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Summary (in English)

General Relativity (GR) is the geometric theory we currently use as standard frame-
work for gravitation. In GR, gravity is understood as a manifestation of the deformations
of the spacetime caused by the energy-momentum content. The basic mathematical ob-
ject in this theory is the metric, which defines the notion of distance. In addition, this
metric canonically induces a connection (essentially a notion of parallelism), which has a
curvature associated with it. It is this curvature what explains the gravitational effects at
large scales.

This thesis is about developments performed in the so-called metric-affine frame-
work. This alternative framework extends GR by considering a connection more general
than the one induced by the metric. Interestingly, the resulting structure can be integrated
within a gauge procedure, similarly as we do with the other interactions of Nature. The
resulting theory is known as Metric-Affine Gauge (MAG) gravity. Contributing to the
development of this theory, as well as to other modified theories of gravity, is the central
goal of this thesis.

In Chapter 1 we revise the open problems that are present in GR with an extensive bib-
liographic revision and use this to motivate modifications of GR. After this introduction,
the contents of the thesis are divided into three main parts, covering different aspects of
metric-affine theory and other modified theories of gravity.

In the first part we revise more formal aspects of the metric-affine framework. It
contains three chapters:

O Chapter 2. This chapter is a compendium of mathematical definitions, results and
formulae that we will need to properly work in metric-affine theories.

O In Chapter 3, we introduce the gauge approach that leads to metric-affine gravity
and collect some general properties of these theories. We also construct the most
general action up to quadratic order in curvature, torsion and nonmetricity.

O In Chapter 4, we discuss the topological nature of the Lovelock terms when formu-
lated in a metric-affine framework in their critical dimensions. At the end we also
comment on other topological invariants.



In the two chapters that constitute the second part, we study gravitational wave ge-
ometries:

O In Chapter 5, we analyze (kinematically) different ways to generalize the geometry
of a gravitational wave metric to the metric-affine framework. We apply some of
the results and criteria obtained to particular geometries.

O In Chapter 6, we perform, for a particular geometry (Ansatz), the analysis of the
dynamical equations for quadratic metric-affine gravity (only with even parity in-
variants), and search for exact solutions of that type.

The third part is much more physical. The aim here is to analyze the viability of
different extensions of GR by guaranteeing the stability of their degrees of freedom:

O In Chapter 7, we present and discuss some of the most important field-theoretical
pathologies that we can find in general theories and, in particular, in gravity. We
see some particular cases and analyze other types of problems in the particular case
of 4-dimensional Einstein-Gauss-Bonnet gravity.

O In Chapter 8, we collect the results of an analysis of the stability of cosmological
backgrounds in Einsteinian Cubic gravity and other extensions of this theory. The
idea is to explicitly show the consequences of doing physics in a strongly coupled
background. This chapter is not directly related to metric-affine gravity, but it is
a nice example of a modified theory of gravity with problems that could also be
expected in the metric-affine case.

O In Chapter 9, we concentrate on the null-curvature restriction of the even quadratic
metric-affine action. We express the well known teleparallel equivalents of GR as
particular gauge-fixed versions of it. In addition, we show that extra symmetries
are needed to avoid the presence of ghosts.

O In Chapter 10, we present some preliminary results on the particle spectrum of
the full quadratic metric-affine Lagrangian (with even and odd invariants) in four
dimensions around Minkowski space.

The chapters based on published works contain at the end their own conclusions (to-
gether with a list of limitations of that work). In Chapter 11, we just briefly revise the most
important ones, as well as some general ideas and lessons that one could extract from the
whole thesis. This chapter is followed by several appendices that collect complementary
contents, expressions and proofs.
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Resumen (en espafiol)

Relatividad General (GR) es la teoria geométrica que actualmente constituye el marco
estindar de trabajo en gravitacion. En ella, la gravedad se entiende como una man-
ifestacion de las deformaciones provocadas en el espaciotiempo por el contenido de
energia-momento. El objeto matematico basico de esta teoria es la métrica, la cual de-
fine la nocion de distancia. Esta métrica, ademads, induce canénicamente una conexién
(esencialmente, una nocién de paralelismo) que tiene asociada una curvatura. Y es esta
curvatura la que explica a gran escala los efectos gravitatorios.

Esta tesis trata sobre desarrollos llevados a cabo en el llamado marco métrico-afin de
gravedad. Se trata de un marco alternativo que extiende Relatividad General al consid-
erar una conexion mas general que la que induce la métrica. Curiosamente, la estructura
resultante puede enmarcarse dentro de un procedimiento gauge, tal y como hacemos
para el resto de interacciones de la Naturaleza. A la teoria resultante se la conoce como
Metric-Affine Gauge (MAG) gravity. Contribuir al desarrollo de esta y, en general, al campo
de la gravedad modificada, es el objetivo central de esta tesis.

En el Capitulo 1 revisamos los problemas abiertos de GR con una extensa bateria bib-
liogréfica y los usaremos para motivar modificaciones de GR. Tras esta introduccion, los
contenidos de la tesis se agrupan en tres grandes bloques, cubriendo diferentes aspectos
de la teoria métrico-afin y de otras teorias modificadas de gravedad.

En la primera parte abarcamos aspectos mds formales del marco métrico-afin. Con-
tiene tres capitulos:

O Capitulo 2. Este capitulo es un compendio de definiciones, resultados y férmulas
matemadticas que necesitaremos para trabajar en teorias métrico-afines.

3 En el Capitulo 3 introducimos el procedimiento gauge que conduce a las teorias
métrico-afines y recopilamos algunas propiedades generales de estas. Construimos
también la accién més general hasta orden cuadratico en la curvatura, la torsion y
la no-metricidad.

3 En el Capitulo 4 discutimos la naturaleza topoldgica de los términos de Lovelock
formulados en el marco métrico-afin en sus dimensiones criticas. Al final, comen-
tamos también sobre otros invariantes topolégicos.



En los dos capitulos que constituyen la segunda parte estudiamos geometrias de onda
gravitacional:

O En el Capitulo 5 analizamos (cinemdticamente) diferentes modos de generalizar
métricas de onda gravitacional al marco métrico-afin. Aplicaremos también al-
gunos de los resultados a geometrias particulares.

3 En el Capitulo 6 llevamos a cabo, para una geometria particular (Ansatz), el anélisis
de las ecuaciones dinamicas de la teoria cuadratica métrico-afin (solo con invari-
antes pares bajo paridad), y exploramos soluciones exactas de aquel tipo.

La tercera parte es mucho mas fisica. La idea ahora es analizar la viabilidad de difer-
entes extensiones de GR, usando como criterio la estabilidad de sus grados de libertad:

3 En el Capitulo 7 presentamos y discutimos algunas de las patologias mas impor-
tantes que pueden aparecer en teorias de campos generales y, en particuar, en
gravedad. Veremos algunos casos particulares y analizaremos otros tipos de prob-
lemas en el caso particular de 4-dimensional Einstein-Gauss-Bonnet gravity.

O En el Capitulo 8 recopilamos los resultados de un anélisis sobre la estabilidad de
fondos cosmolégicos en Einsteinian Cubic gravity y extensiones de esta. La idea es
mostrar explicitamente las consecuencias de hacer fisica en un fondo fuertemente
acoplado. Este capitulo no estd directamente relacionado con gravedad métrico-
afin, pero es un buen ejemplo de teorfa modificada de gravedad con problemas que
podrian esperarse también en el caso métrico-afin.

3 En el Capitulo 9 nos concentramos en la restriccién de curvatura nula de la parte par
de la accién cuadrética métrico-afin. Expresamos los bien conocidos equivalentes
de GR como versiones de dicha teoria bajo gauge-fixings particulares. Ademads, de-
mostramos que son necesarias simetrias extra para evitar la presencia de modos
fantasma.

O En el Capitulo 10 presentamos algunos resultados preliminares sobre el espectro de
particulas del lagrangiano cuadratico métrico-afin general (incluyendo invariantes
pares e impares), en cuatro dimensiones y alrededor del espacio de Minkowski.

Los capitulos basados en trabajos publicados contienen al final sus propias conclu-
siones (junto a una lista de limitaciones de dicho estudio). En el Capitulo 11, brevemente
revisaremos las mas importantes, asi como algunas ideas generales y lecciones que pode-
mos extraer de toda la tesis. A este capitulo le siguen varios apéndices que recopilan
contenidos, expresiones y demostraciones complementarias.
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Introduction

Autorititsdusel ist der grofite Feind der Wahrheit
/ Blind obedience to authority is the greatest enemy of truth.

— Albert Einstein, in a letter to Jost Winteler (July 8th, 1901)

1.1 Motivation: General Relativity and reasons to modify it

In Newton'’s theory, space and time play the role of a static stage where physics takes
place, in which gravity is just an interaction between masses governed by a certain law.
This changed drastically at the beginning of the 20th century. Two years after his Special
Relativity theory, Albert Einstein discovered that non-accelerated observers and freely
falling observers are two sides of the same coin, and this fact (the equivalence principle)
guided him to relate gravity with intrinsic properties of the spacetime. Finally, in 1915, he
established a new framework for the gravitational interaction, General Relativity (which
we will abbreviate sometimes as GR). In this theory, gravity is a manifestation of the
nontrivial geometry of the spacetime. To properly describe this geometry, one needs to
understand two mathematical structures. The first one is the metric g,, that allows to
measure distances (and any type of hyper-volume) and also distinguishes between space
and time directions. The other structure is the connection I',,,”, which establishes the
notion of parallel transport, i.e. a criterion to compare tensors in different points of the
spacetime. This connection defines the curvature in each point.!

There is a very particular connection which is uniquely defined by the metric, the
Levi-Civita connection pr’ whose components {,,”} (called Christoffel symbols) depend
on the first derivatives of the metric. The curvature of this Levi-Civita connection, ]:EW,/\,
is what explains the gravitational interaction in the context of GR. Indeed, the core of GR
is the Einstein equation,

o 1 o

R, — §gWR =T, Kk = 8GN (1.1.1)
where G is the Newton gravitational constant, }OEW and R are the Ricci tensor and Ricci
scalar of the geometry (objects derived from }?#VpA), and 7, is the energy-momentum
tensor. Therefore, the equation (1.1.1) tells that the curvature of the spacetime (Lh.s.)
is dynamically related to the energy and momentum of the matter and fields that live
in the spacetime (r.h.s.). By following a Lagrangian approach, the equation (1.1.1) can
be derived by varying with respect to the metric a matter action coupled to one of the
following purely gravitational actions (that differ in a boundary term):

1 v o o 1 »
Seine = 5 [ VI 9" (o7 Hw = (oMo D Sen =5 [ dlaigl &,
(1.1.2)
which we will call Einstein action and Einstein-Hilbert action, respectively.

General Relativity is an extraordinarily successful theory that agrees with all obser-
vations performed in a broad range of scales, from sub-milimetric to Solar System. It
describes the planetary orbits together with their anomalies (e.g. the precession of the

'In the following chapter we will provide a precise definition of all of these objects.



2 1.1. Motivation: General Relativity and reasons to modify it

perihelion of Mercury), the light deflection in the presence of very massive objects (e.g.
gravitational lenses), time delays due to the effects of curvature (experiments with atomic
clocks, Shapiro effect...) among others. The theory has also been used to construct the
most robust cosmological model that we have: A-Cold-Dark-Matter (ACDM). This model
has survived a great deal of observational tests and has provided a notable understand-
ing of the early Universe (post-inflation), the abundances of different elements and par-
ticles, and the origin of large scale structure. Additionally, the GR dynamics predicts the
emission of perturbations of the metric from extremely violent astronomical processes.
These are the so called gravitational waves (GW), and were finally confirmed in the last
years by LIGO and Virgo Collaborations, through the observations of several black hole
mergers (see e.g. [13, 14]) and a binary neutron star merger [15].2

Nevertheless, GR is not completely absent of problematic issues, which may come
from both the experimental and the theoretical side.

Experimentally, there are several phenomena whose nature is currently under debate:

O The Dark Matter problem. There are astrophysical observations that seem to re-
quire extra matter that we do not see: galaxy rotation curves, gravitational lenses,
the Bullet cluster, the observed Cosmic Microwave Background, etc. This problem
is usually addressed by postulating the existence of some weakly interacting field
that accounts for the missing mass (Dark Matter). These effects can also be inter-
preted as consequence of some unknown features of the gravitational interaction,’
or a combination of them. In the context of ACDM, a Dark Matter distribution with
a density parameter €2, = 0.265(7) (~5 times the amount of ordinary/baryonic mat-
ter in the Universe) is required [16, 17]. However, the model does not explain the
origin of this exotic matter.

O The Dark Energy problem. Dark Energy is how we call the unknown form of
energy that is responsible for the accelerated expansion of the Universe. According
to observations, Dark Energy behaves as a perfect barotropic fluid (p = wp) with
w = —1.03 £ 0.03 [17]. Although we do not know exactly the nature of this energy,
this value is consistent with ACDM, which assumes a cosmological constant A (i.e.
w=—1).

O The Hubble tension is a disagreement between the value of the Hubble parameter
(the expansion rate of the Universe) obtained by the Planck Collaboration from the
Cosmic Microwave Background (CMB) and ACDM [17] and the one coming from
late-time cosmological observations [15], respectively:

Hy = (67.4 +0.5) km/s/Mpc, Hy = (73.52 £ 1.62) km/s/Mpc.  (1.1.3)

In addition to these observational problems, there are also some theoretical ones in
GR, such as:

O Singularities. The theory predicts singularities, e.g. in the interior of black holes
and in cosmological solutions.

O The cosmological constant problem. The problem with invoking a cosmological
constant A to describe Dark Energy is that A suffers from a naturalness problem.
Basically the idea is that the quantum corrections to the vacuum energy are many
orders of magnitude (at least 40) higher than the observed valued [19, 20].

2However, before these detections, there was some evidence of their existence in the orbit decay rate of
different binary systems (e.g. the Hulse-Taylor binary).

3Al’chough some observations put serious constraints on this: Bullet cluster observations, baryon acoustic
oscillation, etc.
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Chapter 1. Introduction 3

O Renormalizability and unitarity. This is considered as one of the most important
problems in quantum gravity. GR is known to be non-renormalizable by power
counting [21]. One attempt to solve this was quadratic gravity, which makes use of
the Weyl tensor (conformally invariant) to construct a quadratic Lagrangian which
is renormalizable. However, the theory contains a violation of unitarity (see e.g.
[22, 23]) due to a massive spin-2 ghost.*

In the last decades there have been many attempts to modify and/or extend the
framework of General Relativity. On the one hand, modified theories of gravity usu-
ally propose alternative corrections to GR that presumably will appear before reaching
the Planck scale and that could contribute to solve some of these problems. On the other
hand, the philosophy behind most of them is also to immerse GR within a larger family
of theories, so that its actual status can be contrasted with other alternatives. In principle,
modified theories of gravity are not intended to be final theories, so solving the renor-
malizability problem is not generally perceived as a goal. On the contrary, they search
for alternative perspectives to attack e.g. the cosmological problems by enriching gravity
with extra structure (mainly extra fields).”

Nonetheless, modifying GR is not an easy task. When constructing or proposing a
new theory one could start computing observables and comparing with experiments to
set bounds on the parameters of the theory. However, one should not directly trust any
claim derived from the theory. It is important to be careful and rigorous about how reli-
able are the results and under what hypothesis. Moreover, in many cases, the problems
can be hidden under the bed, waiting patiently. The key point is that, even before con-
trasting it with experiments, there are some theoretical tests that the theory should pass;
some of them are just a matter of mathematical consistency, and others are connected, at
the end of the day, with observable effects. For instance, if we propose a field theory in
the usual sense, it is crucial to check which are the degrees of freedom of that theory and
if they exhibit any kind of pathological behavior. If so, one should analyze whether the
region (in phase space or solution space) where this happens can be discarded by physi-
cal arguments or if the pathologies cannot be reached by any configuration of the system
(in a reasonable time scale), etc. The structure of GR is robust from a field-theoretical
point of view and it is not easy to modify it without introducing pathologies.

1.2 The landscape of modified theories of gravity

There are many approaches to modified gravity. In this section we will present and com-
ment on some of them. First, let us briefly characterize GR. From the very fundamental
level, gravity is described as the 4-dimensional relativistic theory of a massless spin-2 par-
ticle.> The massless spin-2 irreducible representation of the Poincaré group correspond
to a particle with two degrees of freedom (helicities). From a the field-theoretical point

*A ghost is a type of unstable field whose modes carry negative kinetic energy. We will see more details
on this in Chapter 7.

5In this thesis we focus on bottom-up approaches, i.e. we move from low to high energies. It is however
worth mentioning the outstanding status of String Theory and Loop Quantum Gravity, which are the most rel-
evant formulations that regularize the behavior of gravity directly at high energies (top-down approaches).
Successful theories in these two regimes should of course match appropriately.

®Let us recall the reasons for this (we follow the Feynman Lectures [24]). The particle must be massless
because gravity is a long-range interaction. The particle must have integer spin to produce a static force and
not just scattering. Since it is universally attractive the spin must be even (s = 0,2, 4...). Spin-0 particles do
not produce light deflection, whereas spins higher than 2 are constrained by several no-go theorems (e.g.,
Weinberg-Witten theorem). This leads to s = 2 as unique choice.
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4 1.2. The landscape of modified theories of gravity

of view, the dynamics of the graviton can be described by a symmetric tensor field A,
subjected to the dynamics of the (massless) Fierz-Pauli Lagrangian,

Lpp = %@Lhupauhup — 0phP"05h7 \y + 057 0" h — %Bﬂha’*h, (12.1)

which admits GR as non-linear extension.” Having these ideas in mind, one way of
modifying GR is by relaxing some of its basic principles:

(O Massive gravity. These theories describe a gravity framework where the propagat-
ing graviton is massive. In the original formulation, the theory did not recover the
GR prediction in the massless limit at linear order (vDVZ discontinuity) and, addi-
tionally, the non-linear corrections develop an instability called the Boulware-Deser
ghost [27]. The first one was solved in [25], whereas the ghost can be eliminated by
a non-linear completion called dRGT massive gravity [29, 30] (see e.g. the reviews
[31, 32]). The mass of the graviton in this theory is highly constrained [33].

O Lorentz violation. Frameworks have been formulated where Lorentz invariance is
violated at a very fundamental level. Examples of this are: Einstein-Aether theory
[34] in which, together with the metric, there exists a timelike vector field (aether)
that provides a preferred reference frame; or Hofava—Lifshitz gravity [35], in which
the time is treated in a separated way (with respect to the space), and the relativistic
notion of time emerges at large distances.

O Higher dimensions. For instance, one can also develop geometry and field theory
in higher dimensions and study the effective theory in a particular submanifold
(braneworld) of the bulk space. Some examples are the Randall-Sundrum model
[36] and the DGP model [37].

However, probably the most common approach to extend gravity is by adding new
degrees of freedom:

O Scalar-tensor theories. In addition to the metric, these theories consider an extra
propagating scalar as a basic element to construct the action. One example is Brans-
Dicke theory [35],

1 . W
SBrans—DiCke[gmn Qb] = % /d4$ |g| (@R — ?D%qb&“qb) + matter

where the presence of the scalar field gives rise to a point-dependent gravitational
coupling. This theory is part of a very important family of scalar-tensor theories,
Horndeski gravity. This was formulated in [39], as the most general scalar-tensor the-
ory (in 4 dimensions) with at most second derivatives of the scalar field that gives
second-order equations of motion (see [40-42]). The theory has many applications
in cosmology, specially to tackle the inflation and the Dark Energy problems [43,

]. Theories with higher derivatives contain in principle Ostrogradski ghosts (a
type of instability), but they can be avoided by forcing the Lagrangian to be degen-
erate. This gives rise to theories beyond Horndeski [45-53]. Scalar-tensor theories
have received important constraints from the LIGO and Virgo observations [54-56].

O Vector-tensor theories. Similar to the previous ones but now an extra vector vari-
able is considered. A massless U(1) gauge vector does not allow cosmological sce-
narios (homogeneous and isotropic) [57]. There are different ways to circumvent
this, e.g. by going to non-abelian groups [55] or by breaking the U(1) symmetry
with a mass term. The latter approach led to generalized Proca theory [59-61] (see
also [62]). The case with several vectors has also been explored [63].

"See e.g. the Deser’s argument in [25, 26].
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a

Tensor-tensor theories. These theories are characterized for having additional dy-
namical metrics. For instance, one can add a kinetic term for the extra metric f,,,
in massive gravity (ARGT), and the result is known as bigravity [64]. Again, GW
observations put very strong constraints on these theories.

It is also possible to think of starting from the Einstein-Hilbert action and trying to
generalize it. Nevertheless, most of the resulting theories can be seen as particular cases
of those mentioned above. Let us describe some examples:

a

a

a

f(R)-gravity. This theory considers as Lagrangian an arbitrary function of the Ricci
scalar and was thought to tackle the Dark Matter and Dark Energy problems. If we
consider a non-trivial case f” (R) # 0 (i.e. when it is different from the Einstein-
Hilbert action), there is a field redefinition that turns the action into the (Jordan
frame of a) Brans-Dicke theory with wpp = 0,

i / dtz/]g] (¢>}°z - V(¢>)) + matter, 1.2.2)
such that, on-shell, the scalar is given by ¢ = f’ (R) (see for example [65]). Note
that it includes a potential for the Brans-Dicke scalar that has a purely gravitational
origin [66, 67], and which did not appear in the original formulation of the Brans-
Dicke theory [35].8 Consequently, these theories essentially propagate a graviton
plus a non-minimally coupled scalar. For more information and applications see

[ 7 ’ - ]

Another theory that has been explored is f(G)-gravity, whose Lagrangian is an ar-
bitrary function of the Gauss-Bonnet invariant (see e.g. [73-75]).

Ricci-based gravity. The Lagrangian is now an arbitrary function of the symmet-
ric part of the Ricci tensor for an arbitrary connection (they are formulated a la
Palatini). In [76] it is shown that if Z*" = 8%%(: Z¥F) admits an inverse tensor,

(Z71),u, the general solution of the connection equation is the Levi-Civita connec-
tion associated to the metric q,, = (Z71),, up to a projective mode that can be
removed with an appropriate gauge choice. Indeed, the theory admits a field re-
definition to the Einstein frame of ¢, (i.e. an Einstein-Hilbert action with ¢, play-
ing the role of the metric). In the presence of matter, this redefinition complicates
the matter sector but, if the equations allow some invertibility, there exists a map-
ping between the solutions of Ricci-based gravity with certain matter and those of
GR with another matter Lagrangian [77-50]. One relevant sub-case is Born-Infeld
inspired gravity (see [81, 82]) that, as the name suggests, was motivated by the Born-
Infeld model for non-linear electromagnetism [53]. In these theories it is possible
to construct stable wormhole solutions that extend the interior of Schwarzschild
and Reissner-Nordstrom black holes, i.e. avoiding the singularity problem. The
stability of the theory and its generalizations is discussed in [84, 85]

Finally, let us also mention unimodular gravity [36, 87]. This theory is a slight modifica-
tion of GR constructed as the Einstein-Hilbert action but subjected to the constraint that
(the absolute value of) the determinant of the metric must be 1. One of the interesting
features of it is that it solves the naturalness problem of the cosmological constant value

[55].

SThe Palatini version of this theory, i.e. treating the connection as an independent field, can also be
rewritten as a Brans-Dicke theory with wgp = —3/2. Interestingly, for this particular value of the parameter
the scalar turns out to be non-dynamical [65].
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6 1.3. The metric-affine framework and MAG

We have performed a general overview of gravity theories. In the next section, we will
focus on the metric-affine framework and theories therein, which will be very relevant in
this thesis.

1.3 The metric-affine framework and MAG

In the original Palatini formalism, the connection is used as a tool to obtain modified
equations of motion for the metric. In fact, not much attention is paid to its physical
meaning. On the contrary, in what we are going to call the metric-affine framework, the
connection is treated as another geometrical field with its own dynamics and physical
implications. In the presence of a metric, an arbitrary connection is characterized by
two tensorial quantities, the torsion and the nonmetricity, which are vanishing in the
Levi-Civita case. These two tensors will be the basic blocks to construct theories in this
framework.

The gauge principle is one of the cornerstones of our current understanding of funda-
mental physical interactions. Inspired by [58Y], in which Weyl establishes the basis of the
gauge procedure, as well as the subsequent works by Yang, Mills [90] and Utiyama [91],
one can try to extend such gauge formalism to spacetime symmetries. Kibble and Sciama
[92-94] formulated the gauge theory of the Poincaré group, from which a connection with
nontrivial torsion (but zero nonmetricity) emerges. The resulting theory is called Poincaré
Gauge gravity (PG) (see e.g. [95-97]). At this point, a natural question is: is it possible to
extend this formalism in order to get a completely general connection, with nontrivial
torsion and nonmetricity? The answer is yes and the key will be to extend the Poincaré
group to the full affine group.” This gives rise to Metric Affine Gauge gravity (MAG) [95].
As in any other gauge theory, there are intrinsic properties of the matter (charges) that
couple to the gauge fields. In MAG, the spin density, the dilation and the shear currents
enter the game as new fundamental properties of the matter associated to the dynamics
of the connection [99-101], in addition to the energy-momentum tensor. This formula-
tion and its viability as a quantum gravity model has been discussed in [102-106]. For a
revision of these and other gauge theories of gravity (involving other groups, such as the
conformal group), see [107] and references therein.

It is worth remarking that apart from MAG and PG gravity, many theories have been
formulated considering an additional connection with certain properties or restrictions.
Examples are the already mentioned Ricci-Based gravity, and the teleparallel equivalents
and their generalizations [6, 108— 1.1

Finally, it is worth noticing that the formulation of theories within the metric-affine
framework has a very interesting motivation. The deformations of an ideal crystal can
be described by the same techniques used in GR, i.e. with a metric and its associated
curvature. However, real crystals present local defects such as dislocations or point de-
fects and, to describe them, other structures beyond the metric are needed. In particular,
to deal with the previously mentioned defects, respectively torsion and nonmetricity are
invoked (see e.g. [117-119]; see also [99, 120, 121] and references therein). Assuming that
some of these theories turn out to be viable gravitational theories, this analogy suggests
that the connection is indeed encoding information about microscopic defects in the very
fabric of the spacetime that a metric tensor cannot reproduce. Of course, this should be,
at the end of the day, in total agreement with some established quantum gravity frame-
work.

’The affine group contains the translations together with all possible basis transformations.
0Teleparallel means that the curvature of the connection is identically zero. These theories will be dis-
cussed in more detail in Chapter 9.
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Chapter 1. Introduction 7

1.4 Last comments before starting

This thesis contains both mathematical and physical results and is an invitation to enjoy
both:

O The exploration of theories, looking for interesting mathematical properties and
structures that can change our way to see the world.

O Being extremely critical with any proposed theory (in a constructive sense). Learn-
ing about singularities and pathologies is another way to learn about Nature and
how limited is our knowledge of it.

The PhD program is called “Physics and mathematics”, so I felt free to sail between
these two currents: the first half (approx.) of the thesis is of a more mathematical na-
ture, whereas the second one is more physically focused. It is also worth mentioning that
the derivations and computations of this manuscript are essentially classical (classical
solutions, analysis of stability from the classical Lagrangian...). Going beyond that can
be one of the next steps, but one can imagine how difficult that could be just by look-
ing at what we know of quantum gravity models. Also one can explore the literature
about semiclassical gravity (quantum matter in classical GR gravity) and see that most of
the computations are extraordinarily difficult to perform (they require numerical analy-
sis) and are plagued with ambiguities. For these reasons, we found it convenient to first
focus on understanding these theories at the classical level.!! Finally, just mentioning
that for the realization of the calculations we made use of the xAct package (Wolfram
Mathematica) [122].

One interesting point here could be “why should we start with a classical Lagrangian?” (or even further:
“do we need a Lagrangian?”), but this is of course a philosophical debate far beyond the goal of this thesis.
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Geometry and metric-affine theories






Mathematical tools for metric-affine
gravity

If I were again beginning my studies, I would follow the advice of Plato and start
with mathematics.

— Galileo Galilei

This chapter provides an extensive and complete collection of the mathematical con-
cepts and useful tools to work in the metric-affine framework. We start from the very
beginning with the definition of manifold and then we focus on deriving practical objects
and expressions. The idea of this chapter is essentially to give a self-contained character
to the full manuscript and also to be an adequate mathematical starting point for those
interested in metric-affine gravity.!

2.1 Basic differential geometry. Manifolds and tensors

2.1.1 Differentiable manifolds and bundles

Definition 2.1. (Topological manifold) A D-dimensional topological manifold M is a
topological space that satisfies the following requirements: (1) Hausdorff, (2) second-
countable and (3) it is locally homeomorphic to the Euclidean space RP.

The third point means that for each point p € M, there is an open neighbourhood U/
and a homeomorphism? ¢ between U/ and some open set of RP. The pair (U, ¢) is called
a chart around p, and the component maps z# : U — R (u = 1,...,D) of ¢ are called
coordinate functions. A set of charts that covers the whole manifold is an atlas.

If we consider two charts (U, ¢) and (V, ¢) around the same point p, the transition
functions are the maps representing the coordinate transformation between them, i.e.

Yol oUNV)CRY — y(UNV) C R, 2.1.1)

An atlas containing all possible charts with C°°-differentiable transition functions be-
tween them is called a C*°-differentiable structure.

Definition 2.2. (Smooth manifold) A D-dimensional smooth manifold is a pair (M, D)
where M is a D-dimensional topological manifold and ® is a C*°-differentiable struc-
ture on it.

'Some important references for this chapter are [26, 123] (see also [124, 125]).
2 A bijective continuous map between topological spaces whose inverse is also continuous.
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12 2.1. Basic differential geometry. Manifolds and tensors

Definition 2.3. (Fiber bundle) A fiber bundle is a set (B, M, w, F) where B, M and F
are topological manifolds and 7 is a continuous surjective map

T B> M, (2.1.2)

which satisfies the following local triviality condition: for each p € M there exists an
open neighborhood of it ¢/ and a homeomorphism ® : 7= (%) — U x F such that

m =proj; o ®, (2.1.3)

where proj; is the projection onto the first factor, i.e. proj, (a,b) = a.

B is the total space, M the base manifold, F the (abstract) fiber and 7 the projection map of the
fiber bundle. For each point p € M, the set 7—!(p) is homeomorphic to F and is called
the fiber over p. For a given covering {U/;} of M, one can take the set {({/;, ®;)} where
®; : 7 1(U;) — U; x F are the maps we previously introduced. The pair (i4;, ;) is called
a local trivialization over U;.

The preimage by 7 of any open seti/ C M is homeomorphic to a product space U x F,
so the intuitive idea is that B is locally the base manifold M with a “copy” of F attached
to each point, but not globally. We will make an abuse of language and refer to the total
space as the entire bundle and use the abbreviations (B, M, 7, F) = B =+ M = B when
the other elements are clear.

Definition 2.4. (Sections on fiber bundles) Let (B, M, 7, F) be a fiber bundle. A local
section around the point p € M (consider some coordinate neighbourhood U of it) is
a continuous map o : U — B such that 7 o o is the identity map.

A (global) section of a fiber bundle is a continuous map o : M — Bsuchthatmoo
is the identity map.

The set of all global sections is represented as I'(B).

Intuitively, a section associates to each point of its domain (within the base manifold)
an element of the fiber over it, but in a continuous way. So, it is like if we were “lifting”
part of the base manifold to the total space (keeping each point in its own fiber).?

A very special case of manifolds are Lie groups, i.e. groups which also carry a manifold
structure. With them we can introduce the following concept, extremely important in
gauge theories:

Definition 2.5. (Principal fiber bundle) Let G be a Lie group. A principal fiber bundle
with structure group G is a fiber bundle P = M equipped with a right action of G on
P which preserves the fibers and acts freely and transitively on them.

Locally, a principal fiber bundle looks as the product space M x G, but not globally.

>The name “section” comes from the idea that after applying the section to its whole domain the image
looks as if we were “cutting” the total space transversely to the fibers.

Alejandro Jiménez Cano
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2.1.2 Tangent and cotangent space

Let (M, D) be a D-dimensional smooth manifold, p an arbitrary point of M and (U, ¢ =
(z*)) € © a chart around p.

Definition 2.6. (Differentiable function on a manifold) Amap f : M — Risa
C*-differentiable function over M if f o p=! : R® — R is C*-differentiable.

C*(M) is the set of all C*-differentiable functions over the manifold.

We are going to focus on C*°(M) from now on. Notice that the function f o ¢!

admits partial derivatives on R®, so we can extend the notion of partial derivative to the
manifold as follows .
of O(fop™)

@(P) = T(@(?)) : (214)

where 0/0z" is the usual partial derivative in R? with respect to the u-th variable. Ob-
viously this result is chart-dependent, but when working with a fixed set of coordinates
we will use the compact notation d,, f(p).

For a given chart, consider the set of differentiable operators

a o0 [e.e]
o L OTM) — CX (M)
of
f awﬂ’ (2.1.5)

so we can define:

Definition 2.7. (Tangent space) For a given point p € M, we define the tangent space
atit, 7,,M as the vector space (isomorphic to RP) generated by the previous operators,
ie.

0
T,M = span{W|p =1, .., D} . (2.1.6)

The vector 32|, = 8,|, points in the direction in which the z# coordinate grows.
These derivatives depend on the chart, but the whole tangent space does not. An arbi-
trary vector in the tangent space v = v*8,|, (v* € R) acts on functions f € C*>°(M) as

v(f) = '8, f(p)-

If we consider the disjoint union of all tangent spaces, we get the tangent bundle

TM:= | | T,M, (2.1.7)
pEM

whose fibers are the tangent spaces 7,M = 7~ !(p). The underlying bundle structure is
(T M, M, proj;, RP), with total space T M.

Once we have the notion of tangent space, i.e., vectors in one particular point p € M,
it is natural to built, by duality, the set of 1-forms on p. The dual basis of {9,|,} will be
denoted as dz*|,, so the duality relation is dz*(8,) = d}. We can then define:*

‘However, the cotangent space T, M can be defined independently of the tangent space, as the quotient
vector space I,,/I2 where I, is the ideal of functions vanishing at p and I7 the set of functions of the form
>, figi with fi, g; € I, (notice that both I, and Ig are vector spaces). The intuition behind this definition
is that the space of 1-forms on p can be seen as the set of all possible first-order behaviors that the functions
can have around p (in the sense of the Taylor expansion).
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14 2.1. Basic differential geometry. Manifolds and tensors

Definition 2.8. (Cotangent space) For a given point p € M, we define the cotangent
space at it T,y M as the dual vector space of the tangent space T, M, i.e.

TyM = (TyM)* = span{dz"|, : p=1, ..., D} . (2.1.8)

Similarly, we can also introduce the notion of cotangent bundle,

T*M:= | | T3M, (2.1.9)
pEM

which has the bundle structure (7*M, M, proj;, RP).

2.1.3 Natural tensor bundles and differential forms

Once we have vectors and 1-forms, it is natural to build other kinds of objects in each
point of the manifold. For instance, by taking the tensor product ® of the tangent space
and the cotangent space several times we can generate tensor spaces:

Definition 2.9. ((r, s)-tensor space) For a given point p € M, we define the (r, s)-
tensor space on it T, ¥ M as the vector space given by

T M = T,M @ Ttimes @ T M @ TrM @ $tmes @ TAM .. (2.1.10)
Or, in terms on a particular chart z#,
T M = span{am p @7 @ @, |, @ da |, @ $imes © dae|,

p
DOy ey iy V1, ey Vs = 1 o, D}. (2.1.11)

The elements of the tensor space ngr’ *) M are called (r, s)-tensors or r-contraviant s-

covariant tensors on p. Consider an element ¢t € TX’ ) M. Once we have a coordinate
basis we can just work with the components of the tensor:

t=t"try, L 0, TSR, |, @det |, @ imes @ dee |, — thbr s €RL
(2.1.12)
We recall now a few basic concepts related to tensors:

O We say that a tensor is symmetric (or antisymmetric) in a pair of indices pv if, t-#" =
tVoote (respectively, ¢tV = — Vb)),

O In a tensor expression, contracting two indices means to make them equal in the
Einstein summation notation, i.e. to sum in all their possible values. This decreases
in 1 unit the covariance and the contravariance of the tensor

3,2
TEOMs e,

!
D
Contraction (t#1/213,, ) = Y huens, = pmoks e THUM. (2.1.13)
po=v1=1
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O In this component notation the product of components is directly associated with
the components of the tensor product, i.e.

pan, e T;SZQ)M | hMmaks o T1§3’1)M I VLTI T1§5’3)M-
(2.1.14)

Special attention must be paid to the totally antisymmetric covariant tensors which are
called differential forms.

Definition 2.10. (k-forms space) For a given point p € M, we define the space of

k-forms (or differential forms of rank k) on it A’Ij/\/l as the subspace of TISO’ ") M of totally

antisymmetric tensors.

The relevance of these objects will be clear later when we talk about integration and
volume forms. As we did with the tangent and cotangent spaces, we can also introduce
the corresponding bundles of tensors and k-forms:

TS A = I_I T;ST’S)Mv AM = |_| A’;M, (2.1.15)
peEM pEM

214 Diffeomorphisms, fields and transformation rules

Let M7 and M5 be two smooth manifolds (we omit the differentiable structure from
now on) of dimensions D; and Dy, and two arbitrary open subsets of them, respec-
tively, V1 and Vs.

Definition 2.11. (Differentiable map) Consider a map F' : V; — V,. We say that
Fisa Ck—dzjferentiable map if Vp € V; we can find some coordinate chart around it
(U, ¢) and a map v defining a chart (F'(/),1) around the image point F'(p), such
that ¢y o F o p~! : RP* — RP2 is C*-differentiable (in the usual sense).

The set of differentiable maps between V; and Vs is often denoted as C*>°(Vy, V2).5

In particular, V; can be the entire manifolds M;.

Definition 2.12. (Diffeomorphism) A homeomorphism ® : M; — M is said to be
a diffeomorphism if ® and ®~! are C*°-differentiable maps.

We will be specially interested in the diffeomorphisms M — M, which constitute
the set Diff (M) that, together with the composition, has the structure of an infinite-
dimensional Lie group. Its algebra is generated by transformations that can be seen from
a passive point of view as infinitesimal coordinate transformations. Hence, an arbitrary
diffeomorphism can be identified with a general coordinate transformation (g.c.t.) z* — y*.
The so-called fields (scalar, vector, tensor, spinor...) over a given manifold M can be seen,
from a mathematical point of view, as sections of bundles. Two important definitions are:

Definition 2.13. (Smooth bundle) A bundle (B, M, 7, F) is called smooth if B, M and
F are smooth manifolds and the projection 7 is a C°°-differentiable map.

>Observe that smooth functions (Definition 2.6) are particular cases. Actually the set of smooth functions
C*°(M) is nothing but C*° (M, R).
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Definition 2.14. (Smooth section) Let (B, M, 7, ) be a smooth bundle. We say that
a section o (either local, 0 : 4 — B, or global, ¢ : M — B) is smooth if it is a
C*°-differentiable map.

According to how their components transform under g.c.t. we can define:

a

a

Scalar fields. These are the elements of C°°(M), i.e. objects that associate a real
number to each point of the manifold. They do not change under g.c.t..

Vector fields. They are the sections of the tangent bundle. At each point, the vector
field V picks up an element of the tangent space V' (p) = V*(p)0,|p, where V#(p) €
C>®(M). If we apply a g.c.t. z* — y®, one can show that vectors transform as

Ve = %V“ since the basis transforms as (chain rule): O, = %8
- Oxr ' R
(2.1.16)

The set of smooth vector fields, C°°(M,T'M), is also denoted as X(M).

1-form/covector fields. These are sections of the cotangent bundle. Analogously as
the vector fields, they have a local expression a(p) = «,(p)dz*|,, where a,,(p) €
C*°(M). Under a g.c.t. z#* — y“, 1-forms transform as

, oxt . . . o OY”
Ao = —0y, since the basis transforms as (chain rule): dy® = —da*.
dy® ozt
(2.1.17)

The set of smooth 1-form fields, C>° (M, T* M) = C*(M, A' M), is also denoted as
QL(M).

(r, s)- tensor field. They are sections of the corresponding tensor bundle. Locally
they can be expressed as T' = TH1#2-#r ), , 8, ®..® 0, @dr" ®...®dx" and
the transformation rule under g.c.t. is

Oyt Oy 0x"t Oxs
5152.”68 - axlj‘l ..'axll”" 8y/31 .Nayﬂs

T/a10¢2...047-

TM1M2...H7»V1V2.“VS . (2.1.18)

The set of smooth (r, s)- tensor fields, C> (M, T("5) M), is also denoted as .7 (") (M).

k-form over M. They are sections of the corresponding exterior bundle. They trans-
form as (0, s)-tensor fields. We will denote the set C>°(M, A¥ M) of smooth k-form
fields as 2¥(M), as it is usual in the literature.

Vector/tensor-valued k-form over M. They are sections T(A*M @ W) = QF(M; W)
where W is a vector space. In particular, they can be expressed as a = oM ® (y,
where o € Q%(M) and {(y} is a basis of W. Sometimes we will refer to the part o
as tensor-valued form.

One can also find other kinds of objects like the following ones, which we do not intro-
duce formally in order not to complicate these notes unnecessarily.® Tensor densities and
pseudotensors are objects whose transformation rules under g.c.t. involve the Jacobian
determinant

Jac,_,, = det (%) . (2.1.19)

®One has to introduce orientation bundles and other related topics to do it properly.

Alejandro Jiménez Cano



Chapter 2. Mathematical tools for metric-affine gravity 17

O (r, s)-tensor density field of weight w. They transform as tensors do but with an extra
factor consisting on some power of the Jacobian determinant:

oyt Oy* Oz Ox¥s
B1B2..0s — Uacx—> ‘w Y !y (ZMWWMTVWQ---%:'
YL Qg Gk yPr T OyPs

S/OQOQ...O(T

(2.1.20)

(We use mathfrak-type font for them)

3 (r, s)-pseudotensor. They transform as tensors do but with the sign of the Jacobian
determinant:

oy*t  Qy*r dx**  Odx¥s b

RS T e s v - (21.21)

TlalanaTﬂlﬂz..ﬂs = Sgn(]acz—w)

Particular physically relevant cases are pseudoscalars and pseudovectors (also known
as axial vectors).

Finally, we introduce a very important type of differentiable maps: curves.

Definition 2.15. (Curve, velocity, trajectory) Let M be a smooth manifold, &/ C M
an open set and I an interval of the real line.

A (smooth) curve on U is a differentiable function v : I — U. The tangent vector
J(7) = utd, is called velocity of the curve. And the image of ~ is called trajectory or
path.

2.1.5 (Linear) frames and coframes. Anholonomy

Let M be a smooth manifold. A basis of T}, M is called a linear frame on p. This allows us
to construct a bundle by considering all of the possible linear frames at each point of the
base manifold:

Definition 2.16. We define the (linear) frame bundle as the bundle whose total space is

L(M) = |_| {linear frames on p}, (2.1.22)
pEM

with the projection 7(p, {e,}) = p.
Analogously one can define the (linear) coframe bundle L*(M) by taking all the
basis of the cotangent bundle at each point.

The bundle of linear frames L(M) over a D-dimensional manifold M is a principal
fiber bundle with structure group GL(D, R).

Definition 2.17. ((Co)Frame over a manifold) A linear (co)frame field is a section of
the (co)frame bundle. It can be global or local.”

From now on when we talk about a frame® {e,} and a coframe {9°} we are going to

assume that they are dual, i.e.,
9 (ep) = 0p . (2.1.23)

7If there exists a global frame over M, the manifold is said to be parallelizable. The 2-sphere is an example
of a non-parallelizable manifold.

8We will generally omit the word “field” (that refers to the fact that it is not a basis just at one point). We
will also omit “linear”, although in the next chapter, in which we will talk about “affine frames”, we will use
it again to avoid confusion.
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18 2.1. Basic differential geometry. Manifolds and tensors

Let us express them in terms of some reference coordinate basis:’
e, =¢€",0,, 9 = e, "da, (2.1.24)

where the coefficients e, and e, * are sometimes called Vielbein (or tetrads in D = 4). The
duality condition (2.1.23) and the one of 9, with dz" are now expressed as

e ety = oy, epe’s =04,
According to (2.1.24), the Vielbein are nothing but the basis transformation matrix be-
tween the holonomic frame {9, } and the arbitrary frame {e, }. Therefore, whenever we
have a tensor expressed in one of them, its components in the other frame are obtained
by simply multiplying the expression with the appropriate Vielbein, e.g.

be,Cety. (2.1.25)

Habcd = ,uup)\e'uaeybepcekd AR H;WpA = abcdeuaeu
Actually, for practical reasons, it is useful to see the Vielbein as an object that “transforms
indices” {u,v...} < {a,b...}.10

It is important to highlight that a general frame is not necessarily associated to coor-
dinates as {9, } does. For {e,} to be a coordinate basis there must exist certain functions
y*(x) (the new coordinates) such that

Ozt
a — aya
and this could not happen. For that purpose it is useful to introduce the Lie bracket of
vector fields.

et (integrability condition), (2.1.26)

Definition 2.18. (Lie bracket) Given two vector fields V, W € X(M), their Lie
bracket is another vector field whose components are

[V, Wt = VOo,WH — W70,VH . (2.1.27)

Proposition 2.19. The set of smooth vector fields X(M) is a Lie algebra with the Lie
Bracket, i.e. the Lie bracket is (1) bilinear, (2) antisymmetric and (3) satisfies the Jacobi
identity

[V, W], Z' +[[Z, V], W' + [W, Z], V=0 VYV, W, ZeX(M).
(2.1.28)

With this operation in mind, if we have a frame {e,} over our manifold, we can
compute the Lie bracket of its vectors

[eq, €] = —Quplec, (2.1.29)
where we have introduced the anholonomy coefficients
Qap© = e"0e”p 0, Q= 20),e,)°. (2.1.30)

The powerful result that allows us to find out whether a frame has coordinates associated
to it or not is the following:

°In order to distinguish between coordinate (co)frames and general ones we will use different notations
for the indices: Greek (p, v, p, A, o, n...) for coordinate frames and Latin (q, b, ¢, d...) for arbitrary frames.

"However, we have to be careful, because the resulting components with different indices X*" <> X ab...
only represent the components in the other frame if the abstract object X is tensorial. For non-tensorial
objects this is just a convenient way to abbreviate the expressions:

b.. b PR :
X = X"e, %, if X is not tensorial.
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Theorem 2.20. The basis {e,} is integrable (i.e., is a coordinate frame) if and only if the

anholonomy coefficients vanish (2,,° = 0).

This basically says that zero anholonomy is connected with the existence of coor-
dinates. That is the reason why we sometimes refer to coordinate frames as holonomic
frames. In gauge gravity an arbitrary (not necessarily holonomic) frame will play a cru-
cial role and will be even more fundamental than the very metric of General Relativity
(which we will introduce in a few sections).

Before ending this section we are going to introduce the Levi-Civita pseudotensor,!!

€ar...ap = D0, .0n) (2.1.31)

[a1

i.e. its components are +1 if (aj, ag, ..., ap) is an even permutation of (1,2, ...,D), —1 if the
permutation is odd, and zero if there are repeated indices. This object has, by definition,
this same form in any frame (holonomic or not) and, consequently,

I Proposition 2.21. €, . 4, is a pseudotensor density of weight +1.

2.2 Exterior algebra

2.2.1 Exterior product

Definition 2.22. (Exterior or wedge product of two covariant tensor fields) Given
two covariant tensor fields T' and S with covariances k£ and [, respectively, we define
their wedge product as the following (k + [)-covariant tensor:

1
(TANS) V1, .oy, Vi) = stgn(o)T(VU(l), ey Vg(k))S(Va(k+1), — Vg(kJrl)),
" {o}

where V', ..., Vi1 € X(M) and the sum covers all permutations o. Its components
in certain coframe {1} can be read from

(k+1)!
il

TANS = T .0 S

ak_;,_l..,ak_H]

PN R ... QY%+t (2.2.1)

Note that the result of the wedge product of two covariant tensors (with covariances
k and [) is a totally antisymmetric covariant tensor, i.e., a (k + [)-form.

Proposition 2.23. (Properties of the wedge product) For A\ € R and arbitrary covari-
ant tensors A, B, B’ and C with covariance k, I, | and m, respectively, the following
properties hold:

O Antisymmetry
ANB=(-D)"BAA. (2.2.2)

O Linearity (actually, bilinearity)

ANB+B')= ANB+AMNB', ANAB) = (M)AB = \(AAB). (2.2.3)

"More information about anti/symmetrisation of indices in p. XX.
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O Associative
ANBANC)=(ANB)NC. (2.2.4)

Example 2.24. Exterior product of two 1-forms

2!
(0a®) A (By9") =77 01aBy 0" © 0" = (0B — cwfla) 9" @ 0" (2.2.5)
Example 2.25. Product of N 1-forms (k1 = ks = ... = ky = 1)
TOANTO A AT = N7 T 97 @ @9y (2.2.6)

In particular if we do the exterior product of the elements of the coframe

9% A A9 = NIst g0

[a1 an]

9" @ ... @9 =N @ .. o™, (227)

It is not difficult to check that, at each point, the set { (9% A... A9%)|, : b; = 1,...,D} is
a basis of the space of k-forms A’;M, and therefore, under C*°(M)-linear combinations,!?
it generates the full space of smooth k-form fields Q¥ (M).

Consider an arbitrary differential form of rank k, or k-form,
a =g, 09" @ ... QY% where Qay.a, = Vay...ay] - (2.2.8)

By virtue of (2.2.7), it can be expressed

1
o= Haal_,_akﬁal'”a’“ ) (2.2.9)

where we have introduced the very convenient abbreviation (that we will maintain through
the whole thesis),
YUk = YN L ANDN (2.2.10)

Similarly, when dealing with coordinate coframes we will use

dxghr-Fk .— dePt A oA datE . (2211)

2.2.2 Exterior derivative

Definition 2.26. (Exterior derivative) The exterior derivative is an operator
d : Q¥(M) — QF+1(M) defined through the expression:

1
71 8[/“

11 01 Qg A (2.2.12)

da =

with respect to an arbitrary holonomic coframe.

If the coframe is not holonomic, in order to have the o components with Latin indices,
one needs to introduce the Vielbeins inside the partial derivative and therefore some
anholonomy coefficients arise.'®

121 inear combinations in which the coefficients can be not only numbers but also smooth functions.
31t can also be written as da = %V[alaaz,”akﬁ]ﬂal“‘“k“ where V is any torsion-free connection (in
articular the Levi-Civita connection). See Section 2.4 for more information about connections.
P
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Proposition 2.27. (Properties of the exterior derivative) For A\, \» € R, o € Q’“(M)
and B € QY(M), the exterior derivative is linear, nilpotent and verifies a graded Leibniz
rule. Respectively,

d()\la + )\26) = )\1da + )\Qdﬁ, d(da) =0 5

dlaAB) =daAB+ (—1)"(aAdB). (2.2.13)

In the language of differential forms, the anholonomy coefficients are encoded in the
anholonomy 2-form, defined as the exterior derivative of the coframe:

1
A" = 20y dat A da”. (2.2.14)

Closed forms, exact forms and de Rham cohomology

Definition 2.28. (Closed and exact differential form) A differential form o € Q% (M)
is said to be exact if a« = d3 for some 3 € Q¥~1(M), and closed if da = 0.

The vector space of exact k-forms is denoted B%(M) and the one conformed by
all closed k-forms is called Z%(M).

The fact that d is nilpotent implies that any exact form is also closed and one can
construct the quotient space of closed forms which are equal up to an exact term. The
resulting set is the k-th de Rham cohomology group,

HY(M) = Z¥(M)/BE(M) . (2.2.15)

It can be shown that the dimension of these spaces coincide with the Betti numbers b* (M),
which determine the Euler characteristic. There is indeed an isomorphism H, c’f(./\/l) ~
HY7%(M) (consequence of the Poincaré duality), which leads us to:

Proposition 2.29. The Euler characteristic of an odd dimensional manifold vanishes. If the
dimension is even, D = 2N, then:

XEuler(M) = (=D VbV (2.2.16)

Example 2.30. For example, for the D-dimensional sphere, SP, the sequence of Betti
numbers is {#°, ...,b°} = {1,0,0, ...,0,0, 1}, which implies

XEuler (SP) = 1+ (=1)°. (2.2.17)

Here we clearly see how the odd dimensional spheres have zero Euler characteristic.
The even-dimensional spheres all have ygyler (SP€VeV) = 2.

Example 2.31. For the torus S' x S!, we have {0°,b!,v?} = {1,2,1}, so
XEuler(Sl X Sl) =0.
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2.2.3 Interior product

Definition 2.32. (Interior product) Consider a vector field V. The interior product
with respect to V' is a map

Vi QF(M) — QM)
a— V.ix (2.2.18)

where the resulting (k — 1)-form is the one that acts on vector fields X; € X(M) as

(Vo) (X1, oy Xp1) = a(V, X1, .., X)) . (2.2.19)

In components,

1
Vi = Veau, b, 9" @..@ 9% 1 = (k_1)!Vcacblmbkflﬂbl"'bkfl. (2.2.20)

Proposition 2.33. (Properties of the interior product) Consider the scalars \1, Ay € R,
the vector fields V., W € X(M) and the differential forms o € Q¥(M) and B € Q{(M).
Then, the interior product is linear in both variables, i.e.,

MV +XW)ia=\ Via+ X\ Wi, (2.2.21)
VJ()\la T )\2,6) =M Via+ X V.3; (2.2.22)

antisymmetric,
Vi(Wia) = -Wi(V.ia), (2.2.23)

(and hence, nilpotent, V 3(V Jar) = 0); and verifies the graded Leibniz rule

ViaAB)(Via)AB+ (-1D)Fan (V). (2.2.24)
Let {e,} be a frame with dual coframe {97} (i.e., e,09° = &?), then one can easily
prove

1

b1...bg_
Waabl---bk—lﬂ 1 k=1 s (2225)

\ (,,_9!11~~~ak) _ kv[alﬁGQ“'ak] 7 €y 0 =

which imply
ea_:ﬂbl"'bk _ kégblﬁb%'bk]. (2.2.26)

Finally we provide a couple of very useful properties valid for arbitrary o € QF(M),

9 A (equa) = ka, (2.2.27)
es(¥9* Na) = (D— k). (2.2.28)

2.24 Volume forms and integration in manifolds

Definition 2.34. (Volume form) In a D-dimensional smooth manifold M, a volume
form is a globally non-vanishing D-form.
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14

If we choose a positively oriented frame/coframe™* a volume form can be expressed

1
Wyol = O AL AYP = afealmaDi‘}al'"“D , (2.2.29)

where f is a scalar density of weight —1 and ¢,,.. 4, is the Levi-Civita pseudotensor in
(2.1.31).

Some important remarks:

O Observe that under orientation-preserving frame transformations, the whole object
transforms tensorially, since the weights of f and €,,. ,,, cancel out.

3 If the manifold is not orientable, it is not possible to find a (globally defined) volume
form.

O Any two volume forms are equal up to a global non-vanishing function (conse-
quence of the fact that the space of D-forms is a 1-dimensional C'°*°-module).

Consider an open set &/ C R? and a D-form with coordinate expression
a=adz' A...Ad2P, ac C™U), (2.2.30)

and such that its support is contained in ¢/. Then its integral is defined:

/a::/adxl...de. (2.2.31)
u u

To define the integration in a manifold we usually proceed in two steps. First we
introduce the generalization of the previous concept:

Definition 2.35. (Integration within charts) Consider an oriented manifold M, an
open set i/ C M and a D-form « whose support is contained in /. Then its integral

is defined:
/ a:/a::/ (e H*a, (2.2.32)
M u pU)

where (U, ¢) is an arbitrary chart over U/ that preserves the orientation.

The definition of the pullback * can be found in Appendix A. Note that (¢~ )*a is a
D-form in R®, so we can use (2.2.31) to solve it.

However, in general, we want to be able to integrate D-forms with a support not nec-
essarily included in a chart. Since the differential form has compact support, there must
exist a finite cover of it made of positively-oriented charts {(U4;, ¢;)}i",. Let {r;}", be a
partition of the unity subordinate to {ui}y;l,ﬁ then the differential form v;a has compact
support included in ¢/;. And now we can apply the previous definition of each of these
pieces and add all of them up:

/M o= g /M(Z/Z-a) . (2.2.33)

It can be proved that the resulting quantity in independent of the family { (24, ¢;)}i~, and
also independent of the partition of unity {v;}!"; chosen (see a more detailed explanation

in [123]).

“This means that the volume form w, verifies wyoi(e1, ..., ep) > 0.

5By definition it is a family of smooth maps v; : M — [0, 1], such that the following three conditions are
fulfilled: (1) supp(v:) C Ui, (2) >, vi(p) = 1 for all p € M, and (3) any point of M admits a chart around it
that only intersects a finite number of elements of {supp(v;)}.
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2.3 Metric structure

2.3.1 Metric tensor

Definition 2.36. (Metric) Let M be a smooth manifold. A metric is a 2-covariant
tensor field g over the manifold that is symmetric and non-degenerate. The pair
(M, g) is called metric manifold.

Due to the non-degeneracy, each metric (scalar product in the tangent space), g =
guwdazt @ dx”, determines a unique inverse metric (scalar product in the cotangent space),
i.e. a 2-contravariant symmetric and non-degenerate tensor field g l=g¢g"0 u ® 8,,such
that:

9"’ g = 0 . (2.3.1)

The metric determines a natural isomorphism between the tangent space and the
cotangent space at each point p € M, the musical isomorphisms:

b 1 V=VHY,, — V’ =VVg,d"|, =V,dz",, (2.3.2)

f o a=audet, — of =a,g"8.l, =a"d.l,. (2.3.3)

These isomorphisms also relate (r, s)-tensors with (1, s’)-tensors, provided that r + s =
" +5'. In components notation this is indeed the “raising and lowering indices” operation

T;wpo)\ = p,l/pT)\gO'T = TuupaTgAT = ... (2.3.4)

Definition 2.37. (Classification of vectors) A vector'® is called timelike if g(V, V') >
0, spacelike if g(V', V') < 0, and lightlike if g(V, V) = 0and V # 0.

Definition 2.38. (Signature) The signature of a metric is the pair (p, n) where p and n
are, respectively, the number of positive and negative eigenvalues.

The metrics with signatures (0,D) (all eigenvectors are spacelike) and (1,D — 1) (only
one is timelike) are called, respectively, Riemannian and Lorentzian. A generic metric is
sometimes called pseudo-Riemannian.

For physical applications, we will consider that the metric is Lorentzian, i.e. each
tangent space has the structure of Minkowski space, and that the manifold is a connected
topological space.’”

2.3.2 Canonical volume form and Hodge duality

The metric also induces a canonical volume form:

1
voly = o1y ® (2.3.5)

16 A similar definition can be given for 1-forms by using the inverse metric.

One can be even more restrictive and add the requirement of time orientability. In a Lorentzian manifold,
one can select in each point which of the two lightcones is the one pointing to the future, but it is not always
possible to make such choice everywhere in the manifold in a continuous way. If it is possible to do that,
then the manifold is said to be time orientable (one can then say that there is a “global” notion of time flow).
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where &,, . 4, is the Levi-Civita tensor, '8 given in terms of the Levi-Civita symbol:

gal...aD =V ‘det(gab)lfal..‘ap- (236)

In other words, a metric defines naturally a volume form (2.2.29) with f = /| det(gap)|-
The expression (2.3.5) is valid in arbitrary frames, but in a coordinate one, we find:

1
vol, = ol | det(guw) €y pda™ A Ada® = /| det(g)| dz' Ao Ad2® . (23.7)

dPx

From now on we will denote /[g] == /| det(g,.)], i.e., whenever we see g we are re-
ferring to the determinant in the coordinate basis. One important property of the Levi-
Civita tensor is the following (that can be easily proved by using the properties of the
Levi-Civita symbol €, . .q,):

Eeronaray_ ELObb—k = son(g) kI (D — k)t . 6Pk (2.3.8)

ar* Oap 4]

which can be used to deduce

P94 = ggn(g) £ vol, . (2.3.9)
In addition, we also get a duality between spaces of differential forms:

Proposition 2.39. (Hodge duality) Consider a manifold M equipped with a metric. For
any 0 < k < D, there is an isomorphism (Hodge duality) of vector spaces between k-forms
and (D — k)-forms given by:

* : QF (M) — QPF (M)
1

(8% — *QX = mabl'”bkgbl_“bkcl._'cbikﬁcl'”cbik. (2.3.10)

By using (2.3.8), it can be shown that, for an arbitrary k-form c,

*x o= (=" sgn(g)ar|. (2.3.11)

Some interesting particular cases are:

1

%91 Ck — (D — k)!501“ICkalu-ankﬂal“.aD_k ’ (2.3.12)
*,'901...61) — 801.“0137 (2313)
*volg _ sgn(g) 7 (2.3.14)
*1 = vol, . (2.3.15)

The following expressions are extremely useful when we are interested in extracting
a Hodge star from an expression involving a k-form a:

e, (xa) =x(aNy,) , (2.3.16)
9 Axa = (—1)F L« (eLa) (2.3.17)

Beq, . ap is a pseudo-tensor density of weight w = 1 and /] det(gas)| a scalar density of weight w = —1.
Therefore their product, £a,...qp, is strictly speaking a pseudo-tensor (zero weight).
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(indices have been raised /lowered with g, as usual). It is interesting to see the particular
case o = 910k

eq (% 0P1-0k) = 91O (2.3.18)
9% A *ﬂby..bk _ k(_l)kJrlga[bl % 19b2...bk] 7 (2319)
where, in the last one, we made use of (2.2.26).
The property
1
aAxf = Hoﬂl"'“kﬂal.“akvolg (2.3.20)

is going to be very useful to built invariants for a Lagrangian in terms of forms.

2.4 Connection

2.4.1 Linear connection

In principle there is no natural way to compare vectors (and, by extension, tensors) in
different points of the manifold, since there is no criterion that tells us how we should
move a vector in p € M to a different point ¢ € M, where we have another vector, to
compare them. We then need an additional structure called linear connection.!® Suppose
that p and ¢ are infinitesimally close, so that they can be assumed to be connected by a
straight line with displacement vector dz*. A connection basically defines, for a given
vector v € T, M, a representative v,_,, in T, M. In components in a particular coordinate
basis, we have

(Vpsg) = v — Ty M6 0P, (24.1)

where I'y ) are certain functions. This correspondence allows to define a covariant deriva-
tion of vector fields V¥, i.e. a limit

(Vo V) (q) = lim L9 = (V(Plpoa)® (2.4.2)

dz¥—0 ox?

Now we give the formal definition:

Definition 2.40. (Covariant derivative) Let M be a differentiable manifold. A covari-
ant derivative over M, V, is a map

YV X(M) x X(M) — X(M)
(V, W) — VyW

satisfying the following properties for arbitrary vector fields U, V, W € X(M), any
arbitrary functions f, g € C°°(M) and any real numbers a, b € R:

O C°°(M)-linearity in the first variable:

VivigwlU = fVvU + gVwU . (2.4.3)

YWe do not use the name “affine connection” because it can be confused with connections in an affine
bundle.
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[ R-linearity and Leibniz rule in the second variable:

Vu (aV +bW) = aVyV + bV W, (2.4.4)
Vu (fV) =U(f)V + fVuV. (2.4.5)

V is also known as linear connection (or, simply, connection), although we will use this
name for the associated components:

[’ =dz’ (Vp,0,) . (2.4.6)
Now we show how this V acts in components:

VoV = VUNB;L (vva,) =U* (8H(V”)8V + VVVQL@V)

=U"(0,VP+T, V") 0, =U'v,V*o,, (2.4.7)
ie.,
V, VP =0,VP+T, V", (2.4.8)
For covectors we have
ViuVp =0V, =Tpp" Vs (2.4.9)

and, in general, for an arbitrary tensor density of weight w (for tensors just take w = 0):

V&, =02, +Tu,"%,  +.same for all upper indices...
— 1,7 %" 5. — ...same for all lower indices...
Wl 7T, (2.4.10)

Notice that the object I',,” cannot be associated with the components of a tensor,
because under a g.c.t. 2# — y®, it transforms as

) oy Oxt Oz Oy, OxM Ox” 0%y

=————T,"— . 2.4.11
op Oy OyP Oxr Oy® yP dxroxv ( )

The last term cancels a term coming from the partial derivative term in (2.4.10), making
the whole object V, X be always tensorial (or a tensor density depending on X ). One
can also clearly check that the difference between connections transforms tensorially un-
der g.c.t., and consequently, the quantity 6I',,,” is treated as a tensor when performing
variations of connection-dependent actions.

Definition 2.41. ((Auto-)parallel vector (tensor) field) Consider a curve v with ve-
locity u*, a connection I',,,” with covariant derivative V and a vector field over the
image of the curve V' € X(Im(+y)). The vector field is said to be parallel with respect to
I'y? along v if utV, V¥ = 0.

A general vector field (defined in some open set) is called parallel with respect to
I',,” (without mentioning the curve) if V,V¥ = 0.

These definitions are straightforwardly generalized to arbitrary tensor fields and densi-
ties. In some situations, to avoid ambiguity we will use the word “auto-parallel”.

The connection then defines the notion of parallelism. In particular, the correspon-
dence between tangent spaces that we saw at the begining of this section can be extended
to arbitrary points p and ¢ of the manifold connected by a curve ~:
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Definition 2.42. (Parallel transport) For any curve v with velocity v* and any point
p € Im(7), the connection defines uniquely a map (7),, called the parallel transport,
which is given by

(7Y )p + TpM — X(Im(v)). (2.4.12)
v (7 )p(v))" = W (2.4.13)

where W is the unique parallel vector field along « such that W#(p) = v*.

If we fix the end point we get an isomorphism of tangent spaces
((m)p()) (@) : TpM — TyM. (2.4.14)
Indeed, if the path is infinitesimal, it can be approximated by a straight line and we can
drop 7 from the notation. The result is (compare with (2.4.1))

(7)p(®)" (9) = (Upsg)". (2.4.15)

Infinitesimal

2.4.2 Curvature and torsion

Definition 2.43. (Curvature and torsion tensors) Consider a manifold equipped with
a connection I',,”. The curvature and torsion tensors (both antisymmetric in the first
two indices) are the tensors given in components by

Rup® = 0,T0n" — 8T\ + TuoTun® =TT 07, (2.4.16)
T’ =T —T,.°. (2.4.17)

They naturally appear when computing the commutator of covariant derivatives act-
ing on a vector
Vo, Vo] VA = R, NP — TPV VA (2.4.18)

Indeed, acting on an arbitrary tensor density of weight w we get

(Vi Vo]0 = Ry’ T, + ..same for all upper indices...
— Ruo"T, 4 ..same for all lower indices...
— TV, o+ WR, T (2.4.19)

At this point it is interesting to revise the interpretation of these two tensorial quanti-
ties. Suppose that we have a vector in a particular point p of the manifold and consider
a closed curve (loop) v(7) such that p € Im(y(7)). The idea is to move the vector along
the loop by using the parallel transport of I',,,”. If, when reaching again the initial point,
we do not recover the original vector, we say that the curvature is non-vanishing. To be
precise, we considered that the infinitesimal loop is an rectangle constructed with two
frame-dragged vectors V# and W* (not parallely transported vectors [126]) as in Fig.
2.4.1 left. Then, if we perform the parallel transport®® of some (not necessarily infinitesi-
mal) vector A*, we find (see Fig. 2.4.1 right),

A)\’after loop — A)\ = R;prV'uWVAp . (2420)

#See also [127], although our curvature tensors differ by a sign (and the ordering of the indices).
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V¥(p)

V(9)

w'(q)

Figure 2.4.1: Left: Schematic view (2 dimensional) of a non-holonomic infinitesimal frame
{V#,W"} (see them as the elements of an ordinary frame multiplied by some infinitesimal
parameter). The non-vanishing Lie bracket indicate that they do not constitute a coordinate
basis. Right: Geometrical interpretation of the curvature.

(W(0)o0)" o (T WHV")(0)

Parajjgp
_fiaﬂsbcfit
g

V*(o)

W (o)

(0]

Figure 2.4.2: Geometrical interpretation of the torsion.

On the other hand, the torsion measures the “closure failure”, when trying to con-
struct a parallelogram: if we take two different vectors at some point and parallely trans-
port each of them along the other, the resulting parallelogram could not close. This indi-
cates the presence of torsion. To be precise, if we do such operation with two infinitesimal
vectors V# and W (see Fig. 2.4.2), we see that the vector measuring the “closure failure”
is given by 7,,,PVFW?".

Definition 2.44. (Flat and torsion-free connection) Let M be a differentiable mani-
fold equipped with a connection I';,,”. We say that the latter is flat if the curvature
vanishes, and forsion-free if the torsion vanishes.

We also introduce the following notation for the two independent traces of the curva-
ture?! and for the torsion trace

R,,=RWY,, = R, (Ricci tensor) (2.4.21)
R®) = R, (2.4.22)
T, =T (2.4.23)

2There is another one, but we need a metric to construct it.
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Proposition 2.45. The curvature tensor satisfies:

A A o A
Ry = VLo = Ty Te™ (2.4.24)
A o A
v[,uRyp]T = ﬂpy Rp}m- ) (2.4.25)
_2R[p1/] = vuTu - VIJT/,L + v)\TuuA + T;u/pr + R(3)l“/ : (24.26)

Therefore, in the torsion-free case:

R[,uup]A =0, v[,uRyp}TA =0, QR[W,} = R(3)IJJ/ : (2427)

Finally one may wonder about the relation between the curvature and the torsion of
two connections. The result is the following:

Proposition 2.46. Consider two connections I",,,P and T}, = T" P + A,.°, then their
curvatures and torsions are related via:

Ryt =R, N+ 2V A0 + T Asp™ + 24000 Ay),° (2.4.28)
T’ =Thf + 241", (2.4.29)

where the objects with " are referred to T” ,,,°.

2.4.3 Nonmetricity

So far in this section about linear connections we have provided general results that do
not require a metric. Now, in the presence of both, metric and connection, we can intro-
duce:

Definition 2.47. (Nonmetricity) Let (M, g) be a metric manifold equipped with a
connection I',,”. The nonmetricity tensor is the 3-covariant tensor given in compo-
nents by

Quup = _vugyp . (2.4.30)

The geometrical interpretation of the nonmetricity is quite direct: (),,,, measures how
far the metric g,,,, is from being a parallel tensor. This has to do, of course with the change
in the scalar product under parallel transport. Suppose we have two arbitrary vectors at
some point p, v* and w*, and we are interested in understanding the meaning of @), at
the point p. The idea is: first take the coordinate curve v generated by 8,, and construct
the parallel transport of v* and w* along that curve. Let us call the resulting auto-parallel
fields V# and W*, respectively. The scalar product g, V#W" is a function and we can
calculate its directional derivative in the direction of the curve on the point p as

(g V*WY)(p) = Vp(gu VFWH)(p) = —Qppu (p)0"w"” . (2.4.31)

Therefore, zero nonmetricity means that the scalar product of any two auto-parallel vec-
tors is a constant function.

The nonmetricity has two independent traces, that we will represent as:

Qu=Qu", (2.4.32)
Qui=Q" = QM. (2.4.33)

The first one is also called the Weyl vector (or, more rigorously, Weyl 1-form).
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Notice that, when a metric is present we can additionally compute a third indepen-
dent trace of the curvature and the total trace (scalar):

R® N = R, (2.4.34)
R:=RW )L = ~R® P (Ricci curvature scalar) . (2.4.35)

Proposition 2.48. The curvature tensor of an affine structure, when a metric is present,
satisfies:

1
Ruvpn) = ViuQulor + §Tungop/\ 5 (2.4.36)
R® ., =0,,Q.,, (2.4.37)
R(Q)/W = _RMV + QQAPV[qu}V)\ + g)\pTupUQau)\ ) (2.4.38)

Definition 2.49. (Metric-compatible connection) Let (M, g) be a metric manifold
equipped with a connection I',,”. We say that the latter is metric-compatible (or com-
patible with the metric) if the nonmetricity tensor vanishes.

Corollary 2.50. The curvature tensor of a metric-compatible connection satisfies:

R =0, RrR®,=0, R®,=-R,. (2.4.39)

uv(pA)

2.4.4 Levi-Civita connection

Definition 2.51. (Levi-Civita connection) Let (M, g) be a metric manifold. The
Levi-Civita connection associated to the metric is the one whose components are the
Christoffel symbols:

g 1 .
Ful,p = {“yp} = 59’) [8;Lgcn/ + 81/9#0 - aag,uy] . (2.4.40)

Proposition 2.52. In a metric manifold (M, g), the Levi-Civita connection of the metric
is the only connection with zero torsion and zero nonmetricity.

Proposition 2.53. The curvature tensor of the Levi-Civita connection has the symmetries

o o o

é/ﬂ/p)\ = 7R/u/)\p ) Rul/p)\ = Rp)x/u/ ) (2441)
and fulfills the (first and second, respectively) Bianchi identities:

Rywg® =0, VR, =0. (2.4.42)

wlp
Consequently, there is only one independent trace (Ricci tensor)

R, =Rk, =-R®,, R®,=0. (2.4.43)
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2.4.5 Linear connection in an arbitrary frame

As a matter of generality it is better to work with the connection in an arbitrary frame.
The transformation reads, in terms of the Vielbeins,

eyae)\brul/)\ + eobauega = Wuab ) (2.4.44)
which can be easily inverted
Wuab = eyae)\bF;WA + eo'baueaa ~ F,w/)\ = 6I/Q(i)\b"‘),tmb + ekaa,uel/a . (2.4.45)

Thus, w#ab and I',,” contain the same information, once the Vielbein are known.

The derivative associated to w,,’ acts as follows:

D,T% ... =0, pp... + wuc" Ty, + ...same for all upper Latin indices...

—wup T ... — ..same for all lower Latin indices.... (2.4.46)

Coordinate indices are however transparent to this derivative, i.e., D, 77 = 9, T7. It is
then interesting to introduce the total covariant derivative (the one that affects both kind of
indices). We extend the notation V, (see (2.4.10)) to represent this total covariant deriva-
tive. For a tensor density with weight w under g.c.t., and both types of indices, we have

G aﬂg”a---pb._. + 6" T g wp TPy, 4 ..same for all upper indices...
— D% oy — wp T pe... — ...same for all lower indices...
+ wl e 7T (2.4.47)

This derivative is both tensorial under g.c.t. and under frame transformations. This
definition also implies that the Vielbein is covariantly constant

Vyue'a=..= (eobﬁﬂega + Fugpe“aepb — wuab)eyb @4 0. (2.4.48)

From here one can construct the curvature and the torsion associated to w,,,” through
the analogue of (2.4.18),

Vi, VoV = R VE + T, %,V ,V (2.4.49)

and one gets
R,ul/ab = a,uwuab - aywyab + w“cbwyac - Uchbwuac ) (2.4.50)
T, = 0pe, — 0pe,  + wubceyb — wl,bceub =D,e, —Dye,”. (2.4.51)

Observe that the torsion can be rewritten 7,,¢ = €,,,“ + 2wy,,,)°. Then,

]

Proposition 2.54. The torsion components corresponds to the antisymmetric part of the
connection if and only if the anholonomy is zero (i.e. if the frame is associated to some
coordinates).

Note that everything is consistent. Since w,,,” is nothing but I',,* expressed in another
frame, one can easily check that leab and 7},,¢ correspond to pr)‘ and 7},,” defined in
(2.4.16) and (2.4.17) under the frame transformation:

Ruva” = Ry ePaen’, T = Tyle,C . (2.4.52)
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In the presence of a metric g, = gabeuaeyb, the components of its Levi-Civita connec-
tion in an arbitrary frame are equal to the Christoffel symbols of the anholonomic metric
gab plus an additional term that depends on the anholonomy coefficients:

e“cd’),mb = e“c(e”aeAbfw)‘ + egbaue"a) (2.4.53)
1
= e'uceyae)\bigpa (a,ugcw + au.g;m - &Jguu) + e“ceobaueaa ) (2.4.54)
which, after some abuses of notation can be express®?
5 1 1
Weab = ) (8c.gba + OaGeb — abgca) 5 (Qcab + Qpeq — Qabc) ) (2.4.55)
ie.,
. 1 . 1
We(ab) = iacgab Welab) = a[agb}c - Qc[ab] + §Qabc . (2.4.56)

Since we have a metric, one can additionally define the nonmetricity tensor associated to
the arbitrary connection w,wb,

Quab = _v,ugab = _a,ugab + 2wu(acgb)c = —0uZab + 2w,u(ab) - _Dugab7 (2.4.57)

which, again, corresponds to the nonmetricity @,,,, translated to the general frame:
Quab = pre”bepb . (2458)
From (2.4.57) one can easily derive an interesting result:

Proposition 2.55. Consider a frame in which gq, is constant. A connection is metric-
compatible (i.e. the nonmetricity vanishes) if and only if the object w,ay = Wua gep 18
antisymmetric in the last two indices.

2.4.6 General decomposition of a connection

Definition 2.56. (Distorsion) The distorsion tensor is the deviation of a connection
with respect to the Levi-Civita connection of the metric, i.e.,

Epa’ = Wya® — G’ (2.4.59)

The distorsion can be split into two parts, one depending on the torsion (contorsion
tensor) and another one depending on the nonmetricity (disformation tensor):

_ 1 1
Scab = 5 (Tcab + Tbca - Tabc) + 5 (Qcab + Qabc - cha) . (2460)

So, in general, an arbitrary linear connection takes the form

1 1
Weab = = (8Cgba + 8agcb - abgca) -3 (Qcab + cha - Qabc)

2 2
Levi-Civita connection
1 1
+ 5 (Tcab + Tbca - Tabc) + 5 (Qcab + Qabc - cha) ; (2461)
contorsion disformation
distorsion

2To be precise Qcad = Qca®ged and Weap == gdbe“ctfluad-
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from which we can read

1
We(ab) = 5(8691117 =+ Qcab) s (2.4.62)

1
Welab] = a[agb}c + Q[ab]c + (Tc[ab] - Qc[ab]) - §(Tabc - Qabc) . (2.4.63)

2.4.7 Connection and associated objects in differential form notation

In metric-affine gravity it is especially useful to work in differential form notation, and
define a set of new variables different from {g,,, I',..”}, although at the end of the day
the results are equivalent. The set of fundamental variables that we will consider in the
physical framework is made of three objects: the anholonomic metric g,, (which, as we
will see, can be fixed by a gauge), the coframe 9* and the connection 1-form defined as

wa = wyeldat | (2.4.64)

In the language of differential forms all of the objects that are going to appear have their
coordinate indices (if there are any) hidden, so no Greek indices are going to appear in
our expressions. We will only have to deal with Latin indices (a,b,c,...) and internal
indices for the matter fields. However, let us forget about the latter for simplicity (they
will be introduced in the next chapter).

Definition 2.57. (Metric-affine geometry) A tuple (g., ¢, wa) is called a metric-
affine geometry over the considered manifold.

If we move on in our description in terms of differential forms, the next step would
be to generalize appropriately the notions of covariant derivative, curvature, torsion and
nonmetricity. Such generalization is quite simple and can be easily understood. Concern-
ing the covariant derivative, instead of generalizing 0,,, the idea will be to generalize the
exterior derivative d. We will do it as follows

Definition 2.58. (Exterior covariant derivative) The exterior covariant derivative acting
on an arbitrary tensor-valued differential form a,. U is defined as the operator:

Daamb"' = daa_,.b"' + wcb N oy, " + ...same for all upper indices...

b..

— Wy AN, " — ..same for all lower indices... (2.4.65)

If we extract the components:

Proposition 2.59. For an arbitrary tensor-valued k-form a, b,

1
" = 7P

1 b 4 K o b...
- g <v[pal‘1---ﬂk]a--- + 51—‘[0111 a|0’|u2...uk]a... ) Clagtt oo (2467)

Da,.." oo e (2.4.66)

Now consider the covariant objects constructed with the derivatives of the basic fields.
For the coframe and the metric, we can directly write D9 and Dy, but since wyl is
not tensorial in its external indices (i.e., the connection is not a tensor-valued form),
one cannot write “Dw,?”. However it is not difficult to check that the combination
dwg? + web A wgyf is a tensor valued 2-form. With all of this in mind, we introduce the
following definitions:

Alejandro Jiménez Cano



Chapter 2. Mathematical tools for metric-affine gravity 35

Definition 2.60. (Curvature, torsion, nonmetricity and distorsion forms) We define
the curvature 2-form, the torsion 2-form and the nonmetricity 1-form associated to some
metric-affine geometry (gqp, 9%, w,’), respectively as:

R’ = dw + wl Aw,t, (2.4.68)
T = DY°, (2.4.69)
Q. = —Dgap - (2.4.70)

We can also define a distorsion 1-form representing the difference with respect to the
Levi-Civita connection 1-form

2.l = w,l — .l (2.4.71)

It is not difficult to prove that, once we extract the components of these differential forms,
what we get is nothing but the components of the tensors we defined in previous sections:

R, = %wadxﬂy, T = %Tu,ﬂdx‘“’, Qu = Quapdr”, E,* =Z,, dat. (24.72)
It is specially interesting to decompose the torsion, the curvature and the nonmetricity
forms according to the irreducible representations of the group GL(D,R). But, since we
work in the presence of a Lorentzian metric, we can go even further and decompose those
parts into other smaller ones with respect to the pseudo-orthogonal group SO(1,D — 1)
(basically by extracting the traces). Indeed, these irreducible parts will be key ingredients
in many situations within metric-affine gravity and related theories. See Appendix B for
their explicit expressions together with some useful properties.

Proposition 2.61. Consider two connection 1-forms w' Land w,? = W0+ AL Then,
their curvatures are related via

R’=R,)>+DA+ A NASC. (2.4.73)

This is the equivalent in differential form notation of the expression (2.4.28). In particular,
this can be applied to the Levi-Civita connection, which, in terms of the distorsion reads

R'=R)+DES+E AESC. (2.4.74)

Proposition 2.62. (Bianchi identities) The curvature, torsion and nonmetricity forms

fulfill

DR,’ =0, (2.4.75)
(DDY* =) DT®=R,*N09°, (2.4.76)
(—-DDgay =)  DQu = 2R ap) - (2.4.77)

These are nothing but the expressions (2.4.25), (2.4.24) and (2.4.36), respectively, rewritten
in another language. Here one can see how useful and compact can be the differential
form notation. In addition, applying twice the exterior covariant derivative only gener-
ates curvature terms:
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Proposition 2.63. For an arbitrary tensor-valued differential form i

DDa, " =R Ao, © + ...same for all upper indices...

— RN acmb“' — ...same for all lower indices... . (2.4.78)
Other useful formulae: )
Dé&a,..ap = —5Qccé‘a1...ab 7 (2.4.79)
1
D x ﬁalmak = _chc A *ﬂal...ak + TC A *ﬁal,,,akc . (2480)

Finally, let us mention that metric-affine geometries are also commonly called in the
literature post-Riemannian or non-Riemannian geometries, and depending on the prop-
erties of the connection, they receive special names:

1. Riemannian geometry, if the connection is Levi-Civita.??
Riemann-Cartan geometry, if the connection is metric-compatible (arbitrary torsion).

Weyl-Cartan geometry, if the nonmetricity is purely Weyl, i.e. Qpu = £Q,g,-

= LN

Torsion-free geometry (alse called symmetric), if the connection is torsion-free (the
nonmetricity is arbitrary).

5. Teleparallel geometry, if the curvature of the connection is identically zero. Subcases
of this are:

(a) Symmetric teleparallel geometry, if, in addition, the torsion is zero (R = T' = 0).

(b) Weitzenbock geometry, if, in addition the nonmetricity vanishes (R = Q = 0).

PRiemannian/post-Riemannian geometries should not be confused with the concepts of
Riemannian/pseudo-Riemannian metrics we previously introduced and that refer to the signature of
the metric.
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2.5 Miscellany

2.5.1 Autoparallels, geodesics and congruences

If we have a connection, we can define the notion of autoparallel curves:

Definition 2.64. (Pre-autoparallel and autoparallel) Consider a manifold with a con-
nection I',,,”. A pre-autoparallel is a curve (1) whose velocity 4(7) = u*d,, is invari-
ant under parallel transport up to a term proportional to the velocity, i.e.,

12 dulu v
(u"Vyut =) a4 + T v = f(r)ut. (2.5.1)

A pre-autoparallel with f = 0 is called simply autoparallel.

Given a pre-autoparallel, there is always an autoparallel with the same image. Essentially
they represent the same path over the manifold but with a different parameterization.
The parameter for which f = 0 is called affine parameter.

Definition 2.65. (Pre-geodesics and geodesics) The (pre-)autoparallels of the Levi-
Civita connection of some metric g are called (pre)-geodesics of the metric.

Indeed, if we have a metric tensor g in the manifold, there is a canonical notion of length:
for a given curve v : [r;, 7¢] — U with velocity u*, then

Tf
Length, (1) = | \/lgulr(7)) () ue(r) o

This quantity is independent of the parameterization. One can show that indeed the
(pre-)geodesics are those curves of stationary length, i.e., those such that

oLength, (v)=0. (2.5.2)

Notice that, these two families of paths do not coincide in general:

y s — L, (24.60) 1 .
u’Vyut —u"Vyut =2, uu? =" T ) 4 Q) — §QMV” u’u” . (2.5.3)

Definition 2.66. (Congruence) A (smooth) congruence on U is a family of (smooth)
curves on U such that each point of ¢/ belongs to the image of one and only one curve
of the family.

The set of velocities u*8,, of a smooth congruence in each point defines a smooth
vector field on ¢. In the presence of a metric, the associated 1-form v = w,dz* can be
expressed as an exact form,

Uy = Ouu & u =du, (2.5.4)

i.e. the gradient of a (coordinate) function u. This can always be completed to give a
chart that covers the entire U/. These sets of coordinates are called adapted coordinates for
the congruence. We will say that a congruence is (pre-)geodetic if the curves that con-
stitute the congruence are (pre-)geodesics. Similarly we will say that a congruence is
timelike/lightlike... if the velocity vector field is timelike/lightlike/... everywhere in U/.
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2.5.2 Lie derivative and covariant Lie derivative

Consider a vector field V = V*#9, € X(M).

Definition 2.67. (Lie derivative)

The Lie derivative with respect to V is an operator £y : T3 (M) — FT9) (M)
that acting on an arbitrary tensor field S € 7 (%) (M) with components S#1-#+,
gives another tensor in the same space with components:

(’QV(S))HL“MT Vy...Us = Vo-ao'sulmurlll...lls
— O VI S§7 -, ., — ..same for all upper indices... (2.5.5)

+ 0, VISHtkr . + ..same for all lower indices...

We are going to use the usual notation in the physics literature, £y, S*1#7,, ..

The particular cases of a scalar, a vector and the metric are, respectively,

Sy f=Vo0,f, SyWH=Vo0,WH—9,VEW =V, W]", Lygu =2V, V.
(2.5.6)
It is important to recall that the Lie derivative is an operator that can be constructed in
any smooth manifold (with no further structure), i.e. it is connection-independent.

If we apply the Lie derivative to the elements of Q*(M), it can be shown that £y is
nothing but a very simple combination of the exterior derivatives and interior products:

Ly =do (Vi) + (Vi) od. (2.5.7)

This is sometimes called the Cartan magic formula.

This definition for scalar-valued differential forms can be extended to tensor-valued
forms in order to be covariant under internal transformations (in the space in which the
differential form takes values). We define then:?*

Definition 2.68. (Covariant Lie derivative)

The covariant Lie derivative with respect to the vector field V- € X(M) and the linear
connection w,’ is the operator defined over the space of tensor-valued differential
forms given by

Ly =Do (VJ)+ (Vi) oD, (2.5.8)

where D is the exterior covariant derivative of w,’.

For example, when dealing with k-forms with tensor values of the type a, U, the ordi-
nary Lie derivative (2.5.7) is covariant only under diffeomorphisms, but not under local
GL(D, R) transformations of the frame. However, the covariant version in Definition 2.68
is well-behaved under both types of transformations.

#For an exhaustive study of Lie derivatives and generalizations see the PhD Thesis [128].
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Metric-Affine gauge theories

We are all agreed that your theory is crazy. The question that divides us is
whether it is crazy enough to have a chance of being correct.

— Niels Bohr, said to W. Pauli after presenting his (and Heisenberg’s)
nonlinear field theory of elementary particles at Columbia U. (1958).

The idea of this chapter is to introduce the gauge approach to metric-affine gravity
[97, 98, , ]. We will describe the fundamental geometrical construction without
entering in subtle mathematical details, as well as the gravitational currents and Noether
identities for a generic action. At the end, we will build the general quadratic MAG
Lagrangian, its associated objects and have a look at the Einstein-Palatini theory, as a
particular example.

3.1 Gauge theory: connections in principal bundles

Geometrically, a gauge theory can be described in terms of connections defined over prin-
cipal bundles and sections of associated bundles to it [130]. The aim of this first section
is to clarify this statement, specially for the case of internal symmetries (e.g., the usual
Yang-Mills theory).

3.1.1 Principal connection and gauge fields

In a general bundle B © M, the directions tangent to the fibers are called “vertical”
directions. Let us call V,,B the vertical space at the point © € B and the corresponding
bundle VB = U, V,,B. Nonetheless, there is not such thing as a canonical notion of “hori-
zontal” directions in the total space. One can smoothly define a distribution of subspaces
H, (called horizontal subspaces) at each point, in such a way that

T.B=V,B® H, Yuch. (3.1.1)

The distribution {H,} is what is called a connection over the bundle (sometimes called
Ehresmann connect‘ion).1 This definition, based on horizontal subspaces, does not look
very practical. Interestingly, in particular types of bundles one can look for connection
1-forms, which are in one-to-one correspondence to connections. One example, as we will
see in the following sections, is the object w,? we defined in the previous chapter.

Let us now jump to the particular case of principal bundles, i.e. those that locally
look as the base manifold times a Lie group (see Definition 2.5). In this case, we ask
the distribution of horizontal subspaces to respect the right action of the group over the
fibers. To be precise, what we mean is that if we translate an horizontal subspace to
another point of the same fiber with the right action, the result must be the horizontal
space at that point. These connections are called principal connections and are in one-to-
one correspondence with principal connection 1-forms (see Definition 3.2). Let us briefly
see how this works.

Let P = M be a principal bundle with structure group G and right action R, (g € G).
Let us also denote the Lie algebra of the structure group as g and its Lie bracket as [+, ].

!See [131] for a very pedagogical introduction to the concept of connection.
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First we introduce the concept of fundamental field:

Definition 3.1. (Fundamental vector field) The fundamental vector field associated
with T’ € g is the vector field T# € X(P) given at each point u € P by

d
T#|u = a (Rexp(tT) (u)) ) (312)
t=0

where exp is the usual exponential map from the Lie algebra to the group.?

The fundamental fields are vertical fields (tangent to the fibers) and constitute a basis of
the C°°-module of vertical vector fields I'(V' 3). This concept allows us to define:

Definition 3.2. (Principal connection 1-form) A g-valued 1-form over the total space,
w € QY(P;g), is called a principal connection 1-form if the following requirements are
fulfilled:

O w(T?)=T VT cg.
A w(X) = Ad, (Ry*w) (X)) Vg€ G and VX € X(P).

Here Ad is the adjoint representation on the Lie algebra.

In principal bundles, the one-to-one correspondence between the description with
horizontal subspaces and the one with connection 1-forms goes as follows:

O (=) For a given principal connection {H,}, we can define the g-valued 1-form
w(X) = T where T is the only element of g such that T# is the vertical part of
X. It can be shown that this w verifies the two conditions in Definition 3.2.

O («) For a given principal connection 1-form, we can introduce the distribution of
subspaces H,, := ker(w|, ), which turns out to be a principal connection.

This latter point is remarkable: a vector is horizontal with respect to a given connection if and

only if the associated connection 1-form vanishes on it.

Before continuing, let us introduce a notion directly associated with the connection:?

Definition 3.3. (Curvature 1-form) The curvature 2-form associated with a principal
connection 1-form is the object Q2 € Q?(P; g) defined by

1
Q=dw®®J, + §(w“ Aw®) ® [Ja, o], (3.1.3)

where {J,} is some arbitrary basis of the Lie algebra g.

This surely continues being very abstract. But now we proceed to relate all of this
with the very physical concept of gauge field.

?For those familiar with Lie group theory, this definition is quite interesting. The elements of the Lie al-
gebra (seen as T.G), {T'}, are in one-to-one correspondence to the so-called left-invariant vector fields, { L(T)}.
Fundamental fields constitute the canonical construction based on left-invariant vector fields and the fact
that the fibers are homeomorphic to the group.

3Formally, it is more instructive to introduce the notion of exterior covariant derivative in the principal
bundle and then prove the equation (3.1.3) (called structure equation) as a corollary. However our idea is to
avoid details that do not contribute to a general understanding of the structure of gauge theories.
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Definition 3.4. (Gauge section. Gauge transformation. Potential and field strength)
A gauge section (or, in more physical terms, a gauge choice) is a section of the principal
bundle o € I'(P).

Given a principal connection 1-form w, its pullback? with respect to a gauge sec-
tion, A = o*w, is called the gauge field or gauge potential. The pullback of the associ-
ated curvature, F' := 0*(Q, is called the gauge field strength.

We define the gauge transformation with group element g : P — G to be the change
of gauge section ¢ — ¢’ given by

o(p) EN O'/(p) = Rg(o.(p))—l (U(p)) . (3.1.4)

Notice that the gauge field and the gauge field strength are also g-valued differential
forms but over the base manifold M, so we can expand them in a particular coordinate
basis A = dz# ® A, and F = }(da# A dz¥) ® F, (where A, and F,, are g-valued
functions). Indeed, it can be checked from Definition 3.3 that

Fo = (0,4° — 0,A" + fo" AL A) T, [Jo, ] = fo®Ja. (3.1.5)

From now on (as it is usual in physics), we are going to assume that the structure
group is a matrix Lie group, i.e., a closed subgroup of GL(n, C) for some n. In that case,
the corresponding Lie algebra is also a matrix space and we can represent g-valued forms
as matrices whose elements are (scalar-valued) differential forms. This simplifies the
formal expressions of bundle theory enormously; for instance, the formulas that express
how the gauge field and the field strength change under a gauge transformation with
group element g are’

Ay=gA,g ' +909 "', Fu=9F,g" (3.1.6)
where - is just the matrix multiplication (which we will omit from now on) and 9, acts on
each element of the matrix that follows it. Here we recognize the transformation rules of
the usual Yang-Mills connection, where g € SU(n).°

3.1.2 Matter fields in standard gauge theory

We have all of the ingredients of a gauge theory except two: the matter fields and the
covariant derivative that acts on them. Let us quickly revise how this is built in bundle
theory.

The matter fields in physics are usually elements of some vector space W associated
with a linear representation of the structure group. Formally, the idea is the following;:
first we take the representation over the vector space where our matter field takes values,
i.e. a smooth map

p:G— GL(W) (3.1.7)

*See the definition of pullback and pushforward in Appendix A.

>Let us insist on that this is an abuse of notation. One interested in understanding deeply how these
structures work should be able to derive and work at the abstract level. The actual formulae involve the
adjoint representation and the Maurer-Cartan form of the structure group. However, again, we are trying to
avoid introducing many definitions.

®In physics, some imaginary factors i appear, because it is more convenient to work in the complexified
algebra. In particular, it is usual to do a substitution of the type J, — iJq, to ensure that the generators Jq
are Hermitian matrices.
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such that p(gh) = p(g) - p(h) forall g, h € G. Secondly, we introduce the following natural
right action @ : g — @, (g € G) over the product P x W:

Q4(u,v) = (Rg(u), p(gfl) (v)) ) (3.1.8)

Now we identify elements connected by this action and construct the corresponding orbit
space (which has a manifold structure):

E=Px,W:=(PxW)/®. (3.1.9)

By using local trivializations of the principal bundle P, one can construct local trivializa-
tions U/ x W — E (for some open set i/ C M), i.e., E locally looks as the product M x .
Furthermore, we can introduce a projection map 7 ([u, v]) == mp(u). We realize that this
orbit space has a bundle structure:

Definition 3.5. (Associated bundle. Matter fields) The fiber bundle we have con-
structed above is called associated bundle of P with respect to the representation p.

Given an associated bundle, a matter field of the gauge theory is a section (local or
global) of it ¥ € I'(E).

The key point of all of this construction is that the principal connection 1-form w in P
induces canonically a derivation of matter fields in any of its associated bundles:

3 On the one hand, remember that the representation p is a smooth map between
manifolds. Thus, we can take its differential (pushforward) at the identity,

p = (ps)e: g — gl(W) = {(dim W)-dimensional real matrices}. (3.1.10)

This is indeed a representation of the Lie algebra over the same vector space W. We
can then use the gauge field A to construct the following object:

A=A,,d"®J, — p(A) = A, da" @ p(Jq) . (3.1.11)

3 On the other hand, consider a matter field compatible with the gauge choice o :
U — P, i.e., a section of the associated bundle of the type:

¥ (p) = [(o(p), ¥"vn)] = ¥ (p)&y(p). (3.1.12)

where {wvy} is some basis of W, and {&y(p) := [(c(p), vu)]} is a frame of matter fields
over U under the gauge choice o.

Definition 3.6. (Covariant derivative of matter fields) The covariant derivative along
a certain vector field X € X(i/) is the map

Dx : I'(E) — I'(E)
W —s DxV¥ == X*(D,W), (3.1.13)

(i.e., the result is another matter field of the same type) where

(Du)(p) 1= (2" + 4,°(5(3a)' " ) €(p) (3.1.14)
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In differential form notation (Dx¥)(p) = X DV,
DU (p) = (dLPM + A dat (5(J2)My wN) En(p). (3.1.15)

These matter fields are WW-valued functions (sections), but this definition can be ex-
tended to W-valued differential forms straightforwardly:

D@ (p) = (A" + 4,7t A (((1))"0 ")) © (). (3.1.16)

3.2 Gauge approach to metric-affine gravity

The way the fundamental gravitational fields arise from a gauge approach is not as di-
rect as in Yang-Mills theory. Let us assume that we want to obtain a metric-affine geom-
etry {gap, 97, wab} from a gauge construction, i.e., two 1-form fields w,? and 9%, and a
Lorentzian metric g, over the manifold that transform under a GL(D, R) transformation
{eq} — {€/s = ey(M~1)b,(2)} as follows:
wab N wlab — Mbd wcd (M—l)ca + Mzzc d(M_l)Cb,
9 5 9= M%9", g = ga= M) (M g (3.2.1)
and such that ¥ fulfills det(9,.9") = det(e,*) # 0 (non-degenerate).

The linear connection shows up in principle quite naturally, as we will see. However,
the construction of the metric and the coframe is more involved. In this thesis we will
follow the approach in [129, ] (see also [133]).

3.2.1 The principal bundle of MAG: the affine frame bundle

The affine group and its Lie algebra. Some remarks

Definition 3.7. ((Real) affine group) The D-dimensional (real) affine group is the Lie
group given by the semi-direct product

Aff(D,R) := Tran(RP) x GL(D,R), (3.2.2)

where Tran(RP) is the group of translations of RP.

Now we present some remarks about this group and its Lie algebra:

3 Due to the decomposition (3.2.2) of the group, we have a corresponding decompo-
sition of Lie algebras,
aff(D, R) = tran(R") @ gl(D, R). (3.2.3)

(3 Let us revise the explicit Lie algebra structure of aff(D, R). For the translational part,
since we have the canonical isomorphism tran(RP) = RP, it is natural to choose for
the translational algebra the basis {P,} associated with the standard basis of RP.
For gl(D,R), which corresponds to the set of all real D-dimensional matrices, we
choose the basis {L%,}, where L%, is the matrix with a 1 in the (a, b) position and
zeros elsewhere. The commutation relations in this basis are

[L%, L] = 03L¢, — 5L, (3.2.4)
(L%, Pe] = 6¢ Py, (3.2.5)
[Pa, Py = 0. (3.2.6)
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44 3.2. Gauge approach to metric-affine gravity

O The affine group is a matrix Lie group, since it can be embedded in the space of
(D+1)-dimensional matrices. Here we present the explicit form of this isomorphism
and the induced one in the Lie algebra:

AﬂmR)§{<%—i):AIEGMQRLbeTmMR%}, (32.7)
aff(D, R) = {(]OV g) : N €gl(D,R), d € ttan(RD)} . (3.2.8)

The affine frame bundle

Definition 3.8. (Affine tangent space) The affine tangent space at a point p € M,
denoted as A, M, is the affine space canonically constructed from the tangent space
(the one in which 7}, M is both the space of points and the vector space of directions).

Definition 3.9. (Affine frame) An affine frame at a point is a pair (z, {e,}) where z is
a point in A, M and {e,} is a linear frame.

Definition 3.10. (Affine frame bundle) The affine frame bundle is the bundle whose
total space is

AM) = |_| {affine frames on p} . (3.2.9)
pEM

with the projection 7(p, (2, {e,})) = p.

From now on, we will use the abbreviations (p, e,) = (p,{e,}) and (p, z,e,) = (p, (2, {€a}))-

The affine frame bundle .A(M) is a principal bundle whose structure group is Aff(D, R).
Indeed, the right action of the structure group over the fibers is given by

(p, 2y ea) — (pa Z,a e,b) = (pa z+beq, eaMab) (3.2.10)
where M € GL(D,R) and b € Tran(RP).

As a consequence of the decomposition (3.2.3), a connection 1-form in the affine frame
bundle @ can always be decomposed into two parts, one living in the general linear
algebra and another one in the translational algebra:

o="0+". (3.2.11)

In addition, if we use the isomorphism (3.2.8), we can write our gauge field as follows
(this is an abuse of notation):

(3.2.12)

L T
A:U*G):(? ?),

where "“A = ¢*'w and "A = ¢*"w. Under a gauge transformation, i.e., a change of section
op)=(pzea) = I D)=(p, 2+ (D)ea, ea(M)%(p)),  (3.213)
we have that (we used (3.1.6))
"ATA =MTAMT + MdM !
TA 5 TA = MTA —db— (M"A M+ MdM )b, (3.2.14)

We observe here that the linear part of the gauge field can be identified naturally with
our connection w,?, once we extract the generators. However, the translational part has
not a tensorial behavior as the one of the coframe.

Alejandro Jiménez Cano



Chapter 3. Metric-Affine gauge theories 45

3.2.2 Non-linear treatment of translational connection

If we decompose the translational gauge field as "A = "A? ® P, and rewrite it as
TA® = 9% — dy® — "A4,%\° =9 — DMy, (3.2.15)

for some O-form ¢ € C*°(M) transforming x* — M%" under a gauge transformation
(3.2.13), we can prove that the object 9 transforms as a coframe. Let us try to understand
what is this x and show that 9¥* is an example of something called non-linear connection.

In geometrical terms, a non-linear realization [134]” is the reduction of the G-principal
bundle of the theory to a principal subbundle with a subgroup H C G as structure group.
It can be shown that such a reduction is possible if and only if there exists a global section
of an associated bundle with fiber homeomorphic to the orbit space G/H [129, 135]. We
can then express such a section as o (p) := exp(£°(p) Kq).8

Definition 3.11. (Non-linear realization) Consider the object ¥y = p(oc~1)¥ where
¥ is a certain matter field transforming under the representation p. Then we say that
the pair (o, ¥y,) defines a non-linear realization if under the action of the group G, it
transforms as’

(0, W) —L= (o', p(h) Wy), (3.2.16)

where h € H and o’ € G/H are related by

go=doh. (3.2.17)

Here ¥y is the non-linear matter field and the parameters £ are called Goldstone fields.
Notice that h depends on g and £ non-linearly.

Consider a principal connection in P. We omit the construction of the non-linear
connection in the bundle and directly formulate it locally (at the level of gauge fields).
The non-linear gauge field with respect to the Goldstone fields {* is [129]:

B=0c1A0+0'do, (3.2.18)
with A our gauge field. This object transforms under gauge transformations as
B 25 hwBAh'4hdh7!, (3.2.19)

where h is defined in (3.2.17). Consider now the non-linear covariant derivative of the
non-linear field (same as the usual covariant derivative but with B instead of A). Inter-
estingly, (3.2.19) implies that the result of taking such derivative is also a non-linear field,
i.e., it only “feels” the H part of the group:

DBw,, L5 ) DB (3.2.20)

Now let us apply this to our gravitational gauge theory. For the particular case of
G = Aff(D,R) and H = GL(D, R), we decompose the non-linear connection B according
to (3.2.3), B = "B + "B [129]. As a consequence, (3.2.19) can be split as

'B'B'=h*"Bh '+hdh !,
"B "B =h™Bh". (3.2.21)

"This is related, though not equivalent, to spontaneous symmetry breaking in physics.

8Using a more physical jargon, the field o (=) lives in the “part” of the group covered by the exponential
of the “broken” generators K.

°This can also be defined at the level of Lie algebra, i.e., in terms of {¢7,¢'*}, instead of {o, 0" }.
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46 3.2. Gauge approach to metric-affine gravity

If we compare this with (3.2.14) we notice that the linear part continues transforming
inhomogeneously under the # part,'’ while the translational part transforms homoge-
neously. In fact one can prove that!!

'B="A, ™B="A+do+"Ao =TA+Dls. (3.2.22)

So we can finally conclude, just by comparing with (3.2.15), that x was nothing but the
section generated by the Goldstone fields {* and that ¥ corresponds to the translational
part of the non-linear connection "B. Notice that for this particular reduction, the infor-
mation of "A is directly encoded in "B with no extra terms.

So far we have found an object that can be identified with the connection 1-form of
our metric-affine geometry (‘B = "A = w,’ ® L%,) and another one (B = 9* ® P,)
with the same transformation rules as the coframe.!? Under this reduction, the degrees
of freedom of the gauge theory (those corresponding to the fundamental object, w) are
rearranged within these two objects. But, where is the metric?

3.2.3 The origin of the metric in MAG

To obtain the entire metric-affine geometry we have to consider a further reduction of the
subgroup GL(D, R) into the Lorentz subgroup SO(1,D—1) [129, 132, 138]. Let us call r the
section that takes values in the orbit space GL(D,R)/SO(1,D—1) and I" the corresponding
non-linear connection (analogues of ¢ and B, respectively). Following the steps of the
previous section, and after performing a decomposition I' = "I" 4+ "T, one can prove the
following expressions [129, 132]:

ID=r"1tAr4+rtdr, (3.2.23)

0 — ("4 + Do) = &’ © P, D = (r)b,00. (3.2.24)

In this case, “T" is a connection 1-form transforming (inhomogeneously) under the Lorentz
group, whereas "T' transforms tensorially under the same group. The important thing

now is that the Lorentz group has naturally associated the Minkowski metric 7,5, and
this allows to define the following object:

gap = (1 D% (r )% neq - (3.2.25)

Observe that, since 7’s are invertible matrices, this operation preserves the symmetry and
the signature of 7.4. The resulting symmetric and non-degenerate tensor, g,5, corresponds
to the MAG metric.

ONotice that h # M. M is the linear transformation contained in g, whereas h is the linear transformation
fixed by the non-linear realization (see (3.2.17)).
"'One easy way to see this is by using the isomorphisms with (D + 1)-dimensional matrices (3.2.7)-(3.2.8).

We have 0 — (g T) , 5o the expression (3.2.18) can be rewritten as:

1 o'\ /[tA TA\ (1 o 1 o\ /0 do YA TA+do+"Ao
B_><0 1)(0 0)(0 1>+(0 1)(0 0) = (0 0 )
2Dye to the special structure of the affine Lie algebra, the geometry we are describing is a reductive Cartan
geometry [136] and B is a Cartan connection. Indeed, the affine Lie algebra is even more interesting, because
the vector space aff(D,R)/gl(D,R) of “broken” generators has the same dimension as the tangent spaces of
the base manifold. The global section ¢ allows to identify the tangent to the fibers at the points o(p) of
the abstract Aff(D, R)/GL(D, R)-bundle with the tangent spaces T, M. This is the so called soldering process,

which is a key feature of gauge theories of gravity (see also [133, 137] for a different view in terms of a section
of origins).
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Notice that the invariants of the geometry can be either expressed in terms of Lorentz-
non-linear objects or GL-non-linear objects [132]. For instance, for the line element, we
have

ds? = pd® @ 9° = gp9® © 9°. (3.2.26)

Therefore, when we fix the MAG metric to be Minkowski, what we are doing is using
the reduction introduced in this section. Therefore the r’s, which contain the true degrees
of freedom, are hidden in the coframe. Alternatively, one can also choose a description of
MAG purely in terms of the metric (this is the usual (g, I',,”) formulation, which does
not require the coframe). As we have seen, the metric has a Goldstone nature in MAG
[1532], playing the role of a “generalized Higgs field” [139].

3.2.4 Final comments on the gauge construction of MAG

Let us briefly sum up what we have done. At the beginning, we had a smooth manifold
with no extra structure, i.e., a blank canvas waiting for extra structures that will come
from the gauge approach. We considered the affine frame bundle, whose structure group
is the affine group, as the basic principal bundle of the gauge procedure. We selected a
connection there and then performed reductions into the general linear group and the
Lorentz group. The coframe arises as the non-linear translational connection, whereas
the metric can be expressed purely in terms of Goldstone fields.

Although we did not derive this in detail, let us mention that the curvature R,b is
nothing but the field strength of the general linear part, whereas the torsion T comes
from the non-linear translational part.

If we follow the latter approach (the reduction into the Lorentz group), R, and T*
are the true field strengths in MAG. The nonmetricity however, is derived from the metric
which has a Goldstone nature. In fact, when we fix g,; to be Minkowski, the nonmetric-
ity is just the symmetric part of the connection (see Proposition 2.55). Therefore, when
constructing the action, the terms quadratic in the nonmetricity should be seen as mass
terms for the connection and not as kinetic terms for the gauge potentials.'®

Finally, it is worth noticing that one can find alternative ways to do gauge gravity or
generalizations of structures that give other perspectives. For instance, based on some
works of Lord [140, 141] Tresguerres framed all of this in the language of composite
principle bundles [147] (see also [143]).

3.3 Field theory machinery for a Metric-Affine Gauge action

In this section we move to the physical (dynamical) part of MAG and establish some
general results. The gravitational basic fields are the metric g4, the coframe 9 and the

connection w,".

3.3.1 The general MAG action

Due to the gauge symmetry under linear transformations of the coframe, the Lagrangian
must be a function of the metric and the coframe, their exterior covariant derivatives (7%,

BIn the description entirely in terms of the metric (g, I'u.”), the torsion is just 2I'(,,,,” (no derivatives of
the coframe) so it is not a true field strength. In the meantime, the nonmetricity acquires the term —0,9,.,
which contains the derivative of the translational degrees of freedom.
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Q) and the field strength associated with w,?, i.e. R,?, but there cannot be any explicit
ab g y P

dependence on w,’.

Let us assume that in this metric-affine spacetime, there are some matter fields de-
scribed by certain vector-valued differential forms {@ ()} matter fields - Erom now on, we
will drop the index (i) and suppose that, when needed, there is an omitted summation
over all the matter fields. In general we have

1
U=v"g¢, = g%l...ukM (dat Ao Adat) @€y, (3.3.1)

dgHl-HE

where {&,} is a basis of sections of the corresponding associated bundle. In the usual
components/tensor notation, one works with the functions ¥,,, " € C*°(M) while, in
the differential form notation of MAG, the basic objects are the differential forms oM ¢
QF(M).

With all of this in mind, the most general MAG action that we are going to consider
is a functional of the metric-affine geometry { gqs, 9%, w,’} and some matter fields ¥" of
the type

S[gav, 9%, wa’, ¥"] = /L(gab, 9%, R,", T, Qu, ¥", D). 38.3.2)
Note that higher gauge derivatives in the matter fields have been dropped since,

DD¥" = R’ M) (L%)"y A ™ ~ f(R., "), (3.3.3)
where p(*) is Lie algebra representation associated with the Lie group representation
p¥) defined in the space where ¥ takes values (see (3.1.10)). Higher derivatives of the
gravitational fields can be reduced to field strength higher order terms, thanks to the
Bianchi identities (see Proposition 2.62).

Obviously all of this admits a corresponding formulation in terms of tensor compo-
nents. If we call
L=g¢dz=1 vol, , (3.3.4)

where £ is a scalar density of weight —1 and £ is a pure scalar, then,*

S[g, 67 OJ, Lp] = /E(g(lba 6/La7 Ruuab7 CZ—}LVa7 Q/J(lb? !pul...lLkM7 v[pgp,ul...,uk]M) de ° (3‘3‘5)

We will give the relevant results in both notations. But first we will provide some expres-
sions to translate between the language of tensor components and the differential form
notation.

3.3.2 Functional variations in MAG

Convention. For variations and partial derivatives in the language of differential
forms we choose the convention in which the chain rule is applied to the left so, in
particular, the variations dc are extracted from the left.

For example:

OL(B(c) _ 08 , OL

58
S0, = 9a" 28 or daSa] = /6(1 A o (3.3.6)

“We omitted the indices in the functional dependence of S to abbreviate.
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Consider a generic action of some tensor-valued k-form field o, S[a]. It is useful to
have a dictionary to translate the variations between the components approach in which
the fundamental objects are the components o, ... ukM and the differential form notation
where oM is the basic object. If we perform a variation of the action with respect to this

field in both ways we get!®
58 3cS
_ M _ M c D
daSa] = / dac A St daS]a] / Oy .k Sy d°x. (3.3.7)
The question is: how are the objects —ffM and 75%51‘35H y related? One can straightforwardly

establish such a relation:
Proposition 3.12. The variations in both languages are related through the equations:

1 &S5 1
A/ |g| (5@“1“#%1\4 k!
05 1 0cS

ot /gl dapy "

where 0" == ¢"*8, and dx,, = g, dz".

sen(g)(—1)O-P g, g (fj) | (3358)

- (3.3.9)

We continue with the following powerful result that gives the functional derivatives
for any tensor-valued k- form a™:

Theorem 3.13. Let oM be a tensor-valued k-form. Consider the following expression of the
covariant derivative acting on %

Do = do" + A" A (3.3.10)
and the following for the associated co-objects (with opposite indices),
DBy = dBy — Ax" A By, (3.3.11)

where Ay" is the connection 1-form. Then, for any action

Sle, ...] :/L(aM, Da",..), (3.3.12)
the following holds:
05 OL k(o OL
_ _(—1)ran (o) . 3.1
et 0ot (-1) oDaM (3:3.13)

This theorem is valid for any exterior covariant derivative D or, equivalently, for any
connection 1-form Ay": it can be the gravitational connection, an internal one or a com-
bination of both. For the particular case of pure metric-affine gravity (3.3.2) (in which

>The notation §. to distinguish both types of variations is normally not necessary except when we vary
with respect to a 0-form field because in that case there is no distinction between the differential form and
its components. One example is the metric

0cS

dz.
5gab

68
5aS[a]:/5gabm, 0aS[a] :/6gab

where §.5/6gap is a D-form and 6.5/ gas is a O-form. In Chapter 8 and Chapter 9 we will drop the ¢ because
we will work entirely in components notation and there will be no confusion.
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Ay = w5 (L% )"y), one can use this result to derive the functional variation with re-
spect to the metric, the coframe and the matter fields, since all of them are tensor-valued
forms. However, notice that Dw,’ is not well-defined since w,’ is not a tensor-valued
form (it is not tensorial in its Latin indices). For this reason, when we vary with respect to
the connection we cannot use the previous theorem, only valid for tensor-valued forms,

0SS A oL oL
_ b b
50S = /5% A 5o £ /&ua A oo +D8 — (3.3.14)
\V(—l/

77

After carefully doing the whole computation with the connection, one can collect all of
the variations for the general MAG action (3.3.2):

Proposition 3.14. For a MAG action of the type (3.3.2), the functional variation with
respect to each of the fields are given by:

o5 _ L L (3.3.15)
;gib - fng * Daab ’ o
55:a _ 881; b 68;(“ (33.17)

(Siib = (P (L%)" ") A 8]?)1!;PM + 2gpc 321; + 94 A 381135 + Da(Z;b . (3.3.18)

Now one can derive the corresponding variations in components notation directly
from (3.3.5) or by using Proposition 3.14. In any case, the result is:

Proposition 3.15. For an action of the type (3.3.5), it follows

; WZSMM == Wiik” —(V,+1T,) <av[p§j_,%ﬂ> : (3.3.19)
ggfb = ;;fb +(V,+Tp) <6gib> (3.3.20)
;ef; = a(zfa —2(V,+1T),) <£/ia> +Tpaﬂaiia, (3.3.21)

6?55’) = p®) (Lab)MNW%I.WN + 20pe 8gfac +2 8%; e,®
—2(V,+T,) (%) + T""Mag,iﬁ . (3.3.22)

Now that we know the dynamical equations for any MAG theory (3.3.2) we derive
the Noether identities under the general linear group and the diffeomorphisms. These
identities will lead us to a very relevant result: the equation of motion of the metric g, is
redundant and we will be able to drop it in our future studies.'®

!6This is of course not surprising since we know from previous sections that the metric is just a Goldstone
field. Its degrees of freedom can be completely translated to the coframe.
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3.3.3 Noether identities

This section is essentially extracted and adapted from [95, Sec. 5.2], where more details
on these derivations can be found.

Noether identity under diffeomorphisms

Consider a vector X generating a one-parameter subgroup of Diff (M). The Lagrangian
form must be a scalar under Diff (M) or, in other words, its Lie derivative along any X
must vanish.!” Since L is a scalar, the operators Ly and £y are equivalent (see Section
2.5.2). But it is convenient to choose the covariant version. Therefore, if we act on the
general MAG Lagrangian (3.3.2),

oL oL
= L a
LxL (]LXgab) AN 8gab +( x U )/\ 99°
oL oL oL
b a
+ (]LXRa ) A aRab + (]LxT ) A aTe + (]LXQab> AN TQab
oL oL
LxP"A — + (LxD¥") A —— . 3.
+ Lx ¥ A Fgw + (LxD¥) A 5 (3.3.23)

Taking into account the definition of the covariant Lie derivative one can straightfor-
wardly derive [98]:

Proposition 3.16. For the Lagrangian (3.3.2) the following equation holds

LxL=A+dB, (3.3.24)
where
A= ~(XsQu)j - ~ (XD
+ (X T A ;ja + (X_R ) A 62317
+ (X_D¥") A 5554 + (=1)rnk() (X M) A D;;M (3.3.25)
B = XL - (XJQab)EgC’Lb + (X 29%) g ;‘a + (X T A gﬁa + (XLRL ) A a(g;b
+ (X M) A E?WLM + (X_D¥") A 83; M} (3.3.26)

Notice how beautifully, the partial derivatives of the Lagrangian disappear from the
expression of A and combine into variations of the action (the equations of motion).
Observe also that A and B are proportional to the components X¢, so if we introduce
A= X%°A,and B = X’B, we get

LxL = X%(A, +dB,) + dX* A B, . (3.3.27)

If our Lagrangian verifies L x L = 0 for arbitrary diffeomorphisms (for which we can take
X®and dX“ to be independent and arbitrary), we arrive at:

A,=B,=0 = A=B=0. (3.3.28)

In particular, A = 0 leads us to:

7To be precise, the Lie derivative can be zero up to a total derivative which will enter in the expression of
B below. But it is irrelevant for the derivation of the Noether identity, whose information is contained in A.
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Theorem 3.17. Consider a Lagrangian (3.3.2) which is a scalar under diffeomorphisms
(LxL = 0), then:

1. Its variations with respect to the gravitational fields and the matter are related via the

identity:
08 48 08 08
= —\(€Ec S @ T @ ab
S9°¢ (6 —'Qab) 5gab + (6 - )/\ 59% + (6 R )/\ (5wab
08 rank(@" 48
+ (e..D¥™) A sgi T (D) K5 (e, ™) A D i~ (3329)

2. In particular, if either the matter is on-shell (i.e. % = 0) or the Lagrangian does not
contain any matter fields (only metric, coframe and linear connection), we arrive at

the identity'S
05 w 05 68 b 68
% —(e, 2 4 (e, T® R, : 3.
50° (ecaQup) S + (ecsT) A 597 + (ecuRy”) A Sl (3.3.30)
The latter looks in components as follows
3cS\ v 3 dcS dcS
T ) m—€e | Quap—— — T —— — Rypa®——| . 3.31
(v”+ HA > ((5@#‘3) ° {Q g de,” B dwpa? (3:3.31)

Noether identity under the general linear group

Now we revise the implications of the invariance under GL(D, R)joca1. We start, as usual,
with a frame transformation {e,} — {e;M?,(z)} (M®,(z) € GL(D, R)joca) and assume it
to be infinitesimal, i.e.,

M, (z) = 68 + @ (x), (3.3.32)
where w@," is a small parameter. One can easily check that our fields transform as:
dwGab = 2w(ab) ) 0 = _wbaﬁbv 5wwab = Dwaby
5" = —w,"p) (L) (3.3.33)
or, in components,
OwGab = 2’w(ab) ) 5weua = _wbaeub> 5ww,uab = Dywab = V,uwaba
oWy = — a0 (L) 5y (3.3.34)

And now we get [95]

Proposition 3.18. For the Lagrangian (3.3.2) the following equation holds

08 5S 5S 0S
_L=—w,|-2 apn 2 D S() (1,8, )M @ A 22
’ < { 9500 T 0 " 5gp T Pgwg TP WA S

0S OL
b _ —(W) La M !pN
+d{w" {wab P L) WA S
OL oL oL
— 20— — N — —D——| ;. 3.
9oy Q. A ST 5 Rab} } (3.3.35)

8The symbol 74" means “equal if the fields f, g... are on-shell or absent in the Lagrangian”.
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For the same argument we previously used for Diff (M), the two square brackets in
(3.3.35) must vanish and from the first one, we obtain the corresponding Noether iden-
tity:

Theorem 3.19. Consider a Lagrangian (3.3.2) which is a scalar under local transformation
in GL(D, R)joca1 then:

1. Its variations with respect to the gravitational fields and the matter are related via the
identity:
) ) 08

D22 = 2g, o2 _9ep 22
5wab & 5gac 5195

§S
P (L) @Y A ST (3.3.36)

2. In particular, if either the matter is on-shell (i.e. % = 0) or the Lagrangian does not

contain any matter fields (only metric, coframe and linear connection), we arrive at

the identity
0S v dS 0, 05
The latter in components reads
0cS 1\ v dcS 0cS
A ¢ ~ Y e a_C™
(Vit+ T) ( Mmb) S 2s —ets (3.3.38)

This immediately leads us to one of the most powerful results in MAG:
Theorem 3.20. For any MAG Lagrangian (3.3.2):

1. Either the equation of motion of the metric or the equation of motion of the coframe
(Vielbein) is redundant.

2. If the matter and the connection are on-shell (or they do not appear in the Lagrangian)
then:

(a) The symmetric part of the Vielbein equation coincides with the equation of the

metric:
0S vw S In components 0cS w,w 0cS
2= X glagh b 22 X e, (0gh <2 (3.3.39
A ™ T Som = 9 e 83
(b) The antisymmetric part of the Vielbein equation vanishes,
gc[a'ﬂb} A 68 lI/,%w 0 In components eu[“gb]c 0cS lI/,%w 0. (3340)

d9°¢ de,©
It is important to remark that this results are true for any configuration of the metric and
the coframe (even for off-shell configurations).

From now on, we eliminate the equation of the metric from our set of gravitational
equations, and concentrate just in the coframe and connection equations. In the next sec-
tion we are going to define a few objects that will allow as to rewrite the MAG equations
of motion in a very nice form, which will also be very useful in order to calculate the
dynamics in real situations (for example with a computer program).
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3.3.4 Momenta and matter currents
Matter currents

So far, we have been dealing with a totally general action of the type (3.3.2). Consider
now the following splitting of it:

S[gab, 9, wa’, "] = Srav[gab, 9% wa"] + Suate[gap, V%, wa’, T, (3.3.41)

where
Scra s, 9, wa"] = / L (gun, 9%, Ra?, T, Quy). (3.3.42)
Sl 9%, @'y )= [ Lusalga 0%, R, T, Qo 04, DEY). (3349

It is worth mentioning that this separation has been done in such a way that all the terms
in Lyatt contain the matter fields. In other words, any purely gravitational term has been
extracted and placed in Lg;ay. Now we introduce the matter currents:

Definition 3.21. (Matter currents). We define respectively the hypermomentum, the
canonical energy-momentum and the metric energy-momentum currents:

5SMatt 5SMatt b 5SMatt
A%y = DI — , W o= 3 . .3.44
B D) 50° 7 30as 5
When working in components we will use the following notation!”
5C a
Vgl =2 State , (3.3.45)
6gab
5C a
Vg[St = Statt : (3.3.46)
de
dcSMa
Vglare, = ; Mt (3.3.47)
Wha
By virtue of our dictionary (Proposition 3.12), one can easily check that
AY = Ay xdzy,, Ba =3 xdz,, o =T%vol,. (3.3.48)

Via the Noether identities, one can show that o’ can be expressed in terms of the
other currents. The fundamental matter currents in MAG are then the hypermomen-
tum and the canonical energy-momentum. The latter is associated with the translational
part of the gauge group, whereas the hypermomentum corresponds to the general linear
group. In particular, the hypermomentum can be decomposed into antisymmetric, trace
and traceless symmetric parts. Each of them has a different physical meaning according
to the following decomposition of the generators of the algebra gl(D,R) (possible in the
presence of gqp)

1
9acl = Ligy) + Bgachc+ Vi - (3.3.49)
L4 are the Lorentz generators, the second term generates the dilations, and the remain-

ing term I, = Lgp) — % gapL€. is the shear part. According to these parts, the hypermo-
mentum splits, respectively, into the spin density current Ay, the dilation current A°., and

Notice that 7,., = e,,*¢e,"Tas is the usual Hilbert energy-momentum tensor used in GR.
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the shear density current A,y — % 9abA°.. These are, respectively, the sources of contorsion
(i.e., torsion), the Weyl 1-form and the traceless part of the nonmetricity 1-form.

The spin current is one of the main characters in PG, since the connection is antisym-
metric and, hence, the hypermomentum coincides with the spin current. For instance,
in [144] it is shown that, in the context of Einstein-Cartan gravity with a fluid made of
neutrons, the torsional gravitational effects (associated with the spin density) would be
appreciable for densities of the order of 10°7 kg/m?3 (much higher than the density of a
neutron star which is 1017 kg/m?). Interestingly, in earlier epochs of the Universe, scale
invariance is expected to arise, and this has a dilation current associated which might be
the one that naturally appears in MAG. Therefore, the latter seems to be a quite reason-
able extension of PG to be considered. Nevertheless, the shear effects are also expected
at higher energies, and their interpretation is subjected to speculation.”’ These currents,
which are associated with the microstructure of matter, are the essential quantities that
should be used to detect post-Riemannian geometry [149-152].

More explicit expressions for the matter currents can be obtained by using the rela-
tions given in Proposition 3.14. The presence of R,,’, T® and @Q,; in the matter Lagrangian
reflects what we are going to call non-minimal couplings:!

Definition 3.22. (Minimal coupling). For a given matter field ¥ living in some rep-
resentation of the total gauge group of a theory, we will say that it is minimally couple
to the gauge structure if the matter-dependent part of the Lagrangian depends exclu-
sively on ¥ and their total gauge exterior covariant derivative (including not only
gravity but also Yang-Mills connections if other gauge structures are involved). Con-
sequently, no curvatures or field strengths appear in it.

As immediate consequence of Proposition 3.14 we find:

Proposition 3.23. For a matter field W™ minimally coupled to the MAG action, the matter
currents are given by:

O Latt o OL\att

oDy’ 3 = ®= QGLMM

a _ (S(P)(1a \M gV =
A%, (p (L b) 4 )/\ 9% o O

. (3.3.50)

Gravitational momenta and currents

In the gravitational sector we are going to distinguish between momenta and currents,
because they play a different role in the equations of motion:

Definition 3.24. (Gravitational momenta and gravitational currents). For a general
gravitational Lagrangian (3.3.42), we define the gravitational momenta (or excitations):

_ 8I/Grav
OR, ’

_ 8LGrav
or* ’

0 LGrav

H[W]ab = 6Qab

H[Y), = Hg® = -2 (3.3.51)

20
See [98, —148].
Interestingly, GR can be recovered within the Poincaré gravity framework under the assumption of an
appropriate nonminimal coupling of the matter to the geometry [153].
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The gravitational currents are:

Elw]" = —9* N H[J], — gocH 9], (3.3.52)
aLGraV
E[Y], , 3.
[9] 59° (3.3.53)
LGrav
E[g]* = P (3.3.54)
8gab

They are called momenta because (up to maybe a sign or a constant factor) they coin-
cide with the canonical momenta of the gravitational fields in the Hamiltonian formula-
tion. One interesting consequence of the Noether identities (see egs. (5.4.11) and (5.4.15)
of [98]) is that the currents E[J], and E[g]* are totally determined by the gravitational
momenta through the equations

1
E[0], = equLgray + (€a2T%) A H[Y]y + (equRyS) A H[w]b. + 5(eaJQbC)H[g]f”,
(3.3.55)
E[g9]“ger = 9" NE]y + Qp. N H[g]* — T N H[V]p, — R N H[w]% + Ry N H|w]®.
(3.3.56)

We see that the Lagrangian and the momenta determine E[J],. Moreover, E[J], and
the momenta fix the current E[g]?*.?> As a consequence of this result and the equation
(3.3.52), we only need to compute the momenta H[w]%,, H[9], and H [g]®, since the rest
of the objects are determined by them (and the Lagrangian).

3.3.5 Equations of motion and procedure to explore solutions in MAG

Taking into account the previous definitions, we can write the equations of motion of
MAG in terms of the momenta and the gravitational and matter currents:

Theorem 3.25. (Eq. of motion of general MAG)
The equations of motion of (3.3.41) are

0= 008 = —DH|[w|% + Ew]|" + A%, (3.3.57)
Swg?
6S

0= <9a = -DHJo + E[]a + X, (3.3.58)

0= 5595 = -DH[g|"’ + E[g]”" + o, (3.3.59)
ab

6S 0L (e OL
0= — = — — (=1)2k()p_——_ 3.3.60
(SWM awM ( ) 8D!IIM ( )

But we know that some of the objects involved in these equations can be computed
from others and, additionally, that the equation of motion of the metric is on-shell redun-
dant. So a standard procedure to find solutions of a MAG theory is the following;:

1. Compute the gravitational momenta H [w]%,, H[9], and H[g]*® and the matter cur-
rents A% and X,.

2. Compute E[w]%, and E[V],.

ZIndeed, computing the quantity E[g]*® is not needed. The reason is that it is only relevant for the metric
equation of motion and, as we have seen, this equation is redundant in metric-affine gravity.
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3. Evaluate A%, X,, H[w|%, H[V|,, E[w]%, and E[], in the specific Ansatz we are
interested in. Fix also the gauge by a taking, e.g., a simple form for the metric
(usually Minkowski gqp — 1ap)-

4. Solve the dynamical equations

DH[Y), — E[9]s = S,
DH[w], — E[w]", = A%,. (3.3.61)

(=

This procedure can also be followed in components notation and at the end one has
to solve

8S-‘/Grlraw a'QGraw 82Grrav
Vgt =2(V, + T, — Ty - : 3.62
1 Vo + 1) ( 0T, ) P DT,y Dyt (3:3.62)
aQGraw aS-‘/Grraw a'E-\/Grrav 88Graw
v 0glArYy =2(V, + T — T — — 2Gpe -2 . (3.3.
918" =2(Vy + 1) (aR,Mb> o R 00 pae 0T, 0369

These expressions are easier to be programmed in xAct for example, so one can avoid
dealing with differential forms. However we will exploit the nice algebra of forms e.g.
in Chapter 6 to find some exact solutions. Differential forms notation can be very use-
ful (specially in gauge theories) due to their algebraic properties, its compactness and
because several identities take a very simple form, such as the Bianchi identities.

3.4 The (quadratic) Metric-Affine Gauge action

Now that we are familiar with the general metric-affine theory, we proceed to introduce
the general quadratic MAG theory. The corresponding Lagrangian is defined as the most
general linear combination of MAG invariants up to quadratic order in the curvature, torsion and
nonmetricity. In addition, the resulting dynamical equations are going to be quasilinear in
the basic fields [154]. Of course this choice is also a matter of simplicity since, as we will
see, it is already considerably complex to consider just up to quadratic invariants. The
construction of the basis of invariants that we use is explained in more detail in Appendix
C1%

3.4.1 The (quadratic) Metric-Affine Gauge action

The most general quadratic MAG action can be decomposed into an even part (dimension
independent) and the odd part corresponding to the chosen dimension D. For the even

21f one tries to construct the usual Yang-Mills like Lagrangian, due to the fact that the gauge group is
not semi-simple, the resulting action does not lead to the correct results in the case of PG [155]. Something
analogous will happen in MAG.
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c=1 c,h=1

[KD}: [Gl(\?)] M-11P-3 | M—(-2)

[pD] M1 p-5 M—(D—4)
[A] L2 M?
[A] ML~ (®-1) MP

Table 3.4.1: Dimensionful MAG parameters

part, we consider the following parameterization®*

3 4
1
MAG =~ 5 5 [2)\volg — agR™ AxBqp + T A% Y arTo + Quy A Y _ b/ 1Q™
=1 I=1

3
+ 2b5((3)Qac AIY) A *((4)ch AGp) — 2 Z C[U'H)Qab A A *Tb:|

=1
1 6
— mRab A * [Z wPOW® 4 9% A (ecJ(5>WCb)
=1
5 5
+ Z 21 DZ® 4 199, A (eaJ@)ZCb) + Z vrd® A (eCJ(”ZCb) .
I=1 I1=3

(3.4.1)
Some remarks about the constants and parameters introduced:

O The usual cosmological constant (with units of energy density) is given by A = 2.

O There are 29 parameters: ) is dimensionful and the other 28 (a;, b;, ¢;, w;, z;, v;) are
dimensionless.

A x® and p® are, respectively, the weak and the strong gravitational couplings of
the corresponding dimension. In four dimensions we will simply write

KW =k, p(4) =p. (3.4.2)

The dimensions of these parameters as well as those of the cosmological constant
are shown in Table 3.4.1.

O Among the 29 parameters, only 28 are physical, since one global factor can be ex-
tracted from the action. The parameter that will play such a role is ag, the one in
front of the metric-affine Einstein term. We will write it explicitly so that the de-
rived formulae can be used also in the study of MAG without the Einstein term
(ap = 0). In any other case it will be (virtually) a 1 in order to have the Einstein term
correctly normalized.

All of this was for the even part in general dimensions.

*The signs and factors of 2 have been adjusted so that the Lagrangian coincides with the Lagrangian V' in
[1] (except for the cosmological constant which is not considered in that paper).
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Type of term | Parameters of the even part | Parameters of the 4D odd part

~ vol, A
~ R agp aop
~TT ai, az, az ai, az, (63)
~ QQ b1, by, b3, by, bs bs
~TQ C1, C2,C3 C1, C2, C3
~ RR (WW) w1, Wa, W3, Wq, Ws, We, w1, Wy, W3, (@4),@5, (@6)
~ RR (ZZ) 21, %2, %3, %4, %5 Z1, %2, 23, (Z4), Z5
~ RR (mixed) U1, V2, U3, V4, Us V1, U2, U3, V4, Us

Table 3.4.2: Table of independent parameters of the MAG (quadratic) Lagrangian (29 from
the even part, and 20 from the odd part). Parenthesis indicate that they are not independent
parameters and can be fixed due to (C.1.32), (C.1.39) and (C.1.42).

On the other hand, the odd-parity Lagrangian in D = 4 is given by

3
dd(4 1 _ _
LIO\/IA(G) = —% |: — aoRab VAN 190,6 + T N E a[<I>Ta

I=1
3
+B5(#Qap A 9") A (UQ N 9e) — 23 7 IQuy A 9 AT
=1

6
mewab + 519 A (s W)

1
—— Ry A
2p I=1

5 5
+ ZEI“)ZC“’ + 029, A (e 2PZP) + Zmﬁ“ A (ecaPZ)
I=1 1=3

)

(3.4.3)

Here we have introduce 24 dimensionless parameters (ao, a;, bs, ¢, W;, Z;, U;), but due to
the properties (C.1.32), (C.1.39) and (C.1.42), only 20 are independent. We will assume
the choice

a3 = a2, wy = Wa, wWe = W3, Z4 = 292. (344)

Indeed (see next chapter), two more parameters can be dropped since there are two topo-
logical invariants that can be used to eliminate two of the terms from the odd Lagrangian
(see Section 4.6).

Finally, the metric-affine Lagrangian is the addition of these two parts:

Laiac = LS + LYW (3.4.5)

In Table 3.4.2 we show the 45 parameters of the MAG action.

Momenta for the (quadratic) MAG action

Recall that the essential objects to construct the gravitational equations of motion are the
momenta. If we introduce the following useful decomposition:

2 2 .
H[g]" =: @mab +om b (3.4.6)
1 1—
Hw]%, = S +—1 h% | + _ L +1H‘1 (3.4.8)
Wi p = 2I€(D) ap b p(D) b %CLO b ; b ) X
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where the second terms in the rh.s. of the three equations are those contributions com-
ing from the odd part of the Lagrangian. After a pretty long calculation based on the
results in Appendix C.3, it can be shown that (as a matter of generality, we have kept the
dimension D arbitrary in the even objects):?°

4
ab __ ab a/ b 1 ab
m _*{Iz_;bme — b |9 (e)JQHBg (A—Q)]

(a Tb) _ Dci — co — (D — 1)03 abep c1 — 0219((1 b) T } 4
+c1et D(D—l) g + D_1 (6 | ) , (3.4.9)
it = B9 @k AV — g AT - 2T Aglapgh) T BT 2 pab T (3410)
3 4
h, — *{ Y a"Ta+ 9" Ay c1_1<f>Qab} , (3.4.11)
I=1 =2
4
ho =@ VT, + @o(PT o + OT,) +9° A ZEI—IU)Qab ; (3.4.12)
1=2

6 5
Rap = *{ Ywr W+ 2" Zy
I=1 I=1

1 7 1
+ 51)1 I, N (60_1(5)ch) + 519[(1 A eb}_:P}
1 -
+ 5112 I N (e(aJ(z)ch)) + 9. N (e[a_l(2)ZCb]) - 2(2>Zab}
1 7 1 1
+ 51)3 I, A (ec_|<3)Zcb) — 519(51 A (eb)_nP) + BgabP}
1 [ C (&
+ 504 _19[a A <6|C|J(4>Z b]) + '19((1 A (e|c|4(4)W b)) + D(4)Zab}
1 7 1
+ 55| B A (e 2%) + Bga,,P} } : (3.4.13)
6 5
hay =Y W Wap+ Y 2D Z 4
I=1 I=1
1_71 1 —
+ 5@1 I, A (60_1(5)ch) — 5’19[a A €p) * P]
1 -
+ 552 I A (e[a_l(Q)Zcb]) - '19(@ A (6|C‘_1(4)ch)) - (2>Zab — (4)Zab]
1_7 . 1 — 1 —
+ 5@3 g N (ec_l(d)Zcb) — 519(,1 A\ (eb)_: * P) + Zgab * P}
1 -
+ 5@4 19[@ A (e|c|_|(4)ZCb}) — 9. A (6(a_l(2)ch)) +2@Z .+ 2(4)Zab}
1_7 1 _
+ 5@5 I, A (ec_|<5>ZCb) — Zgab * P, (3.4.14)

where the forms T', T', A, A,, P and P are defined in Appendix B.

2Gee also [156].
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3.4.2 Equations of motion of the quadratic MAG actionin D = 4

Now we are in position to rewrite the currents and equations of motion in terms of the
quantities (3.4.9)-(3.4.14). Similarly as we did in (3.4.8), it is also useful to separate the
quadratic part of the Lagrangian from the linear one. InD = 4,

1
Luiac = 5 R A (ag * 9ap + G0¥ap) — 2Avoly| + Loy . (3.4.15)
In addition, let us introduce the following parameter with dimensions of area:
2= (3.4.16)

which measures the contribution of the curvature square terms of the Lagrangian.

First we prove some previous results:

Lemma 3.26. The gravitational current E[J)], is given by:

1 1
Bl = 5 (aORbC A+O™ 4 %o Rigq N9 — 2\ x ﬂa) +=q,, (3.4.17)

where

4, = equL o)+ (eq T) A (hy+hy) + (€a2Qy,) (M +T") +£2(eq Ry ) A (K. + RP.) .

(3.4.18)
Proof. We compute
1 _
(€q iRy AN H|w])?. — —(equRy°) A (b, + RP,)
p
L JRC)A(CL x 9 +a 196) (3.4.19)
2% a b 0 c oY ¢ .
A 1 bc | — qbc
= e, L(g) — —volg — Lyiag| + — Rype AN egu (ao * 3¢ + apd ) (3.4.20)
K 2K

1
= eas [Lo) — Luiac) + 5 (aoRbc A %Opeq + 280 Rigq N O — 2\ x ﬁa> . (3.4.21)
And, finally, we substitute this in (3.3.55). [ |
Lemma 3.27. The following relation holds in general for the quadratic MAG action in four
dimensions:
1
/{DH[w]“b = —§a0 (TC A *9%. + Q% A *xTy — 2Q N *ﬂab) (3.4.22)

1 —
= 50 (T* A9y = Ty A9" = Qg A 9™) + CD(h% + h%). (3.4.23)

Proof. To prove this, after the substitution (3.4.8), we just need to use

D x 9% = D % (gpc9* AN 9°) = QU N x0 gy — 2Q N *x9%, + T N x99, , (3.4.24)
DY = D(gpc9* ANI) =T Ny — 9 NTp — Qy NI (3.4.25)

To compute the first one we made use of (2.4.80).
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Then we lower the index
1
HDH[W]ab = —§a0 (TC A *Pgpe — Qac A xTp. — 2Q N *ﬁab) (3.4.26)

1 _ _
~ 5 (2T, Ay — Qup ABa°) — 2Qca A (R + B) + 3D (g + hgp)
(3.4.27)

and from here one trivially obtains the symmetric and antisymmetric parts above.
|

These previous results make it immediate to derive the following final form for the
equations of motion of the 4-dimensional quadratic MAG theory:

Theorem 3.28. (Eq. of motion of quadratic MAG)
The variations with respect to the coframe and the connection of S = f Lyiac + SMatt in
D = 4, with Lyiag given in (3.4.5) and S\iat being a general matter action, can be written

S a _
hsos = 5 B A*Bh + G0Rjog AD° — AxPa + 4,
= D(ha + ha) + K2, (3.4.28)
5S . _ S
HW = —9 /\(hb+hb)—2(m p+m b)
+ % (TC /\ *ﬂabc _|_ Qac /\ *’,9Cb _ 2Q /\ *,'9ab)
+ % (29%°T A9y — Qy AN9™) — 2D(h%, + h%) + kA%,  (3.4.29)

where q, is given by (3.4.18).

3.4.3 Comments on exact solutions

The search and study of exact solutions is a crucial step to understand the physical as-
pects and the implications of any theory. The construction of concrete models is an ex-
cellent way to get a reduced framework in which one can compute physical observables.
In the context of (quadratic) MAG, this also allows to fix the structure of the Lagrangian,
in order to avoid problematic solutions or propagating modes (see Chapter 7) and also to
ensure certain consistency conditions (e.g. appropriate GR limit [133, 154, 157]). More-
over, the exact solutions of MAG could also bring new insight on the microstructure of
the spacetime. An exhaustive collection of exact solutions for the parity even Lagrangian
(and sub-cases of it) can be found in [154]. We extract some of the references therein and
some posterior ones for the present discussion.?®

Regarding spherically and axially symmetric solutions (describing some compact grav-
itational source distribution), one can find in the literature solutions with gravito-electric
charge of the Reissner-Nordstrom type [160, 163-166] and of the Kerr-Newmann type
[159], as well as solutions with both gravito-electric and gravito-magnetic charges [167,

]. Other electrovacuum solutions have been explored extending a Plebariski-Demiariski?”

Tt is worth mentioning the so-called triplet Ansatz technique used e.g. in [158-161], which consists in
selecting a purely trace torsion and nonmetricity, i.e. T* = @T° and Q,, = ®Qa» + “Qus such that (see
the definitions of the traces in Appendix B) Q = koA, A = k1A and T = k2 A for some 1-form A and some
real parameters {ko, k1, k2}. This has proven to be a very effective method to derive exact solutions in MAG
[re2].

“This is an important family of Petrov type D solutions of the Einstein-Maxwell equations, which in-
cludes as sub-cases the Plebariski-Carter, the Kerr—Newman, and the Kerr solutions.
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metric structure to the metric-affine framework [158, , ]. In these solutions, in ad-
dition to the mass, some of the other MAG currents (dilation, shear and spin currents) are
also present. Recently in [171] new solutions of the Black-Hole type have been studied
for a restricted MAG action.

Metric-affine extensions of pp-waves have also been explored, see [166, -182].
Some contributions in this direction are provided in Chapter 6.

At last, but not least, let us also comment a bit on cosmological solutions (see e.g.
[101, , ]. One interesting solution here is the one presented in [183], which is a
Weyl-Cartan geometry whose Weyl vector (the only nonmetricity of the solution) expo-
nentially decays in time. This is quite interesting since, one would expect deviations with
respect to Poincaré gauge gravity only at the very beginning of the Universe, when the
dilation invariance (and hence the Weyl vector) plays a role. This is of course a simpli-
tied model, in which the arising of shear type excitations of the multispinor matter is not
taken into account, although MAG predicts its existence. The development of PG and
MAG cosmological models requires to generalize the GR perfect fluid by adding spin
current to it (e.g. the Weyssenhoff fluid model [154]), as well as shear and dilation currents,
something called hyperfluid (see [101] and the recent developments [155, ]). This is
also an interesting line of research from which we can learn about matter microstructure,
depending on their compatibility with cosmological phenomenology.

Interestingly, the metric-affine framework allows for singularity-free solutions; a great
example in the context of PG is the cosmological solution [187] (see also [188, D). Of
course, we also have to be aware of the new ones that could arise in this framework,
due to the existence of new matter currents. For instance, torsion singularities have been
noticed in the context of Einstein-Cartan gravity?® [190] (see also [191]).

3.44 A particular example: Einstein-Palatini

The simplest sub-case of the quadratic MAG theory is the metric-affine generalization of
the Einstein-Hilbert Lagrangian (Einstein-Palatini theory),

1
Lup — [_2 Avol, + R% A *z%b} = (—A + R) vol, , (3.4.30)

L
2:‘£(D) 2H(D)

We assume also some matter Lagrangian and that the dimension is D > 2. The gravita-
tional momenta are

1

H[g)®=0, HW.,=0, Huw%= —5 * 0 (3.4.31)

which allow to compute the currents
Elw]* =0, (3.4.32)
E[¥), = equLpp + (equRy) N H[w]’, = ... = 2;@) —2X % 04 + R A x0peq| . (3.4.33)

The equations of motion, in this case are (compare with (3.4.28)-(3.4.29)):

) 5(5;15 = RY A wtyq — 23 %0y + 26005, | (3.4.34)
25(P) fsi EL = QA x¥g — 2Q A x9% + T A+0%, + 2k A7, (3.4.35)

Let us now extract the components of these equations.

S Fgsentially the Einstein-Palatini action with zero nonmetricity.
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Equation of the connection

Consider a matter Lagrangian free of hypermomentum for simplicity. If we expand the
differential forms in the coframe basis, the equation of the connection can be written

oS 1 1
2K (D) 6wEP _ (Qeca 2Qegac> 9 A x9 + iTefdgacﬁef A %0 g (3436)

1 1
= (Q;a - 2Q69“6> (—1)26F, % Dy + 5 Tes"g" (~1)(3 x 2)3165 V. (3437)

If we simplify the previous expression and lower the indices, we get

Qbac - Tbac - ( Qa + Qa) Gbe T+ <Tb - ;Qb) Jac = 0. (3438)

The general solution of this equation is Levi-Civita up to an arbitrary mode A = A, dz#

[11,192],
w =w,+ AL e wu = 0u + ALY (3.4.39)

This mode is called projective mode and is a consequence of the projective symmetry
[193] that this Lagrangian has (see for instance [194]):

w’ s wl+ AL YA QI (M), (3.4.40)

Indeed, the Noether identity under this transformation basically tells that the variation
of the EP action with respect to the connection is traceless as can be easily shown:

0 = OprojSup = / Sprojwa’ A 5SEP / AN 5SEP = & 5SEP —0. (3.441)

“ow

which can be immediately checked by contracting with g® in (3.4.38) or by taking the
trace of (3.4.35) with zero hypermomentum.

Equation of the coframe

Let us recover the Einstein equations in this formalism. We first compute

1
R A x0peq = iRmnb%'m“ A *Fpea (3.4.42)
1 C m
— 5Rmnb (—1)(3 X 2030 * Dy (3.4.43)
= Ry (5})"5;”1 9 — 5 w9, — 615 ﬁc) (3.4.44)
= +R*0, — RM, x99, + R x99, (3.4.45)

Therefore, the equation of the coframe (3.4.34) can be written

1
5 |:R(1)ab - R(Q)ab - Rgab] * 19b - ’{(D)(_Agab + Eba) * 'ﬂb : (3446)
We extract the components:
L (g, — g® )
5 (B = R0 — g R) = 5 (= Agap + Sna) (3.4.47)

If we assume that the matter has zero hypermomentum, the solution of the connection
equation is Levi-Civita plus a projective mode. Such connection satisfies

R(l)ab - R(Z)ab = 2R(1)ab = 2-ZS)Lab . (3448)
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Then, our equation (3.4.47) becomes
. 1 .
Rap = 5 ga 12 = £ (Spa — Agap) , (3.4.49)

which can be decomposed into symmetric and antisymmetric parts

o 1 o

Rap = 59 R = 60 (S(ap) = Agar) . Bjay) =0. (34.50)
The second condition is a restriction for the matter sector. Assuming that the matter is
on-shell, the absence of hypermomentum implies that ¥, is nothing but 7, (see eq.
(3.3.39)), as a consequence of the gauge symmetry, and we obtain the Einstein equations:

B 1 B
Rap = 5 gab R = KO (Tap — Agap) - (3.4.51)
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Metric-Affine Lovelock gravity

Scientific theories can always be improved and are improved. That is one of the
glories of science. It is the authoritarian view of the Universe that is frozen in
stone and cannot be changed, so that once it is wrong, it is wrong forever.

— Isaac Asimov, “The Nearest Star” (1989)

In the preliminary works [9, 11] the equivalence between metric and Palatini formu-
lation was explored for the Einstein and the Gauss-Bonnet theories. In [9] some families
of non-Levi-Civita solutions of the pure Gauss-Bonnet-Palatini theory were found. These
works constitute a clear motivation analyze the topological character of the metric-affine
Lovelock terms in general. Are they boundary terms in their corresponding critical di-
mension? This is the question we are going to address.

4.1 Introduction

Lovelock gravities constitute a family of higher-curvature Lagrangian terms that form a
natural extension to standard General Relativity. Introduced in the early 1970s by Love-
lock [195, 196] (though the simplest non-trivial case, Gauss-Bonnet gravity, was already
identified by Lanczos in 1938 [197]), they are characterized as the unique higher-curvature
terms for which the equation of motion of the metric (the only field) is second-order. This result is
also known as the Lovelock theorem. As we will see along this section, these terms exhibit
many special properties. Interestingly, they appear as string corrections to supergravity
[196-203] and over the years have attracted a lot of attention as alternatives of Dark Mat-
ter or Dark Energy, and in order to obtain corrections to black hole, cosmology and some
holographic models (see for example [73, 204-209]).

We start by introducing their analytic form:

Definition 4.1. ((Metric) Lovelock invariant)
Let (M, g) be a D-dimensional manifold with a metric structure. The k-th order (met-
ric) Lovelock invariant is the D-form

£ = R A AR A 0,0 - (4.1.1)
After extracting the volume form, IQL,(gD) = EOI(CD)volg, we obtain the scalar Lagrangian
L A o
E’l(cD) - ok RV1V2M1H2 s RV2k71V2k“2k_1M2k (4.1.2)
ok . ok
1 o o
= o (RGO Ry, 102 Ry, 21 (4.1.3)
where the vertical lines represent the determinant.
Some examples of (metric) Lovelock invariants are:
1. The Einstein term (k = 1):
LY = Rynxot = PR (4.1.4)
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2. The Gauss-Bonnet term (k = 2):

IO/éD) = Ryy A Reg Ax9? = fig’) =R’ - 4éuuéw + éwpx\éuwA - (415)

Two interesting properties of the Lovelock invariants are:
A L)) = 0forall
r = 0forall D < 2k.
This is easy to check from the definition, since ¥, . q4,, = 0if 2k > D and 0 = 0.
Consequently, in a given dimension D the most general Lagrangian containing Love-
lock invariants is (D-dimensional Lovelock theory)

B0 B ol o ED w2, (41.6)

where |z | is the floor function and )\, are certain dimensionful parameters.

a IO/,(CD) is a boundary term if D = 2k (from now on, critical dimension) [210]. Indeed,
the integrals of these invariants correspond to the Euler characteristic as can be
proved via the generalized Gauss-Bonnet Theorem (see [124, 211] for a pedagogical
introduction).

In addition to these, other important properties of them, now from a field-theoretical
point of view, are the following:

O They propagate only the two degrees of freedom of a massless graviton.

O As we have already mentioned, the equations of motion for the metric (the only
tield) are second-order and free of Ostrogradski ghosts1 [212, ].

Due to these properties, Lovelock gravities are singled out with respect to all other higher-
curvature extensions, which generically do suffer ghostly propagations. There have been
some recent attempts to endow the Gauss-Bonnet term with nontrivial dynamicsinD = 4
[214]. We will comment some of the problems that arise in the original formulation of that
theory in Chapter 7.

Now we generalize these invariants in order to include the curvature of a connection
not necessarily equal to the Levi-Civita connection of the metric:

Definition 4.2. (Metric-affine Lovelock invariant)
Consider a D-dimensional manifold equipped with a metric and a connection. The
k-th order metric-affine Lovelock invariant is the D-form

L]E;D) = R A A RYF19% Ak, a0, (4.1.7)

where R," is the curvature 2-form associated to the connection.

At this point one important observation to take into account is that we cannot construct
these invariants without a metric. Note that we are making use of the Hodge star operator
and, in addition, we are using g,y to raise/lower some indices.

If we consider these metric-affine Lovelock invariants isolated (without matter or any
other gravitational sector), some results are known about the space of allowed connec-
tions. In [215-217] it was shown that a general metric-affine Lagrangian £(g,.., Rm,pk)

!See section 7.1.3 for more information on Ostrogradski ghosts.
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allow the Levi-Civita connection as a solution only if the Lagrangian is Lovelock. In this
sense, the metric formulation is always a consistent truncation of metric-affine Lovelock
theories [217]. Furthermore, there are indications that Levi-Civita is in general not the
only allowed connection. In particular, we already know for the special case k = 1, i.e.
Einstein-Palatini, that an extra projective mode is permitted [11, 192] (see also Section
3.4.4).

(D)

Of course the property L, ” = 0 for all D < 2k holds exactly for the same argument we
previously used. However the fact that this invariant is a boundary term in the critical
dimension is not necessarily true in principle. It has been shown that if we assume the
connection to be metric-compatible (i.e. zero nonmetricity), then we get a boundary term
[218]. The question we are going to address in this chapter is: what happens with this
fact when we switch on the nonmetricity?

To gain some intuition, we will first analyze the simplest cases £ = 1 and k = 2 (which

are not boundary terms as it is suggested by the results in Section 3.4.4, as well as [9, 219]).
But before that, let us introduce a very convenient decomposition of the connection.

4.2 Useful decomposition of the connection

The Lovelock term is a metric-affine Lagrangian of the type (3.3.2) with no explicit depen-
dence on the torsion and the nonmetricity. Consequently, the corresponding momenta
vanish H[g]? = 0 = H[¥],, so the variations with respect to the coframe (3.3.17) and the
connection (3.3.18) can be expressed as:

55 oLy

S = (4.2.1)
RIHRG) A1
a7 =Pops (4.2.2)

This would be the dynamics (or the contribution of this term to the dynamics in a
more general Lagrangian) described in terms of the coframe and the connection 1-form.
Of course, as a field theory, it is completely equivalent to work, for instance, with the
coframe, the nonmetricity and the torsion as the independent variables. However we are
going to use a slightly different approach.

Proposition 4.3. Consider a general metric-affine geometry (gap, 9°, w,’) in an arbitrary
D- dimensional manifold. Then, under the hypothesis dgy. = 0, the object Wqp = Wiay,
which can be expressed

- 1
Wap = Wap — §Qab7 (423)
is a metric-compatible connection with torsion
¢ _ gra 1 a b __ 1 a 1 a\ qcb
T =T"-5Q"N9" =3 (Tes 5 Qe )9, 4.2.4)

where T® and Q , are the torsion and the nonmetricity of w,’.

Proof. This proof can be easily done in components by using the decomposition
(2.4.60). For the first part we have:

e'uawubc = Wabe = Wabe +

1 1
5 (Tabc + Tcab - Tbca) + 5 (Qabc + cha - Qcab) (425)
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. 1 1 1
= Wape t+ iTa[bc] - §Tbca + Q[bc]a + §Qabc (426)
——
antisym. in bc sym. in bc

In order to include the full Levi-Civita part into the antisymmetric part we have to
ensure that W,y = 0. From (2.4.56), one can easily check that w, ) = %8agbc SO
it is enough to impose the metric g4, to be constant. Therefore, if dg,. = 0, indeed,
Walbd = Wabe — %Qabe or, in differential form notation, wy, = wpe — %ch.

The resulting object is wq,. up to a tensorial part, %Qabc, therefore w,;, is a con-
nection. It is metric-compatible by construction because it is antisymmetric and the
metric in the chosen frame is constant (see Proposition 2.55). Finally, the torsion can
be obtained by direct computation:

T = D% = d¥* + &,* A 9° (4.2.7)
1
= dY9* + wp* AO° — ina A9 (4.2.8)
a 1 a 1 a 1 a C
=T~ SQ° A 9 = §(ch — 5 QL) ). (4.2.9)
]

Notice that this relation is trivially invertible:
~ 1 ~ 1
A §Qb“ A9 & T =T + 5Qba AP (4.2.10)
Therefore we can redistribute the degrees of freedom contained in the connection as

b

wd e TUQu  w T'Qu o |@).Qu 4.2.11)

Indeed we will further split the nonmetricity as the Weyl vector (i.e., the principal trace
Qo = %Qccgab = Qgap) plus the remaining traceless part, Q,;, = Qgapr+ & up-
To sum up, we are going to consider the following splitting of the connection,

- 1 1
Wap = Wap + §anb + 5 Qab 5 (4212)

and, hence, the set of fundamental variables we will use for our Lovelock theories is
{g(lb7 ,0&7 G)ab7 Q7 Qab} under dgab = 0. (4213)
Let us also show the relation between the curvatures of w,” and @,":

Proposition 4.4. Consider a general geometry (Gap, 9, wa?) for which dge, = 0. The
curvature of w,” can be expressed in terms of the objects previously defined as

~ 1 1~ 1
Rab _ Rab 4 1 chA Qac + 5D Q(ab + §g“bdQ, (4214)
where R, is the curvature 2-form of &,°.

Proof. We use (2.4.74) with 2, = %Qab

w)

R,=R,+

Lo [t [te]  wam

R, +

- 1 1
D@+ §5ng +5 QLN Q e (4.2.16)

DO =
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Finally, since D is metric-compatible we can raise the indices here with no worries,
and that is the end of the proof.

In the Lovelock terms, only the antisymmetric part of the curvature is relevant. This
implies that the last two terms in (4.2.14) completely drop from the Lovelock invariants.
This has two main consequences: the first one is that no derivatives of (', appear in the
Lagrangian (it only enters polynomially), and the second one is that the Weyl 1-form Q
does not play any role in these theories. This last fact is a manifestation of the projective
symmetry [193],

wo’ = w4+ AL, (4.2.17)
that all of these terms exhibit in arbitrary dimensions. Indeed, this transformation in the
connection is nothing but a (local) shift of the Weyl 1-form.

To finish this section, it is important to highlight what we have done. We have taken
the connection and split its degrees of freedom into two objects (three, but Q disappears)
the metric-compatible connection w,;, and the traceless part of the nonmetricity 1-form
' o»- We have managed to re-express the Lovelock terms as Lagrangians of the type

~ D) ~ D ~

L (a0, 9%, R @at) = L (9 9", R (900, R @) (4218)
Now instead of the equation of motion of the connection, we have that same information
encoded into two variations,

05" _ oLy

=D— 421
@ ORGb’ (219
55® = (D)

S _ OLi , (4.2.20)
o Qab 0 Qab

whereas the equation of motion of the coframe remains the same since the change of
variables does not involve the coframe.

4.3 The Einstein-Palatini action inD = 2

4.3.1 Solving the theory

Consider the Einstein-Palatini action in D = 2 and in the absence of matter. In Section
3.4.4 we compute the equation of the connection in components (3.4.38),

1 . 1
Qv — Tppw — <Tu - §Q“ + Qu) v + (Tp — 2Qp> 9uv = 0. (4.3.1)

For D > 2 the general solution is Levi-Civita plus an arbitrary projective mode (3.4.39).
Nevertheless, in D = 2 the situation is degenerate and should be studied separately. First,
notice that in dimension 2, the torsion is pure trace, i.e.,

T, = 2T3,0" (4.3.2)

] )
In other words, WT* = 0 = ®T*. If we plug this into the equation of the connection

the trace of the torsion completely drops from the equation (i.e., the torsional degrees of
freedom are not constrained by the dynamics):

1 “ 1
Qp;w + <2Qp — Q,u) Gpv — inguV =0 (433)
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Tensor | Components in D dim. | Components in 2 dim. | Condition imposed by EoM
" iD?(D—1) 2 (pure trace) None
Qu D 2 None
Do iD(D+2)(D—1) 4 They are zero

Table 4.3.1: Splitting of the independent components of the connection in general dimension
and in D = 2. The last column shows the conditions imposed by the equations of motion of the
two-dimensional metric-affine Einstein theory. Observe that the indetermination of the trace
of the non-metricity holds in arbitrary D due to projective symmetry.

If we take the trace in ac we arrive at

Qu = 2Q,u (4.3.4)

And if we substitute this into our equation (4.3.3) we get

1
quu = Qngw/ . (4.3.5)

Hence, the nonmetricity is pure Weyl-trace, i.e., only the irreducible component 'Q,;, is
non-zero.

It is specially useful to introduce a couple of auxiliary variables and express
T, = A, — By, Qu =44, (4.3.6)
so that the general solution of the equation of the connection is
T’ = 2(A}, — B[u)él’/’], Qpuv = 24,90, , (4.3.7)

or, equivalently,

T’ =T’ + Aol + Byol — Blg,, . (4.3.8)

We thus find that the two-dimensional metric-affine Einstein term leaves the trace of the
nonmetricity and the (pure trace) torsion completely undetermined. At this point, it is
important to highlight that the pure-trace conditions for the torsion and nonmetricity
have a completely different origin. The first one is an intrinsic property of the irreducible
decomposition of the torsion in D = 2. However, the fact that the nonmetricity is equal to
its Weyl trace is derived from the dynamical equations of this theory.

Once the solution of the connection equation is known, let us look at the other dy-
namical equation. The curvature tensor constructed from (4.3.8) is

Ry™ = Ry + Fou (A)g™ + 4005, BN + 4B By, 6] + 2B, B0 57). (4.3.9)

where F),,, (A) == 20,A4,). Then,

R, = Ry + Fu(A) + g VaB», (4.3.10)
R®,, = —Ru + Fu(A) — guVaB, (4.3.11)
R=R+2V,B*, (4.3.12)
(4.3.13)
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and the coframe equation becomes:

, 1 .

R, — §gle =0, (4.3.14)
i.e., the Einstein equations, which are trivial in 2 dimensions. The reason is that the
Einstein tensor vanishes identically in D = 2. An easy way to see this is to use the result
that any 2-dimensional metric is conformally flat, g,, = e2¢(z)nw. Consequently the
expressions of the Ricci tensor and the curvature scalar are,

Ry = 0w VaV'e  R=2e"2@v,V ¢ (4.3.15)
SO 1
Guv = Ry — 5g,wziz =0. (4.3.16)

As a result of this analysis, the on-shell geometry depends on three objects, ¢, B,, and
A, which are related to the only independent components of the metric, the torsion and
the trace of the nonmetricity, respectively. All of them remain undetermined. However,
observe that, beside the trace (see Table 4.3.1), the nonmetricity in dimension 2 also has
a traceless part with 4 independent components, and this part is forced to be zero by the
equations of motion. This last result is crucial because it means that a field configuration
whose nonmetricity has a non-trivial traceless part, is not a solution of the variational
problem. Therefore, this Lagrangian cannot be a boundary term as long as the nonmetricity
is present. This fact will be explored in the next section by performing the splitting of the
connection introduced in the previous section.

4.3.2 The D = 2 Einstein-Palatini term is not a total derivative

In 2 dimensions, the splitting (4.2.12) (or, for the curvatures (4.2.14)) permits to rewrite
the Einstein-Palatini action in differential form notation as’

2_ 1 a pb a2 1 cabi -y L e X
S 2K/g b R(w) =S 2R/5ab[R (@) = 7 @UN@’|, (4317)

where we have used (2.3.13). Here we see maybe more clearly that the presence of the
Levi-Civita tensor &£, is what antisymmetrizes the curvature and, hence, eliminates the
Weyl 1-form, in agreement with the projective symmetry [9].

Considering an orthonormal gauge g., = 745, We find that
EpR™ = £,y do® = d(Egp @™) . (4.3.18)

In the first step we have used that &£,, @ A @.L = 0, due to the antisymmetry of both
E. and @ and the fact that the theory lives in D = 2 (the indices a, b and ¢ have to be
all different, but at the same time can only take values in the set {1,2}). In the second
step we used the fact that £,, = €4, (because the determinant of the anholonomic metric
is just a sign) and since ¢, is a constant object, d€,, = deg, = 0. The two-dimensional
Einstein-Palatini action therefore reduces to

~ 1 1
3 = 5r [[a€ns™) - few@ena]. (43.19)

T2

?Recall that S and S represent the same action but with different functional dependence:
5719.:9,0.Q) = 5779, 9,w(@, @)

Analogous notation will be used with the Lagrangian.
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which is not a boundary term, unless the connection verifies @ ,, = 0. It is only the
(traceless part of) the nonmetricity what spoils the topological character of the theory.

Finally, let us quickly re-derive the results of the previous subsection, but in the lan-
guage of differential forms. As can be directly seen from (4.3.17), the only dynamical
variable is (J',;. The corresponding equation of motion is:

0=0g- 5" /5 @ A — e ) = @y’ =0, (4.3.20)
whose only solution is the one we found in (4.3.5),

Guw=0. (4.3.21)

4.4 The Gauss-Bonnet-Palatini actioninD =4

In this section we are going to focus on the next Lovelock term, the Gauss-Bonnet-Palatini
Lagrangian, in its critical dimension (D = 4). Unfortunately, its dynamical equations are
already too complicated to be solved in full generality, as we have done for the Einstein-
Palatini theory in D = 2. However, as we will see, again it is the traceless part of the
nonmetricity ., what prevents the theory from being a boundary term.

The fact that Gauss-Bonnet-Palatini is not topological was already pointed out in
[219]. Our alternative proof is in complete agreement with those results. After the present
analysis, in Section 4.5, we will see how our proof can be straightforwardly generalized
to higher order Lovelock terms.

44.1 TheD = 4 Gauss-Bonnet-Palatini term is not a total derivative

We start by rewriting the action in terms of the new variables via the splitting (4.2.12) (or,
for the curvatures (4.2.14)):

L) = Eapea [R® AR - R“bA @Ing "+ Q‘“EA Q@NGING ] (4.4.1)

where we have used (2.3.13). The first term is the four-dimensional Euler characteristic
and can easily be written as a total derivative (see for example [98, 210]). If we choose
again the orthonormal gauge g,, = 145, We find that the Lagrangian is of the form

- (4 L 54 c L rae c
Ly = dC  Eupeu [ZRONQ@IN @ - SANQINGING ], (44

where .
C = &9, [Rab Ao + 2ol o Na fd} . (4.4.3)

One might think that there could be a way to re-express the last term as a total derivative.
It is true that one can extract other exact parts by making use of the derivative contained
in the curvature that appears in the first term inside the square bracket. However, it is
not enough to cancel all of the nonmetricity terms.

In order to see that indeed this Lagrangian is not a boundary term we are going to use
another strategy. It is well-known that a boundary term has trivial equations of motion
(0 = 0), namely, there are no dynamical conditions on the fields. In other words, any
possible field configuration is allowed as a solution. The strategy will actually be to find
a configuration that violates at least one of the dynamical equations, since the existence
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of such configurations implies that some of the fields are constrained. Consequently, the
dynamical equations cannot be reduced to 0 = 0 (at least not all of them).

The equations of motion of the auxiliary connection @,” and the traceless part of the
nonmetricity ¢ ., can be obtained from the general equations (4.2.19) and (4.2.20), and
the results are, respectively,

0=D [QCGA ch] , (4.4.4)
0= &40, GV A [Rcd —lgeng? ] . (4.4.5)

The first one has been contracted by another Levi-Civita tensor to eliminate the one com-
ing from the Lagrangian. This produces an antisymmetrisation in {ab}, which can be
dropped, because the combination @' .*A % is already antisymmetric.

Recall that the goal is to find a field configuration violating at least one of the dynam-
ical equations. For example, consider the following one

Jab=Nap, 04 =da?, @ ="+ falis?, @ =2a0?,  (44.6)

where f is an arbitrary function and the vector-valued 1-form a“ is defined by the fol-
lowing expression in terms of the Cartesian coframe {d¢, dz, dy, dz}(= 99),

a’ =¢ (5‘yldy + 5fjdz) . (4.4.7)

Note that this Ansatz is consistent with the fact that **” is traceless, since ooy = 0. Fur-
thermore, observe also that we can everywhere drop the Levi-Civita connection, since the
considered metric is the Minkowski one and the anholonomic (Latin) indices are referred
to the Cartesian basis of the space.
In addition, a® verifies
NG =a’Na’. (4.4.8)

With this in mind, it is not difficult to check that the Ansatz (4.4.6) violates the equation
of motion of @," (4.4.4):

D [Q"c“/\ Q‘bc} —d [aaAab] — 22 (5;52-525;) dtAdyndz # 0. (4.49)

It is worth remarking that this last inequality holds in the entire manifold, because the
chosen set of coordinates is globally defined. This result proves that the metric-affine
generalization of the Gauss-Bonnet term in D = 4 cannot be written as a total derivative,
since only some field configurations are allowed by the equations of motion.

4.5 The k-th order metric-affine Lovelock term in D = 2k

With the previous two cases in mind, it is not difficult to generalize the procedure to the
general Lovelock term in its critical dimension.

4.5.1 Proving that the theory is not a boundary term

The starting point is the Lagrangian (4.1.7) in critical dimension D = 2k. By using (2.3.13),
we get
L = g9, 1, R, A... A Ray . (4.5.1)

a2k —1
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Now we substitute the splitting (4.2.12) (or, for the curvatures (4.2.14)) and the Lagrangian
can be written as a power series in R and (J'A (' terms,

k

~(2]€) 1 k' Haa Da2m—102m
Ly =Eaone ) i eyt A A R (45.2)
m=0
A @zt fin gy aame2 AN ekt fmmn g a2 4.5.3)

The m = k term Ry, * A ... A Ry,, |
[222, 223]). This can be easily seen by using the Bianchi identity DR," = 0 to show that
it is a closed form and, hence, locally exact by the Poincaré lemma. For this reason, we
will ignore it in the subsequent computations, as it does not contribute to the functional
variations.

2k js in fact a boundary term [220, ] (see also

The equation of motion of @,” (4.2.19) is in this case

§52k) = 1 Ko .
gcam = gab(lS,..an Z:l qk—m m'(k‘ — m)l R™Y“ A . N R¥2m—192m A
m=

A D [ Q\a2m+1fl/\ anla2m+z A A Qxazk_lfk_mA ka_ ask | (4'5_4)

where we have taken into account the Bianchi identity DR, = 0.

As we did in the Gauss-Bonnet case, we are going to design a counterexample that
violates this equation. Consider the Ansatz

G =Ty, 9 =dat, @ =@, @ —2all) (45.5)
where 2¢ takes values in the set {z! = ¢, 22, ..., 2?*} and we have defined
a® =¢l (5§dx3 4.+ 5Skdx2k> , (4.5.6)

which is consistent with (', = 0. Similarly as in the Gauss-Bonnet case, this configura-
tion satisfies
Q@ANG* =a’Nad. (4.5.7)

Note that the connection & is flat (Rab ~R" = 0) and identically vanishing because
the chosen coframe is Cartesian. There are two important consequences of this: first we
have that D = d, and secondly that only the m = 1 term in (4.5.4) survives, as it is the
only one that does not contain R, Therefore, (4.5.4) becomes

550 k
ncaﬁcb = Eabag...agk F d QagflA Qf1a4 AA Q‘a2k71fk71/\ Q‘fkfla%] . (458)

If we now use the property (4.5.7), we get

k—1 &(2k)
—4 £ bas...as 6Sk
k2!(2k — 2)! ¢ S0

=d(a™ A... A a*)

— 2(k — 1)e* D42k —2)16l 53 dt AdaP Adat AL Ada® . (45.9)

Again, it is easy to see that this expression is non-zero in the entire manifold, except for
k = 1. Nevertheless, the case k = 1 was completely solved in Section 4.3, so in practice
we are only interested in £ > 1. In summary, by finding a field configuration for which
the variation with respect to @,b is not zero, we have extended the argument from the
metric-affine Gauss-Bonnet term to the general k-th order critical Lovelock term. We
have proved that none of the latter is a boundary term in the metric-affine formulation
due to the presence of nonmetricity.
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4.5.2 Exploring non-trivial solutions of the critical case of arbitrary &

According to the previous result, it makes sense to search for non-trivial solutions for the
critical metric-affine Lovelock theory of arbitrary order. We are going to come back to the
initial description in terms of the basic fields {gap, 9%, w,"}.

Let us stop for a moment and comment a little bit on the coframe equation. Consider
that the dimension is arbitrary in principle. Since the torsion does not appear explicitly
in the Lovelock term, the variation with respect to the coframe coincides with the partial
derivative (4.2.1):

55t oL
9% 99
If we expand the Hodge star in the definition of the metric-affine Lovelock term, we get

(4.5.10)

Ll(cD) = R™M% A AR™F192% A, o (4.5.11)

1
D=2kl Corambrboa

R AL A ROR-102k \ hbo-2k (4.5.12)
We see that the coframe appears just D — 2k times in this expression. Therefore, in the
critical dimension D = 2k, the Lovelock term only depends on the curvature and the
Levi-Civita tensor (which is a purely g,;,-dependent object). In conclusion, the equation
of motion of the coframe is trivially satisfied in the critical dimension,

5S’g2k) B
s =0. (4.5.13)

Consequently, we only have to solve the equation of motion of the connection (4.2.2),
which for the k-th Lovelock term reads

0=DE",.. b ARG, > N ... A Ra2k73a2k’_2 (4.5.14)
= 5glgca2---a2k—2ab + ot 5g2k_3ga1---azk—40a2k—2ab

+ 00, amegeb| @4 N RUD2 A A\ R2k-3020-2 (4.5.15)

By observing (4.5.15) one can easily obtain various non-trivial connections that are solu-
tions of the theory:

O Solutions for arbitrary k: In general, the equation is fulfilled by any connection
with & o, = 0 (i.e., the nonmetricity 1-form coincides with its trace Q). Note
that an interesting sub-case is the connection (4.3.8), that was presented in [Y] as
a particular non-trivial solution for the k¥ = 2 case, but conjectured to hold for
arbitrary k.

O Solutions for k£ > 1: For the second or higher order Lovelock critical Lagrangian,
in (4.5.15) there is at least one curvature multiplying the whole expression, so any
teleparallel connection (R.* = 0) is a solution. Indeed, we can infer a slightly more
general result: any connection fulfilling

@ ANRA=0 (4.5.16)

solves the equation of motion (4.5.15). For instance, the configurations we explore
in Chapter 6 with U = 0, belong to this class (see also the original publication [1]).
One can also find solutions of this kind by restricting appropriately the geometries
in Chapter 5.
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O Solutions for k£ > 2: In these cases, there are at least two curvatures in the equation
of motion (4.5.15). Hence, any connection with curvature of the form

Ry=a4 N3, (4.5.17)

for certain 1-forms ay, and 3, is a solution (since 3 A B8 = 0). One example in
this category is the Ansatz for the connection used in [224] in the context of grav-
itational waves in Poincaré gravity, where 3 is the dual form of the wave vector.
Other example is given by any metric-affine geometry satisfying the generalized
Lichnerowicz criterion (Definition 5.9) since, as a consequence of Proposition 5.10,
the condition (4.5.17) is guaranteed under such a criterion, with 3 the wave form k.

4.6 Maetric-affine extension of the Pontryagin and Nieh-Yan
invariants

If we now concentrate in D = 4, one may ask what happens with the other two boundary
terms used in Poincaré gauge gravity (zero nonmetricity): the Pontryagin invariant and
the Nieh-Yan invariant (see some complementary derivations in [219]). The idea is to see
if, contrary to the metric-affine Gauss-Bonnet term, they are boundary terms and can be
used to eliminate terms from the general MAG quadratic action ((3.4.1) and (3.4.3)).

The first one, can be easily generalized from the Riemann-Cartan case to the general
metric-affine case as follows:
Lpont: = R" ARy (4.6.1)

The same argument used in the Riemann-Cartan case applies in the metric-affine one:
the Bianchi identity of the curvature R,* makes the equation of the connection to be
identically satisfied as can be checked by direct computation (we use (3.3.18)):

(5SPontr o DaLPontr
dwa T ORG
This Lagrangian can be considered in the absence of metric and coframe, since it is only
connection-dependent. However, in the context of metric-affine geometry, the nonmetric-
ity is well defined and we can perform the splitting (4.2.12). By doing so, the Lagrangian
can be easily expressed as a total derivative:

=2DR," =0. (4.6.2)

RO ARy = d[Rab N + 1@ AD A DS+ L @PAD @+ LQAAQ.| . (463)
This permits to eliminate one term from the odd part of the quadratic MAG Lagrangian
in 4 dimensions (3.4.3).

The Nieh-Yan invariant in Riemann-Cartan geometry (i.e. zero nonmetricity) with
connection w,” is given by

Lyieh—van[w] = T* ATy + Oy A R =d(9, ANTY). (4.6.4)

This invariant is nothing but the divergence of the torsion axial vector, which is only a
vector in D = 4:

- /1
Lyich—yan|w] = Vi <§Twp€“”p’\>volg . (4.6.5)

Consider the same expression (4.6.4) in the metric-affine formalism (i.e., from now on
w,’ will have non-trivial nonmetricity). The result is not a total derivative as can be seen
for instance in components, due to the presence of nonmetricity:

1re
T ATy + Doy AR = 3 [VA(TupE) = QuuaTa 77 | voll . (4.6.6)
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In order to recover the same boundary term we have to move the nonmetricity term to
the Lh.s. of this equation. By direct computation, it is straightforward to check that

A0, AT = DWW AT?) = TANTy+ 9 AR® —TAQ,, NI (4.6.7)

This suggests the following generalization to the Nieh-Yan invariant to the metric-affine
framework:
Lyieh—van[w] = T* A (Ty — Q, N 9) + 9ap A R (4.6.8)

Notice that the contribution we need to add in order to recover a boundary term is linear
in the curvature, and quadratic in torsion and nonmetricity. Therefore, we can make
use of it to eliminate one term from the odd part of the quadratic MAG Lagrangian in 4
dimensions (3.4.3). Observe that this does not happen with the Gauss-Bonnet invariant,
since the necessary term in that case is quartic in the nonmetricity.

4,7 Conclusions

In this chapter we have focused on metric-affine Lovelock terms in critical dimensions
(D = 2k for the k-th order term). It is standard lore that these terms are topological invari-
ants when equipped with the Levi-Civita connection and also for a metric-compatible
connection. What we have shown is that this does not hold for general connections. To
be precise, it is the traceless part of the non-metricity ', = Q,;, — Qga» the responsible
for this violation of the topological character.

We showed that the coframe equation is identically satisfied in critical dimension, but
the equation of the connection imposes non-trivial restrictions. To prove that we have
proceeded in two steps. First, after assuming a constant metric by fixing the GL(D, R)
gauge, we split the connection in a very specific way in terms of two objects: its anti-
symmetric part (which is a connection in its own) @,’ and the traceless part of the non-
metricity. We showed that due to the projective symmetry the trace of the nonmetricity
disappears from the Lagrangian, so we can ignore it from a field-theoretical point of view.
In the second step we provided an explicit configuration that violates the equation of mo-
tion of @,”. This implies that there are restrictions in the space of fields (i.e. the space of
fields does not coincide with the space of solutions) and, consequently, the associated
Lagrangian cannot be a boundary term.

It is worth mentioning that this general result was obtained after a case by case study.
In particular, we first analyzed the lowest order case, the Einstein-Palatini action, for
which we found the most general solution. The corresponding geometry can be de-
scribed by just a function ¢ (related to the conformal class of the metric g,,,) and two
1-forms that parameterize a general 2-dimensional connection with vanishing ;. This
last constraint, is an indicator that the Lagrangian cannot be a boundary term. The anal-
ysis we made for the Gauss-Bonnet-Palatini case is in agreement with our previous work
[9] and [219], and was extended to the general critical metric-affine Lovelock term. Re-
garding the solutions of the theories with £ > 1, the equations are too complicated to
be solved in general. However, from the equation of the connection some non-trivial
families of solutions can be obtained for different values of k.

In conclusion, in the metric-affine formulation, one should be careful when using
Lovelock terms to rewrite curvature invariants in terms of other ones through integration
by parts, since additional terms depending on the traceless part of the non-metricity come
into play. A similar analysis (that does not appear in the paper [3]) for the metric-affine
extensions of the Pontryagin and Nieh-Yan invariants has been presented in this chapter,
in agreement with [219]. The result of this study is that only the first one is a boundary
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term, although the generalization of the Nieh-Yan invariant also allows to eliminate a
term from the quadratic MAG action.

Limitations of this work/future directions

O To further split the traceless part of Q,, in its three irreducible components and
understand the role of each of them in the destruction of the topological character.

O It would be interesting to investigate the full Lovelock theory including all the
terms with £ < [D/2], and look for non-trivial solutions of it. However, the strong
restriction that the Einstein-Palatini term imposes, suggests that Levi-Civita plus a
projective mode is the only solution allowed in such theories.
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Generalizations of GW geometries to
metric-affine formulation

General relativity is certainly a very beautiful theory, but how does one judge the
elegance of physical theories generally?

— Roger Penrose, “Fashion, faith, and fantasy
in the New Physics of the Universe”, p. 7.

In this chapter we are going to analyze different criteria used in General Relativity to
characterize spacetimes that contain gravitational radiation. We will explore their extrap-
olation (from a kinematical point of view) to the metric-affine setting and see applications
to a particular geometry.

5.1 Introduction

In the last few years, the gravitational wave research has experienced an important de-
velopment due to the recent detection of the first gravitational wave signals [13, 14].
Interestingly, in purely metric geometry (zero torsion and zero nonmetricity), there is not
a general covariant definition of what does it mean for a metric to represent a spacetime
with gravitational radiation (e.g. in terms of certain property of its curvature). We have
instead different criteria and conditions, as well as known geometries such as Kundt
spacetimes, where we can find e.g. hypersurfaces playing the role of wave fronts [225,

]. Many of those criteria are collected in [227] (see also [161] for a summary of some
of them). Moreover, these criteria are constructed in the context of General Relativity, so
when going to a generalization we have to ensure that the differential equations satisfied
by the metric continue being compatible with the criteria. We are not going to address
this aspect here, and just try to make a kinematic generalization (without referring to any
particular theory).

The already mentioned criteria for gravitational wave metrics are usually conditions
on the Riemann tensor associated to it or, to be more precise, to its Levi-Civita connection.
Therefore, they can be seen as a natural window to explore generalizations of these cri-
teria, simply by considering their application to curvature tensors that come from other
connections different from the Levi-Civita one. Indeed, if we consider a broader notion
of curvature within a gauge theoretical context, the torsion, which appears related to the
field strength of the translational part, can be regarded as a curvature as well and, hence,
it can be subjected to these conditions. This way of extending the metric criteria is the
idea we are going to explore in more detail throughout the following sections, focusing
on one particular criterion with an interesting meaning.

Finally, we would like to recall that exact gravitational wave solutions have been al-
ready explored in metric-affine geometry [172-152]. In our study, we will try to gener-
alize the geometries used by Obukhov in [174, ] but, as we previously mentioned,
respecting some criteria that can be obtained from the Riemannian ones by making a
reasonable generalization.
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5.2 Gravitational waves in Riemannian geometry

5.2.1 Transversal space

Given a lightlike vector field £#, in order to define the transversal space we need to intro-
duce another lightlike vector I#l, = 0, such that k*[,, # 0. Since the normalization for a
null vector is arbitrary, let us consider without loss of generality that the field I* verifies

ki, =1. (5.2.1)

Definition 5.1. (Transversal). Given a lightlike congruence with velocity k* and an-
other non-colinear lightlike vector /* that satisfy [,,k* = 1, the orthogonal

(spang {k*d,, 1"8,})" , (5.2.2)

is called transversal space of the congruence (with respect to [*). We will say that a
tensor H##r, . is transversal if the contraction of any of its indices with {* and k*
vanishes.

At this point it is useful to introduce the projector onto the transversal spatial slices
(see a more detailed explanation in [225]),

Im*, =68 — k*l, — ¥k, , (5.2.3)
that allows us to extract the transversal part of any tensor, which we will denote as!

HW oy =TIV - HWpH(SA o HOP s (5.2.4)

5.2.2 Null congruences and optical scalars

Let us now present some quantities that characterize the behavior of a given lightlike
congruence with velocity k*. Consider the tensor

BY, =V k. (5.2.5)

Its transversal part can be decomposed as?

Buu =Wuy T o + H,uzzea (526)
where we have introduced
Wpy = B[;w] s (527)
1 v
Opy = E(,ul/) - HM,,G . (529)

In general, we will use the underlined notation throughout this thesis to indicate transversality (or some-
thing related to it): underlined tensor components means (as we have just defined) total transversal part;
underlined tensor-valued differential forms are transversal in the internal indices (not necessarily in the
external ones); underlined indices (next chapter) are (spatial) indices raised/lowered with the signature-
(4, +, +) part of the transversal metric, etc.

2We absorb the factor (o — 2)72 of the trace part into the definition of 6, as it is usual in the literature.
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called, respectively, the twist tensor, the expansion scalar and the shear tensor, and whose
expressions in terms of k*, [ and the projector I1#, are collected in the Appendix D.2. For
a given [, this decomposition is unique. Making use of these objects one can construct®

[ 1

w = ﬁwuyw’“’, (5210)
1

lo| =4/ . 20#,,0“”. (5.2.11)

The objects {6, w, |o|} (expansion, twist and shear) are known as the optical scalars of the
congruence.

Definition 5.2. (Normal congruence). A congruence is normal if there exists a family
of hypersurfaces orthogonal to the curves of the congruence.

A very interesting result is the following [229]:

Proposition 5.3. In a pseudo-Riemannian manifold (M, g), any normal lightlike congru-
ence is pre-geodetic. Therefore it can be reparameterized to get a geodetic congruence.

Proof. See Appendix D.3. |

Due to this result, we concentrate on geodetic congruences for which the optical
scalars are given by

0 = ﬁ@glﬂ” =5 i 5 sen(g) xdxk, (5.2.12)
1 , 1
W2 = ﬁamk‘y]ﬁﬂk = 30 _9) sgn(g) * (dk A *dk) , (5.2.13)
1 = 5 1 o o
01 = =5 Viuk) VI =02 = —— [e(uD ey k) | D (e k)| — 62, (5.214)

We end this subsection on optical scalars by remarking a very useful property of light-
like congruences that relates the nullity of the twist with the existence of wave fronts (see
[225,226,2530] and [231, p. 59]):

I Proposition 5.4. A lightlike geodetic congruence is normal if and only if the twist w van-
ishes.

Proof. See Appendix D.4. |

More information on twist-free solutions of pure radiation can be found in [226].

Note that the quantities w,,,w"” and ¢, c"" are non-negative due to the transversality of w,,, and o,
This can be easily seen if we go to the basis that diagonalizes the transversal metric. If we call —g;(< 0) the
eigenvalues of the transversal part of the inverse metric, then:

D D
W = 3" gig;(wig)? 20, owet = gigi(0i;)” > 0.
i,j=3 1,J=3
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5.3 Kundt and Brinkmann spaces

Now we focus our interest in the concept of plane-fronted waves. Kundt defined them in
[225], a definition that was also presented in [231, p. 85-86] together with a theorem that
introduces a characterization: a plane-fronted wave is a vacuum field that admits a normal
null congruence with |o| = 6 = 0. Observe that, as a consequence of Propositions 5.3
and 5.4, the congruence of a plane-fronted wave is pre-geodetic (so it is geodetic after an
appropriate reparameterization) and, additionally, w = 0.

These definitions correspond to “vacuum solutions” of General Relativity, which might
not be solutions for other more general theories. Since we are interested in spacetimes
defined in a theory-independent way, we start by introducing:*

Definition 5.5. (Kundt space). A Kundt space is a Lorentzian manifold that admits a
geodetic null congruence with |o| = 0 = w = 0.

Every point in a Kundt space admits a coordinate chart {z*} = {u, v, 22, ...,2°71} (a
Kundt chart) in which the line element is expressed:

ds? = 2dudv + H(u, v, z)du® + 2W;(u, v, z)dudz’ + 9ij (u, z)dz'dz7 (5.3.1)

where 4,5 = 2, ..., D — 1 and g;; is the spatial metric with signature (—, ..., —). We have
then a local foliation by spacelike surfaces, those with constant u. The expressions for
the Christoffel symbols, Riemann and Ricci tensors can be found in [232] or [233, p. 230-
231]. Solutions of this kind in different backgrounds (e.g. with and without cosmological
constant) are given in [234, chap. 18] and [235, chap. 31].

Observe that the coordinate field 9, =: k*38,,, which satisfies
kb =0, kPV k=0, (5.3.2)

is indeed the velocity field of the congruence that appears in the definition. Moreover,
note that 0, is not a covariantly constant field with respect to V,

ﬁ,ukp = f‘;wp = (gpuavg,uu + gpiavgm) 7é 0, (533)

N

i.e., the tensor B,,, defined in (5.2.5) is not trivial for Kundt spaces. This expression van-
ishes if H and W; are independent of the coordinate v. This is a well-known particular
kind of Kundt spaces called Brinkmann spaces [236]:

Definition 5.6. (Brinkmann space). A Brinkmann space is a Lorentzian manifold that
admits a non-vanishing vector field £#8,, which is lightlike and covariantly constant
with respect to the Levi-Civita conection, namely

k=0 and V,k"=0. (5.3.4)

If we introduce the associated 1-form k = k,dz*, these two conditions can be written
in the exterior notation, respectively, as

kAxk =0, Dk® =0. (5.3.5)

“Note that no allusion to vacuum has been made.
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In an analogous way as for the Kundt case, there is a coordinate chart we can always
find, {z#} = {u, v, 2%, ..., 2271} (Brinkmann chart), that allows to express the metric (see
for example [237]):

ds? = 2dudv + H(u, z)du® + 2W;(u, z)dudz® + gij(u, z)dzidz7 . (5.3.6)

Moreover, H or W; (but not both) can always be set to zero with an appropriate redefini-
tion of the spatial coordinates {2'} (see for example [26]). From now on, when we refer
to the Brinkmann metric we will take W; = 0, so the metric becomes block-diagonal.

Definition 5.7. (pp-wave). A plane-fronted wave with parallel rays (or pp-wave) is a
Brinkmann space admitting a coordinate chart such that

ds? = 2dudv + H(u, z)du® — §;;dz'd2’ . (5.3.7)

By calculating the Einstein tensor of (5.3.7) it is straightforward to prove that this is a
vacuum solution of the Einstein equations if and only if H is a harmonic function of the
transversal coordinates,

§90;0;H (u, z) = 0. (5.3.8)

This condition obviously will no longer be true in more general theories. Indeed, in
Chapter 6 we will find solutions of quadratic MAG that violate this condition.

5.3.1 Criteria for gravitational wave spacetimes

As we have already mentioned, there are many different attempts in the literature trying
to (covariantly) characterize spacetimes with gravitational radiation in General Relativ-
ity. These approaches are based on a previous analysis of the Einstein equations and the
existence of characteristic submanifolds (wave fronts) and bicharacteristics (rays). Sev-
eral of these criteria are extensively studied in [227]. Based on that reference and the
overview in [161], here we present some of them:

O Pirani criterion. We will say there are free gravitational waves in an empty region
of a spacetime if and only if the curvature there is type II, III or N in the Petrov
classification.”

O Lichnerowicz criterion. For a non-vanishing curvature R." # 0, wewill say there is
gravitational radiation if and only if there exists a non-vanishing 1-form k = k,dx*
satisfying

components

kEAxR, =0 KPR a’ =0, (5.3.9)

b=0. (5.3.10)

kA foiab -0 components k‘[u ]o%,/p]a
Lichnerowicz proved that these two conditions, under the hypothesis j%ab #0,im-
ply that £* is both lightlike and geodetic [227]. For example, the lightlike condition
is immediate contracting (5.3.10) with £* and then substituting (5.3.9). In addition,

another consequence is that the curvature can be written:

o

Rypy = bupkukiy + bonkuk, — bunkuky — bupkuky & Ry = 4b, Pl kY,
(5.3.11)
for some symmetric tensor b, = b(,,,,) with the property kb, = 0.

>See the original formulation in [238].
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(O Zel’'manov criterion. We will say there is gravitational radiation in a spacetime
region if and only if the curvature of this region is not covariantly constant, i.e.
%aéwjab # 0, and verifies the following covariant generalization of the wave equa-
tion

VoV Ruwa’ = 0. (5.3.12)

This condition is formulated in terms of a particular connection (Levi-Civita). An-
other criterion very similar to this one but formulated independently of any con-
nection is the Maldybaeva criterion, which is based on a special (metric dependent)
operator that acts on differential forms:

(O Maldybaeva criterion. We will say there is gravitational radiation in a spacetime
region if and only if the (non-trivial) curvature 2-form satisfies the wave equation

A mRL =0, (5.3.13)

where A? .o := dég + d4d is the Laplace-de Rham operator.®

In the context of General Relativity one can easily find the following relations between
these criteria for the particular case of Einstein spaces:

Proposition 5.8. Relations between criteria for Einstein spaces.

Let (M, g) be an Einstein space, i.e., one satisfying R,,,,” = cg. for some real constant
c. Then, the following statements hold:

O In vacuum (¢ = 0): Lichnerowicz criterion < Petrov type N.
O Maldybaeva criterion < vacuum (¢ = 0) and Petrov type N.

O Zel'manov criterion = vacuum (c = 0) and Petrov type N.
The converse (vacuum +IN = Zel’'manov) is also true with only the metrics [227, eq.
(7.12)] as exceptions.

The result is the following diagram for the criteria we have seen in the case of Einstein
spaces:

Zel’'manov : Pirani (N) + vacuum < Maldybaeva

i (5.3.14)
Lichnerowicz
+vacuum

where * denotes that there are two exceptions. For non-Einstein spaces, the relations
become more obscure.

Finally, it is worth mentioning that there are other criteria, such as the ones by De-
bever, Bel, etc. More information about them can be found in [227].

SHere, &4 is the codifferential of d with respect to the Hodge star operator of the metric g. It is generally
defined (up to signs that depend on the convention) as ¢4 := (sign)  dx.
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5.4 Extension to metric-affine geometries

In the previous section we have seen that there are different criteria to classify or cate-
gorize metrics in a gravitational wave type. However, in a metric-affine framework we
have an additional field, a linear connection I';,,” (or equivalently wuab), and the idea now
is to analyze how can we restrict in a reasonable way an arbitrary connection to explore
gravitational wave scenarios in these theories.

We start by recalling that Petrov types are based on the classification of the principal
null directions of the Weyl tensor. Therefore, a generalization of the Pirani criterion could
be possible by understanding the behavior of the irreducible part "W, of the new cur-
vature, which is the one that reduces to the Weyl tensor in a Riemannian geometry [95].

For the Maldybaeva and Zel’'manov criteria one could generalize the differential op-
erator, the curvature or both. Actually, when working either in MAG or in PG gravity,
the field strengths are the curvature R,? and the torsion T of the connection, so another
possibility might be to apply the criterion to both objects.

Finally, we examine the Lichnerowicz criterion for gravitational waves. If one checks
in detail electromagnetic wave configurations in classical Maxwell theory, it is easy to
see that the curvature form F = %Fyydx“ A dz¥ associated to A, satisfies the analogous
conditions

kKAF=0, KkAxF=0. (5.4.1)

If we now look at these equations in components,
ki F,p =0, E'E,, =0, (5.4.2)

we realize that they essentially encode the well-known radiation conditions for the elec-
tromagnetic field,

)

Kt ,
Eijk@Ej = (51sz . (543)

Sijk' BV = 6;;k'B =0,
After this motivation, and inspired by’ [224] and [239] we are going to focus on the
Lichnerowicz criterion and its generalization to a metric-affine geometry imposing the
corresponding conditions over our curvatures. Considering we are working in a MAG
framework, we define the following generalization involving both fieldstrengths:

Definition 5.9. (Generalized) Lichnerowicz Criteria

1LCR kAR, =0 S kjuBypa® =0,

2LCR kA xR, =0 components K Ryua’ =0, (5.4.4)

1LCT kAT =0 e kT =0,

2LCT kA+T® = 0 components KAT,% = 0. (5.4.5)
7Although, in [239] the authors use a different generalization: they contract &£ with the internal indices:

kaRul/ab - 07 R,u,u[abk'c] = 05 kaT,uua = 07 Tuu[akc] =0.
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Now we provide an important general result which allows to express the curvature
and the torsion form under these conditions in a very special way.®

Proposition 5.10. Consider a lightlike congruence with velocity k*. Let k = k,dxz" be
the associated 1-form and 1 another lightlike 1-form such that [*k, = 1. For an arbitrary
tensor-valued 2-form a, b, the following results hold:

1. Ifk A a, b =0, wecan express
aa...bm — kA (Sa...bm 1 _’_gamb...) ’ (54:6)
where s, Y is a tensor-valued 0-form and Qamb'" is a tensor-valued transversal 1-

form.

2. If k Axag, b =0, then

" =kAB. ey b (5.4.7)

Q...

for certain tensor-valued transversal forms gamb“' and v, o,

3. If the two conditions of the previous points are fulfilled, the 2-form reduces to
" =kABL (5.4.8)
and the following quadratic condition is satisfied,’

o U Axae T =0 (ozu,,a,,_b“' v, 4 = O) : (5.4.9)

Proof. We drop the external indices for simplicity. An arbitrary two form can be
decomposed:
a=skANl+EANB+ING +7.

where 3 and @’ are transversal 1-forms and 7 is a transversal 2-form.
1. The condition tells 0 = k A o = k AL A B’ + k Ay so, by linear independence,
B'=v=0.
2. 0=kAxa=—x(—sk+ ), whichis trueif and only if s = 8’ = 0.

3. They are immediate consequences of the previous results.
|

Consequently, a metric-affine geometry satisfying the generalized Lichnerowicz criteria
(Definition 5.9) fulfills
Ry =k AN ay, T =k A B°, (5.4.10)

for some tensor-valued transversal 1-forms a,;, and 3“. Notice that the condition for the
curvature guarantees that this is a solution of the equations of motion of the metric-affine
Lovelock term with k& > 2 in its critical dimension (see Section 4.5.2).

8From now on transversal means transversal to the congruence generated by k with respect to I. Notice
also that the differential forms that appear in the following proposition are not transversal in their Latin
indices, but in their internal (coordinate) indices, which are hidden in this notation.

? Applied to electromagnetic waves in Maxwell theory, this quadratic condition lead us to F' A F = 0,
namely F,, F*¥ = 0, that corresponds to the equality 6;; E'F? = §;; B'B7.
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5.5 A particular case: analysis

5.5.1 Generalities
Metric structure

Due to its simplicity, we are interested in a spacetime metric of the Brinkmann type,
ds® = 2dudv + H(u, z)du® + gij (u, z)dztdzd . (5.5.1)

As we have seen previously, from this metric we can obtain two relevant (dual) objects.
The first one is the wave vector k"0, := 0,, that points towards the direction of propaga-
tion of the wave. It is autoparallel with respect to V and lightlike by definition of the v
coordinate. The other one is the exact form

k = k,dz" =du (5.5.2)
o

which we will call the wave form.
In addition, consider the 1-form

1
l=1,dz" = §H(u, z)du + dv. (5.5.3)

It is not difficult to see that it is lightlike and verifies [,k* = 1. Clearly, the transversal
space of the congruence generated by k* with respect to [ is the one generated by the
coordinate vectors in {z'} directions,

TpyM = spang {d;|,}—, C TpM. (5.5.4)

Coframe

In a theory with GL(D, R) freedom, normally fixing the anholonomic metric g, to be
Minkowski is quite convenient. This choice is indeed the one we will make in the next
chapter. However, when dealing with gravitational waves, there is another gauge that
can be also quite convenient: a lightcone gauge for the first two directions and an orthonor-
mal gauge for the transversal space. In this chapter we will make use of this one. Therefore
(we use A, B... for the transversal anholonomic indices),

g =020 +9'@09° — 5,59 9% =g, 09", (5.5.5)

There are several coframes compatible with this gauge. But one special coframe (we will
call gauge basis) that makes this possible for the Ansatz we have taken for the metric (5.5.1)
is:

9 =k =du,
{99} = 9 =1=1Hdu+dv, (5.5.6)
94 = e; Az
with dual frame
ey = —%Hav + Oy,
{ea} =41 e1 =9y, (5.5.7)
esr =¢e'p0;
where the Vielbeins e;4 (u, z) satisfy
— (5ABeiAejB = gij el pe;t = 51‘3 eiAejA = 5;» . (5.5.8)
'"From now on we choose the orientation €, ,, 2. .o-1 = 1/|g].
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In this chapter we will try to work always with D-dimensional indices and avoid using
the indices A, B.... For this purpose, we define the transversal coframe,

0% = 5494 . (5.5.9)

Observe that, as the name suggests, these objects only cover the transversal part of the
cotangent space (orthogonal to the 1-forms k and I). Using this, an arbitrary element of
the coframe can be expressed

9% = 1% + k°1 + 9, (5.5.10)

The anholonomy two form associated to this coframe and the Levi-Civita connection 1-
form of the metric are given by,!!

1 1
Ay = <—2ka8bH + Qb“> kA9°+ §chagb A, (5.5.11)

° c 1
Wab = (Q[G’Hkb] N Q[ab]) k— QQ(Cd) 5d kb]ﬁ - 5 (Qcab + cha - Q

la

) 9° (5.5.12)

abc

where we have defined the transversal objects

0, = 0210, = (82 — 1%k, — Kb1,)0,, (5.5.13)
Q.0 =68l 55507, (5.5.14)
Q¢ = 6865650802 . (5.5.15)

Connection

Based on the connections used in [174, 224], we start by analyzing the following general-
ization
Wad = ‘:‘Jjab + (Cabkc + ,Pcab)’l9C + kakbA + gabB 5 (5516)

where A = A,9° and B = B,9" are in principle general 1-forms, and C,; and P4, are
arbitrary tensors satisfying

Cab = C[ab} ) Pcab = Pc[ab] ) kcpcab =0= lcpcab . (5517)

wap, as a whole, is completely independent of the metric. However, in this chapter we
are going to decompose it into Levi-Civita plus distorsion in order to work in terms of
the tensorial objects Cyp, Peap, A and B,. Of course, the objects Cyp and P,y are somehow
metric-dependent because of the extraction of the Levi-Civita part. The actual explicitly
metric-independent expression of the connection is

wap = (Capke + Peap)9¢ + kakp A + g B, (5.5.18)

where
Cab = Cab + Oja Hkp) — Qa (5.5.19)
Peab = Peab — 22 (ca)0f ke — % (Qeap + Loca — Lape) - (5.5.20)

In a strict gauge setting (e.g. in the next chapter in which we are going to explore so-
lutions), it is convenient to work in terms of C,” and P’ because they contain purely

"Note that the last term, —1(Q_,, + Q.. — Q,s.), is indeed the Levi-Civita connection 1-form w_,, asso-

=Zabc

ciated to the metric g;; of the transversal sections.
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information about the connection (and not the metric or the coframe). However they do
not transform tensorially, and, for the present study, we found it convenient to work in
terms of the tensors.'?

For future purposes we introduce the following decompositions

Ay = Ay + Al + Akg, (5.5.21)
B, = By + Bl, + Bk, (5.5.22)
Cab = Cap + 2C),ly + 2C Ky + 2Ck 1) (5.5.23)
Peab = Peab + 2Pualy) + 2P,k + 2Pckioly) (5.5.24)

where the tensors A,, B,, Cyy, C., Cub, P, Py, P., and Pqp are totally transversal. The
curvature, torsion and nonmetricity as well as the irreducible decomposition of the last
two are collected in Appendix E.1.

Summary and Lichnerowicz criteria

Putting together all of the structures described in this section we have the following ge-
ometry

g=9"09 +9' @9° - 64594 ® 97
1 .
9° = {00 —k=du, 9'=1= H(u )dutdv, ¥ =e(u, z)dz’}
Wah = Lf)ab + (Cabkc + Pcab)ﬂc + k/‘akbA + gabB . (5525)

Theorem 5.11. For a geometry of the type (5.5.25), the condition 1LCT is equivalent to

~

OZPc:Pca:P[cd} :B[cd}a:BZEa; (5.5.26)

the condition 2LCT is equivalent to

Ozéa:pca:B7
Ozﬁc*Pca
0=A+C-B; (5.5.27)

the condition 1LCR is equivalent to

0=kAdB,
0= e'ae’y0 A5 + 241, Py,

=J

0=0,4, — 9, A+ 2AP,,

0= PabAv

0= A[an]c )

0= 81,736(11, (: k?dvdpcab) )

0=v9%A0° (%[dlpc]ab + P[d|ebp|c]ae) : (5.5.28)

12At the end of the day, the equations of motion of a covariant metric-affine Lagrangian can be written in
terms of the curvature, the torsion and the nonmetricity that can only depend on the combinations C., and
Peap, due to their tensorial nature.
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and, finally, the condition 2LCR is equivalent to
0 = 0uCab (= k*VaCas) ,
0= 9y Peab (= K"V Peas) ,
0 = 20,4, +2CA = 9, (A . %Hfl) — 9,A+204,
0= 0vAs — 0aA + 2AF,,

0=CLA,
0=P,A,
0=08,B; — 0,3,
1 . .
ozz%BM:&(B—gﬂB)—@B. (5.5.29)

Proof. It follows straightforwardly from the application of Proposition 5.10 to our
particular torsion and curvature 2-forms (see Appendix E.1). |

Moreover, combining the four conditions we easily arrive at

Corollary 5.12. For a geometry of the type (5.5.25), the generalized Lichnerowicz criteria
for torsion and curvature (Definition 5.9) is verified if and only if

OZPc:pca:P[cd]:B[cd]azézﬁa:éa

0=A+C-B,
0=0yB = 0,Cap = 8vacab,
0= avAa - QQA7

0:8U<A—%HA) — 9, A +204,

0 =04, ,

0= 9 A 9° (%[dgc]ab + 2V Pk + 2Pk Py, + g[deagc}eb) . (55.30)

As can be proved, the connections chosen in [174, ] are LCR but not LCT, since
the condition 0 = A 4+ C' — B is not satisfied. For future convenience and due to we are
interested in doing part of our calculations generalizing the geometries in those papers,
we introduce the abbreviation LCT* for those connections satisfying all of the conditions
except that one. In addition, to make the violation of the LCT as explicit as possible we
introduce the scalar function

Y=A4+C-B. (5.5.31)

At this point, it is not difficult to see that under LCT* the violation of the quadratic con-
dition for the torsion is indeed proportional to the square of it,

T AxT? = —Y?k°k" vol,, . (5.5.32)

Recall that for our Ansatz, vol, := 1 = /|[g|du A dv A dz?... A 2071

5.5.2 Subcase: pp-waves and other simplifications

We are going to restrict further the theory by imposing two simplifications, one in the
coframe (equivalently in the holonomic metric g,,,) and the other in the connection.
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Metric and coframe

First we take the pp-wave case (see Definition 5.7), i.e., we will assume the transversal
space to be only u-dependent g;;(u, z) = g;j(u), consequently there should be a redefi-
nition of the transversal coordinates z¢ such that gij becomes diagonal. Because of this,
consider the case ;

ds? = 2dudv + H(u, z)du® — 5¢jdzidzj . (5.5.33)
In the metric-affine context where we work in terms of the coframe, this is equivalent to
et =01 o 9r=51d. (5.5.34)
Now, the anholonomy gets simplified and only il = — %&-H survives, i.e.
do? = —%k“Qka: A9, (5.5.35)
SO
Q. =0Q,°=0. (5.5.36)

Proposition 5.13. In the gauge coframe, the Levi-Civita connection 1-form of the pp-wave
metric is:

Wap = O Hkyk = 0|, Hkyk & Wpab = k0o Hky) - (5.5.37)
Proof. Obtaining w,, = 9|, H ky k is immediate starting from (5.5.12). To see the rest
we need to expand the transversal derivative,
o Hky = (6[Ca| — °kq) — Kja))OcHkpy) = Ojg Hky) -

When working with indices in the gauge base (because the connection is a non-
covariant object under frame transformations), we have

keay = 0, (5.5.38)
IWeab = O Hky (5.5.39)
@ea® = ¢%0car = 0. (5.5.40)

Consequently for any totally transversal tensor S, “,

Qaﬁab...cm = aaﬁab...cm = 6a§ab...cm = 6a§abmc... = aaﬁab...cm = QaSab...cm . (5541)

Let us insist on that these equations are only true in the gauge basis because 0.9, = 0
in that particular frame and, as a consequence of our basis choice, k,, l,, k* and [* are
also constant. If we change the frame, the new anholonomy coefficients would enter the
game.

Another consequence is that the covariant derivative of [* can be written in the fol-
lowing covariant way (valid in any frame, not only in the gauge basis),

. 1
V1% = 5/-cc(kazb — ¢®)0,H (5.5.42)

which implies
V. i¢=0. (5.5.43)
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Finally we present the Levi-Civita curvature and its irreducible parts in the gauge
basis which gives

Ry = 9.0, Hkyd° N ke, (5.5.44)
. 1
(I)Wab = <aca[aHkb] - D_Zaeaer[bga}c> Qc /\ k 3 (5545)
OW oy = ﬁQeQer[bga]cﬁc ANk, (5.5.46)
OW 4 =0. (5.5.47)

The non-trivial ones can be covariantized as follows

Ry = VO Hky9° Nk, (5.5.48)
. . 1 =

OW o = (Vca[aHkb] — HVZHk[bga]c> 9Nk, (5.5.49)
. 1

OW ) = mvsz[bga}cﬂc Nk, (5.5.50)

(now the Latin indices refer to any basis). These are totally GL(D, R)-covariant equations.
Note that ] ] )
kaRab = ka(l)Wab = ka(4)Wab =0. (5551)

Connection

In addition to the pp-wave condition we also impose on the connection the following
metric-independent restriction in the gauge basis,

P = 0. (5.5.52)

Note that we specify the basis because P, is not a tensor and this condition only holds
in very particular frames. This, together with (5.5.36), imply that P.,; = 0 and, therefore,

Wap = Wap + Capk + kokp A + g B, (5.5.53)
whose torsion and curvature get simplified
T =C.k NI+ k*A Nk + B A9,
— |~Ck" = & — Ak" + B — BI*| k A
Gt + Cok® 4 O — KA+ BOE — B k9
+ [Boz - Boke| 1 n 97 + B9 p 0" (5.5.54)

R’ =R, +DCL Nk + ko k’dA + 2dB
= R’ + DC° Ak + kok®dA + 6°dB — ko (koC" + K°C,Ok A A, (5.5.55)

while no changes in the nonmetricity have been made with respect to that of the connec-
tion (5.5.16) (see Appendix E.1). More details on them and their irreducible decomposi-
tion are presented for completeness in Appendix E.2.
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Summary and Lichnerowicz criteria
Again we summarize the geometry we have considered in this section,
g=9"09"+9' ©9° - dapd* @ 9"
0“:{0W=k=dm 01:l:%Hﬁ%ZMU+du 0A:5ﬁuﬂ

Wap = Wap + Capkc9° + kokpA + g B . (5.5.56)
In this case, the generalized Lichnerowicz criteria give essentially the same as in Theorem
5.11 and Corollary 5.12 but setting P. = Py, = Pap = Pape = Pape = 0.
5.5.3 Further restrictions

Finally, we consider an additional restriction of the subcase treated in the last section.
The metric and the coframe continue being the same, but we consider the connection to
be subjected to the following constraints

C=Cu), B = Bk,

Co=0, 0=0pAq — oA,

Co = Cul(u, 2), oza(A—%HA)—mA+2a&

Cap = Cap(u), 0=0,4;. (5.5.57)

A few remarks:

(0 We have as an immediate corollary dB = 0.

O The Levi-Civita part remains the same as in (5.5.56). So the Riemannian curvature
is purely Weyl ("W ;) and Ricci (YW ), while the curvature scalar vanishes.

3 This configuration together with the conditions
Co=Cp=C=B=0 (5.5.58)
reproduces the Ansatz for the connection in [174]. If, instead, we impose
Ag=A=A=Cyp=C=B=0, (5.5.59)

we obtain the one in [224].

Theorem 5.14. The geometry (5.5.56) together with (5.5.57) satisfies both LCR and LCT*.
If, additionally, ) = 0, then the full generalized Lichnerowicz criterion is fulfilled.

Let us now focus on the basic tensors associated to the connection and the properties
they acquire under (5.5.57). From now on we will use (5.5.31) to eliminate A from all the
equations.

Alejandro Jiménez Cano



98 5.5. A particular case: analysis

Torsion and its properties

Now we present the torsion and its irreducible components,

T = —YVEk AL+ [Co* + (Cc — A)k® + B2 |k A 9° (5.5.60)
1
@pae — s [(0=2)B-YkA9", (5.5.61)
@ — %ch (k:aﬁb A D+ 2¢%k A Qb> (5.5.62)
1 1
e — [301,@ +(Co— Ak + — (Y + B)ag] kA9 (5.5.63)
D—2 1, b ae
Y+ BEEAL = SCuk" " N D (5.5.64)

It is worth remarking that the totally antisymmetric component is directly connected with
the antisymmetric transversal tensor C, and that the trace of the torsion,

— equey T =T, = [(D—2)B — V] ka, (5.5.65)

is proportional to B for geometries LCT (i.e. with ) = 0).

3 The operator kA gives zero also when acting on T since it is proportional to k,
but for the rest of the irreducible components we have

1
EACTY = —k AOT = ggbck“k A9 AD°. (5.5.66)

O However the operator k A * gives zero for ®T"* because it only has components in
the directions k and 9¢. For the rest,

ko AT — D; SCERENTETS (55.67)
D—-2
kASOT" = — (Y + B)k" x k. (5.5.68)

O The contractions of the torsion 2-form and its irreducible components with £ all
vanish,
ko ¥T® = kT = k,VT* =0 = kT =0. (5.5.69)

This is not true for contractions in the first two indices of the torsion tensor 7;.* and
their irreducible components, since there are coefficients in the direction of I, which
give 1 instead of 0 when contracting with £°.

Nonmetricity and its properties

Now we have

Qup = 2kokpA + 29y Bk . (5.5.70)

Therefore the traces are
Q. = Quc"V" = 2DBk, (5.5.71)
€Q.; = Qe =2V +2B - CO)k, (5.5.72)

The irreducible components of @, do not experience any changes with respect to those
in Appendix E.1, apart from the substitution B = Bk.

Let us show some properties of this nonmetricity:
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(O Contractions of the nonmetricity with k¢
k' Qup = k*YQup = 2k, Bk, (5.5.73)
2(b—-2)
Q= ——————(V+ B - C)kpk, 5.5.74
Qab (D—l)(D+2)(y L ( )
2(D-2)
k*MQu, = B - C)kpk, 5.5.75
Qab 3(D+2)(y+ VKb ( )
2(b—-2)
E*PQu = — B — C)kyk . 5.5.76
Qab 3(D—1)(y+ C)ky ( )
An immediate consequence is
EkPOQu, =0 VI . (5.5.77)
O Contracted wedge with the coframe
DQup NI = 2B, Nk, (5.5.78)
2
2
AQup NV =2k, ANK — m(y +B-C)9 Ak, (5.5.80)
DQup N9 =0. (5.5.81)
O Finally we apply the operators kA and k A * on the nonmetricity form,
kENQy, =2kiky(Y + B —C)k N+ 2k, kyAck N 9°, (5.5.82)
kAxQ, = 2k.ky(Y + B — C)vol, . (5.5.83)
Curvature and its properties
Only the following parts of the curvature survive to the conditions (5.5.57)
WZ oy = kaky(2CA, — 19 F4.)0° Nk, (5.5.84)
2 C
OWap = |2N (q) = 5 9ealV | Sy 9° N ke, (5.5.85)
OW oy = 2N (g6, k9 N ke, (5.5.86)
2
<4)Wab = m&gc[akb}ﬁc Nk, (5.5.87)
where we have introduced the following transversal tensors
N, = %Q(LH +C,, (5.5.88)
Nap = 0alNp = %bﬂa - kblcﬁcﬂa ) (5589)
N =N = 9N = VeN°, (5.5.90)

which are going to dominate the antisymmetric part of the curvature W, and its parts,

and the antisymmetric tensor
Foe = Q%WAC] = 2el4e” O Ay -
These new objects fulfill the relations

O°Neg = 0*°Ny, O°Nge = 04N = 0N ,

(5.5.91)

(5.5.92)

Alejandro Jiménez Cano



100 5.5. A particular case: analysis

ld]:dcﬁC = (auAc - QCA)QC . (5593)
As a consequence, the final expression for the total curvature is
Ry, = kaky(2CAc — 19F40)9° Nk + 2N iy 9° N k. (5.5.94)

Observe that from this expression we can immediately read the symmetric (Z,,) and
antisymmetric (W) parts of the curvature. Notice also that the antisymmetric one is
totally controlled by the tensor V., while the symmetric part only depends on A, and
its derivatives. Finally we provide some nice properties of this curvature:

O The Lichnerowicz conditions also hold independently for VZ ,;,, YW, @W ;, and
W . since all of them are linear combinations of 19¢ A k.

O In addition to the Lichnerowicz condition, we also have
KZ gy = k"W gy = k“CW 4 = k"W 4, = 0. (5.5.95)
thanks to the fact that k*C, = 0 = k.9°. Consequently
R, =0, kRL=0. (5.5.96)

This result together with the fact that R, goes in the direction of 9¢ A k tells that
any contraction of the curvature tensor Ru;.q (and hence of any of its irreducible
components) with the wave vector £ vanishes.

O The traces of the curvature are

e’ Ry, = *. Wy, = Nkqk, (5.5.97)

e’ Ry = —e’ . YW, = —Nkok, (5.5.98)
R, =0, (5.5.99)

e’se’ Ry, =0. (5.5.100)

or, equivalently in components,

Racbc - _Raccb - Mkakb; (55101)
Rape” =0, (5.5.102)
R =0. (5.5.103)

Evaluated MAG Lagrangian

Finally we would like to end this section with a useful result when working in Metric-
Affine Gauge gravity. Consider the (even) MAG Lagrangian in arbitrary dimensions,
(3.4.1) and the 4-dimensional odd parity extension (3.4.3),13

Theorem 5.15. Let G = (gup, 9%, w,?) be a geometry of the type treated this section, i.e.
(5.5.56) under the restrictions (5.5.57). Then, in arbitrary dimensions, any even-parity
linear or quadratic invariant involving exclusively the curvature, the torsion and the non-
metricity of the connection, and no derivatives of them, is identically zero. Furthermore, the
4-dimensional odd-parity invariants that satisfy the previous requirements also vanish.

3Here we extend the result in [5]. In the paper we did not consider the most general odd parity (quadratic)
extension, as we are doing in this thesis (see (3.4.3)).
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Chapter 5. Generalizations of GW geometries to metric-affine formulation 101

Proof. First we use that the irreducible components ("Z with I = 2,3,4,5 and "W
with I = 3,5,6 are zero. Then using the properties in the previous subsections,
it is almost immediate to check that all of the terms that appear in (3.4.1) vanish
independently. Since they form a basis of all possible (linear and quadratic) in-
variants involving the curvature, the torsion and the nonmetricity, then all possible
invariants are zero at this order. Something similar happens with the basis of odd
invariants in four dimensions built with the terms appearing in (3.4.3). u

In particular, when looking for solutions of this type for the complete 4-dimensional
MAG action Lyiag (defined in (3.4.5)), only the cosmological constant term contributes
to the evaluated Lagrangian,

A
Lyaclg = —-vol,. (5.5.104)

This result simplifies considerably the equation of motion of the coframe. To be precise,
the term with the interior derivative of the Lagrangian reduces to

A
ea_l( LMAgfg) = —E * 19,1 . (5.5.105)

5.6 Final comments and conclusions

In this chapter we have revised several criteria that can be found in the literature to dis-
cern whether a metric spacetime or a region of it belongs to a gravitational wave category,
i.e. it contains gravitational radiation. We also recalled that, in the context of General Rel-
ativity, some of them are equivalent in vacuum for very simple kinds of metrics. Then
we discussed some possibilities for them to be extended to a metric-affine geometry and
focused on one of them, the Lichnerowicz criteria. The main motivation for this choice is
that this criterion reflects some common features between electromagnetic radiation and
gravitational waves. We therefore proposed a generalization of it and showed its impli-
cations for a particular geometry. For the metric (o1, equivalently the pair formed by the
anholonomic metric and the coframe) we considered a Brinkmann space, whereas the
linear connection was chosen as a generalization of those studied in the works [174, 224].
We then collected the conditions this connection should satisfy in order to respect the pro-
posed generalization of the Lichnerowicz criteria. Finally, we analyzed some particular
cases providing several properties of the associated curvature, torsion and nonmetricity.

Limitations of this work/future directions

(O We have concentrated here on generalizing the criteria used in Riemannian geom-
etry (i.e. with the Levi-Civita connection), but there are other conditions to be
taken into account, for instance, the symmetries of the metric (isometries). In the
Brinkmann case, the wave vector 9, = k8, is indeed a Killing vector, which can
be seen in the fact that none of the metric components in the Brinkmann chart de-
pends on the v coordinate. Encouraged by this fact, one may also require the linear
connection to have zero Lie derivative in the direction of £*. Since this is true for the
Levi-Civita part, it will be guaranteed whenever the distorsion tensor has zero Lie
derivative. For instance, for our configuration (5.5.56) expressed in the Brinkmann
chart, this condition gives essentially

0 = 0uCork? + ki Oy AP + 1,0, B” . (5.6.1)
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5.6. Final comments and conclusions

Contracting appropriately this equation one obtains that all of the tensors that the
connection depends on must be v-independent. For C,, this is true under the gen-
eralized Lichnerowicz criteria, but for A* and B* we get new conditions to be con-
sidered, which will obviously simplify further our geometries.

It is also worth mentioning the role of the metric in theories beyond General Rel-
ativity. The criteria explained in [227] are defined in the context of the differential
equations of motion of General Relativity. So in order for our metric Ansatz to
be associated to gravitational radiation (in the sense of Lichnerowicz) it should be
guaranteed that the equations of motion of the theory for the metric sector are of the
same type. In the MAG case, this is true e.g. if the parameters of the action are such
that the Riemannian (Levi-Civita) quadratic part in the curvature gives the Gauss-
Bonnet invariant. In that case, the four dimensional theory becomes simply General
Relativity plus additional fields (torsion, nonmetricity and their derivatives). The
compatibility of the criteria with other theories that do not respect these require-
ments should be carefully studied. In addition, the precise physical meaning of
the generalized Lichnerowicz criterion (Definition 5.9) in relation to the dynamical
equations for the connection in each particular theory is another important ques-
tion to address. These points and their implications in the MAG theory are left for
future research.
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Exact GW solutions in quadratic MAG

If I had an hour to solve a problem I'd spend 55 minutes thinking about the
problem and 5 minutes thinking about solutions.

— Albert Einstein? (Actually, it is not clear whether
Einstein said this, but it is a nice quote)

As we have already commented in the previous chapter, the plane-fronted gravita-
tional waves generalize the basic properties of electromagnetic waves in flat spacetime
to the case of curved spacetime geometry. In the framework of GR, the theoretical study

of the gravitational waves has a long and rich history [225, , , , -260]. A
wide variety of exact gravitational plane wave solutions have been obtained in Poincaré
gauge gravity [224, 239, 261-271], in teleparallel gravity [272-277], in a number of mod-
ified gravity theories [275-281], as well as in supergravity [282-285] and in superstring
theories [286-292]. The higher-dimensional generalizations of the gravitational wave so-
lutions were discussed in [293-296].

The earlier studies [172-182] had demonstrated the existence of solutions of that kind

in the metric-affine theory of gravity with propagating torsion and nonmetricity fields.
For instance, in some of these studies the solutions were found for a specific set of param-
eters of the MAG Lagrangian (3.4.1) and by using the triplet technique [154, 162]. In the
present study, we will consider the full even parity Lagrangian together with a particular
Ansatz containing both torsion and nonmetricity.

The goal of this chapter, is to study plane gravitational waves for the general quadratic
MAG Lagrangian. Analyzing wave exact solutions is in fact a good approach to the un-
derstanding of the particle spectrum of these MAG models, extending the earlier results
[105, -302]. One good example was given in [271], where some parameters coming
from the wave analysis were found to be related to the masses of the spin-2* torsional
modes.

6.1 Lagrangian and Ansatz

6.1.1 Maetric-affine setting

We are going to explore four-dimensional solutions for the gravitational action (3.4.1),
i.e., the most general even-parity quadratic metric-affine action with zero cosmological
constant. To simplify the notation we will simply denote the Lagrangian as L throughout
this chapter. We have removed the odd sector just for simplicity.

The Ansatz we chose is a plane wave configuration that we will describe in this sec-
tion in terms of the basic gravitational fields (gqs, ¥, wab). Essentially, we will extend the
approach [174, 224, 271] in which the gravitational waves are patterned by the electro-
magnetic waves on a curved spacetime.

We fix the GL(D,R) gauge by choosing the metric to be the one of Minkowski space
in Cartesian coordinates:
gap = diag(+1,-1,—1,-1). (6.1.1)
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104 6.1. Lagrangian and Ansatz

Now we specify the Ansatz for the coframe 1-form that is going to be!

1
90 = 5 (H +1)du + dv, (6.1.2)
1
9 = 5 (H = 1)du + dv, (6.1.3)
94 = dz?, A =23, (6.1.4)

where H = H(u,z"). Here we continue using the family of indices A, B,C, D, ... for
the transversal directions of either the coframe or the coordinate basis (since they both
coincide in the transversal subspace according to (6.1.4)). We additionally introduce the

family of indices a, b,... = 0,1 for the non-transversal anholonomic indices. To sum up,
we have:
= {u, v, 2,3 } ~ ot = (2% =, 2 = v, ;UA), (6.1.5)
~—
A
a=1{0,1,2,3} 9 = (99, 94). (6.1.6)
\A,./ T

This choice for the coframe implies that the line element (i.e., the holonomic compo-
nents of the metric g,,,,) corresponds to a Brinkmann metric

ds? = gp9® ® 9° = 2dudv + Hdu? — §4pdz?da? . (6.1.7)
Similarly as we did in the previous chapter, we introduce the wave 1-form k,
E=du (=09"-9Y, (6.1.8)

which, as we saw, verifies k A xk = 0. This is just reflecting that e,k = k, = (1,—1,0,0)
is a null field, i.e., k k% = 0.

For the connection 1-form, we assume the form
wab = —k (k:aVb i kaa) 4 kU U = U,9° (6.1.9)

where three new vector variables are introduced: W,, V, and U,. These variables are
considered to be functions of the coordinates (u, z*) only.
The 1-form U, as well as W* and V¢, are assumed to be orthogonal to the wave

covector, i.e.
EAnxU =0 (& k'U,=0), (6.1.10)

kqWo =0,  koV®=0. (6.1.11)

These conditions are guaranteed if we choose these objects to be purely transversal (the
only non-vanishing components are those in the 2?2 and 2?3 directions). In other words,
they have the following form:

W =64 Wh(u,zP), Ve = 6% VA(u,2P), Uy, = 02 Un(u, 2P). (6.1.12)

In total, our metric-affine Ansatz is described by 7 variables: H = H(u,z?), W4 =
WA (u,zP), VA = VA(u,2P) and Uy = Ua(u,z?). These functions determine the wave
profile and their explicit form should be found from the equations of motion.

'We have introduce a factor of 2 in front of dv that does not appear in the article [1]. This and the changes
in the names of the free function H and the null coordinates are done just in order to use the same notation
for the Brinkmann metric as in the previous chapter. The extra factor of 2 is completely irrelevant for our
computations.
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One immediately verifies that the wave 1-form is closed, and the wave covector is
both, constant and covariantly constant:

dk=0, dk,=0, Dk,=0. (6.1.13)

With this in mind, we compute the nonmetricity 1-form and the torsion and curvature
2-forms:

(+)
Qo = —2kk( Wy + 2kl U (6.1.14)
T = —kAK'O, (6.1.15)
R =kA (k:aQVb n kaWa> + ko kbdU (6.1.16)
where we introduced
1 1

O = §QH + Wa'ﬂa‘ +U = (28AH — 5ABWB 4+ UA> ’19A, (6117)

(+)
We=W,xV,, (6.1.18)

and the transversal exterior derivative d, which only acts in the 2-space spanned by z4 =
(a2, 2%):
d = 9%e,.d = dz?dy,, A=23. (6.1.19)

From (6.1.16) we can immediately deduce

()
(R[ab] ::) WD — kA Q[‘lkb] , (6.1.20)
(+)
(R(ab) =) ZP =k QEd 4 perbdu (6.1.21)
where
(i)a (i)a a (i)A B
Q0 = AW = (640pWH)9P . (6.1.22)

The new objects (6.1.17) and (6.1.22) verify the properties:

(£) (£)
EAx©® =0, kAxQ*=0, k,Q°=0. (6.1.23)
Applying the transversal differential to (6.1.17), and making use of (6.1.22), we find

—)

1 @«
(Qq + Q) AD* +dU. (6.1.24)

de = -
- 2

This expression is essentially equivalent to the Bianchi identity DT® = R, A 9°, which
can be immediately checked by applying D to (6.1.15) and using (6.1.16). It is worthwhile
to notice that

dU = kAU + dU, U = (8,U,) 9, (6.1.25)
where U is transversal. This immediately implies
kPey, dU =0 (6.1.26)
or, equivalently,
EN*dU =0. (6.1.27)
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Comments on the wave-like structure of R, T and Q

It is worthwhile to notice that the 2-forms of the gravitational gauge field strengths
(6.1.15) and (6.1.16) have the same structure as the electromagnetic field strength of a
plane wave, when U = 0. Indeed, we have (we also include the nonmetricity)

Qup=kaqw, T =kAra®, RS=EkAa, (6.1.28)

where the objects ¢qp, = —(kawb + k,,(v?a), a® = — k@ and a,’ := k,d V° + k*d W, play
the role of the gravitational “polarization” forms, in complete analogy to the polarization
1-form A in the electromagnetic plane wave field F' = k A A, which is orthogonal to the
wave covector k A xA = 0 (see Section 5.4).

By using Proposition 5.10, it can be easily checked that the generalized Lichnerowicz
criteria is fulfilled (indeed, also the nonmetricity verifies an analogous criterion):

EAxQ,, =0, kA«T® =0, kEAxR," =0, (6.1.29)
EANQy =0, kAT =0, kAR, =0, (6.1.30)
Q. N*Q.y =0, T A+T? = 0, R AxR. =0, (6.1.31)

in complete analogy to the electromagnetic plane wave (see Section 5.4). This can be also
seen as a consequence of the following properties that the gravitational “polarization”
forms verify

kEAxa® =0, kA*a,’=0, (6.1.32)
k%qap = 0, k,a® =0, kya,” =0, k%a,’ = 0. (6.1.33)

In addition to this discussion, notice that the following conditions are satisfied in
general (also for U # 0):

kaQab =0, kT = 0, kbRab =0, kaRab =0,. (6134)

6.1.2 Transversal geometry. Useful properties

Although the geometry of the transversal 2-space spanned by x4 = (22, 2%) is fairly

simple, it is convenient to describe it explicitly. This space is a flat Euclidean space with
metric 4p. As any other metric, it defines a canonical volume form and a Hodge star
operator on the transversal space:

1
vols = §8A319A AOB = dz? A da? (6.1.35)
*x04 = Expd-. (6.1.36)

where £33 = €23 = 1. Notice that this identification between the Levi-Civita tensor and
the Levi-Civita symbol can be done since /|§| = 1.

It is not difficult to check that the canonical volume of the entire spacetime (associated
to g.v) can be rewritten as

A NI NY = vol, = k A dv A volg (6.1.37)
As a consequence of this, one can deduce

xk =—k Avoly, (6.1.38)
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from which the following properties can be derived:

*(kAa)=EkAxa, (6.1.39)
*(k A B) = (k"Ba)vols (6.1.40)
*xa =99 N9 A xax, (6.1.41)

where a = a 494 is an arbitrary transversal 1-form and 8 = By9° + 319" is an arbitrary
non-transversal 1-form. If, in addition, the components of the transversal 1-form o only
depend on the coordinates u and z*, the following relation holds:

dk A o) =—kAda. (6.1.42)

It also worth remarking that the dual of the transversal volume form is closed, i.e.,
d x vols = 0. This is an immediate consequence of

xvols =9 A9 =dundo. (6.1.43)

6.1.3 Auxiliary decomposition of Omega

For the irreducible decomposition of the curvature, it will be very useful to perform the

)
following splitting of €2¢:

(+) (£) (£) (£)
Q¢ =0 4 @Qe 4 W (6.1.44)
which read explicitly:
(%) 1 /=) b (%) (i)b
Qe — 5(9@ +9bet 2y — 9%ey 12 ) (6.1.45)
(£) 1/ b (£)
@00 — 5(9“ — 9 e%nb), (6.1.46)
(%) 1 (%)
@O = 5 9%, Q0. (6.1.47)

Let us now analyze in more detail the components of these 1-forms:

(£) (£)
[ The objects Q4 are purely transversal, i.e., they can be expanded as "Q4 =

(£) (*)
D498, The matrices ("Q 4y correspond to, respectively, the symmetric trace-
(£)
less part, the skew-symmetric part and the trace of the 2 x 2 matrix dpW*:

(+) 1 (£) (+) (%)

Vg =3 (aBWA + oW — 5g‘acwc), (6.1.48)
(£) 1 (%) (£)

RO <63WA - 8AWB) : (6.1.49)
() 1 )

WAy = §5g‘acwc. (6.1.50)

(),
(3 On the contrary, "¢ are purely non-transversal 1-forms and are given by
(£) . (£) . 1 . () (£).
WOt = Qi — —iﬁaebmb, @04 =0, (6.1.51)

) (). (). (). ) *),
Notice that PQ ¢ + @Q ¢ + WO = (), as it should be because Q¢ = 0.
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With all of this information, one can demonstrate the following properties of these
1-forms:

0 Antisymmetric part (P N a® = agy 90)
() (&) (&) ()
I AV =0, I APQ =9, A Q% 9, ADQ=0. (6.1.52)
(1 Trace (g = ay?)
(4) (£) (£) (£) (£)
ea_:(”ﬂa = —ea_IQaa ea_l(2)ﬂa = 0, ea—l(4)ﬂa - 2€a—lﬂa . (6153)

[ Contraction of the external index with &,

(1)(i)a (4)(i>a 1 (:t)a (2)<i)a
FQ" = <k 00 =~ (es 2k, kPR =0. (6.1.54)
[ Contraction of the internal index with k° (k A xa® = x(kbay®))
() () 1 (), ()
kA0 = kA0 = — RO QP kAP =0, (6.155)

6.1.4 Irreducible decompositions of T, Q and R

Taking into account (6.1.11) one can check, directly from (6.1.15), that the trace and the
totally symmetric part of the torsion vanish, i.e.,

e T"=0 I AT =0. (6.1.56)

This implies that, respectively, the second and third irreducible parts of the torsion are
zero. In other words, the torsion is purely tensorial, so its irreducible decomposition
reads:

WPe =T = _EAK*@, (6.1.57)
@pa — (6.1.58)
@pe =, (6.1.59)

Similarly it can be easily proven that the two traces of the nonmetricity (6.1.14) are
Zero
e Q@w=0, QL =0. (6.1.60)

Hence, only the first and the second irreducible components survive. The decomposition
now is:

w = 4k:k: %/) 2k kﬁ/)'ﬂc 4kk: U, 2k kU 6.1.61
Qab_ig (a b)igab c +§ (a b)+§ab 5y ( )
@) 2 (+) 2 4 .4 4
Q. = —gkk(aWb) + gk‘akbwcﬁ — gk/ﬂ(an) + gkakbU- (6.1.62)
®Q,, =0 (6.1.63)
0Q,, = 0. (6.1.64)

Finally, concerning the structure of the curvature R = W + Z%/ five irreducible
pieces are trivial,

(3)Wab — (S)Wab _ (6)Wab =0 (3)Zab — (S)Zab — 07 (6165)
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(£)
whereas the rest can be expressed in terms of ’Q2* and U

(—)

Wb — g A OQlaghl (6.1.66)
(—)

Wb = A Qg (6.1.67)
(=)

OW b = | A OQlagtl (6.1.68)

1 (+) 1 (+) 1 1 1 (+)
M zab — Sk A M lagb) 4 Zk“kb Do N QR+ Sk A ke ,dU + Ek“k:de + kA Qagh)

(6.1.69)
1 (+) 1 (+) 1 1
@z — kA @ legh) Zk:akbﬂc A= kA kb LdU + 5k:@k:de, (6.1.70)
(+)
Wzab — %k: A @OQgh) (6.1.71)

(&)
Notice that although some of the irreducible parts V2% are not orthogonal to the
wave covector (see (6.1.54)), all irreducible parts of the curvature, nonmetricity and tor-
sion satisfy

ko, W =0, ko, PZ% =0, kCDQ, =0, kT =0, (6.1.72)

in complete agreement with (6.1.34).

6.2 Equations of motion

6.2.1 Gravitational momenta

According to what we presented in Section 3.4.1, the gravitational momenta can be writ-
ten (in the absence of the odd sector):

2 1 1 1
Hg|® = “m®,  HV,=~h,, Hw%=—(—-saox9%+ %), (62.1)
K K K 2 P
where the m®, h, and h,; are given by (3.4.9), (3.4.11) and (3.4.13), respectively. If we

impose the nullity of the trivial irreducible components of our Ansatz, i.e.,

(3)Wab - (5)Wab - (G)Wab =0, (3)Zab _ (5)Zab —0,
OQu = VQu=0, BT =0T"=0, (6.2.2)
we get
m® = _bl(l)Qab + b2(2)Qab + 016(“_|Tb)} ) (6.2.3)
ha = % _alTa — CI(Q)Qab A 19b1| ’ (624)
by = |21V Zap + (22 = v2) P Zap + (24 + 204) VZ

v v c
e A (e W) + 50l A (e W) (6.2.5)

hiay) = * |:w1(1>Wab + w2 W g + ws YW
+ %190 A (E[QJ(z)ZCb}) + %’19[& A (e‘c‘f‘“Zcb])} . (626)
In view of (6.1.72), we verify the orthogonality properties for the duals:

kom® =0, k*h, =0, k'R =0, k*Rapy = 0. 6.2.7)
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Coframe momentum

From (6.2.4) it is straightforward to prove that

ha = —x [kak NE] |, (6.2.8)

where we have introduced the following transversal 1-form

— (+) A
E=a10 — W49 —2c1U. (6.2.9)

Metric momentum

If we introduce
4b1 + 2by (1) 4(by — by
17 |/1/ + (17)

lha = C1€410 — 3 @ 3 U,, (6.2.10)
=10 + w(ﬁf)mb — MU, (6.2.11)

the equation (6.2.3) can be expressed
m® = x[k A p kY — kkba) | (6.2.12)

Connection momentum

Finally, by substituting the irreducible components of the curvature for our Ansatz (6.1.67)-
(6.1.71) in (6.2.5) and (6.2.5), we obtain, respectively,

(w) (=) 1
h[ab] = *[k? VAN T[akb}] , h(ab) = *[kﬁ A\ T(akb) + Zkak:bﬂ , (6.2.13)

where we have introduce some auxiliary objects

(w) (=) (=) (=) (+) (+)
Yo =wVQ + wPQ, + w0V, — %mga + %wﬂa + %eanU, (6.2.14)
(=) (+) — (+) 2 (+)
T, =290, + M@)Qa 4 W(@Qa
(=) (=) _
— %(”ﬂa + v—;(ma + %ﬁ”ea@u (6.2.15)

(+)

() .
Y =9°A [(21 — 29+ v2) e+ vgﬂc] +421k AU + 2(21 + 22 — v2)dU. (6.2.16)
These objects have the following properties:

() )
O The 1-forms T 4 and XY 4 are purely transversal.

(w) (2)
3 The 1-forms ¥ ; and T, are purely non-transversal and can be expressed as:

(w) 1 w (2) 1 z
Y= Z(CP>1951 Y, = 1(@)19@ (6.2.17)

where we have introduced the scalar functions

(w) (*)b <+>b

0 =2(ws —w1) e’ + viep N7, (6.2.18)
(2) (+)b (—)b

= (,24 — 21+ 21)4) ep 2’ +vsep 27 (6.2.19)
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If we take into account these properties it can be shown that
1 (w)
h’[AB} =0, h[&g] =0, h[Ad] = §k3 ANxT akg, (6.2.20)
1 (2) 1 (2)
h(AB) =0, h(d?)) = Zk&k{, (*T - SOL()I5> s h(A@) = §k§ A*Y 4kg . (6.2.21)

6.2.2 Dynamical equations and reduction of the derivatives

If we use Theorem 3.28, the gravitational equations of motion can be recast as

(55 a() b
— YR A 494y — Dhy 222
hsga = 5 & N *Phea (6.2.22)
(55 a a a c a ac 9 a
fis—p = —0" Ahy = 2m% 4 = (TN« + Q% AxDg) — (, Dh%. (6.223)

Notice that we have already dropped g, from the first equation and the term proportional
to Q from the second one, since they vanish for our particular Ansatz.

For the derivative term of the coframe equation we use the structure of h, in (6.2.8)
to show that
wWa? Ay = wolky Ax(...) =0, (6.2.24)

which implies
Dh, = dh, . (6.2.25)

Finally, we have to deal with Dh®,. We start by lowering the index a in the whole
equation, so the derivative term becomes

9eaDhy = Dhy, — Q. N RSy . (6.2.26)

The last term vanishes if we take into account the orthogonality k.h“, = 0 and the de-
composition (6.2.20)-(6.2.21). Similarly to the case of h, it can be shown that

wa’ A b =0, wa" Ay =0, (6.2.27)
SO,

geaDRCy, = dhyy, . (6.2.28)

These three results completely eliminate the exterior covariant derivative from the
equations of motion and reduce it to the ordinary exterior derivative in some cases. The
equations of motion after these substitutions read

S ap b
— Y Rbe —dh,, 2.2
R = SR Ak — dh (6.2.29)
oS ao c c 2
:‘<LgaCm = —9, AN hy —2mgy + ?(*’0abc ANTC + Qa VAN *ﬁcb) = gp dhg, . (6.2.30)

c
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112 6.2. Equations of motion

6.2.3 Coframe equation

Let us now focus on the coframe equation (6.2.29). The term with the curvature can be
expressed

(=) (=) (=)
L2090 kA QR = .. = kork €322 Yk kAvol; e, Q0. (6.2.31)

R[bc] Axg?e
In addition, according to (6.2.8),

(6.1.39)

h,=—k,*x(ENE) —kok NxE, (6.2.32)
and we can evaluate the exterior differential
dhy = —ked(k A +E) “E? kk A dE. (6.2.33)

In conclusion, the equation of the coframe (6.2.29) can be recast as

(=)
~ kak A %Lol(; e QP + gta] —0. (6.2.34)

Notice that the free index a appears in a global k,, so it can be removed (only the compo-
nent “a” of the equation is non vanishing).

6.2.4 Connection equation

Now we are going to simplify the terms in (6.2.30). By evaluating the torsion (6.1.15) we
can easily rewrite the first term as

(6.1.38)

% * Pape NTC = ag* k:(e[a_IG)kb] — apk N voly (e[aJQ)kb], (6.2.35)

For the following two terms we substitute the nonmetricity (6.1.14) and use ¥, A hy, =
— % (eqahy)

%Qac Ay — g Ny =  whkvaky — kaky % 7 + ag * kkaUs, (6.2.36)
Lk A voly (vaky + aokaUs) — koky % 7, (6.2.37)
where
ag (+)
Vg = 16410 — (? + )Wy —201U,, (6.2.38)
ag (+)
UVi=a10 + (5 —c)Wa9* —21U . (6.2.39)

With all of this and after substituting (6.2.12), the equation of motion of the connection
(6.2.30) becomes

kA LOIJ — ao (e[a—‘g)kb} - (Vakb + aOkan) + 2:“’(ak:b) + kakp * ( v+ 2“’) - f dhgp =
(6.2.40)

From now on we are going to work separately with the symmetric and antisymmetric
parts of this equation which are, respectively,

k A vols [ - (V(akb) + aok(an)) + 2/~L(akb)} + kokp *x (—0 + 2[1) — I dh(ab) =0, (6.241)

k Avols | — ag (e[ 1©)ky — (vahy + aok[an])] — Cdhy =0. (6242)
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Finally, the derivative terms read

(w)

dhig) = =k A d*Y [ ky, (6.2.43)
(2) 1
dhapy = dx (kA X (0)kyy + Jhakpd x X (6.2.44)

Notice that in (6.2.44) we have the full differential instead of the transversal one. Its
evaluation is somewhat nontrivial.

Now that we have all of the ingredients, we are going to specialize to the subsets of
indices: a = (a,A), where @ = 0,1 and A = 2,3. For this purpose, it is important to
keep in mind (6.2.20) and (6.2.21). Regarding the antisymmetric equation (6.2.42), only
the component “[Aa]” is not trivial:

(w)
kA [volg(aoeAJ(a +va—agUa) — &2 th] ks = 0. (6.2.45)

~

However, the symmetric part (6.2.41) encompasses two nontrivial components, “(ab)”
and “(Aa)”, respectively,

Iz .
kak; [ * (20 =) = L (T — i,ﬁLol&)} ~0, (6.2.46)
(2)
kA [Lol(;(yA — 24+ agUs) — 2 QKTA} ks = 0. (6.2.47)

Finally, let us rewrite a little bit the equation (6.2.46). Since from (6.2.16) we have
Y = xvol; +kANE, (6.2.48)
with
£ :=42U, (6.2.49)
X = EMBa4[(21 — 22 + 202)cEWY + (21 — 22)0cBVE + 2(21 + 20 — v2)up] . (6.2.50)
By using (6.1.41) and (6.1.39),
*T = x9NI + kA€, (6.2.51)

which implies
dx T =9 A9 Ady — kA dAE. (6.2.52)
As a result, with the help of (6.1.41) and (6.2.52) we recast (6.2.46) into

0 A gl N ) (2) B
90 A 9L A [t(2u ) - ng} + Lk A [Vol;(?uso +dxg| =0. (6.2.53)
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114 6.2. Equations of motion

6.2.5 Final set of equations in components

From the last two subsections we have obtained the following system of equations:

(=) 7
(EoM 9%); —k A\ | Svol; e, + dxE| =0,
(6.2.54)
(w) 7
(BoM wo”)(44) kA [L‘)la(aoeAJ@ +va—agUs) — 03 dxT4| =0,
(6.2.55)
Z o (2) ]
(EoM w,”) 55 9% A 91 A [t(m —v)— fgx} + kA [Lolgauso +dx€¢| =0,
" (6.2.56)
(2) 7
(EoM w,?) aa) k A [LOI(S(VA — 244 +agUa) — 2 dxY 4] = 0.
(6.2.57)

The final steps before the exploration of the space of solutions are: firstly, expanding
all of the objects in these equations (undoing all of the definitions) in terms of our basic
variables, which we will fix to be

{H WA, VA Uq} (6.2.58)

(with the indices in that position); and, secondly, extracting the components of these
equations, i.e., eliminating the differential forms and expressing them as scalar differen-
tial equations.

Since the metric g, is going to disappear from the equations and will be split into H
and 0 4, it is useful to introduce the following notation for the basic vectorial variables
with the indices raised /lowered by the transversal flat metric (to be precise, its part with
signature (+, +, +))?

Wa =0apW5, Va=04pV7E, U4 = §48yg, (6.2.59)
as well as the differential operator
04 = 5489y . (6.2.60)

This convention is extremely important when we recast the 4-dimensional expressions in
the formulas (6.2.54)-(6.2.57) into the 2-dimensional transversal ones. In particular, one
should be always careful with 9%, W,, V,, and U?, when we specialize to a = A, since
then

o4 = o4, Wa=-Wa, Va=—Va, Ut =_y4. (6.2.61)

It is also convenient to introduce the transversal Laplacian

A = §4Bp,05 (= 9404 = —9,40%). (6.2.62)

?Let us insist on this detail to avoid confusion. In the previous chapter, we have been calling “transversal
metric” to the transversal part of the metric, i.e. gap. But this is equal to —da5.
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In components, the equations (6.2.54), (6.2.55) and (6.2.57) read

0= —%AH + (% e+ al)ﬁAWA - (% n cl)OAVA ~ (a1 — 261)94UA,  (6.2.63)
+ + 2
0= 0 alaAH—i-(Cl—%)WA—F(%—I—Cl)VA—l—(al—QCl)UA
62
— Zp [leé WA — 2w A VA + (2w4 + ’1)4)8,483WB + (—2w4 + ’04)8,483‘/3}
52
— ZpgABaﬁ{gCD [(—211)2 + Ug)@cWQ + (211}2 + Ug)ac‘/Q — 21)280UD} } , (6.2.64)
a1 — 2cq agp 8b1 + 4by
0= 8AH+<?—a1+301—T>WA
agp 8b1 + 4by 8b1 — 8by
T R P AP T 51

52
— Zp [QZlé Wy + 221 Va+ (21 + 24+ 3U4)3A83WB +(z1+ 24+ U4)3A83VB}

52
— Z”é’AB@Q{é’CD [(—Zl — 29 + 2@2)80WQ — (21 + Zg)acVQ — 2(Z1 — 29 + Uz)acUD} } R

(6.2.65)

whereas, the equation (6.2.56) yields two equations:

2c1 — 2 4b1 — 4b
0= 24 al@AH_|_ (M —3¢; — %)WA‘*'
a 4b1 — 4[)2 4b1 + 862
(3 B (- B,
62
+ ZPEAB(?Q{SC’D [(21 — 22 + 2’1)2)80WQ + (21 — 22)80VQ + 2(21 + 29 — vg)acUD} } ,

(6.2.66)

0=20, [(24 — 21+ 31)4)8AWA + (24 —2z1+ U4)@AVA — 4218AUA] . (6.2.67)

The total number of equations (6.2.63)-(6.2.66) is 7, which coincides with the number
of unknown variables H, W4, VA Uy; so it is expected that one can find the latter as
functions of transversal coordinates 2. The additional equation (6.2.67) does not make
the system over-determined, since it merely fixes the dependence on u.

6.3 Particular solutions

We are now in a position to solve the field equations (6.2.63)-(6.2.67). Before studying the
general case, we are going to check some particular ones.

6.3.1 Riemannian gravitational waves

(+)
The nonmetricity (6.1.14) and the torsion (6.1.15) vanish when U = 0, W* = 0,and © = 0
which is realized for

1
WA =_v4= 55/“9(3?,311. (6.3.1)

Substituting this into our equations, we find that (6.2.66) is identically satisfied, the equa-
tion of motion of the coframe (6.2.63) becomes

asAH =0, (6.3.2)
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116 6.3. Particular solutions

whereas the rest reduce to

0410, AH =0, (6.3.3)
(w1 + wy)OaAH =0, (6.3.4)
Cos04AH = 0. (6.3.5)

An immediate conclusion is that the well-known plane wave solution of GR, with the
function H satisfying the Laplace equation in the transversal space, is an exact solution
of the general quadratic MAG model. Notice that this is consistent with earlier results on
the torsion-free solutions in Poincaré gauge theory [96, 303, 304].

In fact, there is a very strong result that one can derive from here. According to the
results in [1627], the Riemannian wave (6.3.1)-(6.3.2) is not just a particular solution but
the only possible solution for the purely torsion + nonmetricity quadratic class of MAG
models (w; = 0, zr = 0, v; = 0), except for one special choice of the coupling constants:

as 8by _

ap=—a] = 5 = 2a3 = 4b1 = —2by = —8b3 = 5 205 = —2c1 =ca=c3. (6.3.6)

This is indeed the choice that reduces the Lagrangian to just the Einstein-Hilbert term
(see (9.3.1)). Since the Lagrangian in that case is only metric dependent, the connection
remains unfixed by the dynamics and, hence, Levi-Civita is not the only solution.

6.3.2 (General) Teleparallel solutions

In this subsection we consider the general teleparallel solutions, i.e., configurations sat-
isfying the condition of zero curvature, R," = 0. In the framework of MAG, the torsion
and the nonmetricity are nontrivial and can propagate, as long as the curvature is zero.

The curvature (6.1.16) vanishes if and only if
dW* =0, dve =0, dU =0. (6.3.7)
These conditions tell that W4 and V4 are independent of the transversal coordinates,
whereas U 4 is pure gradient and independent of w:

W =W%u), VE=V%u), Upx= %aA Uz?). (6.3.8)

Under these conditions, (6.2.67) is identically fulfilled, while the three equations (6.2.66),
(6.2.64) and (6.2.65) after a lengthy but straightforward derivation can be recast into the
algebraic system

(CLO - 4b1) @A = 0, (639)
3(@0 + 261)9A + 2(&0 + 2b2) Us=0, (6.3.10)
2(ap+a1)O4 + (ag+2¢1) ¥4 =0, (6.3.11)
where we introduced the abbreviations
1
Op=ey 4.0 = iaAH - WA +Upyb, (6.3.12)
P =Wa+Va+Ua, (6.3.13)
Uy =Wa+Vy—-2U4. (6.3.14)

Besides, the equation of the coframe (6.2.63) is reduced to

a1 AH + (a1 — QCl)AL{ =0. (6.3.15)
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If we write the previous system (6.3.9)-(6.3.11) in matrix form,

0 (CLO — 4b1) 0 ©a
2(a0 + al) 0 (a() + 201) Dy =0, (6.3.16)
3((10 + 261) 0 2((10 + 2b2) Uy

we conclude that a nontrivial solution exists whenever the determinant vanishes, i.e.
(ao — 4by) [3(ao + 2¢1)? — 4(ag + a1)(ao + 2b3)] =0. (6.3.17)

This must be seen as a restriction on the coupling constants of the general Lagrangian
(3.4.1). Only the MAG models for which this condition holds, admit (nontrivial) telepar-
allel gravitational waves.

Let us clarify what happens if the determinant is not zero (i.e. what we mean by
“trivial” solution). In principle, the only possible solution is ©4 = $4 = ¥4 = 0. It
is not difficult to check that this implies that the nonmetricity and the torsion are zero.
Then, the connection is Levi-Civita. Therefore the curvature (which is zero by hypothesis)
coincides with the one of the metric. The only geometry compatible with this condition
is the Minkowski space.

6.3.3 Weitzenbock solutions (standard teleparallelism)

The nonmetricity (6.1.14) is zero if and only if

)
We =0 (@ W (u, 2B) = —V“(u,xB)) . U=o0. (6.3.18)
Then, for the standard teleparallel setting we have
—VA=WA=wWA), U=0 (6.3.19)

which, in terms of the auxiliary variables (6.3.12)-(6.3.14), corresponds to
1
O4p = iaAH —Wa, Py =U4=0. (6.3.20)

The system (6.3.9)-(6.3.11) is considerably simplified
(ap+2c1)04 =0, (ag+a1)©4=0. (6.3.21)

The torsion is controlled by the value of © 4, so a nontrivial solution only exists in a class
of quadratic models restricted by the conditions

agp+a; =0, 2c1+ap=0. (6.3.22)

In addition, the equation of the coframe (6.3.15) becomes

(6.3.22)
T

G AH =0 aoAH =0. (6.3.23)

Then, the metric structure coincides with the solution of GR, whereas the torsion will be
determined by the non-vanishing © 4.
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6.3.4 Symmetric teleparallel solutions

Symmetric teleparallel geometry is characterized by the vanishing curvature and torsion,
along with a nontrivial nonmetricity [105, =275, —307]. The torsion (6.1.15) is zero
under the conditions

©=0 ( & 104H (u, %) — Wa(u, 2%) + Us(u, 2%) = 0) . (6.3.24)
This, together with the conditions (6.3.8) for the nullity of the curvature gives
1
W =Wu), V*=V(u), Us=0a UxB), 0a(H +U) —2W4=0. (6.3.25)

If we take the derivative 94 of the last condition, since uI¥ 4 is independent of =7, gives
AH+U)=0. (6.3.26)
This allows to rewrite the equation of the coframe (6.3.15) as

A AH =0. (6.3.27)

The algebraic system (6.3.9)-(6.3.11) is simplified to

(a() — 4b1)515,4 =0, (a() + 2[)2)@,4 =0, (ao + 261) Uy =0. (6.3.28)

Consequently, nontrivial symmetric teleparallel wave solutions exist when ¢4 # 0
or ¥4 # 0. Otherwise, solutions reduce to the flat Minkowski spacetime. Moreover, the
general solutions (with nontrivial ¢4 and ¥,) are only allowed in those MAG models
fulfilling

ap—4b; =0,  ap+2by =0, cﬁ%:o. (6.3.29)

6.4 General solutions

6.4.1 Potential-copotential decomposition and splitting of the equations

The first step to find the general solution will be to perform an appropriate splitting of the
two independent components contained in each of our vector variables: W4, V4 and Ua.
Since they are defined in a flat 2-dimensional space, we can consider a decomposition of
the type:

WA = % (04W + EABaEW) | (6.4.1)
VA = % (04Y + £1BgpED) | (6.42)
Uy = % (04U + Eap OBU) . (6.4.3)

Physically, the six new variables W, V.U (potentials) and W, V,U (copotentials) are ana-
logues of the well-known Hertz potentials in classical electrodynamics. The overline
denotes the three parity-odd variables W, V, U to distinguish them from the parity-even
variables U, W, V,U. These decompositions are quite practical because if we have

FA = _ (0AF + £4805F) | (6.4.4)

N | —
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then one immediately shows that

1 1
OAFA = SAF  and EagOBFA = SAF. (6.4.5)

In our system of dynamical equations (6.2.63)- (6.2.67), there are two types of equa-
tions depending on the number of free indices. The equations (6.2.63) and (6.2.67) do not
have free indices and depend only on the divergences of W4, V4 and U,4. Therefore,
only the potentials appear on them. These equations can be recast, respectively, as

0= a1 AH + (@ et a1>AW - (@ n 61>AV ~ (a1 — 2e1)AU (6.4.6)
2 2
0=0, [(Z4 — 2+ B30 AWt (24— 21 +vg) AV — 4zléu] (6.4.7)

Let us now focus on the other three equations (6.2.64)- (6.2.66), which have a free
transversal index. The idea that we are going to apply to each of them is the following:
the entire equation can be seen as some transversal vector equal to zero, and such a vector
admits a decomposition of the type (6.4.4). A vector decomposed in this way is zero if
and only if its potential and copotential vanish up to a harmonic function. Then, the three
equations are split into six (with one less derivative) with an arbitrary harmonic function
as an inhomogeneous term. However, we have six variables in (6.4.1)-(6.4.3) and the
equations are linear, so we have enough freedom in general to absorb those harmonic
functions by redefining the variables {W, V,U, W, V,U}. After applying this procedure
to (6.2.64) (component “[A, a]” of the equation of the connection) we get,

+ 2
0= (CL() +a1)H+ (Cl — %)W—F (% +01)V+ (a1 - 261)“
2

l
— Zp |:(2’LU1 + 2wy + ’U4)AW — (2w1 + 2wy — U4)AV] s (648)

B ag + 2a1\ — ag — - —
0—(61—72 )W+<2 +01)V+(a1 201)1/{

02 _ _ _
A [(le + 2wy — v2) AW — (2w; + 2we + v2) AV + 2U2éu:| .

i (6.4.9)

If we do the same for (6.2.65) (component “(A,a)” of the equation of the connection) the
result is

8b1 + 4b 8by + 4b
Oz(al_ch)H+(%_014—361—%))/\)—1'(%—FCl—%)V
8b1—8b2) Iz

+ (ao 4+ ay — 4c; — Uu— Zp [(321 + 24 + 3v) AW + (321 + 24 + w;)éV},

3
(6.4.10)
8b1 + 4bo\ — 8b1 + 4boy\ — 8b1 — 8by\ —
Y (OB TR P R T
2 _ _ _
— Zp [(321 + 29 — 22}2)AW + (321 + ZQ)AV + 2(21 — 29 + Uz)éu:| . (6.4.11)

And, finally, for (6.2.66) (part of the component “(a, b)” of the equation of the connection)
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we obtain the following two conditions:

2 4b1 — 4b
0=(2¢1 —a1)H + (w —3c1 — %)W
aq 4[)1 — 4b2 4b1 + 8b2
U N R VRS 5 412
(a0 + 2a1 4by — 4bo\ — agp 4by — 4bo\ — 4b1 + 8bo\—
0—( 5 —361— 3 >W+<2—Cl— 3 >V+<401—a1— 3 )U
2 _ _ _
— Zp [(Zl — 29 + QUQ)AW + (21 — ZQ)AV + 2(2’1 + 29 — ’UQ)AZ/{] . (6413)

It is worth noticing that after this splitting, the even-parity variables and the odd-parity
ones do not mix in the same equation. In other words, we have obtained two uncoupled
systems of equations: one, with four equations, for the potentials and H, and another
system of three equations for the copotentials. This is a consequence of the fact that
the Lagrangian only contains even parity invariants. If we had included the odd parity
sector, this separation does not generically happen. Good examples of the failure of this
decoupling in the presence of odd-parity invariants can be found in [224, 271], in the
context of Poincaré gauge gravity.

The analysis of this system of equations is considerably simplified by a convenient

choice of variables. The key to this is discovered when we substitute (6.4.1)-(6.4.3) into
(6.3.12)-(6.3.14), which yields

Q4= % (04X1 + EapOEXY) | (6.4.14)
1 _
Pa= (04Xo + EAOEXS) | (6.4.15)
1 _
Wi =5 (04X + Eap0PXs), (6.4.16)
where
Xi=H-W+U, Xi=-W+U,
Xo=WH+V+U, Xo=W+V+U,
Xs=W+V -2, Xs=W+V-2U. (6.4.17)
We choose these, together with
Xo=W-V (6.4.18)

as the new set of variables. The inverse relations are

1 1
H=-X+X+=-X
9 0+ 1+2 3

1 1 1 _ _ 1— 1—
— Xt Xt o — X+ Xy X
w 5 0+3 2-1-6 3, w 1+3 2~ 343,
1 1 1 - — 1— 2__
— Xt Xt X — X Xt X
V 5 0+3 2+6 3, Vv 1+3 2+3 3,
1 1 — 1 1
U=-XxX— -X- U=-Xy—-X;3. 6.4.19
52 — s, s X2 — 354 ( )

In the following two subsections we will provide the final form of our dynamical equa-
tions in terms of these new variables and analyze each sector separately.
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6.4.2 Analysis of the even-parity sector

Substituting (6.4.19) into the field equations, we recast (6.4.12), (6.4.8), (6.4.10), (6.4.6),
(6.4.7), respectively, into

1 2
0= (261 = al)Xl -+ g(ao = 41)1).)(2 -+ [— % —cC1 + g(ag + 2[)2)} X3, (6.4.20)
2

a 2 1
0= (ap+a)X1+ (?0 + C1>X3 - Zp [2(11)1 + wa) AXy + §U4AX2 = §U4AX3] )
(6.4.21)
2 ag 2
0= (a1 — 201)X1 + *(ao — 4b1)X2 + [? +c1 — *((Lo + 2b2)] X3

3 3
2

¢ 2 1
= [mé/’\,’o + 2821 + 2+ 20) A%, + S (371 + 21 + m)éxg] . (64.22)

0= %AXO —@mAX, — a1 AX;, (6.4.23)

2 1
0=0, [méétb + 5(24 — 321 + 2v4)AX, + §(24 + 321 + 21}4)AX3} . (6.4.24)

It is important to notice the existence of a very special solution of this system. If we
take X = 0 and &3 = 0 or, equivalently

U=0, W=-V, (6.4.25)

the remaining system for Xy and A’ can be recast into

€2
VAXy =0, (2c1—a1)X =0, —%AX()-FOHA?Q =0, (@0+a1)/‘ﬁ—5p(w1+w4)éxo =0.
(6.4.26)
Assuming v4 # 0 and a; # 2¢i, we find AXy = 0 = &) and the four equations (6.4.26)
are automatically satisfied. In summary, we have found the solution for which the even-
parity variables fulfill

AH=0, W=-V=H  U=0, (6.4.27)

and this describes the massless graviton mode.

In general, (6.4.20)-(6.4.24) is a second order differential systems with constant coeffi-
cients, for which solutions are sought in the form

X=X e 1=0,1,2,3. (6.4.28)

Under this Ansatz, the first four equations (6.4.20)-(6.4.23) become an algebraic system
for the amplitudes X' I(O) which, in matrix form, reads

—% ar 0 ¢ X0
0 2 —ar  Lag—4b) =% — ¢+ 2(ap + 2b2) 20 .
2(w1 +wy) Q% ap+a 204Q? W 4 + 10,02 X
Q2U4 0 ag — 4b1 + %Q2)\0 %Qz/\o Xg(o)
(6.4.29)
Here we are denoting
f2
Q2% = Ly qpdtP, Ao = 321 + 24 + 2v4 . (6.4.30)

4
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In order to have non-trivial solutions, the determinant of the 4 x 4 matrix in (6.4.29) must
vanish. It is interesting to notice that, although the matrix is 4 x 4, the quantity Q2 only
appears in two rows of it. Then, the condition of vanishing determinant is a quadratic
equation in the variable Q2. In [271], it was proven that the solutions of such quadratic
equation in PG are related to the masses of the spin-2* torsional modes of PG around
Minkowski spacetime. Since we do not currently have a detailed analysis of the full
spectrum of MAG,? we cannot make a strong claim here. Nevertheless, we conjecture
that something similar will happen in our MAG model.

Finally, the remaining field equation (6.4.24) constrains the u-dependence of the even-
parity amplitudes imposing the relation

2 1
03 0, XY + Sz =32+ 204) 0, X3 + 5 (7 321+ 20) 9,4 = 0. (6.4.31)

6.4.3 Analysis of the odd sector

Similarly as we did for the even sector, the substitution of (6.4.19) into the field equations
allows to recast (6.4.13), (6.4.9) and (6.4.10), respectively, into

1 . 9 .
0=(2c1 —a1)X1 + g(ao —4b1) X2 + [— % —c1 + g(&o + 2b2)}2(3

A 4 1 _
— Z [ — QUgéXl + ngéXQ - 5(2’1 + 32’2)AX3] 5 (6432)
52
_ ag _ p _ _
0= (ap+a1)X1+ (? +01)X3 vy { — 4wy + w2)AX1 — (2w + 2wo +v2)éX3} ;
(6.4.33)
— 2 — 2 _
0= (a1 —2¢c1)X1 + g(ao —4b1) X + [% +c — g(ao + 252)} X3
e _ 8 _ 1 _
-2 [2vgé)(1 + 508X + (a1 + 3@&(3} . (6.4.34)

A peculiar property of this system is that the variable X5 is decoupled from the other
two. To see this, let us construct an equivalent system of equations. We take the sum
(6.4.32) and (6.4.34), which yields an equation exclusively for X». Then, we add (6.4.32)
and (6.4.33) and use the latter to eliminate X'5. The resulting equations, together with
(6.4.33), read

0= (a() — 4b1)?2 — Kﬁzléfg s (6435)

9 _
0= (ap + 2¢1)X1 + g(ao + 2b9) X3

2
_ 1 _
= p{—? [21()1 + 2wso —|—’U2]AX1 = [2’(01 + 2wy + vo + 5(21 +3ZQ):|AX3},

4
(6.4.36)
— a —
0= (CL(] —|—a1)é’c'1 = (?0 +01>X3
2 — —
- [ — 4wy + w2) AT — (2wy + 2ws + v2) AKX . (6.4.37)
Again, we consider solutions of the following form:
Xy =20 () et 7=1,2,3, (6.4.38)

*Some preliminary steps are shown in Chapter 10.
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where G4 is of course not necessarily equal to the ¢4 introduced in (6.4.28).

For the odd sector, the resulting algebraic system for the amplitudes ?30) has the
following matrix form:

0 ag — 4b1 + 421@2 0 ?go)
ap + 2¢c1 —2Q%X; 0 2(agp + 2by) — Q*(N2 + A3) x| =o0.
ag + a1 — @2)\1 0 %) +c — @2)\2 ?go)
(6.4.39)
Here we introduced 2
0% = ZPMB(V‘B, (6.4.40)
and the abbreviations
1
A1 = 4(wy + wy), Ao = 2(w1 + wa) + va, Az = =(21 + 322) . (6.4.41)

3

The system (6.4.39) shows that there are three propagating parity-odd modes which
are determined by

ag — 4by + 42,02 = 0, AQ*+BO?+C=0, (6.4.42)

where we denoted the combinations of the coupling constants

A=222+ X\ (A2 + \3), (6.4.43)
2
Bi=—4 (% n cl) Ao+ (a0 + a1) Az + Ag) — (a0 + 2b2) (6.4.44)
2 2
C:=2 (% + Cl) — g(ao + 2[)2)(&0 + al) . (6.4.45)

Since the equation (6.4.7) (the only one that constrains the u-dependence) is inde-
pendent of the copotentials, the parity-odd amplitudes Y§0) = ?}0)(11), J =1,2,3, are
arbitrary functions of w.

6.4.4 *“Pseudo-instanton” solutions

In the article [178], Vassiliev considered the particular class of MAG models containing
only the ("W )2 and ("Z%)? invariants. In other words, the considered Lagrangian is
(3.4.1) witha1 = ag = ag = 0, bl = - = b5 = 0, Cl = Cg = C3 = 0 and also vy = 0.
In this context, Vassiliev defined “pseudo-instantons” as those solutions of the vacuum
MAG field equations with metric-compatible connection and purely irreducible curvature. The
idea of this section is to explore if solutions of this kind are allowed under our particular
Ansatz for the gravitational variables (6.1.2)-(6.1.4) and (6.1.9).

For our wave Ansatz, trivial nonmetricity Q,, = 0 means that U = 0 and W4 = —V4.
In terms of potentials and copotentials, this condition is given by

U=U=0, W=-Y, W=-V, (6.4.46)

or equivalently
Xo=2W, Xi=H-W, Xo=2X;3=0, (6.4.47)
X =-W, Xy=X3=0. (6.4.48)
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Consider the general curvature quadratic model, i.e., all of the parameters (including
ap) vanish except wy, 27, and vg. Under the conditions (6.4.48), our MAG field equations
reduce to

AW =0, AW = 0. (6.4.49)

By virtue of the decomposition (6.4.1), we find
IawA=0, EBoWE=0 (6.4.50)

and, therefore, from (6.1.48)-(6.1.50) and (6.4.46) we conclude that

()

(—) (—) (+)
@ =WNr=0, Q=0 (ie, Q=0 VI). (6.4.51)

The resulting curvature is
R, =Wt (6.4.52)

which is purely irreducible and, hence, a “pseudo-instanton” solution in the sense of
[178]. We have found that all metric-compatible solutions respecting our Ansatz are
Weyl-pseudo-instantons (i.e. the curvature is equal to "W ,? which is the generalization
of the Weyl tensor to metric-affine geometry).

6.5 Conclusions

In this chapter we have considered the Lagrangian (3.4.1), which contains all possible
parity-even linear and quadratic invariants in curvature, torsion and nonmetricity. The
cosmological constant has been dropped for simplicity and the work has been focused on
vacuum solutions (i.e., zero energy-momentum and hypermomentum content). We as-
sumed a pp-wave Ansatz for the coframe (6.1.2)-(6.1.4) and the linear connection (6.1.9).
The resulting curvature, torsion and nonmetricity exhibit very special structure (see Sec-
tion 6.1.4).

We have shown that the pp-wave solutions of GR and teleparallel gravity arise as
special cases of our solutions.

We have extended the method used in [224] to MAG under our particular Ansatz. We
tirst performed a Helmholtz-like decomposition of each of the three transversal 2-vectors
W4, V4 and Uy into its scalar potential and copotential. The MAG dynamical equations,
when written in terms of these six variables, together with the function H from the pp-
wave metric Ansatz, constitute a system of eight equations (6.4.6)-(6.4.13). The equation
(6.2.67) (equivalently (6.4.7) in terms of the potentials), constrains the dependence on
the null coordinate u, whereas the remaining seven equations are of the Helmholtz or
screened Laplace type and determine the seven unknown variables as functions of the
transversal coordinates .

The structure of the field equations is very special and allows to decouple the parity-
even (the three potentials and H) and the parity-odd (the three copotentials) variables
into two separate sets of equations. As we mentioned above, this decoupling is a conse-
quence of the absence of parity-odd invariants in the action. We considered the standard
exponential substitution (6.4.28) and (6.4.38) for the seven scalar variables, extracting the
transversal dependence in a plane-wave-like factor. After substituting this into our dy-
namical equations, they can be rewritten as an algebraic system of equations for the wave
amplitudes.

We took advantage of the previous result and focused on the type of models in which
the Lagrangian is constructed only from the curvature invariants, whereas the quadratic
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in torsion and nonmetricity terms are set to zero. In this context we checked that “pseudo-
instanton” solutions (in the sense of [178]) are allowed under our Ansatz and we found
the general solution, which are of the Weyl-pseudo-instanton type.

It is important to stress that most of our results were obtained without or under very
mild restrictions imposed on the parameters (coupling constants) of the action. Therefore,
the resulting geometries are exact solutions for large families of MAG models of the type
(3.4.1), and not for specific sets of parameters.

Limitations of this work/future directions

Finally, we comment on the possible future directions arising from the limitations (hy-
pothesis) of this work. One possibility is of course to consider another Ansatz for the ge-
ometry (a Kundt metric Ansatz for g, connections with other nonvanishing irreducible
parts, etc.). The other option is, instead, modifying the Lagrangian. One could then
search for:

O Solutions with non-vanishing cosmological constant. This case would require
important modifications in the Ansatz for the coframe (along the lines of [296] and

[271D).

O Solutions with a nontrivial odd-parity gravitational sector. This direction could
be very relevant since a possible violation of parity is widely discussed in the cur-
rent literature [308-316].

O Non-vacuum solutions. It is also interesting to consider solutions in the presence of
some realistic (but simple) matter distributions such as in-falling dust or collapsing
spheres of relativistic particles.
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On the stability of gravitational theories

People who want to improve should take their defeats as lessons, and endeavor
to learn what to avoid in the future. You must also have the courage of your
convictions. If you think your move is good, make it.

— José Ratl Capablanca

When we extend a well-behaved theory by introducing new degrees of freedom, we
often pay attention just to the contributions to those physical observables we are inter-
ested in. However, it is important to adopt a broader perspective, because some fields
or couplings can render unstable behaviors, for instance. In some cases, the instability
appears just in some backgrounds, invalidating them as reliable models, but in others, its
presence can spoil the general dynamics of the theory. In this chapter we are going to fo-
cus on revising some basic types of instabilities that usually appear in modified theories
of gravity.

7.1 Introduction: stability in field theory

The intuitive notion of stability corresponds to the idea that if we slightly perturb a sys-
tem, the resulting evolution should not be so different with respect to the unperturbed
one, for instance, oscillating around it. In particular, if there are dissipative effects, one
would expect the system to evolve towards the unperturbed solution. These can be for-
malized in the framework of dynamical systems: that perturbative excitations of the orig-
inal trajectory with sufficiently small amplitude will remain in a certain neighborhood of
the original solution in phase space. Usually, in theoretical physics, we require our mod-
els (by this we mean a solution of a particular theory) to be perturbatively well-behaved.
Therefore it is crucial to know and identify the instabilities that can invalidate them.

In principle, we can separate the instabilities into two groups: those that manifest in
particular backgrounds (background-dependent) and those that are intrinsic to the the-
ory. The first ones indicate that the chosen model is problematic and, generally, should
not be treated as a reliable physical model (e.g. in the context of cosmology, it would
not describe the real Universe). The second ones are more severe since the propagating
unstable modes will generically be present around any solution, implying that the entire
theory is pathological. In this chapter we are going to focus on four types of instabil-
ities, gradient ones, tachyons, ghosts and strong coupling.! For the description of the
pathologies, we base our discussion on the references [317-319].

Modified theories of gravity are usually intricate theories with several degrees of free-
dom coupled in very complicated ways. If a potentially problematic term is noticed, it
must be checked whether the instability is actually present or if some miracle could pre-
vent the dynamics from the unstable behavior [320] (in Section 7.2 we will see the case of
R? gravity, which is an example of such a miracle).

! Another relevant one, which is worth remarking, is the stability under quantum corrections. This is an
extra test that classically stable theories have to pass.
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130 7.1. Introduction: stability in field theory

7.1.1 Background stability I: Gradient instabilities, tachyons and ghosts

Consider a field theory in Minkowski space for certain scalar ®. Suppose that we perform
a perturbative expansion ® = ®( + ¢ around some background solution ®. The action
for the perturbation (at the lowest order) will be something like

L = Fi(®)¢” — Fa(®0)|Vo|* — F5(Po)¢” . (7.1.1)

Let us assume now a slow-varying background, i.e. that %}0 < %f’.z In that case, the
previous Lagrangian can be recast as

1. 1. - 1
L= %& — 5b|v¢>\2 — §m2¢2 where b,m?>eR, aecR\{0}. (7.1.2)

Here the dot represents the time derivative Jy of the field, V is the gradient operator in
R? and |.| is the module taken with the Euclidean metric of R3. The equations of motion
are

¢ = a(bV2p — m?¢). (7.1.3)

If we now take the Fourier transform of the field
. 1 T .
k)= — [ e () dtd3z, k, = (w, k), 7.1.4
o) = <= [ e ola) u= (. F) 7.1
we get the following dispersion relation
w? = a(blk]> +m?). (7.1.5)

Notice that depending on the values of {a, b, m?} we might be allowing modes with imag-
inary frequencies, i.e. exponentially growing/decaying modes.

The corresponding Hamiltonian functional is3
1.
= % = —¢. (7.1.6)
0op a

Here we see the problems from another perspective. For instance, observe that certain
values of {a, b, m?} prevent the Hamiltonian from being bounded from below.

H[p, 7] = /d?’x % <a7r2 + b|ﬁ¢\2 + m2¢2) ,

It is not difficult to see that the case a, b, m? > 0 is free of these exponentially growing
modes (since all of the frequencies are real). Therefore, the Hamiltonian is non-negative
and, consequently, bounded from below. Among these cases, we can find the Klein-
Gordon Lagrangian

1 1
Lxa = 3 GO — §m2¢>2, (7.1.7)

which corresponds toa = b =1 and m? > 0.

?This is valid for perturbations ¢ of high frequency.

3In the context of the Hamiltonian formulation of field theory, it is useful to work in terms of the Hamil-
tonian functional (instead of the Hamiltonian density). This is constructed not in terms of the Lagrangian
density L(¢, 0., ...), which is a function of the fields and their derivatives, but in terms of the Lagrangian
functional. The latter is a functional of the fields and their time derivatives (seen as independent variables),
L[¢, b, qb] =/ d®zL. The spatial derivatives are then considered within the functional dependence on the
fields.
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Amplitude
A

background
mean
amplitude

k| = |m|

initial

erturbation :
pamplitude / \ /)( 7\\ Time
X \WARRNEIN

T = |m[ | [F[>>Im] Toncs.

Figure 7.1.1: Here we schematically show the evolution of the modes for different |k| in the
presence of a tachyonic instability. For simplicity we took |b| = 1. Observe that the instability
time scale Tinst. is momentum independent and defined by the mass |m| of the tachyon. For
times much smaller than Ti,st. the instability is controlled.

Tachyons

We say that a field is a tachyon, if the mass term has the wrong sign or, equivalently, if the
mass parameter m is purely imaginary. Usually tachyons indicate that the background is
not the true vacuum of the theory.*

In our example, if we assume a > 0 (since it is a global normalization we choose

a = 1), the tachyonic instability appears whenever b > 0 and m? < 0. Then, if we look at
the dispersion relation

w? = blk|? + m?, (7.1.8)

we see that for sufficiently small 3-momentum (b|k|> < —m?2), the r.h.s. becomes negative
and the associated modes have exponential behaviors [317, ],

P(x) ox et = v Iml>—blk] (7.1.9)

The presence of growing modes indicate that the theory is unstable. Observe that we do
not have modes growing arbitrarily fast. The limiting case (highest |w|) corresponds to
k = 0. This mode defines the scale of the instability

Tinst. = |m| 7T (7.1.10)

At this time, the unstable modes will reach amplitudes comparable to the background
(see Fig 7.1.1). Notice that for larger masses of the tachyon, 7i,s. decreases (for a fixed
initial amplitude) and the instability is even more severe. In the opposite case, the dy-
namics is reliable at short times, whereas at large times one cannot say anything about
stability. The reason for this is that the slow-varying hypothesis we assumed is violated,
since Tingt. is comparable with the characteristic time scale of the background 7,cke.. The
analysis of stability in that case cannot be done with the Lagrangian (7.1.2).

*In fact, tachyon instabilities play a role in cosmology. See e.g. [321, 322].
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Figure 7.1.2: Here we schematically show the evolution of the modes for different |k| in the
presence of a gradient/Laplacian instability. For simplicity we took |b| = 1. Observe that the
instability time scale 7inst. is essentially zero (ignoring a possible cutoff) since the exponential
growing is faster for higher momenta.

Gradient instabilities

Gradient instabilities (also called Laplacian) are those characterized by imaginary frequen-
cies at high momenta. This is a consequence of the wrong sing in front of the gradient
term in the Lagrangian, leading to imaginary sound speed parameter (c? < 0).

Let us take our example with the scalar field with the normalization a = 1 and a
“good” mass term with m? > 0. The dispersion relation for b < 0,

w? = blk|*> +m?, (7.1.11)

shows, as we announced at the beginning, that for high momenta (K2 > m2/|b) the
frequencies are imaginary. In other words, there will be exponentially growing modes.
When the mass is negligible with respect to the momentum we have [317, 315]

d(z) o elwlt s elb 2R, (7.1.12)

Contrary to the tachyonic case, we see that in a system with a gradient instability, modes
with higher momenta grow faster and faster. Consequently, the characteristic time of the
instability goes to 0, i.e., the instability develops arbitrarily fast. (see Fig. 7.1.2).

One might think that this situation can be alleviated and we can do phenomenology
if we put some cutoff A to the momenta, but the problem continues. First of all notice that
the time scale characteristic of the background (7,ckg.) should be larger than the cutoff
time scale A~! (if not, we would be working beyond the limits of the Effective Field The-
ory). In addition, there are exponentially growing modes developing the instability up to
the cutoff scale [317]. Then, for [m| < |k| < A the background is ruined by the instability,
similarly as in the tachyonic case for 0 < k| < |m|. On the other hand, the region of
momentum space |k| > A is directly outside the regime of validity of the Effective Field
Theory. Therefore, a gradient instability completely invalidates the theory and makes it
non-predictive [318].
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Figure 7.1.3: Left: A classical ghostly particle moving towards an ordinary particle at rest.
As a result of an elastic collision, the latter acquire some kinetic energy, which also implies a
boost on the velocity of the ghost. Since its kinetic energy is negative, this process does not
violate energy conservation. Notice that also the conservation of the momentum is different in
the presence of a ghost. Right: Example of the typical pathological quantum process allowed
in theories with ghosts. Here we see the vacuum decaying into two healthy particles and
two ghosts (based on the example (7.1.13)). This process would quickly happen everywhere,
making the vacuum unstable.

Ghosts

In classical theory, a ghost is a field with negative kinetic energy. From a quantum per-
spective, the associated quanta have either negative energy or negative norm.

In a theory with just one field, the corresponding kinetic term can always be canon-
ically normalized. The problem arises when there are couplings to other fields whose
kinetic terms have the correct sign. Consider our previous example with a = b = —1 and
m? > 0, coupled to another scalar field ¥ with the canonical kinetic term and the same
mass for simplicity:

L= % ) — %M@% - %m%? + %) + agP?. (7.1.13)

If we compute the Hamiltonian we can clearly see the problem:

1 1. = - 1
H(p, mp, ), my] = /d% {2(7@ — )+ §(W¢]2 — V) + 5m2(<z>2 + %) — ag®y?| .
(7.1.14)

Indeed, the term —Wﬁ prevents the Hamiltonian from being bounded from below. These
contributions have catastrophic consequences even in the classical regime (see Fig. 7.1.3
left). However, the problem is even worse in the quantum theory since there is no ground
state. In that case the problem is not that the energy becomes lower and lower, since the
energy (assuming the system is isolated) is conserved, but that certain sectors become
highly excited, triggering the unstable behavior [320, 323, 324]. The vacuum of the the-
ory will copiously decay into ghosts and non-ghostly particles (with arbitrary positive
energy) without violating energy conservation.” In our particular example, this would
happen through the process 0 — ¢ + ¢ + 1 + ¢ (see Fig. 7.1.3 right).®

5For a scalar ghost, the propagator can be expressed in any of these two forms [324],

—i —i

p2 —m?2 + i€’ p2 —m? —ie’

The first one gives negative norms, and hence violation of unitarity. However, the second one gives a unitary
theory with negative energy states that can produce these uncontrolled decays.

%In quantum-field-theoretical terms, the available phase space of the decay is typically large so the time
scale of instability is short [317]. Of course if we work at scales much lower than the mass of the ghost, the
instability is not active.
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Some authors have been working in the direction of clarifying that having a Hamil-
tonian with no ground state does not necessarily imply a pathological theory (see e.g.
[325-327]). These solutions usually involve non-standard approaches and their classical
limit is not clear, so we are not going to enter into details since the complexity of the field
is remarkable.” For the purposes of this thesis, we will adopt the most extreme position
and try to totally eliminate the ghosts. Nevertheless, each particular theory should be
carefully studied to reveal whether the instability is actually present. In any case, the
alarm should turn on whenever these terms or negative energy densities are present.

7.1.2 Background stability II: Strongly coupled backgrounds

In this section we are going to briefly comment on strong coupling. This is another type
of background-dependent instability that is very common in modified theories of gravity
and that cannot be directly seen at linear order in perturbations.

The general idea is the following. Suppose we have a theory that we know that con-
tains n propagating modes in its general spectrum (or n degrees of freedom). Now we
perform perturbations around certain solution and check that only m (< n) propagate at
linear order but at certain higher order, some of the remaining ones become active. This
discontinuity in the number of propagating modes at different orders in the perturbation
expansion indicates an instability of the background called strong coupling.

One way to see the problem is that, after canonical normalization, the vanishing coef-
ficient of the kinetic term will affect all the interaction terms and consequently the effec-
tive couplings in the interactions will become infinite (this motivates the denomination
“strong coupling”).

From the point of view of dynamical system theory, strongly coupled solutions typi-
cally lie in a phase space surface that presents some kind of singular behavior. In Chapter
8, we will see that indeed the strongly coupled background is a singular point of the prin-
cipal part of the dynamical system of differential equations. To be precise, what happens
there is that the matrix of coefficients for the highest derivative sector does not have max-
imum rank at that point. In other words, the order of the system is abruptly reduced in
that solution. It is worth highlighting that this singular point is not a point in spacetime
(whose presence could allow regular solutions), but a singularity in phase space, which
is something much more severe.

One important consequence of having a strongly coupled background is that solu-
tions around it cannot be perturbatively computed in the standard way;, i.e., part of the
information about them could not be capture by the perturbative method (see Appendix
F).

7.1.3 Background-independent instabilities: Ostrogradski ghosts
Ostrogradski theorem

The previously mentioned instabilities usually appear in field theory when performing
perturbations around certain backgrounds and can be absent in other solutions. Unfor-
tunately, there could be instabilities totally inherent to the very theory, which are not
artefacts of the specific background under study. A quite notable example, which is of-
ten present in modified gravity, are those ghosts predicted by the Ostrogradski theorem

7In some cases, the ghosts can be eliminated via Gupta-Bleuler formalism, as in Quantum Electrodynam-
ics, by consistently restricting the Hilbert space.
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(Ostrogradski ghosts). We are going to start by revising such result, which is indeed one of
the most powerful results about stability in field theory.

In 1850, Ostrogradski formulated an extension of the ordinary Hamiltonian formal-
ism to higher derivative theories [328]. Here we reproduce the theorem as was stated in

[320]:°

Theorem 7.1. (Ostrogradski Theorem)

Let a Lagrangian involve n-th order finite time derivatives of variables. If n > 2 and the
Lagrangian is non-degenerate with respect to the highest-order derivatives, the Hamiltonian
of this system linearly depends on a canonical momentum.

Here non-degenerate Lagrangian means that the Hessian has maximum rank. In this con-
text, the Hessian should be understood as the matrix of second variations of L with re-
spect to the highest time derivatives of each field. See e.g. (7.1.41).

For completeness, we reproduce here the Ostrogradski construction with second time
derivatives in the context of point particles, just to fix ideas [332]. Consider the La-
grangian (we use L and H for the Lagrangian and the Hamiltonian in point particle
dynamics) L = L(z, &, Z) and assume that it is non-degenerate, i.e.,

02L
a2 #0. (7.1.15)

Notice that this condition permits the Euler-Lagrange equation,

oL doL  d? 0L

g—&%-l-@%—o (7.1.16)

to be re-expressed as [337]
x(t) = f(t, w0, ko, Lo, To) . (7.1.17)

Thus, instead of two, four initial values are needed. This reflects the fact that there are
4/2 = 2 degrees of freedom and not 1, even when we have just one unknown function
x(t). This “hidden” degree of freedom is a consequence of having higher-derivatives.

Let us move on to the Hamiltonian view. For this particular case, the Ostrogradski
procedure requires to introduce two generalized coordinates and two generalized mo-
menta as follows

. oL d oL oL
q1 =, Q@ =, T = = o

= % — a%, T2 8:1; (7.1.18)

The non-degeneracy condition implies that one can invert these definitions to write
&= F(q1,q2,m2), (7.1.19)

such that
oL

0% r=q1,t=q2,t=F '

(7.1.20)

T2

At this point, we introduce the Ostrogradski Hamiltonian, defined in the usual way
as the Legendre transformation of L with respect to the velocities (derivatives of ¢;):

H = qim1 + Gomo — L(w, &, &) (7.1.21)
= qom1 + F(q1,q2, m2)m2 — L(q1, 92, F(q1, g2, ™2)) - (7.1.22)

8See also [330, 331].
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We clearly see here that the momentum ; only appears once in the Hamiltonian and
linearly, as we wanted to prove. Let us finally show that this Hamiltonian is not just an
artificial construction but indeed reproduces the same dynamics as the Lagrangian we
started with. Three of the Hamilton equations are nothing but the definitions of g2, F
and 7, respectively,

oH oH oH oL
=== j9=—=F Ty = —— = — e 7.1.2
N =G =P =5 (q1,q2,m2), o 90 Tt o (7.1.23)
whereas the remaining one,
OH OL
= ——— = — 7.1.24
™1 aql o ) ( )

is the Euler-Lagrange equation (7.1.16) (after the substitutions (7.1.18)). It is important to
note that, also in this formulation, H continues being the energy of the system, i.e., the
Noether current for the time translation symmetry [332].

These notions can be generalized to field theory. Let us see a particular example (see
Appendix D of [318]):

Example 7.2. Consider the following Lagrangian for a scalar field

L= % PO D + %(Dd))z —V(9), A\ #£0. (7.1.25)

where [J := 7 9,,0,.. We construct the Lagrangian functional
- 1 . S A - o
Lio.6.6) = [dar = [ @[5~ 196P) + 56— 6P - V(o). (7129

which is indeed non-degenerate,

2
L
det [Hess(L)| = 5.. =\ #0. (7.1.27)
ol
We introduce canonical variables according to the Ostrogradski procedure:
o 0L déL =g
. 5L S
@ =9, = — = Mo — V7). (7.1.28)
d¢
From the expression of m, we can obtain the function F',
. 1 ﬁ
b= F(q,q2,m) = 1Tt V3 . (7.1.29)

The resulting Hamiltonian functional is indeed linear in 7:
Hlqy, q2, 71, m2]
= /d3$[41ﬂl + Gomy — L]

= /dsﬂ?[(hm + (%Wz + 62(11)??2 - %((92)2 - |6C_I1|2) + V(Ql)} . (7.1.30)
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Chapter 7. On the stability of gravitational theories 137

The appearance of the ghostly mode can be also seen directly in Lagrangian formal-
ism by introducing auxiliary variables (at the end of the day this is just a “dof redefini-
tion” that allows to extract the pathological part). Let us revisit the previous example:

Example 7.3. Consider the following Lagrangian density depending on two fields
¢ and x

L= % L") + xO¢ — %XQ ~ V(). (7.1.31)

This theory is on-shell equivalent to the one of the Example 7.2. Indeed x is an
auxiliary field, since no derivatives of it appear in the action and it does not appear
linearly (in such case it would not be an auxiliary field but a Lagrange multiplier).
Its equation of motion is algebraic and can be solved as

oL 1

0= =0¢—- —x = X = Ao (7.1.32)
195% A

If the equation of motion for certain field can be solved exactly and we plug it back
in the Lagrangian, we do not alter the dynamics of the rest of the fields (i.e. it is
consistent to do that). If we plug this solution we immediately get the Lagrangian
of the Example 7.2. The thing is now to realize (see [315]) that we can perform a field
redefinition ¢ — x — a (which is completely regular) and the Lagrangian (7.1.31)
becomes

1 1 1
L= iaﬂaﬁ*‘a - 58,0(6“;( - 5)(2 —Vix—a). (7.1.33)

We can see that the kinetic term of x has the wrong sign and thus is responsible for
the Hamiltonian not to be bounded from below. In this final rearrangement of the
fields, x is the one that we can identify with the Ostrogradski ghost.

Avoiding Ostrogradski ghosts and gauge symmetries: the massive spin 1 particle

The most general kinetic term one can construct for a relativistic field theory of a vector
field A, is a combination of the invariants
0, A, 0" A” A, 0" A* (9,AM)%. (7.1.34)
Up to boundary terms, only two are independent, so let us consider the following La-
grangian
1 1 1
La=—aFu(A)F"(A) - 5b(a,AM)Q + §m2AHA“, (7.1.35)
where we have introduced a mass term for the field and also the usual notation F,, (X) =
20, X,). This Lagrangian is assumed to be part of a larger one with other fields that are

canonically normalized and such that (for simplicity) the only derivatives of A, are those
of £ A-

If we separate spatial and time components A, = (A, A;), we obtain
1 .. . 1 . o L
La= 5067 AiA; - 5bA? +ad;0'A — bAG; A"
1 i 1 ij 1 e L2040 i
- ia&-Aa A— ZaFij(A)F T(A) — §b(8¢A )"+ 3™m (A4 AAY). (7.1.36)

Here we see that either a < 0 or b > 0 (or both) implies the presence of a ghost. If we
jump to the Hamiltonian formulation by introducing the momenta

= — = —-b(A+ 0;A"), ti=—— = —a(A'-0'A), 7.1.37

wm S WA gAY, wte e cald ), (0137
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138 7.1. Introduction: stability in field theory

we can identify the ghosts in the following kinetic contributions to the Hamiltonian func-
tional (assuming both a, b # 0)

. 1 1 o
HplA, 7, Aj, '] = /dgx (—b7r2 + 2—5ij7r17rj + > . (7.1.38)
a
Interestingly, the term with b contains a ghost even when b < 0. Indeed, this mode
can be transformed into an Ostrogradski one. To see this, let us perform, instead of a
3+ 1 decomposition of the field, a splitting into longitudinal ¢ and transversal part B, as
follows’

A, =0,0+ B, with ouB" =0, (7.1.39)
which implies 9, A* = O¢ and F),, (A) = F,,(B). The Lagrangian can be then recast as
1 1 1
Lpy = —70Fu(B)F"(B) - §b(Dgzs)Q + §m2(8u¢ + B,)(0"¢ + B"). (7.1.40)

The Lagrangian functional Lpgy[B,,, B s O, b, qS] is non-degenerate for nontrivial a and b:

62Lpy 0°Lpy

o o - = —antv 0
det [Hess(Lpg)] = det | OBu0Br 08,06 | qop (7 — —abO¢. (7.141)
Lpy 06°Lpy 0 —bde
8pdB, 540

One can now check that there are two degrees of freedom associated to ¢ instead of one.
To see this, we rewrite the Lagrangian density as

1 1 1
Lpy = —ZaFW(B)F‘“’(B) + §m2BuB“ +59 (—=b0? — m?0) ¢ + total der. ~ (7.1.42)

and compute the propagator in momentum space (we follow the steps of [333])

1 111 b
y=——55=—|5—75"—"—| - 7.1.43

ST bkt —m2k2 T m? {k? bk? — m2] (7.1.43)
Note that the second term has negative norm for generic b. To avoid the Ostrogradski
ghost we need to impose b = 0. In addition, in order to get the correct normalization for
the kinetic term of B,, we need a = 1 (we avoid the other ghostly modes since a > 0). The

resulting Lagrangian (Stiickelberg Lagrangian),'
Lstiick = —iaF,W(B)F‘“’(B) + %nﬂ(@,ﬂs + B,)(0"¢ + B"), (7.1.44)
is gauge invariant under
By —= Bu+0,9, ¢—¢—g. (7.1.45)

If we fix the gauge that makes ¢ = 0 we recover the Proca Lagrangian, which describes
the three degrees of freedom of a massive spin-1 particle.

°This decomposition can always be done. See [333, sec. 8.7.1].
The elimination of the ghost is a degenerate case of the theory in terms of A and A;, because a 0 is
introduced in the (diagonal) kinetic matrix

1, +./0 0 A
Lala=1,=0 = 5(14» A;) (0 51',j> (A]> + .

From the Hamiltonian perspective, it is not possible to solve for the velocities in terms of the momenta
(we get m = 0). The correct way to continue with the Hamiltonian approach is the Dirac procedure for
constrained systems [334-336] (see also [337] and the explanations in [97, 129]).
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Chapter 7. On the stability of gravitational theories 139

The introduction of gauge symmetries (redundancies) allows to eliminate degrees of
freedom. This can be used to cure theories from ghostly behaviors. In the previous ex-
ample under the longitudinal+transversal decomposition, the symmetry makes the La-
grangian degenerate so that the Ostrogradski theorem cannot be applied (we will explic-
itly use this in several examples in Chapter 9). In general, one should be careful and
ensure that the introduced gauge symmetry has indeed eliminated pathological modes
(as in this case) and not healthy ones.

Similarly, the U(1) gauge symmetry A, — A, + 0,9 prevents the Maxwell Lagrangian
from being pathological, since it allows to eliminate the ghost associated to the longi-
tudinal mode. Another example of this is the Fierz-Pauli Lagrangian for a massless
spin-2 field, where the ghosts can be removed thanks to the gauge symmetry under
hyw = by + 048y + 0uE,-

7.2 Stability problems in different modified theories of gravity

If we look at (massless) Fierz-Pauli as the linearization of GR around Minkowski back-
ground, we can check that the gauge transformation h,, — hy, + 0,& + 0,€, is just
the linearization of a general diffeomorphism. The already mentioned healthiness of
the Fierz-Pauli Lagrangian is then a crucial result that reflects the linear stability of GR
around Minkowski. A more careful Hamiltonian analysis reveals that the theory is in-
deed healthy at the full non-linear level.!!

If we construct a modified theory of gravity at the non-linear level (combining cur-
vatures with other tensor quantities for instance), instabilities of different kinds are ex-
pected. Here we present some examples of modified theories of gravity and currently
known pathologies they exhibit:

O Except Lovelock terms, higher order curvature theories of gravity (in the metric for-
mulation) propagate two extra fields in addition to the massless graviton: a ghostly
spin-2 field with nontrivial mass and a scalar. In general, these theories will have
the ghostly modes propagating. One example is (Cosmological) Einsteinian Cubic
gravity (see Chapter 8), which contains a propagating ghost and whose cosmologi-
cal backgrounds (at least with flat spatial slices [2]) are strongly coupled.

However, there are some very special cases such as f (R), in which a miracle hap-
pens. Of course, if we go to the Einstein frame, we are done (because GR is healthy).
But it is interesting to see more closely why the ghost disappears in more physical
terms. To see this, consider the particular example of R? + a}O%W]O%W. In the limit
a — 0, one can check that the mass of the extra spin-2 field goes to infinity (in ap-
propriate variables) without generating any pathologies [2]. This leads us to the
well-known result that the term 12 is healthy. This result can be extended to all

F(R) [3201.

O The case of an arbitrary function of the Gauss-Bonnet invariant, called f(G)-gravity
(see e.g. [73-75]), is similar to f(R): the ghostly spin-2 is absent and only the mass-
less graviton and the scalar propagate [44].

(O Ricci based gravity, as commented in Section 1.2, can be mapped into an Einstein
frame. The resulting theory is just GR, so it propagates only a healthy graviton.
However, the inclusion of the antisymmetric part of the Ricci in the action com-
pletely destroys the well behavior of these theories transforming the projective

"1n this thesis we do not enter in Hamiltonian analysis, so we leave the details for the reader.
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140 7.3. Inconsistencies in 4DEGB

mode in a propagating ghost [54]. See also the extension of this analysis in [55],
where they argue that these problems will be present in more general metric-affine
theories.

O The non-linear extensions of the teleparallel equivalents, f(7") [116, , ] and
£(Q) [108, 340] (we will introduced them in Chapter 9) also suffer from instabilities.
The reason is that the nice symmetries (which allow for instance the elimination
of ghosts) of the teleparallel equivalents 7" and () are in fact symmetries up to a
boundary term. These boundary terms cannot be extracted from the function f, so
the symmetries are lost in the non-linear extensions. In addition, the cosmological
backgrounds are generically strongly coupled in f(7') [116], while f(Q) alleviates
the situation, suffering the problem only on maximally symmetric backgrounds
[340] (in particular, in Minkowski spacetime).

O The quadratic PG gravity Lagrangian contains ghosts and tachyons for generic val-
ues of the parameters (see for instance the analysis of the particle spectrum in [295]).
Similar problems are expected in MAG.

Of course, it is possible to find sets of parameters in some of these theories that lead to
healthy propagations. Relevant examples of this are the already mentioned (see the Sec-
tion 1.2) Horndeski [39-44], beyond Horndeski [45-53] and generalized Proca [59-62].
They remove Ostrogradski ghosts by construction via ensuring either the degeneracy of
the Lagrangian or the presence of, at most, 2nd-order derivatives in the dynamical equa-
tions. Indeed, in theories involving scalars, vectors, etc., such as MAG, the corresponding
terms must belong to one of the known classes of healthy theories.'?

7.3 Inconsistencies in 4ADEGB

In addition to the possible instabilities, the very definition of a theory might contain
inconsistencies. Although it has been refined a posteriori, the initial formulation of 4-
dimensional Einstein-Gauss-Bonnet gravity (abbreviated as 4DEGB) is a good example of
this. This theory was recently proposed [214] as a candidate that incorporates dynamical
contributions coming from the Gauss-Bonnet (metric) term in dimension 4 (which, as we
know, is just a boundary term). After the publication, there have been many contribu-
tions regarding the nature and/or the well-definiteness of 4DEGB (some examples are
[342-350]). Here we are going to discuss some of these problematic aspects in the formu-
lation [214]. The full detailed analysis of inconsistencies was performed in [3]'3 (see also
the comment [4]).

12Some further recommended literature is [57] for an extensive review of cosmology in different modified
gravity theories and [341] on massive gravity.

BThis work contains an additional section about spherically symmetric solutions and the singularity prob-
lem (which is supposedly solved in this 4DEGB theory) that we have omitted in this thesis.
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Chapter 7. On the stability of gravitational theories 141

Essentially, [214] proposed the following method to bypass the Lovelock theorem (see
Section 4.1): we consider Einstein-Gauss-Bonnet (EGB) theory in an arbitrary dimension
D with a coupling constant for the Gauss-Bonnet term ZgD) (given in (4.1.5)) re-scaled by

a factor of 1/(D — 4),!4

M3, - ;
Slgu] = / Pa/Jg] |-A+ ZRR+ 2P (7.3.1)
2 D—4
and then we vary the dynamical equations and take the limit D — 4. Now we are going
to dive into the problems of this procedure.

7.3.1 Problem 1. The (D — 4)-factor and the definition of the equations

The central point of the approach of [214] is the statement that the contribution of the
Gauss-Bonnet term to the equations of motion is proportional to a factor of (D —4), which
is cancelled with the one in the coupling constant, allowing for a well defined D — 4 limit
at the level of the field equations. The problem here is that there are contributions to the
equation of motion which are not proportional to (D — 4) (this was also noticed in [351]).

Consider the k-th order Lovelock term in an arbitrary dimension D. When varying
the action with respect to the coframe 19“, we find

5 g(D)
* = ga = (D —2k)(D — 2k — 1)! J*) ¢ (7.3.2)
where Jé’j) is a regular tensor built from combinations of the Riemann tensor that dif-

fer for each k. The second factor comes from the contraction of two Levi-Civita sym-
bols. Therefore, it is of combinatorial nature. Note that the involved counting is not a
continuous process in which the number of indices being counted (or equivalently the
dimension) can take any value; rather, the value must be an integer. Indeed, for (7.3.2)
to be valid, D must be greater than 2k because a (—1)! cannot arise from counting possi-
ble permutations. Since (7.3.2) is not valid for D = 2k, it cannot be stated that the factor
(D — 2k) is the responsible for the vanishing of (7.3.2) in D = 2k. Instead, the nullity of
this variation in D = 2k is due to two reasons: (1) the curvatures in the Lagrangian (via
Levi-Civita connection) do not contribute to the coframe variation (see [352]) and (2) the
explicit dependence on the coframes dissappears from the Lagrangian in D = 2k, since

=2k
* (19a1...a2k) = F(k)gal...agk > (733)

where &, 4, is the Levi-Civita tensor associated to the anholonomic Minkowski metric
(i.e., it is a constant object) and F*) is a non-zero constant for each k. It is important to
remark that the property (2) is very special of the D = 2k case.

If we work in components, we find that the equation of motion can be rearranged as

1 55"
Vgl 09"
where no D — 2k factor can be extracted from W,,,. For instance, the first-order Lovelock

term (the Einstein-Hilbert action) leads to AEIV{ = 0and WE,E{ =G uv, Which vanishes in
D = 2. If we split the Riemann into its irreducible parts, the Gauss-Bonnet term leads to

= (D—2k)A + W, (7.3.4)

“Here and in the following two chapters we use units k = Mp,?, where Mp is the Planck mass.
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(see also [351])

D—3 [ 2D o o 4(D—2). ) -
ACGB_ 7 ° [7 B G
w = g 1wl T g T Gl
o o o ° A D+ 2 9
— 4R#pRyp + 2g#pr,\Rp — mg#l,R (735)
° o2 1 o S Ao
WEVB =2 I:CHP/\ Cup)\a - Zg/.LVCTp/\o'C PA :| y (736)

where we have introduced the Weyl tensor CO‘WPA. Taking this into account, the field
equations given by (7.3.1) in arbitrary dimension are

G + —5Aguw + ASP + =0. (7.3.7)
M2, MI%1 D— 4

We see here that the reqularization made in [214] (i.e. evaluating D = 4 after calculating the
equations of motion in arbitrary D) works fine for the AGB term, giving a nontrivial con-
tribution. However, the W term is generically ill- defmed Indeed, the 4-dimensional
identity WﬁB = 0 is due to the loss of independent components of the curvature as the

dimension approaches (discretely) D = 4. It is an algebraic identity, analogous to G w =0
in D = 2. Therefore, it is not due to any proportionality to (D — 4).1°

This is of course very different from what is done, e.g. in dimensional regulariza-
tion. In the latter the divergent integrals in D = 4 are extended analytically to complex
D, and then the limit D — 4 is taken, so that the divergent and finite contributions are
separated. A key aspect of dimensional regularization is that such analytic continua-
tion is performed over scalar functions,'® whose algebraic structure is not sensitive to the
value of D. However, the quantity WEVB is tensorial, so it is not clear how to extend it
to arbitrary (real or complex) dimensions (what does it mean to have V2 4 i number of
components?). Of course this problem can be solved if we can generalize appropriately
the notion of limit (see, e.g., [353])

7.3.2 Problem 2. Beyond linear perturbations around maximally symmetric
backgrounds

In order to avoid the previous problem we could simply restrict ourselves to metrics for
which C,,,,n = 0 in arbitrary D (implying WE},B = 0), i.e., conformally flat geometries.
One particular case are maximally symmetric spacetimes, i.e. those for which

o ab . K
- Mg(0-1)

K

9 or, equivalently, JO%WP" = W

(6553 — 6555) ,

(7.3.8)
where K is a real constant. In this case, the (restricted) variation of the Gauss-Bonnet
term is indeed proportional to (D — 4), and the variation gives

o

Gy &+~ NGy + —> ACB — (7.3.9)
S Mﬁl :

1 Examples of zero variation due to algebraic reasons are Galileon theory and some interacting massive
vector theories. There, it can be seen that due to the Cayley-Hamilton theorem, the interaction Lagrangian
of a given order k identically vanishes for dimensions higher than the critical dimension associated to & [61].

16Typically the tensorial structures within the integrals are extracted from them by employing Lorentz-
covariance arguments, and therefore the integral to regularize is always a scalar function.
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Although this is true for conformally flat geometries, one should bear in mind that ar-
bitrary perturbations around these backgrounds are sensitive to the ill-defined contribu-
tions that come from the WEVB dependence of the full 4DEGB field equations (7.3.7).

It is worth noticing, though, that the ill-defined corrections that enter the equations
of motion through the QWEVB (D — 4) term do not contribute to linear order in perturba-
tion theory around a maximally symmetric background. Presumably, this is the reason
why these problematic contributions were unnoticed in [214], where only linear pertur-
bations were considered. Nonetheless, the ill-defined terms related to WEVB will enter the
perturbations at second-order.

To show this, let us consider a general perturbation around a maximally symmetric
background by splitting the full metric as

Guv = Guv + €hyy (7.3.10)

where g,,, is a maximally symmetric solution of (7.3.7). Therefore, the Lh.s. of (7.3.7) can
be written as a perturbative series in e:

Here E ,, = 0 are the background field equations, E("),,, = 0 are the equations for
linear perturbations, and so on. Using the zeroth-order equation, the linear perturbations
in D dimensions and around a maximally symmetric background are described by

0:<1+4(D—3) aK

) . [@p@uhw OB — P b — TE

D—1 M3
PPN ~ = K
+ 01, (VOVoh =V, Voh?7) — —(00h — 20*,) |, (7.3.12)
Mg,
where h = h?, and the indices have been raised with g"”. This equation is regular

in D = 4 and, as noted in [214], coincides with the GR result (up to an overall factor).
Nevertheless, the problem arises at second order in perturbations. If we restrict to the
simplest case K = 0 (Minkowski background), the second-order equations E (2) w =0
can be recast as

0 = [GR terms of O(h?)],.,

RS-
Mg, (D —4)

[ 99, Dy T 4 29, T eI 29,509, T
+ 46765}%“&%”)%@}%7 + 2%,1%’”10['86”%7}15,5 — 4§7§ﬁh(uaﬁy)€gho{7
+ G (2V5Y shay — VoV hap — ﬁg@ah75)§5§7haﬁ} , (7.3.13)

where we have substituted the Oth- and 1st-order equations. Notice that, given that the
numerator of the 1/(D—4) term comes entirely from WEVB, it vanishes identically inD = 4,
rendering an indeterminate 0/0 after the limit outlined in [214] is taken. The situation is
similar if K # 0, and all of this seems to be in the line of [343], where it was shown that
the amplitudes of Gauss-Bonnet in the D — 4 limit correspond to those of a scalar-tensor
theory. Moreover, the scalar was found to be infinitely strongly coupled, suggesting that
anew (hidden at linear order) pathological degree of freedom will show up beyond linear

order perturbations.

7.3.3 Problem 3. An action for the regularized equations?

At this point one may wonder: if the problem is the term WS, why not trying to find

a diffeomorphism-invariant action whose field equations in D > 4 are of the form (7.3.9)
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(i.e., only with the AEE contribution)? To find such an action, one could try to subtract
a scalar from the EGB action so that the contribution of WEVB disappears after taking the
variation with respect to the metric, without losing the diffeomorphism symmetry of the
EGB action. However we found the following no-go theorem:

Theorem 7.4. There is no Lagrangian, exclusively metric-dependent and invariant under
diffeomorphisms, whose equations of motion are (7.3.9) in arbitrary dimensions.

Proof. For metric-dependent theory, the Noether identity associated to Diff (M) in
components notation tells that the variation with respect to the metric is identically
divergenceless (true off-shell for any configuration). Therefore, the divergence of
(7.3.9) should be identically zero. After substituting ASE from (7.3.5), we get

4o
D—2

2
M,

o ° 1 o ° o
VI = G + 5 Ay + 0 AR} = aVIATY = Copu VIR . (7.3.14)

Now we only have to check that the rh.s. is not identically zero in an arbitrary
dimension. To see that, consider the following counterexample in five dimensions:

ds? = dt? — e*'dz? — e(dy? + d2? + dw?), (7.3.15)

for which
VHASE = 46t #0. (7.3.16)
|

This result means that the WE,,B term does not come from a scalar Lagrangian under
diffeomorphisms. One might think of breaking this symmetry, but even in that case it
is not possible reproduce the equations (7.3.9) [354]. The other possibility is to add new
fields. In particular, some authors have proposed regularizations of the action involving
a scalar field of the Horndeski type [342, , ,

To conclude this section about 4DEGB, it is important to recall that the idea of ex-
tracting well-defined contributions from topological terms by considering a divergent
coupling constant is an appealing issue with an immense range of applicability. Similar
ideas has been seen to lead to well-defined theories in the context of Weyl geometry [62,

, 356]. However one should define a consistent way of performing such procedure.

7.4 Some general ideas to remember

This chapter summarizes some of the problems we have to deal with when formulating
a modification of GR (or, in general, any field theory). Ghosts, gradient instabilities,
tachyons and strong coupling are just some examples of potentially dangerous issues,
that are very present in these theories. These pathologies are normally discussed around
particular backgrounds, although ghosts will appear generically in theories with higher-
order time derivatives by virtue of the Ostrogradski theorem. However, as we have seen,
dodging the consequences of this theorem is possible if we violate the non-degenerancy
hypothesis; and one way to do this is by introducing redundancies (gauge symmetries)
in the theory.

We have also enumerated some modified theories of gravity with their associated
problems. At this point, it is interesting to come back to our gauge metric-affine theories
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and make an important remark. It is actually quite common the idea that these theories
allow to avoid Ostrogradski ghosts since the Lagrangian depend at most on first deriva-
tives of the gravitational fields (within the curvature, the torsion and the nonmetricity).
However, some families of metric-affine theories have been studied and they are also gen-
erally plagued by ghosts [34]. What happens here (and in extensions of these theories)
can be seen from several perspectives. Let us mention two of these views:

3 In those theories in which the connection plays the role of an auxiliary field (e.g.
Einstein-Palatini) even if there are no derivatives of metric in the action, once we
solve the equation of the connection and plug the solution back into the action we
may generate a Lagrangian containing Ostrogradski ghosts. This same idea can be
applied to other metric-affine theories, and it is in this substitution process when
the higher derivatives (that may render ghost propagations) are introduced (see
Example 7.3).

O Once we have a Lagrangian, the way we rearrange the degrees of freedom is ir-
relevant. In any metric-affine theory with, e.g. higher order curvature terms, we
can perform a Levi-Civita + distorsion expansion. Then, second derivatives of the
metric will appear and could lead to a pathological propagation for the graviton,
for instance.

It is also worth remarking that in most of the modified theories of gravity constructed
as f(K), with K some special gravitational invariant, new degrees of freedom are intro-
duced due to the loss of symmetries and they are usually problematic. In Chapter 9 we
will see some examples.

We insist one more time in that these problems should be carefully analyzed. In this
thesis we will explore different theories and reveal some of their problems. In some of
the cases the catastrophic consequences will be evident; in some others a deeper analysis
is needed to finally state whether the theories are healthy. In particular, in the context of
strong coupling, it may happen that the full structure of the interactions at all orders is
such that this problem never appears [2].

Finally, we have also revised the formulation of 4DEGB in [214], which involves a
delicate limit, as an example of theory with inconsistencies. We have highlighted the
ill-definiteness of the equations [351], the undetermined terms that enter at 2nd order in
perturbations (that seem to be related with strongly coupled modes [343]), and the fact
that one cannot derive the theory from a “regular” action [354].

About the following chapters

In the following chapters we are going to apply these ideas to some particular examples.
In the next chapter (Chapter 8) we will see a great example of the consequences of per-
turbing a strongly coupled background. In Chapter 9, among other things, we will use
the introduction of gauge symmetries to avoid the presence of pathological modes in the
teleparallel restriction of the even MAG Lagrangian (3.4.1). Finally, in Chapter 10 we will
start exploring the spectrum of the full quadratic MAG.
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Strong coupling of cosmological models
in Einsteinian Cubic Gravity and
beyond

The history of science is full of cases where previously accepted theories and hy-
potheses have been entirely overthrown, to be replaced by new ideas that more
adequately explain the data. (...) This self-questioning and error-correcting as-
pect of the scientific method is its most striking property, and sets it off from
many other areas of human endeavor where credulity is the rule.

— Carl Sagan, “Broca’s Brain” (1979), p. 96.

We start the chapter by introducing the theories we are going to deal with. Einsteinian
Cubic Gravity [357] is a higher curvature theory of gravity defined to possess the same
linear spectrum as General Relativity, i.e., a massless spin-2 field, around maximally sym-
metric spacetimes in arbitrary dimension [357-359]. In our analysis we are going to con-
sider the extension of Einsteinian Cubic Gravity that was introduced in [360] (ECG).! The
latter has the same property as the original Einsteinian Cubic Gravity but around arbi-
trary cosmological scenarios (Friedmann-Lemaitre-Robertson-Walker (FLRW)), not only
the maximally symmetric ones. Another way of generalizing the original Einsteinian
Cubic Gravity is by relaxing the definition. In particular one can consider the higher cur-
vature theory with the GR linear spectrum around maximally symmetric backgrounds in
a given dimension (not necessarily in arbitrary dimensions). The resulting theories are
the so-called Generalized Quasi-Topological Gravity theories (GQTG) [361].

The main goal of this chapter is to analyze the presence of instabilities in the cosmo-
logical solutions of ECG (see e.g. [360, , I), in which the symmetries allow a more
straightforward analysis of the pathologies. However, as we will discuss, other back-
grounds are also prone to these problems [364-379]. At the end of the chapter, we will
study GQTG corrections and show that cosmological solutions are even more pathologi-
cal than in the ECG case.

8.1 Previous indications of potential problems

As it is well-known, Lovelock terms (see Definition 4.1) are the only higher curvature
theories that share the field content of GR around any background or, in other words,
at the full non-linear order [195, ]. Therefore, ECG necessarily contains additional
dofs which in turn are associated to the higher than second-order nature of the field
equations.? Among these additional dofs there will be ghostly modes associated to an
Ostrogradski instability. In an attempt to avoid this pathology, ECG selects a particular
cubic polynomial of the Riemann tensor so that the field equations become second order
around specific backgrounds. This construction amounts to requiring that those back-

"Notice that throughout this chapter, by ECG we do not mean the original Einsteinian Cubic Gravity but
its cosmological generalization.

*More precisely, one should say that these theories are neither any of the Lovelock Lagrangians nor are
they related via a regular field redefinition to them. See [380] for an interesting discussion about the role of
field redefinitions within the framework of GQTG where it is shown that they constitute a complete basis

o

for the Lagrangians of the type £(guw, Ruvpx)-
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148 8.2. (Cosmological) Einsteinian Cubic Gravity

grounds correspond to surfaces in phase space, or in the space of solutions, where the
principal part of the system of equations is singular. This has many associated problems.
For instance, standard perturbation theory will not be well-defined around such a sin-
gular surface or, at least, not in a standard form. Notice that the principal part becomes
singular not at a given point or surface in the spacetime (in which case regular solutions
might still exist thanks to the mildness of the singular behavior of the principal part in
that situation), but on a surface in the space of solutions, which is a fundamentally more
pathological situation. Thus, the very construction of the theory suggests that the back-
grounds with the same linear spectrum as GR will be strongly coupled (see Section 7.1.2)
and, therefore, they cannot correspond to stable trajectories in phase space, i.e., no phys-
ical curves in phase space will smoothly evolve towards those solutions. Notice that this
pathology is independent from the existing Ostrogradski instability in arbitrary higher
order curvature theories and it would exist even if the full theory did not contain any
ghosts. What this discussion suggests is that the strongly coupled modes will in turn be
associated to the ghosts present in the theory.

Recently, it has been shown the presence of instabilities in these theories for inflation-
ary solutions in [351]. We we will confirm this findings and complement them with extra
evidence for the generic pathological character of these solutions.

Note on conventions: In this chapter we are using the mostly plus convention for the
metric (signature (—, +,+, +)) and the Riemann, the Ricci tensor and the curvature
scalar differ from our original definition in a global sign. The rest remains the same.

8.2 (Cosmological) Einsteinian Cubic Gravity
The action of ECG is

M3, -
S = /d4ZL‘ lg] (—A+ =2y 6272(3)> , (8.2.1)
2 Mg,

where the first two terms simply reproduce the pure GR sector with cosmological con-
stant, and R (3) is a cubic polynomial of the Riemann tensor given by

1 » » » > 2 o o o o
R(3) = —g (12RM'DVUR/)TJ”RT“77” + RNVpURpUTT]RTan + QRRW/,)JR’“VPU
- Séuyéﬂpﬂ‘é””‘” + 4éwépoéww - 4]32}§Wﬁgu Y+ 81%1/}%”” ép#) .
(8.2.2)

The relative coefficients are carefully selected to guarantee that the linear spectrum of the
theory around maximally symmetric and cosmological backgrounds is the same as that
of GR, i.e., only the usual two polarizations of the gravitational waves propagate.

For a FLRW universe of the type
ds? = —dt? + a®(t)d;;da'da? | (8.2.3)

the gravitational Friedmann equation reads
SMAH%(t) — 6-—5-Ho(t) = p+ A, (8.2.4)

where p is the energy-density of the matter sector and H(t) := ¢ is the Hubble parameter.
In the absence of any matter p = 0, we can see that we have (at most) three branches
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of expanding de Sitter solutions. Among these de Sitter branches, the stability of the
gravitational waves will impose some stability conditions. Indeed, if we consider metric
perturbations g;; = a?(8;; + hi;) with h;; transverse and traceless, the corresponding
quadratic action for the tensor perturbations around the de Sitter solutions is given by

(see e.g. [351])

H
52 — SME o8 Z / dt 3z a? [hz 2(aim)ﬂ, (8.2.5)
Pl

where the sum extends to the two polarizations of the gravitational waves and Hj is
the considered de Sitter branch. From this expression it follows that we need to have
M3, — 6H}3 > 0 in order to avoid ghostly gravitational waves. As a consequence of this
condition, the only allowed de Sitter solutions satisfy A > 2H3 > 0 [381].

This quadratic action for the tensor modes explicitly shows the property of these the-
ories that only the usual polarizations of the GWs propagate on a cosmological back-
ground at linear order. However, being a higher order curvature theory outside the Love-
lock class, the full theory is expected to contain extra degrees of freedom, that will enter
at higher orders in perturbation theory.

8.3 Approaching FLRW from Bianchi I in ECG

To show the singular nature of the FLRW solutions of ECG, the idea will be to break the
isotropy of the spacetime while keeping homogeneity, and study the evolution of the uni-
verse near the isotropic case.? In our analysis, which partially overlaps with the results
presented in [381], we will discuss some subtleties and give complementary arguments
that will support the pathological character of these solutions.

8.3.1 BianchiI solutions. Theory-independent generalities

Consider a general gravitational action S[g,.,], as well as an arbitrary Bianchi I spacetime.
The latter is described by the line element

ds? = —N2()de? + a2(t)da? + b2 (t)dy? + A(t)d2 = gl (8.3.1)

where N (t) is the lapse function and a(t), b(t) and ¢(t) stand for the scale factors along
the three coordinate axis. We will work in cosmic time, i.e. N'(¢) = 1, but we need to keep
it general to correctly derive the dynamical equations. To make a more direct contact
with the isotropic FLRW solutions, it is convenient to introduce the isotropic scale factor
a = (abc)'/? with the corresponding expansion rate

1fa b ¢
=—(-+-+-). 8.3.2
3 <a + b + c> ( )
In addition, we will encode the anisotropic part in two functions, o1 () and o2(t), defined
implicitly by

| Q-

H(t) =

g =H+ ¢,(201 — 02), 5 =H - ¢,(01 — 202), g =H-¢,(01+02), (83.3)

SA gravitational wave with a sufficiently long wavelength mimics the shear of a Bianchi I universe, so
our study will give the non-linear evolution of gravitational waves, but restricted to the infrared sector.
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where ¢, is certain (not necessarily small) fixed parameter representing the deviation
with respect to the isotropic case (e, = 0). Notice that these definitions are consistent
with (8.3.2).

Since the metrics of the type (8.3.1) fulfill the requirements of the Palais” principle of
symmetric criticality [382] (see also [333-385]), one can use the minisuperspace approach?
and substitute the Ansatz (8.3.1) in the action before taking the variation. We denote the
resulting action as

SIN,a,b,c] == S[g" (N, a,b,c)]. (8.3.4)

It will be also convenient to introduce the following notation for some combinations of
the equations of motion

S 68 1/65 65 65

By = 0= 50— 50 Fape = 0:3<5a“+abb+5@“>’
§S 68 59

Ecb-— O—?EC—TZZZ), E_/\/'— O—W7

Ee = 0= ﬁc — ﬁa. (8.3.5)
dc da

Notice that not all of them are independent equations. The set {Eqpc, Eap, Ecp, Eca } is
indeed linearly dependent, but there is an additional constraint we should take into ac-
count: the Noether identity associated to diffeomorphisms,

i ﬁ + M’+é+é+é ﬁ_i §+b§+§ =0 (836)

at \oN N a o c)onv N \"sa " %) T >
The parameterization (8.3.3) for the shears oy and o has been chosen so that it is conve-
nient to work with {Exr, E, Ec, }. However, in order to obtain a more direct generaliza-

tion of the results obtained in [381], only in Section 8.3.2 we will make the (equivalent)
choice {Exr, Eap, Ecq }, which agrees with the one made by the authors of that paper.

8.3.2 Perturbative solution around de Sitter spacetime

In [381] it was argued that de Sitter is a stable perturbative solution of (8.2.1) in the case
of an axisymmetric Bianchi I (the case c(t) = b(t)). The idea will be to reproduce the same
analysis for the general Bianchi I case in order to clarify some subtle shortcomings of the
solutions generated perturbatively.

From (8.2.4) one can trivially obtain that the de Sitter spacetime given by
N(#) =1 and a(t) = b(t) = c(t) = " 837)

is a solution of {Exs, Eqp, Ecq } if and only if the cosmological constant and the Hubble
parameter fulfil
H2
A= ]\Tgw{:’;l — 2H3p) . (8.3.8)
Pl
Now we are going to take this isotropic configuration as our background and perform a

perturbative expansion around it,

a(t) = a(t) +i Fa® (1), b(t) = a<°><t>+i B @), et) = ol <t>+i e (1),
k=1 k=1 k=1
(8.3.9)

4This is also known as Weyl method, because Weyl made use of it to derive the Schwarzschild solution
of the Einstein field equations in [386].
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where a(%)(t) := efo* and e is the (small) perturbation parameter, which should not to be
confused with the anisotropic parameter ¢, introduced above.

Since the background is a solution, if we substitute the perturbative expansion (8.3.9)
into our set of dynamical equations {Exr, Eqp, Ecq }, we expect the first non-trivial con-
tribution to appear at first order. Indeed, we get the following system of second-order
differential equations

0=a® +pD 0 _H, (a(l) +p@ 4 C(l)) ’

0=5p1 —5M 4 Ho(b(l) — a(l)) — 2H3 (b(l) — a(l)) 7

0= ¢ —aW 4 Hy(eW —a®) —2m3 (M) — aV), (8.3.10)
provided Mfl)l # 6H 3. As shown in (8.2.5), this is in turn a necessary condition to avoid

a pathological behavior of the tensor modes, which requires Mg, — 6H33 > 0 (see also
[381]). The general solution for this first order contribution is

a(l) — Cle_2H0t + C3eH()t’
b(l) — C2e—2H0t 4 C4eH()t’
M = —(C) + Cy)e 2ot 1 Cellot (8.3.11)

for some integration constants C; (i = 1, ..., 5). We can proceed analogously to obtain the
solution at second order that is found to be

a@ — 012 — C1Cy — 022 Mfl)l — 258H%'Be—5Hot

1.~
+ g [C + Dl]e_zHot + D3€H0t y

1 M, — 6H3B
C3 — 010y — C} MA, — 258H( 3 1~
b(2) — 72 1 Pl 0 —5Hot Z[C D —2Hot D Hot
C? +3C,Cy + C2 ML — 258H43 1, -
(2) — 1 1-2 2 Pl 0 —5Hot - C —D:—D —2Hot D Hot
c 4 Mléll—GH%ﬁ [§] +3|: 1 2:|e + 56 9y

(8.3.12)

where D; (i = 1, ..., 5) are new integration constants and C = C1C3+Cy04— (C1+C5)Cs.

The resulting perturbative expansion reproduces the exactly isotropic de Sitter so-
lution at all orders, since the anisotropic contributions decay exponentially making the
whole series converge to it. Notice that the perturbative contributions proportional to
et can be absorbed into the background solution. According to [331], this behavior
guarantees the existence of FLRW solutions. However, some care must be taken to cor-
rectly interpret this perturbative solution since the zeroth order corresponds to a singular
surface in phase space where dynamical dofs disappear, as we will see in the next section.
Consequently, a standard perturbative expansion around this surface can be problematic
and the conclusions drawn from it can be flawed.

In the present case, there is something crucial to notice: each order is obtained by
solving second order equations, while the full equations are known to be fourth order.
This can be seen in the equations at first order (8.3.10), and it is easy to understand that
this will be the case at all orders in perturbation theory. The reason is that the coeffi-
cients of the terms with third and fourth derivatives of the scale factors at n-th order
must be evaluated on the purely isotropic zeroth order solution. But we know that the
isotropic case, by definition of the theory, gives second order differential equations, so
the coefficients of these terms must vanish necessarily. The importance of this observa-
tion is that it implies that we are necessarily missing perturbative modes along specific
directions whose stability is not under control and, certainly, they are not captured by
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152 8.3. Approaching FLRW from Bianchi I in ECG

the perturbatively-generated solution. From this analysis, we cannot conclude that the
de Sitter solution is a good background solution. In Appendix F we illustrate these issues
with a simple one-dimensional mechanical toy example.

8.3.3 Shear equations

In the theory (8.2.1), one finds that the highest order derivatives of the anisotropy func-
tions o and oy appear in the evolution equations (shear equations), E., and E.,. Ob-
viously, these equations trivialize in the isotropic case because they describe the evolu-
tion of the shear o and o2, which means that there is an overall factor ¢, (that goes to
zero in the isotropic limit). In the absence of any anisotropic stress, as we are consider-
ing, and away from the isotropic case, the shear evolution equations can be taken to be
{Ecv/€0,Eca/€s} (We remove the global ¢, factor), which can be written in the following
schematic form:

5 5
—MBQ [eng <2> + e M <2> +V
Pl 01 01

where the matrices M; and My, and the column vector V start at zeroth order in €,,.° This
equation shows how the higher order terms containing second and third derivatives of
the shear trivialize in the isotropic limit ¢, — 0. Consequently, in this limit, the order of
the corresponding differential equations is reduced. This does not imply that the shear
evolution is not modified by the ECG term in the action, since the usual GR evolution
(described by the last term in the Lh.s. of (8.3.13)) receives corrections from V.

3HO’1 +O"1

3Hos + 6
+3ME ( 72 UQ) ~0. (8.3.13)

Now that we have obtained the non-linear equation for the anisotropic homogeneous
modes, we can corroborate that the isotropic solution lies on a singular surface of phase
space. This means that solutions near the singular isotropic surface can never end in
the isotropic solution. At best, a given trajectory could approach the isotropic solution,
but its intrinsically singular nature prevents the possibility of making any reliable claim.
In particular, this is the reason why the perturbative expansion of Section 8.3.2 fails to
capture the full perturbative spectrum around the isotropic solution.

8.3.4 Complete dynamical analysis

In order to go deep into the pathological character of the isotropic solutions we can con-
sider the full system of equations, i.e., the shear equations (8.3.13) together with the lapse
equation Ey, in terms of o1, 02 and H (we take ¢, = 1 from now on). The highest deriva-
tives of the isotropic Hubble expansion rate H and the shears o and o5 that appear in
each of them are:

Ey : (H,51,62), Eo @ (H,51,52), E @ (H,51,52). (8.3.14)

Although the shear equations contain third order derivatives of H, they can be eliminated
by taking successive time derivatives of E,s. This procedure results in additional correc-
tions to the coefficients of 51 and &>. We are interested in obtaining the matrix of the
principal part of the equations once they are written in the discussed normal form, i.e.,

with derivatives only up to the orders (5, 51, H).

At this point, it is convenient to factor the isotropic expansion out by introducing the

variables . .
(t) = (;—I1(<t)) and (t) = (;IQ((t)) ,

(8.3.15)

>To be more specific, the components of M; depend polynomially on o1, o2 and H, whereas those of M
and V also depend on 41, 62 and the derivatives of H.
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and work with the number of e-folds
dN = H(t)dt (8.3.16)

as time variable (we will use a prime to represent the derivative with respect to V). After
these manipulations, the full system of equations can be written as

H )Y + FU(X, Y, X, Y X" Y HH)=0, (8.3.17)

where £ := (H', X", Y"), F is a vector that depends on the displayed dynamical variables
and H'; is the desired matrix of coefficients for the principal part. The determinant of
this matrix is given by

4 1458 33HP
det H'; = _ 14580°H7 (X? —2Y? +2Y — X +2XY)x
’ M

x (Y2 —2X?+2X -V +2XY)(Y?+ X? —4XY - X -Y). (83.18)

Besides the singular curves given by det H?; = 0, there is an additional separatrix
associated to a null eigenvalue along the H” direction given by

2(X°+Y?) - 3(XY?+ X?Y) —2(X? +Y?) +2XY =0. (8.3.19)

This separatrix does not appear from the vanishing of the determinant because the other
two eigenvalues diverge on this curve in such a way that the determinant remains finite.
Thus, we also have to consider this separatrix in our analysis. Notice that the equations of
the singular separatrices in (8.3.18) and (8.3.19) are invariant under X < Y (i.e., o1 <> 02)
and only depend algebraically on X, Y. Consequently, these separatrices correspond to
singular hypersurfaces in phase space that are orthogonal to the plane (X, Y’) or, equiva-
lently, parallel to the other directions.

In Fig. 8.3.1, the curves displayed in yellow, orange and red are the critical curves
where the determinant (8.3.18) vanishes, while the dark red ones represent the additional
separatrix given by (8.3.19). Notice that the isotropic point (X =Y = 0) is crossed by the
first three, whereas it is just an isolated solution of (8.3.19). In total, the separatrices have
only four intersection points as can be seen in Fig. 8.3.1. These special points are collected
in Table 8.3.1. These critical points correspond, in addition to the isotropic solution, to the
three FLRW universes with flat spatial slices in which only one of the spacelike directions
is dynamical.

The analysis of the full dynamical system and its phase map is quite cumbersome.
However, we do not need to perform such analysis for our purposes, since we are only
interested in explicitly showing the pathological character of the isotropic solutions. This
should already be clear from the fact that such a solution in fact belongs to the discussed
separatrices. However, we can be more explicit by considering the following restricted
situation:

SLet us be more explicit on this and notice that the considered phase space is spanned by the coordi-
nates (H, X, Y,H', X", Y', X" Y"). The singular surfaces then exhibit a symmetry under translations in the
subspace (H,H', X', Y', X", Y").
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(X,Y) (01, 02) (%, %, é) Description

(0, 0) (0, 0) (H, H, H) || Isotropic point

(1, 0) (H, 0) (3H, 0, 0) || b, c constant functions

(0, 1) (0, H) (0, 3H, 0) || a, c constant functions
(-1, -1) | (-H, =H) | (0, 0, 3H) || a,b constant functions

Table 8.3.1: In this table we summarise the four special points in the plane XY where the
different singular branches intersect. These special solutions correspond to universes with
isotropic evolution and with evolution along one of the directions while the transverse ones
remain static.

NS P 711111/ XS N
WL w2
N7 = PP AN
LR V= 7(745’7/%5/44/1 NS
HRRRee ' S 002}, é}«/;"{,//',// \
W\ T2 \
= 0f T > 000 <L — e —
- < P s
7 ‘ 15
pe N[ 75
' =\ //ﬁf/?/f 7
=3 ~0.04 S
L = 11777207
-2 -1 0 1 2 -0.04 -0.02 0.00 0.02 0.04

X
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-0.02
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Figure 8.3.1: These plots show how the field (¢2, ¢3)' = (X", Y""") behaves with respect to X
and Y under the conditions H' = X' =Y’ = X" = Y” = 0 and H = Hys. The curves in red,
orange and yellow are, respectively, the three branches of singular separatrices as they appear
in (8.3.18), while the dark red one is the additional separatrix that does not appear in the
Hessian determinant. The isotropic solution corresponds to the blue point at the origin. We
can also see other three distinctive singular points that correspond to the physical solutions
where only one of the directions expands (see Table 8.3.1). The first two plots correspond to
the value S M4, /Hjs = 0.1 and the last ones to SMg, /Hig = 0.001.
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1. First, since the critical surfaces only depend on X and Y, we will focus on this plane
of the phase space.

2. Then we will consider the flow of the trajectories withH' = X' =Y’ = X" =Y" =
0 and H = Hgs that correspond to trajectories that are anisotropically displaced
from the de Sitter solution and left at rest.

3. We can then plot the flow of the vector field (¢2, €3) = (X", Y") in the (X,Y)
plane as we show in Fig. 8.3.1.

Let us clarify the procedure we are following: we first take the phase space flow on the
hypersurface ' = X' =Y’ = X" = Y” = 0 and H = Hgs. Then we project it onto the
plane (£2, £3) = (X”,Y"”). And, finally, we plot how this projected flow varies with the
coordinates (X, Y') (they can be seen as external parameters for the resulting vector field).

A cautionary word might be in order here. The plots in Fig. 8.3.1 involve an identifica-
tion of the (X, Y) axis with the directions of (¢2, £3). Thus, although these diagrams pro-
vide limited information on the physical trajectories, they can be used to clearly see the
separatrices as well as the crucial consequence that no physical solutions can smoothly
approach them. In particular, we can see that the isotropic point (the origin of the plot) is
an unstable point. In the following subsection we will provide some numerical examples
to clearly illustrate these arguments.

8.3.5 Numerical analysis for a A-dominated era

We will now examine numerical solutions for the full set of equations in the Bianchi I
spacetime. We choose again the independent set of differential equations {Exr, Ecy, Ecq }-
As we saw in (8.3.14), in order to reduce the order in H, we replace H and H in the shear
equations by the expressions obtained by taking successive time derivatives of E .

Our goal is to scan the phase space around the de Sitter solution. With this space as
our baseline, we give randomly generated initial condition with a small amplitude to the
initial shears and their derivatives. We show the obtained numerical solutions in Fig.
8.3.2, which confirms our discussion above. The left panel shows the evolution for H
together with the exact de Sitter solution. We see that in all of the numerical solutions,
which are perturbatively closed to de Sitter at the beginning, quickly deviate from the
isotropic one. In addition, the solutions that eventually turn and approach the isotropic
solution encounter a point beyond which the evolution ceases. This behavior clearly
reflects the fact that the solution reaches a singular point. For illustrative purposes we
only plot ten solutions, but we have checked that this is the general tendency.

8.3.6 Numerical analysis for a radiation-dominated era

In this section we will perform a similar numerical integration but in the presence of a
matter sector Syat; describing radiation, i.e., one whose energy-momentum tensor (as
defined in (3.3.45)) has the form

T = (pr + Po)uru” + P.g"” (8.3.20)

where P, = % pr and u* is the fluid 4-velocity. Therefore, among {Ex/, Ecy, E¢, }, only the
equation of the lapse is modified, according to Exr — Exr — pi(t), with respect of the
equations of the previous subsection.

In the presence of radiation it is convenient to work in terms of the number of e-folds
N, defined in (8.3.16). Then, the Bianchi identity associated to diffeomorphisms for the
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Figure 8.3.2: In the first plot we represent the isotropic solution for H(t) (black line) and the
numerical ones (blue lines) starting with the same initial conditions for H, but for randomly
generated initial conditions for o1(t) and o2(t). The second plot shows the result of the in-
tegration for oy (t) and o2(¢). For this numerical result we have chosen A = 0.5, Mp; = 1,
B = 0.01 and the initial value H(¢ = 1) = 0.408362 (the only solution of (8.2.4) compatible
with the stability condition that forces A > 2H? [381]).
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Figure 8.3.3: In these plots we represent the evolution of the perturbed solution around an
isotropic radiation-dominated background similarly as in Fig. 8.3.2, but now expressing the
evolution in terms of the number of e-folds N instead of the cosmic time ¢. For this numerical
result we have chosen A = 0.5, Mp; = 1, § = 0.01 and the initial value H(N = 1) = 1 (which
implies po = 160.519 due to (8.2.4)).

matter action,

s
o=v, o = L ) _ _yu, (8.3.21)

can be immediately integrated:
pe(N) = poe V. (8.3.22)

With all of this in mind, we proceed in a similar way as in the previous section. For the
numerical computation we use the initial value of the Hubble constant, H(Nini), as an
input and employ it to determine py through the isotropic equation (8.2.4).” If we focus
on a radiation-dominated era, we can neglect the cosmological constant term (initially,
poe 4V > A). In Fig. 8.3.3 we show the evolution for ten sets of randomly generated
initial values for the shears o; and o3. As in the case discussed in the previous sec-
tion, the numerical solutions exhibit an important deviation with respect to the isotropic
background. It is worth noticing that the blue curves show no tendency to return to the
isotropic curve. Again, we have checked that these ten curves are representative of the
general behavior.

"When solving for po for the given value of H(Nin), there are more than one branch of solutions in general.
Actually, for the set of parameters employed in Fig. 8.3.3, there is another real branch where the isotropic
solution for H is an increasing function. For that case, the same conclusions can be reached.
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8.4 Pathologies in higher order generalized quasi-topological
theories

Pathologies as the ones we have discussed in the previous section for ECG, are in princi-
ple expected in any of the Generalized Quasi-Topological Gravity theories introduced in
[363]. Interestingly, we will find that the cosmological solutions based on these extended
GQTG are even more prone to problems than in the ECG case, in a sense that we explain
in the following.

The theory we will consider is ECG (8.2.1) plus a series of higher order terms in the
curvature of the type GQTG. For our purposes here it will be sufficient to restrict our
analysis to the first three higher order terms. Consider then the action (8.2.1) with the
correction 5 p

5 6
AS = / d*z/g] < R(4) +o7 R(5) + M§1R( )> : (8.4.1)
where 3; (i = 4,5, 6) are dimensionless parameters and R (@ = 4,5,6) are the curvature
invariants given in [363] and that we reproduce in Appendix G for completeness. Fol-
lowing the same procedure as in the ECG theory, we can obtain the evolution equations
for the shear functions o; and o2, which now have the form (compare to (8.3.13))

T2 B ep : B 5o
Hev; Toxo + €4 721\/[1 + N, | + |Hvg Toxo + €5 721\/[2 + Ny -
Mg, 51 Mg, d1

3Hog + 6
B v ewosag (PN 2o,
MP1 3Hoy + 01
(8.4.2)
where
54 2 2 . /65 3 4 27" 2 56
— 6t _ 2 <2H 3H> R (16848H 90357 H2H + 136175 H ) ,
ML 5 * MG, T 1040 + * M§,
(8.4.3)
4
= —12 (3HH + 2H)ﬂ — — (6 H*H + 13HH? + 4 H*H + 9HH) ’856
MPl 5 MP]
3
+ =5 (50544 HPH + 338463 H*H? + 589239 HH?
+ 33696 H*H + 271071 H*HH + 544700 H?H) % , (8.4.4)
Pl

and the rest of the contributions coming from AS are encoded in the matrices N; and
Ny, and in the vector W. These three objects start at zeroth order in ¢,.

As in the ECG case we see that the isotropic de Sitter solution (H = 0 = ¢,) corre-
sponds to a singular surface in phase space, thus giving rise to the same type of strong
coupling problems due to the disappearance of some dofs. However, we can see that the
higher order terms do not trivialize in the case of an arbitrary cosmological background
(e, = 0 but H # 0). The reason is in the very definition of these theories: they have the
linear spectrum of GR only around maximally symmetric backgrounds. On a general
isotropic cosmological background the additional modes associated to the higher order
nature of the field equations are fully active. Though this prevents any strong coupling
issue, it indicates that the ghostly degrees of freedom will propagate on general cosmo-
logical backgrounds, thus making them unstable.
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A possible improvement of this pathological behavior can be obtained by noticing
that there are several inequivalent terms at each order in curvature that lead to second
order gravitational equations for an isotropic Ansatz, but differ beyond the isotropic so-
lutions. In that respect, we have taken the particular combination given in (8.4.1) to illus-
trate the present pathologies, but this is not unique nor the most general choice. Thus, it
is conceivable that these terms can be combined in such a way that the equations remain
of second order around arbitrary FLRW spacetimes and not only for the maximally sym-
metric ones, as suggested in [363]. In other words, there could exist combinations so that
the higher order contributions completely vanish in the limit ¢, — 0, similarly to what
happens for the ECG. This currently remains as an open question.®

8.5 Discussion and conclusions

In this chapter we have discussed the pathologies present in ECG and GQTG that arise as
a direct consequence of their defining prescription. These theories contain a massless spin
2, a massive spin-2 and a massive scalar fields, but only the former propagates on some
specific backgrounds (same linear spectrum as GR on those spacetimes). This condition is
imposed in order to get rid of the ghostly modes associated to the higher order nature of
the theories. The evanescence of dofs on these backgrounds however can be interpreted
as an indication for the presence of strongly coupled modes. Since this cannot be seen at
linear order, we have instead studied the full non-linear equations of slightly deformed
backgrounds with fewer symmetries than the spacetimes used to define the theories. We
have mainly focused on cosmological solutions and the ECG action. In this setting, we
have shown that the isotropic solution indeed corresponds to a singular surface in phase
space, preventing the solution trajectories from smoothly evolving towards it. Further-
more, we have analyze how standard perturbation theory around the isotropic solution
fails to reproduce the full landscape of perturbations and, consequently, the conclusions
drawn from a perturbative analysis cannot be fully trusted. We have also discussed these
problems for the extended class of GQTG. Here we have found that, not only the same
strong coupling problems around the maximally symmetric backgrounds that define the
theories persist, but the ghostly degrees of freedom are actually active around general
cosmological backgrounds.

Although we have focused on cosmological backgrounds, there is nothing really spe-
cial about them (other than the simplicity introduced by the additional symmetries) and
it is easy to envision that the same class of pathologies will be present e.g. around static
and spherically symmetric backgrounds. Likewise, similar problems are expected to arise
in extension involving additional fields. Recently, a new class of quasi-topological elec-
tromagnetic theories has been introduced in [357] where theories featuring non-minimal
couplings of a U(1) gauge field to gravity are explored along the lines of GQTG. In this
respect, it is known that the so-called Horndeski vector-tensor interaction (see e.g. [358])
is the only gauge-invariant non-minimal coupling that gives rise to second order field
equations (i.e. the analogue of Lovelock terms). Thus, the Lagrangians obtained in [387]
without additional modes on spherically symmetric backgrounds will again be prone to
the same type of pathologies discussed here. That would not be the case if those La-
grangians were related to the Horndeski vector-tensor interaction via a field redefinition
for instance. In this respect, similar conclusions would apply to GQTG including a scalar
field featuring derivative non-minimal couplings and constructed so that the scalar only
propagates one additional dof around some specific backgrounds, thus lying outside the
class of Horndeski theories or any of the known healthy scalar-tensor theories (see e.g.

8We thank Pablo A. Cano for pointing out this possibility to us.
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[ 4 4 ])'

Undoubtedly, the general class of GQTG exhibit a series of remarkable properties
that make them very interesting and worth investigating. However, it is crucial to bear in
mind that their very defining property is intimately related to the presence of pathologies
that need to be properly tackled to guarantee the physical viability of models based on
these theories (e.g. inflationary scenarios). Of course, this should not preclude exploiting
their exceptional properties to draw physically sensible and useful results from them’
(see for instance [373, 391], where analytical results for the thermodynamical properties of
Taub-NUT solutions were derived). Therefore, the main conclusion from our analysis is
that certain backgrounds cannot be regarded, at least a priori, as viable physical models.

Other comments and future directions

(0 Relation to cuscuton model. It is interesting to notice a certain resemblance of
what happens in the theories under consideration in this chapter and the cuscu-
ton model, first introduced in [392] (see [393] for an extended version). This model
describes a scalar field whose propagation speed becomes infinite around homoge-
neous configurations so it does not propagate. This feature was analyzed from a
full Hamiltonian approach in [394], where it was shown that indeed the homoge-
neous configuration corresponds to a singular surface in phase space. The authors
argued that the cuscuton could be defined in a sensible manner only if the homo-
geneity of the field is imposed a priori. It would be interesting to study if a similar
interpretation could be employed for the ECG and GQTG by constraining the space
of allowed metrics.

O EFT considerations. Theories with a reduced spectrum around some backgrounds
are sometimes interpreted within the realm of Effective Field Theories (EFT). In
this respect, we find it convenient to stress that, with that philosophy in mind, one
should include all operators complying with the symmetries (diffeomorphims in
this case) and field content (the metric and, possibly, a matter sector). In particular,
there is no reason not to include the quadratic terms in the curvatures, which also
introduce ghostly dofs and would become dominant at a lower scale, and higher
order curvature terms that would then be order one whenever the ECG operator
becomes non-perturbative. If we do not include these terms, then the question is:
how stable is the resulting tuning of the coefficients under quantum corrections
(graviton and matter loops)?'°

°This happens in other theories. For instance, in massive gravity, open FLRW solutions (the only ones
allowed) are plagued by strong coupling issues and non-linear ghost-like instabilities (see e.g. [389, 390]).
Nevertheless, it is important to remark that in GQTG the full theory generically exhibit the pathology (be-
cause it is of the Ostrogradski type).

19Tt is interesting to note that all higher order curvature terms with up to two covariant derivatives acting
on the Riemann can be related to the GQTG Lagrangians via field redefinitions [380]. This seems to suggest,
that the GQTG could serve as a basis for the gravitational EFT operators (see [395]), at least partially for
operators not involving higher than second derivatives of the curvatures.
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The General Teleparallel Quadratic
theory

An expert is a man who has made all the mistakes which can be made in a very
narrow field.

— Niels Bohr, as quoted by Edward Teller (10 October 1972)

Analyzing the stability of the full quadratic MAG Lagrangian is quite a challenging
task. In this chapter we are going to focus on the teleparallel restriction of the Lagrangian
(3.4.1) in dimension 4, i.e., with vanishing curvature. Imposing a local symmetry under
the general linear group turns the Lagrangian into the general teleparallel equivalent of
General Relativity carrying both torsion and nonmetricity. We will show how the GR
equivalents with either zero torsion or zero nonmetricity can be seen as gauge-fixed ver-
sions of the general equivalent. We will also study the linear theory around Minkowski
spacetime to prove that the presence of extra gauge symmetries is required for the theory
to be potentially viable.

9.1 Introduction to general teleparallel theories

The metric-affine geometries with zero curvature have a well-defined notion of distant
parallelism (teleparallelism). In this framework it is possible to formulate other fully equiv-
alent descriptions of GR. On the one hand we have the Teleparallel Equivalent of GR (TEGR)
[396] formulated in the absence of nonmetricity (Weitzenbock geometries), where grav-
ity is identified with the torsion. On the other hand, flat spacetimes with zero torsion
can accomodate the GR effects in the nonmetricity giving rise to the Symmetric Telepar-
allel Equivalent of GR (STEGR) [108, ]. Generalizations of these theories (of course,
inequivalent to GR) have been considered by the modified gravity community such as
f(T)-gravity [116, 338, 339] and f(Q)-gravity [108, 340], whose Lagrangians are arbitrary
functions of the TEGR and STEGR invariants, respectively.

Consider a teleparallel framework in which we allow both torsion and nonmetricity.
The only constraint is then the teleparallel condition,

Ry, = 0. (9.1.1)

This can be integrated and the resulting connection (also known as inertial connection) can

be expressed
W’ = (A1P,0,A%,, (9.1.2)

where A%g is an arbitrary (constant) invertible matrix (i.e., an element of GL(4,R)). No-
tice that the connection exhibits a global symmetry A#, — M*",A”,, for a constant M*, €
GL(4,R) that will be present in the teleparallel theories.! The torsion and the nonmetric-
ity for this geometry can be straightforwardly computed:

T = 2(A"")P 0, A7), (9.1.3)
Qo = —Opguw + Q(A_l)AaapAU(ugu)/\- 9.14)

"Notice that A*, is not a tensor under diffeomorphisms, as can be easily seen from the transformation of
I',..” as a connection.
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162 9.1. Introduction to general teleparallel theories

These are the two fundamental pieces to construct a general teleparallel theory since,
by covariance, the connection will only appear within tensorial quantities (and the only
available options are torsion and /or nonmetricity).

Consider a general metric-affine action S*[g, I'] (the * is conventional). We are not
interested in its teleparallel solutions (i.e., varying first and then imposing the teleparallel
condition), but in studying its teleparallel restriction. The natural way to proceed would
be to impose the restriction dynamically through a Lagrange multiplier, although there
are other possibilities (see [397]),

Stotlg, T, 1] = S*[g, T] + / "3\ Ry ™/ gl (9.1.5)

where the second term contains a Lagrange multiplier /¥y = [l"")°, that forces the the-
ory to be teleparallel. The equations of motion for the Lagrange multiplier, the connection
and the metric are, respectively,

85570

- W’pri = R, (9.1.6)
6Stor 05

_ 0%t 05Ty, + T, + Ty 1Y, (9.1.7)

) AP A
0510 05* 1
. ST t S + *ngRm—pA[UTp)\ 7 (918)

0= —
09w G 2

where "7y = ,/|g|l*"P. Notice that the last term in (9.1.8) disappears whenever the
Lagrange multiplier is on-shell.

Although the Lagrange multiplier appears in the equation of the connection and one
has to deal with it, fortunately, it is possible to eliminate it by taking an appropriate
derivative [397]:

Proposition 9.1. The equations (9.1.6) and (9.1.7) imply

05*
(Vﬂ + Tu)m == 0 - (9.1.9)

Proof. First, let us write the equation (9.1.7) as follows:

05*
oL P

= /",  where 8", :=2(Vy+ TN, - T)"?",.  (9.1.10)
To prove (9.1.9), we simply act with the operator V,, 4+ T}, on both sides of this

equation and take into account that

(Vo + T8, = [V, VAN, 4 2V, T, 4 2T\, MY ) 4 2T, VM,
_ v“ (T)\Uu[)\aup) _ T#T)\Uu[)\aup
= T2V MY, 4+ 2V, TN ) — Vo (T, M ) — T, Tao "1,
= —(2VpTy + VoTou + ToTh, ), =0, (9.1.11)

where we have substituted the identity

2R} + Rouo” = 2V NI + V,Io + T, Ty (9.1.12)
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in the last step, and we have used several times the teleparallel condition. |

On the other hand, we can consider the action already evaluated in the teleparallel
connection (9.1.2), i.e., directly formulated in terms of the fundamental fields g, and
AP,

S (Guvs ML) = S" [guv, Tor?(A*))]. (9.1.13)

Then one can easily check:
Proposition 9.2. The variations of S with respect to g,, and A", are given by:

5S 68 5S 59"
0w  89m 5o, = A o(Vi+ T WiTp

(9.1.14)

Proof. The equation of the metric is straightforward. To compute the field equations
of A*,, we use the following identity that can be easily checked by direct computa-
tion of both sides:

6T, =V [(A™1)P56A7,]. (9.1.15)
And, with this in mind,
08 S*
D D p

/d 5A H,=0p8 = /d —WpcSAFW (9.1.16)

0S*

(9.1.15) _ D —1\p o
/d 5FWPV“[(A )P6A7,] (9.1.17)
intbyparfs:/d" (Vu+T))—=— 05 (A~HP,6A7, . (9.1.18)
OT P

We see that by assuming the teleparallel condition at the level of the action we recover
the same equation for the metric and the equation (9.1.9). The remaining one, which is
the rest of the equation (9.1.7) that is not fixed by (9.1.9) can be seen as an equation for the
Lagrange multiplier that we will ignore. Therefore, from now on we will work in terms
of g, and A*, at the level of the action.

9.2 Teleparallel Quadratic gravity
The most general (parity-preserving) teleparallel action quadratic in torsion and non-
metricity is
Sy [guv, M) = fMPI / d*z+/|g| G, (9.2.1)
with?
G = OflT,uz/pTw/p + OJQT;LVpTMW + a?;T,uTu - BlQquTqu - BQQ/ATM - 63Q;LTM
+ 'YlQp,uVQp'u + ’YQQp;wQqu + 'YBQ;LQ# + 74@/162# + ’YSQMQ“, (9.2.2)

?Since we are using different conventions than [6], some signs have been introduced in the action to
ensure the following relations between our parameters and those of that article: o; <> as, 8i <> bi, vi < ci.
In addition, we corrected here the misprint in the term v, <+ c; that appears in [6].
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where the traces 7%, ), and Qu agree with the definitions (2.4.23), (2.4.32) and (2.4.33),
respectively. This teleparallel action reduces to New GR [395] for a metric-compatible
connection, and to Newer GR [108] for a torsion-free connection.

Let us now present the equations of motion of this theory. Consider the theory S| +
SMatt for some matter action that does not depend on the connection (i.e., it has zero
hypermomentum). Then, according to the previous section, the field equations for the
metric and A*, are, respectively,

1

QW - Migl’rwj 5 (VM + Tu)’pﬂl’p =0. (923)

where we have introduced the abbreviations®

2 1 45 w2 OSMatt DY gl

@méguv - m 09w P 6T
and the explicit expressions of G and P, are
g = EHQ’“’ + aq [T"p“Tap” = 2TH 5, V7P| — apTH 5, TP7 — agTHT”
_ 51( (u)TV)op _ BQ(QPMVTP + Q(NTV ) — 53(Q pv) pT + Q (npv) )
~m(@" apQWﬂ +2Q7Qop") = 12(2Q0, QY + QP Qo)
(
(

G =

(9.2.4)

—73(Q"Q" +2Q,Q"") — 1(QMQY +2Q,Q")*)
— s Q("Q” + QR + Q,QUWP)

+ (Vp - 5@/) + Tp) [27162’)’“/ + 2792QUP 4 293QP g + 249" HQY)
+5(QPgH + gPHQY)) — BT ) — ByTP g — ﬁggp(“T”)] . (9.25)

PH, =200TH ) — 2a2TP[W} + 2043T[u(5;]
- 51(Q[W}p + T“(”’\)g,\p) — 52(Q[u5z] +THSY) — B5(0 “(5”] +g (”T)‘)g)\p)

+271QM 4 272Q Vg, + 293Q1SY + 249" QY g, + 5(QM6Y + 9"V QV ) -
(9.2.6)

In principle we have 10(g) + 16(A) = 26 independent components, but the invariance
under diffeomorphisms reduce them to a maximum of 18 propagating fields that can
be associated to the 16 components of A*, plus the two polarizations of the graviton
contained in g,,. As we will see, further restrictions in the parameters are needed to
avoid ghosts.

9.3 On the equivalents of GR

Here, we are going to elaborate a bit more on the equivalence between GR and their
teleparallel equivalents. The starting point is the post-Riemannian expansion of the Ricci
scalar of the general connection around the Levi-Civita of the spacetime metric:

R = Iff — LGTEGR — %H (Q“ - Q"+ QT”) , (9.3.1)
where we have defined

1 1 -
LGTEGR = ZT/WPTMW + §TWPTW’” - T, T" + Qu,T"" — Q. T" + Q1"

1 1 1 1 “
+ zQuupQMVp - §Quuprup - ZQ;UQM + §Q#QM, (932)

*The notation for the energy-momentum tensor is consistent with (3.3.45).
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which is obtained from G upon the parameters choice*

(011,042,@3 | ﬁl?ﬂ%ﬁl’) | 717727’737747’75) = (%>%7_1‘17_171}%7_%7_i707%)' (933)

The general relation (9.3.1) between the Ricci scalars, up to an irrelevant total derivative,
is the root for the equivalents of GR in teleparallel geometries. If we evaluate (9.3.1) in
the teleparallel case (i.e., R = 0), we get that the Einstein-Hilbert term Ris dynamically
equivalent to LgTEGR,

R = Lgrrer + V. (Q* — Q" +2T"). (9.3.4)

For this reason, LaoTrgr is called General Teleparallel Equivalent of GR (GTEGR) (general,
because both torsion and nonmetricity are non-vanishing).

Now we are in position to give a nice interpretation of TEGR and STEGR as different
gauge-fixed versions of the general equivalent:

O TEGR gauge

In the TEGR, the connection is further restricted to be metric-compatible, i.e.,
Q(A_l))\UapAU(ugu))\ - apgyu . (935)

This relates the metric and A*,. This gauge does not fix the full GL(4, R) symmetry.
To see this, notice that (9.3.5) is solved if

G = NN yepe (9.3.6)

for an arbitrary constant c,,. The gauge (9.3.5) indeed leaves undetermined the
orthogonal subgroup with respect to the metric c,,. Since we are interested in
Lorentzian metrics, it is natural to choose c,, = 7,,, and the residual symmetry
is nothing but a local Lorentz invariance, which is the well-known symmetry of
TEGR.

O STEGR gauge

The STEGR on the other hand is obtained by imposing 7),,” = 0. This forces the
condition A*, = 0,&" for some arbitray {#’s that can be identified with a coordi-
nate transformation. In fact, the parameters £ can be interpreted as Stiickelberg
tields introduced to restore covariance of the Einstein Lagrangian, giving rise to the
Einstein-Hilbert one (see (1.1.2)).

These two formulations of GR purely in terms of nonmetricity and torsion (respec-
tively), together with the usual Einstein-Hilbert formulation in terms of the Levi-Civita
Ricci scalar have been dubbed the geometrical trinity [114]. Note that these are just two
very specific gauges and one can consider choices that interpolate between them. This
opens up the possibility for a whole plethora of modifications of gravity based on non-
linear extensions of the corresponding partially gauge-fixed version of the GR equiva-
lent analogous to the f(7") and f(Q) theories based on the TEGR and STEGR gauges.
It is important to emphasize that most of these extensions will be prone to suffer from
pathologies due to the loss of symmetries, as we explained in Section 7.2. In particular,
a potentially interesting non-linear extension could be that without any partial gauge-
fixing, i.e., f(LaTEGR) Where the full A®g is allowed to contribute.

“Here we corrected another misprint in [6] concerning the value of 52 <> ba.

Alejandro Jiménez Cano



166 9.4. Perturbative spectrum on Minkowski

9.4 Perturbative spectrum on Minkowski

9.4.1 Quadratic Lagrangian and symmetries

Let us focus in the linear theory on a Minkowski background. Consider the following
first-order expansions of the fields:

Juv = M + h;un Ay, =00, + M. (9.4.1)

If we define H,,, == 2)(,,y and By, = 2\ the torsion and the nonmetricity are given
by:
Ty = O (H?, + B,)) Qpuv = =0, (hyw — Hyw) - (9.4.2)

If we express the Lagrangian in S| =: [ d*z/|g|£)| in terms of the perturbations, at lead-
ing (second) order we get, up to boundary terms,

1 @_ n prpy | 124 wp Qv V5 w o, 13 "
G C = OO LRy OO D0

+ %Q,HW(?”H‘“’ + %auHﬂPaVHyp + %auHaVHW + %%H&“H

N 20418— Qs 8HBp58“BpB n 2001 — 38042 — a38uBupaVBVp

n Ba _44738”h8”H L2 tandt 243 - b+ 638“3“”8”1{147 n b ; /838MBupal/hl/p
. B —44V1 O hyu @ HM — b1+ 51+ 424 0,k 0" H,,

= Tk _43”5 0, H, v — 220 2275 0,hd, H™ | (9.43)

where h := hy*, H .= H,» and we have defined

Vo4 =2+ Y4, A1 =200 + o0 — 201 4y, 2= 200 — o + ag + 2(51 + F3) + 404,
3= —az + P2 — B3+ 275, V4= az — 202 + 47s. (9.4.4)

Let us notice that the parameters 2 and 74 only enter through the combination 7,4 at this
order. This degeneracy disappears at the non-linear level, due to the interactions. For
arbitrary parameters, this quadratic Lagrangian contains the 2-symmetric rank-2 fields
hu, and H,,, plus the antisymmetric field B,,, .

Before the study of the field content of the linearized theory, let us revise how the
different symmetries of the theory are realized in the perturbations of the metric and the
connection:

O Diffeomorphisms (local). At linear order we have
Ochuw = =200y, 0cA%p = —0p¢". (9.4.5)
The latter translates into
(5<H“V = —QB(MCV) and 5CBIW = 26[MCV]. (946)

As a consequence of the Stewart-Walker lemma [399], since the background torsion
and nonmetricity vanish, their perturbations are gauge-invariant under linearized
diffeomorphisms.
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O General linear transformations (global). This global symmetry of the connection
is realized as

(5w)\uy = w“l, or 5wH;w = 2w(;w)7 5wB;w = QW[ (947)

uv)s
where @/, € gl(4,R) is constant. The absence of any masses for B,,, and H,, is
guaranteed by this global symmetry. Notice that the field B/, transforms according
to the so(1, 3) subalgebra, i.e., the Lorentz part. On the other hand, H,,,, transforms
with the generators of the complementary part of the algebra. One interesting con-
sequence of this is that the realization of a local Lorentz symmetry in the quadratic
Lagrangian will be connected with the absence of BW.5

9.4.2 Minimal field content: GTEGR

Here we consider the general equivalent of GR (9.3.2). At second order the Lagrangian
reads

1 1 1 1 1
M?lgg%m = LOahy O W — 20uh 0" hyo + 7 0uhOLI — 2 (9h)*. (9.4.8)
This is precisely the Fierz-Pauli Lagrangian for the metric perturbations 5, . Therefore,
only a (healthy) spin-2 mode propagates, whereas the dofs associated to the connection
enter as a total derivative. This reflects that, at linear level, the local gauge symmetry
GL(4,R) is realized up to the total derivative term that we have dropped.

It is interesting to check that requiring the local GL symmetry, even at linear order, is
a very strong condition that fixes the theory to be GTEGR (i.e. GR) at that order, except
for the degeneracy between 2 and 4, so there is only one free parameter in the full
theory.® This can be directly obtained by imposing H,,, and B,, to have trivial linear
field equations.

This is the minimal field content in order to describe gravity. Therefore theories with
other parameters, and with gravity as a required sector, will propagate more dofs.

9.4.3 Maximal field content

The general quadratic Lagrangian contains the fields h,,,, H,, and B,,, which are prone
to propagate ghost-like modes. To avoid it, in addition to the Diff symmetry, we are going
to introduce appropriate extra gauge symmetries. The maximum number of physical
dofs that we can have without incurring in ghostly instabilities will correspond to having
2 massless spin-2 fields (2x2) plus a massless Kalb-Ramond field (1), making a total of
5 dofs. Indeed any choice of parameters propagating more than 5 dofs will have ghosts
around a Minkowski background. It will then be useful to study those theories that
precisely propagate this number of dofs.

>The reason for this is that the Noether identity under a local shift symmetry of a field says that the
corresponding equation of motion must be fulfilled off-shell. And this is only true if all the contributions of
that field to the Lagrangian are either zero or a boundary term.

Observe that here we are imposing local GL symmetry at linear order. If at higher orders such symmetry
is violated, this would diagnose a strong coupling problem in Minkowski, because there is a discontinuity
in the number of dofs.
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Conditions on By,

We are going to consider that the transformation 6 B, = 29,0, (usual transformation

of a massless 2-form) is a gauge symmetry of 55‘(‘2). The associated Noether identity is

55
0=20, ( 5BW> o (201 + g + ag + Bs — Br) (D0, H" — 80,0, H )

— (B3 — B1) (D0,h*" — 8 0,0,h7) + (201 + g + a3)00, B |
(9.4.9)

where [J := 7" 9,,0,. This condition imposes
Gauge 2-form: 200 +ag + a3 =0 and fs = [i. (9.4.10)

Since @), is independent of B,,,, the pure nonmetricity sector remains completely free.
The first condition is the same that one obtains in the context of New GR to ensure the
decoupling between the Kalb-Ramond field and the graviton [26]. On the other hand, the
second condition comes from the mixed sector that combines torsion and nonmetricty,
which is absent in New GR and also in Newer GR. Note that imposing this symmetry
decouples B, from the symmetric sector h,, and H,,

Conditions on the symmetric sector. Alternative I

Consistency of the symmetric sector requires additional gauge symmetries. In par-
ticular, we will impose invariance under another copy of linearized diffeomorphisms
(independent from the one that the full theory exhibits).” The corresponding Noether
identity is

5@
0=20u < 6hll,,> o (B — B3 — 8y1 — 4vy24)00, H" — (B1 + 282 + 3 + 424 + 475)0" 0,0, H

+2(B2 + B3 — 25 — 4v3)00"H — (B — B3)00,B"°
-+ 4(2’)/1 + "}/24)|:|6Mhlw + 4(’)/24 + 75)8”(9#80%” + 4(2’}’3 + 75)58’% .
(9.4.11)

Assuming (9.4.10), this identity is identically satisfied if

Diff x Diff: Y5 =27, Y3=-7, Yu=—2m, and [p=-p. (94.12)

Finally, we impose the decoupling of %, and H,,, which requires the additional con-
dition 81 = 4v;. This guarantees that the Newtonian limit is appropriately recovered.®

Under all of these conditions the quadratic Lagrangian reduces to

1

201 + g — 4my
— sl A
MP]

4

200 — «
E(Q) =—m hp)\Ep)\;u/hMV _ 124 2

Ay
” H\EPMH,, +

LV
F,FHe,

(9.4.13)

7 We have chosen to fully realize the extra copy of Diff with h,..,, but it could also be realized with H,.,,
giving the same results. Indeed, the general transformations dh,, = alawgi) + aga(ugf) and 6H,, =
B10( u(i) + 20, u(ﬁ) can be trivially diagonalized with a redefinition of the gauge parameters.

$Here we are ensuring that only the metric perturbations h,.., couples to the matter.
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where we have introduced the Kalb-Ramond field strength F),,, = SO[HBW,] and the

Lichnerowicz operator in Minkowski space,’

g 1 g g g ag loa
B =3 <5Z6VD — 260 0y + 177 0y + 1 (0707 — 1P D)) . (9.4.14)

One interesting final remark is that the three gauge symmetries that we have obtained
give rise to a full decoupling of the original Diffs for the three fields, i.e., the transforma-
tions (9.4.5) and (9.4.6) become symmetries with independent parameters for h,,, H,.,
and B,,,.

Conditions on the symmetric sector. Alternative 11

An alternative to the previous extra Diff symmetry is imposing an additional Weyl
Transverse Diffeomorphism (WTDiff). This also guarantees the propagation of 2 massless
spin-2 fields. Firstly, Transverse Diffeomorphism (TDiffs), correspond to the invariance
under a diffeomorphism with 9,,(* = 0. This can also be realized either with h,, or with
H,, independently.'? In both cases we get

TDiff: 291 + Ya4 = 0. (9.4.15)

The idea now, instead of completing this symmetry to full Diffs as before, is to add invari-
ance under Weyl transformations. We consider the transformation 6h,, = wp¢n,, and
0H,, = wienu, where wy, and wy are not-necessarily equal weights. The corresponding
Noether identity is

g (2) _
77;w W (5hw, + wH 6H‘L“j SII — 0, (9416)

which is fulfilled under the following conditions:

0=2Q2a1 + az)wy — 2(y24 — 8v3 — ¥5) (wp, — wy) — B1(2wy, — 3wy ) — P2(4wy, — Twy) ,
0 = Brwp + 2(B2 + Y24 + 275) (wn — wy) — (200 + a2)wy ,

0= 2(y24 — 8v3 — ¥5)(wn — wa) — (B1 + 3B2)wn

0= 2(v24 + 275) (wp, — wi) — Brwn - (9.4.17)

Two interesting realizations of the additional Weyl symmetry are:!!

O wg = 0: The Weyl symmetry is fully realized on &, while the connection does not
transform. The solution is then 81 + 282 = 3y24 — 1673 = 8y3 + 35 = 0.

O wy = wy: The Weyl symmetry is covariantly realized with the change in the metric
perturbation accompanied by the corresponding change in the connection. In this
case we find 21 + ag = 81 = B2 = 0.

°This operator basically allows to rewrite the Fierz-Pauli Lagrangian in a compact way as follows

Lip = 30uhup0"BP — 0,0 0,07, + 0,0 0" h — L0, hd"h

= —h""E,,”" hyo + boundary term .

This can be seen by using an similar argument as in Footnote 7, thanks to the already existing Diff
symmetry and to the fact that TDiff is a subgroup of Diff.

H1Gee [400] for a detailed analysis of the different realizations of conformal/scale/Weyl transformations
within the metric-affine framework.
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Let us finally mention that the parameters a; = 8; = 0 and 75 = —%73 = —%724 =~ #0
gives the following Lagrangian

1 - - - -~ 1. - ~ 3 v
7,C(2) =M §8uhup8“hl’p — Gphp“aah”u + §aah0ua#h - 1—6(3#/13“/1 ) (94.18)

for Buv = hyu —Hy, and h = h,°. This is invariant under WTDiff transformations for ar-
bitrary wy and wy,. Indeed, the object in square brackets is the 4-dimensional evaluation
of the so-called WTDiff-theory in flat space [401]:

- 1.~ - . 2 - - D42 - -

Lorrie () = 5Ol OB = O 0,10, + ~0,10, 0o — T;auh 9. (9.4.19)
This Lagrangian also describes a massless spin-2 field (see e.g. [56]). The only difference
with linearized GR is the appearance of a cosmological constant as an integration con-
stant. In fact, (9.4.19) corresponds to the linearization of unimodular gravity (see [402] and

references therein).

9.4.4 Theories with local Lorentz invariance

An interesting class of theories with enhanced symmetries are those with a local Lorentz
invariance. As we explained above, this is achieved at linear order by imposing the dis-
appearance of B, from the Lagrangian or, equivalently, by obtaining the parameters
that trivialize its equation of motion. Notice that only the terms involving the torsion are
relevant, since the nonmetricity is exclusively H,,, -dependent at this order. In particular,
this means that the coefficients +; are not constrained by this requirement. Therefore, re-
quiring this local Lorentz symmetry implies 83 = (1, a3 = —4a; and ap = 2ay, i.e., the
pure torsion sector must reduce to the TEGR Lagrangian, while 3> remains unfixed and
B3 = 1. This of course contains the GTEGR case discussed above.

9.5 Conclusions

In this chapter, we have shown how TEGR and STEGR can be seen as particular gauge-
tixings of the general equivalent GTEGR. Indeed, the singular nature of GTEGR has been
revealed to be a complete gauging of the global GL(4, R) symmetry enjoyed by the gen-
eral inertial connection. In addition to this, we have shown that requiring such a gauging
of the global symmetry in the linear theory around Minkowski only leaves one free pa-
rameter.

Then we have obtained the 2nd-order perturbative Lagrangian around the Minkowski
spacetime with Levi-Civita connection, and discussed the need for additional symmetries
in order to avoid ghosts. We provided two alternatives. The first one consists in imposing
the usual gauge symmetry in the 2-form field B,,, and an extra copy of diffeomorphisms
in the symmetric sector {H,,,,, h;,,, }. The other one is identical to the latter concerning the
antisymmetric sector; however, in the symmetric sector we introduced an extra WTDiff
symmetry, which also permit the propagation of an additional healthy graviton.

Finally we comment on a somewhat extended folk argument in favor of teleparallel
theories stating that they provide a better starting point for modifications of gravity. The
alluded reason is that the action only contains first order derivatives of the fields and,
consequently, the corresponding extensions are less prone to introducing Ostrogradski
instabilities than the curvature based theories that contain second derivatives of the met-
ric. For reasons we explained in Section 7.4, this is not necessarily true. The equivalents
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of GR crucially realize some symmetries up to total derivatives so one must be very care-
ful when considering either extensions or non-standard matter couplings in order not to
introduce additional potentially unstable dofs.

Limitations of this work/future directions

Our enhancement of the symmetries to avoid pathologies, however, is not the end of the
story. There are some limitations/details one should be aware of:

O Imposing the required gauge symmetries at linear order is a necessary but not a
sufficient condition. A good example of this subtlety is New GR. In this theory it
has been observed that the gauge symmetry that renders the 2-form stable at linear
order cannot be maintained at the non-linear order [111].

O Even if the additional massless spin-2 field can be made to enjoy the necessary
symmetries at linear order, it is expected that at full non-linear order the two spin-2
tields will interact. But it is known that a theory with massless spin-2 fields in its
spectrum only admits one single species of this type. Another possibility one could
envision is that one of the spin-2 fields becomes massive with healthy interactions.
However, also in that situation the two spin-2 fields would present derivative inter-
actions which are prone to the re-introduction of pathological modes [403, 404]. The
difficulty to realize in general the safe self-interactions obtained in [405] suggests
that GTEGR is probably the only consistent general quadratic teleparallel theory
that includes gravity.
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Particle spectrum of quadratic MAG

I can live with doubt, and uncertainty, and not knowing. I think it’s much more
interesting to live not knowing than to have answers which might be wrong. I
have approximate answers, and possible beliefs, and different degrees of certainty
about different things, but I'm not absolutely sure of anything.

— Richard P. Feynman, “The Pleasure of Finding Things Out” (1981)

In this chapter we present some preliminary results on the particle spectrum of quadratic

metric-affine gravity. We consider the perturbation expansion in four dimensions, around
Minkowski space and including both the even and the odd parity sectors in (3.4.5). We
will focus just on the spin-0 sector of the theory; the rest is still work in progress [12].

10.1 Introduction

The complete stability analysis of the (quadratic) MAG theory (3.4.5) is a really challeng-
ing task. Among the different approaches that can be followed to understand the behav-
ior of its dofs, probably the most natural one to begin with is the study of the particle spec-
trum in flat space. Basically, the idea will be to perform a perturbation expansion of the
fields in our metric-affine geometry (gqp, 9%, wa?) using the flat metric and its Levi-Civita
connection as background values.! At the level of the action (and in terms of field con-
tent), (quadratic) MAG theory (3.4.5) can be seen as a direct generalization of (quadratic)
PG. Therefore, it is interesting to have a look at the latter first, to see what kind of stabil-
ity problems are expected in MAG. In [406, ], the linear spectrum of (quadratic) PG is
analyzed, and it is shown that only an extra scalar or an extra pseudo-scalar (besides the
graviton) can propagate in order to have a healthy theory. Moreover, in [408], the authors
follow a different approach. First they performed a Levi-Civita + distorsion splitting to
work with the metric, the torsion and the nonmetricity as basic variables. Then they
impose several strong constraints on the vector sector of the theory, such as an appropri-
ate Riemannian limit for the quadratic curvature sector (to avoid ghostly propagations
coming from the metric), and the vanishing of certain types of terms to avoid ghosts and
strong coupling issues. Interestingly, they reached similar conclusions as [406, 407]. This
strong result, one more time, reflects how difficult is to consistently modify GR without
incurring in pathologies.

(Quadratic) MAG is even more complex than PG, so all these problems are expected
to occur. Maybe a complete Hamiltonian analysis could be the most powerful tool to
find out the number of true degrees of freedom of the theory by studying the associ-
ated algebra of constraints [97, , -337].2 However, it is better to start with more
simple approaches to learn first about the new subtleties associated to the presence of
nonmetricity (which includes a spin-3 mode). Here, we will address the study of the
particle spectrum of (quadratic) MAG in flat space.

For the spectrum analysis there are also different ways to proceed. One of the classical

"We say “flat” and not Minkowski intentionally, since by “Minkowski” metric we usually mean the flat
metric in Cartesian coordinates.

?See for instance [409, 410] as examples of applications of the Hamiltonian analysis to theories with non-
metricity, or [411] (and references therein) for a review on Hamiltonian analysis in teleparallel theories.

173



174 10.2. Perturbative expansion

Spin-0 modes | Spin-1 modes | Spin-2 modes | Spin-3 modes
o 0 2 2 0
@ 1 1 0 0
er 1 1 0 0
HQ 1 1 1 1
AQ 0 2 2 0
®Q 1 1 0 0
“Q 1 1 0 0
Total 5 9 5 1

Table 10.1.1: Spin content (number of spin modes) of the irreducible components of the torsion
and the nonmetricity.

ones is by the method of spin projectors.> Some work has been done in MAG in this
direction [105], although they focus on the two particular cases with either zero torsion
or zero nonmetricity. Our idea here will be not to restrict the fields, at least in a ad hoc
way and, instead of using this spin-projector technique, we will follow the steps of [295].

To finish this introduction we present in Table 10.1.1 the number of irreducible spin-
modes that can arise from the connection in MAG via Young scheme [105, , ].
Notice that this could not necessarily coincide with the number of connection degrees of
freedom in MAG, because there could be special constraints fixing some dofs in terms
of others or extra modes that were not a priori due to the presence of ghosts (higher
derivatives in the longitudinal modes of some fields, see e.g. (7.1.43)).

10.2 Perturbative expansion

Let (Gup, 9% &a°) be our background metric-affine geometry. In principle, we consider
it to be a Riemannian geometry (i.e., zero torsion and zero nonmetricity) with constant
curvature:

]/j:q\ab = dgap — W Geb — Wp° Gac = 0, (10.2.1)
DI* = 9 + @,* A9° =0, (10.2.2)
R, =d@," + DL A BE = K Goe© A9, (10.2.3)

where K is some real constant.

Now we perform a perturbation of these variables around the chosen background,

Jab = Gab + Hab (10.2.4)
9 =9 + x°, (10.2.5)
wa’ ="+, (10.2.6)

3See [297] for the application of this technique to the analysis of the PG spectrum. Other examples are
[300-302].
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which give the following (exact) expansions for the torsion, the curvature and the non-
metricity:

Qup = —Ditar + 270" Toye + 27 (0" Hoyer (10.2.7)
T% = Dx® +v,° A 9" + v, A X, (10.2.8)
R, = KGo9°N9" + Dy, + 4. Av,° (10.2.9)

From now on we will use the metric g, to raise/lower the indices and write x instead of x
in order to alleviate the notation.* In addition, we will assume small perturbations so we
will drop the quadratic contributions represented by the last terms in these expressions.

It is worthwhile to notice that by combining (10.2.7) and (10.2.8), we can express the
connection perturbation in terms of the perturbed nonmetricity and the torsion:

Yab = — €a Ty + e[a_:]sxb] + %f?cea_:eb_:Tc — %f?cea_:eb_:ﬁxc
+ 9%, 1Qy + V°ef, Dy + % Q.+ % Dptap - (10.2.10)
By using this in (10.2.9), we find
* 0y AR = 12K vol; +d* (2T — A+3Q) +d* [— eaJﬁ(2xa+uab5b)] +O(2). (102.11)

Hence, the perturbed curvature scalar Xvol; = — % 1A9ab A R is not just a function of the
perturbed torsion and nonmetricity, but it also picks up a contribution from the metric
and coframe perturbations,

(-R=) X= —12K+*d*(2T—A—|—3Q)+*d*[—eaJﬁ(2x“+u“qu9b) +0(2). (102.12)

10.2.1 Linearized MAG field equations

Following along the lines of [295], we take flat spacetime as background (K = 0 in
(10.2.3)). This choice is only consistent if the cosmological constant vanishes. Under
these assumptions and after removing the matter sector, the linearization of the general
MAG equations presented in Theorem 3.28 yields

) ~ ~ ~ _
B, = s ﬂi = SR A e + 80 Rjgq A9 = Do + ) +O(2), (10.2.13)
a . oS Ja N a —a

+ % (TC A *f‘}“bc + QA *ﬁcb —2Q N *Bab)
ag ac 0 Jac N/ha z7a
+5 (20%T (e Ay — Qup AN°) — 2D (™, + h'y) + O(2) . (10.2.14)

Notice that the term g, disappeared since it is purely second-order. In these equations the
objects Q;, T, R,’, and m®, h,, h%,, m®, h,, h%, represent the variables up to first order
in perturbation theory (they differ from the original ones by second-order terms). From
now on, the symbol O(2) will be dropped, and all of the expressions will be understood
as valid up to second-order terms.

“Indeed, this can be seen as a direct substitution * = * (and not just as a matter of notation). This is

justified because the star will always be in expressions of the type xa or o A *0,..» where o represents
a first-order object. Therefore, the difference between * and * is second-order and can be ignored in our
computations, since we will work at linear order.
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10.2.2 Linearized Bianchi identities

Now we are going to derive some useful expressions from the linearized Bianchi identi-
ties (see Proposition 2.62),

DQ. = 2R, gp). = DQ,, = 2Z,, (10.2.15)
DT® = R,* A9 = DT = R,* A 9", (10.2.16)
DR,’ =0 = DW® =0, Dz%=0. (10.2.17)

From the trace of (10.2.15), we find
Z =2dQ, dZ =0. (10.2.18)

In fact, the second equation in (10.2.17) is redundant, being a direct consequence of
(10.2.15). From the latter we derive, by taking into account (10.2.18),

1~
/Zab = 5 D Q‘alr (10219)

In addition, from the linearized Bianchi identities of the curvature (10.2.17), we can derive
some useful properties for the objects ¥*, ¥*, ®* and ®“, which determine some of the
irreducible components of the curvature (see Appendix B). If we introduce

(VX)) = 0 A (10.2.20)

(9Y) = 9% A (10.2.21)

& = (" xD*D @'y 07, (10.2.22)

then one can show:

D+ T — 9% A }%d(ﬁX} _ i «dX], (10.2.23)

D % 3% = 9% A\ :—%d(ﬁy)}, (10.2.24)

D % W4 = 9% A :%d* (9X) + i *dX} , (10.2.25)

D &% = 9% A\ —% dx (0Y) + % X <I>} . (10.2.26)

The first three equations are obtained either by multiplying each of equations in (10.2.17)
with ¥, A, or by taking interior products e,_e;_. For the last one, we used the definition
of ®, and then (10.2.19).

The 1-form ® we have introduced in (10.2.22), is characterized by the crucial property
d*q):d*A—gd*d*d*A, (10.2.27)

where we defined the 1-form
A = (">« DD "MQ,,) 9°. (10.2.28)

Finally, we linearize the expression (4.6.7) we derived in Chapter 4 for the metric-
affine generalization of the Nieh-Yan invariant. The result is:

X = xd*T. (10.2.29)
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10.3 Analysis of the particle spectrum: Spin-0 sector

The spin-0 sector is described by the scalar variables which can be constructed from the
irreducible parts of the gravitational fields. In [295], the only scalars correspond to the
divergences of the trace and the axial part of the torsion. Indeed, for a given 1-form
a = a9 if we call 0o = @aaa, it is not difficult to check that do = — xd x a. In MAG,
four scalars can be constructed from the connection in this way,

0T = — xd*«T, OT =— +d+T, (10.3.1)
0Q =— xd*Q, 0A=— xd* A. (10.3.2)

However, from the analysis of the Young diagrams (see Table 10.1.1), we expect 5 scalar
modes coming from the connection. Indeed, in addition to the four variables above, from
(10.2.28) we construct the fifth one

OA=—xdx A (= V,V,V Q). (10.3.3)

Recall that we work under the conditions (3.4.4). However, we will not take into
account the two quadratic metric-affine topological invariants (see Chapter 4) to drop
two extra parameters from the odd sector. The idea is to work in general and use this
freedom after performing the full analysis to simplify the equations appropriately.

10.3.1 Previous results

Here we are going to derive expressions for the curvature scalar X (= —R) and the cur-
vature pseudo-scalar X in terms of the variables {07, 0T, 0Q, 0A}, as well as a constraint
that will allow to eliminate one of these four scalars.

The expression of X can be immediately read from (10.2.29),

X =-0T. (10.3.4)

The other two equations are obtained from 9% A E, = 0 and C%, = 0, which, when
computed in tensor notation, are nothing but the trace of the equation of the coframe and
the trace of the equation of the connection in the last two indices. These equations are
explicitly given by

ao * Ogp A R +ag Rap A9 + d(0% A hg + 9 A hy) =0, (10.3.5)
9% A by + 9% ARy + 2(m, + %) + 2d(h%, + k) =0, (10.3.6)

respectively. In order to simplify them we use the following properties, that can be de-
rived from (3.4.9)-(3.4.14),

9% A hg + 0% A g = *(—aoT + @oT + c2A — 3¢3Q), (10.3.7)
m®, +m?, = *(CgT — EgT —bs A+ 4b4Q), (10.3.8)
1
h%, = B * [(225 + ’U5)Z - (’01 + U5)(19X) + (U3 + U5)(’I9Y)], (10.3.9)
— 1
h%, = 5[(255 + 55)Z — (@1 + @5)(79)() + (53 - 55)(19Y)] (10.3.10)

If we substitute these equations in (10.3.5), and making use of (10.2.29), we can express
the curvature scalar as a linear combination of the divergences of our vector variables:

apX = — a0T + (50 + EQ)@T + 0N — 363862 . (10311)
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Now we take the exterior derivative of (10.3.6), and find

(a2 — 2¢3)0T + (@ — 263)0T + (2 — 2b5)0A — (3¢3 — 8b)0Q = 0| (103.12)

This property means that not all four variables are independent in a generic case. So we
only need four equations of motion for our five scalar (spin-0) variables.

10.3.2 Deriving the first two equations for the spin-0 sector

Now we are going to consider the other two independent traces of the equation of the

connection: 19 A C%, (trace in the first two indices) and 90 A C?, (trace in the first and
the third indices). From (10.2.14) we can derive explicitly these expressions, which read
respectively

%f?b/\ [—ap x(2T + A+ 3Q) —ap +T|
~29, A (Mm% + %) + 2D (94 A h% + 94 AR%) =0, (10.3.13)

%?}“A [ao »(2T — 34 +3Q) +ao x T] +9° A (9° A by + 9° A Ry)
— 29" A (m% + %) + 2D (9° Ah% + 9" AR%) = 0. (10.3.14)

Again, from (3.4.9)-(3.4.14), we derive the following properties:

. 1~
P Ay = Z’ﬂb A [(4b3 - b5) *A + (4b4 — 9b5) *Q + (—362 + Cg) *T] , (10.3.15)
~ s 1~ B B _
P, AT, = 1191, A (3cg —c3)x T, (10.3.16)
- 2 2 2
Do ARy = By nx[ A E (x4 TR )y 20 UL
_ 9 ~
n %f’”‘gp} + (s + va) x T — %5“4 < B, + %X «Dy,  (103.17)

S o Fa _ 5 A T z Zs . 20, 4+ 303 —T5 —
Ba ATy =By A [~ 2(0X) — 2(0Y) + 27 + “1+83'”3 % P

4
_ . Wa— ~

+ (W +04) * W + (2o — Vo + V) %Py + TgX *Uy, (10.3.18)
~ ~ 2 — 9or — _
9 ARy = 9 x| DX + R +Z3 =y + Ty 83”313}

2 3 ~

4 (—wy 4 vg) x T — # 50— O 4", (10.3.19)
~ _ ~ W il Ze — D 2T 302 — U —
9 A RS = 99 A [w5+01(19X) 2’3;1)3(19},) Z5 4U5Z+ U1 + 8113 Us *P]

+ (=W + 0y) * O + (2o +y) ¥B* — %Y *9°. (10.3.20)

These expressions together with (B.4.13) allow to re-express our two equations (10.3.13)
and (10.3.14) as

1~ 1~
SO A (Fr+ 2dB1) = 0|, S9N (Fat 02dB,) =0/, (10.3.21)
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where
(224 +5 2 (wy + we + (w3 — Wy — T _
F, = p(Zat5u) 242 ), g bolw 21”6 o) dx 4 el 2“)2 %) ax
+ (362 —Cc3 — 2a0) *T — (362 —C3 —i—ao) *T
- (ao + 4b3 — b5) * A — (3&0 + 4by — 965) *Q, (10.3.22)
2 2 2
Fym fp(22’42—|— 3vy) P Ep(w4 +2w(5 — vy) cdX 4+ fp(wg —2103 — Ty) Y dX
+ (2ap — 2a2 + 3ca — c3) * T + (@ + 2ay — 3¢2 +¢3) T
+ (—3&0 + 2¢co — 4bg + b5) * A+ (3(10 — 6c3 — 4by + 9b5) *Q, (10.3.23)
and
223 — 224 +v1 + 3vg — S5V
Bi = (wy + ws + vg + 201) * (VX)) — =24 21 27 L (WY)
+ (w5 —wy —04) (VX) + (Z3 — Z2 + T2 — Tg) (YY)
2 - z 2, — 303 +T5  —
_ZmEnESn 3BT p By TSR B (0304
4 4 2 4
224 — 2 — 3
By = — (wy + ws — v1) * (9X) + Z4 z3+12)1 U3 + 04*(19},)
+ (@2 — W5 — V1 — 64) (29X) + (53 — Z9 + V3 — @4) (29Y)
_ 225 — V1 + U5 *Z+31)3—U5 L P Z5 — Us 7 2U1 + 3v3 — U5 P
4 4 2 4
(10.3.25)
After applying the interior product e’ and e, to (10.3.21), we obtain
Fi+0dB; =0,  Fo+(2dBy=0. (10.3.26)

And, finally, if we take the exterior derivative, we end up with dF; = 0 and dF; =
0, which are the first two dynamical equations for the scalar modes. If we make use
of (10.2.27), insert the curvature scalar X from (10.3.11) and the pseudoscalar X from
(10.2.29), as well as the d”Alembertian operator V2= — *xd*d, they can be recast as:

2 (ws + we + v = 25T v, vV
B s 2a o) asV?OT — (ag + @) V0T — o V29N + 303V28Q]
0

_ 62(@3 —2@2 = @4) 628? B 6,%(22’434- 51)4) §2 a4 — E%(2242+ 51)4) aA
+ (302 — C3 — 2a0) oT — (362 —C3 + 60) oT
—(ao + 4bg — b5) oA — (3a0 + 4by — 9()5) 0Q =0,
(10.3.27)

5%(104 + we — 114)

%a a2§28T = (60 + @)@267 — 62§2a/1 + 36362862]
0

= = = 2 2
B ez(’u)g —211)3 — 1)4) 626? 3 gp(2243+ 3’04) 62 a4 — Ep(22:42+ 31)4) IA
+ (2ag — 2as + 3co — c3) OT + (ap + 2az — 3¢a + ¢3) OT
-+ (—3&0 + 2¢9 — 4bsg + b5) oA+ (3&0 — 6c3 — 4by + 9b5) 0Q = 0.
(10.3.28)
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10.3.3 Deriving the third equation for the spin-0 sector

The following independent dynamical equation for the scalar modes can be derived, in
tensor notation, from the totally antisymmetric part of the equation of the connection. In
terms of differential forms, such equation can be encoded in +C%, A 9 b—o.

First we find that
% (T A D% + QA Dy — 2Q A %0%) AD," = ag T, (10.3.29)

% (20T (o A Oy — Quy A B%) A B, = =y + (2T — A+3Q),  (10.3.30)
*[ﬁa A (hy + Eb)] A D =2 % (eqsh® + eq R

=2x(a3T+aT - A+363Q).
(10.3.31)

Obviously x(m% +m®) A9, A 9” = 0 in view of the symmetry.
The last thing we need is to compute the contribution of the derivative terms in
(10.2.14). They can be expressed

*(Dh%) A9," = x(Dhl®) A 9y, = 2e,.D [*A“ + 9% A*(9A) — %A * 19‘1] . (10.3.32)
*(Dh%) A9," = x(DRI®) A 9y, = 2e,.D [*Aa + 9% A *(9A) — %Z* 19‘1} . (10.3.33)

where we have introduced

A% =g, bl A% = e, R[], (10.3.34)
which explicitly read
A" = —up ¥+ 2 X
+ et * [% (9X) — UZl (P — (¥X)) — % IY) — % z: , (10.3.35)

Z“:@\Iﬂ—%@u%xﬁa

(10.3.36)

+ el {“;5 (0X) + % (xP + (9X)) — % WY) — %” z

and their traces and antisymmetric parts:

A=e, A%, A=e, A% (VA) =0°ANA, (WA =0"AA,. (103.37)

Now that we have all of the ingredients we can write our equation as

x CU N g AN = F3 + (2dB; =0, (10.3.38)
where
Fs3= 6%;4 * P+ E?)(wg; ) *dX — Ei(u&;— ws) *dX
—2(@p +a@2) T + (ag — 2a3) * T + (G + 2¢2) x A — 3(ap + 2¢3) * Q, (10.3.39)
By= - 22 EB Ny - BE y) - Pz - 0P
LIRS T xS gy Bz NP, (10.3.40)

As we did in the previous section, we take the exterior derivative and obtain dF35 = 0,
which is the third equation for the spin-0 sector. Explicitly, this equation reads:
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£2 w — W A A~ — A~ A~
W V20T — (@0 + @) V20T — 09204 + 3¢;720Q)|
0

2 P s
Gl tws) Gopr Eﬂ; 19204 - E’J;“ oA

+2(a(] = 62) oT — (CLQ = 2a3) oT — (60 aF 262) oA + 3(60 aF 2@3) 0Q =0. (10.3.41)

10.3.4 Results up to the present moment

By using the constraint (10.3.11), we can eliminate Q) from our set of equations. If we
introduce the following 3-component object

oT
U:= T ], (10.3.42)
oA

we can then recast our three dynamical equations (10.3.27), (10.3.28) and (10.3.41) in ma-
trix notation as’ N
KV?U+MU+NOA =0. (10.3.43)

The explicit form of the 3 x 3 matrices K and M, and the 3-column N can be read from
(10.3.27), (10.3.28) and (10.3.41).

Observe that there is no dynamical term for OA in (10.3.43). So far it is not clear how
to derive this extra equation (a difficulty that was not present in the analysis of PG [295]).
Interestingly, the scalar variable OA is defined in terms of the irreducible component
Q. whose leading spin-order is 3 (see Table 10.1.1). Motivated by this, we conjecture
that the derivation of the (still) missing equation for this scalar mode is very related to
the analysis of the spin-3 sector of the MAG equation, which remains to be done.

Here we have focused on scalar modes coming from the torsion and the nonmetricity, but it is important
to remark that there could also be spin-0 modes coming from the metric/coframe sector. They are currently
under study.
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Final comments

Bang...

— Spike Spiegel (last episode of Cowboy Bebop)

To finish this thesis, we proceed to discuss and collect some general ideas about the
results we have obtained.

From the first part of the thesis, we can highlight the enormous interest both math-
ematical and physical of MAG. In contrast to the ordinary gauge theories of internal
symmetries, MAG requires an additional process (soldering) to appropriately generate
the coframe, which appears as a non-linear translational connection after the reduction
Aff(D,R) — GL(D,R). Interestingly, the MAG metric can also be motivated in a sim-
ilar way by an additional reduction into the Lorentz subgroup of GL(D,RR). There are
however different ways to formulate and motivate this structure, besides the one we pre-
sented here. This is a consequence of several subtleties and features that are very charac-
teristic of gauge theories of gravity and that are far from being completely solved. For-
mulations with the same observational consequences provide different understandings
of how gravity and, consequently, the spacetime emerges. Therefore the investigation
along this line is well justified, at least from a fundamental perspective.

It is interesting to notice the number of special difficulties of MAG in contrast to
PG. The addition of nonmetricity and, in particular, its traceless part gives rise to many
of these theoretical complications. Known examples are the interpretation of the shear
current, or the fact that the equivalent to spinor representations in MAG correspond to
spaces of infinite dimension. In this thesis we have checked another peculiarity in this
regard which is the violation of the topological character of critical Lovelock terms in
this frame, precisely due to terms depending on the traceless part of the nonmetricity. To
prove this, we used the fact that the equations of motion of a boundary term are trivial,
and explicitly constructed a particular geometry for which one of them is violated. It is
worth remarking that for the metric-affine Gauss-Bonnet theory, the extra term needed
to get a boundary term is quartic in the nonmetricity, so it cannot be used to simplify the
4-dimensional quadratic MAG Lagrangian. Despite this, we have found that the Nieh-
Yan invariant admits a direct generalization by adding a quadratic term from the mixed
sector with both () and 7'. Moreover, the Pontryagin invariant is automatically a bound-
ary term in metric-affine formulation. These results tell that two invariants from the odd
sector can be dropped from the general quadratic Lagrangian.

Concerning particular MAG geometries, we have revised the GW criteria in GR and
proposed some possible metric-affine generalizations that keep a similar algebraic struc-
ture in terms of field strengths, although the physical interpretation of them are theory-
dependent. We have focused on the Lichnerowicz criteria which are a direct application
of the radiation conditions in Maxwell theory to the Levi-Civita curvature tensor. In our
extension, we applied the same conditions but over the full curvature and the torsion
of the metric-affine geometry. Then, we selected a particular family of geometries and
revised the conditions that those criteria impose on the different variables.

As we have already mentioned, the exploration of exact solutions provides very valu-
able information about the non-linear regime of a theory. In an independent work, we
used a particular Ansatz to search for vacuum solutions of the general quadratic MAG
(even-parity) theory. Riemannian solutions as well as teleparallel ones and of the pseudo-
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instanton type have been found. Moreover, the conditions for having nontrivial general
solutions (without restricting to any type of geometry) have also been explicitly com-
puted. It is worth noticing that the method used in the general case, based on a potential-
copotential decomposition of the 2-vector variables, allowed to write the complicated
MAG equations as a set of Helmholtz equations for general values of the even param-
eters. In the future, these results will be extended to include the odd parity sector, or
maybe by adding matter sources.

Physically speaking, a viable theory is in particular characterized by the well-behavior
of their degrees of freedom. Furthermore, one should also be aware of possible inconsis-
tencies derived from the very construction of the theory. In this regard, we have analyzed
the particular case of 4DEGB, and revised some of its inconsistencies, which are essen-
tially due to a “0/0” term that makes the equations of motion ill-defined and that cannot
be regularized, because each of the zeros has a completely different origin.

Regarding the stability of the degrees of freedom, the different analysis we have ex-
plored in that direction constitute a fascinating field of study in between the purely the-
oretical and observational sides. As we have seen for the particular case of ECG, even
if the linear spectrum of the theory is healthy, strongly coupled modes can render catas-
trophic unstable behaviors around specific backgrounds. Indeed, in the context of ECG,
the isotropic solution (FRLW with flat spatial slices) lies in the intersection of singular
surfaces in phase space. As we saw in general, and also in some numerical simula-
tions, any little initial (anisotropic) deviation from such background push the solution far
from the initial configuration, showing that these backgrounds cannot be seen as viable
physical models in these theories. We have also added the first three GQTG corrections
and checked that the problem is even more severe, since then the ghosts are fully active
around these cosmological backgrounds.

In addition to the previous analysis, we have also learned how important is to kill
those problematic modes that are intrinsic to the theory. We have seen several examples
of this in the context of general quadratic teleparallel gravity. In particular, we ended
up with two possibilities that ensure (at linear level) a well-behaved propagation for
its maximal field content. In one case the symmetric sector (made of two spin-2 fields)
has Diff xDiff symmetry, whereas in the other one they present local invariance under
Diff xWTDiff. In both cases, there is an additional Kalb-Ramond field equipped with the
standard gauge transformation. To reach these results, we introduced additional symme-
tries that allow to “bypass” the Ostrogradski theorem by violating the non-degeneracy
hypothesis. Such technique has been shown to be very useful to remove dangerous
ghosts in those theories.

These analyses, together with what we know about PG, clearly indicate that these
problems will be present in MAG. In fact, one would expect that a safe theory free of
ghosts within MAG will likely end up being GR with extra scalars or vectors belonging
to one of the known types of well-behaved theories. From the analysis of the spin-0 sec-
tor, we noticed that it is not obvious to get a dynamical equation for one of the five spin-0
modes of the theory associated with the connection, in particular, the one that is related
to the spin-3 sector. The rest of the spectrum is currently under study: the possible addi-
tional spin-0 modes coming from the metric/coframe, the spin-1 and spin-2 modes, the
latter being usually problematic, and the spin-3 mode, which is prone to generate even
more problems. Future results on the analysis of the linear spectrum around flat space-
time will help to restrict the theory to safer subsets of parameters. Other complementary
(and necessary) works such as the Hamiltonian analysis, and the explicit stability anal-
ysis of certain backgrounds are also needed to further establish the limitations of MAG.
All of these theoretical developments are crucial, and must be performed before doing
any strong claim about the observational consequences of MAG.
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Pullback and pushforward

Let ¢ : M — N be a smooth map between manifolds.

Definition A.1. (Pullback of a function) The pullback of a smooth function f : N'— R
is the function ¢*f : N’ — R given by

o f=fod. (A.0.1)

Definition A.2. (Pushforward of a vector) The pushforward of a vector v € T,M is the
vector (¢.v) € Ty, N that acts on functions as

(¢xv) (f) = v (8" f) = v"Opulp (7 f) - (A.0.2)

Definition A.3. (Pullback of a differential form) The pullback of a k-form at ¢, o €
A’;N , to the point p € M such that ¢(p) = ¢, is a k-form in p, represented as (¢* ) €
AI;M, which acts as:

(") (v1, ..., V) = a(Psv1, ..., PsVE) , (A.0.3)

where vy, ..., v, € T, M.

Notice that the first one is always well defined (it is just the composition). Neverthe-
less, generalising the last two to vector fields or k-form fields is not trivial, because if ¢
is not surjective, the result will be, at most a field over the image or pre-image of ¢ (and
there is no natural way to extend it to the entire manifold). Moreover, the pushforward
has an additional problem:

3 If ¢ is not injective, we do not even get a vector field over Im(¢). The reason is the
following: imagine two points p;,p2 € M with the same image ¢(p1) = ¢(p2) = ¢,
there is an ambiguity on how to chose the vector at ¢ (is it the one coming from
X|p, or the one coming from X|,, by the pushforward?).

Observe how, for the particular case in which ¢ is a diffeomorphism, these definitions
can be extended to fields. Indeed, since the inverse of the diffeomorphism is also a dif-
feomorphism, ¢ establishes an identification between a field and its pullback / pushfor-
ward, making it possible to the define the operations that go in the opposite direction. In
other words, if ¢ is a diffeomorphism, we can actually speak about the “pushforward of
a k-form” and the “pullback of a vector field”.
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Irreducible decompositions

B.1 Irreducible decomposition of the torsion

Irreducible parts

Under the pseudo-orthogonal group, the torsion 2-form can be decomposed into three
parts:

T = (e 4 @a | Gpa (B.1.1)
where
1
@pe — ] 119“ A (epaT?), (B.1.2)
1
@e = §..e%(:rb Ay), (B.1.3)
Wra . e _ @ypa _ 3ypa (B.1.4)

which correspond, respectively, to the trace, the totally antisymmetric part and the re-
maining tensorial part. The first two can be rewritten as

1 1 _
@ — ST, 20 L 3 sgn(g)(—1)P 3L+ T, (B.1.5)
where we have introduced the torsion trace form (1-form) and the axial torsion ((D — 3)-
form):
T = e, T = T, dz", (B.1.6)
1

T = +(T° A 9y) = 2D —3)!

(Thwp € P ay g )dT™ A oA da?3 (B.1.7)

Components of the irreducible parts of the torsion

If we expand the torsion parts ('T* = 17,29 we have

2
(2) a __ a
The" = == Tp0q » (B.1.8)
OTpe® = Tipea 9™, (B.1.9)
W = Ty — DT — OT." (B.1.10)

Properties of the irreducible parts of the torsion

O Totally antisymmetric parts

DT, A9 =0 & DT =0 (& DTape = —2"T ) I=1,2,
(B.1.11)
OT, A9 =Ty A9 & OTgpe = Tignq - (B.1.12)
[ Traces
e, "T* =0 & U7, =0 I=1,3, (B.1.13)
eaJ(Q)Ta = ea_:Ta ~ (Q)T,lcC = Tacc. (B.1.14)
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192 B.2. Irreducible decomposition of the nonmetricity

Arbitrary dimensionD | D = 4 Arbitrary dimensionD | D =4
Total iD’(D—1) 24 Total 3D*(D+1) 40
e iD(D+2)(D - 2) 16 DQap ID(D - 1)(D+4) 16
@ D 4 @Qup iD(D? —4) 16
@ae (D —1)(D—2) 4 ©Qap D 4
“Qap D 4

Table B.1.1: Distribution of the independent components of the torsion (left) and the non-
metricity (right).

B.2 Irreducible decomposition of the nonmetricity

Irreducible parts

We start by introducing the traceless part (in the external indices) of the nonmetricity,

1
Qab = Qab - Bgachc7 (B‘z‘l)

and the following independent 1-forms that contain the two traces of the nonmetricity
tensor @ ..p,

Q = %QCC = %Qudx”, (Weyl 1-form) (B.2.2)
A= (2@ )0 = [QM - ;QM] dat . (B.2.3)

If we work in terms of the nonmetricity tensor @,,, there is no canonical way to
separate the two traces (each of them is an irreducible component). In differential form
notation there is a canonical choice: first we extract the trace in the last two (second term
in the rh.s. of (B.2.1)) and then we further split the traceless part, which contains three
additional irreducible parts. Therefore, the whole nonmetricity 1-form can be split as

Qab = <1)Cgab + <2)Cgab + (3)Qab +(4>Qab : (B24)
Qzab

The last one is the trace in the external indices (contains the Weyl 1-form) and ®'Q,;, is
the remaining trace. The other two have totally traceless components: the components
of 1Qy, are totally symmetric, whereas those of ?Q,;, constitute the remaining tensorial
part. The explicit definitions are:

Q= 9@ (B.2.5)

. 2D 1

(3)Qab = m <’l9(aeb)_l/l — DgabA) (B26)
2 _

DQup = -3 sgn(g) * (A A 9y) (B.2.7)

(1)Qab = Qab - (Q)Qab - (3)Qab - (4)Qab (828)

where we have introduced the auxiliary (D — 2)-form

1
A, =% [sza A — Dy A A} . (B.2.9)
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By expanding this last object one can prove:
o 2 2 a 2 1 A
Qup = 3 &b — g(e(a—‘ @'ya)9” + gm(gab —J(epaad). (B.2.10)
Components of the irreducible parts of the nonmetricity
The nonmetricity parts V'Qu, = Q. Y9° can be expressed
2D - 1 1 ~ 1
OQ gy = _ - E— c—=Qc 1, B.2.11
1
“Qeab = 5 QcGab (B.2.12)
1
(I)Qcab = Q(cab) D+ 2 9(ab (Qc) + 2Qc ) ) (B.2.13)
(Z)Qcab = Qeab — “ )Qcab - (S)Qcab - )Qcab ) (B214)
Properties of the irreducible parts of the nonmetricity
O Antisymmetric parts (of the components) in the first two indices
DQup A9 =0 & DQpape =0, (B.2.15)
Only the following are non-trivial
“Qu A" =sgn(g) * Au [= QAP+ (55A-Q)nd.|,  (B216)
f 1
OQu N = A A, (B.2.17)
DQup N" = Q N, (B.2.18)
O Traces
QL =0 & DQu =0 I=1,2,3 (B.2.19)
e’2"Qu =0 & D=0 I=1,2 (B.2.20)
Only the following are non-trivial
“Q.=Q.° (=DQ), (B.2.21)
e’2¥Qu = eq A, (B.2.22)
e’2MQu = e,1Q . (B.2.23)
O Totally symmetric parts:
E(Q_I(Q)ch) =0 = (Q)Q[abc] =0 I1=1,2 (B.2.24)
Only the following are non-trivial
(3)ch D+ 2 (abec)—‘A ) e(a—'(4)ch) = g(abec)—‘Q ) (B.2.25)
2
e(a—‘(l)ch) - e(a—‘QbC) — Y(abCc)- |:Q - m :| : (B.2.26)

Alejandro Jiménez Cano



194 B.3. Irreducible decomposition of the curvature

B.3 Irreducible decomposition of the curvature

Irreducible parts

For the curvature 2-form we first split it into symmetric and antisymmetric parts (in the
external indices):

Ry =W+ Zy (B31)

1
= Wab+ /Zab + Bgabz (332)

where W, = Ry, Zap = Ry, Z = R.° and Z\, is the traceless part of Z .
Under the pseudo orthogonal group, the antisymmetric part can be separated into six

irreducible parts W, = 3°9_, "W, given by
AW 4 = sgn(g) * (ﬁ[a A Wb]) (B.3.3)
1
COW o = sgn(g)ﬁ * (X AN gp) (B.3.4)
2
(4)Wab = —ﬁ'g[a A lI’b] (835)
1
W = O A ey (9° A X) (B.3.6)
1
(G)Wab = —mXﬂab (337)
6
OWap =W — Y W (B.3.8)
1=2

where we have introduced the following auxiliary objects (the number at the left of each
quantity represents its rank as differential forms)

[1] X% :=e W, D—3] X%=«(WbA0,), (B.3.9)
0] X :=e X" D—-4 X:=e,uX", (B.3.10)
1 1
1] U, i= X, = S X0, — §eaJ(19b AXy), (B.3.11)
| -~ 1 —
D — 3] Vo= Xo— 9 N X = — 2eaJ(ﬁb AXy). (B.3.12)

Some of these pieces have a straightforward interpretation: ®W ,;, corresponds to the
totally antisymmetric part of the curvature (~ Rj,,,5)) and (YW 4, is the Ricci scalar (since
X = Ry, = —R). For a metric compatible connection Z,, = 0 and, in particular, for
the Levi-Civita curvatute, only the Ricci scalar, the symmetric part of the Ricci tensor and
the Weyl curvature tensor survive, and they are encoded into YW, W ,;, and YW,
respectively.
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Arbitrary dimensionD | D=4 Arbitrary dimensionD | D =4

Total W 4, 1D?(D —1)2 36 Total Z 1D?(D% - 1) 60
OWea | 5(D+2)(D+1)DD-3) | 10 WZay | gd—=2)D+4)(D*-1) | 30
@Wa, | 2(D+2)D(D—1)(D—3) 9 ®Zu | 20+2DD-1)(D-3) | 9
OW 4 +D(D—1)(D—2)(D—3) 1 ®Z b iD(D—1) 6
W o s(D+2)(D—1) 9 DZ ap idp+2)(p-1) 9
OW 4 iD(D—1) 6 OZ 3D(D—1) 6
OW 4 1 1

Table B.3.1: Distribution of the independent components of the curvature (a total of
1D*(D — 1), which correspond to 96 in D = 4).

Furthermore, the symmetric part contains five irreducible parts Z,, = Z§=1 DZ
defined as follows!

1 _

AZ = 3 sgn(g) * (Vg A ®y)) (B.3.13)

1

OZ 0 = 71 DO, A €pya(9°NY e) — 29 (0° N Y ()] (B.3.14)
2

WZ = 519(@ N (I)b) (B.3.15)

i 1

(J>Zab = BgabZ (B316)

5
DZ o= Zap — Z DZ (B.3.17)
=2

where we have introduced (again, the number at the left of each quantity represents its
rank as differential forms)

1] Y, =€ Zuy, D—3] YVoi=*(Zpa A9, (B.3.18)
1] ®,:= Y, — %eaJ(ﬂb AY,), [D—3] B

Y. - e, (0 AY,).  (B.3.19)

D—2

Components of the irreducible parts of the curvature

The irreducible parts of the antisymmetric part of the curvature (Wegar = Regfay))
OW o = %(I W edap9°¢ have the following components

OW cdap = —% (Wabed — Wedab) — % (R(l)[e g —R® [ef}) 01,91 [c5£] ; (B.3.20)
W cdab = Wicdan) = Rican) ; (B.3.21)
W cdap = —DQj (R(l)(ef) - R(Q)(ef)) 5fa9b][c5§] - ])(]34_2)90[,1%}(13, (B.3.22)
MW= = (B~ BOep) et (B.3.23)
OW cgap = D(D2_1)gc[agb}dRa (B.3.24)

1All of the conventions for the irreducible parts of the torsion, nonmetricity and curvature are in agree-
ment with the ones used in [1]. In fact, they correspond to those of [98, 413], except for ‘VZ;, and ¥Z,,;, that
have been exchanged.
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6

(I)chab = chab - Z (I)chab . (B325)
I=2

and the five parts of the symmetric curvature (Zcaap = Rea(ar)) "'Zap = %“ )7 caap ¥ cor-
respond to

®Z cday = % (Zedab = Ze(abya + Zagav)e)
-5 (Dl_ ) (RO e + By = ROy ) (2060901c0%) — qudfd}y) o (B3.26)
DZ cdab = ])22—_4 <R<1>[eﬂ +R@ g — %R@)e f> (DS, 90)(c57) — 9av7,07) (B.3.27)
DZ cdab = —% (R“)(ef) + R<2>(ef)) 5gagb)[c<s§] : (B.3.28)
OZ cdab = %gabR(?’)Cm (B.3.29)
W7 cdab = Zedab — i DZ cdab - (B.3.30)
=2

Properties of the irreducible parts of the curvature

O Properties of the auxiliary objects

*x (9N X)) = —9°N X, *(9ANY ) =-9NY,, (B.3.31)
e’)Y,=¢e"Y,=0, (B.3.32)

e’ W, =e" W, =e" P, =e" P, =0, (B.3.33)

YNT, =09ANT, =09"NP, =9 NP, =0. (B.3.34)

O Trivial traces and contractions with the coframe

e’ S OW 4 =0 o OWeaat =0 T1=1,23 (B.3.35)
e’ e’ W, =0 VN OWa¥=0 1=1,23,4,5 (B.3.36)
9% A (eb_:“)Wab) —0 & Wy =0 I=1,234 6 (B337)
9N DOW o, =0 & MWy =0  I=1, 4, 6  (B.3.38)
AN DW= 0 & Wiy =0 I=1,2, 4,56 (B3.39)
DZ.L=0 & DZwet =0 T1=1,234 (B.3.40)
e’ PZy =0 & DZgal =0 T=1,2 (B.3.41)
9°NDZy =0 & DZregap =0 IT=1, 4 (B.3.42)
O Non-trivial traces
1
eb_|<4)Wab =v,, eb—‘<3)Zab = iea—‘(’ﬂc A YC) )
1
e’ OW,, = iea_:(ﬂc ANXe), e’z =&,
b (6) _ 1 b (5) _ 1
e . Wab = BX’ﬂa, e . Zab = Bea_lZ . (B343)
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O Non-trivial contractions with the coframe

0N OWoy = sgn(g)(—1)" Ty, 9T APZg = sgn(g)(—1)" 7« By,
1 - 1
9N OW = 1 sgn(g)eps* X, VN OIZ gy = 5= 2'l9b NI NY,
1
VYN OW = —5 5% A 9NX., 9NOZy = ;N2 (B.3.44)

(O Other special properties

2 2
CW o = ﬁﬂ[a A G‘C‘J(S)ch} =4 (5)chab = —m(mwe[ce[adg .
(B.3.45)
@Zp = %e(aJ(ﬂc A@DZy,) & D74 = =227, (B.3.46)
2 4
OZa = S0 N Zy) e Oz = —B<5>Ze[ce(a5;;’)] . (B34Y)
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B.4 Decomposition of the auxiliary P-objects

Definitions

It is useful to introduce the following objects (the numbers at the left of each quantity
represents its rank as differential forms):

[2] Pab = 19(1 A (CC_JRCb) s [2] ﬁab = *eaJ(ﬁc VAN Rcb) s (B41)
1] P, =e€2Ry, D—3] P,=xUARgy), (B.4.2)
2] P=9°AP,, D-2] P=9'AP,. (B.4.3)
Then, one can prove that
Py =9,NPy, ?ab =1, N ﬁb , (B.4.4)
Pf=P, Pc=P. (B.4.5)

Decomposition of P, and P,. Useful expressions

Explicitly in terms of the objects used in the irreducible decomposition of the curvature,
we get

1
Pi=Y,~Xo+eZ, (B.4.6)

— - 1
Po=Y,+Xo+ eaxZ. (BA.7)

Similarly as the decomposition of the torsion one can extract the trace and the totally
antisymmetric parts of P, and P, as follows

1 1
P,=P,+ -V,(e.aP°) + -eqi(9° N P,) (B.4.8)
D 2 N——
P
S | — 1 —
P,=P,+ fﬁa(ec_tpc) + € (’ﬁc A PC) (B.4.9)
4 D—2 " ~e——
P
where the traces and the tensorial parts are:
e. P =-X e. .P° =X, (B.4.10)
Po=®,-¥,, P.=®,+7,. (B.4.11)

Notice that, by construction, the tensorial parts verify
e’ P,=e" P, =0, 9N P, =9"N P, =0. (B.4.12)

We also derive

1 — 1
P=—0"AX,+9'AYot+ 2, +P=9"AX,+9"\Y,~ 2. (B4}
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MAG invariants and variations

C.1 The construction of the quadratic MAG action

C.1.1 Even parity MAG invariants (up to second order)
MAG zero order and linear invariants (even)

At zero order in curvature, tensor and nonmetricity the only possibility is the canonical
metric volume form:

I, :=vol,. (C.1.1)
This term, which can be multiplied by some dimensionful constant is indeed the cosmo-
logical constant term.

At linear order in torsion or nonmetricity there is no possible invariant. The reason is
that there is no covariant scalar (total trace) of them, since they have an odd number of
indices (TM,,A and @,,»). However, from the curvature one can construct in any dimen-
sion a linear invariant proportional to the curvature scalar. In differential form notation
this can be written as

I}, =R"ANx9,y = R,"vol,=Rvol,, (C.1.2)

MAG quadratic invariants in torsion and nonmetricity (even)

One can distinguish three sectors: 77", QQ and T'Q):

O T'T sector
The part quadratic in torsion can be generated by three invariants: each irreducible
component contracted with itself. In exterior notation:

I;T(l) = W1 AT, — %(I)TMVP(I)TMVPVOIQ, (C.13)
I;T(z) = AT AP, — %(Q)TW”(Q’TWPVOIQ : (C.1.4)
I;T(?,) = T AT, — LOmeer,  vol,. (C.15)

Due to the orthogonality of the irreducible components of T under the product
Ax, We can rewrite:

I;T(I) =T*A\x"T, for7 =1,2,3. (C.1.6)

O QQ sector
The part quadratic in nonmetricity admits a basis of five invariants: each irreducible
component contracted with itself (4) plus the contraction of both traces (1), i.e.

I = Q™ Ax"Qu = QMPIQ,,voly (C.1.7)

IHoe = Q" A +"Qu = DQMPQ,,voly (C.1.8)
IEQ(3) — (rs)Qab A *(3>Qab — C”Q“””(‘”prvolg

= -7 [8Qu — Qu)*vol,.  (C19)

Ihow = Q% Ax"Qu = WQMPQ,,,vol, = 1Q,Qvol, . (C.1.10)

(IEQ@))/ = (Q" A9,)(ep0Q.°) = QuQ"voly (C.1.11)
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200 C.1. The construction of the quadratic MAG action

however we prefer to work with another one instead of the last one:
IgQ(S) = ((3)Qac A ﬂa) A *((4)ch A ﬁb) — %Qﬂ (%Q# _ Q#) Volg, (C.1.12)

and they are related by

+ =L(rt + /
IQQ(5) D <IQQ(4) - (IQQ(5)) ) : (C.1.13)

Again, due to the orthogonality of the irreducible components of Q ,;, with the prod-
uct Ax, we can rewrite the first four with a total nonmetricity at one side,

Ihom =QUA+"Qu  forI=1,2,3.4. (C.1.14)

O TQ sector
The mixed sector only has three independent invariants: the only nontrivial con-
traction of the full torsion with the full nonmetricity (1) plus the trace of the torsion
contracted with both traces of the nonmetricity (2). Respectively,

I;Q(l) = (Z)Qab NI N *Tb = TMVP(Z)Q,U,VpVOlg ; (C115)
I;Q@) = “Quap A9 NAT" = THP9Q,pvoly

= 571 [pQu — Qu] T"voly, (C.1.16)
I;Q@) — <4)Qab A9 A «T° — T”””‘“prvolg _ %QMT‘LLVOIQ ' (C.1.17)

MAG quadratic invariants in curvature (even)

In components it is not so difficult to see that there are a total of 16 independent invari-
ants:

3 Six involving the full curvature:

bed bed bed bed bed bed
R ) RadeRa ¢ ) RacbdRa ¢ ) RacdbRa ¢ ) RcdabRa ¢ ) Radcha “.

(C.1.18)

Rabcd

O Nine involving the traces:

R ,rMab — p() pMba — p1)  pRa  pE)  Rg@a  p1)  RE)be
R(2)abR(2)ba ’ R(l)abR(3)ab 7 R(Q)abR(3)ab , R(3)abR(3)ab ) (C.1.19)

3 One involving the total trace:
R%. (C.1.20)

In differential form notation we are going to make use again of the irreducible compo-
nents of the curvature 2-form and we separate the 16 independent invariants into three
sectors:

O The sector containing the squares of the irreducible components of the antisymmet-
ric part W, = Ry For I =1,...,6 we have
Ity = "Wa AW = LOWHPADW |, ol . (C.1.21)
O The sector containing the squares of the irreducible components of the symmetric
part Z,, = Ry For I =1,...,5 we have

I-‘r

(D (I) rzab _
RR(6+1) — Zopy N %7 =

%(I)ZMVP)\(I)Z“VP/\VOIQ . (C.1.22)
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O An additional sector containing five additional independent invariants:

Thpgizy = Ran Ax 991 (e W) = RO MVOW ., vol,.  (C.1.23)
IIJER(13) = Rap N % :?9c A (eaJ@)ZCb): = RMPA@7 1 volg.  (C.1.24)
Tipa = Rav A% [07 A (e2°7) = RMMOZ,,7 vol,.  (C.1.25)
1 23(15) = Rap N :«9“ A (ecf‘”zcb): = RMNZ %, vol,.  (C.1.26)
I pae) = Rab A x :19“ A (eca®Z c”): = RHNOZ,,% vol,.  (C.1.27)

As in the previous section, the orthogonality under Ax, allows to rewrite

IER I = Rab/\*(DWab (I =1, ,6) and I}—;R((S—i-]) = Rab/\*(J)Zab (,] =1, 75)

(C.1.28)

(

so that a global R, A x can be extracted in the action.

C.1.2 MAG odd parity invariants in four dimensions

All of the invariants constructed in the previous section exist in any dimension since they
all have the form (ignoring the external indices) a A x83 with a, 3 € QF(M) for some
k. Then, due to the Hodge star, the combination o A %3 is a differential form of rank
k+(D—k) =D, i.e. a perfectly valid term to be considered in the Lagrangian. In principle,
combinations that do not involve the Hodge star can be or not D-forms depending on the
dimension. For instance, the term

Qab A Qab € 92(M)

is a good metric-affine term for the action only in 2 dimensions. These kind of terms in
a Lagrangian are called odd-parity since they contain a Levi-Civita tensor inside. For
instance, for the previous example in D = 2,

Quy N Q™ = QeapQa™ 9% = —Quap Q""" vol,

where we have used the equation (2.3.9) and that for Lorentzian 2-dimensional metrics
sgn(g) = —1.

Since the most interesting situation is the 4-dimensional case, we are going to provide
in this section all of the possible odd parity invariants (linear and quadratic in torsion,
nonmetricity and curvature) in that dimension.

MAG zero order and linear invariants (odd in 4 dimensions)

There are no zero order odd parity invariants. Similarly as in the even parity case there
are also no linear invariants in torsion or nonmetricity. With the curvature there is one
possibility, constructed with its totally antisymmetric part. In differential form notation
this can be written as

1

I, =R"AN0y =5 sgn(g) RN M vol, . (C.1.29)
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MAG quadratic invariants in torsion and nonmetricity (odd in 4 dimensions)
One can distinguish three sectors: 77", QQ and T'Q):

O TT sector
The part quadratic in torsion can be generated by two invariants:

1
Irpgy =T NYTe =T AT, = 1 sgn(g) VT, " VT jpo EMP vol, , (C.1.30)
. 1
II_“T(Q) = T A (2)Ta = ®pa A (2)Ta — Z Sgn(g)‘3)T,W"(2)TPA05“””Avolg 7 (C.1.31)
because

T AT, = T AT, (C.1.32)
In components one can choose 7}, T}, &P and T}, " Tpr, EMP.

O QQ sector
Interestingly, there is only one possible independent invariant. The traces cannot
be involved since there are not enough indices with two of these vectors and the
Levi-Civita tensor. The traceless totally symmetric part cannot be involved either,
so the only possibility is
E)Q = ((2)Qac A 19(1) N (<2)ch N "-9b) - Sgn(g)(Q)Quua<2)Qp)\og'w/p)\ (C.1.33)

= Sgn(g)Ququp)\ag'uyp)\ . (C.1.34)
O TQ sector
In this sector we have again three possibilities. A basis of invariants in tensorial

notation can be 7},,,,Q\E HrpA, Ty pQ A\EMPA and T1,° Qo€ #vPA In terms of the irre-
ducible components and in differential form notation we will take the basis:

_ 1 5
Iroay = ""Qa N A T = 5 sg(9) PQ o Tpa" M P voly (C.1.35)

- a 1 ag v,
ITQ(Q) = (3>Qab NI NTY = 3 Sgn(g)(S)ijanA s p)\volg
= Lsgn(g) [2Qu — Qu] &M vol,, (C.1.36)

— 1 .
ITQ(B) = (4)Qab A 9% A 7 L — 5 Sgn(g)m)@wngp}\aé‘u pAVOlg

1
=3 sen(9)QuTynEM P vol,, . (C.1.37)

MAG quadratic invariants in curvature (odd in 4 dimensions)
We again separate the invariants into three sectors:

(3 The sector containing the squares of the irreducible components of the antisymmet-
ric part W, = Rj,y. We construct for I = 1, ..., 6 the quantities

1
W A DWW =3 sgn(9) Ry W prgr EMPAvOL,, . (C.1.38)

However by virtue of the properties

Wab A (2)Wab _ Wab A (4)Wab (Q)Wab A (4)Wab,
W AOW® =Wy AOW® OW A OWab (C.1.39)
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only four of them are independent:

IER(l) =Wau A (I)Wab , I;%R(2) =Wau A (Q)Wab ,

=Wy AOW?, o =Wa A Gpyab (C.1.40)

IR Irr
O The sector containing the squares of the irreducible components of the symmetric

part Zyp = Ry For I =1,...,5 we have

1
Zoy N DZW =1 sgn(g)RWUT(I)Zp,\UTS“l’pAvolg ) (C.141)

Now due to
ZayNPZY = ZyNBZ% Oz NGz (C.1.42)

we choose the following set of independent invariants:

- — (1) rzab - — (2) r7ab
IRR(5) =Ly N A , IRR(G) =ZLup N A s

= Zapy N PZY = Zapy N OZY. (C.1.43)

I ke Ik

O An additional sector containing five additional independent invariants:

[ 1
II_%R(Q) = Rab A _,ﬁa A (ecJ(5>WCb):| — 5 Sgn(g)RMVpT(5>W)\UUTSqu)\volg7
(C.1.44)
[ ] 1
I g0y = Rav A _190 A (e“J”Zd’)_ =5 sgn(g) Ruver P27, 7 EMP ol |
(C.1.45)
. [9¢ cb | 1 oT oLV,
IRR(ll) =Ry N _’19 A (eCJ(3>Z b)_ _ 5 Sgn(g)RWpT(S)Z,\a ol pAVOlg,
(C.1.46)
= 90 cby| 1 oT cuv,
rR(z) = Rap A |97 A (eca¥Z b)_ =3 se1(9) Ryuwpr V700" EM P01,
(C.147)
[ ] 1
II_%R(13) = Ry A _an A (604(5)Z6b)_ — 3 Sgn(g)Rm/pT(S)Z,\JUTE’WW‘VOIg.
(C.1.48)
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C.2. Summary of MAG invariants up to quadratic order in T, Q, R

C.2 Summary of MAG invariants up to quadratic order in T, Q,

R

D-dimensional even parity invariants

IO =

+ .
Iy

+
ITT
+
ITT

+
ITT

1)
@)
(3)
Ioon)
Iow)
Ioow)
Loou)
Looe)
L
Irq0)
Irge)
Iy,
Thp
Inp
Inp
I
Thg
Inp
I
I} o)
IER(IO)

+
IRR(II)

(1)
(2)
®3)
(4)
()
(6)
(7)

IERam

+
IRR(13)

+
IR

+
IRR(15)

+
I ra6)

vol,,

R™ A %9y,
=T A\+x"T,,
=T*A\+xT,,
=T AN+,
= Q"N x"Qu .
= Q" N+PQq,
= Q" N+Qu ,
= Q" Ax"Qup,

= (DQqc N ") Ax(QY N D),

= @Q, A9V NAKT?,
= OQup A O A TP,
= Qup AN O AT,

= Rgp AW,
= Ry A+xOW®
=Ry A *Opab ,
= Ry AW
= Rgp AxOW?,
= Ry A+xOW®
=Ry N+VZ?,
= Ry A2,
= Ry A« Z% ,
= Ry, N+ZY,
= Rop N+Z?,
= Rap A x _
= Rgp A x _
= Rap A x

=R N x

=R A x

9" A (e W) |

)

4-dimensional odd parity invariants

Troa)
T1qe)
Tro@)
Irray
Irre)

IR

L

)
RR(6)

I rre

RR(8)
IR
I s ra0)

Irran

RR(12)

I rras)

= Rab N
=T*A\NYT,,
=T*A\N*T,,

= (PQue NI") A (VR N D),

= Qu AN AT,
= OQu AN AT,
= GQu NI ANT?,
=Ry AW
= Rgy AW,
= Ry A OW®

=Ry ANOW™

=Ry N <1)Zab ,
=Ry N (Q)Zab ,
=Ry N <3)Zab ,

= Ry, N VZ%
=Ry N _
=Ry N
=Ry N

= Rab A

=Ry N
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C.3 Useful variations

Here we collect the variations of the metric-affine invariant that conform the Lagrangians
(3.4.1) and (3.4.3) (the most general ones with linear and quadratic terms in nonmetric-
ity, torsion and curvature). The operator § that we use below represents an arbitrary
variation with respect to Q,,;,, T* and R (as independent fields).

C.3.1 Even sector in arbitrary dimension

For arbitrary metric signature in dimension D we have:

0Io =0, (C.3.1)
oI} = 6R™ A + [mb} : (C.3.2)
6I;T(1) =0T* A *[2(I)Tai| for I = 1,2,3, (C33)
5I5Q(I) = 5Qab A * |:2<I>Qab:| fOI' I= 17 27 37 47 (C34)
1
+ — _ (a b) - ab _
0L o) = 0Qap N * [ (e”Q) — 59™(4 Q)} , (C.3.5)
' 1 !
a b a_b ab a b

0 7qq) = 0T Ax | Qap N | +0Qap A * _ﬁw( "y —g")T —el.T )] :

(C.3.6)
[ 1 [ 1 1
+ _ sa ) b (agh)  _ Z ab
0175 = 0T Ax | PQap N7 +5Qab/\*_D_1<19 €= =g )T} : (C3.7)
6I¥Q(3) — 5T A x [ DQuy A 9°] + 0Qqp N * —;gabT] ; (C.3.8)
0L iy = R A% [20W ] for I =1,2,3,4,5,6, (C3.9)
5IER(6+I) — SR A % [Q(UZab] for1 =1,2,3,4,5, (C.3.10)
[ 1

6I;R(12) =0R® A x |94 A e s OWE, + §ﬁ[a A eb]JP} : (C3.11)
6IER(13) = 5Rab N * ['190 A (e(a_l(Z)ch)) + 9. A (e[aJ(Q)ZCb]) _ 2(2)Zab] 7 (C.3.12)
5I;R(14) — SR A x I, A e s®PZCy — %’19((1 A eb)JP + ;gabP] , (C.3.13)
5I;R(15) = OR™ N x (90 A (€2 Z%) + 0y A (€ W) +DDZ o), (C.3.14)
5I;R(16) = OR® A% |9, N e.sOZ% + ;gabP] . (C.3.15)
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C.3. Useful variations

C.3.2 0Odd sector in four dimension

For arbitrary metric signature in four dimensions we have:

oI = 6R A [mb] :

5Ly = 0T A [20T,]

T(
0 o) =

6I50 = 6Qu A [—W A *qu

) =0T A [<2>Ta + <3)Ta}

(C.3.16)
(C.3.17)
(C.3.18)
(C.3.19)

6L gy = 0T A (2Quy NO°| +5Qu A |9 AT — %«9@ A e 49, A TC)] . (C.3.20)
- - :1 1

0L 7o) = 6T A |PQup A9 | +6Qq; N 519(“ AeP (9. ATC) — Eg“b(ﬂc A TC)} ,
_ (C.3.21)
0 gy = 0T A _(4’Qab A | +6Q A %g“bﬁcATc : (C.3.22)
0l iy = OR™ A [20W g (C.3.23)
0L gy = SR N [PW o + W] (C.3.24)
0l sy = R A [OW oy + OW o] (C.3.25)

— ab 5
01 gy = SRV N [2°W ] (C.3.26)
0 sy = OR™ A [20Z ) (C.3.27)
0 ppe) = =R A (PZ o+ DZ ) (C.3.28)
5I_R(7) =6R™ A [29Z ] | (C.3.29)
0l sy = SR™ A [2(5’Z o (C.3.30)
1 _
M gy = OR™ N |90 N ecs "W + = sgn(g)0), A ey x P] , (C.3.31)
0L 1) = OR™ A [ﬂc A (€[asPZCy) — B (a A (€ s OW ) — PZ gy — DZy] | (C3.32)
1-2 1 — 1 —

511_%1%(11) — 5Rab A 'ﬁa AN ecJ(3)ZCb + :?gn@<_2'(9(a A\ eb)J *P + igab *P>:| ,

(C.3.33)
0l gy = OR™ A [0 A (€110 Z%) — D A (e PW ) +20Zy, +29Z )

(C.3.34)
0l ppas) = SR A |90 N e s 2% — igab*P} : (C.3.35)
In our computations we performed the substitution sgn(g) = —1, since we are always

dealing with a Lorentzian metric in mostly minus convention.

Alejandro Jiménez Cano



On null congruences and optical
decomposition

D.1 Distributions and Frobenius theorem

Let M be a smooth manifold and &/ C M an open set.

Definition D.1. (k-distribution). In each point p € U/ we define a k-dimensional sub-

space of the tangent space Dl(ok) satisfying the following: there exists a neighborhood
of p and a set of k linearly independent smooth vector fields { X, ..., X} such that

at p they generate DI(,k):

spang{(X1)p, ..., (Xg)p} = DJ(Dk) . (D.1.1)

The collection D(*) = Upeus Dj(ok) is called a k-distribution over U.

Definition D.2. (Involutive distribution). A distribution is said to be involutive if for
every p € U, there exists a basis { E;}¥_, of the distribution such that in a neighbor-
hood of p:

[E;, Ej] € spang{E1, ..., E}. (D.1.2)

It is interesting to know when a given k-distribution can be seen as “tangent” to cer-
tain hypersurfaces of our manifold. The following theorem gives us the recipe:

I Theorem D.3. (Frobenius) A k-distribution D) induces integral submanifolds iff it is
involutive.

Indeed, for our purposes there is a much more useful formulation of this theorem.
The idea is to take the k-distribution at each point and consider the (D — k)-dimensional
annihilator subspace for the distribution:

k) . * _ k
AmD) ={a e TIM | a(v)=0 vveDP}. (D.1.3)

Theorem D.4. (Frobenius (reformulated)) A k-distribution D*) induces integral sub-
manifolds iff every o € AnnDz(,k) satisfies:

components

da=aANp 8[#041/] = Ozmﬁy] (D.1.4)

for a certain B € Ty M.
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208 D.1. Distributions and Frobenius theorem

Proposition D.5. Equivalent conditions to (D.1.4) are the following

1. Every o € AnnD,(?k) satisfies:

components

aNda=0 Oy 0. (D.1.5)

Pl =

2. If the hyperplanes of the distribution have codimension 1, every o € AnnD](DDfl) can

be locally expressed:

components

a= fdu Wy = [ Ot o (D.1.6)

for some real functions f and .

Proof. First we start with the equivalence between (D.1.4) < 1.

O =) Itis trivial multiplying by aA both sides of (D.1.4).

O <) We write da in components with respect to a basis given by {191 =a, 9%, ..., 9P}
We will use the indicesa, b=1,...,Dand ¢, j = 2, ..., D:

1 1 . .
da = icab'ﬁa VAN 9 = 0+ crja N9 + §Cijﬂz AW (D17)

And now: .
aNda =0+ §cijam9im9j (D.1.8)

Due to the vector space structure ¢;; = 0. Consequently daw = a A 8 with
B = 617;’191.

Now we check that 2 = 1:
O This is immediate by direct computation: o A da = fdu A d (fdu) = 0.

Therefore, we have 2 = 1 < (D.1.4).

To finish the proof it is enough to check that (D.1.4) = 2 or, in other words
(thanks to Theorem D.4), that the existence of integral submanifolds implies 2:

O Consider a certain point p in the manifold. If there exist integral submanifolds,
then it is always possible to find a chart around p with associated coordinates
{0, Op2, ..., 0,0} where {0,2, ..., 0,0} generate the distribution, i.e.,

a,(0y) = f(p), and a,(0,i) =0 Vi=2,..D, (D.1.9)

such that the function f(p) does not vanish (if not, 9y would be linearly de-
pendent with the rest of the basis). And the only 1-form that satisfies these
conditions is

— —a=du, (D.1.10)

and this gives the condition 2.
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D.2 Optical decomposition

For a lightlike congruence with velocity k£ and for any lightlike vector I* such that £#[,, =
e = %1, the general covariant expressions for the twist tensor, the expansion and the shear
tensor are

0 =51 (ﬁ,ko - ezgicff) , (D.2.1)
Wy = @[Vk’u} — 6([06074:[“)]{7,/] + d[ui’ay} — 6/€[M(l‘g‘6y]k‘a) + k[uly}lgl%‘a , (D.2.2)
O = [Viubi) = 55T Vok? | = 17V k) k) — ekl Vi k)

= € [luky = 55 ok | + kgl k” + ks (W7 V k) (D.2.3)

where k7 = ktV 1k, which vanishes in the geodetic case.

D.3 Proof of Proposition 5.3

By the Theorem D 4, the associated 1-form k = k,dx* satisfies:
dk=kANpB =1 a['ukil,} = k‘[uﬁy] R (D.3.1)
for a certain 1-form 3 = 3,dz*. Then, using k"k, = 0,
KON = 9Ky = g (2RO k) + KV )
= g"* (k"k,) B, — g"P K kpBy + 29M°V , (K k")
SN—— N——"

0 0
= (—k"By) K" = f(r) k" (D.3.2)

so it is a pre-geodesic. So we can reparameterize the curve k* — fk", where f is some
monotonic function of the parameter. The new curve continues being lightlike and the
normality condition holds:

O=kAdk — 0=fkArdk—fkAkAf < 0=kAdk. (D.3.3)
0
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D.4 Proof of Proposition 5.4

(We follow [230, p. 38-39]). Consider a lightlike vector I* verifying k*l, = ¢ = +1 and
call

Hpuw = Bk[ﬂﬁpk,,] = Sk[#B = kuB[yp] + kpB[;w} + kVB[pu] . (D.4.1)

vp)

By contracting with el”:
el’Hpuy = Bjuy) — € (kB + kv B | I = Bju) — € [k, By + Bk 1. (DA2)
In addition to this, it can be shown that the following equation holds for a geodesic:
B = By — €l°ky, By — €l° Byyky, + kK, 1N By, (D.4.3)

and, finally, taking the antisymmetric part:
W = Bi) — € [kyBujo + Bopkyg] 1 P22 P Hyp . (D.4.4)

=) If the congruence is normal, then by the Frobenius theorem 0 = k(,0,k,| = %H o
SO wyy = 0.
<) It can be proved that if w,, vanishes for a particular [”, then it is zero for any [”
and, therefore, for any lightlike vector field non-colinear with k*. We know k”H,,, = 0,
SO
n’Hp =0 vn?  lightlike. (D.4.5)

And since, any vector in a Lorentzian space can be expressed as the sum of two lightlike
vectors, we obtain in each p € M:

prpp,z/ =0 Yw’e TpM = 0= Hp#l/ s (D46)

so, by Frobenius theorem, the congruence is normal.
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Curvature, torsion and nonmetricity for
the geometries in Chapter 5

E.1 Curvature, torsion and non-metricity for the connection
(5.5.16)
The curvature form (5.5.16) is given by,
Ray = Rap +DCap Nk + DPeapy A 0° + kahyd A + gupd B
+2 (Cc(ak + Pdc(aﬁd> kb) kKCNA+ Pdcbpeacﬁd NI — 2,Pd[accb]ck A Qd , (ELI)
and the torsion by
T = C.%k A9 + Pog®¢ + kA Nk + B A, (E.1.2)
— |[-Ck* = & — Ak" + BR* - BI*| k AL
+ [écza + Ok + C% — P% + P — kA, + B3 — B.l®| kA 9°
v [Pcka Py B ﬁcka} IAD°
[ Peal® + Poak® + Poa® + B.3g| 9° A 07, (E13)
with trace and antisymmetric components

A7 = L (C+ A— P9 ANk — 35 B9 AL
+ 55 (Co+ PyD)9* A9 — 9" A B, (E.1.4)

BT = g% [2(Py — Cp)kela) + (Cled + 2Pica) k) + 2Pealy) + Ppeq] 9 A 9%, (EL5)

while the other one can be calculated simply by WT¢ = T — &% — &9,
For the non-metricity we have the following expression

Q. = 2w(ab) = 2k.kp A + 29,4 B . (E.1.6)

Therefore the traces are
Q. = 20B, (E.1.7)
e“1Q . = 2Aky + 2By, (E.1.8)

and its irreducible decomposition,

(4)Qab = 29(11)37 (E]g)
o

“Qub = p1)orm A [k — 59ak] (E.1.10)

DQub = 2[k(ukvAr) — 555 Ak(agbe) | 9° (E.1.11)

®Qup = 2kakp A — “Qap — VQas - (E.1.12)
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E.2 Irreducible decomposition of the curvature and the torsion
for (5.5.53)

The irreducible components of the torsion (5.5.54) are
@7 = L A(C + kA9 Ak + 525 C9" A9° + B NI,
e — [ Clykely + C[cdkbﬂ 9° A 9Y, (B2.1)
1
3

0T = — [36 + B2(C + kAW | K AL+ B=5Coh TN 9

(%C +1c, k:) 9 (E2.2)

[10 +(Co— Ak 4 24 Gl + 11(c+ded)5g]kAQC. (E.2.3)

(D-1)

For the curvature (5.5.55) we first separate into antisymmetric and symmetric parts

(Rjp) =) Wap = R+ DCop N K, (E.2.4)
(Riay) =) Zap = kakpd A + gapd B — 2k ck(,Cp)°k N A (E.2.5)

Taking this into account, it can be shown that the irreducible components are

W, = (0uClaslekia + DiCarkia )9 N 97, (E26)
(4>Wab = <4)Vovab - 2%(6)Wab

+ 555 [0 20T, = Cla) + 0e(2CNy, + C°Uy) — 0u(Cla — CF,) |k A 9y
+ 555 020k, + Clo) + 0.C%Hip LA By
+ 555 | = Ou(Coby — Culi) + 20 Copf, — 0a(Ce" = CODlyy | 9° A By, (B27)
W= 5hs[ = 0uCl + 8 — 0(Cla” + OB o A 9y
+ 555 [0Cla — 0L, LA By
+ 555 [0u(Cokia — Colla) + 20 Cpdfl + Da(C + Cok | 9° N 0y, (B28)
W = 5501 1)(8 C +9.0%0 A9y, (E2.9)
DZa = 3577 (e {k AN By — (0 = 2k}
+ (el ee? 40 Aj) + Ceda)kaen (kA 9° A DY), (E.2.10)
OZa = 53 20 KOy A — 5,00 Ak = Bgak A O°] (E2.11)

WZap = 525 k(@O ANO° + 3 [2(2(021 — 0 Ay) + CeA) ki, + Z(J;] 9y Nk, (E212)
OZ . = gupdB, (E.2.13)

where we have introduced the abbreviation Zf = 26%8[@/1@'] + C, A, and the other three
have been omitted because they can be calculated by the ones above by using

OW 0y = W oy + 1 (€qsepsWae) 94 A 9¢ — OW (E.2.14)
OW oy = Wap — OW oy — OW oy — OW o — OW oy — OW gy, (E.2.15)
OZp=Zap— PZapy — OZ oy — OZ oy — VZ oy, (E.2.16)
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E.2.1 Other expressions derived from the connection (5.5.53)
The general derivatives of k and [ are

Vek® = —(Ck* + CYk. + k°B., (E.2.17)
(Ve — Vo)l® = (C1* — Cke + k*A, + 1°B, . (E.2.18)

With these equations and the following properties of the distorsion tensor (defined as the
difference between the connection and the Levi-Civita one)

U wea’ — Wea?) = (A= C)K® + B - CY, (E.2.19)
kS (Wea® — @ea?) = Akok® + B68® (E.2.20)
19 (Wea — Wea?) = Co® + Akok® + BSL. (E.2.21)

one can prove for transversal tensors of arbitrary number of indices

VS, b= @ Sy P+ (P = ngown)BS, ", (E2.22)
O
1°VeS,, " =1VeS, " + (n"P = ngown) BS,,, "
—(Coa? = 1,0 — kqCH S, o — L+ (C+1°Cy+ KPCy)S, & + ...,

(E.2.23)
kWS . b = C% Sy & (E.2.24)
1"VeSp, & = (C%e — Vel®) Sy ™ (E.2.25)
VS, = VS, 4 [C o (0 — ngoun — 1)B”] Sap > (E2.26)

where n"P and ngown are respectively the number of indices up (contravariance) and
down (covariance) of the tensor S, ”-. These properties are extremely useful in order
to eliminate or reduce derivatives that appear in the equations of motion of metric-affine
theories.
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A toy example

In order to illustrate the problematic nature of dwelling on a surface where the principal
part of the equations is singular, we will analyze a simple mechanical example. This will
also allow us to illustrate the problem with generating perturbative solutions around
a singular surface in phase space. Thus, let us consider a system with one degree of
freedom ¢(t) that evolves according to the following equation:!

a3 () + (1-d'(1))d (1) = 0. (F0.1)

This equation has a singular surface given by ¢ = 0 where the principal part vanishes,
which in turn is an exact solution. The general solution can be written as

q(t) = C) + Cae ™V (F0.2)

as can be checked by direct substitution. We can see that the family with Co = 0 re-
produces the obvious constant solutions. However, among those constant solutions, the
trivial one ¢ = 0 would require C; = 0, which, as we can see from the general solution,
corresponds to the paradigmatic example of an essential singularity. This clearly shows
that the trivial solution actually dwells on a singular surface of the space of solutions so
one can expect to find difficulties to obtain perturbative solutions around it. To clearly
see this, let us try to perturbative solve around ¢ = 0 so we expand

q(t) = ¢ (&) +aP () +¢P () + - (E0.3)

where ¢(™(t) is assumed to be of order n in some expansion parameter. It is not difficult
to see that the term with second derivatives always contributes at order (n + 1) so that it
plays no role in determining ¢(™ (¢). This is analogous to what happens in the perturba-
tive expansion around FLRW, where the terms with 4-th order derivatives never appear
at n—th order in perturbations. This is clearly an indication that the perturbative expan-
sion will fail in exploring the whole space of solutions around the trivial one. In our
simple example, it is immediate to check that the solution for ¢(™(t) is always a constant
mode so the full perturbative solution is

g=cV g c® L ® 4 (F0.4)

i.e., only the constant mode of the general solution is generated. On the other hand, if
we expand around a constant but non-trivial solution ¢(¢) = qo, the perturbative solution
can be obtained to be

q(t) = qo + cg) + c§2) + cgg) +--
t
+ [qo (cgl) + c§2) + c§3)> + (cgl)cél) + cgl)c?) + cgl)cgz)) <1 + q>
0
2
+ D)L .]e—t/qo (E0.5)
2q0
which reproduces the expansion of the general solution (F.0.2) around C = ¢p and Cy =
0, as it should. Notice that this perturbative solution is singular for ¢o = 0, thus showing
once again the singular character of the trivial solution.

!This is not a Hamiltonian system, but this property is not relevant for our purposes here where we want
to illustrate the problematic nature of solutions where the principal part vanishes.
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Figure F.0.1: In this Figure we show the phase map of the toy example given in (F.0.2). We can
clearly see how the surface ¢ = 0 corresponds to a separatrix in phase space as expected.

The second order equation (F.0.2) can be written in an autonomous first order system

as

p—1
¢=p, pP= P (F.0.6)

Again it is obvious that ¢ = 0 represents a singular surface in phase space that describes
a separatrix (see Fig. F.0.1). Furthermore, there is one critical trajectory given by p = 0. It
is not difficult to see that the trajectories are straight lines of the form p = 1+ cq. From the
phase map it is apparent that the separatrix is not a good physical solution for the system.
Among the problems reported above, we can see that the separatrix can never be exactly
reached from any point in phase space (unless it already belongs to the separatrix) and
it does not correspond to an attractor region so the system will hardly evolve towards
there.
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Curvature invariants in GQTG

In this appendix we reproduce the terms given in [363] for completeness:!

1

R = ~1o3

[5}?4 — 60R2Q; + 30R2Qs — 160RC, + 32RCy — 104RC

+272Q7 — 256Q1Q2 + 336 A1 + 48414 (G.0.1)

_ 1

R(5) = ~5r65 [151%5 — 36R%Q1 — 224R*Qy — 336 R*Cy — 140R*Ch + 528 R*Cs

— 592RQ? + 1000RQ1 Q2 + 301RQZ — 912RA; — 928 R Ay
+ 1680RA14 + 1152Q1Cy + 264Q1C5 + 312Q5C5 — 64Q1C5
— 2080Q2C5 + 49921, (G.0.2)

R : 568131 — 523188 R1Q1 + 6234R* Q- + TIR8L9R3Cy — 558622k

™ 3594240
+ 1235848 R2Q? — 163250R2Q1 Q> + 420841R%Q3 — T0T808R Ay
+ 231048 R% A1 + 439920 R% A14 — 5265366 RQ1Ca + 23208 RQ2C5
+ 4902132 RQ1C;5 + 44880 RQC5 — 704400Q% + 289200Q1 Q3

— 62400Q3 + 1168128 RI; + 792000Q1 Ay + 374400Q2 Az

— 723600Q2A19 — 676800C7 + 7903368CCy — 8581680C, (s

— 3782484C% + 15454692C,C3 — 12753720C% | , (G.0.3)

where we are using the abbreviations

Q1= }E%WIO%“”, (

Q2 = Ryupo RM"7 | (

Cy = R,",° R, "R, (G.0.6)
(
(

. » ocp NP v
CQ = R,uup Rpa nRTnH )

Cs = R RMP, RN G.0.8)
Ag = R, RMPARy0ps Ro P (G.0.9)
Ao = R R\, RyrapR7™ (G.0.10)
Arg = R R Ry pra R%,7 (G.0.11)
I = Rpg™ Ry R ™ Rys ™ Rpg? . (G.0.12)

1t is worth recalling that here we are using a different convention for the Riemann, Ricci and curvature
scalar. All of them have an extra global sign with respect to our original definition.
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Erratum

After submitting the thesis I found several typos.! Most of them are irrelevant misprints in the
notation or English errors, so I will not comment on them. The relevant changes I have performed
are collected in the following list:

a

a

a

Page 23. I rewrote the last of the three remarks about the volume form. The proportionality
function does not need to be positive (as in the previous version); that depends on the
chosen orientations.

Page 31. I dropped equation (2.4.40) from the Corollary 2.50, since it is already present in
Proposition 2.53.

Page 45. In the previous version, before Definition 3.11., the generators of the translations
appeared in the expression of o(p). Since, at this point, I am doing a general discussion
without specifying the involved Lie groups, I changed the expression of ¢ by introducing
arbitrary “broken” generators K.

Page 49. I added a last line in the footnote, clarifying why in Chapters 8 and 9 I do not use
the “c” notation (just for simplicity since there is no confusion).

Page 59. The parameter ¢, has been removed from Table 3.4.2. In addition, I corrected the
number of odd parameters in the caption of that table (20 instead of the previous 16).

Page 74 and 75. Clarifications added after (4.4.1) and before (4.5.1) regarding the appear-
ance of the Levi-Civita tensor.

Page 90. The footnote 8 has been moved to avoid a LaTeX bug in the previous version (in
which there were two “footnote 9”).

Page 116. I corrected an error right before and within equation (6.3.6) and added a little
paragraph before in order to clarify the point. In the new (6.3.6), I corrected some sign
errors that appear in the paper [1].

Page 141. After (7.3.1) the limit o — 0 has been substituted by the correct one, which is
D— 4.

Page 149. The Subsection 8.2.1 of the previous version is actually the Section 8.3 of the
thesis. This has been corrected.

Page 155. The old Subsection 8.2.6 (now 8.3.5) has been renamed. I added to the title “for a
A-dominated era” to be more specific.

Page 163. Some (irrelevant) parts of the proof of Proposition 9.2 have been removed.

Page 208. The last part of the proof of Proposition D.5 has been re-arranged to make it more
understandable.

Page 209-210. I have reordered the Sections D.2, D.3 and D.4 to be more consistent with the
order in which they are referenced in the main text.

Page 209 (now 210). At the beginning of the proof, I have introduced the ¢ that appears
below.

I corrected the notation for the Levi-Civita Riemann tensor R — R at the end of Chapter 3,
at the beginning of Chapter 8 and in Appendix G.

— The author

Message for the reader: please, let me know if any other misprints are found.?

"I would like to thank Thomas Zlosnik for pointing out some of them.
*Please, check my personal webpage for possibly updated versions.
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