4 °
_ 167TGN/dx\/_gR+Sm. (3.8)

The constant term 1/(16mGy) is introduced in order for the theory to have the
correct weak field limit, i.e. Newtonian. ¢ is the determinant of the metric and it
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acts as a measure and R is the Ricci scalar. This action was introduced by Hilbert
and it is the simplest action that gives second order covariant equations of motion

for the dynamical field, the metric. The second term in the right hand side is given
by

Sm = /d4x\/—_g£m(gu,,, @/J) ) (39)

and it is called the matter action. It contains the matter Lagrangian L, in which
all matter fields denoted for simplicity ¢, couple directly to the metric.

As it is known from classical field theory, in order to derive the equations of
motion, one has to vary the action with respect to the metric. This gives

1 o °
T / d's {5\/ —gR+ \/—_95R} + 08,
N
1 1 o o ° ° o
" 167Gy / d'zv/~g {_§9WR59W + (RW + V(g oT?,, — g"“oT? ﬁu))} + 65,
1 o o o °
= e /d4x\/ —g [G,W(Sguv + Va(gwéraw _ guagrﬁﬁu)‘| 168, . (310)
N
The first term in the integrand is the Einstein tensor and reads (O;’W = ]%W —

.;%gu,, /2. The second term multiplied by \/—¢ becomes a total derivative and thus
by Stoke’s theorem, yields a boundary term when integrated. The fact that the Ricci
scalar contains also the second order derivatives of the metric is responsible for this
boundary term, which in general does not vanish, because we are allowed to fix only
the number of degrees of freedom of the metric and not of its first order derivatives.
In order to properly define an action which will give the Einstein equations after
variations, we have to subtract such a boundary term in the very definition of the
action, in order for these two terms to cancel each other. Even though it may seem
trivial, it is not, and in addition it gives rise to interesting properties such as the
black hole entropy. For more details see [66-68|. Finally, the last term in Eq.
will give the energy-momentum tensor of all the matter fields in the universe as
2 0S8,

T, = _\/——_g5glw . (3.11)
Thus, the field equations for the gravitational field, or else the Einstein equations
read

[¢]

G = 8TGNT, . (3.12)

A comment here is necessary. In 1925 Einstein discovered what is today known
as Palatini’s method |69]. That is, if one considers the metric and the affine con-
nection of a manifold to be independent, then the connection acts as a rank-3

29



Chapter 3. General Relativity: The curvature of spacetime

gravitational tensor field and all the curvature invariants are defined through the
connection and not the metric. However, if one varies the Einstein-Hilbert action
(S ~ fg“”RW\/—gd“x) with respect to I'“,,,, the associated equation of motion is

Vigap =0, (3.13)

which is the metric compatibility condition, that yiels I'*,, = {“,,}. However,
this is only a coincidence; for other Lagrangians, the field equations in metric and
Palatini formalisms are, in general, different. We will study this difference in more
detail, later in this chapter.

Up to now, we have seen that GR is based on several assumptions and has some
fundamental properties. Both the field equations and the action are covariant, this
means that they do not depend on the choice of the coordinates. In addition, the
only field that mediates gravity is the metric and thus contains all the necassary
information to describe the gravitational interactions. The connection is symmetric,
¢, = I'*qu), i.e. it is torsionless and the relation between the metric and the
connection is given by the non-metricity tensor, which in GR vanishes, Qa0 = 0 =

I'*,, = {*w}. Finally, all the matter fields couple directly and only to the metric.
If someone changes one or more of the above assumptions then the theory changes
completely and this is going to be the subject of study in the rest of this chapter.

3.2 Extending General Relativity

As we mentioned before, there are several ways to modify the theory of gravity. We
will focus only on theories that are covariant. That is because, there are a lot of
cases where non-covariant equations can be brought in a covariant form by imposing
some constraints. However, these constraints are responsible for structures in the
theory, such as preferred coordinate systems, which make the theory background
dependent; and this is not wanted. Thus, in what follows we will allow gravity to
be mediated through other fields (beyond the metric), the equations to be of higher
order, as well as the connection to have an anti-symmetric part and the metric to
be non-compatible. Specifically, we will focus on theories with extra fields (scalar,
vector or tensor), as well as higher order theories. There are many theories that we
omit, especially the higher dimensional ones (e.g. Kaluza-Klein, Randall-Sundrum,
DGP and more), but it is not our task to review all of them. We will deal only with
theories that we are going to use later on the thesis.
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3.2.1 Addition of extra fields

One way to modify GR is to allow other fields, apart from the metric, to be re-
sponsible for the gravitational interactions. This can be done, depending the field
of study, using scalar, vector, tensor (rank-2) or even higher order tensors as extra
degrees of freedom. In the literature, there have been numerous attempts to change
the dynamics of gravity, however, we will stress only those that are still viable, i.e.
they are not excluded from observations.

Obviously, the effect of all those additional degrees of freedom should be sup-
pressed in the regimes where GR is well tested, e.g. solar system. To do this, either
we consider the coupling to be weak or we coscript a screening mechanism |70 such
as, the Vainshtein |71], the chameleon [72,[73] and the symmetron [7475]. Briefly,
the Vainshtein mechanism (mostly essential for massive gravity, brane-induced theo-
ries, galileons and more) is based on the non-linearities introduced by the derivative
coupling of a scalar field. Specifically, these become large enough as they approach
massive objects and they increase the kinetic term of perturbations, resulting weaker
interactions with matter. The chameleon mechanism (mostly needed in f(R) the-
oriesﬂ) suggests that the mass of a scalar field depends on the mass of its local
environment. Effectively, in the solar system experiments, where the local density
is high, the scalar effects are suppressed; while deeper in space, where the mass
density is low, the scalar field becomes lighter and plays a significant role to gravity.
Finally, the symmetron mechanism suggests that, a scalar field couples to matter
proportionally to the vacuum expectation value, so that the coupling be higher in
lower density regions, because of the fact that, the vacuum expectation value (VEV)
of the scalar field depends on the local mass density. Having said all that, let us
proceed by discussing specific theories.

Scalar-Tensor theories

The scalar-tensor theories are considered by many scientists the simplest (and the
first) extension of general relativity. Furthermore, they arise naturally in the dimen-
sional reduction of higher dimensional theories (e.g. Kaluza-Klein). The first such
theory was introduced by Brans and Dicke in 1961 [77], who followed the work of
Jordan in 1955 [76]. They wanted their theory to be more satisfactory (compared
to GR) from the point of view of Mach’s principle. Dicke’s formulation of Mach’s
principle says that the gravitational constant Gy should be a function of the mass
distribution of the universe. For this reason, they replaced the constant fraction in
the EH action by a dynamical scalar field. Since the field is dynamical, it should

!Even though f(R) theories are not scalar tensor theories, there is a dynamical equivalence
between f(R) and O’Hanlon theory; that is Brans-Dicke theory with no kinetic term.
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also have a kinetic term and therefore, the Brans-Dicke action reads

! / d*zy/—g [gbzo%— gamawl + / Ao/l (G ). (3.14)

- 167TGN

w is a coupling paratemer between the metric and the scalar and the denominator
is there to make it dimensionless. Notice that the scalar field does not couple with
any matter field. Thus, the equivalence principle is not violated.

A more general form of scalar-tensor theory of gravity is the following

1
N 167TGN

[ [qﬁlo% . %mw - v<¢>} Sl ). (3.15)

where w(¢) is now an arbitrary function of the scalar field and we added also a
potential term, of the form V(¢). In the w — oo, w'/w? — 0 and ¢ — constant,
V(¢) — 2A limit, the above action reduces to the Einstein-Hilbert action with a
cosmological constant.

As one can notice, matter fields couple only to the metric. Thus the role of the
scalar field is purely to generate the spacetime associated with the metric. This
means that scalar-tensor theories are also metric theories of gravity.

Varying with respect to the metric and the scalar field we obtain the
equations of motion of the theory which are

o 1 w 1 o o
¢Guv + §V(¢)gu1/ = 87TGNT;%, - ﬂ (aﬂ¢al/¢ + §guuaa¢aa¢> + vuau¢ - g;wlj¢a

¢
(3.16)
(2w(0) + 3) D0 = STGNTM — W' (6)9,00"6 + 6V'(¢) — 2V (). (3.17)

T;% is the matter stress-energy tensor and T™ its trace.
The following comment is necessary here. Consider the action (3.15) and for
simplicity set w(¢) —constant. If we perform a conformal transformation of the

form
9w — G = GNOGuw (3.18)
and we redefine our scalar field as
~ 2w+ 3
= 1 3.19
6= 6=\ Tongs 0. (3.19)

(for w > —3/2 and ¢ > 0) then the action takes the form

R 8 G -
S = /d4$\/__§~] 167Gy o %aﬂ¢au¢ - U(¢> + exp <_8 N (b) SM(guww>'
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The new potential U is defined as

U(@) = V(#(&)) exp (—8 zﬁvgq%) - (3.21)

As it is easily seen, this is Einstein’s gravity minimally coupled to a scalar field.
For this reason this is called the Ewnstein frame while the conformal one Jordan
frame. The significant difference between the two frames is that matter fields in the

Einstein frame couple, apart from the metric, also to the scalar field. This implies
changes to the geodesic motion and thus the Equivalence Principle is violated in
the Einstein frame. This is the reason that makes many scientists to claim that the
Jordan frame is the physical one [78},/79)].

Before we proceed to other theories, we should mention the most general scalar-
tensor theory with second order field equations proposed by Horndeski [80] and was
later written in a covariant form by several authors [81},]82]. The action is given by
the sum of the integrals of four different Lagrangians, i.e.

5
SHorndesk:i = Z / d4$\/ _g'cia (322)
=2

where
Ly=Gy(0,X), (3.23)
Ly = —Gs (¢, X) 06, (3.24)

£4 = G4 (¢7 X) é + G4X 3 (325)

[¢] 2 o [¢] 2
) (55

[¢] 3 [¢] [¢] [¢] 2 o [e] 3
<D¢) — 309 (VNVVQB) +2 <VMVZ,¢)

(3.26)

The functions Gy (¢, X), G3 (¢, X), G4 (¢, X) and G5 (¢, X) are arbitrary func-

o o o 1
£5 - G5 (¢, X) GWV“V”¢ - 6G5X

o 2 [¢] [¢]
tions of the scalar field ¢ and its kinetic term X = —% <V¢> = —%V“qﬁvuqﬁ.

In addition, G;x is the derivative of GG; with respect to X, R is the Ricci scalar,

G =R, — §gWR is the Einstein tensor, and the remaining kinetic terms are

O¢ = g“”%ﬁm, (3.27)
o) o] 2 [} (e} (o] o
(vuqus) = VIVY¢V, V.0, (3.28)
(e} o] 3 o] o] (o] o] o] 0]
(V,LVV¢> =V, V,0V'V¢V\VF0 . (3.29)
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If we vary the action with respect to the metric and the scalar field, we get the field
equations for the Horndeski theory [83|. The variation is

5 5 5
0§ =3¢ (H 3 ci) =v=9 [Z G,.,09" + (PJ; - V“J,i) 3¢
=2 =2

1=2

+total derivatives,

(3.30)
and thus the equations of motion are given by

5 5 5
> G, =0, Vv~ (Z J,j) =N "r, (3.31)
=2 =2 =2

for the metric and the scalar field respectively. The components are

P2 = Gy, (3.32a)
P} = %MG&ﬁ%, (3.32Db)
P} =GR + Gugx [(ﬁgb)Q - (%ﬁm)ﬂ , (3.32¢)

o o o 1 o o o o o o
P = ~V,GyCH V.6 — <o [<D¢>3 — 300(V,uV,0)? + 2<vuw>3] . (3.324)

and
J2 = —LoxV,6, (3.33a)
J,i’ = —L3xV, 0+ G3xV, X + 2G5,V .0, (3.33b)
Jt = —Lix Vb + 2Gix R V"6 — 2Gaxx (E!gzﬁ%#X - %”Xvuqus)

— 2G4¢X (E]QS%HQS + %MX) s (333C)

Ji = —£5XV#¢ — 2G5¢Guyvy¢_
_ Gsx {éuﬁ”X + RyDpV 6 — RV 6V 16 — ;%au@%%%"‘%%] +
G (VX [(C0)2 = (VaV 02| — VX (D6V, V76 — VuV,6vov e | 1+
5XX 9 m aVp v m aVpu

o o

+ Gapx (5V,0 [(ﬁas)? - <vava¢)2} +06V,.X — V'XV,V,0}, (3.33d)
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as well as
9 1 o o ]_
G = _§G2Xvu¢vu¢ - §G2gm/, (3.34a)
1 o o o o o 1 o o
G, = §G3XD¢VM¢VV¢ + VuG3V,) ¢ — §QWVAG3VA¢, (3.34b)

gﬁu = G4CO¥M,, - %G4X§%u¢%u¢ - %G4XX {(ﬁﬁb)z - (%a%ﬁﬁb)Q] %uﬁb%uﬁb—
— GixDIOV V06 + Gax VaV,dVAV,6 + 2VGax VAV 6V )
=GP0+ (G0 - 2XG ) 4
+ Gl ~2G10x Va VsV SVPh + Gixx VaVadVVAGVEHVP ot
+ 3G [@w ~ (VaVao) } b 2[Gax RauVi 696 = V(,Giax Vo0 -
G {Guéaﬂ%a(p%gb - %AGM%%&@} 4 Gax Ruans VOV 6
— G5V, Vb — GissV Vo + 2G10x VOV AV (1Y)
— G4XX%Q¢%a%u¢%ﬁ¢%B%V¢7 (3.34c)

(o]

G2, = Gsx Rag Vo0V V (u0V )6 — Gix R V)9V 616 — %G5X]O%uow5%a¢%ﬁ $Clp—
a %szxl%aﬂ%%%ﬁ OVuVu + Gox Rarp(u Vi 3V 6V V-
- %%w {GE,X%%] VoV, 606 + %%m {Gw%y)} 06 — V, {Gw%(m} V, VAt
+ % {%A (Gw%w) V. <G5X%ﬁ¢) %a%%] VYo + VOG5V 6 Ryt
+ %%w@u%mﬁ [(E’¢) (%a ﬁﬁb)Q} + G5X]%aw(u%v)%k¢%a¢%%_

v
— VAG5 Ry, V)6 + |:G5Xvﬁ¢:| VudVIV.)b = V(G562 V o
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— VGsx {DWBV(,@ — vav%vavw] Voo+
1o o o o o o o o o 1o o o

+ §VQ¢VQG5X {ngvuqub — nguqbvﬁvl,qb} + EVAGEJGWV’\gb—
1 o o o o o 1 o o o o o

— §G5XGaﬂvaVB¢Vu¢vu¢ — §G5XD¢VaVM¢VaVV¢+

v %GSX@W% Vo6 -+ 5 Goxx [(0) — 306(VaV50)? + 2VaV 6V, Vit

+ gu{— G5X [(Dd))?’ —30¢(VoVs0)? + 2(vavﬁ¢)3] + VoG5RV gp—

]_ o 1 o o o 1 o o o
—5Va G5 Vo0 ) 6+5 (Gwvﬁqﬁ) VevPe — 5 VaGax VOX o+
1 o o o o o o
+ §VQG5XV5XV"‘V% — ZVAG5XVA¢ {(ng)Q — (vavm)?] +
1 o o o o ]_ o o o o o
- §G5XRagV“¢V6¢D¢ — §G5XRM5PV&V%VA¢V”¢} : (3.34d)

It is easy to see that, from (3.22)), one can derive several already known models. For
example, if Gy = %X, Gs =0, Gy = ¢, and G5 = 0, we obtain the Brans-Dicke
theory and so on.

Vector-Tensor theories

Theories that, apart from the metric, include also a vector field, are probably the
less studied of all, since they contain serious pathogenies. However, there are two
interesting examples that, even if they are not viable (for different reasons) are
both worth mentioning. The first is the Einstein-ather theories and the second the
Tensor-Vector-Scalar theories. The mathematical structure of both is complicated
enough and therefore we will not present it here. However, the interested reader is
referred to e.g. [274] and references therein.

The Einstein-sether theory was proposed by Jacobson and Mattingly [84] and
it includes the metric and a vector field. The vector field introduces a preferred
reference frame, dubbed ether, and thus the theory violates Lorentz invariance.
This plays a key role in cosmology, in the sense that, it can lead to a renormalization
of the Newton constant, it can help explaining the dynamics of the early universe,
since there are many Lorentz-violating scenarios during inflation, as well as affect
the growth rate of structure in the Universe.

Such theories however, even though they arise as effective field theories in quan-
tum gravity, suffer from instabilities at the classical level. Moreover, when aether
is studied to play the role of dark matter, it is impossible to fit simultaneously the
CMB and the large scale structure data.
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There is another gravity theory that contains a vector field responsible for gravity.
It was proposed by Bekenstein in 2004 [85] as a relativistic extension of Milgrom’s
MOND, that we already mentioned in the introduction. Briefly, MOND proposes
a modification of Newton’s second law at low accelerations, in order to explain the
rotation curves of galaxies without the need for dark matter. Bekenstein’s theory
contains a metric (rank-2 tensor), a vector and a scalar field, all of which participate
in the gravitational sector. It is called TeVeS and it has been extensively studied in
the literature. A very comprehensive review can be found here [86]. However, besides
its successes it contains also some shortcomings, such as the un-stable spherically
symmetric solutions, and these are the reasons that is not studied anymore.

Bimetric theories

In this section we will discuss theories that involve two rank-2 tensor fields and are
called either tensor-tensor theories, or shorter, bimetric theories, even if there is
no second metric in the strict geometric sense. Although in the literature, there
have been several proposals including two metrics in the gravitational sector, such
as Rosen’s and Drummond’s theory [87,88], as well as bigravity [89), we will present
one such theories that is of interest today.

This is massive gravity. In this theory, gravity is described by a massive spin-
2 field, g, which can be decomposed to a non-dynamical background, g, and
a dynamical fluctuation h,,. If we consider for simplicity, the background to be
Minkowski, we can generate a mass for the spin-2 h,, field by adding a Fierz-Pauli
term in the Einstein-Hilbert action. This gives

1 o m?
_ d4 — ooy B po v h yha .
S 167TGN/ zy/ g{R+ 7 (979" = 9"¢") hhas | (3.35)

where m is the mass of the graviton h,,. However, when dealing with a theory of
massive gravity, there are two problems that tackle the progress since the seventies.
The first one is related to the so-called vDVZ (van Dam-Veltman-Zakharov) discon-
tinuity, and relies on the three extra degrees of freedom that the massive spin-2 field
propagates, compared to GR. This however, is solved by the Vainshtein mechanism;
the non-linearities are screened by their own interactions which dominate over the
linear terms in the massless limit. The second problem that arise is the Bouldware-
Deser (BD) ghost. This ghost-like term can be avoided either in the framework of
the DGP (Dvali-Gabadadze-Porrati) model, or in the dRGT (de-Rham, Gabadadze,
Tolley) massive gravity. However, after the recent observation of the gravitational
wave signal and its electromagnetic part, of the binary neutron star merger, these
theories tend to become obsolete.
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3.2.2 Higher order theories

Another way to extend the theory of gravity is to allow the field equations to be
higher than second order. In this way, the graviton propagator will decrease faster in
the high energy regime, thus improving the renormalizability properties. However,
it could also introduce instabilities in the classical regime, in the form of ghosts [90].
In the rest of this section, we will present the f(R)—theories of gravity both in the
metric and in the Palatini formalism.

f(R)—theories

If instead of the Ricci scalar in the Einstein-Hilber action, we consider an arbitrary
function of it, f(R), we obtain the action of f(R)—theories

1
167TGN

/ 04/ =Gf(R) + Snlgur 0] (3.36)

Varying this action with respect to the metric we obtain the field equations

o o (e}

PR R — 51 (R) g + (gwﬁ - %ﬁu) f/(R) = 8nGNTY . (3.37)

where T% is the energy-momentum tensor of all the matter fields, defined as usual

o2 88,
e V=gog

Unlike GR, the arbitrariness of f(R) introduces an extra degree of freedom, and
thus if we take the trace of the equation (3.37) we obtain

(3.38)

o (¢}

F(R)R — 2f(R) + 30f(R) = 8StGxTM | (3.39)

which gives the relation between R and T, being differential and not algebraical as

in GR. This equation shows explicitly that ]o% = (0 is no longer true when 7™ = 0 and
in addition the Birkhoff’s theorem is violated, having much reacher phenomenology
in this case.

After some manipulations, one can rewrite the equation as

Juv (f(é) - j%f/(}oz)) o o o o
o 5 F VLV (R) = guf (B (3.40)
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and we can define Geg = GN/f’(;%) to be the effective gravitational coupling (Geg >
0= f'(R) > 0), while

158 = o (180 - R(R)) 4 9,900 () - gur' B, ()
is an effective energy-momentum tensor and it can be considered as a “geometrical
fluid”. By doing so, one can find cosmological solutions and also set constraints to
the form of f(R) and its derivatives.

Moving on to the Palatini formalism, we consider the connection to be indepen-
dent from the metric and thus all the curvature invariants are calculated only from
the connection without the need of a metric. The new action takes now the form

1673GN / d*2\/=gf(R) + Sulgyw, V] (3.42)

SPalatini =

In this approach, all the matter fields, ¢, couple uniquely to the metric g,, and
not the connection. For an extended discussion about the significance of matter
coupling in f(R) theories see [91].

Varying the action with respect to the metric and the connection we get respec-

tively,
/(R Ry = 51 (R) g = STGN T, (343
Vo (V=9f (R)g™) =0, (3.44)

It is easily seen that if we set f(R) = R, Eq. (3.44) becomes the non-metricity
condition, leading the connection to be the Levi-Civita one. Respectively, R, = R,

and R = R, meaning that we reduce th Palatini GR.
If we consider a conformal metric of the form h,, = f'(R)gu, it is easy to see
that in four dimensions

VERR = =g f (R)g™ (3.45)
and Eq. (3.44)) yields

1
re,, = §ha5 (Ouhsy + Ouhys — Oshy)

=3 f,l( R) 9°7 0u(f (R)gus) + 0(f' (R)gpv) — Op(f' (R)g)] . (3.46)

which is the Levi-Civita connection for h,,. From this we can also deduce the
relations R,,(I') = R,,(h), R(I') = R(h) and thus G,,(I') = G, (h). In addition,
from the trace of Eq. (3.43) we obtain

Rf'(R) — 2f(R) = 8nGNTM = R = R(TY). (3.47)

39



Chapter 3. General Relativity: The curvature of spacetime

By combining these, we end up with only one equation depending only on the
metric (g,,) and the matter fields (77, and T*) and the theory resembles GR with
a modified source.

Last but not least, there is even another formulation of f(R) theories, which in
a sense generalizes the Palatini one. As we already discussed, the matter fields in
the Palatini approach do not couple to the independent connection (by assumption),
but only to the metric, satisfying thus the Equivalence Principle. In this way, we
managed to treat the independent connection as an auxiliary field and we wrote
the equations in a GR-like form. However, in principle, the independent connection
should also define the covariant derivatives of the matter fields, meaning that the
action of this theory would take now the form

1
167TGN

SMetric—afﬁne = /d4$ V _gf(R) + Sm [g;w, Faum 770] . (348>
We will not elaborate more on the structure of this formalism, since it is out of the
topic of this thesis. However, we refer the interested reader to [274] and [92].

3.3 Conclusions

Summing up, what we presented in this chapter is the fundamental construction of
General Relativity, i.e. Einstein’s theory. We discussed the background geometry
of the theory, the action that describes it and we derived its equations of motion.
Even though, this was not the way the theory was historically built, it gives a better
picture of the basics of a relativistic theory.

In the rest of the chapter, we discussed modifications of the GR paradigm. In
particular, we studied theories with extra fields, i.e. scalar-tensor, vector-tensor and
tensor-tensor (or bimetric) theories. Of course, this was only an overview of the
most important theories that are still viable, and of the theories that we will study
in detail later on. For a review on all the possible modifications, the reader can see
the suggested literature thoughout the chapter.

The main purpose of the chapter, was to construct a theory of gravity using
only the symmetric part of a general affine connection (see discussion in chapter [2)),
which is the Levi-Civita connection. In the next two chapters we will discuss two
conceptually different theories from GR, but completely equivalent.
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Chapter 4

Torsion based Gravity: the
teleparallel theory

«I am coming more and more to the conviction that the necessity of our
geometry cannot be demonstrated, at least neither by, nor for, the human
intellect.»

- Carl Friedrich Gauss

« (...) geometry (which is the only science that it hath pleased God hitherto
to bestow on mankind) (...)»

- Thomas Hobbes, Leviathan

In the previous chapter, we described the theory of gravity which is based on the
curvature of spacetime. In this chapter, we will study another formulation of gravity,
whihc lead to the exact same results as GR, but has totally different phenomenology.
Specifically, we will present the Teleparallel Equivalent of General Relativity which
at the level of equations is the same as GR, however, the spacetime is flat, but
endowed with torsion.

4.1 Teleparallel theory

As we already have discussed so far, shortly after the formulation of GR, alternatives
were being pursued. H. Weyl attempted to unify gravitation and electromagnetism
in 1918 [93|, but he was unsuccessful. Einstein himself [94] tried to do the same,
using teleparallelism. The idea is to introduce a tetrad field as the dynamical field
in the theory, instead of the metric. The tetrad fields are orthonormal bases on
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the tangest space of each point of a four-dimensional manifold. The have sixteen
components, while metric has only ten. So what Einstein thought is, to use the
abondant six degrees of freedom to describe the components of the electromagnetic
field. However, it turns out that these extra degrees of freedom are constrained by
the 6-parameter local Lorentz invariance of the theory.

Even though unsuccessful, Weyl’s and Einstein’s attempts introduced the notion
of gauge theories and thus the hunt for a gauge theory of gravitation begun [95,96).
In 1979, K. Hayasko and T. Shirafuji [97] proposed a “new general relativity” which
is the gauge theory of the translation group, using the idea of teleparallelism. This
new GR contains three free parameters to be fixed by experiment, and instead of
curvature, gravity was mediated by torsion.

It turns out that, for a specific choice of these three parameters, their theory is
completely equivalent to GR and that is why it is known as the Teleparallel Equiv-
alent to General Relativity (TEGR). However, there is a fundamental conceptual
difference between the two theories: In the context of GR, curvature is used to treat
gravitational interactions as geometry, meaning that there is no notion of a grav-
itational force and test-particles move on geodesics. On the contrary, TEGR uses
torsion to describe gravity, but here torsion plays the role of a force, just like the
Lorentz force in electromagnetism. Consequently, there are no geodesics in TEGR,
but only force equations.

At the level of equations, the two theories are identical and at the level of actions
they differ by a total derivative term. However, even though conceptually different,
the two theories cannot be distinguished by experiments. In this chapter we are going
to present all the necessary mathematical tools needed, as well as the action and the
equations of motion for the dynamical field of the theory, the tetrad. Furthermore,
as we did in the previous chapter, we will present extensions and modifications
proposed in the literature. We will use the book by Aldrovandi and Pereira [98] as
well as the review [99], but we will stick to the essentials and details are not going
to be discussed. So the interested reader is strongly referred to these.

4.2 Basic Notions

Even though we already discussed in chapter [2| the affine structure of spacetime, we
have to devote some time to explain the tetrad formalism, needed for the description
of TEGR. As every theory of gravitation, TEGR is also built on a four-dimensional
manifold. At each point of the manifold there is a tangent space of Minkwoski type,
represented by the metric

na = diag(l, —1,—1,—1). (4.1)
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For clarity, we will denote the spacetime indices with Greek letters, o, 3, ..., u, v, ...
and the tangent space indices with Latin letters a,b,...,7,7,.... Spacetime coordi-
nates will be {z#}, while tangent space coordinates {x*}. Thus, the local basis in
each space will be given by {0,} = {0/02*} and {0,} = {0/02"} respectively. The
dynamical fields of the theory are the four linearly independent wierbeins, or else
tetrads and their relation with the spacetime metric and its inverse is given by

Gu = Navelyes, 9" =n"ELYEY (4.2)

where 7, is the flat Minkowski metric of the tangent space and e, El are the
tetrads and the inverse tetrads. Obviously, we used the orthonoraml conditions

en By =6, and e E}’ = 6y . (4.3)
The basis is written as

ea = ENO, " = ejda’, (4.4)
and conversely

O = eyeq  dat = Elfe”. (4.5)

4.3 TEGR as a gauge theory

As we already mentioned, the TEGR is a gauge theory for the translation group.
The theory is constructed on the tangent bundle, i.e. the tangent-Minkowski space,
defined at each point p of the base-Rimannian space. If we translate the coordinates
x® of the tangent bundle, by ¢*(x*) (a point-dependent parameter), or mathemati-
cally,

¢ =2 =24 €, (4.6)

then we say, we have performed a gauge transformation. The generators of in-
finitesimal translations are the differential operators, P, = 0,, which satisfy the
commutation relations

[P, B] = 0. (4.7)
An arbitrary scalar field ¢ = 1 (2%(x#)) transforms under as
0y = 0,1, (4.8)
that is covariant, but its ordinary derivative transforms according to
5 (D) = €0 (916) + (Fue) D). (4.9)

It is a usual prescription in the theory of gauge fields [100], to replace ordinary
derivatives by covariant derivatives involving a connection. In this case, we have to
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introduce a gauge potential B,,, which belongs to the Lie algebra of the translation

group
B, = B*,P,. (4.10)

It is now easy to see that the quantity
e;ﬂb = a;ﬂvb + Bauaa'lvb (411)
transforms covariantly under (4.6)

d(ent)) = €"0alent)) (4.12)

if the gauge potential B?, transforms as dB%, — —0J,€”. So finally, we have the
coupling prescription for the translations

Optp = 0,209 — epth = 0 + By = (0,2 + B®,)0.0 = €,0.1 . (4.13)

In gravity, however, things are a bit more complicated due to the background
dependence. There is a first necessary replacement, that is universal for all matter
fields, of the Minkowski metric by a general pseudo-Riemannian metric

N — Guv >

but there is another one too, related to the coupling of the spins of matter fields to
gravity (thus not universal) and is related to the requirement of covariance under
local Lorentz transformations.

So let us now move on, to a general Lorentz frame, and consider the local Lorentz
transformation z¢ — 2/* = Afxb. The scalar field ¢ transforms under this trans-
formation as ¥ — U(A)y, where U(A) is an element of the Lorentz group. Taking
into account that B®, — A,*B’,, it is stragithforward to see that the covariant
derivative transforms covariantly

eh — U(N)eut, (4.14)
where now
ey = 02" + @yt + B, (4.15)

. . . °
where we have defined a purely inertial Lorentz connection wlc’u = AZ@MA. We can
introduce now the Lorentz covariant derivative

D,z% = 9,2% + 0%,a" 4.16
p 1 i

'We remind here that the quantities with a bullet, ® on top, are defined through the anti-
symmetric part of the connection, i.e. the Weitzenb&ck connection, to be distinguished from those
with a circle, °, which are calculated by the Levi-Civita connection.
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and thus, the tetrad becomes
e, =D,x" + By, (4.17)
and the gauge potential transforms according to
0B, = —D,e". (4.18)

In this way the tetrad remains gauge invariant.

As far as the spin connection is conserned, in order to obtain its coupling pre-
scription, we have to use the principle of general covariance. For details one can
check the book [98], but for a general source field ¢ we have

dat) — Dath = eqth — % (wb - Kbca) Shetl (4.19)
where S, are the generators of the Lorentz group and
. 1 . ° .
Kabc - 5 (Tbac + Tcab - Tabc) ) (420)

is the contorsion tensor in the tetrad frame.
So finally, the gravitational coupling prescription is

0, — Dyp = 0,0 — % (&abu — f'(%) S . (4.21)

The curvature of the teleparallel connection @ is given by

. ° . .
Rabuu = Vwabu - uwabu + Waeuwebu - wae,uwebu ) (422)

and as it is easily seen it vanishes identically, R, = 0. This is called the teleparallel
condition and means that the spacetime of TEGR is flat. However, the torsion

T, = 0,e", — 0uey, + Jjaeyeeu - J)‘lweey : (4.23)

is not zero, meaning that gravity is mediated through torsion, in a globally flat
spacetime.
The linear connection corresponding to the spin connection Jjabu is

I, = B’ (aue“y + u.)abuebl,) = E,’D,e", . (4.24)

This is the Weitzenbock connection, which is anti-symmetric in its two lower indices
and its relation with the Levi-Civita one is given by the Ricci theorem

pr/ = Fpuu + Kpuy . (425)
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In gauge theories, we can find the field strength by the commutation relation of
gauge covariant derivatives. In this case Eq. (4.15) will give

(e €] = eutu—euey = et Op—eldyel 3, = (8MB§‘ — 0,Bt + %, B’ — c:z“bl,BZ> By .
(4.26)
We define the field strength as

T°,, = 0,B% — 0,B% + &%, B}, — &, B", = D,BS — D, B, (4.27)

the covariant rotational of the gauge potential. Using now [D,,D,]z* = 0 we ge

T = Ouey, — Oyel, + el — c:)“b,,ez =D,e, —Dyej, =1, — T (4.28)

vy

Summarizing, in TEGR instead of geometrizing gravity, we obtain the gravita-
tional interactions as a gauge theory for the translation group. Its field strength is
torsion, meaning that gravity is mediated through torsion in a flat spacetime, and
the connection of the spacetime is purely anti-symmetric and it’s called Weitzenb&ck
connection.

4.4 Action and field equations

We have already mentioned that the Teleparallel theory is completely equivalent
to General Relativity, even though conceptually they differ. In this section, we
will prove this equivalence at a mathematical level, discussing the action and field
equations of TEGR.

In order to relate the topic of this chapter with the discussion in chapter [2| let us
pause for a moment, to make some comments. Eq. shows how a general affine
connection can be split into three parts. We already studied the case where the
connection is torsionless and metric compatible, i.e. K)‘W =0= LAW, and this is
GR. GR is built on the Levi-Civita connection, has the metric as the dynamical field
and the only property of the connection that does not vanish is curvature. In this
chapter, we discuss the theory in which the spacetime is flat and metric compatible
(the tetrad is also covariantly conserved), but has non-zero torsion. In TEGR all
the quantities (including torsion) are built on the Weitzenbock connection and the
dynamical field is the tetrad. In the next chapter, we will study the Symmetric
Teleparallel theory where both the curvature and the torsion vanish, but the non-
metricity does not.

2From the next section we omit the bullet for the torsion and the contorsion tensors and their
contractions, since they are non-zero only in the Teleparallel theory.
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Coming back to the previous discussion: using the Eq. (2.9) together with Eq.

(4.25), it is easy to see that
° o 2
R=R+T—-0,(eT"), (4.29)
e

where 1 1
T = ZT“”ATWA + ETWTWA —T',, (4.30)

is the torsion scalar and 7}, = K e 18 the torsion vector. For simplicity, we can also
define the superpotential

S\t = = (K\M — GUTY + 6YT") | (4.31)

N —

in order to re-express the torsion scalar in a more compact form, T'= Sy T?* .
(]

Going back to Eq. , we know from the teleparallel condition that R = 0
and thus . 5
R=0=R=-T+B, (4.32)
where we defined the boundary term, B = gau(eT“). The above equation, (4.32]),
gives the relation between the Ricci scalar and the torsion scalar. As we notice,
their difference is only the boundary term, B.

Constructing the action for the Teleparallel theory by its field strength [98], we

see that it reads .

—— / dzeT + Sple ], (4.33)
where e = det(e®,) = \/—g is the determinant of the tetrad field, T is the torsion
scalar and S, a matter action. Moreover, 1/167G y is there to verify that Newtonian
theory will be recovered in the weak field limit.

Strer =

A comment here is appropriate: the Ricci scalar differs from the torsion scalar
by a total derivative; moreover, the Einstein-Hilbert action is linear to the Ricci
scalar and the TEGR action is linear to the torsion scalar. This means that the two
actions differ only by a boundary term

o 1 1
d*ze(R+T) = d'zeB = d*z0),(eT").
/ ve(R+T) 167TGN/ e 167TGN/ 20u(eT")
(4.34)
This means that, by varying the action (4.33)) with respect to the tetrads one will get

1
167TGN

SEH _STEGR =

the exact same equations as the Einstein equations, proving that the two theories
are equivalent. It turns out that, it is a matter of choice to believe that gravity
is mediated through curvature or through torsion. Having the same equations of
motion, the two theories cannot be experimentally distinguished.
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Varying this action with respect to the tetrad®} we get
4
~0,(eS") — AT* ,,S,"" — TEY = 167GNT M | (4.35)
e

which are the tetrad field equations, with the stress-energy tensor of the matter

fields defined as
B 15 (eLy)

M
a
e 5ep

a

(4.36)

Finally, before we proceed discussing modifications, we should check how par-
ticles move in the gravitational field. Specifically, just as in GR, the motion of
test-particles of mass m and spin-0 is described by

b
S = m/ ds. (4.37)

After some straightforward manipulations and variation of the action with respect
to the orbit in the tangent space, dz¢, we find that the motion of the particle is
governed by

%—1:’\ uyu’ = — K>, uau” (4.38)

s U pUNU .
which is known as the Teleparallel force equation, since the contorsion tensor acts
as a force. Using , it is easy to see that the force equation yields the geodesic
equation of GR. However, the similarity is just dynamical; in TEGR there is no
geodesic motion since the covariant derivative of the four-velocity of the particle is
not conserved.

4.5 Extending Teleparallel gravity: The case of f(T')

Up to now in this chapter, we presented the Teleparallel Equivalent of General
Relativity, which, as its name denotes, is a theory of gravitation equivalent to GR.
At the level of the action and field equations the two theories are the same, but
conceptually they differ. In addition, in the first chapter [I, we mentioned several
reasons why an alternative description of the gravitational interactions should be
pursued. Based on these, there have been proposed in the literature, modifications
of the TEGR. This is going to be the subject of study for the rest of this chapter.

3For computational reasons mostly, Teleparallel gravity (up to [101]) was formulated in the so-
called pure tetrad formalism, where the spin connection is set to zero. As we already discussed, the
spin connection is related to inertial effects and thus it is like choosing a specific frame to perform
our calculations. This will lead to Lorentz violations of the torsion scalar and more details will be
given in the next section.
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Specifically, we are going to present the well-known f(T") gravity, which is an

extension of TEGR, just like f (]o%) in GR. There are many other modifications of
TEGR, such as teleparallel scalar-tensor theories [102,[103|, which are very good can-
didates for the late-time acceleration of the Universe, theories including couplings be-
tween the torsion scalar and the boundary term, f (7', B) [104,105], theories including
the Gauss-Bonnet teleparallel term, f(7',Tg) [106,/107], theories with decomposition
of the torsion tensor to its axial, tensorial and vectorial parts, f(Tux, Tten, Tvec) [108],
and more. As we already mentioned, our task is not to review all of them, but to
give a general idea of the field. For more details one can check the references given.
Finally, apart from the f(7") gravity, in the chapter 10| we are going to discuss also
teleparallel non-local theories |[109,110].

The most well studied and also very straightforward generalization of TEGR, is

the so-called f(7T) theory. Just as in GR with f(R) gravity, generalizing the TEGR
action from a linear term in the torsion scalar, to an arbitrary function of it, we allow
much more phenomenology to the theory. However, as we will see, even though GR

is equivalent to TEGR, f(7T) is not equivalent to f (;%) as one might expect. As
before, we will insist on the basics of the theory, i.e. action, equations of motion
and phenomenology. However, we refer the reader to the extended review on the
subject [99].

The action of f(T') theory reads [111]

1
Syr) = 167Gy

/ d*zef(T) + S, (4.39)

Before we proceed by varying this action, let us discuss the problem regarding
Lorentz invariance, already mentioned in the footnoté®. For an arbitrary (= non-
zero) spin connection, the torsion tensor is generally covariant, i.e. invariant
under infinitesimal coordinate transformations z* — x* + €, which is expected
being a tensor, as well as local Lorentz invariant, 7°,, — A¢T?,,. Therefore, the
torsion scalar 7' is also generally covariant and invariant under local Lorentz trans-
formations.

As we mentioned however, for computational reasons TEGR was formulated in
the vanishing spin-connection frame, where the torsion tensor is no longer local
Lorentz invariant

T — MT 0 + A (€50, A2 — €50,AL) . (4.40)

This means that the torsion scalar is Lorentz violating. It turns out though [112],
that the TEGR Lagrangian and thus the field equations, are invariant under local
Lorentz transformations, because the Lorentz violating term in the torsion scalar is
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just a boundary term, which does not contribute when integrated,

T(e%,"%,) = T(ef,0) + ga,t(edw) . (4.41)

In practice, this means that any linear combination of the torsion scalar in the
action will be Lorentz invariant. However, when one moves to generalizations of
the form of f(T') things change [113H115]. The surface term is no longer a total
derivative and thus it will contribute in the action integral. It seems that there are
two alternatives to overcome this problem.

The most well known up to now, is to continue working in the pure tetrad
formalism, where the spin connection vanishes. Indeed, the field equations will
violate Lorentz invariance, meaning that different tetrads will give different field
equations, which consecutively might give different solutions. However, some of these
solutions will not match with GR solutions, while others will do in the appropriate
limit. This means that we should carefully choose those tetrads, the good tetrads
[116], which do not constrain the form of f(7') and one can always consider the limit
f(r)y—"1mT.

The other alternative is to consider a general spin connection different from zero.
This means to formulate f(T') gravity in a frame-independent way, where one uses
both the tetrad and the spin connection, in such a way that, for every tetrad choice,
a suitably constructed connection makes the theory covariant and Lorentz invariant.
This was first discussed in [101]. However, it is still an open problem [112,/115,/117],
since we do not know yet, how to find the appropriate spin connection for each
tetrad choice. This is why, we are going to stick with the first approach, i.e. the
pure tetrad formalism, for lack of a better choice.

Coming back to varying the action (4.39) with repsect to the tetrad we obtain
the field equations

de f"(T)(9,T)S, " +4€%0, (eS") f(T)—def (T)I 1 Se™ —ef(T)5) = 167G el
(4.42)
where the energy-momentum tensor of the matter fields, T)*™ is defined as before
(4.36). In addition, as expected, replacing f(T') — T we recover the field equations
of TEGR.
Before we close this chapter, it is interesting to notice that, even though the
Teleparallel theory is completely equivalent to GR, since the Ricci scalar and the
torsion scalar differ only by a total derivative term, it seems that the same does

not happen for f(R) and f(T") theories. One would expect the boundary term to
behave completely arbitrarily, for non-linear terms of the torsion tensor. However,

one might say that f(7") has more similarities with TEGR, than f(]oi’) with GR,
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since the equations of motion in the former are of second order just as in TEGR, in

GR and in all physical theories, while in f(R) the equations are of fourth order.

4.6 Conclusions

An equivalent to GR description of gravitational interactions was presented in this
chapter. Specifically, we showed that, if one allows the spacetime (or better, the
connection) to have torsion and imposes the teleparallel condition, i.e. R®,3, =,
then, in the case where the gravitational field (either the metric or the tetrad) is
compatible, the connection becomes purely anti-symmetric, i.e. Weitzenbdck.

In this case, gravity is mediated in a flat spacetime through torsion and the test-
particles do not follow geodesics, as in GR, but rather, obey a force equation, as in
electrodynamics. This theory is called Teleparallel theory or Teleparallel Equivalent
of General Relativity (TEGR) and it is a gauge theory of the translations. Its
action and thus its equations is exactly the same with the Einstein-Hilbert action,
but unplagued by boundary terms. This means that the two theories are completely
equivalent.

Last but not least, we discussed the most straightforward generalization of
TEGR, which is the f(T') theories. It is of great interest, the fact that f(7") theories
consist of a better extension of TEGR than f(R) theories of GR, because of the fact
that they have second order field equations.
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Chapter 5

Symmetric Teleparallel Gravity

«(...) by natural selection our mind has adapted itself to the conditions of
the external world. It has adopted the geometry most advantageous to the
species or, in other words, the most convenient. Geometry is not true, it is
advantageous.»

- Henri Poincaré, Science and Method

In the previous two chapters we studied two equivalent descriptions of gravity.
Specifically, we presented General Relativity, Einstein’s theory based on the cur-
vature of spacetime to mediate the effect of gravity and Teleparallel gravity (or
Teleparallel Equivalent of General Relativity) which is a gauge theory for the group
of translations and uses torsion to describe the gravitational interactions. As we
mentioned though, in chapter [2] there is a third equivalent description that uses
non-metricity in a torsionless (thus symmetric), flat (thus teleparallel) spacetime.
It comes with the name Symmetric Teleparallel gravity or Symmetric Teleparallel
Equivalent of General Relativity (STEGR) and was firstly discussed in [118] and
later developed in [119-121|. This is going to be the subject of this chapter. We are
going to discuss its basic notions, as well as possible modifications that can be or
have been studied.

5.1 Symmetric Teleparallel theory

Unlike General Relativity, both TEGR and STEGR came after years of work of
many people and not just one. However, as we already mentioned in the beginning
of the previous chapter, the work of many scientists was based especially on the
work of Weyl, who among other things, introduced the notion of gauge theory, and
also Einstein who tried to unify gravity with electrodynamics, using teleparallelism.
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The major advantage in reformulating GR in non-Riemannian and specifically
in teleparallel geometries relies on the fact that, teleparallel formulations can be
regarded as gauge theories of translations and in addition, in their context the
energy momentum is defined properly [122|. Apart from the standard teleparallel
representation of GR, where the metric is compatible, curvature vanishes and torsion
does not, there exist other possibilities too.

If one considers a general, non-metric compatible, non-symmetric, teleparallel
(with vanishing curvature) connection, they can always choose a case geometry in
which the torsion vanishes, but the non-metricity does not. This is the so-called
Symmetric Teleparallel formulation of GR. Symmetric because the torsion is zero
and teleparallel because the curvature is zero.

Let us be mathematically precise. In chapter [2| we showed that the curvature is
defined through the connection as

Rauﬁl/ = aﬁrauu - 8ura,3p + Faﬁ)\r)\yu - FQVAFAﬁu . (51)
and the torsion and non-metricity tensors
Ta;w = 2Fa[uu] ) Qauu = vaguu' (52)

A general affine connection can be decomposed as

e, =T%, + K%, + L%, (5.3)
where
£ = 50 O+ Outs — D) (5.4
K, = §9aﬂ (Tupv + Topu + o) (5.5)
L+, = %gaﬁ (—Qusv — Quan + Q) (5.6)

are the Levi-Civita connection, the contorsion tensor and the disformation tensor
respectively.

The curvature can be rewritten using covariant derivatives of the Levi-
Civita connection as

R.50 = R%py + V(K% + L%,,) — Vo (K%, + L%,)+
+ (pr + vau)(Kaﬁp + Laﬁp) - (Kpﬁu + Lpﬁu)(Kan + Lan) )
(5.7)

and after contractions we get
R=R+ (vau + vau)(Kﬁﬁp + Lﬁﬁp)gw - (Kpﬂu + Lpﬁu)(KﬂVp + Lﬁyp)gyu+

+ V5 (K2 + L2007 — (K% + LV ) ") - (5.8)
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The teleparallel condition sets R%,5, = 0 and the symmetry condition 7,, = 0 so

(5.8) takes the form

R=0Q —Va(Q*— Q). (5.9)
This is the relation between the Ricci scalar (in GR) and the non-metricity scalar
defined as

1 1 1 1 - =
Q - _ZQaﬁanﬁw + EQaﬂvaﬁa + ZQ&QQ - éQaQa ) (510)

with Qn = Qu”, and Q% = Q"
The relation (5.9)) is the counterpart of the Eq. (4.32) and by putting them all
together we have

R=Q—-Byg=-T+DBr. (5.11)
where Br and Bg are the two boundary terms

(o]

Br = Z@M(GT“) and Bg = V,(Q* — Q%). (5.12)

This is the relation which proves that both Teleparallel theory and Symmetric
Teleparallel theory are equivalent descriptions to GR. They both differ from the
E-H action by a boundary term, meaning that they will all yield the same field
equations. Furthermore, TEGR and STEGR may have an advantage compared to
GR, that appears in the variation of the action. The Einstein-Hilber action contains
the curvature scalar which is generally covariant but it depends not only on the
metric and its first derivatives (which after variations would lead to second order
equations) but also on the second derivatives of the metric. Apart from that, it
diverges asymptotically as O(1/r®). If we subtract a total derivative term, this is
improved to a convergent O(1/r%) but then the energy-momentum from Noether
arguments, will lead to pseudotensors. On the other hand, in TEGR and STEGR
the action is covariant and asymptotically convergent that generates a covariant
energy-momentum tensor.

Coming back to STEGR. The counterpart of the superpotential in TEGR
is the non-metricity conjugate in STEGR and is given by

a 1 a 1 a 1 o’ 1 o o
P pr = _ZLQ uv + 5@(# v) + ZQ Guv — Z (Q Guw + 6(;1@’/)) : (513)

So by constructing the quadratic form Q = Q,*”P“,, we can consider the theory

1
167TGN

SSTEGR =

/d4x\/—_gQ + S s (5.14)
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whose equations are obtained by varying the action with respect to the metric

o 1o 1 1 o ~
vapa;w + §V;LQV + Q[aﬂ](u@agu) - §Qapauu - 59;111 Q + Va(Qa - Qa> = _T/ﬁ{ )
(5.15)
M _ _ 2 65
where T, = — =5 .

The theory contains some symmetries which we can use in order to simplify it
[123H125]. The teleparallel condition constrains the connection to be purely inertial,
i.e. it is just a general linear gauge transformation of GL(4,R), parametrized by
Aa

7

I = (Ail)aﬁa[uABV] : (5.16)
In addition, the torsionless condition makes it even simpler, constraining the trans-
formation matrix to satisfy (A~')*,9,,A"5 = 0 so that it can be parametrized as
A%, = 0,£%, with £ some arbitrary vector field and the connection is now

N Oz
re, = a—fkaﬂaygk. (5.17)
This is however, how the trivial connection transforms under a change of coordinates
and thus, the connection of STEGR can be cancelled by a diffeomorphism. We call
this gauge the coincident gauge and now the vector field £ plays the role of a

Stiickelberg field of the diffeomorphism.

5.2 Extending STEGR

There is no need in repeating the reasons why we should modify the theory of gravity.
Since Symmetric Teleparallel theory is equivalent to GR, the same arguments will
apply to it too.

The most straightforward modification is the generalization of the action to an

arbitrary function of the non-metricity scalar (5.10), just as with f(R) and f(T).
The action of the theory will look like

Sre) = 1673GN /d4:v\/—_gf(Q) : (5.18)
and variations with respect to the metric will give
STGNTL —51"(Q)Qu (@t~ %Gy = 5@ + 5@ ) +
#110)|(Ta = 5Qu) B+ 5900 — L2000 -
- g [f(Q)+ F(@Va(@" - @) (5.19)
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which are the equations of motion. It seems [123]/125] that there are some interesting
models, at least in cosmology that need further investigation.

In addition, from the non-metricity tensor we can construct five quadratic in-
variants from different contractions. These are

A= QuwQ™, B=Quuw@", C=QuQ%, D=0Q.Q" and E = QaQ". (5.20)
Using them, one can construct a much general theory than f(Q), whose action reads

1
S n 167TGN

/d4x\/—_g(f(A,B, C,D,E)+ L,,). (5.21)

This theory is under investigation by the author (with collaborators) in the cos-
mological (flat FRW) minisuperspace, in order to see which of these theories are
invariant under point transformations. A classification of these models will be pre-
sented in the Generalized Symmetric Teleparallel Theories of Gravity, in the List of
Publications .

Finally, a very interesting extension of non-metricity theories including scalar
fields has appeared recently [126,[127]. In particular, they consider the action

S = %/d4x\/—_g(£g + L) + S, (5.22)
, where the gravitational Lagrangian density is given by
Ly = A(¢)Q — B($)0,00"¢ —2V(¢) , (5.23)
the Lagrange multiplier terms are
L =20 TR 5oy + 20, T, (5.24)

and the matter action depends only on the metric and matter fields coupled on it,
ie. Sy = Snlguw, V]

It is easy to see that, when A = 1 and B = 0 = V the theory reduces
to STEGR. Furthermore, the Lagrange multipliers impose the teleparallel and the
torsionless condition and are taken to have to antisymmetries of the associated
geometrical objects, i.e. A,/ = )\,ﬂ"”] and \,*% = )\“[0‘5]. For more details on the
equations of motion, conformal transformations, applications in cosmology, as well
as a more general family of theories, see [1264127].

5.3 Conclusions

In this last chapter of the first part, we studied the least known, but completely
equivalent formulation of gravity. If one considers, the teleparallel condition, R* 3, =
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0 and in the same time the torsionless condition, 7%, = 0, they arrive at the so-
called Symmetric Teleparallel theory of gravity.

The action of this theory is differs both from the Einstein-Hilbert and from the
TEGR action, by a boundary term. Since this boundary term does not contribute
in the dynamics of the theory, all three theories are completely equivalent, with the
same equations of motion. In the framework of STEGR (Symmetric Teleparallel
Equivalent of General Relativity), gravitational interactions are mediated through
the scaling of the non-metricity tensor.

Finally, we discussed extensions of STEGR including not only generalizations of
the form of f(Q), but also other invariants constructed by the contractions of the
non-metricity tensor. All of these theories are less than a year old and need to be
studied in greater detail. However, their mathematical structure, i.e. the fact that
they can be expressed in a gauge where the connection vanishes, make them very
appealing.
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Chapter 6

Symmetries: a selection criterion

«If measure and symmetry are absent from any composition in any degree,
ruin awaits both the ingredients and the composition... Measure and
symmetry are beauty and virtue the world over.»

- Socrates

In the first part of this thesis, we presented three conceptually different, but com-
pletely equivalent descriptions of the gravitational interactions; the General Theory
of Relativty, the Teleparallel and the Symmetric Telepallel Theory of gravity, as
well as their modifications. In these theories the notion of symmetry plays a very
important role. This is the reason why, in this chapter we will study the one pa-
rameter point transformations, which leave the differential equations invariant. We
will focus on the Lie and Noether point symmetries and we will present the Noether
Symmetry Approach, which is a method that can be used as a geometric criterion
to select theories of gravity.

6.1 Introduction

As we already discussed in the previous chapter, General Relativity (GR) and the
ACDM cosmological model match very well current observations, however, they
present some shortcomings both at cosmological and astrophysical scales. The dis-
crepancy between the observed value for the cosmological constant with the theo-
retically calculated vacuum energy of gravitational field is maybe the biggest open
problem in modern physics. But it is not the only one; the inability of experiments
or observations to find a convincing particle candidate for dark matter, the existence
of singularities in the theory, as well as the inefficiency to find a quantum description
of gravitational interactions, made the scientific community pursue for alternative
or extensions to GR.
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There have been numerous proposals in the literature in order not only to ex-
tend, but also to modify the current picture we have for gravitational interactions.
Introducing extra fields, higher order derivatives, new degrees of freedom in the form
of invariants (e.g. R, R", RW&BRF‘”W , G, etc.), torsion, non-metricity and other
ingredients are some examples of these modifications. Some attempts rely on adopt-
ing arbitrary functions, such as f(R), f(T), f(G), etc. where R, T, G are curvature,
torsion, Gauss-Bonnet scalar invariants respectively.

Such theories have to be confronted with data in order to be constrained and then
give rise to physically reliable models. However, apart from phenomenology, they
can also be theoretically constrained and, searching for symmetries, is a straight-
forward way to do so. Specifically, Noether symmetries can be used as a geometric
criterion to choose among modified theories of gravity, because the presence of sym-
metries identifies conserved quantities that, in many cases, have also a straightfor-
ward physical meaning. It is possible to use this theoretical constraint as a sort of
selection criterion based on the geometric symmetries of spacetime [37]. This can
be obtained by expressing the Lie/Noether symmetry conditions of second order
differential equations of the form

i 4T pddih = FY (6.1)

in terms of collineations (i.e. symmetries) of the metric. When this is done, one can
use the properties of collineations in differential geometry to find general solutions
of the Lie/Noether symmetry problem [195].

The Noether Symmetry Approach is outlined in [166] and in [195] and we are
going to review it in this chapter. However, it has been extensively studied in
the literature and some examples are the following: applications to scalar-tensor
cosmologies are reported in [190,196-{198]. The most general scalar-tensor theory,
giving second order field equations, the so-called Horndeski gravity, is discussed in
[38]. f(R) theories are studied in [200,203|, teleparallel gravity and its modifications
are discussed in [105}/162,[170] as well as a class of non-local theories in [110]. Apart
from cosmology, the method has also been used in spherically and axially symmetric
space-time to find exact solutions [39,40,|176,203}255|.

Before we proceed, it is worth noticing that, apart from the Lie point symme-
trieﬂ, which are the simplest kind of symmetries, there exist several other types
of transformations to search for symmetries in differential equations. In particu-
lar, in [41], S. Hojman proposed a conservation theorem, where one uses directly
the equations of motion, rather than the Lagrangian or the Hamiltonian of a sys-
tem and, in general, the conserved quantities can be different from those derived

!Noether point symmetries are a subclass of Lie symmetries applied to dynamical systems that
are described by a point Lagrangian and leave invariant the action integral.
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from the Noether Symmetry Approach [42,/43]. In addition, there exist higher order
symmetries, such as contact symmetries; that is, when the equation of motion are
invariant under contact transformations, which are defined as one parameter trans-
formations, in the tangent bundle of the associated dynamical system [44]. Another
type of symmetries are the Cartan symmetries [45], which are point transforma-
tions with generators in the tangent bundle, that leave the Cartan 1-form invariant.
It has been shown [4647], that the Cartan symmetries for holonomic dynamical
systems are equivalent to the generalized Noether symmetries. In cosmology there
are many studies in this direction (see, for example [48-50] and references therein).
The interested reader can consider the recent review on symmetries in differential
equations [51].

6.2 Point Transformations

What we aim here is to discuss how to find symmetries of differential equations
and how to use them to derive analytic solutions. This cannot be done before
we introduce the notion of a symmetry, which in turn, leads to define the point
transformations and their generators.

The mapping of points (z, y) into points (Z, y), where z is the independent and y
is the dependent variable, is called point transformations. The one parameter point
transformations,

r==(z,y.€) y=ylz,y€), (6.2)

are a specific class of point transformations, which have the following properties [52]:

e they are invertible,
e repeated applications yield a transformation of the same family,

=Z(%,y,€) = Z(x,y,€), (6.3)

81

for some € = €(e, €),
e the identity is contained for, say, ¢ = 0
T(2,y,0) =2, Flz,y,0)=y. (6.4)

Consider now the one-parameter point transformations (6.2)). If we expand
around € = 0 (= the identity), we get
0T

jt(x,y,e):x+ea|€:0+...:x+e§(m,y)+... (6.5)

B 19)
y(x,y,€) :y+€a_Z|e:O+-~ =y+n(z,y)+ ... (6.6)
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The tangent vector

X = ¢(x, y)g +n(z,y) (6.7)

Ox oy’
is called the infinitesimal generator of the transformation.
Since our goal is to see how differential equations are affected by these transfor-
mations, we have first to extend /prolong them to the derivatives. The transformed

derivatives are defined as
L, dy(x,y,e) Y (0y/oy) + (0y/0x)
7= _( ) _ /( _/ )+ ( _/ ) .y (6.8)
dz(z,y,e)  y'(0z/0y) + (02/0x)
g// — d_ilj,
dx
By Taylor expanding around e = 0, as we did in (6.5),(6.6), and substitute these
into (6.8),(6.9), we obtain

=y"(z,y,y,y" €) , etc.. (6.9)

d d
g,:ylﬂ(ﬁ_y%) to=y+et + .., (6.10)
—(n n dn(n_l) ndf n n
y“zy“+e( — o=y e, (6.11)

where 1)
dn'\"~ d& "
nl — —yMS = = (g —yf (n+1) 6.12
7 v ==y e (6.12)
is the n'" prolongation function of . Thus, the n'" prolongation of the generator X

6D is

X[n] — X_ —|— n[l]ayl ‘l— e —‘I_ n[n]ay(n) . (6'13)

Until now, we referred only to one parameter point transformations. However,
the procedure followed to define multiparameter point transformations on variables,
their derivatives, as well as their generators, is the same. Since we will use it later on,
it is worth mentioning, what happens to the generating vector if, both the dependent
and the independent variables, are more than one.

Suppose that, a differential equation depends on r independent and s dependent
variables, that is {z; : i = 1,...,r} and {¢/ : j = 1,...,s}, where y = y(x). If we
consider the following one parameter point transformation [53|

T =Ei(r,y,€) = vi+e&i(z,y)+... , ¥ =H(z,y.¢) =y +en’ (x,y)+..., (6.14)

with &, and 77 being

0Z(z,y, € , OH' (x,y, e
bula,y) = ZHEY gy = Y@ (615)
Oe Oe
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the generating vector is given by

Following the same procedure as before, we will see how the derivatives of the
dependent variables are transformed. At first, we note that y/ = 9y’ /Ox; and also

0 ;0 0 0

axi 37 + ylk ] + + y'L'LlZQ Znaj— + et (6]‘7)

D; =
oy,

'Ll 12...1n

Now the derivatives take the form

= H!(z,y,0y,€) =y + 6772[1“(13, Y, 0y) + ... (6.18)
y . Wi
Uiy = Hfm i (1Y, 0y, .., oy, e) = Y igin T 6771[11‘;% (z,y,0y,...,0%) + ...,
(6.19)
where 'V = D — (Di&) yi and m] L, = Digtiniy 5, = (Din&) Yy iy o Thus
the prolongation of the generator of the point tranformations (6.14)) is given by
(117
XM =X 47, (9 + ...+ 771112 Zkayzm %. (6.20)

These tools will be used to seek for symmetries of differential equations.

6.3 Symmetries of differential equations

Now we are ready to study the behaviour of differential equation under the action
of point transformations. We already mentioned in the introduction that, apart
from Lie/Noether symmetries, which are point symmetries, there exist non-point-like
symmetries and higher order symmetries (contact, non-local, Cartan), with which
we will not deal here.

A group of point transformations that maps solutions into solutions, i.e. the
mapping ¢y(Z) of any solution y(z) is again a solution, is called a symmetry of the
differential equations. Mathematically formulated it is: the differential equation

H('I? y? y/7 tt y(n)) = 07 (6.21)

remains invariant, under the point transformations (or else symmetry)
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Consider now a one parameter point transformation and re-express the differen-
tial equation (6.21) in the transformed variables, i.e. H(Z,7,7,...,g™) = 0. It is
easily seen that,

OH (Z, 5,7, ..., ™)
Oe

where A\ are eigenvalues. The converse is also true and this can be seen only by

l—o = MH = XI"H = \H | (6.23)

considering the fact that the existence of symmetries is independent of the choice of
variables. Thus we end up with the following theorem:

Theorem: A differential equation, H = 0, admits a group of symmetries with
generator X, if and only if there ezist a function X such that XM H = \H.

6.3.1 Noether point symmetries

A specific class of Lie point symmetries are the so-called Noether symmetries. They
are restricted to dynamical systems coming from a Lagrangian. The Lagrangian
function L = L(t,qi,cji), is a function of the affine parameter ¢, the generalized
coordinates ¢' = ¢'(t) and the generalized velocities ¢*(¢). Tt contains information
about the dynamics of a system. The equations of motion of the system are given
by the Euler-Lagrange equations

d (0L\ OL
- (aq'i> ~ 57 =0 (6.24)

When the point transformations, that are Lie symmetries for a system of differential

equations, transform the Lagrangian in such a way that the action integral remains
invariant, they are called Noether symmetries.

As already known from Lagrangian mechanics, Emmy Noether proved that if a
Lagrangian admits a symmetry, then this symmetry is associated with a conserved
quantity. The most well known examples are

e the conservation of the total energy of a system, when the Lagrangian is time
independent, i.e. it is not affected by transformations of the form ¢ — t + t,

e the momentum conservation is associated with the translational invariance, i.e.
when a Lagrangian has an ignorable variable, then the associated momentum
is conserved,

e and also the angular momentum conservation is related to the rotational sym-
metry of the Lagrangian, i.e. the orientation of the physical system in space
does not affect the Lagrangian.

2The index i takes the values 1,2, ...,n and denotes the number of dimensions of the configura-
tion space.
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In a more precise mathematical language:
Theorem: Suppose a dynamical system described by the Lagrangian L = L(t,q', ).
The generator of the infinitesimal point transformations

t=t+et,q)+ ..., (6.25)
T =q¢+en'(t,¢)+ .., (6.26)
18 5 5
X=¢tq) = +n— 6.27
while its first prolongation, according to (6.13), is given by
1 O
XW =X 4ol = 6.28
5 (6.28)
If there exists a function g(t,q") such that
dé(t,q')  dg(t,q'

dt at
then the Fuler Lagrange equations remain invariant under the action of the trans-
formations (6.25)),(6.26) and X is the Noether symmetry vector of the system.

The associated first integral of motion is given by the function

cb(tyq%q):E(qaqi—L)—n - +g. (6.30)

This is known as the Noether’s second theorem. In general, Noether symmetries are
valid also for non-point transformations [54].

Invariant functions

The condition is equivalent to the following Lagrange system
da_da_ 9 (6.31)
&
The Lagrangian in physical systems contains up to first order derivatives in the
canonical variables, yielding up to second order differential equations. In more gen-
eral systems with n order differential equations, the above system can be defined
with fractions of n'® order derivatives of the canonical variables over n'* prolonga-
tions of the generator coordinates.
The above Lagrange system (6.31)) can give us the zero and first order invariants

(n'" order in general) respectively
dt dq¢*  dq’

dt  dg’ .
=— — = and Wt ¢, ¢) === - —. 6.32
& ( ) & g gl (6:32)

By using these invariants, we can reduce the order of the Euler-Lagrange equations

W, ¢')

and thus solve them in an easier way.
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6.3.2 Finding symmetries

In the last section of this chapter, let us see how to find symmetries. We give here
a general description of the procedure in the form of an algorithm.

In order to determine Noether symmetries, what we need is to find the coefficients
of the generator X, £(t,q) and 7n'(t,q), such that the symmetry condition ([6.29)
is satisfied. So, if we have a dynamical system described by a Lagrangian L =
L(t,q", ¢") then:

1. We write an ansatz for the generator of the form (6.27)) defined on the config-
uration space.

2. We expand the symmetry condition (6.29) to obtain a polynomial depending
on £(t,q), n'(t, q) and products of the generalized velocities, i.e. (¢%¢°...).

3. Since the unknown coefficients &, n depend only on (¢,q), in order for the
polynomial to vanish, the coefficients of the products (¢%¢”...) have to vanish.
Thus we end up with a set of partial differential equations for £ and 7, which,
most of the times, can be solved in a straightforward way.

4. Once we calculate the generating vector X, we can easily find the first integral
¢ from ([6.30)), and thus obtain a better insight into the physical meaning of
these integrals.

5. Finally, from the generator we can construct the associated Lagrange system,
find the zero and first order invariants and reduce the order of the Euler-
Lagrange equations.

Depending on the number of symmetries, one can achieve the complete integrability
of the dynamical system.

6.4 Conclusions

Summing up, symmetries can be considered a general criterion to select physical
models. In this chapter, we discussed a specific class of symmetries, the so-called
Noether symmetries, which are Lie symmetries for dynamical systems derived from
a Lagrangian. Specifically, we presented the one-parameter point transformations
that maintain second order differential equations invariant. It is long known that
there is a connection between the point symmetries of second order differential
equations with the collinations of the Riemannian manifold where the motion occurs.
However, it is really new that this geometric property has been used to classify
theories of gravity that admit Noether symmetries, and those in turn give invariant
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functions which we can use to reduce the dynamics of the dynamical system and
find exact solutions. As we saw in the first part of this thesis, there are numerous
theories with arbitrary functions in their actions, and Noether Symmetries can help
us discriminate between those. Applications will be seen in the following chapters
of this thesis.
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Chapter 7

Classification of Horndeski
cosmologies through Noether
Symmetries

Horndeski’s theory is the most general scalar tensor theory with second order field
equations. It was proposed in 1974 by . Horndeski but it was reincarnated in the
late 2000’s and was rewritten in a covariant from. The form of the theory, i.e. action
and field equations are presented in chapter [3| In this chapter, we will discuus the
cosmology of the theory and we will classify the arbitrary functions appearing in the
action using the Noether Symmetry Approach. Finally, we will correlate the results
of this method to known scalar-tensor theories, such as Brans-Dicke, cubic galileon,
the scalar-tensor representation of f(R) gravity and more.

7.1 Introduction

The inability of General Relativity (GR), together with the ACDM model, to con-
stitute a complete theory capable of describing the gravitational interactions at all
scales led the scientific community to pursue new approaches by which GR should be
modified or extended at infrared and ultraviolet scales [79,(99,|171-175,273,349]. In
1974, Horndeski developed [80] the most general scalar-tensor theory (with a single
scalar field) that leads to second order field equationd] In [82,[178], the Horndeski
theory has been reconsidered according to a generalization of the covariant galileon
models, already proposed in [179], as the decoupling limit of the graviton in the
Dvali-Gabadadze-Porrati model.

! Theories with higher than second order equations of motion are, in most cases, plagued by the
so called Ostrogradski instability and thus give rise to ghost degrees of freedom.
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A lot of progress has been done and the Horndeski theory can now be considered
as a general theory from which several modified theories of gravity can be recovered.
Scalar-tensor models, such as Brans-Dicke, k-essence, kinetic braiding, as well as the
scalar-tensor analogue of f(R) gravity, are nothing else but special cases of the Horn-
deski action. Apart from cosmology, significant progress has been done at smaller
scales in this theory. Specifically, charged black hole solutions have been studied
in the context of this theory [180-183}330|; numerical simulations for neutron stars
in specific subclasses of this theory have also been developed [184,|185]. Recently,
in [186], the authors reviewed the Horndeski cosmologies that have asymptotically
de Sitter critical point. In [83], generalized galileons are considered as the most gen-
eral framework to develop single-field inflationary models. Moreover, in [187], the
author proves that Horndeski theory is part of the effective field theory of cosmo-
logical perturbations, which is also a useful framework to develop inflation. Finally,
in [188], the authors considered possible breaking of the Vainshtein mechanism, in
a generalized Horndeski theory (or generalized galileon model), and they claim that
such a breaking could be responsible for gravitational effects attributed to dark
matter.

Even though a lot of ink has been spilled on the fact that, scalar fields may
or may not couple with matter, the predominant opinion is that matter-fields do
couple, with the field being “screened” (=hidden) at small scales. This screening
mechanisms could solve several problems and, among them, the Cosmological Con-
stant problem. Three such mechanisms are known; the chameleon, the symmetron
and the Vainshtein mechanism [70,|189]. Although, all of them emerge in scalar-
tensor theories, the latter is explicitly seen in massive gravity, in galileon and thus
in Horndeski theory. Simply, this mechanism “hides” the effects of the non-linear
kinetic terms inside the so called Vainshtein radius, allowing them to play an im-
portant role only at large infrared scales, that is in cosmology as pointed out in [71].
For more details see the discussion in chapter [3]

The Horndeski theory contains a lot of arbitrariness encoded in the functions
of the action: G;(¢, X), where i = 2,...,5, where ¢ is the scalar field and X =
—1/2(0,00"¢) its kinetic term. The aim of this chapter is to classify the Horndeski
models according to the Noether Symmetry Approach [166]. This method helps
to find exact solutions for a given theory, once a symmetry exists. Besides, the
existence of a symmetry “selects" the integrable form of a model in a given class
of theories. Finally, the symmetries of a theory are always connected to conserved
quatities, according to the Noether’s Theorem, and thus observables. Here, we
classify the Horndeski models according to the specific forms of functions G;(¢, X)
assuming the only criterion that the field equations are invariant under Noether
point symmetries. There exist similar approaches in the literature [190|; however,
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the similarity is only the fact that they discuss a general family of scalar-tensor
Lagrangian. They study a part of the cosmological Horndeski Lagrangian and their
results are very interesting, however, we consider the whole Horndeski action.

As in the previous chapter, the same holds here too. All the quantities we will
use (curvature tensors, covariant derivatives, etc.) are calculated with respect to the
Levi-Civita connection and the use of ¢ is redundant, so we omit it.

7.1.1 The Horndeski Cosmology

The essentials of the gravity are discussed in chapter [3] Here, we want to study
the cosmology related to the Horndeski theory, so we suppose that the spacetime
is described by a spatially flat Friedmann-Robertson-Walker (FRW) metric, which
reads

ds® = —dt* + a*(t)d;;dx"da’ . (7.1)

The Ricci scalar takes the form

a

i
It is ¢ = ¢(t) and thus the scalars in the Lagrangians becomeﬂ

1., . a - 2 o a2 o 3 3 33 ‘3

X =36, Oo=—(3+326) . (VuVuo) = #4356", (V,V,0)’ = =54
(7.3)

If we substitute all these quantities into (3.22)), the Lagrangian assumes a point-like

form

L= &SGQ + 3&2G3d¢ + &SGgé + 6CLG4X{L2¢2 + 6&G4d2 + 6@2G4xd¢é + 6@2G4d+

+ 3aG5a%p + 6aGsagi + 3G5ad + Gsxa®d® + 3aGsxa’d?d .

(7.4)

As we see, there are second order derivatives in the Lagrangian. We can integrate
all of them out with integration by parts, except from the term a3Gs¢. Specifically,

a*G3¢ = (a*°G30); — 3a*G3a¢ — a>Gay0® — a*Gyxd*¢
) ) ) . 1 . 1 oo
= (@3G3¢),t — 3a*Gsad — GSG3¢¢2 + a*Gaxad® + 5@3G3X¢>¢4 =+ 503G3XX¢4¢>

and it goes on like this, since G5 depends on X (t) and X(t) = bd. Hence, if we
want the Lagrangian to be canonical and to depend only on first derivatives of the

2This is explained if we assume that the matter fields and scalar field inherit the isometries of
the FRW spacetime.
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variables of the configuration Spacdﬂ we have to choose where to stop and just set
one derivative of G3 over X equal to zero. We choose to set

Gsxx = 0= G3(¢,X) = g(¢0) X + h(9). (7.5)

This choice seems arbitrary, but also with this limitation, it is possible to formulate
most of the scalar-tensor theories known in literature, such as kinetic braiding, cubic
galileons and others containing interaction terms like ~ V,0V#¢lLlp. Finally, the

Lagrangian (7.4) becomes

L =a’Gy + ag(¢)ad® — éa?’g’(gzs)(é‘* — a®h(¢)$? — 6aG4a* — 6a>Gapad+
+ 3a (2G4X — G5¢) C.L2§'bz + G5xd3¢3 . (76)

The Euler-Lagrange equations

d (0L oL d (0L oL
i) 50 E(a_d))_%_o’ (%7)

and the energy condition

oL oL .
Er=—a+—¢p—L=0, 7.8
c=goat 5 ¢¢ (7.8)
constitute the dynamical system derived from the Lagrangian (7.6). We do not find
necessary to include them in their general form since they can be easily derived from
the Lagrangian (7.6). We will derive them for the specific cases that we are going
to discuss below.

7.1.2 Noether Symmetries in Horndeski Cosmology

As we already mentioned, the configuration space of the Lagrangian (7.6) is Q =
{a, ¢} and the independent variable is the cosmic time ¢. The generator of an
infinitesimal transformation is

X = €<t7 a, ¢) O + Na (t,a,(b) Oa + Mg (t,&, ¢) 8¢,. (79)
By applying the Noether’s condition

d§¢ df
xWr = = 2L 7.10
TR T @ (7.10)

3In our case the configuration space is the minisuperspace Q@ = {a, ¢} and the tangent space is

TQ ={a.a,¢,¢}.
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to (7.6), we get a system of 28 equations for the coefficients of the Noether vector
E(t,a,0), nu(t,a,0), ne(t,a,¢), f(t,a,¢) and the arbitrary functions of the La-
grangian Go(¢, X), G3(¢, X), G4(¢, X), G5(¢, X), which, of course, are not all each
other independent (see also [110,/166|). A comment is necessary at this point; if we
consider given forms for the unknown functions of the Lagrangian, i.e. the G}, as
it has been done in several papers [190,/196/198|, we can specify in detail all the
functions, as well as the Noether vector coefficients. What we are doing here is to
consider the most general Horndeski Lagrangian and try to constrain its unknown
functions and, at the same time, to find out symmetries in the most general way.
Clearly, particular models are recovered by specific choices of the above functions,
as we will show below with some examples.

It is straightforward to notice that the Noether vector takes immediately the
form

X = (&t + &2)0r +na(a)0a + (£1¢ + ¢1)0s (7.11)

with &, &, ¢ being integration constants. In addition, the function f of Eq.
is forced to be a constant, f(t,a,®) = fi.

Now, depending on whether the function g(¢) in Eq. vanishes or not, there
are different solutions. In the class of solutions with g(¢) # 0, the Noether vector,
and specifically the n, coefficient, becomes 1n,(a) = aja. In the other case, where
g(¢) = 0, we get nu(a) = F(oq + 2&)a. It might seem that a redefinition of the
constants would equate the two cases, but this is not the case. As we show in Table
[7.1] the Horndeski functions take different forms.

The following graph summarizes the 10 different symmetry classes we get depend-
ing on the values of the constants. By changing &, and «;, the form of symmetry, i.e.
the Noether vector, changes in a straightforward way. In the graph, any different
case is assigned to a capital letter; the Horndeski functions, for each case, are given
in Table [7.1] The cases A, J and B, I coincide by redefining the constants and by
setting c; = 0 in A and B. However, the other cases are different.

9(#) # 0 9(¢) =0
§&=0 & #0 & #0 & =0
a1:O Oé17£0 0417&0 041.20 0417é2€1 a1:-2€1 Oé17£0 a1 =
A E H I J

B E H
a1 # 26 /300 =26/3 04 =0 a1 #0
.—

e @0 e—1 e

C D F G

This is the main result of this chapter. Before we move to the next section, let
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Ga(¢, X) Gs(¢, X) Gu(0,X) Gs(¢,X)
A g2(X) c1+ X + 3 g4(X) 95(X) + cadp
3016 3016 3016 . T
B e go(X) Gte o (ch - %) e o gi(X) oy — Qe LX)
- - - ~ 3]
) R L _Bag . ) _3m . )T €
C | o) (@o+6) 5" | (€otd) & (X =) ta | glX)(Go+o) 8 | o eGeral T
92(X) c2—2c361 X 94(X) caln(§1é+¢1)
b (51;'*'101)"‘ l a - 25?(512’1;1)2 51;">+¢1 ‘ 511 i ga(X) ta
E E(lii(‘i{(gl c1 n(fgl¢+®1) T X + s (510‘5 + ¢1)g4(X) et QB(X)(gng’@l)
92(X) — c 9a(X) csIn(€1é+¢1)
F (€16+01)° “a 251(515+oﬁ (&10+¢1) 511 =+ 95()2
, - [ b+¢1) € - - bten) €
Cln o re) B | a-ses ST (o e) B | o e S
92(X) ) czlog(§19+¢1) 94(X)(&19+01) o 9s(X)(&te1)
H 612]54»01 o+ : 611 51 : {11 . G+ 221 -
1 eiﬁgz(X) ¢ — m)‘fn ! e 011094()() ey — & Qll o5(X)
J g2(X) c1 + coop g4(X) e3¢ + g5(X)

Table 7.1: We summarize the Horndeski functions with respect to the Noether Symme-
tries; ¢;(X) are arbitrary functions of X, the kinetic term; ¢; are arbitrary constants and
&1, ¢1 and ay are the constants coming from the Noether vector.

us shortly discuss the above classification. The arbitrariness of the functions g;(X)
makes this classification broad enough, as far as the restrictions are concerned. By
choosing specific classes (and thus symmetries) and playing with the form of the
function g;, we can map modifications of GR to the Horndeski theory and see if
they are invariant or not under the action of Noether point symmetries. In this
perspective, the Noether Symmetry Approach is a selection criterion discriminating
among integrable models. As discussed in [167], the Noether symmetries select
“physical" models in the sense that the related conserved quantities result physical
observables of the theory.
Moreover, from the Noether vector ((7.11]), we can define the Lagrange system

it da  do
Gt+&  mala) &9+ o1

Without loss of generality, we can set & = 0. As we already mentioned before,
for g(¢) # 0 the 7, coefficient becomes 7n,(a) = aja, while for g(¢) = 0, it is
Na(a) = 3(a1 + 2&)a. By solving the system for each case, we get the zero-
order invariants which are solutions of the system of the E-L equations

(7.12)

alt) = at™/S | B(t) = ot — %for 9(8) £ 0,

alt) = ot ® 5 o(t) = ont — T or 9(9) =0
1

There are two E-L equations, one for a and one for ¢, but we also have the constraint
equation. By plugging these solutions in the E-L equations we can get constraints
for the arbitrary functions g;(X) in the table [7.1]
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7.2 From Horndeski to specific modified theories of
gravity

By choosing specific forms of the arbitrary functions ¢2(X), g4(X) and g5(X), as
well as by fixing the constants &, ¢1, oy and ¢;, we can recast the Horndeski La-
grangian, to Lagrangians coming from modified theories. For each theory, if Noether
symmetries exist, we can find out exact cosmological solutions. In what follows, we
match theories that show symmetries (the different classes are presented in Table I),
with some extended theories of gravity (Brans-Dicke, f(R), etc). For these theories,
cosmological solutions exist and we present them. In principle, the approach con-
sists in finding out the conserved quantities for each case (if they exist), in reducing
the dynamics of the system, and in obtaining exact solutions.

7.2.1 Brans-Dicke gravity

Let us start with the simplest, and one of the first considered modification of gravity,
the Brans-Dicke theory. The action is 77|

¢

where w is the Brans-Dicke parameter, i.e. the coupling constant between the scalar

S [ dev=g o= 29,0900 - Vi) + s, (713)

field and the metric. In this theory, the Newton constant, GG, is not constant, but
it varies according to the evolution of a scalar field ¢ ~ 1/Gy. The reasons for
this choice are several. In particular, Brans and Dicke considered a theory which
is in more agreement with Mach’s principle, compared to GR, assuming that the
gravitational coupling can depend on space and time. In cosmology, the point-like,
canonical Lagrangian takes the form

L = —6apd® — 6a*ad — w‘gdﬂ : (7.14)

where we considered that the potential V' (¢) = 0. In order to match this Lagrangian
to the Horndeski theory, we have to set in the case E of table

cp=c=c3=0c=0, 94(X) =1, g5(X) =0,¢01=0,&§ =1, andgg(X) = —2wX.

(7.15)
The fact that the two Lagrangians coincide, means that, our Lagrangian inherits
also the cosmological solutions found in |77] and [201], i.e.

3 4
e Forw > —3 and w # —3,

a(t) = ag (i>q . o(t) = ¢o <i> : (7.16)
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° Foer—%andw:—é,

a(t) = ao (tto)

where ag, ¢g are constants and ¢ = %(1 —r), r =

Wl

L 6(t) = o (3)_1 , (7.17)

Lo

i (1 VBB +24) . This
means that the equations of motion of Brans-Dicke theory remain invariant under
the point transformations described by the Noether vector

X = (t+ &), + ¢, . (7.18)

In addition, there is an integral of motion, which is given by

I=fi+a (6<;sa + 2wa¢) . (7.19)

String motivated gravity

Let us now consider a string-motivated Lagrangian of the form [210,212]

/ d'zy/—ge * [R+ 4V ,0V* o — V(9)] . (7.20)

It turns out that this theory is actually a Brans-Dicke-like theory for specific forms

of the coupling, the self-interaction potential, and a redefinition of the scalar field

acting as the string-dilaton field. It interesting to include also this model in the

discussion of the Horndeski theory and search for its Noether symmetries since it

has been extensively studied in literature for several physical implicationsﬂ
Assuming a FRW cosmology , the above Lagrangian becomes

L=e? [12&@45 ~ 6ad? — @ (4&2 + V(qﬁ)ﬂ . (7.21)
Besides, the Horndeski Lagrangian, with the Noether symmetry
2
X = &0 + §¢1aa + 010, , (7.22)

ie. &4 =0and oy = %gbl # 0, become after adopting the symmetry class B from
Table

L = d*e gy (X) +2 €729 — csa’e % 4 3ae” (2¢)(X) — g5(X)) a2p? —

3

1 . g _ L
—5e 2000 (X)a* P — 6ae” 2 gy(X)a? 4 cra’e 2 ad® + 12a%e 2 g4 (X)ad(7.23)
4Starting from a D-dimensional theory, e.g. the so called Polyakov action, after compactifica-
tion, we remain with only four macroscopic dimensions ending up with the action (7.20)). This is
a simplification that allows us to study the dynamics of the degrees of freedom associated to the

four macroscopic dimensions. For details, see [218-221].
SWe set ag = %gzﬁl in order to recover the dilaton coupling from (7.20).
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The two actions (7.21)) and ([7.23]) become the same, if we identify
RX)==V(@)=W, a=c=ca=0, =4, g(X)=1, g5(X)=0. (7.24)
In this way, the Horndeski functions take the following form,

Go(d, X) = Voe ™| G3(¢,X) = =817, Gu(d, X) =e 2, Gs5(¢,X) =0.
(7.25)
As we see, the form of V(¢) is not arbitrary, and specifically, it is the constant V.
Solutions in 4 dimensions are discussed in [210H212|. Solutions in D dimensions are
discussed in [218].

7.2.2 f(R) gravity

Another class of modified theories is the f(R) gravity. If one replaces the Ricci
scalar in the Einstein-Hilbert action, with an arbitrary function f of the Ricci scalar,
the family of f(R) theories arise. In some sense, this is the most straightforward
generalization of GR. The arbitrariness of the function f allows, in specific cases, to
explain lingering problems in cosmology and astrophysics, such as the accelerated
expansion, the structure formation, the inflation, etc, without including exotic forms
of matter/energy in the stress-energy tensor. For the interested reader, there is a
large amount of literature on this topic. For reviews see [79,204,1321,337].

As already shown in [79] and references therein, by setting ¢ = f'(R) = R =
R(¢) and V(¢) = ¢R(¢) — f(R(¢)) we obtain the following equivalence,

S~ / d'oygf(R) & S ~ / 2o/ g (6R — V(4)) . (7.26)

This scalar-tensor form of f(R) theories is similar to the Brans-Dicke theory, without
the kinetic term, i.e. with w = 0 and with an arbitrary potential V() (see [202]).
The point like Lagrangian of this action is given by

L = —6aga® — 6a%ap — a®V (), (7.27)

which means that in order to match it with the Horndeski Lagrangian (7.6)) we have
to set

Ga(9,X) = —V(9), 9(6) =0, h(¢) = const., Ga(, X) = ¢ and Gs(¢, X) = 0.
(7.28)
By comparing with the different classes of symmetries from the table we can
see that f(R) can be recovered only from the C, E, G or H class. For example, in
the E-class we can set

51:1, gbl:(), gg(X):‘/o, 01202203204:0, g4(X):1andg5(X):0,
(7.29)
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with Vj an arbitrary constant and get that V(¢) = Vi /¢. This potential corresponds
to the f(R) = V'R model. In fact, if we force the coupling of the scalar field with
curvature to be of the form ¢R, we always end up with this potential and thus
only with f(R) = R'2. However, we know from the literature [166,200,203}205],
that f(R) accepts more Noether symmetries. Specifically, the power law model
f(R) = R"™ accepts the Noether vector

X = 210, + g (4n — 2) 9, — ARg . (7.30)

In order for this to be the same with the vector (7.11)) we have to set {; =2, {& =0
and 1, = a(4n — 2)/3 or better a; = (4n — 2)/3 in the C class of symmetries and
a; = 4n — 6 in the G class. As an example, let us check the n = 3/2 case, which
accepts a symmetry [203]. For n = 3/2 it is a; = 4/3 (if we consider the C class of
symmetries) and thus the Horndeski functions should be

Vo

Gu(9, X) = (29)7" and G2(¢, X) = el

(7.31)
where for simplicity we set ¢; = 0. Now the Lagrangian density looks like £ ~
R/(2¢) — Vu/(84%), but if we redefine the scalar field as 1 = 1/(2¢) it becomes

S~ / d*z\/g (VR — Vgib*) (7.32)

In this way we can recover the power-law f(R) models that admit symmetries.

As discussed in [176] for spherical symmetry, the power n is related to the con-
served quantities that have physical meaning [175,177]. It is straightforward to solve
the Euler-Lagrange equations produced by to get

alt) = ag (%)m () = iy /M%t. (7.33)

In order for the scalar field solutions to be real, we have two branches: 1) V5 < 0
and 0 <m < 1/2 and 2) Vj > 0 and m < Oorm > 1/2. There exist also exponential
solutions for the scale factor, which lead to constant scalar field.

7.2.3 Cubic Galileon model

The galileon theories have also been proposed as an natural explanation of the
accelerated expansion of the Universe, without the need of dark energy and, as
such, a lot of progress has been made in the last few years in this direction. The
name comes from the fact that, in galileon gravity theories, the action is invariant
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under the shift symmetry in flat spacetime, 0,¢ — 9,¢ + v,. They pass the Solar-
System tests [298| and applications of MOND have been studied in this context [206].
Inflationary and self-accelerating solutions have been also been considered [213-217]
and, moreover, gravitational waves have also been taken into account [207,[208]. We
will focus on the cubic galileon theory with the action, in the Finstein frame, given
by

S ~ / d*z/—§ [R— 2V, V) — Ezwmm + S[Xm> Gu] - (7.34)
The spacetime metric is described by g,,,, k1, k» are coupling parameters and M is a
mass scale of the galileon field, v. Matter fields, x,,, couple minimally to a physical
metric (in the Jordan frame) g, = €**¥g,,, with o the matter-galileon coupling
parameter [327].

Matching the Einstein-cubic galileon and the Horndeski theory, i.e symmetry
class A in the Table [7.1] we have to set

k
92(X)=kX, u(X)=1,g5(X)=0,c1=0, 2 = Mzw c3=0,c4=0, (7.35)
where the Noether vector takes the form
X = &0, + 910, (7.36)
and the integral of motion becomes
3k
I=f1 — ¢ra* (kla — —2a¢> (7.37)

since the point-like cosmological Lagrangian coming from ((7.34)) is
L = —6aai® + —a3@/z a’ai) . (7.38)

This model is very well studied in the literature and there have been found both
cosmological as well as spherically symmetric solutions [209,327]. For example, if
one considers the linear ansatz

o(t) = ¢o + Put, (7.39)

where ¢q and ¢, are constants, for the scalar field, they get that H = kyM?/(3k3¢,),
which is an expanding solution as long as kqkspy > 0.
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7.2.4 Non-minimal kinetic coupling

An interesting subclass of Horndeski theory is represented by scalar-tensor models
where the scalar kinetic term has non-minimal coupling to curvature. Theories with
the non-minimal kinetic coupling lead to a rich variety of solutions for different
cosmological epochs, particularly for late time acceleration, as shown in [222/-228].
The action of the theory of gravity with non-minimal kinetic coupling reads

R 1
S = /d450v -9 {16_7T 3 (9" + 0G|V 9V, — V(¢)} ) (7.40)
where 7 is a coupling parameter with the dimension of inverse mass-squared. Com-
paring this with the Horndeski action (3.22)), we find

1

Galé X) = X~ V(6), Gs(0,X) =0, Ga(6,X) = o, Gs(6,X) = Jno. (41)

Since we assume that G3(¢, X) = 0, then from Eq.(7.5) we get g(¢) = 0 and
h(¢) = 0. In addition, the coupling to the Einstein tensor is derived by integrating
out a total derivative. The theory (7.40]) possesses the Noether symmetry iff V(¢) ~
A = const, and the configuration providing the Noether symmetry belongs to the
symmetry-class J in Table where

1 1

a=0=c, c=7n g2(X) =X =27, gu(X) = ——

2 167

Now, the Lagrangian (7.6|) takes the form

L gs(X)=0.  (7.42)

3aa® 3 .,
— —naa‘¢”. 7.43
After solving the Euler-Lagrange equations for the above Lagrangian, we get, e.g.

for A >0and n >0,

L=ad’(1¢* —2A) -

a(t) = Hat, ¢(t) = ¢o = const. (7.44)

ot _ [3nHE -1
a(t) = ek o(t) = Hwt, (7.45)

where Hy > 1/4/3n. For different combinations of A and 7 signs, as well as for a
discussion on solutions (e.g. with A = 0), see [223] and references therein.

7.3 Discussion and Conclusions

The Horndeski gravity is the most general scalar-tensor theory giving rise to second
order field equations. In principle, any theory of gravity containing scalar-tensor
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terms can be mapped onto the action . In this chapter, we presented a sys-
tematic classification of scalar-tensor models coming from the Horndeski theory,
which are invariant under infinitesimal point transformations. Specifically, using
the so-called Noether Symmetry Approach, we were able to find theories that pos-
sess symmetries and thus, integrals of motion. When symmetries exist, the related
dynamical systems are reducible and integrable. In other words, the presence of
symmetries fixes the functional form of the theory, gives conserved quantities and
allows to find out exact solutions.

In Table we reported all the possible Horndeski functions that have Noether
symmetries in the minisuperspace of cosmology. As it appears evident, the exis-
tence of Noether symmetries fixes the classes of models and their mathematical and
physical properties.

The paradigm is twofold: i) couplings and scalar-field potentials of a given theory
can be derived from the general Horndeski action ; i1) the invariance under
point infinitesimal transformations gives rise to the Noether symmetries and then
allows to exactly integrate the system. Furthermore, the most popular alternative
gravities come out from this approach and can be worked out under the standard of
Noether symmetries. In particular, we considered Brans-Dicke gravity, f(R) grav-
ity, galileon gravity, string motivated gravity and non-minimal derivative coupling
gravity. They are five specific models of theories belonging to the four classes of
the Noether symmetry: A, B, E, and J. In principle, all symmetry classes can be
discussed under the present standard.

An important remark may be necessary at this point; in the last two years,
significant progress has been done in gravitational wave astronomy. Specifically,
the observation of black hole-black hole mergers, as well as the binary neutron star
merger GW170817 [230|, have provided the possibility to test GR in the strong field
regime. The last observed event (binary neutron stars), together with its electro-
magnetic counterpart, started the so-called the multi-messenger astrophysics setting
severe constraints on the propagation of tensor modes. Since the Horndeski theory
shows, besides the standard 4+ and X polarization modes of GR, an extra mode
excited by a massive scalar field [191], it means that the theory can be severely con-
strained by the mass of the graviton [193]194]. Besides, the motion of stars as well
as the energy radiated away as gravitational radiation are different if compared to
GR: this means that more constraints can be obtained and several Horndeski mod-
els can be ruled out by the observations [192]. In particular, some models (such as
the non-minimal derivative coupling) are presently excluded by gravitational wave
observations and then G, and G5 functions are strictly constrained. However, also
considering observational limitations, our approach goes beyond because it is aimed
to classify the general Horndeski action.

85



Chapter 7. Classification of Horndeski cosmologies through Noether Symmetries

As we already mentioned, the purpose of this chapter was to classify all the
possible models originating from the general Horndeski action , that present
Noether symmetries. Clearly the zero-order invariants, derived from symmetries, can
be used to construct general exact solutions. For example, in Refs. [231] and [232],
cosmology coming from scalar-tensor theories of gravity have been discussed in detail
deriving exact solutions from zero-order invariants. In particular, in Tables T and 1T
of [232|, the specific forms of gravitational coupling and self-interaction potential are
given allowing to achieve the general exact solutions for the scalar-tensor dynamics
related to their action (1). Such an action, can be derived, from our approach,
specifying, for example, the form of function G5. In other words, our Table I can be
compared to Tables I and Il in [232] deriving the same results. Similar considerations
hold for [231].
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Chapter 8

Noether Symmetries in f(R,G)
gravity

There are many modifications of gravity with one of the most well studied being
f(R). However, we can also introduce other curvature scalars in the action, such as
R, R* or RO‘gWRafB“”, in order to exhaust the possible curvature budget. In this
chapter we will consider the f(R,G) theory of gravity, where G is the Gauss-Bonnet
topological invariant. Specifically, we will apply the Noether Symmetry Approach
developed in chapter [6] and we will classify those models that are invariant under
point-transformations. We will use their symmetries to find exact solutions in the
cosmological minisuperspace. Finally, we will study the Noether symmetries of pure
f(G) gravity in a spherically symmetric spacetime and we will find exact solutions.

8.1 Introduction

Numerous are the times we mentioned in the first part of this thesis, the need to
modify gravity. Emanating mostly from cosmology, but also from quantum field
theory and astrophysics, there are several shortcomings in the current framework of
general relativity. Attempts to construct a renormalizable theory of gravity started
to include higher order terms of curvature invariants, such as contractions of the
Riemann and the Ricci tensor [128/129]. The interest in those terms comes also
from low-energy effective field theories of string theory and supergravity [130,[131].

These are the reasons we want to study the f(R,G) theory in this chapter.
Theories including the Gauss-Bonnet invariant have been extensively studied in the
literature [132-{136]. They are successful in describing the late-time acceleration of
the Universe, quintessence and phantom behaviour as well as the transition from
inflationary to the dark-energy epochs.

What we will do, is apply the Noether Symmetry Approach developed in chapter
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6 in order to classify those models of f(R, G) theory that accept Noether symmetries
in the minisuperspace of cosmology. What is more, we will use these symmetries in
order to find analytical cosmological solutions. In the last part of this chapter, we
will consider the pure f(G) theory of gravity and we will do the same in a spherically
symmetric spacetime.

In this chapter, we will deal only with quantities calculated using the Levi-Civita
connection; it is thus redundant to always use the ° everywhere and therefore we
will omit it.

8.2 f(R,G) gravity

The action of f(R,G) gravity, where R is the Ricci scalar and G is the Gauss-Bonnet
topological invariant given by

G = R* — 4R, R" + Rop RO (8.1)

reads
1

Sy(rg) = Ten / d'z/=gf(R,G) + Sm . (8.2)

We remind the reader that, a linear term in G, appearing in the gravitational action

(in four dimensions) does not contribute to the field equations being a topological
invariant [56|. Varying the above action with respect to the metric, we get

1
QfQRR;w - §g;wf<Ra g) + 4fQRMaROW + 2L709RM0457R'/06/6MY + 4f9RMaﬁvRaﬂ - QRvaVfg+

+ 2guuRng + 4Ruavavufg + 4R,uavavufg - 4guuRo¢ﬁvavﬁfg + Ruvfg+
+ 4R,V [ + V.V, i + g fr = 81GNTM | (8.3)

where fr and fg are partial derivatives of f(R,G) with respect to R and G respec-
: M _ _ 2 58y
tlvely, and T/“/ = —\/—_—gw
We want to seek for forms of the function f (R, G) compatible with the existence
of Noether symmetries and then use these symmetries to find out solutions. We will
develop our considerations in a cosmological minisuperspace considering a spatially

flat Friedman-Robertson-Walker metric of the form
ds* = —dt* + a(t)® (da® + dy* + dz?) . (8.4)

In order to construct a point-like canonical Lagrangian, we introduce two Lagrange
multipliers as

5:% dt/—g [f(R,G) =M (R—R) — X (6 -G)] , (8.5)
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where R and G are the Ricci scalar and the Gauss Bonnet invariant expressed in
terms of the metric (8.4),

.2 . .2..
R:6(a—+9) . G=2122 (8.6)

a?  a

The Lagrange multipliers A\; and A\; are given by varying the action with respect
to R and G respectively and thus \; = 0f/0R = fr and Ay = 9f/0G = fg.
After integrating out two total derivatives, we end up with the following point-like
Lagrangian

L=a*(f—Gfg— Rfg) — 6afra® — 6a° frgaG — 6a’ frralk — 8 fgga°G — 8frga®R.

(8.7)
The configuration space of is @ = {a,R,G} and its tangent space TQ =
{a,a,R,R,G,G}. Hence the symmetry generating vector is

X =¢(t,a, R,G)0; + nalt, a, R,G)0a + nr(t, a, R,G)Or + ng(t,a, R, G)0g . (8.8)

8.3 Classification using Noether Symmetries

Let us now apply the symmetry condition

< _ dg

x 1] —
LA Lo =g

(8.9)
to the point-like Lagrangian (8.7). If symmetries exist, such a condition will fix
the form of vector X as well as the form f(R,G). By the above procedure, we
obtain an overdetermined system of 27 partial differential equations. There are
several different cases depending on the forms of f(R,G) as well as on the values of
integration constants. We summarize them in what follows; the function g on the
right hand side of equation is assumed constant, unless otherwise stated. All
the c¢;’s mentioned below are integration constants.

There are two different classes of theories; those for which the derivative frg
vanishes and those for which it does not.

1. For frg # 0 we have the following cases:

(a) If fRR 7é 0, then

e for ¢; # co, we get

f(R,G) = R f ( : ) i T LS

ﬁ (&) —Cl)
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where f is an arbitrary function of G/R?. Tt admits the Noether
symmetry vector

X = (Clt + 63)815 + Cgaaa - ZClRaR - 461gag . (811)

e For ¢; = co, the theory

- g c,GIn R
= Rf(=) — 12
FR.G) = RF(5) - 522 (512
admits the Noether symmetry
X = (Clt + c;;)c?t + claﬁa — QClRaR - 401gag . (813)

(b) If frr = 0, the function f takes the form f(R,G) = f1(G) + Rf»(G) and
the following cases are obtained:

e For ¢; = 0, the theory f(R,G) = fi1(G) + Rf2(G) admits only the
symmetry X = ¢30; and the associated integral is the Hamiltonian
E.

e For ¢; # 0 we have two cases
i. If ¢9 # ¢1, then the theory

C4 c1+3co 3co—c

2 1
— 1 RG 8.14
3(02_Cl)g+c5g 1o+ RG e (8.14)

admits the symmetry (8.11)).
ii. If ¢ = ¢1, the theory

f(Rag) =

_agng
401

f(R,G) = +5G + c6VGR, (8.15)

admits the symmetry (8.13).

2. The second class of theories are those for which frg = 0, which means
f(R,G) = fi(R) + f2(G). For these theories we find that

(a) If f'(R) # 0 and
i. f5(G) # 0, there are three possible cases:
o If ¢y # ¢ and ¢y # —c;1/3 the theory

C4g c1+3co c1+3co

f(R,G) = ——— + R 1 +¢G 1o, (8.16)

362 — 361

admits the symmetry vector given by Eq. (8.11)).
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e If ¢y = ¢; the theory

g

f(R.G) =~

+ C5R2 + C6g s (817)

admits the Noether vector given by Eq. (8.13]).
o If co = —c1/3, the theory
VG

__ Yo 52
f(R7 g) - 4Clg + 201 In ( R ) + Ce (818)

admits the symmetry with generator
X = (1t +¢3)0 — %a@a — 21RO — 4¢1GOg . (8.19)

ii. f)(G) =0, then f takes the form f(R,G) = fi(R)+c1G + ¢z, and the
system reduces to three equations, but it is not solvable for arbitrary
fi(R).

(b) If f'(R) = 0 then we can write it as fi(R) = ¢sR + ¢6. Thus we end up
with the following cases

i. For theories which are General Relativity with c5 #£ 0

A. and fY(G) # 0, there are two different cases, one of which is
non-trivial:

e when ¢y # 0, the theory
f(R,G) =csR — 26—;‘1@ +erVG, (8.20)
admits the following symmetry
X = (c1t + ¢3)0 + C—3la8a —4¢,G0g , (8.21)

e while when ¢; = 0, the theory is f(R,G) = csR + ¢ + f2(G)
and admits only the symmetry X = ¢30; with the Hamiltonian
as integral of motion.

B. and f5(G) = 0 = f2(G) = ¢zG we obtain the following two non-
trivial cases:

e For ¢4 # 0 the theory has the form

f(R,G)=csR+cs+ G, (8.22)
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and the Noether vector becomes

—|c3sm| — ) +copcos| — +
3 Co Co
+ L S. i _|_ coS i
\/E ca s 2cq s 2co
. t t
+ {cl —co <02 sin (—) + c3 cos (—))} 0, (8.23)
Co Co

where ¢y = /2¢5/(3¢) is a redefinition of the integration con-
stants. In addition, while in all the previous cases, the right

hand side function g in Eq. was constant, here it becomes
non-trivial and takes the form

g(a, 1) =2/escg | VGa" (cg sin <2i) ~ ¢y cos < t )) N

Co 2 Co

Vi (s () o (3)
+14/=a” {cpsm | — ) —czcos | — ] + go -
3 Co Co

(8.24)

X:

0o+

e For ¢ = 0 the theory is the Einstein-Hilbert action plus a
topological invariant term (Gauss-Bonnet) f(R,G) = csR+c7G
which does not contribute to the dynamics in 4-dimensional
spaces. In this case, the Noether vector takes the form

1 t+
X = (t(cit +e2) +c3) 0 + (ga (21t + ¢2) + “ CS) 0, ,

and the function ¢ is again non-trivial
: 8
9(a) = =8a™?esc; — saercs + go (8.26)

ii. In the case where the theories do not contain any Ricci scalar in the
action, i.e. ¢5 = 0, the function f takes the form f(R,G) = cs+ f2(G).
The only interesting theories in this case, are those for which f)(G) #
0, since if f5(G) = 0, we will have only linear terms in G in the action
and the theory is trivial for the above reasons. So, for fJ(G) # 0 and

® ¢, # c1, we have the theory

FRG) =Gl 4 — 4 g (8.27)
I — o7 3 (CQ o C]_) 9 .
and its Noether symmetry is given by
X = (tey + ¢3)0; + a0, — 4¢1GOg ; (8.28)
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e for ¢y = ¢y, the theory takes the form
c
f(R.G) =G — —GIng, (8.29)
401
and its generator
X = (teg + ¢3)0 + 100, — 4¢1G0g . (8.30)

It is obvious that, for each of these functions f and its generators, there exists
an integral of motion, which we do not report here for the sake of simplicity. In
conclusion, we have showed that, by Noether theorem, it possible to select specific
models of a given theory of gravity, in this case f(R,§) of the action (8.2). Models
that admit Noether symmetries have generating vectors and associated integrals of
motion. These symmetries can be used to find analytical solutions as we we see in
the next section.

8.4 Cosmological Solutions

Finding out exact solutions is the main issue related to the search for symmetries.
In other words, if the symmetries do not reduce dynamics, they are useless from
the point of view of dynamical systems. Here we consider some specific forms of
f(R,G), selected above by the existence of the Noether symmetries, and search for
cosmological solutions. From the generator of symmetries, we can calculate the
zero-order invariants for each case. The Noether vector for several of above models,
ie. (8.10), (8.12)), (8.14), (8.15), (8.16), (8.17), (8.18)), (8.20), (8.27), (8.29), has the
same form, with different constants of integration. From this, we get the Lagrange

system
dt  da dR dg
= — = — 31
cat  ca 2c1 R 4c,G (831)
and solving for a(t), R(t) and G(t), we get
. ca/c1 _To _ 90

where ag, 7o and gy are constants. By substituting these into the Euler-Lagrange
equations for a, R and G we can constrain the arbitrary functions f(G/R?) in the
and , as well as the integration constants ¢;’s.

Let us study the different models one by one. Consider the model given by .
We substitute it into the point-like Lagrangian (8.7) and write down the Euler-
Lagrange equations for the variables of the configuration space. The equations for
R and for G, as expected from the Lagrange multipliers, give the expressions .
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It is easy to see that the cosmological scale factor a has power law solutions of the
form a(t) = apt? for co = ¢;(3p — 1)/3, and de-Sitter solutions a(t) = age?, for
f(1/6) = 0.

In the same way, the model given by admits de Sitter solutions for ¢, = 0.
Power-law solutions are obtained for some specific values of f. The model
admits power-law solutions for ¢; = ¢;(3p — 1)/3 and de-Sitter solutions for ¢ =
—c5/+/6. The model gives de-Sitter solutions as soon as ¢, = 0 and power-law
solutions for

¢ = V(= 1)p*(p +3)
3v6ei(p— 1)p
For the model power-law solutions exist for ¢ = ¢1(3p — 1)/3 and de-Sitter
solutions for cg = —6G2te)/4e e The model admits de-Sitter solutions only
for ¢y = 0, but gives power-law solutions for

~ 18cs5(2p — 1)y
plp+3)

The model (8.18) gives de-Sitter solutions for ¢g = ¢51n6/4¢; and power-law solu-

tions for
2‘/ —
Cs ((4}92 —6p+2)In (—M> +3p+ 1)

Cy

p—2p?

= Ay (20 — 3p+ 1)

The model (8.20) admits de-Sitter solutions for c; = —v/6c5 and power-law solutions
for ¢; = \/6c51; ((;:11)). The model (8.27) admits only power-law solutions for ¢, =
—c1/3 or o = ¢1(3p—1)/3. Finally, the model (8.29) admits only power-law solutions

for p=—3 and p =4/3.

8.5 Pure f(G) gravity

In the literature, an addition of an arbitrary function f(G) to the Einstein-Hilbert
action has been proposed [132]. Specifically, the theory given by the action

1
167TGN

sz/dﬂtx\/_—g{ R+ f(G)

has been extensively studied. In [361] they study cosmologically viable models, by
studying the stability of a late-time de-Sitter solution and the existence of radia-
tion and matter epochs. In [362] they study possible power-law scaling solutions by
working on the scalar tensor equivalent of the above theory. In particular, in [363]
they study cosmological perturbations and show that density perturbations cause
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instabilities. In [364], the author shows that the above theory is ruled out as a pos-
sible explanation of the late-time acceleration by solar system tests. Finally in [365]
they study a mimetic version of the above theory and they find apart from acceler-
ating solutions, solutions that unify the inflation era together with dark energy and
in addition dark matter is described in the framework of this theory.

All of the above references deal with a theory that safely recovers GR in the
background. This means that if one switches off the effect of the GB contribution,
i.e. f(G) — 0, then the action reduces to the Einstein-Hilbert and we recover GR.
This happened because of the great success that GR has with observations and
because any new proposed theory should repeat the successes of GR together with
more achievements. In this section, we propose a more radical scenario where GR
does not exist in the background and gravity is given only by quadratic curvature
invariants and specifically an arbitrary function of the GB term.

What we do is after writing down the equations of motion for this theory, we
move to a spherically symmetric minisuperspace and we study possible Noether
Symmetries. Specifically, we use the so called Noether Symmetry Approach [166]
359], which has been extensively used in the literature , [105}/110,/162,[170]as a
geometric criterion to select forms of the arbitrary function f(G) that are invariant
under point transformations. Interestingly enough, we see that the only possible
form that accepts symmetries is a power-law. By making use of these symmetries
we find general exact spherically symmetric solutions, which for specific values of
the power reduce to the known Schwarzschild and de-Sitter solutions.

8.5.1 f(G) in spherical symmetry

The pure Gauss-Bonnet gravity is given by the action

S = /\/—_gf(g) d*z . (8.33)

In four dimensions linear terms in G in the action, are trivial since G is an invariant.
As we already mentioned in the intorduction, up to now, every author who studied
f(G) theories, considered also a Ricci scalar in the action, in order to recover General
Relativity when f — 0. In our case, we consider pure f(G) theories and we claim
that, it maybe the case that we can recover the success of GR without considering
the Einstein-Hilbert action in the background. In this section, we will prove that this
happens in spherically symmetric spacetimes, in vacuum and in [366| the authors
prove it also in cosmology.

By varying this action with respect to the metric we get the equations of motion
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which are

2RV ,V, fg — 29, ROfg — AR\VAV, fg + 4RO fg + 49, RV Vo fo+

1
+4R;wpavpvafg + §guu [f - gfg] = 07 (834)

where fg is the derivative of f(G) with respect to G. In addition, we have one more
equation, which is given by taking the trace of Eq. (8.34))

2ROfg — 8RNV, V,fo —2(f —Gfg) = 0. (8.35)

This can be seen as the equation of motion for the new scalar degree of freedom, in
analogy with the scalaron in f(R) theories.
We consider now the following spherically symmetric Ansatz for the metric

ds®> = P(r)?dt* — Q(r)*dr* — r?d9)?, (8.36)

where dQ? = d6? + sin® 0d¢? is the metric of the 2-sphere. Before we proceed, an
important comment is necessary here; obviously, the metric does not depend
on time, which means that the Birkhoff’s theorem should be valid in these theories.
This is not proven and we take it for granted, as a simplification to the calculations.
In future work we plan to extend the results to more generic spacetimes.

The Gauss-Bonnet term (8.1]) takes now the form

LS (1L SPOQG) (3
g_TQP(T)Q(T)Q (Q(T)2 1)+T2P(T)Q(r)3 <1 Q(r)z)' (8.37)

In what follows, we calculate the point-like Lagrangian of our theory, in spherical

symmetry. We introduce the Lagrange multiplier as

S = [ d= /PO [ F(G) — A (g . g)} , (8.38)

with G being the Gauss-Bonnet term in spherical symmetry (8.37) and A the La-
grange multiplier given by varying the action with respect to G, i.e. A = fg. We
have set §# = m/2. By substituting G and integrating out the second derivatives we
obtain

L(r,P,Q,G) =

8/gg(G)G'(r)P'(r) (1 _

o )+ PR 7(©) - 6(1156(9)].

(8.39)
where fg and fgg are the first and second derivatives of f with respect to G. This

1
Q(r)?

is the point like Lagrangian of our theory in spherical symmetry. Apparently, even
though its configuration space is Q@ = {P, @), G}, its tangent space is 5-dimensional,
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ie. TQ={P, P ,Q,G,G'}, since no Q" appears in it. This means that @ is a cyclic
variable and we could solve algebraically for (), the associated Euler-Lagrange equa-
tion, 9oL = 0, substitute back in the Lagrangian (8.39), and obtain a 2-dimensional
configuration space. However, the Noether theorem holds also for singular La-
grangians; since the calculations are much simpler in this case, we will proceed

with (8.39).

8.5.2 Noether symmetries in Gauss-Bonnet gravity

The generator of the transformations in our case is given by
X =¢(r.G,P.Q)0: +n°(r.G. P.Q)0g +1" (r.G. P.Q)0p +1°(r,G, P,Q)dq , (8.40)

where & and 1’ with i = {G, P, Q} are the coefficients of the vector and the #’s are just
indices to specify each coefficient. By applying Noether’s theorem, i.e. Eq. , we
obtain a system of 12 equations which are not all independent. It is straightforward
to see that,

&r,G,P,Q) =&(r), n°(r,G. P,Q) =n9(G),
n"(r,G,P,Q)=n"(P), g(r,G,P,Q) =g(r),

and the only non-trivial equations that survive are the following two

r*Pf(G) = Gfe(G)]n“(r.G. P,Q) + rGPQ [mg(g)fgg(g) +1fg(G)E(r) +2fg(G)S(r) |+

+ (G) [P*Qn” (P) + r*PQE (r) + 2rPQE(r)] — GQr* fg(G)n"(P) — ¢'(r) =0,
(8.41)
Q(Q°—1) {fog(G) [n° g(G) + 0" p(P) — €' (r)] + faaa(G)n°(G)} —

- (Q2 - 3) fgg(g)nQ(ﬁg»P’ Q) =0,
(8.42)

with fg, fog and fggg being the first, second and third derivative of f(G) respec-
tively. We solve Eq. for 7o and substitute in Eq. (8.42). After some non-
trivial but straightforward calculations, we find that the only f(G) which accepts
symmetries has the form

f(G) =G" (c5+cuG™) . (8.43)
where n = WCZTM and m = % Its symmetry is given by the Noether
vector

X = clré?,, + 02P8p - 4619 s (844)
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and the function on the right hand side of Noether’s theorem is constant, i.e. g(r) =
cs. All the ¢;’s are constants of integration. Finally, the associated Noether integral,
which is a conserved quantity, is given by

[zf('iac—ﬁ)—nia£.+g. (8.45)

v ozt oxt

8.5.3 Spherically Symmetric solutions

It is now time to use the symmetries we found in order to find exact solutions. It
is straightforward to construct the following Lagrange system, from the Noether

vector gt JP iG
— = = — , (8.46)
cir - P —4c1G
and by solving it, we obtain the following solutions
P(r) = Py¥t and G = Go/r*. (8.47)

These are the zero-order invariants and satisfy the Euler-Lagrange equations for any
f(G) of the form (8.43]).

From Eq. we can use a simplified form of f(G) to study possible spherically
symmetric solutions. Specifically, we consider the form

f(G) = foG", (8.48)

which is obtained by setting c3 = fy and ¢4 = 0. In addition, we choose to study
solutions for which the Birkhoff’s theorem holds, i.e. Q(r) = 1/P(r). It may not
be true for every case and thus the solutions are not general enough, however, it
is a good starting point to check if known spherically symmetric solutions can be
recovered at specific limits of more general possible solutions.

The Lagrangian (8.39) becomes

L(P,G) =—fo(n—1)G(r)"? [4n(P(r) — 1)G'(r)P'(r) + r*G(r)?] , (8.49)

and the associated Euler-Lagrange equations g—;ﬁ = d%g—; yield immediately
G(r) = 5 [PIIP(r) = P'(r) + P(r)?) (8.50)
1fon(n = D) [P(r) = ] GO [GOIG () + (n = 2G| =0, (851)

which is the Lagrange multiplier for the Gauss-Bonnet topological term and the E-L
equation for P(r) respectively. The Eq. (8.51)) has three non-trivial solutions: the
first one, which is the simplest, is the Minkowski solution, where P(r) = 1 and the
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associated Gauss-Bonnet term vanishes. Another solution with vanishing G is given
by

P(r) =14 /1 — 2kyr — 2kiky (8.52)
where ki, ko are constants of integration. It is a general solution for any power n.
The most interesting solutions will be given by the last term. We solve it for
G(r) to find
G(r) = g1 [(n—1)r — go] V"7V, (8.53)
where g; and g, are constants of integration. Now we substitute this into Eq.
and after solving for P(r) we find

91 {63 + nrldgs + (20— D]} [(n — Dr — go] =5
2n(2n — 1)(3n — 2)(4n — 3) ’
(8.54)
with py, po constants. This is a general spherically symmetric solution for any n.

P(T):li\/1—2p1—|-p27’+

Apart from this one, we see that the E-L equations are satisfied for any n by the de-
Sitter solution, P(r) =1 — Ar?/3 where the Gauss-Bonnet term takes the constant
value G = 8A?/3. Finally, by specifying the power n we can find more interesting
spherically symmetric solutions. For example, for n = 5/6, po =0, go = 0 and p; =
1/2, we can recover Schwarzschild solution and the GB term becomes G = 48 M2 /rS.

8.6 Conclusions

In this chapter we study the f(R,G) theory, where G is the Gauss-Bonnet topo-
logical term. Specifically, by using the Noether Symmetry Approach we classify
those models that are invariant under point transformations, in a cosmological min-
isuperspace. Furthermore, we use the symmetries of these models to find exact
cosmological solutions.

In addition, we propose a rather “radical” idea, which is a theory of gravity only
dependent in the f(G) function. Even though, theories in the form R + f(G) have
been studied in detail, such an idea is totally new, up to our knowledge.

In a spherically symmetric background, we study the Noether symmetries of
such a theory and the only possible form that is invariant, is the power-law (8.43]).
Moreover, we use the symmetry that this action possesses to find exact spherically
symmetric solutions. Specifically, for the simplified form f(G) = foG" we find an-
alytical spherically symmetric solutions, which are much more general than those
known in GR. Schwarzschild and de-Sitter solutions can also be recovered for specific
values of the power.

As a final remark, we would like to stress that, even though in the literature
most of the attempts try to safely recover GR, we see in this chapter that, if at
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the solution level we recover the successes of GR, it is not necessary to stick to
the Einstein-Hilbert action as a background theory. Of course, this attempt is not
enough to convince us that pure GB gravity could be the new theory of gravity, and
a lot of ink has to still be spilt.
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Chapter 9

Noether Symmetries in
(Gauss-Bonnet-teleparallel cosmology

As we saw in detail in the first part of this thesis, there is another, very inter-
esting formulation of gravity, the teleparallel gravity. Specifically, the Teleparallel
Equivalent of General Relativity uses the torsion scalar as an action. A natural
extension has been proposed, in full analogy with f(R) and Einstein-Hilbert action,
which is called f(7T') theories of gravity. As a continuation of the previous chapter
and inspired by the metric Gauss-Bonnet gravity, its teleparallel analog was con-
structed. The teleparallel Gauss-Bonnet term, T, differs from the known one, G,
by a boundary term, Bg, just like the torsion scalar differs from the Ricci scalar. In
this chapter, we study the teleparallel alternative of f(R,G) gravity theories, which
is f(T,Tg), where T is the torsion scalar and Ty is the teleparallel Gauss-Bonnet
term. We use the Noether Symmetry Approach in the cosmological minisuperspace
to classify the theories and find exact solutions.

9.1 Introduction

Extended theories of gravity are semi-classical approaches where the effective grav-
itational Lagrangian is modified, with respect to the Hilbert-Einstein one, by con-
sidering higher order terms of curvature invariants, torsion tensor, derivatives of
curvature invariants and scalar fields (see for example [79,99,321,1349]). In particu-
lar, taking into account the Ricci, Riemann and Weyl invariants, one can construct
terms like R?, R R, R“"‘S"RW&,, W“”S”WW(;U, that give rise to fourth-order the-
ories in the metric formalism [234}235|. Considering minimally or nonminimally
coupled scalar fields to the geometry, we deal with scalar-tensor theories of grav-
ity [236,237]. Considering terms like ROR, RO®R, we are dealing with higher-than
fourth order theories [238,[239]. f(R) gravity is the simplest class of these models
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where a generic function of the Ricci scalar R is considered. The interest for these
extended models is related both to the problem of quantum gravity [79] and to
the possibility to explain the accelerated expansion of the universe, as well as the
structure formation, without invoking new particles in the matter/energy content of
the universe [170,174,234-242,1349|. In other words, the attempt is to address the
dark side of the universe by changing the geometric sector and remaining unaltered
the matter sources with respect to the Standard Model of Particles. However, in
the framework of this "geometric picture", the debate is very broad involving the
fundamental structures of gravitational interaction. Just to summarize some points,
gravity could be described only by metric (in this case we deal with a metric ap-
proach), or by metric and connections (in this case, we are considering a metric-affine
approach [317]), or by a purely affine approach [243|. Furthermore, dynamics could
be related to curvature tensor, as in the original Einstein theory, to both curvature
and torsion [244], or to torsion only, as in the so called teleparallel gravity |98|.

Starting from these original theories and motivations, one can build more com-
plex Lagrangians, by using different combinations of curvature scalars and their
derivatives, or topological invariants, such us the Gauss-Bonnet term, G, as well as
the torsion scalar 7. Many theories have been proposed considering generic func-
tions of such terms, like f(G), f(T), f(R,G) and f(R,T) [106,131,/132,/134,/161}
166,/167,1245-256]. However, the problem is how many and what kind of geometric
invariants can be used, and furthermore what kind of physical information one can
derive from them. For example, it is well known that f(R) gravity is the straightfor-
ward extension of the Hilbert-Einstein which is f(R) = R and f(T) is the extension
of teleparallel gravity which is f(7') = T. However, if one wants to consider the
whole information contained in curvature invariants, one has to take into account
also combinations of Riemann, Ricci and Weyl tensorsﬂ As discussed in [248], as-
suming a f(R,G) theory means to consider the whole curvature budget and then all
the degrees of freedom related to curvature.

Assuming the teleparallel formalism, a f(7g,T) theory, where Tg is the torsional
counterpart of the Gauss-Bonnet topological invariant, means to exhaust all the
degrees of freedom related to torsion and then completely extend f(7') gravity. It is
important to stress, as we will show below, that the Gauss-Bonnet invariant derived
from curvature differs from the same topological invariant derived from torsion in
less than a total derivative and then the dynamical information is the same in
both representations. According to this result, the topological invariant allows a
regularization of dynamics also in the teleparallel torsion picture (see [129,[248] for
a discussion in the curvature representation).

IClearly, this means that we are not considering higher-order derivative terms like COR, or
derivative combinations of curvature invariants.
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Notation reminder: in this chapter the only quantities we are going to use are re-
lated to teleparallel geometry and are calculated using the Weitzenbdck connection.
So the ¢ is omitted.

9.2 f(T,1g) gravity

In order to incorporate spin in a geometric description, as well as to bring gravity
closer to its gauge formulation, people started, some years ago, to study torsion in
gravity [98,1244]. An extensive review of torsional theories (teleparallel, Einstein-
Cartan, metric-affine, etc) is presented in [99]. If in the action of the teleparallel
theory, i.e. in a curvature-free vierbein formulation, we replace the torsion scalar, T,
with a generic function of it, we obtain the so called f(T) gravity [113}[164.257340],

In this paper, we will study a theory whose Lagrangian is a generic function of
the Gauss-Bonnet teleparallel term, Ty and the torsion scalar, T, i.e.

1
167Gy

/d%e F(To.T) + L] | (9.1)

which is a straightforward generalization of

B 1
n 167TGN

/ dize [F(T) + Lon] | 9.2)

where L,, is the standard matter that, in the following considerations, we will dis-
card. It is important to note that the field equations of f(7T") gravity are of second
order in the metric derivatives and thus simpler than those of f(R) gravity, which
are of fourth order [99).

The metric determinant y/—¢g can be derived from the determinant of the vier-
beins h as follows. We have

Etiet, =6",, BE'el, =57 (9.3)
The relation between metric and vierbiens is given by
Guv = nabeauebu s (94)

where 7, is the flat Minkowski metric. Finally, it is |e| = det (ei) = +/—¢g. More
details on how the two formalisms are related can be found in [250].
The torsion scalar is given by the contraction

T = 5" 1%, (9.5)
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where
1
S = 5 (K1 4 6,17 = 8, T,) (96)
174 1 14 1% 174
Kup:_§(Tup_Tup_Tpu)’ (9-7)
Ta,ul/ = Fa;w - fauu7 (98)

are respectively the superpotential, the contorsion tensor, the torsion tensor and
fo‘uy is the Weitzenbdck connection.
We remind the reader that the relation between the torsion and the curvature
scalar is given by
R=-T+2T1,"",, (9.9)

Following [161], the teleparallel equivalent of the Gauss-Bonnet topological invariant
can be obtained as ,
G=-1g+ Bg, (910)

where the Gauss-Bonnet invariant, in terms of curvature, is
G =R®>—4R,,R" + R, R"" (9.11)
the teleparallel T invariant is given by

To =(K (K2 K j KTy — 212 K K KT+
+ 2Ka1a2aKa3 ebK6a4focd + 2Kala2aKa36bKea4c,d>6aa1 bag cozgda4 ) (912)

and the boundary term [1067]
1 -
Bg = —0, (K7 (Ko™ g+ Kq™  K™)] 6%36° 66 (9.13)

In a four dimensional spacetime, the term 7§ is a topological invariant, constructed
out of torsion and contorsion tensoifl
The field equations from the action (9.1)) are then

— 4 [e(Dfr)Sa + 0,(eS"%) fr — € frT° 1aSs™] + 0, ( BIES (VO Yl 1Y, {bh})) N

+ T By (Vo — Y+ Vi) — 2¢ frp, B K, RGP K ,0™6°50%6% = 0
(9.14)

2Strictly speaking, the difference between the Gauss-Bonnet term and its teleparallel equivalent
is a total derivative. However, when integrated it behaves as a boundary term not contributing in
the dynamics of the theory. That is where the name comes from.

3See Section 3 of [161] for the detailed derivation and discussion.
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where
Ybij = engXbij — 28u (€fTTgE5KCelKaki) 5665a15bk(5dej s (915)
a aTg

and fa = 0f/0A being A =T,Tg.

9.3 f(T,Tz) cosmology

Let us consider a a spatially flat FRW cosmology defined by the line element
ds® = —dt* + a*(t)(da® + dy* + d2?), (9.17)

from which we can express the teleparallel Gauss-Bonnet term as a function of the

scale factor a(t) [259)
a*(t)a(t)
To=24|———=] . 1
g [ a(t)? } (518)
As said above, we can discard the total derivative term (see also [106]) The torsion
scalar is 2( )
a“(t
T=-6 . 9.19
ol (519)

We can re-express (9.1)) as a canonical point-like action by using the Lagrange mul-
tipliers as

1
167Gy

/ 0t [ F(T. Tg) — M (Tg — Tg) — o (T~ T)] (9.20)

where Tg and T are the Gauss-Bonnet term and the torsion scalar expressed by

(9.18) and (9.19). The Lagrange multipliers are given by A\; = a*dr, f = a*fr, and
Xy = a30rf = a®fr and are obtained by varying the action with respect to Tg and
T respectively. We can rewrite action (9.20) as

dta 24420 a?
A= /167TG T,Tg) — fr, (Tg— 5 )—fT <T+6$)] : (9.21)

and discarding total derivative terms, the final Lagrangian is

£ == (13 (f - Tngg - TfT) — 8@3 <Tngng + TfTTg) — 6fTad2 s (922)

This is a point-like, canonical Lagrangian whose configuration space is Q = {a, T, T}
and tangent space is TQ = {a,a,T,T,Tg,Tg}. The Euler-Lagrange equations for
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a, T and Ty are respectively

a® (f — Tofr, — Tfr) + 2fra* + 16aifr, + 84> fr, + 4 fraa + Afrai =0, (9.23)
(a’T + 6a°) afrr — (a*Tg — 24a°a) frr, =0 (9.24)
(a*Tg — 240°d) fryr, + (a°T + 6aa’) fro, =0, . (9.25)

As expected, for fr,z, # 0 and frp, # 0, we obtain, from (9.25) and (9.24)), the
expressions (9.18) and (9.19) for the Gauss-Bonnet term and the torsion scalar. The

energy condition E; = 0, associated with Lagrangian (9.22)), is

corresponding to the 00-Einstein equation
246° fr, + 6 fraa® +a® (f — Tgfr, — Tfr) = 0. (9.26)

Alternatively, the system ({9.23])-(9.26)) can be derived from the field equations (9.14]).

9.4 Classification with Noether Symmetries

The Noether Symmetry Approach is explicitly given in chapter [6] In this case, the
generator of the infinitesimal transformations takes the form

X =&(t,a,T,Tg) +n'(t,a,T,Tg) + 0" (t,a, T, Tg) + 09 (t,a, T, Tg) . (9.27)

The Noether condition dt p
XU p% Y 9.28
L= (9.28)

will give a system of 21 equations. The system is of course overdetermined, since
our unknowns are the coefficients of the generator X, ¢g(t,a,T,Tg) and f(T,Tg).

The following cases are the only cases that are invariant under point-transformations
and thus have Noether Symmetries:

L I f(T.Tg) = f(T) + <G,

the linear Gauss-Bonnet term in four dimensions will not contribute to the
dynamics of the theory and thus, this case inherits all the symmetries of f(T)
gravity [170].
3 1, 8¢
2 U1 To) = [Gim)Tg ™ + s

the Noether vector has the form

X = c1t0; + 200, — 26, TOr — 4,150, - (9.29)
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3. For f(T',Tg) = f(T;T/z)Tg — ieTgIn(Tg)

the Noether vector reads

X = Cltat + claaa - 201T(9T - 401TgaTg . (930)

9_9c
4. If f(T Tg) = C4Tg( 2/3)2 1+ 3(c2cicl)Tg’
T

the Noether vector reads

3
X = cltﬁt + (CQ(J, + 05) 8a - 266 + 01&T8T - (E + 401) TgaTg . (931)
a

5. 1f f(T,Tg) = caTg + 32Tg In ( 2/3)

Q
the Noether vector has the form

3
X = cltﬁt + (01(1, + 05) 8a — 266 + 01&T8T — (E + 401) TgaTg . (932)
a

3

6. If f(T,1Tg) = Tg + C4T2 2 + c5TgT201 ,

(62 c1)

the Noether vector reads

caco (c1 + 3cg) T?
X = c1tdy+ (caa + cg) Oy — 21T O — ((4&01 +c) Tg + M ) Org -

3cs(ca—c1) a
(9.33)

7. and if f(T, Tg) = C5Tg + C4T2 — %Tg IH(T) s
the Noether vector becomes

degeger T? dacy + cg

X = Cltat—i‘ (cla + CG> 8a - 261T(9T—|— ( Tg) 8Tg . (934)

c3 G a

In each case, the conserved quantity is calculated in a straightforward way from
8£ oL
—g( C)—7781+g. (9.35)

However, for simplicitly we omit it.
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9.5 Cosmological solutions

We saw in the previous section that the Noether condition gave us all the
models of f(T,Tg) theory, that are invariant under point-transformations. Here, we
will use these symmetries to find exact cosmological solutions.

Specifically, as explained in the chapter [0, one can construct a Lagrange system
from the coefficients of the Noether vector X and after finding the zero-order
(and sometimes the first-order) invariants to reduce the dynamics of the system and
to find exact solutions.

In the list that follows, we show the necessary conditions that need to be satisfied
in order for each theory to give de-Sitter and power-law solutions of the form

a(t) = age™ and a(t) = ag (%)p (9.36)

Obviously, in every case the functional form of the torsion and the teleparallel Gauss-

Bonnet scalar is given respectively by (9.19)) and (9.18]). We omit the first case, where
the theory is identical to f(7') since it has been extensively studied in the literature.
The number in the list corresponds to the model in the classification of the previous

section:

~ 3(cg—cq)

2. f(z) = foxr 21 (=3cy — 2c17% + 2¢07%) |

3. f(x) = fo+ 1§ (42® = 9Inz)

4. ounly power law for c; = 2‘33”’ and ¢ = $(3p—1),

5. only power law for p = 3/2 and p = 4/3,

__ _3caca
6. Cy; = Ne1—ca)’
— 2¢3
7. Cy = 9, *

9.6 Conclusions

In this chapter, we discussed a theory of gravity where the interaction Lagrangian
consists of a generic function f(7,7g) of the teleparallel Gauss-Bonnet topological
invariant, Ty, and the torsion scalar 7. The physical reason for this, is that in
curvature gravity (GR and extensions) the Gauss-Bonnet term plays a significant
role, especially when one consider the high energy limit of the theory of gravity, or
the low energy limit of string theories and supergravity. In addition, theories of the
form f(R,G) can, among others, mimic the late-time acceleration of the Universe
and be responsible for a smooth transition between inflation and dark energy epochs.

110



Chapter 9. Noether Symmetries in (Gauss-Bonnet-teleparallel cosmology

What we did is to present the essentials of this theory in cosmology and we to
look for Noether symmetries. In particular, we classified all the models that are
invariant under point-transformations and we found their symmetry vectors. Using
these symmetries we calculated the necessary constraints in order for these models
to have de-Sitter and power-law solutions.
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Chapter 10

Noether Symmetries in Non-local
teleparallel cosmology

Arising naturally as quantum loop effects, non-local corrections to general relativity
have been studied extensively. In addition, if there would be any posibility to distin-
guish between General relativity and teleparallel gravity, this would be at quantum
level, where such effects would take place. That is why in this chapter, we consider a
non-local teleparallel theory of gravity. We will motivate it in the curvature formula-
tion and then we will elaborate on the teleparallel description. Furthermore, we will
use Noether Symmetries to classify invariant models under point-transformations
and we will use their symmetries to find cosmological solutions.

10.1 Introduction

Motivated mostly from quantum loop corrections and in order to explain the late-
time acceleration of the Universe, almost a decade ago, a non-local modification of
the Einstein-Hilbert (EH) action has been proposed [137], and the new action has
the following form['|

1 4 T “17 A
SstandardiL = 167TGN /d T gR l:l —|—f<(|j R)>:| +/d T/ ng, (101)

with R being the Ricci scalar, f is an arbitrary function which depends on the
retarded Green function evaluated at the Ricci scalar, L, is any matter Lagrangian
and O = 0,(v/—99°70,)/+/—g is the scalar-wave operator, which can be written in

'In this chapter, we will deal with quantities calculated both with the Levi-Civita connection
and with the Weitzenb6ck connection. For this reason, we restore back our notation introduced in
chapter [I| and also used throughout the first part.
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terms of the Green function G(x,z’) as
(O 'F)(2) = [ d*2’ /—g(@)F(2")G(z,2"). (10.2)

It is clear that by setting f(Elflfo%) = 0, the above action is equivalent to the
Einstein-Hilbert one plus the matter content. The non-locality is introduced by
the inverse of the d’Alembert operator (see [137]| for details). Corrections of this
kind arise naturally as soon as quantum loop effects are studied and they are also
considered as possible solution to the black hole information paradox [138}139]. Since
then, a lot of studies of non-localities have been done in various contexts [140-146].
In [147-151], non local quantum gravity is fully discussed putting in evidence results
and open issues. From the string theory point of view, in [152]| they present some
bouncing solutions, in [153] solutions of an expanding Universe with phantom dark
energy and in [154] they generate non-Gaussianities during inflation. Emanating
from infrared (IR) scales, a lot of progress has also been done. Unification of inflation
with late-time acceleration, as well as, the dynamics of a local form of the theory
have been studied in [155,/168|. In [156], they show that non-local gravity models
do not alter the GR predictions for gravitationally bound systems, and also they
are ghost-free and stable. Finally, in [157H159|, they derived a technique to fix the
functional form of the function f in the action, which is called nonlocal distortion
function. The interested reader should see the detailed review by Barvinsky [160],
which summarizes the non-local aspects both from the quantum-field theory point
of view and from the cosmological one.

Along another track, teleparallel [98] and modified teleparallel theories of grav-
ity [99,/161] have, in the last decade, gained a lot of attention trying not only to
formulate gravity in a gauge invariant way, but also to interpret the late-time ac-
celeration of the Universe, without invoking any cosmological constant. The idea
is that gravity, instead of curvature, is mediated only through torsion. This means
that, the theory is no more a geometrical theory, i.e. the trajectories of the particles
are not described by geodesic equations, but just by some force equations, since
torsion is seen as a force, similar to the Lorentz equation in electrodynamics. The
Teleparallel Equivalent of General Relativity (TEGR) is a gauge description of the
gravitational interactions and torsion defined through the Weitzenbock connection
(instead of the Levi-Civita connection, used by GR, where the Equivalence Princi-
ple is strictly requested in order to make geodesic and metric structure to coincide).
Hence, in this theory, the manifold is flat but endorsed with torsion. The dynamical
fields of the theory are the vierbeins and their relation with the metric and the
inverse of the metric is given by

Guv = nabezeg ;g = nabEgEll)j ) (103)
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where 7, is the flat Minkowski metric and E,* is the inverse of the tetrads. The
action of TEGR is given by

1 °
STEGR = “T6nCa /d4meT—|—/d4xeLm, (10.4)

with e being e = det(e®,) = \/—g and T is the torsion scalar, which is given by the
contraction

. o[V e p
T=5 ,T ., (10.5)
where

e v 1 g v .m/ v .o
&“:EGWP+MJ’KJ¢T%>, (10.6)
° 1 . ° °
K", = —3 (T’“’p - T, — T,ﬂ”) , (10.7)
T, =1, =T, (10.8)

are respectively the superpotential, the contorsion tensor, the torsion tensor and
I'*,, = ESOel is the Weitzebock connection. The teleparallelism condition gives
the relation of the Ricci scalar with the torsion scalar, that is

R=—T+20,(eT" =T+ B. (10.9)
e

Hence, we directly see that at the action level, the EH action with the TEGR action
differ only by a boundary term and thus the descriptions are equivalent. This

is easily generalized to a more complex action as soon as we substitute 7" with an
arbitrary function of this, f(7"). This theory can present problems not being Lorentz

invariant and because a covariant formulation of f (%) gravity is still not very well
accepted since the spin connection is a field without dynamics. Nevertheless, it is
always possible to give rise to the correct field equations choosing suitable tetrads.
For more details see the chapter

The extra degrees of freedom introduced by f, do not allow us to find an exact

relation between f(f) and f(;%), since now the boundary terms in (10.9)), contribute
to the field equations. These kind of theories and their extensions are of great inter-
est [1064/162-165|, since they provide theoretical interpretation of the accelerating
expansion of the Universe and also accomodate the radiation and matter dominated
phases of it. In specific cases, one can also find inflationary solutions and avoid the
Big Bang singularity with bouncing solutions.
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In the teleparallel framework, recently it was proposed a similar kind of non-local

gravity based on the torsion scalar 7. In this theory, the action reads as follows [109]

1 ° 1 . °
eleparalell— = - d4 T d4 T (D_IT) /d4 Lm
Sheleparalell -NL 167TGN/ Te +167TGN/ zeTf(( ))+ ze Ly,
(10.10)

where the function f depends on Dfliﬂ. The teleparallel equivalent of GR is recov-

ered if f(Dfli.ﬂ) = 0. It is possible to show [109] that this theory is consistent with
the cosmological data by SNe Ia + BAO + CC +H, observations. From (10.9), it
is straightforward noticing that and correspond to different theories,
where B is the term connecting them.

We now present a generalization of and (10.10]), which we call Generalized
Non-local Teleparallel Gravity (GNTG). Its action is given by

1 4“2
=— T
S 167rGN/dxe+

/d4x e (5%+Xl§)f ((D_li), (D_lé))—F/ d*relL,, .
(10.11)
Here, f(O7'T,00°'B) is an arbitrary function of the nonlocal torsion and the non-

167FGN

local boundary terms. The greek letters £ and y denote coupling constants. It is
easily seen, that by choosing & = —x = —1 one obtains the standard Ricci scalar.
From ((10.2)), we directly see that the following relation is also true

O'R= 0T+ 0B, (10.12)

and thus, if f(O7'7,07'B) = f(—0O"'T + 07! B), the action takes the well known
form Rf(CJ°'R) given by the action ([10.1). Moreover, nonlocal teleparalell gravity

given by the action (10.10)) is recovered if x = 0 and f(O°'7,0°'B) = f(O°'T).
Starting from this theory, we can construct a scalar tensor analog by using Lagrange

multipliers and we can constrain the distortion function f by the so-called Noether
Symmetries Approach [166]. There is a huge amount of articles in the literature,
which adopt the Noether Symmetry Approach to constrain the form of some classes
theories (see for example [79,/105]162] and references therein). In this way, one ob-
tains models that, thanks to the existence of Noether Symmetries, present integrals
of motion that allows to reduce dynamics and then, in principle, to find out exact
solutions. Besides these technical points, the presence of symmetries fixes couplings
and potentials with physical meaning [166]. In such a way, the approach can be
considered a sort of criterion to “select” physically motivated theories [167].

Throughout the chapter we adopt the signature (+,—, —, —), because it is the
one usually used in Teleparallel gravity.
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10.2 Generalized Non-local Cosmology

Since the field equations for the GN'TG theory are very cumbersome, we will rerewrite
the action (10.11)) in a more suitable way using scalar fields, according to [168].
Specifically, the action can be rewritten introducing four scalar fields ¢,,80,( as

follows
S = — 1 /d4x6'1.—'+ /d4xe (fij—l— é)f(gzﬁ ) —|—9(D¢_j.") —l-C(D _é)
- 167Gy 167Gy X g @ 7
1 . 1 .« . . .
~ 16nGy /d% Tt Toncin /d“x ¢ {(éT +XB) f(6,¢) — 0,00"6 — 0T — 0,(0"p — CB} |

(10.13)

where we omitted the matter Lagrangian densities for simplicity. By varying this
action with respect to 6 and ¢ we get ¢ = 07T and ¢ = 07! B respectively. In
addition, by varying this action with respect to ¢ and ¢ we get

06 = (¢T + Xé)%’;’@) | (10.14)
O¢ = (6T + Xé)%’;@ . (10.15)

In the scalar representation it is not straightforward how to recover curvature or
teleparallel nonlocal gravity. Let us explicitly recover these theories under the scalar-
tensor formalism: by setting £ = —1 = —x, f(¢,9) = f(—0p + ), and 0 = —( we
obtain standard non-local curvature gravity, namely

1 [ o o o
Sstandard—NL = /d4{E vV —4g R+ Rf(@b) — 8MC0"¢ — CR + /d4l'€Lm ,
167TGN L
(10.16)
1 4 [ o o 4 o /’ 4
= — 10.1
167TGN/dx\/ g_R—i—Rf(D R)}—i— d*xelL,,, (10.17)

where ¢ = —¢ + . On the other hand, the non-local TEGR is recovered if in the
action ((10.13)) we choose £ =1, x =0, f(é,¢) = f(¢) and { = 0. We obtain

Steleparallel -NL = ! /d4xe T(f(p)—1)—0,00"¢ — 9%1 + /d4x e L,
_ (10.18)

1 4 7 ~17 4
= 167TGN/d xe T(f(D T)—l)} +/d xeLy,. (10.19)
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A more general class of theories, like T + ({’% + Xé)f([lflij) or —T + (57.7 +

xé)f(D_ll.?) can be obtained by setting f(¢, ¢) = f(¢) and f(¢,¢) = f(¢) respec-
tively. Obviously, in these cases, one can change the values of £ and y to obtain

other couplings like

1 i . ° °
e /d‘{xe —T+Bf(D‘1T)} +/d4xeLm, (10.20)
TGN L
1 i . ° .
S = e /d4g;e —T+Tf(D‘1B)} +/d4xeLm, (10.21)
TGN L
1 [ e . .
= o /d4me —T+Bf(D‘1B)} +/d4a:eLm. (10.22)
TGN L

Fig. [10.1) is a comprehensive diagram representing all the theories that can be re-
Covered from the actlon m Here, we have not considered unnatural couplings

like Rf( 1T) or Tf(D 1R) because R and T B are quantities defined in different
connections, so mixed terms like these are badly defined. The above half part of
the figure represents different non-local teleparallel theories and the below part of
it, the standard curvature counterpart. As it is easy to see, only TEGR and GR

dynamically coincide while this is not the case for other theories defined by T, R

and B. From a fundamental point of view, this fact is extremely relevant because
the various representations of gravity can have different dynamical contents. For

example, it is well known that f(7") gravity gives second order field equations while

f (JOQ) gravity, in metric representation, is fourth order. These facts are strictly re-
lated to the dynamical roles of torsion and curvature and their discrimination at
fundamental level could constitute an important insight to really understand the
nature of gravitational field (see [99] for a detailed discussion).

Varying the generalized non-local action ((10.13]) with respect to the tetrads, we
get, the following field equations

2(1-6(40,9) ~ 0) | 10ucb) - B30 - LEeE] - [(aw)(am)fff—

—<aﬁe><aa¢>—<aae><a%>] 3 [@0@0)E - @0 @0) — 0.0)@0)] +

+20,[£(6,0)(¢ +x) =0 = (| ES, + (BD = BEV'V,,) (C = XF(6,9)) = 165,
(10.23)

where ©7 is the general energy-momentum tensor.
Let us now take into account the tetrad ef = (1,a(t),a(t),a(t)), which reproduces
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the flat Friedmann-Robertson-Walker (FRW) metric ds? = dt* — a(t)?(dz? + dy* +
dz?). For this geometry, the modified FRW equations are

3HY O —¢f +1) = %égb—i— %9¢+3H(é—xf) + Kpm (10.24)
(2H +3H*) (0 —¢f +1) = —%@ — %9@5 — F2H(E42X) 4+ X) + 2H(2( 4 0) + C — Kpm ,
(10.25)

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, (10.26)

6(H +3H?*) +3Hp+ ¢ =0, (10.27)

—6H* (¢f, +3xf,) — 6Hx [, +3H(+( =0, (10.28)
—6H? (£fs +3xfs) —6Hxfy +3HO+6=0, (10.29)

where the sub-indices represent the partial derivative f; = 0f/0¢ and f, = 0f /0.
In the following section, we will use the Noether Symmetry Approach to seek for
conserved quantities.

10.3 The Noether Symmetry Approach

Let us use the Noether Symmetry Approach [166,[169] in order to find symmetries
and cosmological solutions for the generalized action . For simplicity, here-
after we will study the vacuum case, i.e., p,, = p,, = 0. It can be shown that the
torsion scalar and the boundary term in a flat FRW are given by

T = —6H?, B=—18H® —6H, (10.30)

so that the action ((10.13]) takes the following form

a2 az g S
[wat{-eScsioe 0 -1 - 0(2% - Duro.0) - 0 - b9 - G}
a a? a
(10.31)
Considering the procedure in [166|, we find that the point-like Lagrangian is given
by

= 167Gy

L =06ad’(0+1—Ef(9,9)) +6a°alxf(¢,0) — ) —a®0p —a’Cop.  (10.32)
The generator of infinitesimal transformations [169] is given by

X = A(t, )0, + n'(t, z")0; (10.33)
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—T+Tf(¢)

:07521

Teleparallel non-local gravity

General theory |GR or TEGR/|

Ioi’+f%f<—¢+so>

J

—~
Standard non-local gravity

Figure 10.1: The diagram shows how to recover the different theories of gravity starting
from the scalar-field representation of the general theory.

where z* = (a, 0, ¢, ¢, () and the vector 7' is

(L, at) = <n“,n9,n¢,n¢,nf) : (10.34)
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In general, each function depends on ¢ and z*. If there exists a function h = h(t, z#)

such that I\ i
XMpg 40— == 10.35
thE T a (10.35)

where £ = L(t, 2", @) is the Lagrangian of a system and X! is the first prolongation
of the vector X [169], then the Euler-Lagrange equations remain 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 0L
I=\d'——-L)—n'—+h. 10.36

(‘T ik ) T (10:36)
In the next subsections, we will search for Noether symmetries in specific non-

local Lagrangians, starting from the two cases (%f(D_lf) and]o%f([l_liz)) and end-
ing up to the general action (10.13). The set of generalized coordinates z# =
{t,a,0,¢,p,(} gives rise to the configuration space Q = {z*,u = 1,...,6} and
the tangent space TQ = {a#, 1"} of the Lagrangian £ = L(¢t, 2", i"). Clearly, the
procedure can be applied to many different models starting from Fig.

10.4 Noether’s symmetries in teleparallel non-local
gravity with coupling T f(CJ'T)

10.4.1 Finding Noether’s symmetries

Let us first study the case where we recover the teleparalel non-local case studied
in [109]. In this case, the torsion scalar T is coupled with a non-local function

evaluated at the torsion scalar, that is f(O7'T) = f(¢). For Noether’s symmetries,
we need to consider,

flo,0)=f(0), x=0, £&=1 and (¢=0. (10.37)
in the general action (10.13]) and thus the Lagrangian becomes

L=6a(—f(p)+0+1)a*— a*0¢. (10.38)

From Eq. (10.35]), one derives a system of 16 equations for the coefficients of the
Noether vector and the functions h, f. It can be immediately seen that the depen-
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dence on the coordinates of the Noether vector components is

Aa, 0, ¢,t) = A1), (10.39)
na(a,0,9,t) =1n4(a,0,0,t), (10.40)
ng(a, 0, 0,t) = ny(a, d,t), (10.41)
no(a,0,0,t) =ne(a,0,1), (10.42)
h(a,0,¢,t) = h(a,0,9). (10.43)

Note that we do not need to impose any ansantz to find out the symmetries. Hence,
the equation for f reads

caf' (@) —caf (@) +ca—c3 =0, (10.44)

where ¢y, c3 and c3 are constants. There are two non trivial solutions (f # constant)
to ([10.44)) depending on the value of ¢, i.e.

co¢

o _ ¢

flo) =4 7 cQjL 270, (10.45)
o+ 2o, =0,

where ¢; is another integration constant. From (10.19)), we can notice that for having
a TEGR (or GR) background we must have that ¢; = ¢ in the exponential form
and ¢; = 0 in the linear form. The Noether vector has the following form

1
X = (04 + C5t)at — g(CQ — C4)6Laa + (Cg + 020)89 + C18¢ s (1046)
and the integral of motion is

I =a’ci0 4 aley(0+ 1)d — a® (cat + c5) o+
+ [4a® (c2 — c4) @+ 6ad® (cat + ¢5)] (1 — f(@) +6) + c5. (10.47)

10.4.2 Cosmological solutions

In the previous subsection we found that the form of the function f is constrained
to be an exponential or a linear form of the non-local term ([10.45). 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 we pointed out before, it is physically convenient to choose c; = c¢3 in order
to have a GR (or TEGR) background. Hence, in this section, we will assume this
condition for the constants. For the exponential form of the function f(¢) given by

(10.45)), the Lagrangian ((10.38) takes now the form

L = —6ad? (c7ecf’f —g— 1) — ¥, (10.48)
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so that the Euler-Lagrange equations are given by

. co¢p .. . co9 . cop
c1 <4H(c7e? —0-1)— qu) +H (40207¢e? — 4019> + 6¢, H? <c7e? — 60— 1) =0,

(10.49a)
6H>+3Hp+¢ =0, (10.49b)
6 ¢ . .
22T e i+ 3HO =0, (10.49¢)
&1
cop . .
ik (—c7eff 0+ 1) —0¢+60H? =0, (10.49d)

for a, 6, ¢ and the energy equation, respectively. If we consider de-Sitter solution for
the scale factor,
a(t) = e = H(t) = Hy,

we immediately find from ((10.49b)) that

—3Hot
o(t) = —2Hot — ¢1§TO + ¢ . (10.50)

For the sake of simplicity, we will choose ¢; = ¢ = 0 otherwise Eq. (10.49¢|) cannot
be integrated easily. By this assumption, we directly find that

0(t) = 10 (—er(3Ht +1) — ) 16, (10.51)
3H,

where 0, and 6, are integration constants and we needed to choose the branch
c1 = 2c¢9/3, otherwise Eq. ((10.49a)) cannot be satisfied. Hence, from ((10.49a}) we

directly see that 6, = —1, giving us the following cosmological solution,
0
alt) = e o(t) = ~2Ht, O(t) = e ! (_07(3Hot+ 1) - 3?) -
0
(10.52)
and
f(¢) = 076_3H0t . (1053)

If we consider that the scale factor behaves as a power-law a(t) = aot?, where p is a
constant, from (10.49b)) we directly find that
_ 6p’log(t—3pt) &

ti=3p 10.54

(1)

where ¢; and ¢ are integration constants that for simplicity (as we did before) we
will assume that are zero, otherwise ({10.49¢c]) cannot be integrated directly. By doing
this, we find

et c7(3p — 1)(e1 — 3e1p) Gegp”
t — 3pt)cr—ser 10.55
1 — 3p C2 C1(1 _ 3p>2 _ 6C2p2 ( P ) . ( )

o(t) =

123



Chapter 10. Noether Symmetries in Non-local teleparallel cosmology

6cap?
(3p—1)?
and p # 1/3 since there are not solutions for these other two branches. By replacing

this solution into (10.49a)) we get that c; = 61(2_69p++9p2) and 6; = —1 yielding the

where 0y and 6; are integration constants and we have assumed that ¢; #

following solution

_ 6p®log(t — 3pt)
N 1-3p ’

90t1—3p

0t) = ex(1 = 3p)* 2 - P -

(1) 1,

(992 —9p+2)9

a(t) = agt?,  f(¢) =cre &7

Note that the energy condition (10.49d)) is satisfied and p = 1/3 is not a solution.

10.5 Noether’s symmetries in curvature non-local
gravity with coupling Rf(O0"'R)

10.5.1 Finding Noether’s symmetries

Let us find now Noether’s symmetries for the case where curvature non-local gravity

is considered. We assume that the coupling Rf(00"'R) is present in the action. To
recover this case, we must set

In this way, the Lagrangian ((10.13)) reads as follows
L = 6ad(f(1) + 0 + 1) + 6a%a( f (V)¢ + 0) + a®6i). (10.57)

and Noether’s condition equation ([10.35), gives a system of 18 differential equations.
The result is

Ma,0,9,t) = X(t) and h(a,0,9,t) = h(a,0,), (10.58)

and the system reduces to 9 equations. However, the full system is still difficult to
be solved without any assumption. A simple assumption is choosing h(a,0,v) =
constant. The last two equations of Noether condition for f(v) are

20" (Y) +erf() +e1 —e3 =0, (10.59)
2¢2f" () + e f'(4h) = 0. (10.60)

and the Noether vector results to be

1
X = (05 + C4t)8t + g&(&l — Cl)aa + (03 + 019)89 - 2026¢ . (1061)
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Eqgs. (10.59) and ((10.60) are easily solved and the form of f is

s ey
f<w>={ S a70. (10.62)

CG+20732 . 61:0

Again, the form of the function is either exponential or linear in ¢ = D_li%. This re-
sult is very interesting since, without further assumptions than h = 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 renormalizable
theory of gravity. As discussed in [147H149|, 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.

10.5.2 Cosmological solutions

It is well known [168] that, non-local theories with exponential coupling, i.e. R(1+
¢®™7'R) have both de-Sitter and power-law solutions. In this section, we will verify

that the Lagrangian (10.57) with the coupling (10.62)), given by the symmetry, i.e.

L =6a (§ n 0) a2 + 3cgae =¥ (2@2 _ ﬁaw) +6a%al + a0y, (10.63)
Cc1 Co

gives rise to these solutions. In order to recover the GR background, we will assume

that C3 = Cq.

Let us start from the de-Sitter case, where a(t) = 0. The Euler-Lagrange equa-

tions for a,, 0 and the energy equation, read respectively

1 c1

2 9 27 ae o 2 172 Looav
cice” + 8cyH <962°2 + e 22 —|—06> +12c5H (96282 + e?2 +c6>

. Cc1y .. Y .oy . .
—1—403962172 — 20%(9@/)62’172 +4coH <202962IT2 — 0106@/1> — 2¢169¢61) = 0, (10.64a)
. c1y c1y . .
36166H6_21TZ + 60106H26_2’172 —3cHO — 0 =0, (10.64b)
6H +3Hy + 12H> + 9 =0, (10.64¢)
. c1y
.3 T 2c _av ..
H (69 . M) + 6H? <066 % 40+ 1) + i =0. (10.64d)
Co
Eq. (10.64c|) gives
,(/}16—3H0t
(1) =~ — 1y, (10.65)
3H,
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where 1 and 1) are integration constants. For simplicity, to find analytical solu-

tions, we set 1) = 1y = 0. Then, from Eq. (10.64b) we find

36266 dcy Hot—c192 61 _3Ht
0(t) = ——— 2e - — o+ 0
() 201+3026 i 3H06 + 2
and, in order to satisfy the other two Eqs. (10.64al) and ((10.64d)), we set 6, = —1
and co = —c;. Finally, the following de-Sitter solution,

2 0
a(t) = et (t) = —4Hpt +1py, O(t) = 3666%72H0t _ 3F1€sz0t 1,
0

is recovered and

() = cge?’?.
In the same spirit, if we assume that the scale factor with a power-law behavior as
a(t) = aot?, the system ([10.64al)-(10.64d)) yields the following solution,

a(t) = aot”, Y(t) = % %

This solution is valid for p # 1/3. Now, if one considers the linear form of f(¢) =

»(1—3p)

In(t), 6(t)= 721, f((t)) = cgedT2) |

ce + %w, it is also possible to find power-law solutions but only for p = 1/2, which
corresponds to radiation. The non-trivial solution for this particular case is given

_w _ let_l/Q, f) = % + 6,
C3 202

0(t) =0y, alt)=apt'®, ¥(t)=

where 0y and 1; are constants.

10.6 Noether’s symmetries in the general case

10.6.1 Finding Noether’s symmetries

Let us consider now the generalized non-local action involving both teleparallel and
curvature non-local contributions. The Lagrangian is

L = 6xa%ad f4(d, 0)+6xa2ap f (¢, 0)—6Eaid® (6, o) —6a>al+6aba+6aa*—a>Cp—a®g,

(10.66)
from which we can derive several interesting theories as shown in the diagram,
Fig. [10.1] The Noether condition gives a system of 43 (non-independent)
equations for the Noether vector components

)\((l, 67 ¢7 ®, C7 t) ) 77a((% 67 ¢7 ®, <7 t) ’ 77¢(CL, 97 ¢7 ¥, Ca t) )
nw(aa 9) ¢> ®, C? t) 3 779(@7 97 ¢7 @, Ca t) ) 774(@, 97 ¢7 @, Ca t) )
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and the functions

h(a7 07 ¢7 SO7 C? t) Y f(¢7 SO) °

We can see immediately, from the system, that

)\(CL, 0, ¢7 2 C) t) = /\(t) ) 77¢(CL, 97 ¢> 12 Cv t) = 77(75(@’ ¢v 2 C) t) ) h<a7 9’ gba 2 C7 t) = h<a7 97 gba 2 C) .

The system now reduces to 19 equations that cannot be easily solved. Hence, as
we did in the previous sections, we assume that h(a, 0, ¢, ¢, () = constant = h and
after some calculations we end up with the following three equations for f(¢, )

—fo(@, ) <C7590 + c6§ + s — 6C7X> + fo(@, @) (—c5&p — ca€ 4 besx) — 6erx D fop( @, 0)—

- 665X¢f¢¢(¢7 %0) + C3€f(¢7 QO) —C3+Cg—Ci2 = 07
(10.67a)

6 (c7 — ¢3) X fio (0, ) + 6x (crp + c6 + ¢8) fop(@, @) + 65X fo (0, )+

+ 6X (05()0 - C7¢ + C4) f‘,ﬁ¢(¢7 90) - 6C5X¢f¢¢<¢a QO) — C12 = 0 )
(10.67b)

— (es5€ + e3x) fo(D, 0) — i fo(@, @) — 6erX fop (D, 0) + X (50 + ¢a) fop (D )+

+ X (c7p — 65 + c6 + ¢8) foe(P, @) =0,
(10.67¢)

where all the ¢’s are constants coming from the coefficients of the Noether vector.

The system ([10.67a)-(10.67c|) can be easily integrated but, depending on the van-
ishing or not of some constants, different solutions can be derived. Specifically, we

obtain seven different symmetries described below. The Noether vectors and the
function f take the forms:

1. (a) For ez #0 and ¢3 #0,¢4 # %;(06 + ¢9), we have
1
X =(ert +¢2)0 + g(cl —¢3)a0, + (cs + c5(61na + 1)) 0+
+ (6 + c7(6Ina + @) + )0, + 3009 + ((c3 — c7)¢ — c50 + ¢5) 0 -

and

1 C11 (0506 — CyCr + 0509) C3
exp

f<¢7 SO) = E—i_ C3 C5Cg — C4C7 + C5C9 (6580 B C7¢)>

(10.68)
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(b) For ¢; 20 and ¢3 =0,¢4 = %;(06 + ¢9), it is
X =(c1t + 2)0; + %laaa + (ca+c5(6lna+ )0+

+ (c6 + c7(6lna+ ) + ¢9)0, + (cs — c7¢ — ¢50)0, .

and
f(p,0) =c11 + F(—cr¢ + c590) . (10.69)

2. (a) i Fore;=0and ¢5 #0and ¢3 #0,c5 # —cg, it is
1
X =(c1t + ¢2)0; + §(Cl —¢3)a0, + (cs + c5(61lna + ¢))0p+
+ (06 + 09)884, —|— (010 + 030)89 —|— (Cgc — 650 —|— Cg)ac s

and

F(6,0) = 20 4 eppemis®. (10.70)
§es
ii. Forc; =0and ¢; # 0 and ¢c3 =0,¢5 = —cg, it is
X = (Clt + Cg)at + %a@a + <C4 + 05(6 Ina + Q0>>8¢ + (Cg — C59)8€ .
and

f(d,0) =cui + Flp). (10.71)
(b) i. Fore; =0and ¢s =0and ¢3 #0,¢4 #0, it is

1
X = (Clt—l—CQ)@t—f-g(Cl—Cg)G8Q+C4a¢+(06+09)a<p+(010+639)89+(08+03<)8C s

and

F(6 ) = C3_CIO+F(_06+C9¢+¢)6%2¢. (10.72)
§cs Cy

ii. A. Forc;=0and cs=0and c3=0,cy =0 and ¢g # —cy, it is

X = (c1t + ¢2)0, + C—?)laﬁa + (cg + ¢9)Dy + 1005 + 50 |

and .
10
)= ————0+ F(¢). 10.73
f(6.0) = (—Psro + F(0) (10.73)
B. Forc; =0and ¢cs =0 and c3 =0,c4 =0 and ¢ = —c7, it is

c
X = (Clt + Cg)at + glaé?a + Cgag s
and the equations are satisfied for any f.

Clearly, each of these symmetries specify a different Lagrangian and then a different
dynamics. The fact that several symmetries exist for the same symmetry condition
is due to the fact that such a condition consists in a system of non-linear
partial differential equations which have no unique general solution.
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10.6.2 Cosmological Solutions

Let us now find cosmological solutions for the generalized Lagrangian . In
principle, it is possible to find out cosmological solutions for each of the above cases
depending on the coupling functions. Due to the physical importance of the expo-
nential couplings, we will present cosmological solutions for the coupling function
given by (10.68). However, the procedure for the other cases is the same.

In the case ((10.68)), we have the constraint given by the integration constants,

that is ¢; # 0,c3 # 0,¢c4 # z_i(CG + ¢9). Hence, the Euler-Lagrange equations ob-
tained by , together with the energy condition, give a system of six differential
equations for a(t),o(t), p(t),6(t) and {(t).
Assuming that the scale factor of the universe behaves as de-Sitter a(t) = efo!, it
is possible to find different kind of solutions depending on different cases for the
constants. In all of these cases, the final cosmological solutions are almost the same.
A general solution that one can easily find is

a(t) = ™", §(t) = ~2Hot,

Hot(305—2c7)(§+3x)>

18c11crx?(cr — 3cs)? exp (

1 x(3cs—cr) 1
G(t) = e 3Hot [ — -1,
Q 3 (3cs — 2¢7)(3e5€ — 2¢7€ — 3erx) Hy
20, 2 Hot(3c5—2c7) (§+3x)
o(t) = —6Hyt, ((t) = ne 3ot 18enesx(er — 3¢) eXp( x(3es —er) ) G
- ot - 5 I
3 (3cs — 2¢7)(3e5€ — 2¢7€ — 3erx) Hy

and the coupling function f becomes

1 2enx(er — 3c5)? N <_ (3cs€ — 2¢7€ — 3erx) (esp — c7gz§))
f#r0) = § 35 — 207§ — 3erx P 2x(cr — 3c5)? ’

(10.74)
where 0, ,(; and (; are integration constants and we need to set

(3es€ — 2¢7€ — Berx)(—cacr + es5c6 + C509)
2x (3¢5 — ¢7)?

C3 — —
. Apart from de-Sitter solutions, the system admits also power-law solutions. For
example, by setting

(9p? — 9p + 2) (—c4c7 + c5¢6 + C5¢9)
6p(3csp — 5 — c7p)

C3 =
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, we get the following solutions

_ 6p®In(t — 3pt)

t) =1tP t t) = —6plnt
a(t) =", ¢(t) 3 , o(t) plnt,
c7(2=3p)p
Q(t) _ 6Cllc7pt2—3p(1 _ 3p> —3cgptesterp (p(£ + 3X> — X) n 01t1_3p
3p—2 1-3p’
9_3 __ c7p(3p—2) 1-3
Geyyespt™ P (1 — 3p) —Fortesterr (p(§ + 3x) — x) Gt
¢(t) — + Co + ;
3p —2 1-3p
and the coupling function f becomes
F(6.0) = 1 6enp(=3csp + ¢5 + crp) exp (_ (9p* — 9p + 2) (csp — c7q§))
’ £ 9p? —9p + 2 6p(—3csp + 5 + ¢rp) '

(10.75)
The above procedure can be iterated for all the above couplings. We stress again
the important fact that such couplings are not arbitrarily given but result from the
existence of the symmetries.

10.7 Discussion and Conclusions

Motivated by an increasing amount of studies related to non-local theories, here
we proposed a new generalized non-local theory of gravity including curvature and
teleparallel terms. These kind of theories were introduced motivated by loop quan-
tum effects and they have attracted a lot of interest since some of them are renormal-
izable [149]. Under suitable limits, the general action that we proposed can represent

either curvature non-local theories with R f (D’lﬁf) based on |137] or teleparallel non-

local theories i’f(Dflf) based on [109]. Since the theory is highly non-linear, it is
possible to introduce four auxiliary scalar fields in order to rewrite the action in an
easier way. Then, for a flat FRW cosmology, using the Noether Symmetry Approach,
the coupling functions can be selected directly from the symmetries for the various
models derived from the general theory. It is obvious that the theory can
give several models, depending on the values of the constants £ and x and on the
form of the distortion function. We prove 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 [155,|168]|, 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 exponentials non-local grav-
ity models which are renormalizable (see [148.|149]). This means that, the Noether
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Symmetries dictate the form of the action and choose exponential form for the dis-
tortion function. As discussed in [167], the existence of Noether’s symmetries is a
selection criterion for physically motivated models. Finally, from models selected
by symmetries, it is easy to find cosmological solutions like de-Sitter and power-law
ones. The integrability of dynamics is guaranteed by the existence of first inte-
grals. In forthcoming studies, the cosmological analysis will be improved in view of
observational data.
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Chapter 11

Maximum Size of Large Scale
Structures

Apart from the cosmological scales, it is necessary to consider how the newly pro-
posed theories of gravity behave at astrophysical scales. In the very end, one expects
to have a unique theory at all scales and not a collection of many ones (of course,
theories with screening mechanisms are still considered as unique). For this rea-
son, the notion of the maximum turnaround radius has been used. Gravity is an
attracting force and dark energy repelling; the point (or better surface) at which
these two forces cancel each other is known as the turnaround radius. The maximum
turnaround radius for a structure with a given mass, is the maximum size that it
could possibly have in order to be stable. We use this stability criterion to test
alternative theories of gravity as well as dark energy models. If a theory predicts a
maximum possible size smaller than the actual observed size of structures of mass
M, the latter are expected to be unstable in the framework of that theory.

11.1 Introduction

The A-cold dark matter (ACDM) model is widely considered to be the simplest and
most successful theoretical description of our universe, and finds support from a wide
range of cosmological observations. Despite its success, this model is unfortunately
not without problems. While certain observational glitches have been reported from
time to time [262-265|, the biggest challenge the ACDM model has to face is the
cosmological constant problem'}

The tiny value of the observed cosmological constant, A ~ O(1073eV)*, that is

'The cosmological constant problem is not manifest only for ACDM but for any other theory
with dynamical dark energy or alternative to GR.
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needed for the model to be observationally viable, finds no compelling explanation
from a quantum field theoretical point of view. There had been numerous attempts
to explain the value of A by relating it to vacuum energy density of quantum fields,
but all such attempts have either theoretical or observational inconsistencies [266),
267). A related problem is that de Sitter space may also be unstable to quantum
corrections [268,269,271,272].

These conceptual and observational problems with the cosmological constant
A have triggered in recent years vigorous research in alternatives to the ACDM
model. The chief agenda of these alternative models is to generate the effect of the
dark energy through additional matter fields (for instance quintessence [273]), or,
by replacing the theory of gravity on which ACDM rests, i.e. General Relativity,
by a different theory [265,274](see also [275] for a recent critique of the current
status of cosmology). In order to discriminate between such alternative theories of
gravity and GR, it is necessary to test all their possible observable consequences
with cosmological observations. The next generation of cosmological surveys will
offer a huge boost in precision making such tests possible [276-280].

In this chapter, we are particularly interested in one possible test of ACDM
and alternative theories of gravity, namely, the stability of the large scale cosmic
structures [281] E] The maximum size of a large scale cosmic structure with a
given mass M can be estimated using the maximum turnaround radius (or simply
the turnaround radius Ry, for short). More precisely, Rry is the point where for
radially moving test particles the attraction due to normal matter is balanced by
the repulsion due to the dark energy. Specific theories are expected to lead to
estimates for the turnaround radius, which depend on the theory parameters. If a
certain theory predicts a maximum possible size smaller than the actual observed
size of structures of mass M, the latter are expected to be unstable in the framework
of that theory. Thus, parameter ranges resulting to maximum possible sizes smaller
than what we observe are ruled out.

The turnaround radius was calculated in [283284] in the wider context of
geodesics of the Schwarzschild-de Sitter spacetimeﬂ In a cosmological context, the
turnaround radius for spherical structures was calculated for ACDM in [281], and in
[285] for smooth dark energy. The turnaround radius as a cosmological observable
was investigated in [286,[287]. In [288] it was proposed to look for the violation of
the maximum upper bound of Ry, using the zero velocity surfaces of a large scale
structure, by observing the peculiar velocity profiles of its members. It turns out
that for structures as massive as 10> M, (e.g. the Virgo supercluster), the actual
sizes lie very close and below the theoretical prediction of ACDM [281|. The struc-

2See also |282] for a different approach.
3The turnaround radius was called the “static radius” in [283}284].
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tures studied in the references above are at sufficiently low redshifts (2 ~ 1072),
and hence Rr, measurements could provide a local indication and check for dark
energy. In other words, it does not require any data coming from the high redshift
Supernovae or from the early universe.

Measuring the turnaround radius offers yet another way of putting constraints
on alternative gravity models. For instance, the maximum turnaround radius has
recently been calculated for a cubic galileon model [327]. A method to calculate
the turnaround radius in generic gravitational theories was put foward in [289,326]
by considering timelike geodesics, in the framework of alternative gravity theories
admitting McVittie-like [290-292] solutions. We agree with the general formula for
the turnaround, eq. 21, of [289] but disagree in other results of that article which
appear to be in conflict with ours. E]

This chapter is organized as follows. In section we derive a general formula
for the calculation of the turnaround radius, valid in any metric theory of gravity
obeying the Einstein Equivalence Principle (EEP), a necessary assumption as the
geodesic equation is used in our derivation. We perform our derivation in steps: (i)
we first calculate the maximum turnaround radius in the case of the ACDM model
using static coordinates, (ii) we extend the static metric calculation to arbitrary
theories (arbitrary static metrics), (iii) we re-calculate the turnaround radius using
the McVittie metric and finally (iv) we relate the two types of calculation (static
and McVittie) using cosmological perturbation theory in a general theory of gravity.
Our result is (11.21). Our derivation makes it clear why the standard formula for
the turnaround radius (which in fact agrees with eq. 21 of [289|) is valid for any
theory of gravity obeying the EEP, once the solution for the potential ¥ is known
(see eq. (11.15) and below). In section we consider a specific theory,
the Brans-Dicke theory of gravity, as an example to demonstrate the use of our for-
mula. Within the Brans-Dicke theory, we perform the calculation of the turnaround
radius in two coordinate systems, arriving (as expected) at the same result. We
firstly determine the solution to the field equations around a static spherically mass
distribution and secondly around a spherical solution in an expanding universe and
show that the two solutions are equivalent, related by a coordinate transformation.

In [289] it is assumed that the potentials ¥ and ¥ have solutions ~ <7

of spherical symmetry (even in ACDM ), where the constant m is the mass of the source. This
however is incorrect as the correct solution (as can be verified by inspecting the McVittie solution) is
~ GH—T Indeed, eq. 29 in [289)] gives a time-dependent turnaround radius, which is in disagreement
with the known result for ACDM . Our second source of disagreement is the recasting of the
turnaround radius in terms of the areal radius. While we agree with the reasoning and with the
relation between the comoving and areal radius, the contribution to the turnaround formula is of
higher order in perturbation theory and should be neglected unless higher order in perturbation
theory solutions are also used.

under the assumption

137



Chapter 11. Maximum Size of Large Scale Structures

~ RAOPM) (1+ 55) for large Brans-Dicke parameter

Our calculation yields R%f
w and hence it is always larger than ACDM, implying that the Brans-Dicke theory is
also consistent with current data. Finally in section we discuss the turnaround
radius in the framework of f(R) gravity. In this perspective, we assume f(R) models
which, at certain point, assume a constant curvature, R = Rgs. We thus compute
the A max in two different pictures. In the first approach, we assume spherically
symmetric space-times. In the second, we discuss the cosmological case considering
perturbations. As expected, curvature terms account for repulsive effects, mimick-
ing dark energy even at the level of turnaround radius. In this way, we are able
to put constraints on generic f(R) models. We find that the observed bounds on
Rra max are analogous if one considers spherically symmetric space-times or cos-
mological perturbations. We therefore derive limits over the form of f(R) which
should guarantee structure formation for any model even in the approximation of
quasi-constant curvature.

Throughout this article we work with mostly positive signature of the metric,
(—,+,+,+) and use the greek alphabet for spacetime indices and latin alphabet for
spatial indices. We use units where the speed of light is equal to unity.

11.2 The turnaround radius

11.2.1 The turnaround radius in GR with a cosmological con-
stant

Let us first briefly present the case of GR with a cosmological constant, where the
derivation of the turnaround radius is well known. This will be useful further below
when we generalize the result to arbitrary metric theories of gravity.

In [285] the turnaround radius for a spherical mass M in the ACDM model
was defined in the following way. Consider a stationary probe in a Schwarzschild-de
Sitter (SdS) spacetime with metric

2GNM A dR?
dstyg = — (1 -—5 3R ) dT? + T i T R*d$) (11.1)
R 3

following a trajectory in spacetime with four-velocity

ut = !

= ,0,0,0 ] . (11.2)
\/1_%_332

Here Gy is the measured Newtonian gravitational constant. The maximum turnaround
radius is the point along a radial trajectory where the four-acceleration a” = u#V ,u”
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of the probe vanishes. Using the SdS metric (T1.1)) yields a® = (1 — 26xM — 4 R2) (S} _ A p)

R R? 3
and setting it to zero gives the turnaround radius,

1/3
Ry = (3GXM> (11.3)

in the case of GR with a cosmological constant.
In a different theory of gravity, the SAS metric (11.1)) need not be a solution.
However, assuming that a static solution exists of the form

ds* = — f(R)dT? + h(R)dR® + R*d (11.4)

one can follow the same line of thought to define the turnaround radius by the
vanishing of the four-acceleration for a stationary probe. This leads to the condition
of
"R\=— — 0
f( ) 8R at R=Rm
supplying us with an algebraic equation for R, which must be solved in order to
obtain the maximum turnaround radius Rr,. The definition (11.5) is valid in any

(11.5)

theory of gravity which obeys the weak equivalence principle and can be used to
calculate the turnaround radius once the solution f(R) is known. Let us also note
that even if the spacetime is spherically symmetric but not static, the metric may
still be brought into a diagonal form, in which case the condition still holds,
although the resulting turnaround radius will in general be time dependent.

The above definition ([11.5)) of the turnaround radius is not formulated in a covari-
ant language, but can be made so. In particular, the turnaround radius corresponds
to the locus where u#*V ,u” = 0 for a stationary observer in a spherically symmetric
spacetime. With this definition one can calculate the turnaround radius in any co-
ordinate system of choice, although, the definition depends on this particular choice
of observer.

Our goal is to find a definition of the turnaround radius, suited for cosmology,
equivalent to the definition above. Consider the McVittie metric [290-292]

1— u\2
dstyy = — (14——“) dt* + (1 + p)*a®(dr® + r2dQ) (11.6)

i
where 1 = G;C’L y , describing the exterior of a spherical mass in an expanding Universe

evolving with scale factor a(t). The field equations are
3H? = 87Gnp (11.7)
1 .

—21+—“H _3H? = 87Gy P (11.8)

—

where H(t) = a/a is the Hubble parameter, p = p(t) is the energy density and
P = P(t,r) the (inhomogeneous) pressure. | If 87Gxp = A is a constant then this

SHaving a homogeneous density, yet, inhomogeneous pressure seems somewhat unnatural.
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spacetime reduces to the Schwarzschild-de Sitter spacetime in a different coordinate
system to (11.1). To see this (and remembering always that H is a constant in
Schwarzschild-de Sitter) define new coordinates T'(¢,7) and R(¢,r) via

t=T—-Q(R), (11.9)
R=(1+p)ar, (11.10)
with Q(R) the solution to
A
SR
g_Q _ 3 (11.11)
R (1 _ QGgM _ %Rg) 1— QGgM

so that one recovers ([11.1)).

How does the turnaround condition look-like from the McVittie’s point of view?
Since we already know the result in the case of the static Schwarzschild-de Sitter
coordinate system, we can simply transform the conditions leading to that result,
to the McVittie coordinate system. In particular, we need to transform the velocity
vector field of the stationary observer, into the new system ﬁ and apply the
condition u#V ,u” = 0. For this we need the inverse transformation of (11.10), i.e.

R—GNM ++R?*—-2GyMR

t,R) = 11.12
(. R) iy 7 (11.12)
where we have chosen the positive sign of the square root. E]
With the above transformation, the observer’s velocity (11.2)) becomes
1
wt = i (1,—rH,0,0). (11.13)
VA= — B+ ppar?
Using the condition u#V ,u” = 0 we find (remember H is constant)
2u = (14 p)°H?*a*r? (11.14)

which translates to (11.3) using (11.10)).

11.2.2 New definition of the turnaround radius

We now present a new definition of the turnaround radius, valid in any theory of
gravity obeying the EEP. In generic alternative theories of gravity that we deal with

6Tt is easy to show that using a stationary observer in the McVittie coordinate system fails.
Indeed a stationary observer in one coordinate system is no longer stationary in the other.

“The negative sign also works, however, issues arise when one considers a perturbative analogue
of the McVittie metric as we do further below.
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in this chapter, the Schwarzschild-de Sitter metric will in general not be a solution.
Neither will some general static spherically symmetric metric have an equivalent
form, which resembles the McVittie metric. However, our interest is in cosmology,
where a perturbed FRW metric always exists. Let us then consider the perturbed
version of the McVittie construction of the previous subsection.

In the Newtonian gauge, the perturbed FRW metric takes the form

ds® = — (1 +2W) dt? + a* (1 — 2®) y;;dx’da’ (11.15)

where W and ® are the two metric potentials and where we have assumed that ;;
is flat, so that v;;dz'dz? = dr? 4+ r?dQ in spherical coordinates.

By inspection, when p < 1, the McVittie metric (11.6) may be interpreted as
a perturbation on FRW sourced by a point-mass by identifying ¥ = & = -2y =
—Gg—TM. We exploit this fact and re-cast the definition of the turnaround radius using
cosmological perturbation theory. Starting from (11.13)), we rotate into an arbitrary
spatial direction, using 7 = (z,y,2) = %6%2, where Vi = yijﬁj. The 3-vector r’
has components (—rH,0,0) in the original coordinate system used in (11.13). We
also use the Friedman equation, A = 3H?, so that the equivalent version of

albeit in an arbitrary direction is

I+ p
V(L= p)? = (Har)?(1 + p)
This is the four-velocity of a test particle at rest in a coordinate system which is

equivalent to (11.15). Taking the limit 4 < 1 and aHr < 1, corresponding to
regions far away from both horizons, leads to

(1, —%Hﬁiﬂ). (11.16)

ut =

u = (1—U+ Ha®, —lﬁi@) (11.17)
a

where we have defined the scalar function

O = %amﬂ (11.18)
We have assigned the perturbation orders O(¥) ~ O(H?) ~ O(©?) ~ O(©), which
are remiscent of the Parametrized Post-Newtonian formalism. Indeed the vector
field VIO has all the properties of a spatial curl-less velocity field.

We have managed to create a covariant definition of the turnaround radius,
which is adapted to cosmology. In particular one starts from the observer moving
with velocity given by and impose the EEP. The EEP implies the geodesic
equation

u'V,u” =0 (11.19)

141



Chapter 11. Maximum Size of Large Scale Structures

which in turn leads to
= . 1 1. - o
V; [@ — -V + H@} - -V’oV,;V,0 = 0. (11.20)
a a

Since the last term can be written as VIOV,;V,0 = 1V,|VO|?, we finally get the
general turnaround equation

. . 1 - .
v [a (@ + H@) - §|V®|1 =V, U (11.21)

The above equation is valid in any theory of gravity obeying the EEP. Despite
appearances the above equation is fully consistent in perturbation theory (remember
the assignment of perturbation orders above). One should not treat as a
differential equation for ©. Rather, one should assume a specific functional form for
O(#",t) and then given that functional form, as well as the solution for ¥ from the
field equations of the theory, one should determine the 3-surface F(z") = const such
that the equation holds. In the case of spherical symmetry © is given by (11.18),
however, may be used as a starting point for generalizing the turnaround
radius calculation into a turnaround surface when the shape of the bound object is
non-spherical. One possibility would be to consider a non-spherical function O(t, 7)
corresponding to some non-spherical surface.

Let us now return to our spherically-symmetric ansatz, i.e. © = %aHrz. In this
case we have that [VO[? = a?H?r? = 2aHO, hence the LHS of (11.21]) leads to

a§ = a?[H* + H]r (11.22)

and the turnaround equation simplifies to

2trra ov
a“[H* + H]r = o (11.23)
The above equation which we name the reduced turnaround equation (due to spher-
ical symmetry) can then be used to calculate the turnaround radius Ry, = ar given
a Hubble parameter H(t) and the solution to the potential ¥, both of which are
specified in a given theory, including a theory beyond GR.

From a quick calculation gives the turnaround radius for the case of a
cosmological constant as dark energy and for the case of a dark energy fluid with
equation of state parameter w both within the GR framework. In both models
the solution to the potential is ¥ = —<2M [285]. What is different between the
two models is the Hubble parameter. In the first case it is a constant given by
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H = \/A/3 so that ([11.23)) leads to (11.3)), while in the second case it is given by
aH = Hya~(13%)/2 50 that (since for dark energy 1 + 3w < 0)

1/3 1/3

Roy — | — 22N
T [ (14 3w)H? + 3w)H}

We observe that when w # —1 the maximum turnaround radius is time-dependent.
In the limit w — —1, i.e. ACDM, the maximum turnaround radius agrees with the
time-independent ACDM formula ((11.3]).

11.3 The turnaround radius of Brans-Dicke theory
of gravity

The Brans-Dicke theory [77] can be thought of as a prototype alternative theory of
gravity. Its action in the presence of a cosmological constant is given by

1

_ —ad* — oA — (V)2
_167TG/\/_gdx{¢R 2A ¢(v¢>) + S, (11.25)

where the scalar ¢ is the Brans-Dicke field, the constant w is the Brans-Dicke pa-
rameter and Sy, is the collective action for all matter fields present, which depends
on the metric g,, but not on the scalar field. The shift of conceptual paradigm from
GR in this theory is certainly the scalar field ¢, whose non-minimal coupling with
the Ricci scalar indicates a spacetime dependent gravitational coupling. In the limit
w — oo the scalar field ¢ must be a constant ¢ — ¢¢ in which case GR is recovered.

Solar system data severely constrain w 2 40000 [293,294|, thereby making it
practically indistinguishable from General Relativity in our local neighbourhood.
However, any test of gravity should be accompanied by a specification of the cur-
vature and potential regime it is performed in [295]. In this sense cosmological
constraints on Brans-Dicke theory should be treated independently from solar sys-
tem tests as they lie in different regions of the gravitational parameter space.

Let us exemplify. As shown in [296], the Brans-Dicke theory arises as a specific
limit of Horndeski theory [80,297], the most general Lorentz-invariant scalar-tensor
theory, having second order field equations in four dimensions. The Horndeski theory
offers the possibility of realizing screening mechanisms such as the Vainshtein [298],
the chameleon [299] and the symmetron |75] mechanisms. These mechanisms restore
GR around the high-curvature/high-density environments of astrophysical bodies,
such as the sun. Hence, it is possible that certain subsets of Horndeski theory
which realize these mechanisms tend to Brans-Dicke theory in the low curvature
environment of the cosmological regime but acquire corrections which send it back
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to GR in regions of high curvature. As such, cosmological constraints on Brans-
Dicke theory give different information than solar system tests. In [296] the lower
bound w > 890 at the 99% confidence level was placed (see also [270,300]), using
the latest Cosmic Microwave Background data from Planck. Future photometric
and spectroscopic cosmological surveys are expected to increase this by a factor of
20 — 30 [301},302|, making cosmological tests comparable to solar system tests.

In [303], the no hair theorems for the Brans-Dicke theory with A > 0 for station-
ary axisymmetric black holes and stars were discussed. It was shown there that no
matter how large the Brans-Dicke parameter w is, unless it is infinite (i.e., the the-
ory coincides exactly with the General Relativity), there can exist no regular such
solutions if asymptotic de Sitter boundary condition is imposed. The Brans-Dicke
theory has also been investigated in the context of galactic dark matter in [304].

In order to pave the way for the calculation of the turnaround radius we construct
solutions in Brans-Dicke theory with a cosmological constant. We consider two types
of solutions, i.e. static spherically symmetric solutions and cosmological solutions,
in order to apply both formulae and for the determination of the

turnaround radius.

11.3.1 Stationary spherically symmetric point-mass solutions

Adopting a static spherically symmetric ansatz as in (11.4) and in addition that
» = ¢(R), the field equations are

1/ h-—1 1 (¢\* f'¢ 8rGh —p+3P
E(#T)‘i“’(a) T2 6T [ﬂ*m} (H1:260)
1-h Lf  2¢ f¢ 1 (¢\° 81GP

R? +}_ﬁ+§$+2f$_§“<$> =5 " (1.26b)

7 / / / / I\ 2 /
o i) (o) o (5) —56 - 55 [ ]

2f  2f2 of 2n)\2f "R b R ¢ ) 2w+ 3
(11.26¢)
" VT o] 87G(p—3P)
[ e | 87G(p—3P 2
[ﬁR 4 =3 v/ fhR (11.26d)

where p and P are the total density and pressure of matter respectively, including
the cosmological constant. Consistency requires that the matter velocity has com-
1

ponents u = (—=,0,0,0). In the Einstein equations above, we have used the scalar
equation ((11.26d)) to eliminate the (¢ terms.
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A complete analytic solution of (11.26a)-(11.26d) is impossible. Indeed, as we
discussed above, it has been shown that the Brans-Dicke theory with a cosmologi-
cal constant does not admit stationary and spherically symmetric solutions, which

are exterior solutions to a compact object and which have a cosmological horizon
where the Brans-Dicke field is regular [303|. Clearly then, any spherically symmetric
solution in this theory (in the presence of A) must be necessarily time-dependent.
However, we expect this time-dependence to become more and more manifest only
when we approach the cosmological horizon. As the turnaround radius is on much
smaller scales, we take a different approach: perturbation theory.

Physical systems of interest are those where the Schwarzschild horizon Ry, the
turnaround radius R, and the de Sitter horizon R; are widely separated. To be
more precise, in standard GR we have R/ Rry = 2GNM(3G§‘VM)1/3 <1078 =107 for
the most massive galaxy clusters in the range M ~ 10 — 101" M, while Ry, /Ry, =
(3ExMN/3/A/v/3 <107 — 1072 Tt thus seems like a good first approximation that
2GyM/R < 1 and AR?/3 < 1, so that the Scharzschild-de Sitter spacetime may
be considered as a perturbation around Minkowski for the scales of interest [

We expand our variables as

f=1+U (11.27)
h=1+V (11.28)
¢ = do(1+¢) (11.29)

so that U, V and ¢ are small compared to unity and ¢ is a background value for ¢.
We consider a point-mass source in a spacetime filled with a cosmological constant
so that the energy-density and pressure entering (11.26a))-(11.26d)) take the form

2G M
87Gp = 5 0(R) + A (11.30)
87GP = —A (11.31)

Consistently with our approximation both the point mass and A are treated as small

perturbations. We start from ((11.26a)), linearize and then integrate to get
1 2GM 2w —1

=———— 2w+1 + AR?|. 11.32

o] LOASE aRe S (1132

The above solution is then used in the linearized version of ((11.26d]), which when
integrated gives

(11.33)

. 1 {2A2_2GM}‘

8 One may instead perturb around a de Sitter, or even, a Schwarzschild-de Sitter spacetime.

However, this introduces tremendous complication in solving the scalar equation and in the end,
the Minkowski space approximation used here, where 2GyM/R < 1 and AR?/3 < 1, is recovered.
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Finally, the expressions for V' and ¢ are used in the linearized version of ((11.26b)),
leading after integration to

1
= T )

2GM+2w+1
R 3

AR2} (11.34)

so that the metric is

gs? — 1_2(w+2)2GM_2w+1A
N 20+3 ¢poR 2w+ 33
N {1 20w+ 1)2GM  2w—1 A

— — R?| dR? + R%*d0) 11.35
20+3 ¢oR 2w+ 33 ] + ( )

RQ} dT?

11.3.2 Cosmological solutions with a point-mass source

Let us now construct cosmological solutions for the metric and the Brans-Dicke field
with a point-mass source. By “cosmological” we mean that in the limit M — 0, the
metric becomes the Friedman-Robertson-Walker metric and so these solutions are
the analogue of the McVittie solution in the case of GR. We construct our solution
by first considering a background FRW solution and then adding the perturbation
due to the mass (see also [305] for cosmological perturbation theory equations with
an array of point masses).

FRW solutions

The FRW metric is
ds* = —dt* + a272-(f)dxidxj, (11.36)

where a(t) is the scale factor of cosmic time ¢, %»('fi) is the 3-metric (used to raise and

lower three-dimensional indices) of constant spatial curvature k.
The Friedman equation in Brans-Dicke theory takes the form

N\ 2 =N\ 2
1¢ 3k 881G _ 2w+3 (¢
3 <H+ 55) + ? = CZE P+ 1 <$> (11.37)

where p is the background energy-density of matter (including the cosmological con-
stant), H = a/a is the time-dependent Hubble parameter and ¢ is the homogeneous
part of the scalar field adopted to the FRW symmetries. The scalar evolves according
to

(G
2w+ 3

where P is the background pressure of matter (including the cosmological constant).

6+3Ho = (5 — 3P) (11.38)
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It is straightforward to verify that an exact analytical solution is, in general,
impossible, even if 8tGp = A is a constant. Indeed, it can be shown that the
de Sitter spacetime in no longer an exact solution of the field equations as it is
in GR. ﬂ This is equivalent to the non-existence of static-spherically symmetric
solutions in the presence of a cosmological constant [303|, as we have discussed in
the previous subsection. Hence, we proceed using perturbation theory. Both the
Friedman equation (11.37) and the scalar equation (11.38)) suggest that the small

parameter to use is
1

‘= 2w+ 3

We are interested in the case of a flat universe filled with cosmological constant

so that 3H2py = 87Gp = A = —87GP. We construct the perturbative solution as
a power series in € which yields

(11.39)

¢ =do[l+4elna+...]=¢o[l+4eHot +...] (11.40)

4 4
H=H, |:1—§€—261n61,—|—...:| = H, |:1—§€—26H0t—|—...:| (11.41)

as can be verified by direct substitution. A more formal derivation which is valid for
a generic matter field and curvature can be found in the appendix. The dependence

of the scale factor on time ¢ is found by integrating (11.41]) so that to O(e¢) we find
_ 4 2
a=a|l— geHot —e(Hot)* + ... (11.42)

where @ = ', The solutions found above are of course only valid close to Ina ~ 1,

i.e. for all times ¢ such that eHyt < 1.

Perturbed FRW solutions

Including the point-mass in our system inevitably introduces spatial dependence in
the solutions. Assuming that the point-mass is not too massive as to overclose the
universe, we may treat its contribution as a perturbation on top of the FRW solution
we have constructed. This requires perturbing the FRW metric to linear order as in
by adopting the Newtonian gauge. Likewise we perturb the scalar field

¢=0(1+¢) (11.43)

2w+1
It may be shown that an exact solution exists for 87Gp = A = const with a = (t/tg) 2

and ¢ = 4At?/(2w + 3)/(6w + 5). However, this requires that initially both the scalar and its
first derivative vanish, i.e. ¢9 = ¢ = 0, and therefore this is a spurious solution of no physical
significance and must be discarded.
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where ¢ is the background value and ¢ the perturbation.

Before proceeding into solving the system, caution is warranted. Our background
solution was arbitrarily close to de Sitter. We may then re-interpret the background
FRW solution as being exact de Sitter plus small time-dependent perturbations. In
other words set a = a(1 + J,) where from (11.42)) we get §, = —¢ [%Hot + (Hot)ﬂ.
This also implies H = Hj + d,, which may be checked for consistency with (11.41)).
Then we may define a new potential as a?(1 — 2®) = a(1 — 2®) so that ® = & — 4,.
The background field equations can only be satisfied under this transformation, if
and only if a further transformation is also implemented: by observing that ¢ =
do(1 + ) with 5 = 4eHyt from (11.40), we may transform 4, away via ¢ =
(1 + ) = ¢o(1+ @) so that ¢ = ¢ + .

Consistency of this line of thought requires that O(®) ~ O(®) ~ O(6,) ~ O(d,)
so that when considering linearized perturbations we ignore terms like @4, or §2, etec.
This means that in the perturbation equations we may replace a — a, H — Hy and
¢ — 0 resulting in great simplification. A further consistency requirement is that
since after the transformation the background scalar field is constant, the scalar
field equation must be treated entirely perturbatively. With these considerations
and letting ﬁl to be the covariant derivative of v;;, the perturbed Einstein equations
sourced by matter with density perturbation 6p = Md&® (ai) are as follows. Using
the identity 6©) (ai') = §(r)/(4war?), the 0 — 0 perturbed Einstein equation is

o . 2 — ~ 1 2GM
—6H, <<I> H@) 3Hy (¢ + Ho@) + =V2 (& — -p) = 225 11.44
0 + HoWVW | + o (90 + 090) + ELQV ( 2@) GodPr? (r) )
and the 0 — i-Einstein equation is
2V, (@ + HoW) = Vi (& — Hop) (11.45)

We combine (11.44) and (11.45)), assume the quasistatic limit where HZ¢ < 6%5
and integrate to get

~ 1 GM
P——p=—"x (11.46)
2 PR
where we have defined
R = ar. (11.47)
The perturbed scalar field equation is
. S 2GM
©+ 3Hyp — TQVQ 5— = {4/\ + —50(r) + 8A\IJ} (11.48)
a 0 asr

and after assuming the quasistatic limit and integrating gives

M _
¢ = 2¢ {;}_R — H&RQ} (11.49)
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Hence, ® = —%—EH(?RQ while ¥ = —%—HH&RZ after using the traceless-
ij-Einstein equation D;; (® — V¥ — ¢) = 0 and ignoring the kernel which results to
pure gauge-solutions.

Therefore, the metric to O(e) is

2GM
GoR

_ 2GM _ o
(14€) + ZGHSRQ} dt*+a? {1 + G (1—e)+ 26H§R2} vijda'dz?

Do 2
(11.50)
Setting € — 0 recovers the perturbed McVittie metric as expected, i.e. it recovers
(11.6)) in the limit p < 1.

ds* = — |1 —

11.3.3 The turnaround radius in Brans-Dicke theory

Having found the two types of solutions let us return to our original goal: the
turnaround radius. A quick calculation using (11.5)) along with the static spherically

symmetric solution (11.35)) yields

3GM 2w + 4

R, =——
A A 2w+1

(11.51)

and taking the large w (small €) limit

3GM\ V3 3GM\Y? 1
RTA~<T> (1+6)N(T> <1+%) (11.52)

to O(e) ~ O(1/w).

Similarly, another quick calculation using along with H = H, and the
cosmological solution yields once again (11.52]). This should not come as a
surprise. After all the two solutions ([11.35) and (11.50]) are in fact one and the same,
after a coordinate transformation. This may be checked using the general form of

such coordinate transformations between a static spherically symmetric space time
and a perturbed FRW spacetime [306].
Note that we may also transform the cosmological solution back to the original

FRW background given by (11.40), (11.41) and (11.42)). In that case, the poten-
tial ® acquires a pure time-dependence, which is in turn eliminated by a gauge-

transformation. This introduces a time-dependence into ¥ and in order to use
(11.23) we must determine the canonical form of ¥ as in [306]. This is found to
be U = —% — eH3 (5 + 2Hot)R? so that along with gives back
(11.52)).

In (11.52)) we have found the turnaround radius in terms of the bare parameters
of the theory, G and A. However, as is well known, the bare GG in the Brans-Dicke
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action is not the actual measured Newtonian gravitational constant Gy. Indeed,
the latter is defined as [7,294,307|
2(w+2) 1+e

N = —G ~ —

Po(2w + 3) Po
so that goo &~ —14+2GNM/R as R — 0. Hence, 3GM /A = (1—e)GnyM/HZ. Further-
more, we should consider how we measure the cosmological constant. The Friedman
equation (under the assumption that ¢ ~ const) is 3H? ~ A /¢ +87G n(1—€) pmatter-
Hence, using cosmological observations one would measure A.z = A/¢q rather than

G, (11.53)

the bare A and we call this the effective cosmological constant. With these consid-
erations the expression (11.52) should be adjusted accordingly to

3Gy M\ Y? 9 3Gy M\ Y? 1
~ 14+ 2¢) ~ 14— 11.54
Fny < Mg ) *3e Mg * 3, (11.54)

which is our final result.

11.4 The turnaround radius in f(R) gravity

In this section, we compute the turnaround radius in f(R) gravity taking into ac-
count two cases: (i) static and spherically symmetric space-time, and (ii) cosmological
perturbations.

Briefly, f(R) gravity is obtained by substituting the Hilbert-Einstein action,
linear in the Ricci scalar R, with an arbitrary function of R, i.e.

1
167TGN

S = /d4x\/—_g( f(R) +Lm> . (11.55)

By varying the above action with respect to the metric, we get the field equations
1
PR By, = 5f (R g+ (900 = V¥, ) £ (R) = 87T} (11.56)

where Té‘f is the energy-momentum tensor of matter. Another interesting equation,

is the trace of Eq. (11.56)),
f'(R)YR —2f(R) + 30f(R) = 8nGNTM | (11.57)

which relates the Ricci scalar to f(R) and its derivative in R, that is f'(R).

Several efforts have been done to get constraints on viable f(R) models 79,274,
321,1336). In particular, we can assume f”(R) > 0, in order to avoid tachyonic
instabilities, and f’(R) > 0, to make the theory ghost-free.
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11.4.1 The spherically symmetric case

As mentioned in the introduction we can restrict our attention to f(R) models
with constant curvature solutions, i.e. R = Rgqs = const.. This Ryg is the solution
of the trace Eq. (11.57)), which, for constant curvature, takes the form

Rf'(R) — 2f(R) = 0. (11.58)

Solutionﬂ to this equation are known as de Sitter points [337,338]. Moreover,
following [339,/340], nonlinear models should have stable de Sitter points at late

times. From the Eq. (11.56)), using Eq. (11.58), we get

J (JZdS> ]ZdS
v = v — v 11.
Ry = FRas) M = g (11.59)

which gives rise to an effective cosmological constant of the form

Apr = f(fas) _ Ras (11.60)

2f"(Rys) 4
The stability of these points is discussed in [337,341]. They asymptotically approach
the (anti)-de Sitter space with A = Aeg.
If we consider a static and spherically symmetric metric of the form

ds® = —A(r)dt® + B(r)dr® + r*dQ°, (11.61)

the equations of motion ({11.56f), for both the 00 and 11 components, together with
the trace equation, are respectively

1 A'f(R) A”f'(R) ABf(R)  f(R)A" _
<§Af<R)+ rB  4AB 4B 2B )R:Rds_o’ (11.62a)
1 A%f(R)  B'f'(R)  ABf(R) [f(RA" B
(=3B @+ = + =5+ g~ aa >R:Rds_0’

(11.62b)
<Rf’(R) - 2f(R)> ~0. (11.62¢)
R=Rgs

We can easily see, from the first two equations, (11.62a)) and (11.62b)), that

C

B(T):M,

(11.63)

10Guch solutions exist in the constant curvature f(R) models and therefore, Birkhoff’s theorem
is valid [342][343).
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where c is an integration constant. The constant can be set equal to unity to recover
the Minkowski space-time asymptotically. Hence, Eq. (11.62b)) provides:

Ay =g~ 21T —gy - 2T 11.64
(r)=a-- 6 f(R) |, T 127 (1164

where, in the second line, we used Eq. (11.62¢), and a1, as are constants. Without
losing generality, we choose a; = 1 and ay = 2G.gM/c?, where Geg is the effective
gravitational coupling. This allows to recover a Schwarzschild-like solution in the
R4s — 0 limit.

It is worth-mentioning that in the Einstein-Hilbert limit, i.e. f(R) = R — 2A,
we can set Rqs = 4A > 0, since A is positive-definite. As a consequence, we recover
the known Schwarzschild-de Sitter solution (11.1]).

Finally, the maximum turnaround radius for any f(R) model with R = Rys is

given by Eq. (T15)

(11.65)

12GeﬁM) 1/3
RdS .

A,(RTA,max) =0= RTA,maX = (

The maximum turnaround radius in any alternative theory of gravity can be, at
most, 10% smaller than the corresponding one in GR. Thus, by comparing (|11.65)
with (L1.3), we get the following constraint

Gesr S 0.18Gy ‘

21 (11.66)

At this point, a short comment on Eq. is needed. Solutions Rgs = 0, are
not excluded a priori. However, these are trivial Minkowski solutions, instead of
de Sitter ones, leading to neither expanding nor contracting universes. In this case,
the maximum turnaround radius cannot be defined. In the next section, we will see
that scalar cosmological perturbations give the same result as Eq. , together
with a specific form for the gravitational coupling.

11.4.2 The cosmological case

In the previous section, we studied the turnaround radius derived from static and
spherically symmetric space-times in f(R) gravity. However, we want to find a
more general formula for the turnaround radius and thus we turn to cosmology.
Specifically, in this section, we are going to use Eq. in order to see, whether

we can extend the result ((11.66)).

To this end, let us consider a spherical cosmic structure described by a perfect
fluid with non-relativistic matter, i.e. with pressure P = 0, and all its mass is
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assumed to be at the center, r = 0. We perturb this structure by a test fluid and
we study its dynamics. The whole configuration can be described by a perturbed
FRW metric, which in conformal Newtonian gauge, can be expressed in the form
. For a detailed discussion about the relation between static and comoving
coordinates, as well as the relation of the metric , with the Bardeen potentials,
see [331].

The homogeneous background Egs. in a FRW flat space-time

g = diag(—1,a*(t),a*(t), a*(t))
, and with non-relativistic matter, i.e. 7}, = diag(—p,0,0,0), are given by
3f'H? =8mp+ = (Rf f)—3f"HR, (11.67a)
7 (2H n 3H2) _ 5(3 Fef)— "R~ "R (11.67h)
together with the continuity equation
p+3Hp=0. (11.68)

The prime denotes differentiation with respect to R, the dot with respect to time ¢,
and H = a/a is the Hubble parameter. In this case, the Ricci scalar is

R=6 (2H2 + H) : (11.69)

and Eq. (11.68)) gives p = po/a®, where py is the constant rest-mass density.
The perturbed energy momentum tensor is given by Too = —p — dp, To; = —pdv;
and T;; = 0. Thus, the perturbed equations are [337,344,345|

—§ +3H (H\If + ci>> =55 {SWGNép + (31112 +3H + ) Sf —3H <5ff - 2ff\11) + 3f'<i>} ,
(11.70a)
HY + ¢ = op [SWGN;XSU Y Of — HEf — ffxp} , (11.70b)
U= 5fi/ (11.70¢)
. .. 1
3 (H\IJ+H\I/+(I>> +6H (H\I/+c1>> n <3H+ )\IJ =55 [SWGN6p+35f’+3H5f’
, A . . .
—(6H*+ =5 )61 =3} (\If+2H\If+<I>>—6f’\IJ}, (11.70d)
a

(5}’+3H(5:f’— (%+E> 5f = 87T§;N

.. . . 1
5 6p+f’<\D+6H\IJ+3¢>)+2f’\If—§f/(5R,

(11.70e)
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where

SR = -2 [B(H\I!+H\if+<f>)+12H<H@+¢)+%(\P—2®)+3H\If

(11.71)
As before, f' = df /dR, dot denotes differentiation with respect to cosmic time t and
A is the Laplacian in comoving coordinates.

We can safely use the quasi-static approximation [346,[347| according to which
the inhomogeneities ¥ and ® are primarily produced by the spatial distribution of
matter. This means that the spatial derivatives of the fields are dominant in the
equations (see [337]). In this way, Eq. (11.704), (11.70d), (11.70€) yield™]

A 1

ASf!
= oy [87TGN5p+ } : (11.72a)
AN 1 ASf!
= " ap [87TGN5p— } : (11.72b)
ASf" RoOf 8rGnop 1,
— — = - = 11.72
2 3 3 LR (11.72¢)

where R = —Z—A (U —2®). By using 0f' = f"0R, (11.72a)) and (11.72b)) immedi-
ately give

f// f//
_J U= 11.
Qf,5R+¢ 2f,5R+¢, (11.73)
where ¢ satisfies the Poisson-like equation
4G ya?
A¢ = ffV dp. (11.74)
In addition, (11.72c) gives
81Gna?
(A —a*M?)6R = —TJX(;p, (11.75)

where we defined the mass term (of the scalar degree of freedom) as
2ot {f/(RdS)

J"(Ras)

We notice that Eq.(11.75)) is a modified-Helmholtz equation and, if we set dp(r) ~

M(r)/a®, where M is the mass of the structure, Eq. (11.75) and Eq. (11.74) give
respectively

— Rdsj| : (11.76)

26 M oy, G M

3f"ar ’ flar ’
HEq. (T1.70b) means that, in the considered order of approximation, the peculiar velocities of

the test fluid are ignored and Eq. (11.70c) is in the correct order and it is satisfied, a posteriori,

by Eq. (11.73).

SR = (11.77)
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where we assumed that 0 R — 0 when r is large. Finally, the gravitational potentials

from (11.73]) become

GNM e—a]\/[r GNM e—a]WT
Y =— 1 b =— 1-— ) 11.
e (4 5) T -5). wm

Before proceeding to the calculation of the turnaround radius through Eq.(11.23)),
let us comment on these results. First of all, Eq. (11.78)) shows that the effective
gravitational coupling is

GN ( e—]WTph)
Gog — 1+ , 11.79
t f'(Ras) 3 ( )

where 7,;, = ar is the physical distance. So, even in the weak field limit, deviations
from GR, i.e. f'(R) # 1, become evident. Apart from this, we see that the inho-
mogeneities caused by the test fluid, together with the non-linearities of the theory,
contribute as a Yukawa-like correction to the gravitational fields. This has been
observed in different contexts [128,1348|. Such corrections can effectively explain the
flat rotation curves of galaxies, without invoking any exotic form of matter [349).
Moreover, it is worth noticing that, with growing r, the Yukawa corrections vanish,
while U and ® evolve towards a McVittie-like form, which is expected in scalar
cosmological perturbations.

Let us proceed now with the calculation of the turnaround radius. Eq.
gives

12Gy M e Mrpn 1
SO b | 14+ -M . 11.80
"ph RdeI(RdS){ * 3 ( +3 Tph)} ( )

As already mentioned, M is the effective mass related to the further degree of
freedom of f(R) gravity. Thus, Mr < 1 means that the mass of the scalar field
is small and the related effective length is very large with respect to the the Solar

System scale. On the other hand, if the mass M is large, it cannot have observable
effects at late timeﬂ Hence, Eq. (11.80) becomes of zeroth order in Mr

1/3
126y M )> (11.81)

Ras f'(Ras

Clearly, Eq. (11.81) is the same of Eq. (11.63)) for Geg = Gy/f'(Ras), which is
(11.79) for Mr < 1. Thus the constraint (11.66)) becomes

Rqsf'(Rgs) < 5.48A\ . (11.82)

RTA,maX =~ (

120ne can claim that the mass M is a function of the curvature, and then of the energy density,
and thus it is small at cosmological scale and large at Solar System scales like in the so-called
Chameleon Mechanism [72}/350].
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The maximum turnaround radius can be used to set a further criterion for the
viability of f(R) models, through the stability of cosmic structures. As we already
mentioned in Sec. [11.4.1] for late times, when the matter density becomes negligible
compared to A, the Ricci curvature scalar takes the value Rgs = 4A; thus the upper
bound for the first derivative of the model is f'(Rqs) < 1.37 (which, of course, in
GR is f'(Rgqs) = 1). Summarizing, viable f(R) models are those which obey the
following criteria

0< f(R)<1.37, f"(R)>0for R> Rqs > 0. (11.83)
As an example we can consider a power-law model
f(R)=R+aR", n>0, (11.84)

where n is a positive real number and « is a dimensional constant. For n = 0, a plays
the role of cosmological constant. In the literature, there are several constraints on
n (e.g. [351] and references therein) and thus we will consider only n > 2. From
the constraint (11.83)), we find, for example, that for n = 3, it is a < 1/(20A?), as
shown in Fig.1.

11.5 Conclusions

In the second part of the thesis, we focused mainly on cosmological models and
spacetimes. Indeed, most of the (infrared) modifications of gravity emanate from
cosmology. However, it is equally important for a theory to be consistent also with
astrophysical observations. That is why in this third part of the thesis, we focus on
studying the stability of large scale structures in alternative theories of gravity.
Specifically, we have calculated the effect of generic alternative theories of gravity
obeying the Einstein Equivalence Principle maximum size of a structure is given by
the maximum turnaround radius Rr, — the point where the attraction due to the
central mass gets balanced with the repulsion due to the dark energy, beyond which
no compact mass distribution is possible. Thus any model predicting a maximum
size of a structure with a given mass smaller than its actual observed size, gets
ruled out on the basis of the stability of the structure. Conversely, if a given theory
predicts a maximum size larger than the actual or observed size, the theory certainly
persists. The theoretical prediction of ACDM on Rr, was shown to be absolutely
consistent with the observed astrophysical data [281},285], and it is only about 10%
larger than the observed ones for large scale structures with M > 10 M, which
are yet to virialize and much larger for masses below that [286|. Thus, it is clear
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Figure 11.1: In the picture, the observational values of the turnaround radius for some
astrophysical structures are reported. Details about the used data can be found in [323/324]
and references therein. The theoretical bound of the maximum turnaround radius in
ACDM model (blue line), as well as in the power-law f(R)model with n = 3 (orange line)
are reported.

that in order to have a meaningful phenomenolo on the maximum size of large scale
cosmic structures. Thegy with the maximum turnaround radius to constrain various
models, we must consider large scale objects with M > 10*M,. In particular,
such consideration completely rules out dark energy models with equation of state
parameter w < —2 [285].

We have introduced a new definition of the maximum turnaround radius, given
by the turnaround equation ({11.21]), valid in any theory of gravity obeying the EEP
and for any non-spherical bound object. We have further adopted under
the simplified assumptions of a spherically symmetric setup and a time-dependent
cosmological setup with spherically symmetric perturbations arriving at the same
conclusions. In both cases we deal with spherical symmetry. As we discussed above,
since the large scale structures we should apply the turnaround calculation to are
yet to virialize, spherical symmetry seems to be a very good approximation for our
current purpose. The members of such a structure would redistribute their kinetic
energy in order to reach virialization and the structure would get smaller in size.
Thus, non-sphericity would eventually be created, but at a later time. In particular,
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it was argued in [281] that even the maximum departure from non-sphericity is not
very large for most of those structures, except that of the Corona-Borialis superclus-
ter — which may not be a single structure at all. Nevertheless, it is quite instructive
and interesting to extend the current formalism to include non-sphericity as well.
One possibility is to start from the general turnaround equation and con-
sider a non-spherical function ©(t, Z), possibly corresponding to some non-spherical
surface. Another possible way to do this without adhering to perturbation theory,
would be to consider an axisymmetric generalization of the McVittie solution we
investigated by putting in a rotation and also to consider the Sheth-Tormen sta-
tistical mass function instead of the Press-Schechter statistical mass function (see
e.g. [308|) in the analysis of [286].

The most important point we have demonstrated is that the turnaround radii
predicted by both spherically symmetric and cosmological spacetimes are the same
— establishing it as a purely geometric, coordinate invariant quantity. Such equality
was earlier established for ACDM in [281,285]. As an application, we used the
formalism in the context of the Brans-Dicke theory with a positive cosmological
constant. Owing to the severe constraint of the Brans-Dicke parameter from the solar
system data, w 2 40000 [294], we used a perturbative expansion in the Brans-Dicke
parameter in terms of € = 1/(2w + 3) and showed that the maximum turnaround
radius is always larger than that of the ACDM, Eq. since our formula is
only valid for w > 1. The increment of Rry from the ACDM is apparent from
Eq. — depicting the increment of the term Gy M for a finite and positive
w, keeping A fixed. The physical meaning behind this is related to the fact that
since the gravitational attraction in Brans-Dicke is increased compared to GR (due
to the additional scalar mediating gravity), we should move further radial distance
away than ACDM in order to get it balanced by the repulsion of the dark energy
whose value is being fixed. In other words, the maximum size of a structure with
given mass should be regarded as the maximum length scale up to which it can hold
itself against the repulsion due to the ambient dark energy. If we specify the latter,
certainly Rry would increase with increasing mass or gravitational coupling.

Furthermore, we studied whether it is possible to constrain f(R) invoking the
maximum turnaround radius. To do so, we considered two approaches: the first
concerning a spherically symmetric metric and the second adopting cosmic pertur-
bations. In both cases, we got analogous outcomes which allow the existence of
stable structures according to a stability criterion which is f'(Rqs) < 1.37.

Another important point to note here that we have used the definition of the
mass and the cosmological constant as that of the General Relativity in Eq. .
Certainly, this should not be the case in general and such parameters should be
defined within the framework of the theory itself. However, as long as we are doing
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perturbation theory over ACDM, such notion seems practically reasonable. Similar
considerations within the Brans-Dicke theory in the context of the Parameterized
Post-Newtonian formalism can be found in [7,307]. In any case, our result shows
that the Brans-Dicke theory is perfectly consistent with the mass versus observed
maximum sizes and hence the stability of structures.

It would be highly interesting to go beyond the first order perturbation theory
considered here, in order to further investigate the stability issues. We hope to
return to this in a future work.
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Chapter 12

Epilogue

12.1 Summary

Let us now summarize in brief the work presented in this thesis. In chapter [1] we
motivated the thesis, describing the current picture of gravity through its journey in
history. We refered to what the theory implies at both astrophysical and cosmolog-
ical scales and we discussed its riddles. Then, we splited the thesis into three parts:
in the first one, we presented the geometric foundations of gravity and we formulated
the Geometric Trinity of gravity, i.e. GR, TEGR and STEGR; in the second one, we
used Noether’s theorem to investigate and classify different theories of gravity in the
cosmological minisuperspace and in the last one, we tried to set some astrophysical
constraints on alternative theories through the notion of the turnaround radius.

In particular, in chapter [2| we presented the necessary criteria that a theory of
gravity should satisfy and we discussed the affine structure of spacetime. Then, in
the next three chapters, i.e. chapter 3| chapter [d and chapter 5, we formulated the
three alternative representations of gravitational interactions that are dynamically
equivalent, General Relativity, Teleparallel and Symmetric Teleparallel gravity. The
first one describes gravity as the effect of the curvature of spacetime, while the
other two suggest that gravity is mediated through the torsion and non-metricity
of spacetime respectively. We also discussed possible modifications of each of the
above that have been considered in the literature.

In the first chapter of the second part, [6] we presented the so-called Noether
Symmetry Approach (NSA). We know that symmetries play a significant role in
field theories and for this reason we use the NSA as a geometric criterion to select
theories of gravity. It turns out that the Lie and Noether symmetries of 2nd order
differential equations can help us classify dynamical systems that are invariant under
point transformations. Moreover, we can calculate the invariant of each symmetry
and use them to reduce the dynamics of the system, in order to find exact solutions.
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In the rest four chapters of the second part, we applied this method to several
modified theories of gravity. In particular, in chapter [7, we considered the most
general scalar-tensor theory (with a single scalar field) that leads to second order
equations of motion, i.e. Horndeski’s theory, and using the Noether Symmetry
Approach we found those models that accept Noether Symmetries in cosmology.
Furthermore, we mapped known scalar-tensor theories to the Horndeski action and
found the necessary conditions that have to be satisfied to have cosmological solu-
tions. In chapter 8] we classified those models of f(R,G) gravity, where R is the
Ricci scalar and G is the Gauss-Bonnet topological invariant, that have Noether
symmetries in a cosmological minisuperspace. Those models of pure f(G) gravity in
a spherically symmetric spacetime were also considered. In both cases, we used the
symmetries of the models to find exact solutions. In addition, in chapter [9 we stud-
ied the symmetries of the Teleparallel Gauss-Bonnet gravity, which is the teleparallel
equivalent of f(R,G) gravity and in chapter , we did the same for the non-local
Teleparallel theories. All these theories are motivated by current observations.

A “good” theory of gravity, however, should behave correctly at astrophysical
scales too. That is why, in the last part and specifically in chapter we used the
maximum turnaround radius of structures, which denotes the maximum size that
a structure can have, as a stability criterion of the large scale cosmic structures,
in order to test alternative theories of gravity. We derived a general formula for
those theories that respect the Einstein Equivalence principle and we studied two
examples: the Brans-Dicke theory and the f(R) class of theories.

12.2 Conclusions and Future Aspects

One could reasonably argue, if the two alternatives of GR, i.e. TEGR and STEGR,
are equivalent to it, then what is the motivation of studying them? And it turns
out the advantages are a lot.

First of all, General Relativity is based on the universality of free fall, that is in-
trinsically prescribed in the weak equivalence principle. It is the only interaction in
nature though, that exhibits it; no other fundamental interaction does. Teleparallel
theories, being gauge theories can come along with universality, but can absolutely
survive without it too. Tt is also argued [367] that since Newton’s theory complies
with non-universality, it is a more natural non-relativistic limit in Teleparallel the-
ory than in GR. Furthermore, the strong equivalence principle of GR, establishes
the local equivalence between gravity and inertia. This makes it impossible to rec-
oncile with quantum mechanics, whose basic asset is the uncertainty principle that
is fundamentally nonlocal, i.e. test particles do not follow a specific trajectory, but
instead, infinitelly many trajectories, with different probabilities.
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Subsequently, the physical description of gravity is totally different in Teleparallel
gravity; curvature is replaced by torsion and geometry by a force. That is because
teleparallelism is a gauge theory of the translations in Minkowski spacetime, i.e. the
tangent space of each point of any spacetime. This gives two distinct characteristics
to teleparallel theory: the first one is that it explains why gravitation has the Noether
current of translations for source energy-momentum. The second one is that it differs
from U(1) or from Yang-Mills in the sense that the tangent bundle is soldered and
not internal. However, it keeps every property that a gauge theory should have.
Effectively, this means that it is more appropriate to be unified with the other three
fundamental interactions, in contrast with GR, and in addition it is easier to be
quantized.

Finally, a further advantage of teleparallel theories is that, it does not encapsulate
the problems of the spin-2 theory constructed on the framework of GR. Specifically,
being a gauge theory it does not geometrize the gravitational interaction and thus
it is more natural to define a spin-2 field in its context.

That being said, the author hopes to have contributed a small piece to the
huge structure of gravitation theories existing in the literature. It maybe proven
in a couple of years that GR is the final theory of gravity (even though current
observations do not converge to that), but even in that case we will have learned
its limitations and we will have secured our faith in it. On the other hand, if the
opposite is proven, then all the existing modifications of standard GR would be
nothing more than toy-theories. In this sense, teleparallel theories could play a
very important role. A trivial but realistic example is that, if for some reasons
the equivalence principle will be disproved, then GR becomes useless. In that case,
teleparallel theories could replace it.

All in all, it is very well known so far that GR together with the concordance
model in cosmology, ACDM, have been really successful with experiments and ob-
servations. It is also true, that cosmology, astrophysics and high energy physics
motivate the hunt for an alternative description of gravitational interactions. Up
to now, a plethora of theories has been proposed and studied in this sense and of
course it has been made significant progress in the field. However, we would connive
if we would not notice that none of the proposed theories can be as successful as
GR. The reason for this is even deeper; the common method to the day, to formulate
a modified theory of gravity, is the so-called trial and error method. In practice,
this is when one tries to violate one of the basic assumptions of GR and studies
if the resulting theory is valid or not. Nevertheless, it may be the case that we
should change our approach, chasing more the fundamental, underlying principles
that a good theory of gravity should have. The future of gravity and cosmology is
unknown; but it is in our hands to solve the current problems. Martin Amis (British
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novelist) recently claimed that “we’re five Einstein’s away from explaining the Uni-
verse’s existence”. We can either prove him right, by continuing to work wearing
blinkers [369] or we can seize the day, following the hardest path, hoping that it
leads us to the promised land. It is our decision.
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Appendix A

Perturbative solution of the
background FRW in Brans-Dicke
theory

In this appendix we give a formal derivation of the perturbative background FRW
solution presented in section We give the derivation for a general matter
source in the presence of curvature and specialize at the end to a constant-w com-
ponent in a flat universe.

We eliminate the t-dependence in the background field equations by changing
variables from ¢ to Ina so that the Friedman equation becomes

8nG = 3K
—p —_———

2 _ pt o2
e 3 (14 Ldlnd 211 (dme)’ (A1)
< ‘|‘§dln(z) T ic <d1na>
while the scalar equation ((11.38)) can be formally integrated to
n n 1 1 B _ a3 A
O =g+ € 81G dlnagﬁ dlna(p—?)P)E (A.2)

We have set the initial condition qg(i”) to zero as it leads to a decaying solution.
The calculation now proceeds by expanding the fields as

¢ = ¢o (1 +) ¢n6"> (A.3)
H=H <1 + i hne"> (A4)

where H is the time-dependent Hubble parameter in the limit ¢ — 0 (not to be
confused with the Hubble constant Hy) and is given by 3H? = Sg—oGﬁ — i—’;
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Let us define the operator S[A, B] acting on functions A and B by

87G 11 _ a3
= — Ina——= 1 0 — —B. A,
SI4. B = =% /dnaa3HA/dna(p 3P) B (A.5)

This operator is then used to construct the perturbed variables ¢, from the scalar
integral (A.2). The first three expansion coefficients are

¢ = S[1,1] (A.6a)
¢y = —S[1, hy] — S[h, 1] (A.6b)
¢3 = S[1,h? — hy] + S[h1, h1] + S[h? — hy, 1] (A.6c)

The Friedman equation (A.1) is also perturbed to give

1 1 1-
hy = X1 (1 - EXI) —(1- QK)§¢1 (A.7a)
1/ - 1 1, - 3 1\’
ho = —3 (X2 —¢1X1 + ZLX%) + EXl (X2 - ¢1X1) + gX% (1 — EX1>
1 3., - 1. _ 1 1
+ 5(1 — Q) {Zﬁﬁ — G2+ §¢1X1 (1 - ﬁ)ﬁ) + Z—lQKCﬁ%} (A.7b)

where y,, = dqgn/dlna and Qi = /4@‘2/11_[. The final solution is constructed from
and with the help of (A.5)). In particular one proceeds as ¢; — hy —
¢y — hy — ... and so forth.

A particular case of interest is a flat universe with Qx = 0 and matter with
constant equation of state w. Then

_ 4
O = ¢o [1 +2(a+a® 4+ a*)Ina + (2% + 40®) In a + 5043 In’a+.. ] (A.8)

and

H:}_]{l 15— 3w (1—3w)(3—w)a2_(a+(1—3w)

61w 241 -w)? 6(1— w)

(A.9)

h
whnere 1 — 3w
o =

Al
T € (A.10)

Clearly, in a radiation dominated Universe, the solution is ¢ = constant and H = H
as we would expect from the fact that the scalar couples to the trace of the energy-
momentum tensor.

Imposing w = —1 in (A.8) and (A.9) and keeping terms to O(e) gives (11.40)
and (11.41) after letting H = Hy = ,/%.
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Appendix B

Basic variations

In this chapter we will provide all the necessary variations that were implicitly, or
explicitly used throughout the thesis. Based on these variations one can calculate
more complicated equations of motions, such as f(R), f(T), f(G) theories, as well
as theories with (non-)minimally coupled scalar fields.

B.1 Metric variations

Consider an n—dimensional (pseudo-)Riemaniann manifold described by a metric
guv- Its inverse is defined through

g;wgmj = 55 ) (Bl)

where all the indices run from 0 to n. Varying that, and contracting with g,z we
get

(69) 9 + Gu0g™ =0 =
(69u) 65 + Guv9apdg™ = 0 =
09us = —Guw9apdg™" . (B.2)

It is easy to see from (B.1)) that, g,,¢"” = n. Varying that, we get
glw(sgw/ = —QWCSQW . (B3)

On the same track, the determinant of the metric is defined as

g = det(gu) , (B.4)
and from Jacobi’s formula we easily see that
dg = ddet(g,) = 99" 0 - (B.5)
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Using this together with (B.3)), we get
1 1
5(v79) =

v 1 14
5V =9(9"0guw) = =5V =9 (909") . (B.6)
The variations of the Christoffel symbols, Ricci and Riemann tensor can be found

N

in any basic textbook of GR so their calculations will be omitted. We just write

them down for completeness
1

o, = 59(” [V(dg:2) + V4 (0g51) — Va(0gsy)] (B.7)

OR% g5 = 2V [,0I"" 53 = V.05 — V50115, (B.8)
OR,, = 0R% 100 - (B.9)
In the Gauss-Bonnet scalar, contractions of the Ricci and Riemann tensor appear,

so it would be interesting to obtain their variations. For the “squared” Riemann
tensor we have

O(Ryuvpe R'"P7) = Ry poe 0 RMP7 + RFP7 R 1 po
= 2RMP7 SR, pe + AR, Ryap 09"
= 2R, OR" s + ZR#aﬁVRl,amég“” ) (B.10)
Finally, for contractions of the Ricci tensor we have similarly

(R R"™) = R, 6R™ + R"™6R,, = 2R™5R,, + 2R o R*,69" . (B.11)

B.2 Tetrad variations

Tetrad variations may not be so common in the literature. However, using the
relations between metric and tetrad, one can obtain all the necessary results in a
somewhat cumbersome but straightforward way.

Let us see some examples. The action of the Teleparallel Equivalent of General
Relativity is given by

— 1671'1GN /d%eT + /d%eﬁmat , (B.12)
where L, is the matter Lagrangian. Varying we get
= 16771GN /d4az ((0e)T + edT) +/d4x5(e£mat). (B.13)
As we said before, using the relation g"” = n®EFEY it is easy to obtain
ogh” = — (g”ﬁEf; + g“BEZ) def (B.14)
de = eEf(Se% . (B.15)

170



Appendix B. Basic variations

In addition, in analogy with (B.1)) we can also obtain from E* e = ¢¥  the following
0E, = —E)E!de and 0,E, =—E)E"0,e. (B.16)

n—m %

Now, the second term in (B.13) gives
1 1
edT = e (Zd(T“”ﬁng) + 5(5(T“”ﬂTmﬁ) - (5(T“TM))) , (B.17)

where by using the above we find that

0T" ., = —EJT? 0¢84+ EL(9,0¢ — ,6¢l) (B.18)
OTH = — (BMT° + g" T, + T° ) 6e® + g" E° (D,0¢% — 0,0¢%) . (B.19)

Coming back to (B.17)), the three terms in the brackets are now expressed as

S(T"PT,,5) = —ATHPT,,, BT 6e% + AT, /P B0, 6¢5 , (B.20)
8(THPTy,p) = 2 (T — T") T,us Eoes, + (T — T /) EXduo¢s,,  (B.21)
§(I"T,) = =2 (1175, + T°T,) Elidel + 2 (T7Ey — T"E]) 056¢),.  (B.22)

If we integrate out all the boundary terms, finally we get
edT =4 (—0,(eS,"") + €T ,aS,"") bef, (B.23)
and the equations of motion of TEGR are given by
éau(eSa“B) —4T7,,S,"" — TE? = 16rGNT?, (B.24)

where we defined the energy-momentum tensor to be

1 6(€£mat>

1. =
e 56%

(B.25)
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Appendix C

Notetion and Conventions

Here we will spell out the conventions and definitions used throughout the thesis. As
already known, the three different representations of gravity were described. This
means that different geometries and thus different connections were used to calculate
all the necessary quantities. For this reason, we have to be careful and precise with
the notation, in order to distinguish between the mathematical tools used and this
is the reason which we include all the notations and conventions used throughout
the thesis.

We use the letters/symbols R, V, , etc to denote the Ricci tensor, the covariant
derivative and so on, that are defined through a general affine connection I'“,,.

Moreover, symbols with an open circle on top, i.e. R, V,, etc are defined through

the Levi-Civita connection I'*,, = {®,,}; while others with a bullet on top, i.e.

R, etc are defined through the Weitzenbock connection fauy. However, in chapters
like [8] [7], [11] we use only curvature based theories, so it is redundant to use the © and
therefore we omit it. In the same spirit, we do the same in chapter [9] where we use
only quantities in teleparallel geometry.

Other symbols are denoted as follows:

gt Lorentzian metric,

g: Determinant of g"”,

(uv): Symmetrization over the indices p and v,
%k Anti-symmetrization over the indices p and v,
ey Tetrad field,

EF;: Inverse tetrad field,

e: Determinant of tetrad field,

S, Matter action,

Lo Matter lagrangian density,

T Energy-momentum tensor of matter fields.
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Finally, in the second and third parts whenever we study curvature based theo-
ries, we use the, usual in cosmology, signature (— +++). However, when we discuss
teleparallel theories, it is better to use the opposite one, i.e. (+ — ——). The speed

of light ¢ is set to unity throughout the thesis and Newton’s constant is denoted by
Gn.
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10.1

11.1

The diagram shows how to recover the different theories of gravity
starting from the scalar-field representation of the general theory.

In the picture, the observational values of the turnaround radius for
some astrophysical structures are reported. Details about the used
data can be found in [323]/324] and references therein. The theoretical
bound of the maximum turnaround radius in ACDM model (blue
line), as well as in the power-law f(R)model with n = 3 (orange line)
are reported. . . . . ... L L L
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7.1 We summarize the Horndeski functions with respect to the Noether
Symmetries; g;(X) are arbitrary functions of X, the kinetic term; ¢;

are arbitrary constants and &, ¢; and oy are the constants coming
from the Noether vector.
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