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Zusammenfassung

Diese Dissertation widmet sich der Untersuchung der Symmetrie in Theorien
fiir Spin-2-Felder. Insbesondere beschéftigen wir uns mit der Frage, ob die
vollstandig nichtlinearen Theorien fiir masselose und massive Spin-2-Teilchen,
namlich die Allgemeine Relativitats- und die bimetrische Gravitationstheo-
rie, aus der Formulierung der reinen Eichtheorie abgeleitet werden koénnen.
Dartiber hinaus untersuchen wir die diskreten Symmetrien, die in einer Theo-
rie mit mehr als einer Metrik auftreten konnen, wenn wir eine Metrik wahlen,
um die Dynamik der Raumzeit zu beschreiben, wahrend alle anderen exakt

auf gleicher Augenhohe behandelt werden.

Zu diesem Zweck betrachten wir die Chern—Simons-Theorie in fiinf Dimensio-
nen, die mit der Anti-de-Sitter-Gruppe AdSysy; = SO(4,2) ausgestattet wird.
Mit der Tatsache, dass diese Gruppe isomorph zur konformen Gruppe in vier
Dimensionen, Cs,q, ist, driicken wir die Theorie in der Basis fiir die konforme
Algebra aus. Die Eichfelder, die den Translationen P, und speziellen konfor-
men Transformationen K, entsprechen, jeweils bezeichnet durch e* und 2%,
werden dann nach der Implementierung mehrerer dimensionaler Reduktions-
schema als zwei Vierbeine interpretiert. Auf der vierdimensionalen Ebene
finden wir fiir verschiedene Schemen, die die Chern—Simons-Theorie auf eine
Generalisierung der Allgemeinen Relativitdts- und der konformen Gravita-
tionstheorie erster Ordnung reduziert. Dariiber hinaus fithren wir eine dop-
pelte Chern—Simons-Theorie in fiinf Dimensionen mit der Symmetriegruppe
SO(4,2)xS0(4, 2) ein. Wir brechen die Symmetrie runter auf SO(3, 1) x SO(2)
und gelangen nach einer dimensionalen Reduktion zu einer Verallgemeinerung
der vierdimensionalen bimetrischen Gravitationstheorie. In allen Fallen disku-

tieren wir die Restsymmetrie der Wirkungen auf der vierdimensionalen Ebene.



il ZUSAMMENFASSUNG

Wir betrachten auch eine geisterfreie Multigravitationstheorie mit der physika-
lischen Metrik g,,, und den Satellitenmetriken fﬁ), wobei p=1,..., N. Dazu
erforschen wir die diskrete Symmetrie, die entsteht, wenn der Austausch zwis-
chen den Satellitenmetriken die Wirkung invariant verlasst und auch wenn
beide Quadratwurzeln i\/m in der Wirkung zum gleichen Interaktions-
potenzial zwischen den physikalischen und den Satellitenmetriken fithren. Die
entstehende globale Symmetriegruppe ist isomorph zu Sy x (Z,)". Dariiber
hinaus analysieren wir das Massenspektrum der Theorie mit der diskreten
Symmetrie. Wir konzentrieren uns dann auf den trimetrischen Fall, da sich der
multimetrische Fall ahnlich verhalt und nicht zu einer neuen Phanomenologie
fiihrt. Das masselose Spin-2-Feld G, vermittelt die weitreichende Gravita-
tionskraft der Raumzeit, auf der die massiven Spin-2-Felder M, und x,.
propagieren. Mit storungstheoretischen Mitteln analysieren wir die Vertices
der Theorie im Hinblick auf die Spin-2-Felder. Wir finden, dass das Spin-2-
Teilchen mit der kleineren Masse, X, stabil ist und insbesondere nicht in
masselose Gravitons zerfallen kann. Wir postulieren, dass dieses Spin-2-Feld

einen Bestandteil der Dunklen Materie darstellen kann.



Summary

This thesis is devoted to the investigation of the symmetry in theories for
spin-2 fields. In particular, we address the question whether the fully non-
linear theories for massless and massive spin-2 particles —namely standard
general relativity and bimetric gravity, can be obtained from a pure gauge
theory formulation. Furthermore, we explore the discrete symmetries that can
arise in a theory for many metrics, when we choose one metric to describe the

dynamics of spacetime while keeping all others exactly on an equal footing.

To this end, we consider the Chern—Simons gauge theory in five dimensions
valued in the anti-de Sitter group AdSsy1 = SO(4,2). Using the fact that
this group is isomorphic to the conformal group in four dimensions, Cs,, we
express the theory in the basis for the conformal algebra. The gauge fields cor-
responding to the translations P, and special conformal transformations K,,
denoted by e® and * respectively, are then interpreted as two vierbeine after
implementing several dimensional reduction schemes. At the four dimensional
level we find for different schemes that the Chern—Simons theory reduces to a
generalisation of standard general relativity and first-order conformal gravity.
Moreover, we introduce a doubled Chern—Simons theory in five dimensions
with symmetry group SO(4,2) x SO(4,2). We break down the symmetry to
SO(3,1) x SO(2) and after a dimensional reduction, we recover a generalisa-
tion of 4-dimensional bimetric gravity. In all cases, we discuss the residual

symmetry of the actions at the 4-dimensional level.

We also consider a ghost-free multigravity theory with the physical metric
9w and the satellite metrics fﬁﬁ) where p = 1,..., N. For this, we explore

the discrete symmetry that arises when the interchange between the satellite
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iv SUMMARY

metrics leaves the action invariant and also when both square roots j:\/m
in the action lead to the same interaction potential between the physical and
the satellite metrics. The global symmetry group that arises is isomorphic to
Sy x (Zy)N. Moreover, we analyse the mass spectrum of the theory with the
discrete symmetry. We focus then in the trimetric case since the multimetric
case behaves similarly and does not lead to new phenomenology. The massless
spin-2 mode G, mediates the long-range gravitational force of the spacetime
on which the massive spin-2 modes M, and x,, propagate. By computing the
perturbative expansion, we analyse the vertices of the theory in terms of the
spin-2 modes. We find that the spin-2 particle with the smaller mass, x,., is
stable and in particular, it cannot decay into massless gravitons. We postulate

that this spin-2 field can be a component of dark matter.
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Notation and conventions

In this thesis we repeatedly use the covariant index notation for tensors and
connections defined in (p+ q)-, (p+ ¢+ 1)- and (p+ ¢ + 2)-dimensional spaces.
The following type of letters are used for indices of (pseudo)-tensors and con-

nections under diffeomorphisms:

M7V7"’:]‘7"’7p+Q7
m,n,...=1,....p+qg+1,
M,N,...=1,....p+q+2,

while for the indices of (pseudo)-tensors and connections under local Lorentz,

(anti)-de Sitter and conformal transformations we use

a,b,...=1,....,p+q,
AB,...=1,....,p+q+1,
IJ,...=1,....p+q+2,

respectively. The following table summarizes the symmetry groups mentioned

in this manuscript:

Name Symbol | Group Killing metric (p+¢=3+1)
Poincaré Pyiq | ISO(p, q)

Lorentz Lyiq | SO(p,q) Ny = diag(+, +, +, —)
translations Tpiq | T(p,q) (abelian)

anti-de Sitter | AdS,+, | SO(p,q¢ + 1) nap = diag(+, +,+, —, —)
de Sitter dS,., | SO(p+1,9) nap = diag(+, +, +, —, +)
Conformal Cpiq | SO(p+1,q+1) | nry = diag(+,+,+, —, F, %)

1X



NOTATION AND CONVENTIONS




Contents

Zusammenfassung

Summary

Acknowledgements

Curriculum vitae

Notation and conventions

Contents

1 Introduction

1.1
1.2
1.3
1.4
1.5
1.6

Standard general relativity . . . . . ... ..o
Symmetries . . ... ..
[ssues with gravity . . . . .. . .. .. ... ... ... ... .
Lanczos-Lovelock & Chern-Simons . . . . . . ... .. ... ..
Spin-2 fields . . . . . ...

Structure of this thesis . . . . . . . . . .. ... ...

2 Symmetries

2.1
2.2
2.3
24
2.5
2.6
2.7

Symmetry Scenarios . . . . . ...
Inonii—-Wigner contraction . . . . . . ... ... ... ... ...
Parametrized conformal algebra . . . . . . . ... ... ... ..
Expansion of Lie algebras . . . . . .. ... ... ... .....
Differential forms . . . . . .. .. ... ... L.
Gauge theory for the conformal group . . . . . . . ... ... ..
Chern—Simons forms . . . . . . ... ... ... ... ...

3 Spin-2 fields

3.1
3.2
3.3
3.4
3.5
3.6

Einstein . . . . . . . . . .
Fierz—Pauli . . . . . . . . . ... ..
De Rham—Gabadadze—Tolley . . . . . . . . ... ... ... ...
General reference metric . . . . . . ..o L.
Hassan—Rosen . . . . . . . . . . . ... ...
Hinterbichler—-Rosen . . . . . . . . . . . . ... ... ... ...

x1

iii

vii

ix

xi

19
19
23
26
32
34
38
42



xii CONTENTS

3.7 Models with discrete symmetry . . . . . ... ..o 60
4 Gauge theories for gravity 69
4.1 Poincaré (non)-invariance of gravity . . . . . . . ... ... ... 69
4.2 Conformal gravity . . . . . . .. . ... 72
4.3 First-order conformal gravity . . . . . . . .. .. ... ... 74
5 Conformal Chern—Simons theory 79
5.1 Theaction . . . . . . . ... ... 80
5.2 Dimensional reductions . . . . . . ... ..o 88
6 Dark matter in multimetric gravity 101
6.1 Perturbative expansion of the action . . . ... ... ... ... 101
6.2 Lighter mode as component of dark matter . . . . . .. ... .. 107
7 Conclusions 111
A Formulae in geometry 115
B Further calculations and expressions 119

Bibliography 125



Chapter 1

Introduction

In this chapter we review the main aspects of the Lagrangian formulation of
Einstein’s general relativity and the actions for the first-order formalism of
gravity. We then discuss the importance of symmetries in physical theories
and motivate a gauge formulation for gravity. Next, some issues of general
relativity are mentioned to motivate the generalisation of general relativity
and the quest for modified gravity theories. We then present the generalisa-
tion of gravity to higher orders in the curvature and to arbitrary dimensions
and we discuss its connection to Chern-Simons theory. The main aspects of
the Lagrangian formulation of spin-2 field theory are presented afterwards and
finally, we discuss how spin-2 field theory can be connected with other gauge
formulations of gravity and whether the dark matter ingredient can be a mas-
sive spin-2 field. At the end of this chapter we present an item-list with the

contents of this manuscript.

1.1 Standard general relativity

The main role of theoretical physics is to describe the motion of particles,
fields and systems in terms of their energy and momentum. Standard general
relativity is the theory for the motion of spacetime. The field equations for

spacetime in absence of matter are known as the Einstein equations [4, 5] in

1



2 1. Introduction

vacuuin
Ry —19R=0. (1.1)

Here g, () is the metric tensor of the manifold spacetime and it allows us to
define distances and angles on it. We also have the Ricci tensor R, and the
scalar curvature R, both expresable in terms of the Riemann tensor R*,, , (see
§ A.1 for the definitions), which describes the curvature of the manifold. The
Riemann tensor depends directly on the Levi-Civita connection I' and its first
derivatives. Furthermore, I' depends on the metric and on its first derivatives.
Thus, the Einstein equations are second-order partial differential equations for
the metric. The corresponding action for the Einstein equations is known as
the Einstein—Hilbert action [6]. It has the metric as covariant dynamical field
or the vielbein one-form e®(x) when we use the language of differential forms.

In D = p + q dimensions the action is given by

Senlg] :/dDI 9] 9" Ry (9) (1.2a)

Seule] = ﬁ / €ay..ap R (e) N A Ne | (1.2b)
respectively for the metric g,,, or the vielbein form e = e dz# where g, (e) =
eauebynab, with 7,, being a diagonal Minkowski metric with p entries +1 and ¢
entries —1 and also where R%(e) is defined in eq. (A.9). The actions above lead
to the same dynamics, however, the tensor g,, has D(D + 1)/2 independent
fields while e, has D?. The action (1.2b) has the extra symmetry of local
Lorentz transformations €/ = A% (%) ¢® where 6% = —0°* are D(D — 1)/2
parameters. The number of fields of Sggle] minus the Lorentz symmetries

gives the true numbers of fields as in Sgy|g].

Besides distances and angles, parallelism is another geometrical concept that
tells us how we transport a tangent vector along a curve on the manifold. To
define this mathematically we need a connection, an object that in principle
does not depend on the metric. The first-order formalism of standard gen-
eral relativity consists in considering independently connection and metric. In
the tensor language one considers an independent connection I'*, and in the
differential forms language one considers the so-called spin connection w"‘ﬁu
defined through

F"W(w, e) = e, 0,€e", + ea"w“bueb (1.3)

v



Standard general relativity 3

This equality is the bridge between the tensors and forms language and it is
known as the vielbein postulate because one cannot prove it but one has to

include it as axiom. In the first order formalism the actions

Sep[l', 9] = / d”z v/]g] 9" Ry (T) , (1.4a)

Sgclw, €] = ﬁ / €ay..ap R (W) Ne® A NeP | (1.4b)
are known as the Einstein—Palatini [7] and Einstein—Cartan [8-13] respectively.
For the Einstein—Palatini theory, the equation of motion for I" implies that the
connection I is the Levi-Civita connection, therefore by integrating I" out one
recovers Einstein—Hilbert theory. For the Einstein—Cartan theory, the equation
of motion for w and the vielbein postulate imply that the connection I' is the
Levi-Civita connection. A further generalisation of the Einstein—Cartan theory
is given by the action introduced by Plebanski, for which the fundamental field

that carries geometry is the set of two-forms B® = e® A eb [14].

All the theories above consider in addition that the metric is covariantly con-
stant. This means that, given a connection I', then its related covariant deriva-
tive acting on the metric vanishes, i.e. VE gux = 0, where the action of the
covariant derivative VE on an arbitrary range-2 tensor V,,, is defined in eq.
(A.3a). This equation is called the compatibility condition and it demands
that the metric has to be covariantly constant, i.e. from a point P, its compo-
nents must not vary when transported along curves arriving to point ). The
compatibility condition is generally assumed since it implications are directly
measurable: if we have two cubes of the same volume —notice that in order
to measure their volumes we have to have used a metric— at P, they should

have the same volume at Q).

As we explain in § 1.3, standard general relativity, although highly success-
fully supported by local tests and explaining numerous phenomena, fails when
applied in quantum contexts or when compared to the predictions of quan-
tum field theory. This motivates the search for modified or generalised gravity
theories. As described in detail in § 1.5, in this dissertation we study both

generalisations and modifications of standard general relativity.
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1.2 Symmetries

One of the powerful aspects of physics is the capability to describe motion. Let
us consider a sphere in a room, hanging by a thread from the ceiling. We can
make the sphere rotate and that will be for sure a motion that we will be able
to describe; in this case with classical mechanics. If we turn the lights off, then
we make rotate the sphere and then we turn the lights on again, nobody will
be able to say what was the motion suffered by the sphere, because throughout
the motion the sphere is undistinguishable. The system has a symmetry and it
prevents us to know information about its motion. As we already mentioned,
to describe the motion of a system in terms of its momentum and energy is one
of the main tasks in theoretical physics, but symmetry, apparently, prevents
us to do it. We will see, however, that systems with symmetry are generically

easier to describe.

In deterministic terms, one says that any motion in nature can be associated
with a particular Lagrangian function £(¢). This Lagrangian will eventually
have some symmetries under the redefinition ¢ — ¢’ such that £(¢’) looks
exactly as L£(¢). The Lagrangian that describes the geometry of the 2-sphere:
L(z,y,z) = x* + y* + 2% has the symmetry

(2,y,2)" — (¢, 2)" = R(6%,0",0%)(z,y,2)" , (1.5)

with R(6*,0Y,0%) being a 3-parameter matrix in SO(3) and where T denotes
the transpose. The geometric interpretation of this invariance is that, however

we rotate the sphere, we will always see the same sphere.

Since along the direction of a symmetry it occurs always the same physics, we
do not need to extend a coordinate in that direction to describe what happens.
The equations of motion do not have to be integrated in that redundant co-
ordinate and therefore, the calculations are significantly simpler. Identifying
the symmetries of a physical system is thus relevant and being able to do it
is connected with the mathematical structure of the system itself: when we
have already considered all the sufficient coordinates to describe the system
by implementing all the symmetries, the number of coordinates is precisily

its number of degrees of freedom. A crucial insight in the mathematics of
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symmetries was made by Noether [15], who realized that for every symmetry
that we can find in a physical system, there is then for a certain variable a
conservation law. In a next level of abstraction: it is not only that we find
symmetries in physical systems but also in physical theories themselves. For
example, the Einstein—Hilbert Lagrangian is invariant under the general co-
ordinate transformation x* — a#, as long as x'* depends smootly on the old
set of coordinates x* and as this transformation is invertible. This invariance
relates to the conservation of the stress-energy tensor. Another well-known
examples are Newtonian and relativistic theory of mechanics. For those cases
the homogeneity of space and time is related to the conservation of momentum

and energy respectively.

A particular mathematical treatment for the symmetries of an action is the
so-called gauge formulation. A gauge theory is a physical theory for which
the action is invariant under some field transformations A, — A, which can
be derived from the symmetry rules of a certain Lie group!'. For example,
quantum electrodynamics is invariant under the field transformations induced
by the Lie group U(1). The field content of a quantized gauge theory is made up
by gauge bosons. The standard model of particle physics is invariant under the
action of the Lie group U(1) x SU(2) x SU(3) and the gauge bosons correspond
to the photon «, the bosons W= and Z° and the gluons \?, i = 1,...,8. Both

mentioned theories have an action that can be expressed as a Yang—Mills action

Syl A] = / (F.+F) (1.6)

valued in the respective Lie groups. Here F' = F dz#®T, is the field strength
associated with the gauge field A and (T, T;) is the Killing metric of the Lie
group. The usual 4-dimensional Einstein theory for gravity is, however, a
theory that cannot be formulated as Yang—Mills gauge theory. We discuss
more about this fact in § 1.3. Since gravity a la Einstein is not renormalizable
and given that the gauge formulation of theory seems to be the key for its
renormalization, we would like to formulate gravity as a gauge theory. It turns

out though, that (2n + 1)-dimensional gravity with cosmological constant plus

'In this manuscript, when there is no possible ambiguity, we refer indistinctly to the Lie
algebra of a Lie group and to the Lie group itself. This we do in a context where the relevant
meaning is the symmetry of a gauge theory. If we are studying the commutation relations
we refer to the symmetry as the Lie algebra.
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higher-order curvature terms can be formulated as the Chern—Simons action

Ses[A] = / Q@+ (4) (1.7)

for the group SO(2n,2). Here Q® is the Chern-Simons form of order 5 [16].
Against what one could have expected, 4-dimensional standard general relativ-
ity is not invariant under the gauge transformations induced by the Poincaré
group (see § 4.1 for a detailed explanation as well as ref. [17]) and, therefore, we
ask ourselves if it can be formulated a pure gauge theory in the same spirit as
the Yang—Mills approach for the standard model. In this thesis, we deal with
the formulation of 5-dimensional geometries as Chern—Simons actions and we

study their connection with gravitational fields.

1.3 Issues with gravity

In the current state of theoretical and experimental physics research there are
many problems that suggest that we should consider a more generalised theory
of gravity. Some of those are: the cosmological constant problem, the nature
of dark matter, why inflation happened, how to formulate quantum gravity.
Also, given that the fundamental interaction of the standard model can be
formulated as a Yang—Mills gauge theory, the pure gauge formulation of gravity
has been object of study in the last decades, although without success. Up to
the community knowledge, 4-dimensional standard general relativity cannot

be formulated as the gauge theory for some Lie group (see e.g. refs. [17,18]).

Furthermore, the search for modified gravity theories, i.e. generalised gravity
theories satisfying the correspondence principle by leading to standard general
relativity at some limit and that pass the small scale local tests of it has
been an active subject of research in the last century in order to solve this
queries: examples of modified gravity theories are massive gravity a la Fierz—
Pauli [19], f(R) gravity [20], Horndeski’s theory (which generalises many other
scalar-geometry interactions theories) [21], modified Newtonian dynamics [22],
massive gravity d la de Rham—Gabadadze—Tolley [23,24] and bimetric gravity
[25], among others (see refs. [26-30] for detailed reviews).
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To understand more: in the case of massive gravity it could be that the new
parameter of the theory, i.e. the mass of the graviton m,, adds desirable
effects and that it solves the problem for dark matter. Other example; in
the case of quantum gravity one main problem of the attempts to construct
a quantum theory for the spacetime is that quantum Einstein gravity is not
renormalizable when doing perturbation theory [31]. One might then have
the hope that a quantum modified gravity was indeed renormalizable. As it
occurs in the standard model, the gauge formulation a la Lie of the current
and successful quantum theories of particle physics seems to be the key for
their renormalizability and thus, formulating Einstein —or modified— gravity
as a pure gauge theory has been subject of study since Witten formulated the
3-dimensional version of the Einstein—Cartan Lagrangian as a Chern—Simons

3-form valued in the 3-dimensional version of the Poincaré group [32].

A Chern—Simons form valued in Lie group is gauge invariant under the action
of the group by definition [17]. This makes Chern—Simons theories attractive:
their pure gauge invariance. The exterior derivative of a Chern-Simons form
is by definition proportional to the trace of a polinomial of the two-form cur-
vature F' and therefore they are only Chern—Simons forms of odd order. One
particular complication of this fact is that we cannot formulate the action of
a 4-dimensional theory as the integral of some Chern—Simons form and, up to
now, there is no consistent formulation of the 4-dimensional Einstein—Cartan
theory with or without cosmological constant as a gauge theory —and that
includes any attempt to formulate it as a Yang—Mills theory action. In other
words, we do not know a set of gauge transformations d,, . induced by a Lie

group, such that
5w,e/(—:abcd Rab(w) ANeCANed =0. (1.8)

Motivated by this, we can ask ourselves whether the solutions space of 4-
dimensional gravity is a subset of a higher dimensional theory that can be
formulated as a pure gauge theory. In this thesis we positively answer this
question by showing that there is a 5-dimensional Chern—Simons theory on
which we can restrict fields to get generalisations of standard general relativity

as well as modified gravity theories.
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1.4 Lanczos—Lovelock & Chern—Simons

Einstein-Hilbert (and Einstein—Cartan) theory in D-dimensions has an asso-
ciated action which is linear in the Lorentz curvature R® and the rest is a
factor of D — 2 times the vielbein. Both ingredients are contracted with the
invariant tensor of the Lorentz algebra SO(p, q), the Levi-Civita pseudo-tensor.
Lanczos—Lovelock theory is the generalisation of the Einstein—Hilbert (and of
Einstein-Cartan) theory formulated as the most general polynomial in R
and e® contracted with the Levi-Civita pseudo-tensor [33-35]. For example, in
p+ q = 2+ 1 dimensions one uses the invariant tensor €., to construct the

polynomial
Siplw, e] = /eabc <a11 R®w) A e+ agge® A e’ A ec> : (1.9)

Here a,,, are parameters going with the term of m order in R* and n order in
e. The term corresponding to ags is the action for the cosmological constant
in 3 dimensions and, in D dimensions, it corresponds to the term of order D

in the vielbein. In 4 dimensions the Lanczos—Lovelock action reads

Stplw, e] = / €abed (azo R A R

+a12R“b/\ecAed+ao4e“/\eb/\ec/\ed) ) (1.10)

This action contains also the cuadratic term in the curvature which is known as
the Gauss—Bonnet term and it is topological by means of the Stokes’ theorem,

since it can be always expressed as a boundary term.

In odd dimensions p + ¢ = 2n + 1 something highly remarkable happens: for
a special choice of the coefficients a,,,, the Lanczos—Lovelock theory can be
then formulated as a Chern—Simons action (see eq. (1.7)) valued in the AdS
group in 2n + 1 dimensions, AdSs,,+1 =~ SO(2n,2) [35]. The gauge connection
is denoted as A = %wABJAB = %w“bJab—i-e“Pa, respectively in the bases {Jp}
and {Ju, P,}. The commutation rules of the AdS generators are specified in
eq. (2.17). To make the Lanczos-Lovelock and the Chern—Simons theories
coincide, one identifies w®P*9*! with the vielbein e and w® with the spin

connection. For example, in three dimensions the action is the one obtained
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by Witten which is the action of eq. (1.9) with a;; = 1 and ag3 = A/3. In 5

dimensions one has

SCS {wv 6] = /€abcde (Rab(w> A RCd(w) A ef

- %Rab(w)/\ec/\ed/\ee—i—#e“/\eb/\ec/\ed/\eﬁ : (1.11)
The latter and the generalisation to any odd dimension was first obtained
by Chamseddine [36]. The 5-dimensional Chern—Simons theory for the gauge
group SO(4,2) has many interesting properties. In refs. [37,38] it was found
that the number of degrees of freedom of the theory depends on the location
in phase space and the same occurs when one goes to the generalisation us-
ing p-form gauge connections instead of the usual one-form [39]. In ref. [40]
the holographic description of this Chern—Simons theory, as well as its Weyl
anomaly, were derived: this is, by computing the vacuum expectation value of
the trace of the stress-energy tensor for the conformal field theory by means
of holography. They detected that only the type-A anomaly emerges and not

the type-B2, which is rather an unusual behavior.

In the AdS algebra (2.17) we have non-commutative translations P, and there-
fore the gauge theory differs from a Poincaré gauge formulation. This kind of
theories are attractive considering that the Poincaré invariance Py, 1 is ob-
tained from the AdS invariance, at the level of the algebra and the action by
means of an Inénti-Wigner contraction [42-44]. Using this fact, one can prove
that the (2n + 1)-dimensional Chern—Simons Poincaré invariant gauge theory

becomes [45]
S =anm /eal.._a% RY®2(w) A -+ AN R™n=192n () A e . (1.12)

Although this action is non-linear in the curvature it leads to first-order dif-
ferential equations for the spin connection and the vielbein. It differs however
from the Einstein—Cartan action and the question is, whether there is a possible
way to formulate standard general relativity as a gauge theory for the Poincaré
or a more general Lie group. Up to now, it is has been not possible to formu-
late 4-dimensional standard general relativity —or a modified 4-dimensional

standard general relativity theory— as a gauge theory for the Poincaré group

2This classification of conformal anomalies was first suggested in ref. [41].
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and, even worse, the Einstein—Cartan action itself is not invariant under the

gauge transformations induced by the Poincaré group when the gauge connec-

1

tion is chosen as A = 5

41.2).

w®J,, + e P,, for commutative translations P, (see §

Furthermore, we can ask ourselves whether it is in general possible to formulate
a 4-dimensional spin-2 field theory in a pure gauge formalism. In ref. [46] there
was an insight to formulate 5-dimensional gravity for the natural generalisation
of Chern—Simons actions, namely via transgressions actions [16] —basically
the difference of two Chern—Simons actions which share the symmetry gauge
group— for which they study solutions that consider a reference geometry

associated with the presence of the extra Chern—Simons action.

In this thesis we gauge the 4-dimensional conformal group —with to gauge
meaning to express a gauge connection and its associated gauge transforma-
tions in the basis of the Lie algebra associated with the Lie group associated

with a gauge symmetry— using a certain parametrized conformal algebra
C3+1(M7 7) = SO(47 2) ) (113>

where M is a matrix in the two-dimensional general linear group over € and
v is a real or pure-imaginary parameter. In this particular basis we define
a gauge connection containing two one-form vielbeine and we construct an
invariant action under the gauge transformations induced by the group of eq.
(1.13) and where the Lagrangian is formulated as a Chern-Simons form. We
study the double vielbein field content of the theory and the relation between
this theory to bimetric and further spin-2 field theories for gravity.

1.5 Spin-2 fields

In the last decades, physical theories including massive spin-2 fields have be-
come subject of attention in particle physics and cosmology [26,30]. Spin-2
particles with mass are a natural extension of the standard model-general rela-
tivity description: the standard model contains massless and massive particles

from spin-0 to spin-1 and general relativity describes a massless spin-2 mode.
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The first attempt for a linear massive spin-2 field theory was made by Fierz
and Pauli [19] confronting, however, bad behaviors when taking the mass of
the spin-2 mode to be zero and also ghost instabilities when going to the non-
linear level. The problem was solved in the past two decades when a set of
theories was proven to be free of ghost instabilities at any order in the per-
turbative expansion [23,24,47-51]. This set of theories are fully non-linear
massive gravity and bimetric gravity. Both contain a massive mode that cou-
ples to standard model matter thus it mediates gravitational interactions. The
mass of the spin-2 field is constrained to be small since the gravitational force

is long-ranged.

The fully non-linear massive gravity action consists of a dynamical tensor field
g, With its own Einstein-Hilbert-like term. In addition, it has a second (fixed)
reference metric f,,, which is non-dynamical but it appears interacting with
g, in the potential (see § 3.4 for further details). This theory has, however, a
lack of consistent cosmological solutions and one had to go further with spin-2
interactions theory. It was realized that if one adds the Einstein—Hilbert-
like term for f,, to the action one does not reintroduces ghosts [25,50] and
that cosmological solutions are better behaved [52]. This results in a bimetric
theory for gravity, describing nonlinear interactions of massless and massive

spin-2 fields and their couplings to standard model matter [53].

Conformal gravity as pursued by Weyl [54,55] and formulated by Bach [56]
consists of an action for 4-dimensional gravity that is invariant under rescalings
of the metric (see § (4.2) for further details). Since it is a theory for the metric
of the spacetime, conformal gravity can be seen as spin-2 field theory. Connec-
tions between bimetric gravity have been studied e.g. in ref. [57]. Moreover,
conformal gravity has the feature that it can be formulated through an aux-
iliary action containing a second dynamical vielbein field. By integrating out
the extra vielbein one gets the original conformal gravity action. The auxiliary
action is also invariant under Weyl rescalings. In ref. [1] we pointed out that
conformal gravity can be obtained from first-order bimetric gravity by restrict-
ing both spin connections to be equal and related to a certain combination of

the vielbeine through the vielbein postulate.
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1.5.1 Chern—Simons and spin-2 fields

In this dissertation we study the well-known 5-dimensional Chern—Simons
gauge theory for the group SO(4,2). Its interpretation as a 5-dimensional
gravity theory has been carried out, e.g., in refs. [18,36,58]. Inspired by the
connections between Lanczos—-Lovelock and Chern—Simons theory, we investi-
gate the possibility of deriving a 4-dimensional spin-2 field theory from a pure
gauge formulation in five dimensions. This setup would involve a dimensional
reduction or truncation from the gauge theory. Kaluza—Klein-like reductions
of Chern—Simons actions have been carried out in refs. [59,60] and also, other
types of dimensional reductions were proposed in refs. [61-66]. To our pur-
pose, we present several unexplored dimensional reduction schemes that reveal
relations between 5-dimensional Chern—Simons and 4-dimensional spin-2 theo-
ries, including general relativity and generalisations of conformal and bimetric

gravity.

To be more precise, we explore these relations which have the following origin:
the 5-dimensional AdS group AdS,;,; =~ SO(4,2) is generated by the AdS
rotations Jsp and AdS translations T4 with A, B = 1,...,5. This group
is isomorphic to the 4-dimensional conformal group Csy; which is generated
by Lorentz rotations Jy;,, translations P,, conformal transformations K, and
dilations D where a,b = 1,...,4. Once we have performed the dimensional
reduction, the generators J,;, will induce the appearence of the 4-dimensional
spin connection and P, together with K, will give rise to two vierbein fields.
Hence, in general we do not arrive at 4-dimensional general relativity but

theories with two spin-2 fields.

For this aim we analyse the gauge algebra SO(4,2) in different bases, all of
them parametrized by the matrix M and the parameter 7, as mentioned at
the end of § 1.4. In that way we identify the isomorphism to the algebra
Cs41. Although the 5-dimensional Chern—Simons actions written in different
bases are all related by linear field transformations, the dimensional reduc-
tion schemes we use are basis-dependent and thus they lead to inequivalent
4-dimensional theories. As a general behavior, the truncation process breaks
down the gauge symmetry to the Lorentz group SO(3,1), which is the sym-

metry of the local Lorentz transformations. We recover with in this form the
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following 4-dimensional spin-2 field theories.

First, we carry out a simple dimensional reduction after having taken the
Inénii-Wigner contraction that leads SO(4,2) to ISO(3,2) or ISO(4,1). We
obtain the Einstein—Cartan theory in four dimensions plus an action which
involves a torsional Lorentz-breaking term. This term can be removed by
restricting a field at the 5-dimensional Chern—Simons level or considering the
case where the torsion is equal to zero. Second, without having taken Inonti—
Wigner limit, a similar truncation of the Chern—Simons action gives first-order
formulation of 4-dimensional conformal gravity. From a different setup, this
action was first obtained by Kaku, Townsend and van Nieuwenhuizen in ref.
[67] and, as well as conformal gravity a la Weyl, it has Weyl dilation invariance.
Our procedure explains how this gauge symmetry originates from the SO(1, 1)
symmetry present in the commutation relations of the gauge algebra (a rotation
of the generators that leaves the commutation relations invariant). We refer
to this symmetry as the Weyl rotation invariance (see § 4.3.2), because it acts
on the vierbein fields as a continuous rotation in the same spirit of a Weyl

dilation (see § 4.2 for more information about Weyl dilations).

Furthermore, we consider a dimensional reduction scheme that introduces one
warp functions for each vierbein. After integrating along the warp direction
the Chern—Simons action leads to an with a set of free parameters, distinctly
to the previous case. This result corresponds to a generalisation of conformal
gravity in the Cartan formalism. By last, we consider two copies of the Chern—
Simons action which has a SO(4, 2) x SO(4, 2) gauge symmetry. By making the
field content interdependent the gauge symmetry breaks to SO(3,1) x SO(2).
We then dimensionally reduce this theory to obtain a generalised bimetric
theory with additional derivative terms. These novel kinetic terms can be
removed through a fields restriction at the 5-dimensional level. In that case
one obtains the bimetric gravity a la Hinterbichler and Rosen in the Cartan
formalism. The latter procedure breaks the gauge symmetry to SO(3,1). The
generalised bimetric theory contains free parameters that can be chosen such
that we recover another bimetric theory for which the Weyl rotation invariance

typical of first-order conformal gravity is present.
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1.5.2 Dark matter and spin-2 fields

By solving the mass eigenvalue problem for bimetric gravity one can calculate
precisely what the field content is of such a theory. It turns out that there
is one massless spin-2 mode G, and one massive spin-2 mode M,,, whose
mass can be expressed in terms of the interaction parameters of the potential
[25]. The massless mode can mediate a long-range gravitational force and this
makes the constraints on the spin-2 mass less restrictive. The gravitational
interactions of general relativity can be obtained in bimetric theory with the
same precision for any value of the mass of the massive mode [68-71]. The
way to achieve this is by decreasing the coupling between the M, field and
the stress-energy tensor T"” and, remarkably, this leaves the coupling between
the massive and massless modes with the same strength. In this way the
massive mode continues gravitating with the same strength as the fields of the
standard model. The 3-metric case —so-called, trimetric gravity— contains

one massless mode G, and two massive modes: M, and a lighter one, x,..

With the mentioned facts we could think that a vestige amount of spin-2
massive particles act as dark matter. The evidence of dark matter comes from
astrophysical and cosmological measurements; the component of dark matter
has only been observed through its interaction with gravity. If we assume that
dark matter emerged as the result of a production mechanism one should then
explain —at least at the classical level— how the massive modes are stable
when interacting with the massless modes or whether the massive modes can
decay in the massless modes, since the weak interactions of the dark matter
particle shows its stability to the present time. Different approaches for dark
matter that do not assume it to be made up of a certain particle are, among
others, modified Newtonian dynamics [22,72] and primordial black holes [73].
The attempts to produce or detect the dark matter particle have not been
successful [74,75]. This suggests that such a particle is heavy and therefore
difficult to produce or that its interaction with baryonic matter particles is

extremely weak.

In refs. [76,77] a theoretical construction for massive spin-2 dark matter was
suggested and later analysed in refs. [71,78] (see also [79]). It was found that

bimetric gravity gives a framework for dark matter made up of spin-2 particles
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with a mass of the order of TeV. The observed amount of dark matter in the
Universe can be explained by through the production mechanism called “freeze-
in” (see ref. [80] for a review on that production mechanism). In principle,
the daughter products of the spin-2 particle could be detected indirectly in

experiments.

In ref. [81] it was pointed out that strong spin-2 self-interactions could possibly
affect the production mechanism when allowing thermalization of the dark
sector and this would constraint the dark matter particle mass could be of the
order of 1MeV. Unfortunately, bimetric theory proposes a dark matter particle
candidate in which the interactions with baryonic matter are too small to be
detected. It has been then, up to now, not possible to produce massive spin-2

fields in particle accelerators.

In this thesis we explore multimetric interactions that generalise bimetric the-
ory bringing the possibility to make have invariance under discrete symmetry
groups. We suggest that the maximal global symmetry in multimetric theories
with (N +1) metrics is Sy x (Z2)". Furthermore, we study the mass spectrum
for this discrete invariance and we also calculate the cubic interaction vertices
for the special case of trimetric theory, i.e. N = 2. It turns out that this
case, in the same way of bimetric gravity, has a parameter « that regulates
the deviations from general relativity. In particular, we analyse the parameter
region o < 1. In this case the deviations from general relativity are small with

large mass range. The massive spin-2 mode with greater mass, M,,, has a

s
similar behavior as the massive mode of the bigravity case: it neither decays
into G, nor into the lighter mode ,,. Moreover, it couples very weakly to
the standard model fields. The lighter spin-2 mode has new features: it does
not couples to matter and it does not decay into other spin-2 particles. Since
it is a stable massive field we postulate it as a dark matter component. We

discuss then the new parameter regions brought by the trimetric scenario.



16 1. Introduction

1.6 Structure of this thesis

In this thesis we address the questions i) whether it is possible to obtain 4-
dimensional spin-2 field theories from the 5-dimensional Chern—Simons theory
for the SO(4,2) gauge group and ii) whether it is possible to describe the dark
matter using maximal discrete symmetric multimetric models. To this end,

this thesis is structured as follows:

e Chapter § 2 is devoted to a mathematical prelude. Here we study several
topics of Lie algebras and their uses in gauge theory. In particular, we
formally present the symmetry algebras used in this thesis and we review
the In6énti-Wigner contractions. Also, we study the algebra SO(4,2) in
different bases and we discuss the method of expansion of Lie algebras.
By last, we discuss the machinery of Lie algebra-valued differential forms

and Chern—Simons forms.

e Chapter § 3 constitutes a review of the ghost-free spin-2 field theories,
namely massive and bimetric gravity. Also, we present some results of
ref. [2]: the study of the mass spectrum for a multimetric theory for
spin-2 fields, in the special case of maximal global discrete symmetry of

the multimetric action.

e In chapter § 4 we discuss the fact that 4-dimensional gravity is not in-
variant under the gauge transformations induced by the Poincaré group,
which motivates the gauge formulation of a modified gravity theory. Also,
we study some aspects of conformal gravity in its first- and second-order

formulation.

e In chapter § 5 we present the results obtained in ref. [1]. Here we compute
the Chern—Simons theory for the gauge group SO(4,2) in convinient
bases in order to apply several dimensional reduction schemes. We obtain

generalisations of Einstein, conformal and bimetric gravity.

e Chapter § 6 is devoted to some results of ref. [2]. Here we analyse the
perturbative expansion of trimetric gravity with maximal global discrete

symmetry. The generalisation to N satellite metrics is also discussed.
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We conclude that the massive mode Y, is completely stable and we

suggest that it can be the component of dark matter.

e In chapter § 7 we present a conclusion for the aims that are pursued in
this thesis.



18

1. Introduction




Chapter 2

Symmetries

The concept of symmetry is something that we use over and over again in
this manuscript. We devote this chapter —a mathematical prelude— to the
explanation of different tools related to the description and use of symmetries
in physics. In particular, we discuss some important symmetry groups in
physics and we review the Inonii-Wigner contractions and the expansion of
Lie algebras. Also, we present the algebra SO(4,2) in different bases and
we review the properties of differential forms defined on a principal bundle

together with the mathematical aspects of Chern-Simons theory.

2.1 Symmetry scenarios

2.1.1 Minkowski space

The (p + ¢)-dimensional Minkowski space M, is defined through the metric
tensor ds® = 1, da* @ da”, with p,v = 1,...,p + ¢ and where 7 is a matrix
with p times the entry +1 and ¢ times the entry —1 in the diagonal and zeros
out of it. If the diagonalized metric of a manifold has only positive entries,
one says that the space is Euclidean if the entries of the metric are constant.
If one or more of the entries are negative, then one says that the space is

pseudo-Euclidean or Lorentzian.

19
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We address, in the following, the problem of finding all the Killing vector fields
of M,,. For a given metric tensor, the equations that determine the Killing

vectors of the manifold are
vufv + vugu =0, (21)

which is the so-called Killing equation. Here E = £"0, is the Killing vector
field. Since the Killing equation is symmetric in the lower indices, we can find
at most (p+q)(p+q+1)/2 linearly independent Killing vector fields. Also, for a
Levi-Civita connection it is possible to show that V,V, §x = R, £, [82]. Due
to the fact that for the Minkowski space the metric is constant, the covariant
derivative is simply the partial derivative and the Riemann tensor is equal to

zero. The equations that determine the Killing vectors are then given by

06, +0,6, =0, (2.2a)
040,60 =0 (2.2b)

From eq. (2.2b) we see that &, = C, 2" +C,,, where C,,, and C,, are constants.
By plugging in this solution back in eq. (2.2a), we see that C,, = —C,,, and
therefore C,, has (p+ ¢)(p+ ¢ — 1)/2 linearly independent entries. The p + ¢
quantities C), are linearly independent. In this way, the expression for a general

Killing vector on M, is
£=10" (2,0, —x,0,) + C"d, . (2.3)

The tensor x,0, — x,,0, is anti-symmetric hence it corresponds to (p + ¢)(p +
q — 1)/2 linearly independent vector fields. Together with the fields 0, they

e (p+a)p+q—1) (p+q)(p+q+1)
2 2

vectors, which coincide with the maximum number of possible independent

+(p+aq) = (2.4)

Killing vectors that a (p+ ¢)-dimensional manifold could have. We have found

all the Killing vector fields of M,,;, and we denote them as

Jw/ = wuau - xuau y (25&)
Py= 0. (2.5b)
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2.1.2 Isometry group

It is well-known that all the linearly independent Killing vectors defined on a
manifold make up a basis for a Lie algebra [16], which is called the Lie algebra
of the isometry group of the manifold. In our case, the algebra of the isometry
group for M, is called the inhomogeneous special orthogonal algebra in
p+ ¢ dimensions ISO(p, ¢) = span{J,.,, P, }, or simply the (p+ ¢)-dimensional

Poincaré algebra, also denoted by P, .

At this point it is important to clarify that since we use the Poincaré algebra
as well as its subalgebras or its extensions as gauge group in this thesis, we
change the notation of its generators to emphasize that they are part of the
basis of a principal bundle with elements M = M*, dz* ® T;,. Thus from now

we denote the generators of the algebra as

J,ul/ — Jab ) (26&)
P,u, —> P[l 9 (26b)

with a,0=1,...,p+q.

2.1.2.1 Commutation relations

It is straightforward to compute the commutation relations. First, we find

[Jab’ JC ] = fab,cdef']@f ) (27)

with structure constants

fab,chf = _% (77(10555 + 77bd5f;£ - 77bc52§ - nadégg) . (28)

This shows that the generators J,, make up a basis for a subalgebra by them-
selves. This algebra is called the special orthogonal algebra in p+ ¢ dimensions
SO(p, q) = span {Jy} or simply the (p + ¢)-dimensional Lorentz algebra, also

denoted by L,1,. The structure constants make up the components of a tensor
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Lorentz transformations and they satisfy the anti-symmetry relations

fab,cdef = _fcd,abef - _fba,chf = _fab,dcef - _fab,cdfe : (29)

Furthermore it holds that [P,, P,] = 0, which also shows that the generators P,
make up a basis for an abelian subalgebra. This is the algebra of translations
in p+¢ dimensions T(p, q), also denoted as T,,. It is then just left to compute

how J,, and P, commute. One gets

[Ja(n Pc] - fab#d Pd 5 (210)

with
fan = — (nacéif — nbcéff) : (2.11)
satisfying that f,, * = —f,, 7. Since the generators Jg do not commute with

P,, we conclude that the Lie algebra ISO(p, ¢q) is the semidirect sum of the
algebras SO(p, q) and T(p, q).

For purposes of computation it is relevant to note that the structure constants

mentioned above satisfy the following identities.

1. Let G* and H® be anti-symmetric symbols. We have
Fapod! G H = —2,, <G“Hcf el H“) . (2.12)
Furthermore, for 7% anti-symmetric one gets that

fapedT GPH oy = 4G H" Ly . (2.13)

2. Let J® be some arbitrary symbol. One gets that

fab,cd GabJC =2 Gda‘]a : (214>
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2.1.3 Symmetry scenarios

Besides the Poincaré and Lorentz symmetries, other special orthogonal groups
and similar structures appear in gravity and quantum field theory. The (p+q)-
dimensional anti-de Sitter (de Sitter) spacetime is a solution of the Einstein
equations with negative (positive) cosmological constant for which the Killing
vectors satisfy the algebra AdS,., = SO(p,q+ 1) (dSp+, = SO(p+1,q)).

The conformal Killing vectors of the Minkowski space is the set of vectors
5: £"0,, that instead of satisfying eq. (2.1), satisty V,&, + V,§, = Kk g, for
9y = N, With k being a constant. They satisfy the commutation relations
of the algebra SO(p + 1,¢ + 1), also symbolized as C,,, which is called the

conformal algebra in p 4+ ¢ dimensions.

2.2 Inoniu—Wigner contraction

Inénii-Wigner contractions [42] are a non-invertible process that abelianize
some algebra sectors. To explain this, let us suppose we have an algebra
expanded by the elements J; and J; and that they satisfy the commutation
relations [Ji, Jo] = Ji. Let us then introduce a parameter by writing Jy = \Js.
The commutation relations for J; and J, are now [Jl, jg} = AJ;. The algebra
expanded by J; and J; is then abelian in the contraction limit A — 0. Formally

we are making the dilation-like change of basis of the form

(5)-( ) ()
1 = , (2.15)
J 0 A J

in the sense that we are rescaling a generator. We observe that the determinant
of the matrix of the change of basis is zero in the contraction limit, meaning
that once we contract the algebra, we cannot go back. A well-known appli-
cation of Inénii—-Wigner contractions is that the contraction of the Poincaré
algebra leads us to the Galileo algebra for the limit 1/c — 0 [83]. We discuss
this in detail in § 2.2.2.
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2.2.1 From (anti)-de Sitter to Poincaré

By means of an Inonii-Wigner contraction it is possible to exhibit a limit
process through which we can find the Poincaré algebra ISO(p, ¢) from both
the anti-de Sitter and de Sitter algebra SO(p,q + 1) and SO(p + 1,q) [43].
To see this, consider the Lorentz algebra SO(p,q) (eq. (2.7)) and write p =
P,g=0Q+1and p = P+1, ¢ = Q. The commutation relations read
[Jap, Jep] = fAB,CDEFJEF, with A, B =1,...,P 4+ Q + 1, where now the
nap inside f 5 op"" has P times the entry +1 or (Q + 1) times the entry —1
and (P + 1) times the entry +1 and ) times the entry —1 respectively. This
means, those are the commutation relations for SO(P,Q + 1) or SO(P +1,Q),
respectively. A short way to distinguish whether we are talking about AdSp.¢

or dSpq is to refer to the component 1pyg+1y(P+o+1) = F1, respectively.

Since Jp is anti-symmetric, its number of linearly independent components
is (P4 Q)(P+Q +1)/2. We split the components as
(P+QP+Q+1) (P+Q(P+Q—1)

5 = 5 + (P +Q) (2.16)

by making the change of basis Jup = (Jap, Jo(p+g+1) = Tu). Notice that
this basis expressed the generators in a covariant way, now for tensors under

SO(P, Q) transformations. The commutation relations for AdSp.g or dSpig

read
[Jab7 JCd] = fab,cdef JEf ) (217&)
[Jaln TC] - f(zb,cd Td ) (217b)
[Tayn] = —dJdab, (217C)
for npror1y(P+o+1) = F1, respectively. The generators T, are commonly

called (anti)-de Sitter boosts. To carry out with the limit process we make the
change of basis T, — v T,, where v is a real parameter. The commutation

relations affected by this redefinition are
To, Th) = — 5 b - (2.18)

In the limit vy — oo the commutation relation of eq. (2.18) abelianizes and we
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recover exactly the commutation relations for the Poincaré algebra Pp,g =
ISO(P, Q). Remarkably, this happens for both algebras SO(P, @ + 1) and
SO(P +1,Q).

2.2.2 From Poincaré to Galileo

The group of Galileo is defined as the set of transformations that leave Newto-
nian dynamics invariant i.e., Galilean transformations together with spatial ro-
tations, spatial translations and time translations. Starting from the Poincaré
algebra it is possible to obtain the algebra of the group of Galileo through
an Inénii-Wigner contraction (see for example ref. [83]). Let us consider the

Poincaré algebra P,,,. One decomposes the basis as

Jab = (Jij7 Ji(p+q) = Kz) ) (2.19&)
P, = (Pza P(p+q) = H) ) (219b)

and the commutation relations read

[Jijs T = Fijr™ Tinn s (2.20a)
[Jij, Ki] = fij' K. (2.20Db)
[Jij, Pe] = fij ' P (2.20c)
[Jij, H] =0, (2.20d)
(K, K] = Jj; , (2.20e)
(K, Pj| = —é;; H (2.20f)
[Ki,H] = -P,, (2.20g)
[P, Pj] =0, (2.20)
[P, H]=0. (2.201)

We introduce the parameter ¢ through the rescalings K; — c K; and H —

1/c H. The commutation relations that are affected by this redefinition are

K, K;| = 5J;; (2.21a)
(K, Pj] = —Ciz%'H? (2.21b)
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and taking the limit ¢ — co we get

[Ki7 KJ} =0 s (222&)
K, P, =0. (2.22D)

This is the algebra of the group of Galileo, where K is the generator of Galilean
transformations and J;;, P; and H are the generators of spatial rotations, spa-
tial translations and time translations respectively. Using dimensional analysis
we might be tempted interpret the parameter c¢ as the speed of light, how-
ever, the previous analysis holds not only for ¢, but for any function f(c) in
K; — f(c) K; and H — 1/f(c) H that satisfies f(c) — oo as the parameter

c — OQ.

The fact that we can get the Galilean symmetry from the Poincaré algebra by
means of an Inonii-Wigner contraction limit can be used to study the newto-
nian limit of a relativistic theory. For example, in ref. [18] an expansion (see §
2.4) of the 5-dimensional Poincaré algebra was introduced and the correspond-
ing Chern—Simons gravity theory was computed. Then in ref. [3] we computed
the newtonian limit of the gravity theory by gauging the Inonii-Wigner con-

tracted Lie algebra.

2.3 Parametrized conformal algebra

Conformal field theories in (p — 1) + ¢ dimensions were shown to have the
same dynamical content as a gravity theory in AdS in p + ¢ dimensions. One
remarkable example for this is the AdS/CFT correspondence [84]. This can

be understood at the level of symmetries because of the fact that
Cpiq @ AdS(pi1)4q @ SO(p+1,¢+1). (2.23)

Further evidence that motivated AdS/CFT correspondence lies in the fact that
the 3-dimensional Chern—Simons gravity gauge theory AdS group induces a
Wess—Zumino model on the boundary [85]. Actions with this particular feature

can be written as a Wess—Zumino—Witten action.
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In this section, we start from the special orthogonal algebra of SO(4,2) and
make a change to new bases introducing parameters in the same spirit as
Weyl rotations (see § 4.3.2) and Inénti—Wigner contractions. This is to show
an isomorphism to the conformal algebra Cs,;. The parameter-dependant
algebra is symbolized as Cs;1(M, ) as discussed at the end of § 1.4. As we see
in § 5, when calculating the 5-dimensional Chern—Simons action in the basis
of C341(M, ), the action exhibits curvature terms plus a potential involving
all the possible interaction terms between the two vielbeine components e*
and 1% living on a 5-dimensional manifold. This setup motivates a subsequent
dimensional reduction in order to obtain 4-dimensional massive spin-2 field

theories.

2.3.1 Bases of the algebra

In the following we decompose the generators J;; of SO(4,2) in many ways,
with the aim to write the commutation relations, first with covariant indices
in five dimensions, and then in four dimensions. We arrive at a basis with
covariant Lorentz indices that exhibits the isomorphism between SO(4, 2) and

the four dimensional conformal group.

2.3.1.1 6-covariant basis

We begin from the basis with antisymmetric generators {J;}, with I, J,... =
1,...,6. Notice that the generators are expressed in a covariant manner, i.e.,
the make up the component of a tensor under SO(4,2) transformations. As
discussed in § 2.1.2.1, in this basis the commutation relations are [Jr;, Jx1| =
f[JVKLMNJMN; with n;; = diag(+, +, +, —, —n,n) for n = £1.

We refer to the basis {J;;} as the 6-covariant basis, since the generators Jy;
transform as a tensor under “Lorentz transformations” in 4 + 2 dimensions.

The invariant tensor of the Euler class reads

(Jrg:Ikr, Jun) = €rjxrmn - (2.24)
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By knowing the commutation relations together with the invariant tensors of a
certain Lie group, we have the essential components to compute Chern—Simons
theory (see § 5).

2.3.1.2 5-covariant basis

In the following, we expand the indices to get the commutation relations of
SO(4,2) in a 5-covariant basis, i.e., a basis for which the generators since
transform as a tensor under “Lorentz transformations” in 5 dimensions. For
that end, we consider separately the generators Jap and Js46 = vT4 with
A B,... =1,...,5 with v being a real or pure-imaginary parameter. Ac-
cording to our discussion of § 2.2, the parameter v plays the role of an Inénii—
Wigner limit controller: we use it to perform a contraction in the context of

gravitational theories in § 5.

The commutation relations read in terms of the 5-covariant generators as fol-

lows
[JA37 JCD] — fAB’CDEFJEF s (2.25&)
[JA37 TC'] = fAB,CDTD ) (225b)
[Ta,T5] = —5Jas (2.25¢)

with nap = diag(+,+,+, —, —n) with n = £1. For this choice of basis the

non-trivial invariant tensor of the Euler class read

(Jap, Jop, Te) = v~ eapope - (2.26)

In the same spirit of obtaining the Poincaré algebra from both (anti)-de Sitter
algebras (see § 2.2.1), the commutation relations of eq. (2.25) show us that
the contraction limit v — oo turns the algebra into ISO(3,2) or ISO(4, 1) for
n = =1, respectively.
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2.3.1.3 4-covariant basis

In order to go further with the decomposition, let us consider the generators
Juw, Jus = B,, T,, Ts = D. In the same spirit as above, they make up a
4-covariant basis with local Lorentz indices. The commutation relations of
SO(4,2) in this basis are

[Jab, Jea] = faped™ et - (2.27a)
[Jap, Be) = fup’ Ba (2.27D)
[Jav, Te] = fon T (2.27c)
[Jar, D] =0, (2.27d)
[Ba, By] = 0 Ja , (2.27¢)
[Ba, Ty = —nap D (2.27f)
[B,, D] = —nT,, (2.27g)
[T, Ty) = =y s (2.27h)
[T., D] =~y B, . (2.27i)

The gauge transformations associated with the SO(4, 2) symmetry in this par-
ticular basis are given in § 2.6.2. We observe in this basis that under SO(1,1)
rotations of the vector (B*,yT%), i.e.

(B“) N (c?shgb sinhqﬁ) (B“) ’ (2.28)
~T* sinh¢ cosheo /) \yT*

the algebra remains invariant. For v? < 0, the invariance group is SO(2).

2.3.1.4 4-covariant canonical basis and parametrized conformal al-

gebra

In the 4-covariant basis one still cannot see the isomorphism between SO(4, 2)
and the conformal algebra. To this end, we perform the following linear trans-

formation on the generators B, and T,. Let us define the generators P, and
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()l ) ) () e
K, VT, ¢ dy! VT,

where M is a matrix in GL(2, C) with a, b, ¢, and d in C. The commutation

relations for this new basis are then given by

[Jaln JCd] fab,cde ef > (2 30&)
[Jabs Pe] = " Pa, (2.30b)
[Jab? KC] = fab cd Kd ) (2 30C)
[Jup, D] = 0, (2.30d)
[P, P} =1 <a2 _ 627’2> T, (2.30¢)
(P, K, = — det My, D + 1 <ac - bdﬂ) Jup (2.30f)
[P,, D] = 57 -<ac — bdv_Q)Pa — (a2 — b27_2>Ka] , (2.30g)
K, Ky =7 <c2 _ d27‘2>Jab , (2.30h)
K, D] = - _<02 - d27*2>Pa - (ac - bdﬁ)Ka} . (2.301)

This basis represents the most general way to re-define translations and spe-
cial conformal transformations. Therefore, we refer to it as the 4-covariant
canonical basis. The gauge transformation induced by the group SO(4,2) are
discussed in § 2.6.2. In the following we discuss special cases for the matrix

M.

2.3.2 Parameter choices

In the following, we single out two particular cases for the parameters a, b, ¢, d
and ~. This leads to different commutation relations, although corresponding
to the same algebra SO(4, 2). Of the set of all possible choices we exclude those
that imply det M = 0 because otherwise, we would not be able to find back

the generator T, and B, from P, and K, through an inverse transformation.
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2.3.2.1 Conformal basis

The purpose of introducing the 4-covariant canonical basis is to assign the
vielbein components e* and 1* as gauge fields for the generators P, and K,
(see § 5.1.4). To connect this construction with bimetric theory we should
expect e and 1* to appear with equal status. Therefore we treat P, and K,
on the same footing as well. Both spaces span{P,} and span {K,} appear
symmetrically in the subspaces structure SO(4,2). Let us study the case when

each one is an Abelian subalgebra. This occurs for

a> =y ?=0, (2.31a)
A —dy?=0. (2.31b)

We should notice that the transpose matrix MT can be constructed with the
column vectors (b;ﬂy) and (d/ ). In the special case of eq. (2.31), these two
vectors have zero-norm with respect to the Killing metric of SO(1, 1), namely
n = diag(1, —1).

The solutions for eq. (2.31) are given by i) b(a) = +av, d(c) = £ey or ii)
b(a) = +av, d(a) = Fey. By choosing the coefficients as in case i) we get
det M = 0, thus we neglect this case. For case ii) we get that det M = F2ac,
which is, in general, different from zero. The commutators of the algebra of

(2.30) that are affected by the parameters choice ii) are in this case

[P, P)=0, (2.32a)
[P., K| = +2ac (’Wlab D +nda) , (2.32b)
[P,, D] = Ty ' Pa, (2.32¢)
K, K, =0, (2.32d)
[K,,D] =+n7 'K, . (2.32¢)

We can see that in this case the commutation relations of SO(4,2) take the
usual form of the conformal algebra used in conformal field theory. This hap-
pens exactly when v = ac = 1. Thus, we refer to the basis defined by this

choice of parameters as the conformal basis. Note that the algebra of Poincaré
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in four dimensions makes up a subalgebra:

P3+1 = Spa’n{Jabu Pa} = Spall {Jab’ Ka} : (233)

2.3.2.2 Orthogonal basis

There exists a second special case motivated by the geometric interpretation
of the matrix M. If one demands the vectors (b‘/ﬂy) and ( d%) to be orthogonal
with respect to the Killing metric of SO(1, 1), we are then requiring that

ac—bdy2=0. (2.34)

We call the basis defined by this choice the orthogonal basis. The solutions
for eq. (2.31) are given by i) b(a) = +iay, d(c) = Licy or ii) b(a) = +ay,
d(a) = Fey. Again the first case implies that M is singular and we rule it out.
For ii), we have det M = F2iac so, in this case, the matrix M is, in general,

non-singular. The commutation relations read

[Pa, Py| = 2a°n Ju (2.35a)
[P,, K] = £2iacn, D, (2.35b)
[P.,,D] = T K, , (2.35¢)
(K., K =20 Jup (2.35d)
[K,,D]=+“P,, (2.35€)

while the rest remain the same. The gauge transformations induced by SO(4, 2),

written in the orthogonal basis, are discussed in § 2.6.2.

2.4 Expansion of Lie algebras

In ref. [86], a mathematical tool to obtain families of Lie algebras starting
from a particular Lie algebra g was introduced. In this section we present
that formalism and, before going to the mathematics, we motivate on how this

procedure works.
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2.4.1 Motivation: SO(4) from SO(3)

Consider the commutation relations of the algebra SO(3) (eq. (2.7) for p =3
and ¢ = 0). Making the change of basis J, = %eabe Ji. the commutation
relations read [J,, Jy] = €4 Jo. Let us also consider the cyclic group of order

two, Zs = {Ao, A1}, whose multiplication rule is defined by the Cayley table

Zy || Ao | M
Ao || Ao | At
A | A ] Ao

Let us define then (still in a heuristic way) the vector space spanned by the
direct product between the sets {\g, A1} and the basis of SO(3), {J,}. This is
the space span {\, ® J,}, with a = 0,1, and we denote it as Zy x SO(3). We
symbolize the elements of its basis as J(, o) = Ao ® J,. Moreover, let us define

the internal operation
[Jae)s J6,6)] = Aars @ €ape Je - (2.36)

Using the multiplication rule of Zs, one finds the following commutation rela-

tions:

[J(a,0)7 J(b,O)} = €abe J(c,0) (2.37a)
[J(a,0)> J(b,l)} = €abc J(c,l) ) (237b)
[J(a)> Jo.1)] = €abe J(c) - (2.37c)

We rename J, 0y = L, and J(41) = K, and we find the commutation relations
of the SO(4) algebra and, therefore, SO(4) ~ Zy x SO(3).

This procedure was shown to generalise into the following theorem: let S =
{Aa}, with @ = 0,..., N — 1, be a finite set equipped with an internal asso-
ciative and commutative multiplication rule, i.e. a discrete abelian semigroup
and let g = span {T,,} be a Lie algebra, with a = 1,...,dimg and commuta-
tion relations [T}, Tp] = C,,°T.. The space S x g = span {T((w) =\ ® Ta}
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together with the internal operation
[Ty, Top)] = Cot” Tier) (2.38)

is a Lie algebra of dimension N dimg, with A, = AAs [86]. In the same
reference, the authors proved further theorems for particular cases, depending
on the finite semigroup internal structure and on the subspaces structure of
the starting Lie algebra. We studied extensively the particular case when the

semigroup is a cyclic group with an even number of elements in ref. [87].

As mentioned at the end of § 2.2, ref. [18] introduced an expansion of the
Poincaré algebra with the aim of obtaining a 5-dimensional Chern—Simons
theory. This algebra was called the B-algebra and it has the peculiarity that its
associated Chern—Simons gravity in five dimensions satisfy the correspondence
principle: one obtains the solely 5-dimensional Einstein—Cartan Lagrangian in

a certain smooth limit of the parameters of the theory.

2.5 Differential forms

In Riemannian geometry, the rule for the commutativity between a k-form
and a +-form ( is given by ¥ A { = (=1)*¢ A1. If k is an odd number, then
it follows from the commutativity rule that 1) A ¢ = 0. Since a differential
form on a principal bundle is written in terms of the generators of the Lie
algebra, i.e. M = M*, dz" @ T,, the commutativity of such forms must also
take into account the commutativity rule of the algebra. One defines then
how differential forms on a principal bundle should commute through a Lie
commutator in terms of the wedge product. Let M be a manifold and G be a
Lie group. On the principal bundle (M, G) we define the commutator between
forms as

[M,N|=MAN — (-=1)"N ANM |, (2.39)

where M and N are m- and n-forms respectively and [, | stands for the
Lie commutator of the Lie algebra g of the Lie group G, i.e., it acts on the
generators T,. An important fact is that if M is an odd form, then the ex-

pression M AN M = % [M, M] is in general not equal to zero, because now the
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commutativity is subject to the commutation relations of the group. Fur-
thermore, we also have a Leibniz rule for the exterior derivative d acting
on forms defined on a principal bundle. In Riemannian geometry, we have
d(w A¢) =dy A¢+ (—=1)%p Ad¢. Using this formula, one can prove that in

the case of principal bundles we get
d(MAN)=dM AN + (-1)"M NdN . (2.40)

As in Riemannian geometry, once we have a connection we can define a co-
variant derivative with respect to that connection. The generalisation is done
for the exterior derivative; now we need an exterior covariant derivative. The
exterior covariant derivative of a form M with respect to a connection A is
defined as

DM =dM + [A, M] . (2.41)

To avoid confusion, we specify sometimes the connection A in the covariant
derivative as D = D 4. In the case of a local scalar, i.e. a differential form that
does not have indices for the algebra: 9 = v, we define in the same spirit as
for a Riemaniann scalar that D = dv.

The two-form curvature is the differential form associated with a particular
field strength tensor, generally in the context of arbitrary Lie groups and not
only in abelian theories like electrodynamics, where the field strength tensor
is defined solely as derivatives of the fields. The two-form curvatures with

respect to the connection A is defined as
F=dA+3i[A A]. (2.42)

Here we will also sometimes write the specific connection for a curvature as

F = F, or for some remarkable curvatures, e.g. the one associated with

1
2

tion F, = R(w). For an element of the Lie group U(e), where € = A*T,

the group SO(p, q) using the spin connection w = tw®.J,;,, we use the nota-

is the zero-form gauge parameter and A® are the parameters of the trans-
formation, the variation of a connection A under the gauge transformation

A’ =U"'(e)AU €) can be written as
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In the following we present some useful differential forms identities on principal
bundles. Let A be a connection on a principal bundle and let M and NN be

m- and n-forms respectively on the principal bundle.

1. One can find a kind of "antisymmetry” for the commutator

[M,N] = —(—1)"" [N, M] . (2.44)

2. The product of the algebra also satisfies a Leibniz rule
d[M,N]=[dM,N]+ (-1)"[M,dN] . (2.45)

Then we find a Leibniz rule for the product of the algebra, which means
that in general for every principal bundle, the map d is a derivation [83]

of the Lie algebra g.

3. We have a Leibniz rule for the exterior covariant derivative

D(MAN)=DMAN +(—1)"M ADN . (2.46)

4. A significant property is the Bianchi identity in the context of principal
bundles:
DF =0. (2.47)

5. We have an expression for the second exterior covariant derivative in

terms of the curvature and the commutator:

D’M = [F,M] . (2.48)

6. The variation of the two-form curvature under gauge transformations

can be expressed in two useful ways:
0F =DJA, (2.49)
and since 0 A = De, using eq. (2.48) we find

§F = [F €| . (2.50)
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Eq. (2.49) is useful for the calculation of the equations of motion for an
action written in terms of connection and curvature. On the other hand,

eq. (2.50) is useful for the analysis of gauge invariance of such an action.

2.5.1 Connection separated in subspaces

A well-known result of differential geometry is that a connection I' does not
transform as a tensor under diffeomorphisms. This implies that there can be
a frame of reference where I:‘W)‘ # 0 while I' ;w/\ = 0. This can be directly seen

from the inhomogeneity of its transformation law

_ oOT* 0x° Ox™ ozt 0%x"
IWV)\ = 5 . A= — pO’T + a a0 "
oxP 0xv 0T ox® Oz Oz

(2.51)

This situation seems to be strange but in fact it has an analogue in nature: in
the non-relativistic limit of general relativity one identifies the metric g, with
the gravitational potential (. The analogue of the gravitational force ~ ﬁC
are then the Christoffel symbols I',,» ~ Jg,,. A frame of reference where
the Christoffel symbol vanishes could be the classic example of the free-falling
elevator, from where we cannot measure the effects of gravity. For a general
connection we have the following properties: a connection plus a tensor trans-
forms as a connection again, a connection minus another connection transform
as a tensor, and a times a connection plus b times another connection trans-
forms as a connection if a + b = 1. We can therefore define a new connection
starting from an old one by adding a tensor, or starting from a times an old

one and adding b times another one.

This kind of objects exist in gauge theory as well. One can construct gauge
connections as the sum of a connection A and a one-form G. Let us consider
the case when the connection is A + G. In this case A is a connection valued
in some subspace Vj of the algebra g = V5 @& V; and G is a one-form valued in
V1. One example of this is the well-known gauge connection in gauge theories
for gravity

w+e= %wabJab +e'P, (2.52)

where w® is the one-form spin connection defined on V; and e is the one-

form vielbein defined on V;. Here J, and P, are the generators of Poincaré
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or (A)dS algebras. Vj corresponds to the Lorentz subalgebra and Vj to the
vectorial subspace of commutative and non-commutative translations when g is
Poincaré or (A)dS respectively. It is important to notice that the connection A
defines a gauge theory by itself. One example of this is that any gauge theory,

for a gauge group containing the Lorentz group, will be Lorentz invariant.

In the general case, such a split of the total connection satisfies the following

properties:

1. The exterior covariant derivative splits as

DargM =DM + [G, M] . (253)

2. The two-form curvature splits as

FA_,_G:FA—{—%[G,G]—FDAG. (254)

3. Since A 4+ G is a connection, the Bianchi identity is also satisfied for it,
ie.

One can verify this explicitly by using egs. (2.53) and (2.54).
4. For the total curvature F4 + D 4G one finds

§F4 +0DAG =DA0A + [G,0A] + DA6G . (2.56)

2.6 Gauge theory for the conformal group

In the following we present the gauge theory formalism for a general base space
M, and for the particular case of the group G = SO(4,2). This means that
we show how the curvature and the gauge transformations look for a given
connection in some basis of the algebra of the gauge group. To this end, we

use all the bases of the special orthogonal group presented in § 2.3.1.
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2.6.1 Connections and curvatures

The connection for the group SO(p, ¢) is usually chosen as a spin-like connec-
tion w® in the basis Ju. For SO(4,2) one writes ws = sw’/Jy; in the 6-
covariant basis. We refer to this connection as the conformal spin connection.
Its associated field strength F,,, coincides exactly with the Cartan curvature
for the special orthogonal group, and in this basis it is given by

Fwﬁ = Rﬁ(wﬁ) = %RéJ(WG)J[J = %(dw” + CUIK A (.UKJ> J]J . (257)
We call R./(ws) the conformal curvature. In the 5-covariant basis the gauge
connection wg decomposes in the H-covariant basis as

we = %(A)]JJ[J = %wABJAB +uTy = w5 + us (2.58)

where u? is the gauge field for the gauge symmetry generators Ty, and w?? is
the so-called anti-de Sitter (de Sitter) spin connection for n = +1 respectively.
In § 2.5.1 we saw how the curvature of a gauge theory looks like when we split
the connection as the sum of a connection plus a tensor. Using eq. (2.54) we

see that, in the 5-covariant basis, the field strength reads

Flosius = Rs(ws) + % [us, us] + Dy us
= %(R?B(‘%) - %UA A UB) Jap + Dyut Ty, (2.59)

where
Rs(ws) = LRAB(ws) Jap = %(deB Fwhs A WCB) Jas (2.60)

is called the (anti)-de Sitter curvature and D, u? = dut+w” 5 Au®, which can
be seen as the torsion of the fiinfbein 4* in the Cartan formalism. Moreover,

in the 4-covariant basis we denote the connection as
we=wy+ S+ us+ p = 1w Iy + "B, + u'T, + uD | (2.61)

ie, ws =ws+ s and us = uy+ p. Here wy is the Lorentz spin connection and

we simbolize it simply as wy = w. Also, we denote us = u. The field strength
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in the 4-covariant basis is computed using eq. (2.54). We get

Fotsturp = R(w) +Ds+Du+Dp
+ 58, 8]+ [s,ul + [s, ] + 5 [w,u] + [u, p] + 5 (g, 1] (2.62)

where

R(w) = LR (w) T = %(dw“b W A wd’> Joy (2.63)

is the Lorentz curvature with respect to the Lorentz spin connection w® and

Du® = du® + w® Au’, (2.64a)
Ds® = ds® + w® A s, (2.64b)
Dp =du, (2.64c¢)

where we have symbolized the covariant derivative with respect tow as D, = D.

The notation that we use to denote the gauge connection in the 4-covariant

canonical basis is
wg=w+e+r+p=10"Jy+e"P,+1°K, + uD . (2.65)

The components of the fields e* and +* will be interpreted as vierbein after the
dimensional reduction of a 5-dimensional Chern—Simons gravity theory in § 5.
Comparing this with eq. (2.61), it is straightforward to derive the relations
s = s%e,2) and u® = u(e,?) using the change of basis from the 4-covariant

to the 4-covariant canonical basis (eq. (2.29)). We obtain

s*=ae’ +ci®, (2.66a)
ut =be* +di®. (2.66Db)

2.6.2 Gauge transformations

In the following, we show the gauge transformations induced by the special
orthogonal group SO(4,2) in different covariant bases that we use in § 5 with
the aim of discussing the symmetries of gravitational theories. This gauge

transformation emerge according to the infinitesimal law of transformation for
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the gauge connection 0A = De. Here € = %e” Jr; is the zero-form gauge

parameter, so that exp(e) is an element of the group SO(4, 2).

2.6.2.1 4-covariant basis

For the 4-covariant basis we symbolize the parameters of the corresponding

subspaces as

€=10"Jy+ BB, + T, + AD . (2.67)
Using the commutation relations of eq. (2.27), one finds the gauge transfor-

mations

Low™ = 1D® + pste A g — 47 2ulo A 7P (2.68a)
65" = DB* — 0% A s® +ny 2 (T“ Ap—u® A A) , (2.68b)
5u“:DT“—Q‘ZbAub—Fn(B“/\u—s“/\)\) : 2.68¢)
op = dA — N (s(“ AT — gl A ub)> : (2.68d)

Since one recovers the Poincaré symmetries ISO(3,2) or ISO(4,1) (for n =
+1, respectively) from SO(4,2) by means of the Inénii-Wigner limit v — oo,
we can easily calculate the 5-dimensional Poincaré transformations in the 4-

covariant basis from in eq. (2.68). We get

2.69a
2.69b

1 ab 1 ab a b

05 = DA — 6% A s,

—~ o~

5u“:DTa—H“bAub—l—n(ﬁ“/\u—s“/\)\), 2.69c

~~
~—_  ~—  ~—

2.69d

—~

op =d\ — nab<s(a AT — Bl ub)) .

2.6.2.2 4-covariant canonical basis

We denote the transformations parameters in the 4-covariant canonical basis

as

e=0+p+b+A=10"Jy+p"P, +"K,+ AD . (2.70)
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In this basis, the gauge transformations read

16w™ = 1DO + 1 (a® — b?y7%) el* A P!

— 1 (ac = bdy ™) (p A2

—ele A b”) +1 (= d>y ) oAb, (2.71a)
e = Dp* — 6% A e’

— o [(ac — bd7_2> (,o“ Ap—e* A A)

+ <02 - d27—2> <b“ Ap— 1% A A)] , (2.71b)
5% = Db* — 0% A °

+ o7 [(aQ — b27—2) (p“ Ap—e* A A)

+ (ac - bd7‘2> (b“ A g — 1% A A)] , (2.71c)

o = dX — det M ny (e(“ A — pla A zb)) . (2.71d)

Note that if the linear transformation M is the identity, one recovers the gauge
transformations (cf. eq. (2.69)). For M leading to the orthogonal basis (see §

2.3.2.2), the gauge transformations are given by

%&u“b = %D@“b +2a%n el A Y + 262y ole A Y (2.72a)
se® = Dp® — 0% N el F il (b“ A —12" A )\) , (2.72Db)
50" = Db* — % N1 £ i< <p“ Ap—e* A )\> : (2.72c¢)

op = dA £ 2iacny (e(“ ALY — pla A zb)) : (2.72d)

2.7 Chern—Simons forms

On principal bundles, one can define certain polynomials in A and F' that sat-
isfy the remarkable property that, no matter which symmetry group, they are
invariant under the transformations of eq. (2.43). A well-known example are

the Chern—Simons and transgression forms. Let us consider two connections
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A and A. A transgression form is defined as the (2r — 1)-form
— 1 p—
Q= (A, A) — r/ dt (F,,....F, A~ A)_ (2.73)
0

where F; is the curvature associated with the interpolating connection A,
defined as A;(A,A) = A+t(A—A)and (,..., ), 18 an invariant tensors
of order r of the algebra g of the group G. For the differential form in eq.
(2.73), we have Q*" =V (A, A) = 0 under the gauge transformation defined as
dA = 5A = De.

Since in physics we have theories with their actions and corresponding sym-
metries, we can ask ourselves whether a transgression form can be used as
an action. The program for that would be i) to choose a gauge group, ii)
to identify its algebra and invariant tensors, iii) to gauge it by constructing
the connection and field strength valued in the algebra, iv) to calculate the

transgression and v) to propose that
si4.4] = [ Q¥ a4 (2.74)

is an action. It seems to be a good idea because the action will be automatically
invariant under the gauge group. Gravitational theories have been constructed
as transgression actions in refs. [46,88,89]. When we choose that A = 0, we

recover the Chern—Simons form of order r
1
Q¥ (A0) = Q¥ (A =1 [ at (B F ), (2.75)

Given that A is a connection, then the equation A = 0 is not invariant under
a gauge transformation, and therefore the Chern—Simons form is not as well.
However, one can prove that the variation of the Chern—Simons form under
the gauge transformation of eq. (2.43) is equal to an exact form, i.e. to an
exterior derivative of some differential » — 1 form. Thus they would correspond
to boundary terms under an integral by means of the Stokes theorem. This

makes that the Chern—Simons actions

S(A] = / Q1A (2.76)
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are invariant under gauge transformations d A = De modulo boundary terms or
quasi-invariant. Since in this dissertation we do not make an extensive analysis
with boundary terms, we will not distinguish between the terms invariant and

quasi-invariant unless there is ambiguity in the context.

As a consequence of the extended Cartan homotopy formula from ref. [90], we

have a triangle identity for a transgression forms in the form
Q¥ I(A,A) =Q" (A, 4) + Q" V(A A) +dB, (2.77)

which means that we can write down a general transgression form in terms
of two transgression forms with an intermediate connection A, plus an exact
term where B is a 2r — 2 form. We can explore in the following what happens
to a transgression action when we use the triangle identity of eq. (2.77). For
the case A = 0, which can be true only locally but with the invariance not

being spoiled, we find that

[ar v = [aroa - [erod), e

which means that the transgression action can be written as the difference of
similar Chern—Simons actions but for different connections, modulo boundary

terms.

Now that we know more about the machinery of transgression forms, we can to
say something more about when they are used to construct gauge theories in
physics. In general, there are two issues related with transgression theories. i)
If the Chern—Simons action for A is well defined and with any luck it describes
successfully something that we observe in nature, then the kinetic term of the
Chern-Simons action for A will have the opposite sign in front of it and this
could be the origin for ghosts in the transgression theory. ii) One has moreover
to deal with the fact that we have two connections and its interpretation. The
latter does not sound so bad if we remember bimetric gravity in the first-order
formalism. In that case we have two vielbeine and two corresponding spin

connections.

In § 5.1.5 we will work with an analogue of transgression action avoiding the

problem of the ghost in the theory, but paying the price that we have to break
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down the gauge symmetry of the action to a residual gauge symmetry. In
particular, we will start with a double conformal symmetry SO(4,2) x SO(4, 2)
and then break it down to SO(3,1) x SO(2). We will dimensionally reduce this

theory to study its relation with first-order bimetric gravity.
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Chapter 3

Spin-2 fields

In this chapter we review the theories for spin-2 fields. Although the original
works were presented in the language of tensors and in four dimensions, we
present it in differential forms and for arbitrary dimensions. Their equivalence
with the theories in the language of differential forms and their extension to
higher dimensions was established by Hinterbichler and Rosen in ref. [91].
Moreover, in the last section of this chapter, we present some of the results of
ref. 2], where the mass spectrum for tri- and multimetric gravity with maximal
global discrete symmetry was obtained. Since it is more convenient when
studying mass eigenstates, we present results in that section in the language

of tensors rather than in differential forms.

3.1 Einstein

Let us consider Einstein’s theory of gravitation. Shall there be a fundamental
particle which deals with interactions at quantum level, namely the graviton,
its propagation on spacetime itself should be governed by the linear Einstein
equations at the classical limit. To linearize the Einstein equations (see eq.
(1.1)) one says that the dynamical degrees of freedom of the spacetime, namely

the metric g,,(z), are part of the perturbation metric h,,(z) propagating on

47
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a Minkowski background 7, such that

g,uu(x) = Nuv +e€ h'u]/(x) 5 (31)

where € is the parameter of the perturbation expansion. At second order in €
the Einstein equations read DW)‘p hy, = 0, where DW’V’ is the non-linear sec-
ond order differential operator on Minkowski spacetime defined, for a general
background, in eq. (A.11) and it is known as the Lichnerowicz operator. The

Taylor expansion of Einstein—Hilbert Lagrangian in powers of € takes the form
Sealg) = [ @ (LGM0) + Lt + € LM +OE) . (32

From the structure of the Riemann tensor as well as from the Christoffel sym-
bols we see that ,Cgl){(h) = 0 and therefore, there is not an extra contributions

to the cosmological constant coming from this expansion.

Any of the terms Egﬁ(h), with n = 1,2,..., will always include spacetime
derivatives of h,,. As we can see indeed from the linear Einstein equations,
there is no a mass term for the graviton. In § 3.2 we will discuss what happens
to the linear Einstein theory if we add by hand a mass term. The under-
standing of linear Einstein theory is fundamental to describe its connection
with Newton’s theory for gravity [92] as well as for the description of gravita-
tional waves [93]. See also [94] for a historical review on the mathematics of

gravitational waves.

3.2 Fierz—Pauli

The first attempt for massive gravity was made by Fierz and Pauli [19], who
added a self-interacting massive term to the Einstein linear theory. Fierz—Pauli
theory is dictated by the Lagrangian defined as E%)I(h) + Lpp(h) where

Lep(h) = —m? ((n‘“’hw)Q — h’“’hw> , (3.3)

where m is in this context supposed to be the mass of the graviton m = m,

and it is called the Fierz—Pauli mass, often symbolized as m = mpgp. Notice
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that n*"h,, is sometimes referred in the literature as the trace of the matrix
Iy, which has been then calculated by raising and lowering indices with the

Minkowski metric. The equations of motion for Fierz—Pauli theory read

O, o+ 3m? (P = ) = 0. (3.4)

It was noticed later by van Dam, Veltman and Zakharov [95,96] that the light
bending predicted by general relativity [5] differs from the one predicted by
the Fierz—Pauli theory in the limit m — 0. This phenomenon is known as
the van Dam—Veltman-Zakharov discontinuity in the literature. For the sake
of clarity, notice that in Einstein’s theory one does not use a perturbation of
the Minkowski metric to calculate the light bending, but on a Schwarzschild
background. Also, one considers that the light-like particle goes by the source
to a much larger distance than the Schwarzschild radius rg = 2GM/c?, where

M is the mass of the star.

Vainshtein observed that the van Dam—Veltman—Zakharov discontinuity ap-
pears as a result of working at linear level, i.e., for non-linear generalisations
of the Fierz—Pauli theory considering O(e?) terms, it turns out that, below the

so-called Vainshtein radius

3M %
rv = gp (mP ) s (35)

1
Mg

non-linear corrections are indeed relevant and the theory predicts the same as
general relativity. However, above this radius the linear approximation is valid
and therefore the deviations produced by the graviton mass become relevant
for a larger scale [97], which might yield detectable deviations from general

relativity predictions .

The recent observations of gravitational waves set up the lower limit for the
Compton length of the graviton to be Aoz > 10'%m (see refs. [98,99]), therefore
there is an upper bound for the graviton mass given by m, ~ 2 x 10~ kg. Eq.
(3.5) gives then for M = M, a Vainshtein radius of ry ¢ &~ 4 x 10'*m, which
is approximately where the termination shock beyond the solar system begins.
Local tests of general relativity remain therefore valid even if the graviton had

a 1NOoI-Zero 1mnass.
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Although the theory of a massive graviton seemed to be saved by the argu-
ment of Vainshtain, some time later it was observed that at higher orders
in e the theory propagates the so-called Boulware-Deser ghost [100]. More
specifically, any higher-order extension of Fierz—Pauli theory would introduce
a ghost scalar. At the linear level this ghost mode is removed by the term
—m?(n"h,,)? in the Lagrangian of eq. (3.3). This result was deeply accepted
for the scientific community and it froze the research towards a theory for the

massive graviton almost for forty years.

3.3 De Rham—Gabadadze—Tolley

To the rescue of the general idea of a massive graviton, in the year 2010 a major
breakthrough was made by De Rham, Gabadadze and Tolley who constructed a
massive gravity theory at any order, i.e. when € in g,, is not necessarily small
(see refs. [23,24]). This was made by introducing a special self-interaction
potential for the metric g, which curiously can be seen as the most general

scalar defined between contractions of g,, and a reference Minkowski metric

Umz

The theory was successfully proven to be free of ghosts propagation in ref. [48].
To present their action we go to the vielbein formalism through g, = e® Meby Nab
and 7, = 0° Méby Nap- In terms of the one-form vielbeine defined by e* = e® Hd$“
and dz® = 0% dx* the de Rham-Gabadadze-Tolley action reads

Sararle] = /eal,‘,aD R (e) Ne®™ A ... NeP

+30 B / €ayoap €A AT AT A LA AP (3.6)

Here the quantities (; are arbitrary parameters and for any of their values the
theory is ghost-free. Moreover, in terms of this parameters we can express the
cosmological constant A = A(f;) and the mass of the graviton m = m(f;) at
the linear level. The action above represents a non-linear completion of the
Fierz—Pauli theory. At the linear level it describes the propagation of a massive

graviton.
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3.4 General reference metric

In § 3.2 we discussed that it is important to know which metric raises the
indices of h,, in order to define its trace . In that case the metric that
raises the index is the Minkowski metric 7,,. If one goes further to a general
reference metric 7, — f,., then we have two metrics and one has to indicate

carefully which one is used to raise and lower indices.

Massive gravity a la de Rham—-Gabadadze—Tolley for a general metric, i.e., the
generalised theory where the Minkowski metric is now a non-dynamical general
reference metric f,,, was introduced in ref. [47]. One defines further a second
dynamical vielbein as ¢* = 1% dz*, which corresponds to do the generalisation

0%, —1%,. The massive gravity theory reads

Sgararle] = /Eal-uaD R%®2(e) Ne®™ N ... NeP

+ Zfzo B / €aroap €N NET AU N NP (3.7)

The action above represents a non-linear completion of the Fierz—Pauli theory
when f,, = n,, and it was proven to be ghost-free in ref. [49]. The reader
might wonder why the new field +* does not appear as a functional dependence
of the action Sgarcrle]. Notice that the general reference vielbein ¢ is not a
dynamical field, which means that there is not an equation of motion associated
with it. The action Sgarar(e, ], i.e., the action defined by the right-handed
side of (3.7) when * is considered as a dynamical field, is equivalent to the

Einstein—Hilbert theory on-shell, that is, when one integrates +* out.

3.5 Hassan—Rosen

Some solutions needed for cosmology are absent in the framework of massive
gravity a la de Rham—Gabadadze—Tolley. For instances, the open Friedmann—
Lemaitre-Robertson—-Walker solution, describing an expanding Universe in the
context of general relativity, is not present in massive gravity for a Minkowski

reference metric [101]. When going to the generalised theory for an arbitrary
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reference metric, the solutions open, flat and closed Friedmann—Lemaitre—
Robertson-Walker exist, however, they are unstable and therefore they cannot

describe the Universe as we observe it [102].

It was then necessary to go further with the massive spin-2 field interactions.
It was realized that, around a generic background g, , the general reference
metric can be expressed in function of the curvature of g,, [57,103-106]. One
can think about the complete theory of interaction between two dynamical
metrics g, and f,,, whose kinetic terms lead second-order differential equa-
tions, taking into account not re-introducing the Boulware-Deser ghost. One
completes the de Rham—-Gabadadze—Tolley action with the Einstein—Hilbert

like kinetic term as

Surle, 1] = /Eal...aD RM%2(e) Ae™ A ... A e
D-2 a1a2 as ap
+a /Eal...aDR (Z)/\'l ANAN)

+ Zio B / €aroap €N NET NV N NP (3.8)

®is now a dynam-

where again, unlike de Rham-Gabadadze-Tolley gravity, ¢
ical field with its own corresponding Einstein—Hilbert-like kinetic term and
its own equation of motion. Also, « is parameter of the theory that can be
understood as the ratio of the Planck masses for both Einstein—Hilbert terms,
after normalizing the action with a global constant. Hassan and Rosen first
proposed such a bimetric theory in ref. [25] in the language of tensors and it
was proven to be ghost-free at any order in ref. [50]. In the action (3.8) the
abbreviation “HR” stands for Hinterbichler and Rosen though, the first who
expressed it in differential forms [91]. In this case, cosmological solutions are
better behaved [52] and emerging instabilities can be considered as belonging

to the early Universe era [70].

The true equivalence between the Hassan—Rosen and the Hinterbichler—Rosen
actions is established as follows, which by the way, is analogous to the equiva-
lence between the Einstein—Hilbert action written in tensors and in differential
forms as discussed in § 1.1: the Hinterbichler—Rosen theory under the symme-
try condition

e“[uzby}nab =0 (3.9)
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becomes the Hassan-Rossen action for the fields g,, = eaueb,, Nap and f,, =
zauzbl, Nap- Moreover, the equality (3.9) follows from the equations of motion
(see refs. [91,107,108]) and therefore the Hassan—-Rosen tensorial gravity can
be seen as an integrated out version of Hinterbichler-Rosen tetrad gravity. If
there is no possible ambiguity we will use then the abbreviation “HR” for both

Hassan—Rosen and Hinterbichler—Rosen actions.

Up to now, we have discussed only the action for the behavior of the fields
without introducing a Lagrangian for matter. In general relativity the La-
grangian matter is assumed to have the dependence Liatter = Lmatter(g, @)

such that the stress-energy tensor is defined as

5 matter
Ty = ——2 (v |9|£V tter) (3.10)
Vigl 09"

and where ¢ represents collectively any standard model field. On the other

hand, it turns out in bimetric gravity that the entire theory, i.e. including an
action for matter, admits only a matter coupling to one of the metrics because,
otherwise, dangerous ghost instabilities appear [109,110]. Thus, the action for

bimetric gravity coupled to matter takes the form

S{ga f? Qﬂ = SHR[g,f] + Smattcr[ga (b] . (311)

This result generalises as well for ghost-free multimetric gravity theories: the
matter coupling is allowed only to one metric, in order that the action does

not lead to ghost instabilities.

3.5.1 Metric formulation

In secs. § 3.5.2 and § 3.7.2 we show some features of spin-2 field theory at
the level of solutions. At that point it becomes more natural to work in
the language of tensors rather than in differential forms. In the following we
present the action for bimetric gravity as it was formulated by Hassan and

Rosen in ref. [25], although we write it here for arbitrary dimensions. The
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Hassan—Rosen action is given by

Sinlo. 1= [ @ Ial (R(o) + o> /I TFIR(P)
#5008 [P, (312

where | M| denotes the determinant of a matrix M and P;(M) is the symmetric
polynomial of i-order for a matrix M, which is defined as

P(M) = st M, M (3.13)

vi...V; i

and also where the matrix y/¢~!f should be understood as a matrix function

such that
(\/gflf\/ gflf) =g (3.14)

This particular form for the interaction potential ensures the absence of the
Boulware—Deser instability. The (’s, however, can assume any value and the
theory will still be healthy. Different values for the 3’s lead to rather different
phenomenological predictions. We emphasize that this potential, although
cumbersome in the tensors formalism because of the appearance of the square-
root matrix in calculations, is just the most general interaction that one can
write between two vielbeine as it can be seen in a more natural way in eq.

(3.8). A useful notation for the potential that we use later on is

D

Vg, f;8:) =Y _BiP(Ng '] . (3.15)

n=0

The equations of motion for the action (3.12) are given by

EOM(gu) : Gu(9) + M?Viu(g, f38:) =0, (3.16a)
EOM(fw):  Gu(f)+* P"M?* V. (f,9;8p-:) =0, (3.16b)

where G,,,(g) is the Einstein tensor associated with the metric g, and

2 0(1glV(g. f:5)
Vil 99"

Vg, f58:) = — (3.17)
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3.5.2 Mass spectrum

In general, exact solutions in bimetric gravity are difficult to calculate. There
is, however, one certain solution to the equations of motion of particular inter-
est because it allows to calculate straightforwardly the mass spectrum of the
theory. This solution, which we denote as g,, = g, and f,, = fuw is when
both metrics are Einstein metrics, i.e., R,,(g) o< g and R, (f) o< fu. The
equations of motion imply that f,w X Gu- We consider the case when that

proportionality constant is positive and we denote it as

fuu = nguu . (318)

This solution tells us that the manifold defined by g, is Einstein-like. On that

manifold as a background we define perturbations as

Gy = Guv + €RY) (3.19a)
fuvr = G +€hl) . (3.19D)
At second order in € the equations of motion read
0, Gy =0, (3.20a)
EMV)\P M, + %mQ (M)\/\gw _ M;w) =0, (3.20b)

where ljw/\p is the Lichnerowicz operator on the background g,, and where,

from the old two metric perturbations we defined two linear combinations as

G = h9) +a’hll) | (3.21a)
M,, = —<c2hffy> - hfj’)) . (3.21b)

Also, m? = (81 + 232 + (3)/a?. From our discussion of Einstein linear the-
ory and Fierz—Pauli theory (secs. (3.1) and (3.2) respectively) we see that
egs. (3.20a) and (3.20b) describe one massless and one massive mode denoted
by G, and M, respectively, both propagating on the maximally symmetric

background g,,. This mass spectrum was first derived in ref. [53].
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3.5.3 First-order formulation

We want to go now to the first-order formalism of bimetric gravity, i.e., to in-
troduce two connections that are independent of the metric or, similarly, two
spin connections that are independent of the vielbeine. In the tetrad approach,
the first-order formulation is straightforward: one has to introduce a spin con-
nection for each vielbein and then to use two copies of the vielbein postulate.

Doing this, the action for bimetric gravity' in the first-order formalism is given
by

Sur|w, 0, €,1] = /eabcd R®(w) A e® A e
+ o? / €aped R () N 2¢ N

+3, ﬁi/eal...m e LAY AL LA (3.22)

When using the equations of motion for the spin connections w® and o
and additionally the two vielbein postulates for the connections I'(w,e) and
['(0,1), as we did in eq. (1.3), the latter become then Levi-Civita connections
respectively for the metrics g, (e) and f,,(2). Therefore, the Einstein—Cartan
kinetic terms become then Einstein—Hilbert terms when integrating out the

spin connections.

A special bimetric model, the so-called partial massless gravity, was studied
in ref. [111]. The motivation for this model starts at the linear level, in Fierz—
Pauli theory defined on de Sitter spacetime. In the particular case that the
Fierz—Pauli mass is related to the cosmological constant as m? = 2A/3, a
local gauge symmetry for the perturbation h,,(z) emerges. Here the origin
of the mass of the graviton is due to the curvature of the de Sitter space and
one refers to the graviton as something “partially massless”. This relation
between the mass of the graviton and the cosmological constant is known as
the Higuchi bound [112]. A remarkable fact is that from bimetric gravity,
for the de Sitter background solution one can also define a particular theory,
i.e., set of particular §’s, for which the same gauge symmetry arises for the

perturbation M, (x) as discussed in § 3.5.2. This happens when §; = 5 =0

IFor simplicity, we will work in D = 4 until the end of this chapter.
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for the parameters in eq. (3.22) and in addition when

Bo = 50202 , (3.23a)
By=1a?p,. (3.23b)

The particular bimetric model for this choice of §’s is known as partially mass-

less gravity. The Cartan formalism for the action takes the form

Spm(w, 0, €,1) = /Gabcd R®(w) A et Ae?
+ a? / €abed R () N2¢ N1
— M? / €abed (e“ Ae? + ot A zb> A (ec A e + a*f A zd> , (3.24)

where we defined the mass parameter M through M? = —3,/(2a2). This
particular model shows a particular similitude with conformal gravity: by
setting both spin connections to be equal U“bﬂ(w) = w“b# and making the
“Wick rotation” o — i, we then get the action for conformal gravity in the
first-order formalism (see ref. [67] and § 4.3 for more details). Here we notice
that the ghost of conformal gravity appears when making o pure imaginary,

since this introduces the wrong minus sign multiplying the kinetic term.

In ref. [113] a 4-dimensional gauge theory was constructed for the Wick rotated
conformal symmetry SO(5,1). The gauge theory describes spin-2 fields inter-
acting with a vector field. Interestingly, the interaction potential for the spin-2
fields has the same form as in eq. (3.24), although the different kinetic term and
the potential for the vector field gives a residual symmetry SO(3,1) x SO(2).
Whether this SO(5, 1)-invariant theory has ghost instabilities or not is an open

question.

As we will discuss in § 5, the 5-dimensional Chern—Simons construction for the
conformal group SO(4,2) can be related to first-order conformal gravity under
some dimensional reduction scheme and, in a similar way, the doubled Chern—
Simons construction for the SO(4,2) x SO(4,2) can be related to bimetric
gravity.
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3.6 Hinterbichler—Rosen

In this section we present the generalisation of bimetric gravity to a many-
interacting-metrics theory; the so-called multimetric gravity. Also, we discuss
the particular case of maximal discrete global symmetry of the multimetric
model, as we proposed in ref. [2], together with its implications in the propor-

tional background solutions and in the mass eigenvalue problem.

Whether the generalisation of general relativity to N non-interacting metrics
is consistent was investigated in ref. [114], to find out indeed, that such a
theory is inconsistent unless N = 1. Hinterbichler and Rosen first developed
then a set of theories for N interacting vielbeine [91]. However, it was later
realized that only those theories whose vielbeine interact pair-wisely through
the bimetric potential are free of ghost instabilities [115]. Furthermore, loop
interactions, i.e., when a vielbein interacts only with a next one and this latter
in addition with a next one and so on until closing the circle, also lead to in-
consistent theories (see refs. [91,116-118]). Those consistent theories were first
formulated by Hinterbichler and Rosen using the language of differential forms
for N vielbeine e?p), with p = 1,..., N. Their equivalent theories in tensors
is established when a generalised symmetry condition (e‘(lp))[m(el(’q))p] Nap = 0 18

considered as a constraint (see eq. (3.9) for the bimetric case).

The generalisation from two to N dynamical interacting vielbeine is not diffi-
cult to guess if we consider only pairwise interactions, i.e., separated interaction
terms each one exclusively between two vielbeine. One writes down an action
with all the possible pairwise combinations between the vielbeine, exactly as in
the gdRGT action. It turns out, however, that only some combinations in the
potential make up a theory that does not propagate ghosts, as we previously
mentioned. For example, in the case N = 4, the only two possible potentials
are depicted in figures 3.1 and 3.2. For the star graph the vielbeine interacting

only with one vielbein are called the satellite vielbeine.

An example of a ghost-free theory of N = 12 vielbeine interacting pair-wisely
is depicted in figure 3.3. A generalisation to non-pairwise interactions that
lead to theories free of ghosts propagation has been studied in ref. [108]: this

new theory emerges for a pairwise multimetric theory in the star layout when
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€(2) €(3)

a

Figure 3.1: The ghost-free star graph for N = 4. The vielbeine el)s €(3) and
e(y) interact each one solely with ey-

[3(12) /3(23) 5(34)

e €@ es) e()

Figure 3.2: The ghost-free chain graph for N = 4. The vielbein efy) interacts
only with €la)s €2) interact.s only with et .and €(3)s €(3) interacts only with €fa)
and, by last, ety and e(y interacts only with ef3)-
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Figure 3.3: An example of a ghost-free 12-metric theory. Several combinations
of the star and chain graphs are included, however no loop can be present
otherwise one introduces a ghost.

integrating the central vielbein out. The interaction term is made up of the

determinant of the sum of all satellite vielbeine.

3.7 Models with discrete symmetry

In this section we present our results of ref. [2] where we address the O we
develop in detail the multimetric theory in the case of maximal global discrete
symmetry. We go then to the proportional backgrounds solution and then we
perform the analysis of the mass eigenvalue problem. For simplicity we work
out the latter only with three metrics, i.e., we study trimetric gravity case. The
results, however, generalise to NV spin-2 fields in a natural way, as discussed in
section § 6.1.4.

3.7.1 Maximal discrete global symmetry

From the Hinterbichler-Rosen action we can see that 4-dimensional multi-
metric gravity has N — 1 a-parameters from the kinetic terms plus 5(N — 1)
[S-parameters from the interaction potential. Moreover, we have a global con-
stant in the action that eventually couples to a matter action. Different en-
ergy regimes can be then achieved by a multimetric gravity theory, therefore
it would be useful to have a rule that relates parameters in a way we end up

with a particular class of desired models. In this section we claim for maximal
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global discrete symmetries in the multimetric action. In particular, we look for
theories with invariance under interchange of the highest number of metrics

and, also, theories such that we have the same dynamics for both matrices
++/g71f.

3.7.1.1 Interchange symmetry Sy

Invariance under the interchange of the highest possible number of metrics in
a graph is present in the star graph. The action associated with the star graph

of one central metric g,, and N satellite metrics f (P) has the form

Slg. 19 = [ 'a /il (R(g) + S0y lo 110 RO

—om? Y d'z /19| V(g, f®; 3P . (3.25)

From this point, we choose g, to be the only (indeed the only allowed) metric

that couples to matter.
We claim for invariance of the action under the Sy transformations:

F®) s ) Vpg=1,...,N, (3.26)

v

which restricts the f-parameters in eq. (3.25). We see that, after doing the
rescaling of the satellite metrics as fl(f,) — ﬁ(Lp ) = a(_p? fl(fy), the sum of Einstein—
Hilbert terms is symmetric under (3.26). From eq. (3.13) it can be easily seen
that the symmetric polinomial in the bimetric potential satisfies P;(AM) =
NPy(M), where X is a real function and, therefore, the potential becomes
invariant when one demands that

() (@)

1 2
W M
Here, the letter ¢ of the denominators represent a power and they should not
be confused with labels, as they are for the S-parameters in the numerators.
From the symmetry condition of eq. (3.27) we can write

BY =al, B, Vp=1,...,N, (3.28)

1
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for some set of parameters ;. Thus, we are left now only with five free inter-

action parameters.

3.7.1.2 Reflection symmetry (Z,)"

There is another discrete symmetry that we can claim for the N satellite
metrics. We know that the potential depends on the matrices \/¢g~!f®. From
the bimetric case, eq. (3.14), we see that both 4+/¢~1f®) satisfy the same

definition. One can impose that

Vo if® — —\/g L f®  V¥p=1,...,N, (3.29)

leaves the potential invariant in order to get rid of such ambiguity. To see how
the presence of the symmetry above constraints the parameters, it is easier to
go to the vielbein language. The square-root matrix in terms of constrained

vielbeine e, and (z?p)) , with g, = nabeauebl, and f,, = nab(z‘(lp)) u(zl(’p)),, reads

(VI Y, = e Uy (330

a

For each one-form vielbein ) associated with f,(ﬁ), we consider then the trans-

formations

a

Up) — —Up) » e — e’ (3.31)

This leaves all the metrics g, and fl(f,'i) invariant and changes the square-roots

matrices as in eq. (3.29). The Einstein—Hilbert terms do not change since they
all depend quadratically on the one-form vielbein. Moreover, the symmetric

polinomials in the potential transform as

PA=Vg W) — (=)' Pi(v/g 71 f) . (332)

From this we conclude that the potential will be invariant under (3.29) only if

5?’): ép):() Vp=1,...,N. (3.33)
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3.7.1.3 Maximally symmetric action

Both conditions in eqs. (3.27) and (3.33) together lead us to an action for

multimetric gravity with global Sy x (Zs)" symmetry. The action results

Slg. 19 = [ s/l (R(g) + oy /lo~ 10 ()

—2m* 0 [ d'a/1gl Vg, fPsal,8) (3.34)
where 3; = 52@ ) / aép). The potentials have now the form

Vgl Vg, £7; a8, 8:) = Bor/1gl
™ O‘?p)ﬁm/m—%( Vgt f®) + 0/(1;;)54\/ |f®)], (3.35)

with P, defined in eq. (3.13). To our knowledge there is no further global
symmetries that can be imposed for the multimetric action (3.34). We observe
that the parameters By and (4 are cosmological constant contributions while

(o parametrizes the interaction between the center- and satellite-metrics.

3.7.2 Mass spectrum

In this section we review the mass spectrum of trimetric theory derived in [119],
generalising the bimetric results of ref. [53] (see also § 3.5.2). At the end of
the section we demand the maximal discrete global symmetry of the action,
that we discussed in § 3.7.1.

The action for trimetric gravity is given by
Slg. 1.6 = [ @t gl (R(9) + afy /o7 RU) + oo/ T R(E)
ot [t gl (Vig. £:5) 4 Vg ks 5)) (3.36)

where the interaction potentials V' are defined in eq. (3.15). Here we have
introduced the mass scale M for the entire potential as well as the global

Planck mass my that normalizes the Einstein-Hilbert term for the metric g,



64 3. Spin-2 fields

The solution ¢, = Guv, fuw = 1, w and ky, = lguy for proportional backgrounds

is obtained through the ansatz

fuv = <y (3.37a)
k= c%k)gw, : (3.37b)

with c(y) and cq being constants, in complete analogy to eq. (3.18). For this

ansatz, the equations of motion become

EOM(g) 1 Gu(@) + (ABY, ep) + ABY o)) Guw =0, (3.380)

EOM(f) : gwm +A (6( ey a0) G =0, (3.38D)

EOM(K) : G (k) + AB™, ey, aay) Guw = 0, (3.38¢)
where

ABP cipy) = m? (55“ +3cyBP +3¢2, 87 + ¢ <p>) , (3.39a)

2
A(@'(p)? Cp)> O‘(p)) W <C(p)5£p) + 3C%p)ﬁ§p) + 30?17) ép) + CZ(LP) ZEp)> ) (3'39b)

with p = 1,2. Furthermore, since the Einstein tensor is invariant under con-
stant rescalings of the metric, one finds the following conditions for the pro-

portional background solution

k 1 " k
AB ) + ABP ewy) = ABY ey, i) = ABY, ey a) - (3.40)

These determine the proportionality constants c(;) and cy) in terms of the

parameters of the theory.

3.7.2.1 Maximal global discrete symmetry

When the interchange symmetry Ss, as discussed in § 3.7.1.1, is present in the
action then eq. (3.27) holds and

oty = e - (3.41)
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solves the condition? A(Bi(f), Cip)s Q) = A(ﬁi(k), C(k)> (ky). From now on, since
all cosmological constant contributions in eq. (3.38) are equal, we will simply

refer to them by the symbol A.

Following the standard procedure for the analysis of the mass spectrum, we

derive the equations of motion for perturbations around the proportional back-

grounds
Guv = gm/ + hELgy) y (3.42&)
fuv =y G + 1Y) (3.42b)
K = Gy G + hiL) (3.42¢)

The linearized equations of motion are not diagonal for the fluctuations above
and thus they are not the mass eigenstates of the theory. After diagonalizing
them, one finds that, for interaction parameters satisfying conditions of eqs.
(3.27) and (3.33) —therefore we have Sy x (Z3)? ~ (Zy)* invariance of the

action—, the eigenstates of the mass matrix assume the form

mp (hE) + o) BT} + o b))

G = 2 2 2 2 ’ (3.43a)
Lo i) + i
(9) 2 1 (f) 2 (k)
mp ((O‘?ﬁc?f) + Ay Clry) v — oyl — ay, hW>
My = = 2 2 2 2 2 2 2 2 ’ (3.43b)
(1 +afpy ey + i) \/ A T ¥
c c k
B mp OZ(f)Oz(h) <%h/§);) - %h&z)) (3 13 )
Xy = 2 2 2 2 2 2 2 2 3\ e
(14 a2, c? + a? 2 ) (a2 2 + a2 ¢4 )
(H~N (k)= (k) (=N (k)= (k)
where we defined the Planck mass as

By calculating the linearized equations of motion in terms of the fluctuations

defined in eq. (3.43), we see that the they have the following corresponding

2However, if we do not demand (3.33), there may exist other solutions.
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squared Fierz—Pauli masses:

mz, =0, (3.45a)
mi, = A(l + oz%f)c%f) + oz?k)c?k,))mQ : (3.45b)
mi = Am? (3.45¢)

with A = 284/ atp = 28"/ afyy- Those masses correspond to the eigenvalues
of the matrix that has to be diagonalized, such that the linear equations of mo-
tion decouple in a way that exhibits the massless and the two mass eigenstates
G, M, and x,, respectively. By using the background condition (3.41), the

fluctuations, i.e., the mass eigenstates, can be expressed as

m
o
__ " 20(9) _ 42 KU _ o2 Bk
My, = a(l + a?) (a h#gl’ ) hul/ (k) hw ) (3.46b)
o me (o () 2 (k)
Xpv = o /—1 T o2 <a(f) h’ul/ a(k’) huu ) (346C>
where we defined the new parameter o through
2_ 2 2 2 2 _ 5.2 2 o5 2 2
o = () + X Cir = 2005 () = 200k Cr) - (3.47)
The inverse relations are
19 = (G —a M (3.48a)
v m_P v a V), .40
WD) = (a G + My — V1+ 0 XW) , (3.48h)
" 2mpag
M) = 5 (@ G + My + VT 0% X ) (3.48¢)
’ 2mpa(k)

3.7.2.2 Enters dark matter

We present the action for trimetric gravity up to cubic terms in terms of the
mass eigenstates in § B.3. There are some immediate implications for the
phenomenology of trimetric gravity. The massive mode x,, is a spin-2 field
that does not interact directly with the matter sector since, as discussed below

eq. (3.10) for the bimetric case, the action for matter only includes couplings
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with g, but x,, does not depend on the fluctuation hfﬂ), as seen from eq.
(3.46¢). This can be seen from the inverse relation (3.48a): adding the matter
action S|g, ¢] to the trimetric action of eq. (3.36) the coupling to matter in

the quadratic action has the form

PO T — mip (GW —a MW>T’“’ . (3.49)
Here the stress-energy tensor is considered to be the source of small perturba-
tions on the background g,,. Any matter coupling involving Y, is forbidden
by the maximal global discrete symmetries. In addition, we see from eq. (3.45)
that the mass of the massive mode M, is larger than the mass of x,,, with
a factor of v/1 + a2. The massive graviton X 18 therefore prevented to decay

into standard model particles and other massive spin-2 modes.

In § 6.1 we prove that x,, does not decay either into massless gravitons and
therefore that the massive gravitons x,, are entirely stable. The heavier spin-2
particle M, can decay into two lighter spin-2 particles ones x,,, i.e. M — xx
provided that my; > 2m,. Since my,; = (14+a*)m?2 we must have a > V3. The
decay of the heavier mode into one massive particle x,, and a finite number

of massless gravitons G, i.e. M — G---GY, is not allowed again by the

ma
discrete symmetries, as explained in § 6.1.3. We therefore postulate the field
X as the component of dark matter. In § 6.1.4 we carry out the generalisation

of these results to IV satellite-metric and maximal global discrete symmetry
S N X (ZQ)N.
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Chapter 4

Gauge theories for gravity

This chapter is devoted to the discussion of gauge formulations of gravity. In
particular, we review the fact that the Einstein—Cartan action in four dimen-
sions is not invariant under the gauge transformations induced by the Poincaré
group. Moreover, we review the idea of Weyl on gauge theory, which led to the
development of conformal gravity by Bach. By last, we review the theory from
the first-order formulation point of view —namely, when the spin connection

is independent of the vielbein.

4.1 Poincaré (non)-invariance of gravity

In this section we discuss the gauge invariance of standard general relativity
under the Poincaré group. Namely, we study the invariance of the Einstein—
Cartan Lagrangian under the local Poincaré transformations generated by J,
and P, when the gauge fields are w® and e® correspondingly. To show what
happens with the invariance in different dimensions, we analyse the cases D =
2+ 1 and D = 3+ 1. In turns out that the (2+1)-dimensional action is indeed
invariant but the (34 1)-dimensional one is not. This is due to the fact that the
(341)-dimensional Einstein—Cartan Lagrangian is not linear in the vierbein,

not as the (2 + 1)-dimensional Lagrangian which is linear in the dreibein.

69
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4.1.1 Invariance of (2 + 1)-dimensional gravity

As discussed in § 1.4, according to the Lanczos—Lovelock generalisation of
standard general relativity, the Einstein—Cartan action in 241 dimensions is
given by

Sgclw, €] = /eabc R®(w) Ae®, (4.1)

where a,b =1,...,p+q =2+ 1. The variation with respect to the fields reads
8o Sunlw, €] = / €ate <(5R“b(w) A€ + R(w) A 5ec> . (4.2)

Having started the analysis of § 2.3.1 from the (2 + 1)-dimensional special
orthogonal algebra SO(2,2) instead of SO(4,2), we see that the (2 + 1)-
dimensional Poincaré algebra span {J, P,} is a subalgebra of SO(2,2) (see
eq. (2.30) for a? — b*y~2 = 0).

Thus one can easily determine the Poincaré gauge transformation for the
dreibein using the eq. (2.71b) for b* = A = 0. We get that de* = Dp® — 0% Ae®.
Furthermore, from eq. (2.50) for the particular case of the Lorentz curvature

F = R(w) and zero-form parameter € = @ we have the following identity:
SR®(w) = —0%, A R®(w) + 6°, A R“(w) . (4.3)
Plugging in the variations for the vielbein and curvature into eq. (4.2) we get
dw.eSEC|w, €] = /(—:abc< — 0% N Rdb(w) A e
+ 6%, A R™(w) A e+ R™(w) ADp® — R™®(w) A0 A ed) : (4.4)

Since €4 is an invariant tensor for the (2 + 1)-dimensional Lorentz algebra
SO(2,1) we have that Dey,. = 0. Furthermore, from the Bianchi identity!
DR®(w) = 0, we note that

/eabc R™(w) ADp* = / €abe R (W) A p° . (4.5)

M oM

INote that this identity arises in the context of gauge theory, as one can see from eq.
(2.47) for the Lorentz group and Lorentz curvature F = R(w).
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Neglecting this boundary term, the variation of the action reads then
5“,,68]30 [w, 6] = — / <€db09da + eadCde + Eabdgdc) A Rab<w) A\ e s (46)

thus using the identity of eq. (A.12) we obtain 4, .Sgn,,, = 0. The 3-

dimensional Einstein—Cartan theory is therefore Poincaré invariant.

4.1.2 Non-invariance of (3 + 1)-dimensional gravity

The Einstein—Cartan action in 3 + 1 dimensions is given by
Sgclw, €] = /eabcd R®w) Aef net. (4.7)

Analogously as in § 4.1.1, the variation of this action with respect to the spin

connection and the vierbein is
dw.eSEc|w, €] =2 / €aped R N e ADp . (4.8)
With the aim of integrating by parts let us note that
D(eabcd R™ A ¢ A pd> = €apea RO AT A p? — €apea Rab(w) A e ADp? | (4.9)

where we defined the torsion as T%(w,e) = D,e% exactly as in the Cartan

formalism. Neglecting the boundary term we find
dw.eSEC|W, €] =2 / €abed R (w) A T¢(w, e) N\ ot (4.10)

from where we see that the Einstein—-Cartan action in four dimensions is ex-
plicitly non-invariant under the Poincaré group. This action is indeed locally
Lorentz invariant because it is a contraction of (pseudo)-tensors, i.e. it is a
Lorentz scalar. We see this fact explicitly from eq. (4.10) when p* = 0, since

in that case a Poincaré transformation becomes a Lorentz transformations.

The Cartan formalism considers independent spin connection and vielbein. A
priori one does not assume a null torsion because the equation T%(w,e) =

De® = de® + w?, A e® = 0 would relate both independent fields, i.e. we would
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have an equation of the type w® = w®(e). This would modify the degrees of
freedom of the theory. Moreover, we cannot just impose 7%(w, e) = 0 as a con-
straint because this equation is not invariant under gauge transformations. To
see this, consider egs. (2.56) and (2.50) for the case of the (3 + 1)-dimensional
Poincaré group with connection A + G = w + e and zero-form gauge pa-
rameter € + ™ = 0 + p. Projecting out for the P, generators we get that
0T* = —R® A p, showing that, as long as we have Poincaré translations the

torsion will generally change under gauge transformations.

By varying the Einstein—Cartan action with respect to w® one finds that the
equation of motion directly implies that T%(w, ) = 0. Although the vierbein e“

@ _since the Lagrangian does not have derivatives

is not a dynamical field as w
of it and thus there is not a kinetic for it— the torsion being equals to zero
makes it again dynamical. From eq. (4.10) we see that the action is invariant
on-shell. This can be problematic when quantizing the theory because in the
path integral formulation one wants to add every possible configuration and

not only those for which the equation of motion are satisfied.

4.2 Conformal gravity

Gravity a la Einstein has a peculiar symmetry: its action is invariant under
diffeomorphisms. Furthermore, written in the vielbein language, we find local
Lorentz transformations (for more details see § 1.1). Local Lorentz transfor-
mations can be understood as a gauge symmetry because they are induced
by the Lie group SO(3,1) and because this is not a change of coordinates
but a change of the fields themselves in the form e* — e¢*. The concept of
gauge symmetry was introduced by Weyl in ref. [54,55] in an attempt of for-
mulating a gravity theory that was invariant under the local transformation
9w (2) = ¢*(2) g (x); the 4-dimensional Einstein—Hilbert action is not invari-
ant under rescalings of the metric. This transformation has the name of Weyl
dilation, Weyl transformation or conformal transformation in the Riemmanian
sense —and not in the sense of the conformal transformations induced by the

conformal group SO(4,2), which however, has spacetime dilations z# — A\z*
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as a subgroup of transformations?.

Weyl invariance has become object of study given that string theory has to
have scale invariance to be consistent: the Polyakov action has this symmetry.
When quantizing the Polyakov action, the physical observables should not
depend on the choice of the worldsheet metric h,s and thus, the mentioned
action should have enough local continuous symmetries such that one is able
to get rid of those degrees of freedom. Weyl invariance allows us to do this.

Further evidence relates Weyl invariance with the origin of mass [120].

An action for 4-dimensional gravity satisfying Weyl invariance was formulated

by Bach in ref. [56]. This action is called the Weyl action and it is given by

Swlg) = / Az \/|g] Cun, O (4.11)

where C),,), is the Weyl tensor defined in eq. (A.8). This theory is known as
conformal or Weyl gravity and it is fully invariant under Weyl transformations.
This 4-dimensional theory has a remarkable property: due to fact that, in
D = 4, the integral of the Gauss—Bonnet term can be expressed as boundary

term, the action of eq. (4.11) can be brought to the simple form

Scaldl = [ e VI (R*@Rule) — 3RGP) . (@12
In this thesis we refer to this particular form of the action as conformal gravity

in the second-order formalism. Written in this form, the action still has Weyl

mvariance.

4.2.1 Einstein-dilaton system

A usual redefinition of the Weyl rescaling is through the exponential function

as ¢(x) = @ It is straightforward to compute that the transformation law of

2Here it is important to note that, Weyl dilations and spacetime dilations are transfor-
mations of different nature. However, when using the conformal group as the symmetry
group for a gauge theory with two vielbeine, a Weyl rotation of the vielbeine de® ~ A\i* and
0 ~ Xe® (cf. egs. (2.71b) and (2.71c) and see § 4.3.2 for more information about Weyl
rotations) is induced by the symmetry generator D, which is the conformal Killing vector
associated with the dilation z# — Az#.
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the Ricci scalar under Weyl rescalings of the metric is given, in D dimensions,
by
R(e*%g) = e R(g) - 2(D ~ 1)g" 7,7,
—(D-1)(D— 2)ngu9vy§z> . (4.13)
This formula immediately motivates to write down an action for gravity that

includes a scalar field counteracting the Weyl transformation such that the

entire theory is Weyl invariant. By introducing the field ® as
Swnlg, ®] = / a2 /gl P (92R(g)+(D—1)(D~2)g" V, @V, @) , (4.14)

we get the so-called Einstein-dilaton system, a scalar-tensor gravitational the-

ory with invariance under the gauge transformations

G () — *(z) (), (4.15a)
O(z) — ¢(x) D(x) . (4.15b)

The Einstein-dilaton system is an active subject of study since the classical
models for inflation are mostly dilaton-based (see ref. [121] for a detailed re-
view) and also since the dilaton is within the field content of (quantum) string
theory (see e.g. ref. [122]).

4.3 First-order conformal gravity

In this section we study the action for conformal gravity in the first-order
formalism. This action was first obtained in ref. [67] as a 4-dimensional gauge
theory for the conformal group. Let us consider the following action for the

two one-form vielbeine ¢ and 2% in four dimensions:

Sle,1] = /eabcd (Rab(e + 1) A [ec Aet — a1 A zd]

+ 2 [6“ Ael —a?® A zb} A [ec Aed — a1 A zd]> , (4.16)
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where w? = w®(e + 1) is the spin connection related to the Levi-Civita
connection as in eq. (1.3) but for the linear combination of two vierbeine
e+ a1®. The metric g, related to the Levi-Civita connection I'(g) is obtained

as g = (e + a1)"n(e + ar). Let us define

E*=¢"+ a®, (4.17a)
I"=¢" — . (4.17b)

The metric of the above mentioned Levi-Civita connection can be written as
Gy = E“uEbl,nab. Let us also define the tensor S,, = Eaulbynab. In terms of

those quantities the action of eq. (4.16) can then be written as

Slg, 8] = /d493 9] <S“MR(9)
— 25" R, (g) — 2m? [(S”M)Q - S“”SWD . (4.18)
We aim in the following to integrate the field S,, out. Its equation of motion
is given by
ﬁ (R(g)g/w - 2Ruy(g)> = Sppg/w - S,uu 5 (419)

which is an algebraic equation for S,,. The general solution is

S = 5 (R 9) = $R(9)910) (4.20)

and by plugging in this into the action of eq. (4.18), we finally obtain the
action for conformal gravity of eq. (4.12). This action is invariant under the
rescaling g, (x) = ¢(x)%g,, (or in the vielbein language, e®(z) — ¢(x) e*(z)),
i.e., Weyl transformations. We have seen then, that conformal gravity has an

equivalent auxiliary action given by eq. (4.16).

4.3.1 First-order conformal gravity

Let us discuss, how it would be possible to go to the first-order formalism of

conformal gravity. From the above discussion, one could think that doing

w® = w(E) — arbitrary w® (4.21)
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renders an equivalent first-order formulation. In this case, and also using the

new vielbeine defined in eq. (4.17), we obtain
Slw, B, 1] = /eabcd<Rab(w) NEYAT—m2E° ANEP AT A Id> o (4.22)

However, it is straightforward to see that the spin connection w®(E) is not a
solution to the equations of motion of the action of eq. (4.22) and therefore,
one cannot obtain the action of eq. (4.16) back from it. This occurs as well

for w®(I), because of the symmetry E® <> I* of the action.

The action of eq. (4.22) was obtained in ref. [67] as a 4-dimensional gauge
theory for the conformal group. It is invariant under conformal transformations
only if the spin connection is related to the Levi-Civita connection through the
vielbein postulate w® = w®(E) and adding a correction term, which drops out
from the final action when an auxiliary field is integrated out: the resulting
action the conformal gravity of eq. (4.12). For completeness: the action of

first-order conformal gravity in terms of the vielbeine e* and +* is given by

Slw, e 1] = /%bad (R“b(w) A [ec Aet — ot A Zd]

+ 2 [e“ Aeb —a®i® A zb} A [ec Aet — a1t A zd]) : (4.23)

4.3.2 Weyl rotations

A new symmetry emerges when going to an arbitrary spin connection: the

action of eq. (4.23) is invariant under the SO(1,1) rotation of the vector

defined as
< e (z) ) _ ( C?sh¢(x) sinh ¢(z) ) ( e’ () ) | (4.24)
/() sinh¢(x) cosh¢(x) 1%(x)
In the same spirit of a Weyl dilation e®(z) — ¢(x) e*(x) (see § 4.2), we refer

to this rotation as a Weyl rotation. An infinitesimal Weyl rotation is given by

det(z) = ¢(x)*(x) (4.25a)



First-order conformal gravity 7

0 (x) = ¢(z) e*(x) . (4.25Db)

The set of Weyl rotations makes up a subgroup of the conformal group. This
can be easily seen from eq. (2.72) with 6% = p® = b = 0 with the partic-
ular choice of parameters ¢ = 4ian. For this choice, a subset of conformal

transformations coincide with the transformations in eq. (4.25).
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Chapter 5

Conformal Chern—Simons

theory

This chapter is devoted to present the results that we obtained in ref. [1].
We discuss the 5-dimensional Chern—Simons theory for the orthogonal group
SO(4,2) and we express the gauge fields in all the covariant bases discussed
in § 2.3. One vierbein can be identified as a subset of the components of the
fiinfbein and a second vierbein can be identified as a subset of the components
of the 5-dimensional spin connection. We show how one can perform a dimen-
sional reduction in the 5-dimensional theory getting in the end 4-dimensional
Einstein—Cartan theory. Also, in a similar setup, we perform a dimensional
reduction to get 4-dimensional first-order conformal gravity. We construct
then a doubled Chern—Simons theory and we break the gauge symmetry as
SO(4,2) x SO(4,2) — Lorentz x Dilation. In this case we have two vielbeine
and two spin connections and the dimensional reduced theory coincides with
the first-order version of bimetric gravity. In all the mentioned cases we discuss
in which conditions the dimensional reduction can be seen as a gauge-fixing

using the gauge redundancy of the Chern—Simons theory.

79
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5.1 The action

We consider the Chern-Simons theory defined by a Chern-Simons form Q®)
integrated on a 5-dimensional manifold M;5. The mathematical details of a
Chern—Simons theory were discussed in § 2.7. According to eq. (2.75) for a
5-order form (r = 3), after integrating the parameter ¢ in along the interval

[0, 1], the Chern—Simons action takes the form

SCS[A]Z/M <F/\F/\A

—%F/\A/\A/\A—l—%AAA/\A/\AAA>, (5.1)

In the following we exhibit this action explicitly valued in the gauge algebra
G = S0(4, 2) choosing the different covariant bases discussed in § 2.3.1.

5.1.1 6-covariant basis

As discussed in the mathematical prelude (§ 2.6.1), in this basis the gauge

1
2

spin connection since that one can associate it the curvature form F' = Rg(ws)

connection takes the form A = wg = 2w/’ J;;. The object w!’ can be seen as a

with components R’ (wg) = dw!’ + w! - A w7/ This curvature satisfies

dQ® (we) = (Rg(ws), Rs(ws), Re(ws)) , (5.2a)
= s ersxomn R (we) A REH (we) A RE™ (w) - (5.2b)

where we have used the invariant tensor of SO(4,2) of the Euler class (eq.
(2.24)).

5.1.2 5-covariant basis

In the following we express the Chern—Simons action of eq. (5.1) in the 5-
covariant of the orthogonal algebra SO(4,2) discussed in § 2.3.1. In this
case the gauge connection splits according to the subspaces decomposition

of SO(4,2) = Vo @ Vi where V; is the AdS or dS subalgebra (generated by
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Jap) and V] is the subspace of 5-dimensional non-commutative translations,

T4. Namely the connection splits as in eq. (2.58).

The aim now is to write the action of eq. (5.1) in terms of 5-covariant objects.
For this we use the subspace separation method of ref. [90]. The method
consists in finding a subspace decomposition for the vectorial space SO(4, 2),
for example SO(4,2) = V @ V; such that we can use the triangle formula of
eq. (2.77) to write the Chern—Simons form. In our case A is the connection
valued in the trivial subspace V & V7, A is the connection valued in a non-
trivial subspace V; or V; and A = 0 is the (local) connection valued in the
trivial subspace which contain the neutral element. For the calculation it is
convenient to choose Vy as the non-trivial subspace, which means that the

connections, with which we are working out, are

A=ws;+us, (5.3a)
A = W5, (53b)
A=0. (5.3¢)

We put then this connections back into eq. (2.77) to calculate the Chern—
Simons form Q®(A,0) = Q©®)(A). Looking the invariant tensors of the al-
gebra expressed in the 5-covariant basis (eq. (2.26)) we see that Q) (A, A)
is zero, thus the only contribution to the Chern—Simons action is given by
Q®(A, A). A straightforward calculation of this transgression form results in

the action

Scs[CU5,u5] = %1/ €ABCDE (R?B<QJ5) A RgD(W5) A UE
Ms
_%R?B(WE))AUC/\UD/\UE—F#UA/\UB/\UC/\UD/\UE> ) (5.4)

This action corresponds to the 5-dimensional Chern—Simons gravity for the
gauge group AdSy,; = SO(4,2), where u4 is the fiinfbein form. The first term
is the dimensionally continued Gauss-Bonnet term, however it is not topolog-
ical as its even-dimensional versions. The second and the third terms are the
5-dimensional Einstein—Cartan and cosmological constants actions written in
differential forms respectively. The action of eq. (5.4) was proposed as gravity

theory in five and any odd dimensions in ref. [36].



82 5. Conformal Chern—Simons theory

In ref. [35] it was proven that, imposing to the (2n + 1)-dimensional Lanczos—
Lovelock theory to have the maximum possible number of degrees of freedom,
the coefficients of the Lanczos—Lovelock Lagrangian are such that the La-
grangian becomes the Chern—Simons form for the gauge group AdSs, 1 =
SO(2n + 1,2). The action of eq. (5.4) is therefore a particular case of the

5-dimensional Lanczos—Lovelock theory.

5.1.3 4-covariant basis

In the following, we decompose the indices into the 4-covariant basis as dis-
cussed in § 2.3.1. The connection splits further up in the 4-covariant basis as

described by eq. (2.61). Using this, we obtain the action

SCS[w737u>M] = %L/\

Ms

Caea( R (@) N R(w)
+ 20 R (w) A s¢ A s — 3—2 R®(w) A uf Au
+s“/\sb/\sc/\sd—%S“Asb/\uc/\ud%—%u“/\ub/\uc/\ud> A
- / €abed <Rab(w) AT (w,s) +1nT%w,s) As’A s

M5

— 35 T%(w, s) A u’ A uc) Au® . (5.5)

We observe that neglecting i1 and forgetting the coordinate dependence of the
fields w, s* and u® then the first integral becomes similar to the first-order
conformal gravity action (see § 4.3). This gives us an insight on how to perform
a dimensional reduction to get such gravity action. Furthermore, doing u® = 0
we get an action similar to the one of the Einstein—Cartan theory. Again,
still with the task of integrating along the Y to get the actual theory. In §
5.2.1 we will study two different dimensional reduction schemes for which the
action of eq. (5.5) becomes related to Einstein—Cartan and conformal gravity,

respectively.
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5.1.4 4-covariant canonical basis

In this basis, the gauge connection wg splits as described in § 2.6.1. Via the re-
defintion of eq. (2.66) we compute the Chern-Simons action in the 4-covariant

canonical basis. It reads

SCS [wa €, 1, :u] = % / €abed Rab(w> A RCd(w) N H
Ms
+ 1 / €abed (A R®w) Aef Ae? + 2B R™(w) A e Aot
Ms
+ C R®(w) /\ZC/\Zd> A
+%/ eabcd<A2ea/\eb/\ec/\ed—i—élABea/\eb/\ec/\zd
M5
+2(AC +2B*) e N e® A1 A +4BC e AP A A
+C’2z“/\2b/\zc/\zd) A
- / €abea R (W) A (ab T(w,e) Ae’ + ad T(w, e) A"
Ms
+beT(w,2) A e 4 cd T¢(w,2) A zd>
- 77/ €abed <a T%w,e) +cTw, z)) A (b (A+20°y7%) e Ae“ N el
M5

+ (d (A + %bQ'y_Q) + 2b (B + %bd’y_Q)) e’ A e Al
+ (b(C+ 2d*v7?) +2d (B + 2bdy?)) € A1° Ao?
+d(C+ 2Py " A A Zd> : (5.6)

where we have defined the parameter combinations

A=a®>-by7, (5.7a)
B = ac — bdy?, (5.7b)
C=c—d*y?. (5.7¢)

This is the 5-dimensional Chern—Simons action which is invariant under the
parametrized conformal group SO(4,2) ~ Csz,1(M,~), i.e., under the gauge

transformations defined in eq. (2.71).

The first integral of the action in eq. (5.6) is similar to the Gauss-Bonnet
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boundary term (cf. eq. (A.10)), however the integrand is wedge p and w® has

components and dependence in the fifth dimension, namely,
w® =w® (X)dX™, (5.8)

with X™ = (X# = z#, X® = w). This term is therefore not a boundary term
as it happens with the pure 4-dimensional Gauss—Bonnet term. The same
behavior is seen in the second and third integrals: the second integral has
terms similar to the Einstein—Cartan actions for the vielbein e® and * plus
and additional kinetic term. Remarkably, the third integral has all possible
combinations between both vielbeine, similarly as in potential of 4-dimensional
bimetric gravity (cf. eq. (3.22)). The action cannot be truly bimetric-like,
though, because it has only a single spin connection. In § 5.1.5 we formulate
a doubled Chern—Simons to solve this problem. The rest of the terms involve
Lagrangian densities proportional to the torsions of the vielbein components

e and 2.

In the following we discuss the two special cases for the general action of eq.
(5.6), which are given by the conformal and the orthogonal bases, i.e. when i)
A= C =0 and ii) B = 0 respectively.

5.1.4.1 Conformal basis

By choosing the parameters of the matrix M as in eq. (2.31), the action of eq.
(5.6) takes the simpler form:

SCS [wv €1, :u] = %1 / €abed (Rab((ﬂ) N RCd(w)
Ms
+ 8acn R (w) A e A + 16a%c? e A e’ Ai° A zd> A

+ Y Storsion [wa €, 7/] . (59)

Here Siomsion 18 the action defined in eq. (B.11). These terms include the
torsions of the vielbein components e* and +*. We note that non-torsional part
of the action is similar to the action for first-order conformal gravity (cf. eq.
(4.22)), including also the term that is similar to the Gauss-Bonnet boundary
term. The torsional terms are required in order that the theory has the SO(4, 2)
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gauge invariance. Notice that that part of the action is proportional to the
parameter -, therefore we can get rid of the torsional terms by taking the limit
~ — 0. This limit, however, makes algebra ill-defined since the commutation
relations (see eq. (2.32)) diverge and, therefore, they cannot lead to well-

defined gauge transformations.

5.1.4.2 Orthogonal basis

Choosing the parameters of the matrix M that lead to the orthogonal basis,
i.e., such that they satisfy eq. (2.34), the action of eq. (5.6) takes the form

SCS[W,@,Z,M] - éll/

Ms
+4a®n R*™(w) A e A e + 4’y R (w) A Ao

€abed (Rab(w) N RCd(w)

+4da*e® AN el A el Ae? +8a2c? e A e Aif Al
+4c4z“/\zb/\zc/\zd>/\,u

+Pys‘zorsion[w7€’7’] . (510)

The torsional part is S{, ., 1S defined in eq. (B.12) and, again, it is propor-
tional to v. Here we have made the “Wick rotation” v — i, such that the
action remains real. This re-definition of « changes the SO(1,1) symmetry of

the gauge algebra to SO(2), and now we have 72 > 0.

The family of algebras Csyq(M,7), for every value of the parameters, are
isomorphic. Therefore, all the gauge theory actions defined by gauging' this
algebras will be related by means of linear transformations M;, M,, and so

on?.

! Again, with “to gauge an algebra” meaning to construct the Chern-Simons gauge theory
valued in the algebra.

2Even in the ill-behaved limit v — 0, it remarkably happens that the non-torsional parts
of the actions of egs. (5.9) and (5.10) are related by the following vielbein re-definition:
making

in eq. (5.9) we get eq. (5.10).



86 5. Conformal Chern—Simons theory

According to the discussion above, we have a family of equivalent actions writ-
ten in different bases. This equivalance, however is broken by the dimensional
reduction schemes that we present in § 5.2. Hence, the 4-dimensional theories
that can be derived from the 5-dimensional Chern—Simons theory for different

choices of M will not be indistinguishable.

5.1.5 Doubled Chern—Simons theory

Let us focus on the problem of introducing a second spin connection; this is to
see how the Chern—Simons theory can describe a theory for two spin connec-
tions and two vielbeine to pursue a gauge formulation of bimetric gravity. As
we already mentioned in § 2.7, by doing this by means of a transgression form,
we are then introducing a ghost in the theory, given that the Einstein—Cartan
kinetic terms for different spin connections and vielbein have opposite signs.
Motivated by the fact that the potential of the action for conformal gravity,
namely the action of eq. (4.23), has a similar form as partial massless gravity
(see eq. (3.24)) and, given that one single Chern—Simons action has similar po-
tential to conformal gravity, we construct a doubled conformal Chern—Simons

geometry as the action
SDCS [wa (;}, €, éa 2 57 2 ,DJ] = SCS [w7 €,1, /L] + SCS[(Dv é) Zv IEL] . (511)

Here each Chern—Simons action on the right-hand side is the action of eq.
(5.6) for fields with and without tildes. Since each one has a gauge symmetry
corresponding to the conformal group, i.e. eq. (2.71) with and without tildes
on fields and gauge parameters, then the symmetry of the doubled Chern—
Simons action is SO(4,2) x SO(4,2). We can visualize this doubled gauge

theory as a two control knobs which can be gauged or calibrated separately.

In order to compare this theory to a bimetric construction we study the
breaking-symmetry case when é* = e* and 7 = 1*. Both Chern—Simons ac-
tions in eq. (5.11) have now interdependent fields, therefore gauging one of the
Chern—Simons action will necessarily gauge the other action. We can visualize

this double gauge theory with interdependent fields as the same control knobs
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of above but connected with a tape. The action for this special case is

SDCS[w W y €0 s [ ] SCS[('u 6,1 ,LL] + SCS[“%Q%M] (512)

The gauge transformations of the group SO(4,2) x SO(4,2) break down to
those eq. (2.71) with and without tildes and putting é* = e* and 7* = *
everywhere. After imposing these last equalities, the mentioned field transfor-

mations become consistent only under the conditions

pr“—H“b/\eb—dtM(b“/\,u—@ A X)

:D@p — 6, /\e—dtM(b“/\u—z AN, (5.13a)
D,b* — 6% Ad® + S (p Ap—e* AN)
= Db — 09 AP+ A (P AL — e AN (5.13b)

Now, we look for the general solution to the system of equations above, such
that the gauge fields are not related by differential equations, since we do not
want to modify the number of fields. The solution for the parameters of the
system of equations above which neglects all cases that relate gauge fields in

differential equations is given by

6% = 9 | (5.14a)
pr=p"=0, (5.14b)
b =0b"=0, (5.14c)

A=), (5.14d)

thus for the interdependent fields case the symmetry of the doubled Chern—
Simons gauge theory becomes Lorentz x Dilation. Inserting the equalities
(5.14a)-(5.14d) back into the gauge transformations of SO(4,2) x SO(4, 2) for
the interdependent fields case, namely eq. (2.71) with and without tildes and

putting €* = e® and * = 1* everywhere, we get the following set of field
transformations:
dw™ = D,0" (5.15)
60" = Dy, (5.16)

de* = =0 N e’ + i (Be + Ci®) A (5.17)
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5% = =% AP — o (Ae® + Ba®) A X, (5.18)
op =d\, (5.19)
S =dA. (5.20)

These are the Lorentz x Dilation transformations that leave the doubled Chern—
Simons action of eq. (5.12) invariant. The explicit form of the doubled Chern—
Simons action will not be discussed in this section since it is basically two copies
of the SO(4, 2) Chern—Simons action. The relevant result comes after imposing

a dimensional reduction scheme, which we present in § 5.2.3.

5.2 Dimensional reductions

In this section we analyse various different dimensional reduction schemes that
we can impose to the Chern—Simons gauge theory. We decompose the 5-
dimensional manifold as M5 = M, x X, where M, is a 4-dimensional manifold,
Y’ is the 1-dimensional curve that symbolizes the dimensional reduction domain
and x denotes the semi-direct product of manifolds. Given that the theory
enjoys a huge symmetry, i.e., SO(4,2), in some cases the equations that define

the dimensional reduction can be seen as a gauge-fixing.

5.2.1 4-covariant basis
5.2.1.1 Einstein—Cartan gravity

Let us consider the case of the 5-dimensional Chern—Simons theory written in
the 4-covariant basis in the limit v — oo. This breaks the symmetry SO(4, 2)
down to the 5-dimensional Poincaré groups ISO(3,2) or ISO(4, 1) (respectively
for n = +1), as discussed in § 2.2.1. The action of eq. (5.5) becomes

SCS[W757U7M] = zll/

Ms

€abed (R“b(w) A R(w)

+2nR“b(w)/\sc/\sd+8“/\sb/\sc/\sd>/\,u
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- / €abed (Rab(w) +ns*A sb) AT (w,s) Au®. (5.21)
M5

This is the Chern-Simons action that is invariant under the 5-dimensional

Poincaré group, namely the under the gauge transformations of eq. (2.69).

Dimensional reduction scheme. We restrict the fields A = A,,(X)dX™

in the 5-dimensional action of eq. (5.21) as

w® (X)dX™ = w? () datt =: @®(z), (5.22a)
8, (X)dX™ = 5% (v) dat =: 5%(x) , (5.22Db)
C(X)dX™ =t (w)dX™ = at(w) , (5.22¢)
P (X)) dX™ = pi, (w) dX™ =: fi(w) . (5.22d)

Here the bars are used to point out that this choice corresponds to a field setup

that breaks the 5-dimensional Poincaré symmetry.

Interpretation as gauge-fixing. This field configuration can be seen as a
gauge-fixing for a subset of all possible field configurations of the entire Chern—
Simons theory. To see this, let us recall the field transformations of the 5-
dimensional Poincaré group (eq. (2.69)). According to them, the most general
gauge connection A’ that can be obtained from the gauge-fixed connection A

1S

%J/abu(x,w) = %(D“bu( )+ 1D H“b(x w) + 15 Wz )Bb](as w) (5.23a)
10" (z,w) = 10,6%(z,w) , (5.23b)
E’GN(J:, w) = 5, (v) + D%z, w) — 0%(x, w)Ebu(:c) (5.23¢)
5% (z,w) = 9,8z, w) , (5.23d)
u', (v, w) =a®,(w) + D, (z,w) — 0%z, )ub#(w)
+ 1 8%z, w)pu(w) —n s, (2) Az, w), (5.23e)
s (z, w) = %5 (w) + 0,7 (2, w)
= 0% (z, w)a’s(w) +n 5% (z, w)is(w) | (5.23f)
ﬂL(:c,w) = fu(w) + I\ (z, w) — Nap 5 “ (T )70 (2, w)

+ nap B (2, w) AT, (w) (5.23g)
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fs(z,w) = fis(w) + Os Az, w) + Nap B(“(x, w) A ﬂb)5(w) . (5.23h)

where Du is the 4-dimensional covariant derivative with respect to the 4-

—ab

dimensional spin connection W (z). At the 5-dimensional level, from all pos-

sible fields let us focus only on those that can split functionally as F'(z,w) =
F(z)+G(w), F(z,w) = F(x)G(w), F(z,w) = 0sG(x,w), etc., as suggested in

eq. (5.23). This is a smaller subset of all possible functions delivered by the

Chern—Simons theory, since after imposing the gauge-fixing we can get back at
most the gauge connection A’. The most general gauge connection that we can
obtain via a gauge transformation is such that it belongs to the space of func-
tions defined by eq. (5.23). As we will see in the following, the 4-dimensional
effective action contains a set of general fields that are not forced to have a

special form.

To complete the analysis, we have to answer in which conditions it is possible
to construct a gauge connection A’. Let us take look the field content of the
reduced theory. Table 5.1 shows field content for the Chern—Simons theory and

after the dimensional reduction. The number of fields of the general Chern—

Generator | Before DR After DR | Parameter
Jab w®,,(X) (30) [ @, (x) (24) | 0°°(X) (6)

B, s (X) (20) | §7,(z) (16) | B*(X) (4)

T, u'y (X) (20) | @, (w) (20) | 7%(X) (4)

D fm(X) (5) | fm(w) (5) | A(X) (1)
| Total | 75 \ 65 15

Table 5.1: Field content for the Chern—Simons theory and after the dimensional
reduction scheme of eq. (5.22). Here “DR” stands for dimensional reduction.

Simons theory is 30 4+ 20 + 20 + 5 = 75 and the number of fields after fixing
the gauge by means of eq. (5.22) is 24 + 16 + 20 + 5 = 65. From eq. (5.23)
we see that the 6 +4 + 4 + 1 = 15 group parameters restore the connection.
Therefore, assuming that we can solve eq. (5.23) for #%°, 3%, 7% and A, we can

find a new connection A’ from the gauge-fixed connection A.

By last, we analyse how the gauge symmetry is reduced by imposing the di-
mensional reduction scheme of eq. (5.22). For this, we analyse what are the

conditions on the gauge parameters so that A’ satisfies the same gauge that
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the gauge-fixed connection A. That occurs when

2w’“bu(x) = %J)a’bﬂ(x) + %Dlﬁab(x, w) + nE[aH(x)ﬁb] (z,w), (5.24)

0= 30,0"(z,w), (5.25)

§,(x) =5, (x) + D"z, w) — G“b(z,w)sbu(:zr) , (5.26)

0= 0,f%(z,w), (5.27)
ﬂ’“u(w) =u",(w) + D, 7%z, w) — 6%z, w)abu(w)

7 (B (@, w)u(w) = 5, (@A, w) ) | (5.28)

% (w) = a5 (w) + 07 (z, w)

— 0% )" (w) + 1 B, w) i () (5.20)
Bl (1) = fu(w) + 0\, w) (5.30)

— 1y (5, ()7 (2, w0) = B, w) AT, (w)) (5.31)
(W) = fis(w) + 05\, w) + 7 B (1, 0) AW (w) . (5.32)

This is fulfilled only if §% = 3% = 7 = X\ = 0, which means that the gauge is
completely fixed and we do not have any remaining gauge symmetry; we lost
even local Lorentz invariance. In this sense, the dimensional reduction breaks
the entire 5-dimensional Poincaré symmetry. As we see below, by plugging in
the dimensional reduction scheme into the Chern—Simons action, the theory
reduces to the 4-dimensional Lorentz-invariant Einstein—Cartan action plus as

Lorentz-breaking term.

Reduced action. For the field components as in eq. (5.22), R (&) becomes
the Lorentz curvature, §* becomes the vierbein and 7%(w, s) = Dg§ becomes
the torsion of the 4-dimensional Cartan formalism. The action of eq. (5.21)

gives

g[ § u Ia / / Eabcd nRab ) RCd((D>
My

+ RP(@) NSNS+ E 5NN As)

~[S

+ u/ €abed (RbC(w) +225 N8 > AT @, 5) . (5.33)
My

3
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Here we rescaled the vierbein as 5 — (1/2/£)5%, where £ is a constant. To
integrate along ¥ we define the constants k = fz it and ¢* = fz u®. We get

then the following 4-dimensional action:
Slw, 5] = Z—?/ eabcd<R“"(a:) NSNS+ L5 NS AEA §d>
My
+ */7%“/ €abed <R”c(w) + 225" A §C) AT @, 5), (5.34)
My

where we have omitted the Gauss—Bonnet boundary term by means of the
Stokes theorem. This action corresponds to the first-order 4-dimensional Eins-
tein—Cartan action plus negative or positive cosmological constant respectively

for n = =1 plus terms involving torsion.

The presence of the constants ¢® breaks the local Lorentz symmetry, since the
only constant vector that is local Lorentz invariant is (0,0,0,0)T. Therefore,
the way to recover 4-dimensional local Lorentz invariance is by imposing ¢* =
0, which further restricts the gauge fields to satisfy fz u® = 0. In this case we
recover precisely the Einstein-Cartan action. Note, however, that defining a

new Planck mass through m3 = xn/¢?, we have in the large-¢ limit that
Slw, 8, = ml%/ €abed R%(0) A 5¢ A 5 (5.35)
My

which is again the Einstein—Cartan action.

5.2.1.2 First-order conformal gravity

To go further with the analysis for different dimensional reductions, we consider
again the SO(4, 2) invariant action of eq. (5.5), without having taken any limit

for . Also, we consider the following slightly different scheme:

w® (X)dX™ = w® (z) da* = 0®(x), (5.36a)
8 (X)dX™ = 5% (z) da =: 3%(x) (5.36b)
u’, (X)dX™ =u’ () dz" = u"(z) , (5.36¢)
(X)) dX™ = ps(w) dw =: p(w) . (5.36d)
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The semi-direct product manifold M5 = M, x ¥ becomes the direct product
manifold M5 = My x ¥ given that the components of the fiinfbein s4, (X)
satisfy s% = s°, = 0. The same is valid for v, (X). Which one of those
vielbeine shall correspond to the metric of the spacetime g, in an effective
action remains as matter of interpretation, as we do as well in bimetric theory:
here one declares which metric is going to be the one that rises and lowers

indices.

In the same way as the dimensional reduction scheme of § 5.2.1.1, the scheme
of eq. (5.36) can be seen as a gauge-fixing under similar conditions. In this
case, however, the gauge is not completely fixed by the scheme: one still has
the free parameters 0% = §%(x) while necessarily ¢ = 7¢ = A\ = 0. Putting
this values of parameters into the gauge transformations of eq. (2.68) one sees

that residual gauge corresponds to 4-dimensional local Lorentz transformations
SO(3,1).

The restriction of eq. (5.36d) makes that any other 5-component of the fields,
e.g. s% drops out from the action since dw A dw = 0. This also implies that
all other appearing indices will be D = 4 spacetime indices. The action of eq.
(5.5) becomes

Slw, 5,1, ji] = g/ﬁ/ eabcd(gR“b(@)/\RCd(@)
2 My
+ R®(@) A [gc A5 — Hat A ad}
+1 [5“ NS — Lut A a”] A [50 N5 — Hat A ad] > (5.37)

Furthermore, defining the constant x = fzﬁ to integrate along >, the 4-

dimensional action reads

+ 259N — Lar Aab| A |5E A5 — Lacaal|) 5.38
2

where we omitted the Gauss-Bonnet boundary term. Remarkably, the Weyl
rotation of the vector (,;“‘:a) leaves the action invariant, which is a consequence
of the SO(1,1) symmetry of the SO(4,2) algebra (cf. eq. (2.28)). The action
of eq. (5.38) is the action for first-order conformal gravity (see eq. (4.23)) first
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obtained in ref. [67].

5.2.2 4-covariant canonical basis
5.2.2.1 Generalized first-order conformal gravity

As discussed in § 5.1.4.2 one can relate the 5-dimensional theories by linear
field redefinitions, therefore they are all equivalent. In this section we present a
dimensional reduction scheme that breaks this equivalence because the scheme

basis-dependent. Namely, we restrict the fields as

w® (X)dX™ = w® (2) da* + (2, w) dw =: &®(z) + w5 (z, w) dw

(5.392)
e’ (X)dX™ = e(w) e, (z) dz" + 5 (v, w) dw =: e(w) " (z) + e*5(z, w) dw ,

(5.39b)
1, (X)) dX™ = a(w) 2, (z) da® + 2% (2, w) dw =1 21(w) 7 (x) + 1% (2, w) dw ,

(5.39¢)
o (X) AX™ = pi5(w) dw =2 fa(w) . (5.39d)

Here e = e(w) and @ = 2(w) are two arbitrary functions defined on the dimen-
sional reduction domain Y. They can be interpreted in the following way. A

warped geometry has the general form for the metric
ds® = f(w)gu (z)dzdz” + g(w)dw? . (5.40)

Thus our warped functions define a warped spacetime?® in the direction X°® = w.
The scheme of eq. (5.39) is not the same for linear combinations of the 5-
dimensional fields e* and 2*. This means, a linear combination ¢* = ae® + b*
cannot be written in the form ¢* = ¢(w) ¢*(z) + ¢%(z, w) dw but it will read
¢ = ae(w)e*(x) + o(w)1*(z) + ¢%(z,w)dw. Our scheme requires then a
particular choice of basis for the gauge algebra. We choose in the following
the orthogonal basis, movivated by the feature that the potential in the action

looks similar to the one of bimetric gravity and also by the fact that the

3The authors ref. [64] studied effective spacetimes starting from the theories with warped
geometry in the context Chern—Simons theory.
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torsional part goes away when putting v = 0.

As in the previous cases, the dimensional reduction scheme can be also seen
as a gauge-fixing. Two possibilities arise for residual gauge symmetry. Those
are: i) a transformation with §% = §9°(x) which is 4-dimensional local Lorentz
symmetry. In this case, the functions e(w) and (w) are not constrained. We
have also that ii) 8% = #%(z) and A = A\(w) corresponding to 4-dimensional
local Lorentz symmetry together with Weyl dilations in the warping direction.

For this case, the functions e(w) and 2(w) are constrained to be proportional.

We study from now only the case i), since the integration along ¥ of indepen-
dent functions e(w) and 2(w) will lead to a greater number of free parameters
that allow us to study different sectors of the theory. In this scheme the action

of. eq. (5.10) for v = 0 becomes
Slw,e,7, i) = a277/ BZﬂ/ €abea R (@) NE° A &’
% My
+ 0277/ 22/1/ €abea R (@) NT° N7
¥ My
+a4/ e4u/ €abed € N E° N E° N &7
¥ My
+ 2a2c? / eQZQu/ €abed € N E NT°NT?
P My
+c4/z4u/ €abea 1 NT° NTENTE (5.41)
P My

Here e® and ¢*, with s = 1,2, 4, are powers of the warping function and they

should not be confused with vielbein components.

It is necessary to emphasize that, since we are in the limit v — 0, the
Cs41(M, ) algebra is not well-defined and formally, the theory is not a gauge-
formulated anymore. Nevertheless, as one can see from the commutation rela-
tions of the algebra, the Lorentz subalgebra is unaffected by this limit and thus
there should be still a residual local Lorentz invariance. To integrate along the

domain ¥, we define the constants

Dst = /Edw e*(w)at (w) s (w) . (5.42)
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With this, the 4-dimensional theory becomes

Slw, e, = / €abed ((1277]920 R® (@) Ne® N e
My
+ Enpos R(@) AT AT+ atpage® A A e A e

+ 2a%Ppar € A 8 N1 AT+ ctpoat® /\#’/\zc/\zd) . (5.43)

We observe that, as expected, the theory has residual local Lorentz invariance.
Also, we see that this action contains all terms of the first-order conformal
gravity action (cf. eq. (4.23)). The appendix B.1 is devoted to show that the
constants p are arbitrary, meaning that they do not depend functionally on

each other?. For the special choice

Pao = Pao (5.44a)
D22 = P20Po2 , (5-44]0)
Pos = p§2 , (5.44c)

by performing the field redefinition

a'E® = a\/Npag €* + ic\/Mpo2 1° (5.45a)
1% = a\/npa e* — icy/Mpo 1, (5.45b)

the action takes the form of first-order conformal gravity, as in § 5.2.1.2. For
general parameters pg, the action of eq. (5.43) represents a generalisation of
first-order conformal gravity. Notice that this generalisation does have the

usual Weyl rotation invariance SO(1,1).

5.2.3 Doubled Lorentz-Dilation Chern—Simons

5.2.3.1 Generalized first-order bimetric gravity

In the following we carry out a dimensional reduction of the doubled Chern—

Simons theory introduced in § 5.1.5. To this end, we restrict the fields w?,

4This is, however, from the 4-dimensional point of view. At the 5-dimensional level, any
restriction of the parameters pg; restricts fields in the 5-dimensional theory.
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p, e* and i® as in eq. (5.39) and also analogously for @® and ji. The action

becomes

S+S5=n / €abed (a2p20 R®(@) Ne® AN et + Ppoy R (@) NT° AT
My
+ CL2]520 Rab((j) AN éd + 622502 R“b@) ANAAN fd>
-+/ %w(&@m+ﬁmﬁfA?AéWwﬂ+2¥8@m+ﬁmﬁ#A?AfAﬁ
My
+ c4(p04 + ]504) ?1 AN ib A\ fc A ﬂ) + ’)/Svtorsion . (546)

Here the bar on the actions is to point out that we performed a dimensional

reduction. Also, we have defined the constants

Dst = /Edw e*(w)a' (w) fis(w) . (5.47)

Analogously as in § 5.2.2, the dimensional reduction scheme can be seen as
gauge-fixing for which the entire symmetry breaks down to SO(3,1). Since
the parameters py and pg are arbitrary (see § B.1), the reduced action in eq.
(5.46) represents a generalisation of 4-dimensional first-order bimetric gravity
for 51 = P35 =0 (cf. eq. (3.22)). For the case v — 0 we find the two following

relevant cases:

First-order bimetric gravity. The potential in eq. (5.46) coincides with

the one of bimetric theory for the special case of §; = 3 = 0. By choosing

pao = 1/a”, (5.48a)
poz =0, (5.48b)
P20 =0, (5.48¢)

we eliminate the mixed kinetic term. In this case the action of (5.46) reads

S+8= 77/ €abed (Rab(@) A& Net+ Ppoy R™(@) AT A 7d>
My
+ / €abed <a4(p4o + Pag) E* A& A e A e+ 2a2c% (pag + Poz) € N E ANTE AT
My

+&@m+m@rA#ArA#), (5.49)
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which is ghost-free bimetric gravity in the first-order formulation with g, =
Ps =0 (cf. eq. (3.22)). This action has the residual local Lorentz symmetry,
as expected. Whether the more general action of eq. (5.46) propagates the
Boulware-Deser ghost remains as an open question. Moreover, the special

model of eq. (3.24), i.e., partial massless gravity, corresponds to the choice

Pao + Pao = —M?*/a* | (5.50a)
P22 + Doz = —M?Poa/a” (5.50b)
Pos + Pos = —M*[gy (5.50¢)
P20 =0, (5.50d)
po2 =0, (5.50e)

where we also identify the constants ¢ = «a of both actions.

Weyl rotation invariant model. In § 4.3 we mentioned that the Weyl
rotation symmetry of the action for first-order conformal gravity can be also
realized as a subgroup of the conformal group SO(4,2). Remarkably, there
exists a choice for the parameters p,; that gives back this symmetry to the

general case of eq. (5.46). Namely, by choosing the parameters as

Pao + Pao = Pag » (5.51a)
P22 + P22 = P20Do2 (5.51b)
Pos + Pos = Doy » (5.51¢)
Po2 = Doz » (5.51d)
P20 = P20 (5.51e)

the action of eq. (5.46) becomes
S = 7’]/ €abed < [Rab(@) + Rab((fi)] A [angg e A éd + 02]502 A id]
My
+ [ango e N e+ Poa® A #’] A [anzo e N e+ Poa1° A W]) . (5.52)

which is invariant under SO(1,1) (or SO(2), depending on the sign of psgpo2)
Weyl rotation. The action of eq. (5.52) differs, however, first-order conformal

gravity since the curvatures depend on two independent spin connections. This
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model does not coincide with first-order ghost-free bimetric gravity either, due

to the different structure of the kinetic terms.
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Chapter 6

Dark matter in multimetric

gravity

This chapter is devoted to some of our results of ref. [2]. We start with com-
puting the full perturbative action of trimetric gravity with maximal discrete
symmetry, up to cubic order in fluctuations. The generalisation to multimet-
ric gravity in the star graph with N satellite metrics and maximal discrete
symmetry is also discussed, showing the same behavior of the trimetric case
and not leading to new phenomenology. We focus then on the trimetric case,
where we show that certain features of the theory that occur up to cubic order
hold to all orders. In particular, the heaviest massive spin-2 field M, neither
decays into massless gravitons G, nor into lighter modes x,, and its coupling
to matter is very small. The lighter mode does not interact with matter and
it does not decay into G, or M,,. Given that the lighter mode does not have
any decay channel, it is stable and we suggest that it can be the component

of dark matter.

6.1 Perturbative expansion of the action

In this section we discuss the trimetric gravity action (eq. (3.36)) with max-

imal discrete symmetry in the perturbative expansion, in terms of the mass

101
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(9) hff:,) and

eigenstates G, M, and x,,. The original metric fluctuations v,
h,(ff,) are expressed in terms of the mass eigenstates in eq. (3.48). By plugging
in these expressions in the trimetric gravity action we are able to compute all
possible interaction vertices between the mass eigenstates to all orders. We
restrict the parameters of the theory to satisfy eqs. (3.27) and (3.33) in order

that the theory has maximal discrete symmetry.

We see from eqgs. (3.48) and (3.47) that, if o < 1, the higher-order vertices of
M,,, and yx,, are suppressed by factors of 1/(mpa). This occurs as well in the
bimetric case where « is defined as the ratio of the constants multiplying the

Einstein-Hilbert terms in the bimetric action [71].

6.1.1 Nonlinear massless field

Let us consider the original metrics g,,, f., and k,, in terms of the original
fluctuations (eq. (3.42)). Using the relations between the original fluctuations
and the eigenstates, for the maximal discrete symmetric case (eq. (3.48)), we

can write

v — v T T Vo 6.1

u Tu mpM“ (6.1a)
062 (8% D)

f,ul/ = 202 Yuv + 202 mp (1%/“/ —Vit+a X,ul/) > (61b>

(8%
kMV = W%)’}/wj —+ W <MHV + V1 + a? Xw/> , (6.1C)
k k

where we have defined v, = g, + mLPGW. We see that the quantities v, take
the role of a background metric for linear combinations of the fluctuations M,
and x,,. Furthermore, for the case of no perturbations around the background
Vs 1.6 My, = X = 0, the trimetric gravity action for g,,, fu. and k., of
eq. (6.1) reads

S.fE|  =md / d'z /] (R(y) - 2A) | (6.2)

M=x=0
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which is the Einstein-Hilbert action for the background metric v,, with the

1. The action above represents the dynamics for

cosmological constant term
a general perturbation G, # 0 at any perturbative order. Therefore, we in-
terpret the fluctuation G, as a massless field that mediates the long-ranged
gravitational force on the spacetime defined by metric 7,,, on which the mas-

sive spin-2 modes M), and Y, propagate.

6.1.2 Linear massive fluctuations

In the following we study the vertices that are linear in the massive modes. To
the end, analyse the Lagrangian for trimetric gravity (eq. (3.36)) up to linear
order in the massive modes M, and x,, as perturbations around +,,, which

keeps all orders of the massless eigenstate G, (as discussed in § 6.1.1).

6.1.2.1 Contribution of the Einstein—Hilbert terms

The Taylor expansion of the the Einstein—Hilbert terms in the trimetric La-

grangian, up to first-order in metric perturbations is given by?

o ( 8(y/19/ R(9)) 9 0(/IfIR(f)) o 0(/Ik| R(K))
mg( 39mm ‘ O + Oy =5 Fow 0 fuuw =+ Al 3y 5kw) ;
9= fle2=y k/c?=~
2 ( 6(/lgl R(9)) 5 3(y/l9l R(9)) f o 8(+/19l R(9) !
- m9< 0Guv hl(igV) + a(f) 0Guv hl(W) + a(’f) 0guv hl(“’)> ’
9=y 9=y g="
2 8(y/191 R(9)) 9 2 5 (k
=My g (P2 + apy hil) + afy hE))
9=
~ m2 5\/lgl Rg) nn | %m
- _193 8 |:( o + o - Oé) Ml“’
9=
V14+a? 2 2 2
T (%)%) - a(f)c(f))XW} )
=0, (6.3)

IThe constant A is defined in the context of trimetric gravity in the first paragraph of §
3.7.2.1.
2We use the short notation f,“,/c?f) — f/c? and k,w/c%k) — k/c%
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where in the last line we have used the relations between «, o) and oy of
eq. (3.47), provided by the discrete symmetries. This implies, that no vertices
that are linear in the massive modes arise from the Einstein—Hilbert terms, in

the case of maximal discrete symmetry.

6.1.2.2 Contribution of the trimetric potential

In the following we perform a Taylor expansion of the interaction potential up

to first order around the proportional backgrounds:

VIgl(Vig £:87) + Vig ki 59))
_ a/blv)

X po

f/cz_—k;/cz_—g_—'y
6(+/ V

Mo
fle=k/ct=g=y ’

SM,, |
J/2=k/2=g=

5(\/19IV (a.1:8)) spmv 8(\/1alV (g.k:8)) spomv

= { S fRY 5Xpo + SkHY Xpor OXpor
fle=k/c2=g=

s(\19IV) sgrv | 819V (a.1:8)) spuv | 6(\/19lV(9.k:80)) spmv

+[ Sghv 51?@, + Sfrv oM,y + Skiv oM,y oM
fle2=k/c?=g=y
012

= Y2 (B, (f)vO‘(f))< iyl — C(f))\/h/ V776X po

1AW Wl | s _ i
+ 5B ey, ) | T+ =2 a )]y 0o s
=0. (6.4)

Here we used eqs. (3.40) and (6.1), as well as (3.47) to conclude the last line.
Hence, also the potential does not contribute with linear term in the massive

modes.

Considering also the results of § 6.1.2.1, we conclude that trimetric gravity
with maximal discrete symmetry does not have any vertex that is linear in the

massive modes M, and x,, around the background ~,, .

6.1.3 Cubic vertices

We continue then with the Taylor expansion of the trimetric gravity Lagrangian

up to cubic order in the massive modes. Given that the calculation is rather

po s
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GGG | 1,A | GMM 1, A, m3, MMy 0
GGM | 0 | Gyx LA, m} Mxx |2 -(1,A,m3,m))
GGy 0 || MMM l—aa2 (1, A, m3)) | xxx 0

Table 6.1: Factors of the cubic Lagrangian for trimetric gravity with maximal
global discrete symmetry (cf. eq. (B.22)). Here we have omitted all numerical
factors and any dimensionless constant but «. Also, all terms are divided by
mp.

long, the detailed procedure is summarized in § B.3. Table 6.1 shows the

factors of the cubic interaction vertices.

We see from table 6.1 that the cubic self-interaction terms of the massless mode
G, are the same as in general relativity. This is in agreement the result of §
6.1.1, where we calculated the perturbative expansion to all orders. Also, we
see that there are no cubic vertices that are linear in the massive modes M,
NOr X, Which is in agreement with our discussion of § 6.1.2. The calculation
of the cubic terms confirms that there are no vertices of the type GGM and

GGy and thus the massive gravitons cannot decay into massless gravitons.

The Lagrangian up to cubic order does not contain any term with odd powers
of X which is due to the discrete symmetry. In fact, this extends to any
order in the perturbative expansion. To see this, consider the interchange
symmetry &?f) fuw < a%k) k.. This transformation leaves the entire trimetric

action invariant, however the eigenstates transform as

G,uy — Gl“/ y (65&)
M/,Ll/ — M/J,I/ ) (65b)
Xpv — —Xuv (65C)

as it can be seen directly from eq. (3.46). Thus, any term containing an
odd power of x,, must be absent, otherwise it would spoil the invariance of
the action. As a consequence of this, the decay M — G --- Gy, i.e., for an
arbitrary number of massless gravitons, is not allowed, because that would
require a vertex that is linear in x,,. Said in other words, a decay of the

heaviest mode into the lightest mode plus massless gravitons is not allowed.

Remarkably, the cubic vertices that are quadratic in the massive fields (GM M
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and G'xx) do not depend on the parameter «. This is important since, treat-
ing the massive fields as matter, they are contained in an expression for the
gravitational stress-energy tensor, which is expected to be independent of «
according to the Noether stress-energy tensor defined for the quadratic action
in flat space [123].

6.1.4 Generalization to multiple fields

In the following we proceed with the generalisation of the trimetric model
with maximal discrete symmetry for N satellite metrics. The mass spectrum
for most general ghost-free multimetric theory is quite cumbersome due to the
large amount of parameters. The case for the star graph (eq. (3.25)) was
worked out in ref. [119]. Similarly as studied in § 3.7.2 and § 6.1, the mass
eigenstates are linear combinations of the metric fluctuations th,,) and hfﬁ,)
around a maximally symmetric background solution. Here p = 1,..., N labels
the fluctuation for the satellite metric f,%). Furthermore, the eigenmodes are
always such that there is one single massless mode G, one massive mode
M,,, with mass mjy; and N — 1 modes X,(f,,) with masses my) < mys, where
r=1,...,N —1.

Following the results of ref. [119], it is straightforward to calculate the mass
spectrum for the multimetric action with N satellite metrics (eq. (3.34)),
now including maximal discrete symmetry. For the proportional background

solution f,%) = c%p) Juv, the mass spectrum assumes the form

m N
Gy,y - H%(hftgl/) + szla?p)hg;)) s (66&)
N
My = = itey (O‘zhftgu) - Za?p)fﬁ€’> ) (6.6b)
p=1
r m 2 T 2 r
X0 = s (o 1) — ) (6.60)

where i = 1,...,N — 1 and o? = Z;V:l a,ct,y and mp = V1 +a?m, We
recognize the same behavior as in the trimetric case: the massive states 5)(&72
(9)
n

do not depend on the fluctuation of hj;,. Hence, this massive modes do not

couple to matter (cf. eq. (3.11)). On the other hand, the massive mode M,
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still depends on hfﬂ,).

The masses of the eigenmodes satisfy

Myr) = Mys) = i (6.7)
for all values r,s = 1,..., N — 1. Exactly as in the trimetric case, solving eq.
(6.6) for h'9) gives

thy) = mLP (Gw/ - OzMw,) . (68)

The result in the trimetric theory, that x,, does not couple to matter gener-
alises for the (IV — 1) massive spin-2 particles corresponding to the modes X,(fy) .
Moreover, as we can see from eq. (6.7) they have equal masses and are lighter
than M,,,. This forbids M, to decay into other massive spin-2 particles. Other
channels for higher order vertices are again are not allowed by means of the
discrete symmetries, which again forbid vertices that are linear in the modes
Xffl,). By last, generalising the discussion in § 6.1.2 shows that XEZ,) cannot
decay into massless modes G,,,. The novel structure of the trimetric theory
lays on the fact that we have a new, completely stable, massive spin-2 field.
The deviations from general relativity are then controlled by a and M. Now,
in the multimetric case we have the same behavior as in the trimetric case: «
and M control deviations and we have a bunch of lighter massive spin-2 fields
with equal masses. Therefore, we do expect fundamentally new phenomena

for N > 2 and hence we focus on the trimetric case in the following.

6.2 Lighter mode as component of dark mat-

ter

6.2.1 Assumptions

As we saw in § 6.1, due to the discrete symmetries, the massive mode Y, is

stable because it does not couple to matter (standard model fields) and because
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it neither decays into massive spin-2 fields M, nor massless gravitons® G, .
We assume that the discrete symmetries of the trimetric Lagrangian are stable
under quantum corrections. Note that there is no obvious symmetry giving
rise to the vanishing coupling of f,,, and k,, to the stress-energy tensor. This

problem is still not solved in bi- and multi-metric gravity theory.

Moreover, we make an assumption on the parameter o. This is a dimensionless
quantity that parameterizes the interaction strengths of massive spin-2 modes.
Since a and M control deviations from general relativity, demanding that
a < 1 ensures that these deviations are small for a large range of spin-2

masses. This motivates us to focus on values o < 1.

6.2.2 Dark matter

Taking the assumptions of § 6.2.1 into account, the fact that the lightest mode
X 18 completely stable motivates us to consider it as a possible dark matter

candidate.

For a@ < 1, the masses of the spin-2 particles are of the same order, i.e.,
my ~ my. Also, M, cannot decay into x,, since 2u, > pp. We take

] = a2pl/ a} ~ 1. This assumption is without loss of generality since the
scale of the 5 can always be absorbed into M (cf. the potential of trimetric

gravity, eq. (3.36)). In that case we have
M~ my, >~ M. (6.9)

In this case, the heaviest mode can still decay into standard model fields and
its matter coupling —as in bimetric theory— is controlled by the (weak) factor
a/mp (see eq. (6.8)).

In the context of bimetric gravity, ref. [71] argued that M, makes up (part
of) the observed dark matter density. The non-observation of dark matter
particles in particle accelerator sets the constraint 1075 < o <1072 and M ~

1 — 100 TeV. The trimetric theory, however, enlarges the parameter scenario:

3This fact occurs even without the discrete symmetries.



Lighter mode as component of dark matter 109

we can require that M, does not contribute to the observed amount of dark
matter because it has decayed into standard model particles since the end of

inflation. For that case, we recover reversed stability constraint
o?Pmy; > 0.13GeV (6.10)

introduced in ref. [71]. Fixing the spin-2 mass my; gives us then a further

bound for a.
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Chapter 7

Conclusions

In this dissertation we studied several mathematical tools that gave us an
understanding on Lie algebras and Chern—Simons gauge theory. Furthermore,
we analysed the current theories of massive spin-2 fields and the problems in
the gauge formulation of gravitational theory. It was possible to conclude that,
from the 5-dimensional Chern—Simons gauge theory for the group SO(4, 2), we

can obtain the following theories in the following senses:

e Einstein—Cartan theory: after taking the Inonii-Wigner contraction
limit that reduces the symmetry from SO(4,2) to ISO(3,2) or ISO(4, 1),
we performed a simple dimensional reduction that led the Chern—Simons
action to the Einstein—Cartan theory in four dimensions plus a Lorentz-
breaking term involving torsion. This extra term could be removed by
restricting a field in the 5-dimensional action or by taking a critical limit

of the parameter /.

e First-order conformal gravity: without having taken the Inonti—
Wigner contraction limit, a similar dimensional reduction scheme as
above led us to a first-order version of conformal gravity (studied by
Kaku et al in ref. [67]). We concluded that the Weyl rotation symme-
try of the 4-dimensional action does not arise from a subalgebra of the
original gauge algebra SO(4, 2), which is broken to SO(3, 1) by the dimen-

sional reduction. Instead, we observed that the Weyl rotation symmetry

111
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originates from the SO(1, 1) symmetry of the gauge algebra, i.e., a rota-

tion of the generators that leaves the commutation relations invariant.

e Generalized first-order conformal gravity: a dimensional reduction
scheme that introduces two warp functions was considered. This was
made in a particular basis of the algebra. We could conclude that in a
different basis, the same dimensional reduction is not possible, and there-
fore, we broke the similarity between all Chern—Simons theories written
in different bases of SO(4, 2). Integrating along the warp direction led the
Chern—Simons action to a generalisation of first-order conformal gravity.
This theory contains standard first-order conformal gravity as in ref. [67]

for a particular choice of parameters.

e Generalized first-order bimetric theory: we considered a doubled
Chern—Simons action in D = 5 with symmetry group SO(4,2) xSO(4, 2).
We observed that making the fields interdependent in a certain way,
breaks the gauge symmetry to SO(3,1) x SO(2). After a dimensional
reduction we obtained an action that can be seen as a generalised bi-
metric theory involving a new type of kinetic interaction. For a certain
choice of the parameters we obtained standard bimetric theory a la Has-
san and Rosen in the first-order formalism. We also discussed another
choice of parameters which recovers the Weyl rotation symmetry typical

of first-order conformal gravity.

Furthermore, for the multimetric gravity theory:

e We concluded that the maximal global discrete symmetry in (N + 1)-
metric theories is Sy x (Zy)N. Also, we presented the corresponding
action invariant under this extra symmetry. Moreover, we analysed the
mass spectrum for the maximal global discrete symmetry. This showed
that the multimetric theory does not bring new phenomenology for N >
2, thus we focused mainly in the trimetric case. The trimetric case turned

out to contain one massless graviton G, the massive graviton M, and

uvs
a lighter massive graviton x,,, in agreement with the general results of

ref. [119].
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e Some features of the perturbative action with maximal global discrete
symmetry were studied. For this, we computed all cubic interaction ver-
tices in terms of the mass eigenstates. We found that the trimetric theory
with maximal global discrete symmetry is a nontrivial generalisation of
the bimetric case. This is mainly due to the existence of a lighter massive

mode.

e We concluded that the heaviest spin-2 field M, is neither allowed to
decay into massless gravitons nor into lighter spin-2 fields. This is due to
the discrete symmetries. Moreover, we saw that M, couples to standard
model matter very weakly. On the other hand, the lighter massive field
does not interact with matter and it is not allowed to decay into other
spin-2 particles either. Therefore, X/, was shown to be completely stable
and we postulated it as the ingredient of dark matter by discussing the

parameter regions for o and the mass scale M.
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Appendix A

Formulae in geometry

A.1 Differential geometry and tensors

We start defining a derivative of the vector components V), as

V.V, =0V, TV, (A.1)

pv

where I' is an arbitrary connection and V, is called the covariant derivative.
Assuming that, for a scalar V,¢ = 0,¢ and also that V, satisfy the Leibniz

rule, one obtains

V.V =0V TV, VP (A:2)

One can prove then that the covariant derivative on the tensor is

ViVio = 0Vip =17 Ve = T%, Vio | (A.3a)
VNVVP — auvup + I‘wﬂgvﬂp + Fplwvuo ) (A?)b)

o
nZ

The commutator between two covariant derivatives is given by

Vs VoV, = =R, Ve = TV, V,, (A.4)

puv o
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where

R’ (0) =9, —9,I°, +17 17, —I7 I7 (A.5a)

puv wp

77 (0)=TI7 —T¢ (A.5b)

2 vy

are the Riemann and Torsion tensors respectively. They satisfy

R° - _R°

ppv pvp s

7, =-T°, . (A.6b)

wy v

Curvatures. In terms of the Riemann tensor one can define the following
quantities, that we use repeatedly use in this thesis: we have the Ricci tensor
R, = R the Ricci scalar R = g™ R*
% g R, the Gauss-Bonnet density

the Einstein tensor G, = R, —

/,I/)\V ? MAy?

G=R’—4R"R,, + R"" R0 , (A7)
the Weyl tensor
Cul/)\p = Rul/)\p + ﬁ (Rupgl/)\ - R;L)\gup + RV)\g/Lp - Rupgu)\)
+ mR<9p)\gl/p - gupQuA) ) (AS)

where D = p + ¢, and by last, we have the Lorentz curvature in terms of the

vielbein matrix e® u

R®(e) =1 e“#eby R, (g(e)) daz? A da? (A.9)

2

. _ b
with g, = e"“ue L Nab-

Gauss—Bonnet density. It is straight forward to show that

/ €abed R (W) A R (w) o / d‘z G, (A.10)
My

My

where G is the Gauss—Bonnet density, provided that vielbein postulate (eq.
(1.3)) holds.
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Lichnerowicz operator. The expression for the Lichnerowicz operator de-
fined in a curve spacetimes with metric g, is given by
0., = ~1(005V2 + ¢V, ¥, — 64979,

— 0°VoV, — ¢wg” V2 + ¢, VV) . A1l
v 7 W W

Here V, is the covariant derivative for the Levi-Civita connection of g,, and
V2 =g"V,V,.

Levi-Civita symbol. Let A% be an anti-symmetric symbol, the generalised

Levi-Civita symbol satisfies:

pt+q

D ararsbansiapigAls, =0 (A.12)

=1
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Appendix B

Further calculations and

expressions

B.1 Proof for arbitrariness of the p’s and p’s

In this section we show that the constants pg; and ps; are arbitrary. For this we
assume that the curve Y is such that we can always find a chart of coordinate
w and open interval (wg,w;) so that the integrals are not trivial. According to
our discussion in § 5.1.1, the Chern—Simons theories that we constructed are

such that X is homeomorphic to an interval.

Let us begin defining the functions

pst(w) = /w dw’ e (w' ) (w') s (w') | (B.1a)

wo

patw) = [ " duf (e () is (u) (B.1b)

wo

Clearly we have that

pst(wi) = pst (B.2a)
ﬁst(w1> = ﬁst y (B2b)
pst(wo) =0, (B.2¢)
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Pst(wo) = 0. (B.2d)

Using the fundamental theorem of calculus we observe that the derivatives of

the functions p’s are given by

Dot (1) = ()t (w)ps(a) (B.3)
Dot (1) = )t () iso0) (B.3b)

From this we see that
s () e () = s (0) T (). (B4

and using the product rule for derivatives we find

S (g w)pa() — 15 (0)pa()) = L2 (w)pas) — L2 (w)patw) . (B5)

Evaluating at w = wy and w = w; we find

. (is(w)pas) — psfw)p(c)

=0, (B.6a)
w=wo
d

@ (ﬂf)(w)(pst(w) - pst) - M5(w)(ﬁst(w) - ﬁst)) =0 ) (B6b>

w=w1

respectively. Here we can think about functions whose derivatives vanish at
w = wy and w = wy respectively. The simplest function would be some power

q>1of w—wyand r>1of w—w;. We then have

fis(w)psi(w) — pis(w)Pst(w) = as(w — wo)** (B.7a)
fis(w)(pst(w) — pst) — pis(w) (Pst (W) — Pst) = bsr(w — w1)™" (B.7b)

where ¢y, 7y > 1 and agy and by are constants. One could also consider more
sophisticated functions whose derivatives vanish at wg and w;, however their
Taylor expansion would contain ag(w — wg)%* and bg(w — wy )" respectively
as a term and therefore this latter function is just a special case with less free
parameters (which are enough to make the proof). Eqs. (B.7a) and (B.7b)
imply

ﬂ5(w)pst - M5(@U)]§st = a’st(w - wo)qSt - bst(w - wl)m . (B-8)
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Evaluating this expression at w = wy and w = w; we get

fus (Wo ) st — s (wo)Pst = —bst(wo — wq)"™" (B.9a)
fis(w1)pst — ps(w1)Pst = ase(wi — wo) ™, (B.9b)

respectively. By last, we can solve for p’s and p’s to get

s (wo)asy (wy — wo) %t 4 pus(wy) by (wo — wi)" a
T T Ry AT P oy R
_ fis(wo)ag (wy — wo) %t + fis(wy)bs (w — wy)"™
Pot = 5 (wo) fis (w1) — fus (wo ) pus (wr) (B.100)

From this expressions we see that the p’s and the p’s are always proportional to
the constants a, and by respectively. Since ag and by are arbitrary constants
only subject to define the vanishing-first-derivative functions of eqs. (B.7a)
and (B.7b), then the p’s and the p’s are completely arbitrary and they can be

used as free parameters of a theory.

B.2 Chern—Simons action in components

B.2.1 Conformal basis

The torsion terms in the conformal basis in eq. (5.9) are given by

Storsion[w7 €, h] - :F/

€abed R (w) A <a2 T(w,e) A e
Ms

—acT(w,e) AR+ acT(w,h) A et — 2 T¢(w, h) A hd>
2
T —77/ €abed (a Tw,e) + cT(w, h)) A <a3 e’ AeC A el
3 Jus
+3a%ce’ Nef Ah? —3act e’ A hEARY — P RY A RS A hd> , (B.11)

for the algebraic solutions of A = C' = 0 given by b = +avy and d = Fcy

respectively.
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B.2.2 Orthogonal basis

In the orthogonal basis, i.e. for b = +iavy and d = Ficy, the torsion terms of
eq. (5.10) are

Storsion @, €, h] = :Fz'/ €abed R (W) A <a2 T¢(w,e) A e
M3
—acT(w,e) AR 4 acT(w, h) A e? — S T(w, h) A hd>
4
+ z?n / €abed <a T%w,e) +cT(w, h)) A <a3 e’ Nef A et
Ms

—ERAREA hd) . (B.12)

B.3 Quadratic action and cubic vertices

B.3.1 Useful definitions

In the following we introduce some useful definitions. Here we omit we bar on

the background metric to simplify the notation.

Einstein gravity. Let us first define the bilinear operator

K2 (B, 0) = V,uhypo V7 — VbV, 0+ VPh,, V0
+ V,h,, Nl =N by NP+ N RPN L, — 2V 0N oL,
+ VuhVP, + VPNl g — 2V 0oV 007 — 2V PR, N,
+ 2VPh,ue NV ,0, 7 + VPhV L, — VPRV L, (B.13)

where V, is the covariant derivative with respect to the Levi-Civita connection

associated with g,,. Moreover, let us define

C;(ul/)(h) = Qh;u/ - guuh ) (B14a)
PO (h) = b, — guoh (B.14b)
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and
O/(J,?/)(h) = Shuphpy - 4hhul/ - 2gyyhpo'hpa + guyh2 y (B15a)
Pﬁ)(h) = 4huphpu - 4hh/w - guvhpahm + guuhQ ) (B-15b)
Q;(Ey)(h) = 4hﬂphpu o 3hhwf - QQMVhpahpU + guuhz . (B15C)

In terms of this operators, the Einstein—Hilbert Lagrangian with cosmological

constant up to cubic order in perturbations reads

£@ah) = VIgl (= S K& h) + 2= [h = Lh g™ [ K2, h)
+20m2 + A ) (h) — L@ [h]) . (B.16)

12mp

The first line corresponds to the kinetic terms and the second line to the self-

interactions term up to cubic order.

Multimetric gravity. We use eq. (3.39) to express fp and (34 in terms of
a, A and [y as A using,

Bo = %(% - 304252) ; (B.17a)

By = %(MA _ 352) . (B.17b)

Furthermore, we recall the expression for the masses of the massive modes.

For maximal discrete symmetry they are

m? = 203,M* (B.18a)
m3, = 2(1+a?) B M? . (B.18b)

Those expressions are used in the following to replace dependence on fs.

B.3.2 Trimetric action expanded to cubic order

In the following we calculate the cuadratic and cubic terms of the trimetric

action of eq. (3.36) in terms of the mass eigenstates. We write the Lagrangian
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on the form,

Lo = L0+ L0+ L2+ 23+ .. (B.19)

First, one finds
LY = 28mi/1g] . (B.20a)
£l =o0. (B.20b)

Furthermore, the quadratic Lagrangian reads

ﬁE(Tle/[ =L K(G,G) - Lg" K2 (M, M) — 59" K2 (x,X)

+ 4G CON(G) + 4 MM CR) (M) + $x O (x)
_ mT?WMWPﬁ)(M) _ mTiXWP;S}) (x) . (B.21)

We see that the first line contains the Fierz—Pauli kinetic terms for spin-2
fields. The second line contains the quadratic self-interaction terms that arise
due to the interaction with the maximally symmetric background while the
third line contains the self-interactions terms that give rise to masses of the

eigenstates. The cubic interaction terms are given by

kaw_w V(KS(G.6) + KM, M) + K2 (x,X))

Ig
M =AM, g ) (K2 (G M) + K2 (0 x) + 52 K2 (M, M)

+1 (x“” b, ) (K2 (G + LER (M, )

- AG“”(C (G) +3C) (M )+30<?(x))

— M (1= a®)C2 (M) + 362 (x ))

- 1G‘“’<mMP(2)(M)+m P2 ( )) _ (=e? Mw/p(Q)(M)

XT py 8a

+ iM“”< 2P3)(x) + mTMQfV(X)) : (B.22)

My

where we introduced the trace with respect to the background metric as A7, =
g A
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