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Abstract

To our current level of understanding, gravity is most appropriately described in terms
of differential geometry. This understanding has evolved more than a century ago with
the advent of general relativity. Since then it has been an important paradigm in the
development of further gravity theories, which can be seen as modifications or extensions
of general relativity, and whose aim is to address the remaining open questions in our
knowledge on gravity. These arise in particular from the tensions of general relativity with
observations in cosmology, which necessitate the introduction of additional, “dark”, and so
far unexplained components of the universe, as well as its tensions with quantum theory.
These open questions have stipulated the development of numerous gravity theories, whose
underlying geometric description differs from general relativity, and much effort has been
invested to study both the geometric foundations and phenomenology of these theories.

Whenever geometry is employed in the description of a physical theory, symmetry
attains an important role. Prominent examples beyond the realm of gravity theory are
Galilei and Lorentz invariance in classical mechanics and special relativity, gauge symme-
tries in the standard model of particle physics and crystallographic symmetries in solid
state physics. This is also the case in gravity theory. One of the most common strategies
in order to simplify the field equations of a gravity theory under consideration by reducing
their independent number of components is to restrict one’s attention to solutions which
are invariant under the action of a transformation group. While this procedure is straight-
forward for gravity theories which use well-known geometric notions in their description,
such as the metric tensor in general relativity, it is yet to be explored for gravity theories
which make use of more general geometric frameworks. Going beyond these exactly sym-
metric solutions, it is common to study perturbations around such solutions. In this case
the symmetries of the background leave an imprint on the structure of the perturbations,
and lead again to a simplification. Finally, besides studying symmetric solutions of gravity
theories, one may also study the symmetries of the theories themselves, very much akin to
the study of gauge symmetries in particle physics.

The aim of this thesis is to bring together nine articles which are devoted to the study
and application of the aforementioned incantations of symmetries in the geometric descrip-
tion of gravity theories. Two of these articles are devoted to the extension of the notion of
symmetry, by which we understand invariance of a particular geometry under the action of
a transformation group, to Cartan and teleparallel geometries, both of which are employed
in gravity theory. The next two articles make use of these notions of symmetry in order to
derive the most general solutions with spherical and cosmological symmetry for different
geometries. Beyond these exact solutions, three more articles discuss perturbations around
symmetric backgrounds and the transformation of more general solutions under the action
of the symmetry group. Finally, the last two articles discuss the transformation of gravity
theories under the action of a transformation group on their field space.



Zusammenfassung

Unserem derzeitigen Kenntnisstand nach wird die Gravitation am zutreffendsten durch Dif-
ferentialgeometrie beschrieben. Diese Erkenntnis ist vor iiber einem Jahrhundert mit der
Entwicklung der allgemeinen Relativitétstheorie zustande gekommen. Seitdem ist sie zu
einem wichtigen Paradigma fiir die Entwicklung weiterer Gravitationstheorien geworden,
die als Verdnderungen oder Erweiterungen der allgemeinen Relativitatstheorie betrachtet
werden konnen, und deren Ziel es ist, die noch offenen Fragen in unserem Wissen iiber
die Gravitation anzugehen. Diese beruhen insbesondere auf den Spannungen zwischen der
allgemeinen Relativitdtstheorie und Beobachtungen in der Kosmologie, die die Einfiihrung
von weiteren, “dunklen”; und bisher unerklarten Komponenten des Universums erfordern,
sowie den Spannungen gegeniiber der Quantentheorie. Diese offenen Fragen haben zur En-
twicklung zahlreicher Gravitationstheorien gefiihrt, deren zugrundeliegende geometrische
Beschreibung sich von der der allgemeinen Relativitatstheorie unterscheidet, und intensive
Bemiihungen wurden unternommen um sowohl die geometrischen Grundlagen als auch die
Phanomenologie dieser Theorien zu untersuchen.

Wenn Geometrie fiir die Beschreibung einer physikalischen Theorie herangezogen wird,
kommt der Symmetrie eine besondere Rolle zu. Bekannte Beispiele aufterhalb des Fachge-
biets der Gravitationstheorie sind die Galilei- und Lorentz-Invarianz in der klassischen
Mechanik und der speziellen Relativitatstheorie, Eichsymmetrien im Standardmodell der
Teilchenphysik und kristallographische Symmetrien in der Festkérperphysik. Dies ist auch
in der Gravitationstheorie der Fall. Eine der am haufigsten angewandten Strategien um die
Feldgleichungen der betrachteten Gravitationstheorie durch eine Verringerung ihrer unab-
héngigen Komponenten zu vereinfachen besteht darin, sich auf Lésungen zu beschranken,
die invariant unter der Wirkung einer Transformationsgruppe sind. Wéahrend diese Proze-
dur unmittelbar auf Gravitationstheorien anwendbar ist, deren Beschreibung auf bekannte
geometrische Begriffe zuriickgreift, wie den metrischen Tensor in der allgemeinen Rela-
tivitdtstheorie, muss sie noch untersucht werden fiir Theorien, denen ein allgemeinerer
geometrischer Rahmen zugrunde liegt. Uber diese exakten Losungen hinaus werden auch
Storungen um solche Losungen herum untersucht. In diesem Fall haben die Symmetrien
der Hintergrundlésung auch Auswirkungen auf die Struktur der Stérungen, und fithren so
wiederum zu einer Vereinfachung. Zum Abschluss ist es auch méglich, aufser symmetrischer
Losungen von Gravitationstheorien, auch die Symmetrien der Theorien an sich zu unter-
suchen, in dhnlicher Weise wie bei den Eichtheorien in der Teilchenphysik.

Ziel dieser Arbeit ist die Zusammenfassung von neun Fachartikeln, die sich der Unter-
suchung und Anwendung der genannten Ausfithrungen von Symmetrien in der geometrischen
Beschreibung von Gravitationstheorien widmen. Zwei dieser Artikel widmen sich der Er-
weiterung des Symmetriebegriffs, worunter wir die Invarianz einer gegebenen Geometrie
unter der Wirkung einer Transformationsgruppe verstehen, auf Cartan- und teleparallele
Geometrie, die beide in der Gravitationstheorie zur Anwendung kommen. Die néchsten bei-
den Artikel machen von diesem Symmetriebegriff Gebrauch, um die allgemeinsten Losungen
mit sphérischer und kosmologischer Symmetrie fiir verschiedene Geometrien zu bestimmen.
Jenseits dieser exakten Losungen befassen sich drei weitere Artikel mit Stérungen um diese
exakten Losungen und die Transformation allgemeinerer Losungen unter der Wirkung der
Symmetriegruppe. Die verbleibenden beiden Artikel befassen sich mit der Transforma-
tion von Gravitationstheorien unter der Wirkung einer Transformationsgruppe auf ihrem
Feldraum.
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0 Scientific work by the author

The scientific work of the author focuses on the geometric foundations of various modified
theories of gravity, as well as their comparison to observations. Naturally, it can be char-
acterized either by the theories under consideration, or by the aspects which have been
studied. We do the former in section 0.1 and the latter in section 0.2.

0.1 Gravity theories

The following classes of gravity theories have been studied by the author of this thesis:
Multi-metric theories: The main part of the author’s PhD thesis [50] was dedicated to
the construction of a multi-metric theory of gravity which mediates a repulsive gravitational

force between different types of masses in the Newtonian limit, in order to address the open
problem of the accelerating expansion of the universe. This has shown to be impossible

with N = 2 metrics [100], but yields an accelerating cosmology [102] with N > 2 while
being consistent with solar system [101] and gravitational wave [57] observations, as well
as structure formation [55], and allows for the existence of wormholes [61]. The multi-

metric post-Newtonian formalism developed for studying the field limit has later been
extended [60] and applied to ghost-free bimetric gravity [65].

Finsler and Cartan geometry: Most gravity theories are manifestly Lorentz invariant
by employing a pseudo-Riemannian spacetime metric as their fundamental field. A con-
sequence of this assumption is a restrictive, Lorentz invariant form of the dependence of
the gravitational interaction on the velocities of source and test masses. Approaches to
quantum gravity, however, suggest an alteration of this behavior at very high energies. A
more general velocity dependence can be achieved by lifting the gravitational interaction
from the spacetime manifold itself to certain fiber bundles, which encode the position, ve-
locity and possibly even the spatial frame components of an observer. Gravity theories
based on this approach can be implemented using Finsler or Cartan geometry. The latter
can be used as a fundamental geometry for gravity theories [115], and has further been
shown to encompass certain types of Finsler spacetime geometries [58, 59|, which can be
exploited in order to derive a unified notion of spacetime symmetries [65, 66]. Finsler ge-
ometry provides interesting possibilities as it provides the natural background geometry
for modeling fluid dynamics |63, 67| through the formalism of kinetic gases. More recently,
it has been shown that the same formalism can be used to model kinetic gases as sources
of gravity (95, 96]. Together with a consistent Finsler gravity theory [93, 98] this allows
to study Finsler geometry as a novel model, e.g., for cosmology [38, 91]. To study Finsler
geometry with spherical symmetry, a new type of harmonics has been proposed [73].

Teleparallel gravity theories: While general relativity describes gravity as the curva-
ture of the symmetric, metric-compatible Levi-Civita connection on spacetime, one may
also consider the opposite assumption and employ a flat, curvature free connection, which
is not symmetric or not metric-compatible, or both. Theories of these types are called
teleparallel gravity theories. In the case that the connection is still metric-compatible, it is
fully characterized by its torsion. Various phenomenological aspects of this class of theories

have been studied, such as its cosmology [33], gravitational waves [37] or post-Newtonian
limit [158]. Further, also the theoretical consistency of teleparallel gravity theories has been
studied by making use of the Hamilton formalism [17, 18, 16, 75, 15]. Other foundational



questions which have been studied involve the structure of the gravity action compared
to electrodynamics [31], the definition of symmetry [35] and its application to exact so-
lutions [110, 77] and perturbation theory [7%|. Similarly, for theories with a symmetric
teleparallel connection, in which only nonmetricity is present, gravitational waves [91], the
post-Newtonian limit [39] and the analogy with electrodynamics [117] have been studied.
Finally, also for theories in which several of these geometries are present, gravitational
waves [09], spherical symmetry [76] and variational calculus [79] have been discussed. In
addition to this original research, the thesis author has contributed to a topical review |[(]
and a chapter on teleparallel gravity in another review [150].

Scalar and multi-scalar extensions: A common approach to modify a gravity theory
is by adding a single or multiple scalar fields, together with additional couplings to the fields
which mediate the gravitational interaction. Besides being postulated as fundamental the-
ories, such scalar extensions also arise as effective models from modified action functionals,
higher dimensional theories or approaches to quantum gravity. Scalar extensions of general
relativity are known as scalar-tensor, or more precisely scalar-curvature theories of gravity.
The work of the thesis author encompasses in particular the post-Newtonian limit of the-

ories with one scalar field [31, 99] or multiple scalar fields [32], as well as including higher
order coupling terms in the Horndeski class of theories [62, 64|. For theories which can be
represented as scalar-curvature theories, wormholes [92] and the variational principle [97]

have been studied. Besides curvature-based gravity theories, also teleparallel gravity the-
ories can be extended with scalar fields. The covariant formulation of such scalar-torsion
theories was put forward in [36], and studied in full detail in a series of articles |70, 89, 71].
While these theories allow for conformal transformations, including additional derivative
couplings allows to generalize this class to disformal transformations [72]. Also for such
scalar-torsion theories of gravity the post-Newtonian limit has been calculated [32, 35].
This study has been generalized to a teleparallel generalization of Horndeski gravity [7],
for which also gravitational waves were studied [5]. Further, a new class of pseudoscalar
fields in teleparallel gravity was proposed and studied in cosmology [90].

0.2 Studied topics

The scientific work of the thesis author may also be categorized by the different aspects
of gravity theories which have been studied. The following topics have been studied most
intensively:

Cosmology: Since cosmology is one of the main motivations for considering modified
gravity theories, it has been the topic of various articles by the thesis authors. The cosmo-
logical dynamics of a homogeneous and isotropic universe have been studied in the context

of multi-metric theories [102], Finsler geometry [63, 67, 88, 94, 90] and teleparallel grav-
ity [33, 86, 77, 78, 90]; for the latter theory it has also been a major part of a topical
review [0].

Post-Newtonian formalism: The post-Newtonian formalism has been applied to a
number of gravity theories, and extended to encompass the more general underlying ge-
ometry employed by these theories. This concerns in particular theories with multiple

metrics [101, 60, 68], scalar-curvature theories |31, 62, 64, 82, 99| and various flavors of
teleparallel theories [158, 32, 38, 7, 39]. Further, the formalism itself has been studied in
order to simplify its application, by devising a gauge-invariant approach |74] and developing



a dedicated tensor algebra package [30]. The parametrized post-Newtonian formalism and
its extension has also been the topic of a chapter contributed to a major review article [150].

Gravitational waves: Since their first observation, gravitational waves have become an
important test case for modified gravity theories. Their propagation has been studied in
multi-metric gravity theories [57] and various types of teleparallel gravity theories [69, 87,

, 5].

Symmetry transformations: One of the most important research topics in the work
of the thesis author, which is also most relevant for this thesis, is that of symmetry trans-
formations, their derivation and application in gravity theories. In particular, notions of
spacetime symmetries have been derived using Cartan geometry [65, 66]. They have been
used to derived particularly symmetric geometries with spherical symmetry [76] and cosmo-
logical symmetry |77]. Further, they have been used to develop gauge-invariant formalisms
for perturbations [74, 78] and to construct spherical harmonics in Finsler geometry [73].
Finally, symmetries of the field space of scalar-torsion theories have been used to con-
struct families of actions which are invariant under conformal transformations [70, 89, 71|
or disformal transformations [72].

Hamilton formalism: An important tool to study the consistency of physical theories
is the Hamilton formalism, which allows to deduce and number and nature of degrees of
freedom of a theory under consideration. This formalism has been used to study teleparallel
gravity theories [17, 18, 16, 75, 15]

Other exact solutions: Among the most peculiar solutions found in modified gravity
theories are wormholes; such solutions have been found in multi-metric gravity [61] and
conformal gravity [92]. Another class of considered solutions are rotating spacetimes in
teleparallel gravity [110].

Other foundational issues: Different principles are central in the construction of phys-
ical field theories. Most commonly, theories are derived from an action principle; however,
one often finds that different actions and choices of dynamical variables may yield the same
field equations, and thus an equivalent theory. This has been shown for various teleparallel
gravity theories [79]. The opposite question is posed by the inverse problem of variational
calculus: given a set of field equations, are they variational, and how can one find an ac-
tion? This problem has been investigated for Finsler gravity [93, 98] and 4-dimensional
Gauss-Bonnet gravity [97]. Another possible starting point for the construction of a gravity
theory is similar to the axiomatic approach to electrodynamics, and the central ingredient
is a constitutive relation. This has been studied for different types of teleparallel gravity
theories [34, 117].



1 Introduction

The development of the general theory of relativity [31] is often celebrated as laying the
foundations for the geometric description of gravity. While in Newton’s theory [131] gravity
is modeled as a force which acts instantaneously between distant bodies, and space and
time are merely the stage on which these bodies are located, in general relativity space-
time itself becomes an important actor, mediating the gravitational interaction through its
pseudo-Riemannian geometry. This geometry defines spatial distances and the proper time
measured by clocks through the length functional of the metric, and the motion of test
masses through the autoparallels of the associated Levi-Civita connection, hence closely
linking these different physical quantities. This geometric description of gravity within
the general theory of relativity has excelled in its ability to model numerous gravitating
systems, including the solar system [160] and gravitational waves [11].

Despite its success, general relativity is challenged by precision observations in cosmol-
ogy [12] as well as its tensions with quantum physics [117, 118], which have so far obstructed
the development of a full, consistent quantum gravity theory, and the unification of all four
fundamental forces. These open questions have stipulated the development of a plethora
of modified gravity theories; see [151] for a recent review. The majority of these theories
follows the same spirit as general relativity, modeling the gravitational interaction via the
geometry of spacetime. The geometric objects used to describe this geometry, however,
usually differ from the pseudo-Riemannian geometry employed by general relativity. The
necessity to modify the mathematical foundation of the theory in order to construct mod-
ifications of general relativity is rooted in Lovelock’s theorem, which implies that general
relativity is the unique local, Lagrangian field theory in four dimensions, whose only dy-
namical variable is the metric tensor, and whose field equations are of second derivative
order [129, |. Retaining the variational principle, locality, a four-dimensional spacetime
and second-order field equations to avoid ghost instabilities [135], one is therefore forced to
consider alternative geometries. Common modifications include adding scalar fields [13],
vector fields [54], additional metrics [52] or different affine connections [53, 109, 10, 22|, or
to generalize the metric length functional [142; 140].

Given a theory of gravity, one of the most natural arising questions is for the solutions
to its field equations. Among the first solutions of Einstein’s equations of general relativity
are the vacuum solution of the exterior of a spherically symmetric gravitating body [153, 29|
and of a homogeneous, isotropic universe [11, 12, , , |. Both have in common
that they exhibit a high amount of symmetry, where the latter is understood as the action
of a transformation group on spacetime which leaves the matter distribution and geometry
invariant. Infinitesimally, this action can be described by a number of vector fields, which
act on the dynamical fields of the theory by the Lie derivative. For the pseudo-Riemannian
geometry used in general relativity, the vector fields which generate symmetries of the
geometry are known as Killing vector fields. For other geometries, more general notions of
symmetry and invariance under group actions appear [160].

Besides being instrumental in finding solutions to the field equations, the notion of
symmetry has an invaluable role in the geometric description of physical field theories. One
of the most important manifestations of this role is given by Noether’s theorems, which
relate the symmetries of a Lagrangian theory to the existence of conserved quantities and
constraint equations [135]. Looking back to the aforementioned examples of spherically and
cosmologically symmetric gravitational fields, the symmetry present in these geometries
leads to the conservation of angular momentum, and in the cosmological case also linear
momentum, of test masses. Here the Lagrangian to which Noether’s theorem is applied
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is that of the test mass, while the spacetime geometry appears as the background which
determines its motion. However, if also gravity itself is modeled by a Lagrangian fields
theory, Noether’s theorem can applied as well, where in this case the transformation group
generating the symmetry does not act on spacetime, but on the space of values for the fields
which describe the considered gravity theory. This principle gives rise to the notion of gauge
symmetries. Moreover, considering not a single field theory, but a family of theories defined
by a set of parameters, the action of a transformation group may be used to relate different
constituents of this family, hence showing their physical equivalence, up to a change of
variables.

The following topics are presented in more detail. In section 2, we briefly review the
most important ingredients for the geometric description of gravity and the notion of sym-
metry. We show how this notion gives conditions for symmetries in different types of
geometries, which are relevant in the context of gravity theory, in section 3. In section 4,
we apply these conditions to several classes of geometry, and show how symmetric gravita-
tional backgrounds arise as solutions of these conditions. These exact background geome-
tries serve as the foundation for perturbations in section 5, where we focus on particular
on the action of transformation groups on these perturbations. While the aforementioned
sections concern the action of symmetry groups on the spacetime manifold, we also consider
symmetries of the field space of such theories, and discuss the resulting transformations in
section 6. We give a brief summary and outlook in section 7.

2 Preliminaries

Before coming to the scientific results presented and discussed in this thesis, we provide a
brief review of the most relevant notions we make use of. For a detailed exposition, The
main aim of this section is to set the conventions for terminology and notation which we
will use throughout this thesis; for a more thorough introduction to these topics, the reader
is referred to the respective literature. We start by providing the definitions of the most
relevant notions from differential geometry in section 2.1. These are used to describe the
most intensively studied classes of geometries in section 2.2. Finally, in section 2.3 we give
a general overview of the notions of symmetry we employ in this thesis.

2.1 Notions from differential geometry

In the geometric description of gravity, the notion of geometry refers to differential geom-
etry in the vast majority of cases. Although we assume that the reader is familiar with
this field of mathematics, we summarize here the most important notions we employ, their
definitions in the conventions we use and our notation. In particular, we discuss fiber
bundles and bundle morphisms in section 2.1.1, natural bundles in section 2.1.2, jet bun-
dles in section 2.1.3, connection bundles in section 2.1.4 and, most importantly for the
study of symmetries, diffeomorphisms and the Lie derivative in section 2.1.5. For a general
introduction, see e.g. [116].

2.1.1 Fiber bundles and bundle morphisms

The most important notion in field theory and the mathematical description of gravity
theories is that of a fiber bundle, which is defined as follows.

Definition 2.1 (Fiber bundle). A fiber bundle (E, B, 7, F') consists of manifolds FE, B, F
and a surjective map m : £ — B, such that for any b € B there exists an open set U C B
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containing b and a diffeomorphism ¢ : 771 (U) — U x F such that the diagram

71 (U) —>UxF (2.1.1)
\LW pry
U

comimutes.

The manifolds in the construction above are called the base B, the total space E and
typical fiber F, while 7 is called the projection or bundle map. The preimage 7=1(b) of b is
called the fiber over b, and we will also denote it by FEj,. Further, we call a section a map
0 : B — FE such that m o 0 = idp is the identity on B. The latter condition means that
o(b) € Ey for all b € B. The space of all sections will be denoted by I'(r). Sometimes it
will be more convenient to consider local sections o : U — E instead, whose domain U C B
is an open subset of B, and which satisfy 7o o = idy.

Different fiber bundles are related by the following notion.

Definition 2.2 (Bundle morphism). Let 71 : By — Bj and 79 : Eo — B be fiber bundles.
A bundle morphism is a map ¥ : F; — E5 such that there exists a map v : By — By for
which the diagram

E Y- B, (2.1.2)

B B
1T‘2

commutes. The bundle morphism WV is then said to cover .

Note that it is not necessary to specify the map ¥ between the base manifolds explicitly,
as it is already uniquely determined by the map W. To see this, recall that by definition of
a fiber bundle, the projection m; must be surjective. Hence, for b € By, there exists e € Fy,
such that b = m1(e). One can then use the commutativity of the diagram (2.1.2) to derive

P(b) = ¥(m(e)) = ma(¥(e)), (2.1.3)

where the right hand side is determined by W. From this relation further follows that if
e, €' € Fy lie in the same fiber, so that m1(e) = ma(e), one has

ma(¥(e)) = t(mi(e)) = ¢(m(e)) = ma(L(e')). (2.1.4)

Hence, a bundle morphism preserves the fibers.

In this work, we are mostly interested in bundle morphisms, whose domain and codomain
are the same fiber bundle 7 : £ — B. Such bundle morphisms are also denoted bundle
automorphisms. In particular, a bundle automorphism which covers the identity idg on
the base manifold is called vertical.

2.1.2 Natural bundles

In the geometric description of gravity theories, one usually makes use of a particular class
of fiber bundles, called natural bundles, which “naturally” arise from their base manifolds.
More formally, this notion can be defined by making use of category theory [30, |. In
this context, it is helpful to note that smooth manifolds and smooth maps between them
form a category Man™. For the definition of natural bundles, it turns out to be useful to
make the following identifications:
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1. The objects of the category are smooth manifolds M.

2. The morphisms of the category are smooth embeddings ¢ : M — N between mani-
folds M, N of the same dimension dim M = dim N.

3. The source of a map ¢ : M — N is its domain M.
4. The target of a map ¢ : M — N is its codomain N.

5. The composition of morphisms is map composition, @ o ¢ for ¢p : M — N and
p:N—O.

Note that we have restricted ourselves to very specific make between manifolds, which is
important for the construction below. Similarly, also fiber bundles form a category Fib®,
whose objects are fiber bundles, morphisms are fiber bundle morphisms (where we make
the same restriction as for the category Man®), and the source, target and composition
of morphisms are the domain, codomain and map composition. Finally, we mention that
there exists a functor £ : Fib>™ — Man®™, called the base functor, which assigns to every
fiber bundle its base manifold, and to every fiber bundle morphism the underlying map on
the base manifold; similarly, a total space functor & : Fib® — Man™ exists.

With these notions in place, one may define a natural bundle as a bundle functor, which
is defined as a functor .% : Man® — Fib® satisfying a number of properties 139, |:

1. For every manifold M, .# (M) is a fiber bundle over M.

2. For every smooth embedding ¢ : M — N between manifolds M, N of the same
dimension dim M = dim N, #(¢) : #(M) — .#(N) is a bundle morphism covering
1.

These two conditions can also be expressed by making use of the base functor 4 : Man®™ —
Fib™ we mentioned above. A bundle functor .# must satisfy % o .% = #pjan>, Where
Z Man> 1s the identity functor on Man®*°. We will give a few examples below, where it
will be understood that ¢ : M — N is a map satisfying certain conditions, even through
we will not repeat them for brevity.

The notions above can be illustrated with an intuitive example, given by the tangent
functor 7 : Man™ — Fib*, which is defined as follows:

1. To every manifold M, 7 assigns the tangent bundle 7y : TM — M.

2. To every smooth map ¢ : M — N, 7 assigns the bundle morphism ¢, = D) :
TM — TN, known as the differential of v, given by the Jacobian of ¢ at every point
of M.

The tangent bundle is a special case of the more general notion of tensor bundles of rank
(r,s), where r, s € N. In a similar fashion, they are natural bundles which can be described
by a functor .7, such that:

1. To every manifold M, .7 assigns the tensor bundle 77 ,, : T/ M — M.

2. To every smooth map ¢ : M — N, 77 assigns the bundle morphism " Dy ®
Q°DyY~t: T'M — TT N, where Diy~! is the inverse of the Jacobian at every point
in M.
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Note the appearance of the inverse Dt)~! of the Jacobian, which is the reason for restricting
the morphisms ¢ of the category Man®. Further note that a special case is given by
r = s = 0; the corresponding tensor bundle is the trivial bundle M x R. This can also
be viewed as a special case of another construction, which assigns to every manifold M is
product with a fixed manifold F, i.e., the trivial bundle M x F with fiber F. For given
fiber space F', one can thus define the trivial bundle functor & as follows:

1. To every manifold M, &F assigns the trivial bundle pry : M x F' — M, where pr;
denotes the projection onto the first factor.

2. To every smooth map ¢ : M — N, Pp assigns the bundle morphism (¢,idg) :
M x F — N x F,(p,q) = (¥(p), ).

Hence, also trivial fiber bundles can be regarded as natural bundles.

2.1.3 Jet bundles

A class of fiber bundles which is of particular use in the description of physical theories are
jet bundles. They provide the mathematical foundation for the commonly used concept
that a function depends on a physical quantity and its derivatives up to a given, finite
order, which is used, e.g., in Lagrange theory. They are defined as follows [152].

Definition 2.3 (Jet bundle). Let 7 : E — B be a fiber bundle, U C Band o : U — E a
local section, 7o 0 = idyy. For r € N and a point b € U, we define the r-jet j;jo of o at b
as the equivalence class of local sections 7 : V — E, where b € V C B, where ¢ and 7 are
regarded equivalent if and only if for all smooth curves v : R — U NV with v(0) = b and
smooth functions f : E — R the functions f oo o and f o7 o~ agree in their derivatives
up to order r at 0, i.e.,

dk dk

@(fOUOW)(t) - =

(foTov)(t) (2.1.5)
t=0

for all 0 < k < r. The space of all r-jets at b € B is denoted Jj (), while the space of all

r-jets is denoted J" ().

Given local coordinates (z*,y*) on E, where (z*) are local coordinates on B and (y%)
are fiber coordinates, such that the bundle map is given by 7 : (z#,y®) — (z*), one may
in particular choose vy to be a coordinate line on B, and f a fiber coordinate on E. It then
follows from its definition that two sections which define the same jet must have identical
Taylor coefficients up to order r. This condition is not only necessary, but also sufficient,
since also any other curve v and function f can be expressed using these local coordinates.
Hence, the coordinate expression of a jet j;o may be identified with the Taylor coefficients
of the coordinate expression of o up to order r at the point b € B. These Taylor coefficients
may therefore be used as fiber coordinates on the jet bundle J" (), and so give rise to local
induced coordinates

@y Y s Y ) s (2.1.6)

where p1 < ... < p,, on the total space J" (7). They are also instrumental in the coordinate
descriptions of the projections m, s : J"(7) — J*(m) with » > s, which reduces the order
of the Taylor expansion, with the special case J%(r) = E, and 7, = o m. : J"(7) — B.
Finally, it is helpful to note that if 7 : E — B is a natural bundle over B, defined by a
bundle functor %, then also the jet bundles 7, : J"(7w) — B are natural bundles, i.e., they
are defined by a jet bundle functor _77.
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2.1.4 Connection bundles

One of the most important notions in differential geometry, and in particular its application
in physics, is that of a connection. For a general fiber bundle 7 : E — B, one can find a
number of equivalent definitions of a connection; one of the less common, but most useful
approaches for its use in field theory is to define a connection as a section w : £ — J'(7)
of the first jet bundle 71 : J1(7) — E, since it allows us to view a connection as a section
of a fiber bundle, along with other physical fields [11]. Note, however, that the base space
of this fiber bundle is the total space E of the original fiber bundle 7 : F — B, since its
value, in general, depends arbitrarily on the position along the fibers of E.

In order to be considered as a section of a fiber bundle over B, the aforementioned
dependence must be further restricted. This is possible, for example, if 7 : F — B is
a vector bundle, so that its fibers are vector spaces. In this case one finds that also
7 : JY(m) — B is a vector bundle, while m o : J1(7) — E is not a vector bundle, but an
affine bundle. Then one commonly demands that w is linear on every fiber of E, which is
equivalent to demanding that w : E — J!(r) is a vector bundle homomorphism covering the
identity idp on B, which in addition satisfies the property m gow = idg. Further using the
fact that vector bundle homomorphisms covering the identity may equivalently be regarded
as sections of a homomorphism bundle Hom(E, J*(7)) over the base manifold B, one may
regard w as a section of this homomorphism bundle, with the additional restriction arising
from the condition involving 7. Those elements of the homomorphism bundle, which
satisfy this condition, do not form a vector bundle, but an affine bundle, modeled over the
vector bundle

EQE*"T*B. (2.1.7)

Given local coordinates (z#,y*) on E as in the previous section, one may use this construc-
tion to introduce coordinates (z*,w®,,) on the affine connection bundle, where w®y, are
usually called the connection coefficients. For a section x* — y®(x*), they give rise to the
covariant derivative

V" = 0y + Wy’ (2.1.8)

If the bundle 7 : E — B is a natural vector bundle defined by a bundle functor ., then also
the connection bundle defined above is a natural affine bundle. In particular, in this thesis
we make use of connections on the tangent bundle T'B, defined by the tangent functor 7.
In this case it is common to denote the coordinates on T'B as (z#,Z"), where we use the
same indices, since the fiber coordinates follow canonically from those on the base manifold,
and write the connection coefficients as I'*,,. Here we remark that we prefer to retain the
same order of the indices as in the general case, i.e., write the covariant derivative as

V3 = 08 + T | (2.1.9)

so that they reflect the order of the factors in the tensor product bundle (2.1.7).

2.1.5 Diffeomorphisms and Lie derivative

In this thesis, our main focus is on diffeomorphisms, i.e., smooth, bijective maps, whose
inverse is again smooth, and in particular on the case in which the domain and codomain
of the diffeomorphism is given by the same manifold. Given a natural bundle 7 : F — B,
defined by a bundle functor .#, and a diffeomorphism ¢ : B — B, the lift ¥ = .7 (¢) is
a bundle isomorphism; the same holds true for its inverse. This allows an operation on
sections as follows.

15



Definition 2.4 (Pullback). Let B be a manifold, 7 : E — B a natural fiber bundle over
B defined by a bundle functor .# and ¢ : B — B a diffeomorphism. For every section
o : B — E, its pullback 1)*c along 1) is defined as 1*c = .Z (1 "!) o g 0 9.

Further, we will mostly be interested in sections which do not change under this oper-
ation.

Definition 2.5 (Invariant section). Let B be a manifold, 7 : E — B a natural fiber bundle
over B and ¢ : B — B a diffeomorphism. A section o : B — FE is called invariant under
¥ if and only if it agrees with its pullback, o = ¥*o.

Finally, we will usually consider not only single diffeomorphisms, but a group of diffeo-
morphisms, where the group operation is given by map composition. Hence, we consider
actions ¥ : G x B — B of a group GG, which will usually be a Lie group, such that for every
u € G, ¢, : B— B is a difftomorphism. In the case G = (R, +) is the group of real num-
bers, with addition as the group multiplication, we call the group action 1 a one-parameter
group. In the latter case, for every b € B, the assignment ¢ — 1,(b) = v,(t) with t € R
defines a curve on B, with ~,(0) = b. It follows that its tangent vector 4,(0) € T,B at
t = 0 is a tangent vector at b. The assignment X : b +— X (b) = 4,(0) then defines a vector
field on B, called the generating vector field of the one-parameter group v, and it turns
out that 1) is uniquely defined by X.

Given a one-parameter group ¥ : R x B — B, generated by a vector field X € Vect B,
acting on the base manifold B of a natural bundle 7w : F — B defined by a functor .%, one
can obtain another construction, which is illustrated in figure 1. Given a sectiono : B — FE,
for every b € B one obtains a curve

t (,0)(b) = (V*o = F(¢; ) 0 g o9p,)(b) € By (2.1.10)

on the fiber E, = 71(b) C E over B. Its tangent vector at ¢t = 0 is therefore a vertical
tangent vector v € V, ;) E at o(b) € E where the vertical tangent bundle VE = kerm, C TE
consists of those tangent vectors v € T'FE which are tangent to the fibers Fj.

In the case that m : & — B is a natural affine bundle, modeled over a vector bundle
7 : E — B, there exists a canonical identification of the vertical tangent space V) E with

the fiber Eb of the underlying vector bundle. The tangent vector v is thus identified with

the derivative Al o) (b ) (b b
Aio)0)|  _ . Wio)b) = alb) 21.11)
dt 1= t—0 t

which is well defined, since (¢;0)(b) € Ej lies in the affine space Ej. The assignment of
this element to every b € B defines a section of the vector bundle 7© : £ — B, which is
defined as follows [166]:

Definition 2.6 (Lie derivative). Let B be a manifold, 7 : E — B a natural affine bundle
over B and ¥ : Rx B — B a one-parameter group of diffeomorphisms generated by a vector
field X on B. For every section ¢ : B — FE, its Lie derivative is the section £xo: B — E
given by

Yo—o0o
£XU:limL.
t—0 t

Most commonly, the Lie derivative is encountered in the case of vector bundles, and
in particular the tensor bundles T B of tensors of rank (r, s), formed by a tensor product
or r copies of the tangent bundle E = T'B and s copies of its dual E* = T*B, in which
case it yields a section of the same bundle 77 B. However, it is less well-known that the
Lie derivative can be defined also on affine bundles which are not vector bundles, and so in
particular for affine connections, which will become relevant in our definitions in section 3.

(2.1.12)
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Figure 1: Illustration of the Lie derivative.

2.2 Particular geometries

We now introduce a few particular geometries, which are commonly used in the description
of gravity theories, and which will further be used in this thesis. The most general class of
geometries we consider is that of Cartan geometry, which we discuss in section 2.2.1. The
remaining classes of geometries can be understood is particular classes of Cartan geometries,
possibly equipped with additional geometric objects. In particular, we will discuss metric-
affine geometry in section 2.2.2, teleparallel geometry in section 2.2.3 and Finsler geometry
in section 2.2.4.

Since the main aim of this thesis is to make use of geometry as a language for the
formulation of gravity theories, we are in particular interested in describing the geometry
of spacetime. Unless otherwise specified, we will denote the spacetime manifold by the
letter M, and assume that it is a four-dimensional, Hausdorff, paracompact, orientable,
smooth manifold.

2.2.1 Cartan geometry

In this thesis we make use of different notions of geometries, which may be considered as
special cases of Cartan geometry, whose key idea is to describe the geometry imposed on a
manifold as its deviation from that of a homogeneous space, or Klein geometry [155]. The
latter is defined as the coset space G/H of a Lie group G and a closed subgroup H C G.
Given a Klein geometry G/ H, one proceeds to define a Cartan geometry modeled on G/H
as a principal H-bundle 7 : P — B together with a g-valued 1-form A € Q(P,g) on P,
called the Cartan connection, which must satisfy the following conditions:

1. For each p € P, A, = Alr,p : T,P — g is a linear isomorphism.
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2. A is H-equivariant: (Rp)*A = Ad(h™')o A for all h € H, where R: P x H — P
denotes the right translation on the principal H-bundle P.

3. A(h) = h for all h € b, where h denotes the fundamental vector field of h, i.e., the
corresponding generating vector field of right translations.

From the first condition follows in particular that dim P = dim G, since otherwise no such
isomorphism could exist. Further taking into account that the dimension of the fibers
of P is dim H, it follows that the dimension of the base manifold is given by dim B =
dimG/H = dim G — dim H.

An object of particular relevance on Cartan geometries is the Cartan curvature F €
O?(P, g), which is defined as

F:DA:dA—i—%[A/\A], (2.2.1)

where the notation [A A A] is used to indicate that the exterior product A acts on the
differential form factors in the Cartan connection, while the Lie bracket [,] acts on the Lie
algebra factors.

In this thesis we consider in particular Cartan geometries which satisfy two additional
conditions on their model Klein geometries:

1. A Cartan geometry with model Klein geometry G/H is called first-order Cartan
geometry if the quotient representation of H on g/b is faithful. Otherwise, it is called
higher-order Cartan geometry.

2. A Cartan geometry with model Klein geometry G/H is called reductive if the Lie
algebra g allows a decomposition of the form g = h @ 3 into subrepresentations of the
adjoint representation of H.

First-order reductive Cartan geometries enjoy the property that their principal bundle P
can be identified with a subbundle of the frame bundle GL(B), defined as

GL(B) = U {linear bijections f : R" — T, B}, (2.2.2)
zeB

From this definition one easily constructs coordinates on GL(B) from coordinates on B,
by writing a frame, i.e., a linear bijection f: R" — T, B as

fro=v12Z4 = v f4"0,, (2.2.3)

where (Z4) denotes the canonical basis of R", and the matrix components f4* serve as
fiber coordinates on each fiber P, = 7~!(z) C P. For the corresponding coordinate vector
fields in GL(B), we write
_ 9 s __0
B gam’ B ofar”
One further finds that the Cartan connection of first-order reductive Cartan geometries
splits in the form A = w + e with w € Q(P,h) and e € Q(P,3), where the latter is the
restriction of the so-called solder form

(2.2.4)

e=f14,Z,dz" (2.2.5)
to P. On a vector w € TyGL(B) it acts as

e(w) = [ (m(w)), (2.2.6)



by first pushing w to a tangent vector 7, € Ty B at m(f) € B, and then using the inverse
frame f~1: T =(f)B — 3. In the following we will always assume that this identification for
P and A is made. It then follows that w is a principal Ehresmann connection on P, so that
there is a one-to-one correspondence between first-order Cartan geometries and Ehresmann
connections on subbundles of the frame bundle.

2.2.2 Metric-affine geometry

A large class of geometries which are used in the description of gravity theories can be
subsumed as special cases of metric-affine geometries [53]. For a general metric-affine
geometry, the fundamental fields defined on the spacetime manifold M are a metric g,,,, and
an independent affine connection with coefficients I'*,,. The connection is characterized
by two tensors, which are its curvature,

R gpy = 0yl 5y — 0,15 + 173, T, — TP, T, (2.2.7)

as well as the torsion
TPy =17y, — TP (2.2.8)

In addition, together with the metric it gives rise to the nonmetricity

quu = vpguy . (229)

The presence of a metric further allows a unique decomposition of the affine connection in
the form )
Dhyy =T+ Kty + LYy, (2.2.10)

where IOW,,,J is the Levi-Civita connection of the metric g, given by the usual formula

o 1
IP = 591)0(8#901/ + OvGuo — Oo Gy ) » (2.2.11)
K*,, is the contortion
1
K'ul/p = 5 (Tuup + Tp'uu - T'uyp) (2212)
and LH,, is the disformation
1
Lul/p = 5 (Quup - Qljup - Qp“y) . (2213)

Various special cases are used in the description of gravity theories, which are defined by
the vanishing of one or several of the tensorial quantities introduced above.

Another viewpoint on metric-affine geometry is obtained from its relation to Cartan
geometry, which we defined in the previous section. The basic ingredient to construct this
relation is the choice of a principal bundle 7w : P — M and a model Klein geometry G/K.
In this case P = GL(M) is the general linear frame bundle (2.2.2). For the model geometry
G/ H one chooses the general affine group Aff(n,R) = GL(n,R) x R™, with closed subgroup
H = GL(n,R). Its Lie algebra g = aff(n,R) = gl(n,R) ® R = h ® 3 allows a split into
subrepresentations of H, with the representation on 3 being faithful, and so the model is
first-order and reductive. Together with the basis elements H4” of gl(n,R) one has the
commutation relations

(HaB HoP) = 6BHAY — 60HP, [HAB,Z0)=682Z4, [24,28]=0. (2.2.14)
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With the help of this basis, one finds that the g-valued one-form A € Q'(P,g) defined by
A=e+tw= 1, [Zade" + HAB(Afp" + f5TH,,dar)] (2.2.15)
constitutes a Cartan connection, where
w= A HAB(dfp" + f5'TH,,da?) (2.2.16)
is the principal Ehresmann connection corresponding to the affine connection. Its Cartan
curvature F € Q%(P, g) is given by

F=DA = (f 14,77 u2a+ f 4 fPoR guHa®) dz" Ad2” =T+ R, (2:2.17)

1
2
in terms of the curvature (2.2.7) and torsion (2.2.8) of the affine connection. Further, the
metric g, can be lifted to P to give rise to a field g € Q°(P,3* @ 3*) given by

g=fa"f5’ g2t ® 22, (2.2.18)
whose covariant derivative is the nonmetricity Q € Q!(P,3* ® 3*) given by
Q=Dg= fAufoQp;wZA & ZB dz”. (2219)

This identification allows to treat metric-affine geometry in the more general framework of
Cartan geometry.

2.2.3 Teleparallel geometry

A number of special cases of the aforementioned metric-affine geometry, which are ob-
tained by posing additional restrictions on the affine connection, are known as teleparallel
geometries. One can distinguish three different subtypes of teleparallel geometries:

1. The common, defining property of these geometries is the vanishing curvature (2.2.7)
of the connection, R, = 0. If no further conditions are imposed on the connection,
the geometry is said to be general teleparallel. It is characterized by its torsion (2.2.8)
and nonmetricity (2.2.9).

2. If in addition to vanishing curvature also the nonmetricity is imposed to vanish, the
resulting geometry is metric teleparallel. In this case the only non-vanishing tensor
property is the torsion.

3. Finally, one may impose both the curvature and torsion to vanish, leaving only non-
metricity as non-vanishing tensor field. In this case the connection is symmetric, and
the resulting geometry is therefore called symmetric teleparallel.

In this thesis, we will mostly encounter the metric teleparallel geometry. Instead of the
metric-affine formulation in terms of a metric and a flat, metric-compatible affine connec-
tion, a different description is more common in this case. One of the fundamental fields
in this description is a coframe or tetrad, i.e., a section 6 : M — GL*(M) of the coframe
bundle
GL*(M) = U {linear bijections f~': T,M — R"}, (2.2.20)
zeM
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which can be expressed using the coordinates (z#, f~14,) on GL*(M) as 64,,. Its inverse
is the frame, which is a section of the frame bundle, and whose coordinate form e4* is
uniquely defined from that of the coframe by

HA,ueAV — &Y

v, 04ept =65 (2.2.21)

Together with the Minkowski metric nap = diag(—1,1, 1, 1), the tetrad defines a Lorentzian
metric
Guv = nABeAueBV . (2.2.22)

In the original, non-covariant formulation of teleparallel geometry, the tetrad is the only
fundamental field, and it is also used to define the affine connection as the Weitzenbock
connection .

I, = est9,04, (2.2.23)

where we introduced a bullet to distinguish the flat, metric-compatible connection and
its related tensorial quantities from that given by the general affine connection. Indeed,
one finds that the Weitzenbdck connection is flat and compatible with the metric (2.2.22).
Further, it turns out that the same metric and Weitzenbock connection are obtained from
any other tetrad «9’A# which is related to 64 u by a global Lorentz transformation

04, =ApoP,, 9.Ap=0. (2.2.24)

However, in this thesis we make use of a different approach to teleparallel geometry, known
as its covariant formulation [122, 86, 121]. In this formulation another fundamental field is
introduced, called the spin connection &4 By, on which one imposes the flatness condition,

0" By — 0, g+ & 0wy — G0 =0, (2.2.25)
as well as the metricity condition
1ac®® By + e 4y = 0. (2.2.26)

These two conditions are in one-to-one correspondence with the flatness and metricity
conditions on the affine connection defined by

T, = ea? (0,64, +&45,0%,) | (2.2.27)

and so they define the most general metric teleparallel geometry. The covariance of this
formulation of teleparallel geometry becomes apparent in various relations. First, note
that the global Lorentz invariance is enhanced to a local Lorentz invariance, OHAA B #0,
which means that the metric (2.2.22) and affine connection (2.2.27) are invariant under a
simultaneous local Lorentz transformation of the tetrad and the spin connection given by

04, = A508,, &g, = A c(AHYP %D, + Ao (AT . (2.2.28)

Further, the spin connection and affine connection together allow to construct a fully co-
variant derivative, which is covariant both under diffeomorphisms and under local Lorentz
transformations, where the spin connection defines the coefficients of the Lorentz covariant
derivative. Using this fully covariant derivative, the relation (2.2.27) between the affine
and spin connection can be expressed through the so-called “tetrad postulate”

8,01, + & p0%, — 17,04, =0, (2.2.29)
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which states that the tetrad is covariantly constant with respect to the fully covariant
derivative.

Since teleparallel geometries are a special case of metric-affine geometries, it is in partic-
ular possible to express them in terms Cartan geometry, following the same line of thought
as in the general case shown in section 2.2.2. It follows from the flatness condition on the
teleparallel connection that the resulting curvature R vanishes, while the metricity condi-
tion implies vanishing nonmetricity Q. From the latter follows that the restriction of the
Cartan connection A to the metric frame bundle

SO(M,g) ={f € GL(M), fa"fB" 9w = naB} (2.2.30)
can be written as
[3 1 ~ .
A= f14 | Z4dat + 5HAB(d fB! + fB'TH,,dzP)| | (2.2.31)
with . .
HaP =HAP - T]AanDHDC = *nAanD/HDC, (2.2.32)

due to the antisymmetry of the spin connection. It thus takes values in the Poincaré algebra
g = is0(1,3), or any of its deformations g = s0(1,4) or g = s0(2, 3), whose generators satisfy
the commutation relations

(HaB HeP) = 68HAY — 5H + nacnPEPHED — nPPnosHAT (2.2.33)
(Ha®, 20) = 6824 —nacn®PZp, (24, 28] = ApacHB"

where A depends on the choice of the algebra used in the construction of the orthogonal
Cartan geometry [65]. This can be related to the usual description of the teleparallel
geometry in terms of the tetrad and spin connection as follows. Using the frame es*,
which is a section of the frame bundle GL(M), and in particular of the orthonormal frame
bundle SO(M, g) due to the relation (2.2.22), one has the pullback

A =04, | Zada" + HaP(Opep" + e B”fﬂyp)dxp] = 04Z4 + O BHAT,  (2.2.34)

and so one immediately obtains the tetrad and the spin connection. Local Lorentz trans-
formations then simply relate different choices of the tetrad to each other.

2.2.4 Finsler geometry

Another class of geometries, which is used in the description of gravity theories, and which
differs significantly from the aforementioned geometries, is given by Finsler geometry. Its
most distinguishing property is the fact that it is not modeled by tensor fields and connec-
tions on the spacetime manifold M, but by a non-negative length function F': TM — RS‘
on the total space T'M of its tangent bundle 7 : TM — M. In order to simplify working
with objects on the tangent bundle, it is usually convenient to introduce induced coordi-
nates (x#,z*) on TM from a given set of coordinates (z#) on M, where (z*,z*) denotes
the tangent vector

0
:E"@# = juaﬂ € T’m]\l7 (2235)

where z € M is the point with coordinates (z*) on the base manifold, and to write the
corresponding coordinate vector fields on TM as

0 5 _ 0

w = @, w = 8@'“ . (2236)
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In its original formulation [36], Finsler geometry was constructed as a generalization of
Riemannian geometry (and hence with a metric of positive signature). In order to apply it
to describe the geometry of spacetime, and hence allow for a Lorentzian signature, various
generalizations have been developed [8, , , , 93]. For convenience and simplicity,
we will use the following definition here [58, 59], which is not the most general and excludes
several physically motivated examples, but serves the purpose of this thesis, and can easily
be extended.

Definition 2.7 (Finsler spacetime). A Finsler spacetime (M, L, F) of dimension n is a
n-dimensional, connected, Hausdorff, paracompact, smooth manifold M equipped with
continuous real functions L, F' on the tangent bundle T'M which has the following proper-
ties:

1. L is smooth on the tangent bundle without the zero section T'M \ {0}.

2. L is positively homogeneous of real degree h > 2 with respect to the fiber coordinates
of TM,
L(z, \z) = N'L(z,2) VA >0, (2.2.37)

and defines the Finsler function F' via F'(z,z) = |L(z, i’)\%
3. L is reversible: |L(z, —Z)| = |L(x, Z)|.

4. The Hessian 1
Gy, 7) = 50,0, L(, 7) (2.2.38)

of L with respect to the fiber coordinates is non-degenerate on TM \ X, where X C
T'M has measure zero and does not contain the null set {(x,z) € TM|L(z,z) = 0}.

5. The unit timelike condition holds, i.e., for all x € M the set

8l

L
Q, = {:E el M ‘!L(m,i’)! = l,gﬁ,,(m,a_:) has signature (e, —¢,...,—€),e = (’;}

x
| L(x, )|
(2.2.39)
contains a non-empty closed connected component S, C Q, C T, M.
A number of additional geometric objects on the tangent bundle T'M are defined by the
Finsler geometry outlined above. Among the most important ones, which we encounter in
this thesis, are the Finsler metric

gpo(z, %) = %@@FZ(%%) (2.2.40)

and the non-linear connection, which can be described by a split TTM = VITM & HT'M
of the double tangent bundle into vertical and horizontal bundles [21]. The vertical bundle
V'IT'M is canonically defined and spanned by the vector fields 5# in the induced coordinates,
while the horizontal bundle HT M is spanned by the Berwald basis vector fields

6, =0, —N",0,, (2.2.41)

where the connection coefficients are derived from the Finsler geometry function as

Nt = igy (g7 #0(270,8,F? — 9,F?)] : (2.2.42)
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the corresponding dual split of the cotangent bundle is given by the dual basis
dzt, ozt =dzt + NH,dz". (2.2.43)

The Berwald basis given above is instrumental in the definition of an important class
of objects commonly encountered in Finsler geometry, known as d-tensors, which were
introduced in [132]. Conventionally, their definition relies on the non-linear connection,
defined via the split TTM = VT M @& HTM of the tangent bundle. However, for the
discussion relevant to this thesis a more convenient definition can be obtained from the so-
called pullback bundle approach [3, |. Its central definition is that of the pullback bundle
m: PM — TM, where PM =TM x ;TM is a fibered product and 7 is the projection onto
the first factor of this product. It is a vector bundle over T'M , whose fibers are isomorphic
to the fibers of T'M, and whose dual is given by P*M = TM x;; T*M. Hence, for each
v € T'M, a basis of P,M is given by a pullback of the basis vectors d,, € T:(,)M, while a
basis of PyM is constituted by da# € T M. It follows that a section A € [(P; M) of
the tensor bundle

PPM=PM® - PMP'M®---® P"M, (2.2.44)

Vv
7 times s times

which is again a vector bundle over T'M, takes the same component form A#1Hr, .,
in coordinates as a tensor field, i.e., a section of T, M, with the only difference that its
components are functions on T'M instead of M. We call such a section of the corresponding
bundle 7} : P/M — TM a d-tensor field of rank (r,s). One finds that the Finsler metric
gfl, and the Hessian gﬁy form the components of d-tensor fields. Moreover, the Finsler
geometry defines a number of connections on the pullback bundle and its tensor bundles.
Here we restrict ourselves to the Cartan linear connection. Given a vector field X =
X#H§, + X0, € Vect(T M), where we express the components in the Berwald basis, and a
d-vector field Y € T'(PM), the Cartan linear connection defines the covariant derivative

(VxY ) = XV (8,Y* + FF Y P) + XV (9,YF + CF,,YP), (2.2.45)

where the connection coefficients are given by

Fhy, = %gF H7 (SpuGpe + 0pTne —00dsy) »  CPup = %QF " (Dulps + Opis — 0591,) » (2.:2.46)
and thus defined from the Finsler metric similarly to the Christoffel symbols in Riemannian
geometry.

Finally, we remark that also Finsler spacetimes as defined above can be described using
Cartan geometry [58]; this will be used for the definition of symmetries in section 3.1.
However, different from the metric-affine and teleparallel geometries discussed before, the
base manifold of this Cartan geometry is not the spacetime manifold M, but the so-called
observer space [15]

0= S, (2.2.47)

zeM

which is a 7-dimensional manifold composed from the unit timelike vectors S, at each
spacetime point x € S,. The principal bundle on which the Cartan connection is defined
has the structure group K = SO(3) and is defined by

P={(z,f) € GL(M)| fo € O and gfy(x,fg)fA”fB” = —naB} - (2.2.48)

24



This structure group is a closed subgroup of the Lorentz group H = SO(1,3), which in
turn is a closed subgroup of any of the groups ISO(1,3), SO(1,4) and SO(2,3), and one
may choose any of them to construct a Cartan geometry modeled on the Klein geometry
G /K. This Klein geometry is reductive, as it allows a split of the Lie algebra g of G in the
form

g=tono50;° (2.2.49)

into subrepresentations of K, which are interpreted as spatial rotations, boosts, spatial
translations and temporal translations. The basis elements of these vector spaces are
related to the generators (2.2.32) of the Lorentz algebra € © py as

K =M1, YVo=M.", (2.2.50)

together with the translation generators Z4, which decompose into spatial components Z,
and a time component Zy. Their commutation relations follow from a decomposition of
the relations (2.2.33) and read

(Kol Ko = 62 — 69L + 0400% K0 — 6996, KC.5,  [Kab, Z0) =0, (2.2.51)
[Icab> yc] = 5?:))(1 - 5ac(5bdyd7 [’Caba Zc] = 5gZa - 6a05bdzd7 [yag yb] = —(SaCICbC,
[yaa Zb] = 5abZO ) D}aa ZO] = Za ) [Zaa Zb] = A(Saclcbc ) [Za7 ZU] = Aya .

Also note that the restriction of the adjoint representation of K C G on y @ 3@ 30 is
faithful, so that this is a first order Klein geometry. One finds that the Finsler spacetime
geometry defined above induces a Cartan geometry on the bundle 7 : P — O, whose
Cartan connection reads [53]

A=A Zadat 4 fe, {ya&z“ + %/ca” [Afy" + £ (F*,,da + Cﬂypazﬂ)]} . (2.2.52)

Hence, Finsler spacetimes may be described as first-order reductive Cartan geometries
on their observer space. Even more remarkable is the fact that the Cartan geometry
comprising of the observer bundle 7 : P — O and the Cartan connection A fully encode
the original Finsler spacetime geometry, so that it is possible to reconstruct both the
underlying spacetime manifold M and the geometry function L. This circumstance allows
studying Finsler spacetimes fully from the observer perspective, in terms of their induced
observer space Cartan geometry. Moreover, one may also consider more general observer
space Cartan geometries, for which no underlying spacetime manifold exists, and which can
nevertheless be interpreted as modeling the dynamics on a space of local observers [15].
The necessary ingredient for this interpretation is the split (2.2.49) of the Lie algebra of
the structure group G, through which the Cartan connection A induces a corresponding
split

TP=RP&BP&HP&H'P (2.2.53)

of the tangent bundle T'P. Here the first part RP is given by rotations, i.e., vertical tangent
vectors to the bundle 7 : P — O, so that RP = kerm,. Since the split (2.2.49) is invariant
under the adjoint action of K, the projection m, : TP — T'O induces a corresponding split

TO=VO® HO @ H°O (2.2.54)

of TO. Here BP = 7, %(VO) corresponds to infinitesimal boosts of an observer, while
HP = 7;Y(HO) and H°P = 771(H°O) describe spatial and temporal translations, re-
spectively.

25



2.2.5 Geometry of scalar fields

The arguably most simple type of field theories discussed in physics is that of scalar field
theories, where the dynamical field is conventionally as a real or complex function on the
spacetime manifold M, hence ¢ : M — R or ¢ : M — C, depending on the theory
under consideration. Here we will restrict our attention to real scalar fields, since any
complex scalar field can be represented by a pair of real fields. In the case of multiple
scalar fields, the most intuitive and natural approach suggests to group these fields into a
multiplet ¢ : M — R"™, where n denotes the number of scalar fields. This suggests that
the underlying geometric structure of a multi-scalar field theory is that of a trivial bundle
M x R™, so that scalar field multiplets are sections of this bundle.

While the aforementioned approach conveys the idea that the value of each scalar field
is a numeric quantity that can be associated a physical meaning, it is not the most general
approach, and does not capture the full spirit of a geometric field theory. From the latter
point of view, it is more natural to assume that the codomain of a scalar field multiplet
¢ is actually an arbitrary field manifold F', possibly equipped with additional structure,
so that the realm of multi-scalar field theories becomes the trivial bundle M x F. In this
approach numerical values for scalar fields arise merely through the choice of coordinates
on F', or by considering further, real or complex functions defined on F', which are then
evaluated at the point specified by the scalar field multiplet. In the context of multi-scalar
extensions to gravity theories, where it is commonplace to consider redefinitions of scalar
fields, this approach has the advantage that it gives this procedure a clear and simple
geometric interpretation as a coordinate transformation of the field space F', and allows to
define physical quantities in a coordinate-independent fashion. Note that this interpretation
is by no means new; it is most commonly encountered in the context of so-called sigma
models [154], where the field space F' is usually taken to be a Lie group or homogeneous
space, and thus naturally carries a transitive Lie group action.

2.3 Transformations of geometries and symmetries

Symmetry transformations and the invariance under such transformations have numerous
applications in the mathematical description of physical theories. In this thesis we focus on
two classes of symmetry transformations, which we will discuss in the course of this thesis
together with their application to gravitational theories and their solutions. In section 2.3.1,
we discuss the invariance of physical field configurations, which we model as sections of a
fiber bundle, under symmetry transformations acting on the base space of this bundle; the
latter implies that such transformations are infinitesimally generated by vector fields on
the base space. The essentially opposite case is discussed in section 2.3.3, where we discuss
the action of transformation groups on the space of field configurations which are generated
by vector fields which are tangent to the fibers of a suitable bundle, and the invariance of
Lagrangian field theories under such transformations.

2.3.1 Sections with base space symmetries

One of the most common task in the area of field theory and in particular the theoretical
description of gravity is the derivation of solutions of a given theory, modeled by sections
o : B — E of a natural fiber bundle 7 : F — B with bundle functor .#, which are invariant
under the action © : G x B — B of a given symmetry group G on the base space B. In the
most frequently encountered cases in gravity theory, the base space is the four-dimensional
spacetime manifold B = M, while frequently encountered transformation groups include
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the two-dimensional Euclidean group ISO(2) in the description of plane waves, the rotation
group SO(3) in the case of spherical symmetry (possible extended to O(3) to include also
reflections) and various groups describing spatial isotropy and homogeneity in the case of
cosmology. As discussed in section 2.1.5, such the action 1 introduce an action

P o GxD(m) — T'(m)

(o) = o (2.3.1)

on the space I'(7) of sections through the pullback.

In the usually encountered case in gravity theory, in which 7 : E — B is an affine bundle
modeled on a vector bundle 7 : E — B , such as a connection bundle, or already a vector
bundle, it is often more convenient to consider infinitesimal symmetries instead, which are
generated by the Lie algebra g of G. Denoting by X¢ € Vect(B) the fundamental vector
field of £ € g, i.e., the generating vector field of the action of the one-parameter subgroup
t — exp(—t&) of G on B, the action on sections is given by

dyp* : gxT'(r) — T(7)

€0) v £xo (2.3.2)

in terms of the Lie derivative.

In the case of natural bundles, the finite and infinitesimal actions on the space of sections
are canonically defined as shown in section 2.1.5. However, also more general situations are
encountered in gravity theory, such as in the case of Cartan geometry or Finsler geometry,
which require an extension to the notions given above. We provide such an extension to a
number of relevant geometries in section 3.

Most often one is interested in field configurations o which obey the considered symme-
try, i.e., which are invariant under the action of the symmetry group. In the case of a finite
Lie group action 9 of a group G, this means that 1,0 = o for every u € G. Taking into
account the definition (2.1.12) of the Lie derivative, it follows that the corresponding notion
of invariance for infinitesimal transformations generated by the action of a Lie algebra g
is given by the condition £x,0 = 0 for all £ € g, where the right hand side is understood

as the canonical zero section 0 € T'(7) of the vector bundle 7 : E — B. For a number of
geometries used in gravity theories and transformation groups, we derive the most general
class of such invariant sections in section 4.

While the aforementioned case of sections which are invariant under the action of the
symmetry group is the most simple one, one frequently encounters also more general cases.
For instance, if 7 : E — B is a vector bundle, also I'(r) inherits the structure of a
vector space. In this case the bundle functor % lifts the group action @ on B to vector
bundle morphisms, so that the group action (2.3.1) acts linearly on the space of sections,
hence giving a representation of the group G on I'(r). A natural question arising in this
case is whether the representation can be decomposed into irreducible representations,
and whether these are of finite dimension. This question motivates the study of invariant
subspaces of I'(w). In particular, one-dimensional invariant subspaces on which G acts
trivially are spanned by invariant sections. A non-trivial example is studied in section 5.3.

2.3.2 Perturbations of symmetric sections

Another possibility is to study the action of the whole diffeomorphism group Diff (B) on B,
or in the infinitesimal case the Lie algebra diff(B), which can be identified with the vector
fields Vect(B) on B. The latter can be seen to act on the space of linear perturbations
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around a fixed background section ¢ : B — FE, which can be identified with the pullback
bundle 6*V E of the vertical tangent bundle of F to B. In the most simple case that
7 : E — B is an affine bundle, this pullback bundle is identified with the underlying vector
bundle 7 : E — B. A linear perturbation is then given by a section do : E — B. The
action of an infinitesimal diffeomorphism, expressed by a vector field X € Vect(B), on this
space of linear perturbations is given by

(60, X) — do — £x07. (2.3.3)

Note, however, that this is not a Lie algebra action; it does not commute with the Lie
bracket of vector fields. Since the vector fields act as translations in the space of linear
perturbations, they generate a vector subspace. Taking the quotient of the vector space
of all linear perturbations by this subspace leads to the space of gauge-invariant linear
perturbations; this space is commonly used as the “physical” space of perturbations, with
the subspaces generated by translations as the “pure gauge” part.

Conventionally, the background section is chosen to be a section of a natural bundle,
which is symmetric under the action of a Lie group GG on the base manifold B, as discussed
in the previous section. In this case the group action of G on I'(7) induces an action on
the space of linear perturbations. Further, the action of G on B induces an action on
the space Vect(B) of vector fields. One may thus decompose both spaces into subspaces
which correspond to irreducible representations of GG. It follows from the structure of the
action (2.3.3) that it leaves this decomposition invariant, i.e., perturbations which transform
under a particular representation of GG transform only under infinitesimal diffeomorphisms
which transform under the same representation of G. Using this fact leads to a great
simplification of the theory of gauge-invariant linear perturbations.

We make use of the aforementioned considerations when we study linear cosmologi-
cal perturbations in section 5.1. An extension to higher order perturbations is used in
section 5.2.

2.3.3 Field space symmetries

The second class of symmetry transformations we consider, and which we will call field field
space symmetries, are essentially the complementary case to the base space symmetries we
discussed above. While the latter are fully determined by the action of a symmetry group
on the base space B of a fiber bundle 7 : E — B, the former are constructed such that
their action on the base space becomes trivial. In the most simple case, one may consider

a group action
¥ : GxFEF — FE
(u,e) — Wyu(e) ’

with the additional assumption that for each w € G, ¥,, : E — E is a vertical bundle
automorphism, which we defined in section 2.1.1 as a bundle automorphism covering the
identity idp, so that w o ¥,, = 7. It induces an action on the space of sections as

(2.3.4)

v o GxI'(nr) — T(m)

(u,0) — T o0 (2.3.5)

While this approach is sufficient for simple cases such as the conformal transformations
discussed in section 6.1, it does not cover examples such as the disformal transformations
studied in section 6.2, where the value of the transformed section at a given point b € B
does not only depend on the value o(b) of the original section at the same point, but
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also on its derivatives. In order to define this more general class of transformations, it is
more convenient to consider infinitesimal transformations. Given a one-parameter subgroup
t — exp(—t§) of G generated by a Lie algebra element § € g, denote by X¢ € Vect(E) the
corresponding fundamental vector field, which generates the action of this one-parameter
subgroup on E. Since we assumed W to be vertical, also X¢ must be a vertical vector field,
74 0 X¢ = 0. We thus have a map

X : gxE — VE
(€ e) = Xe(e) ’

where VE = kerm, C TFE is the total space of the vertical tangent bundle v : VE — FE,
and we have the condition that for every { € g, X¢ is a section of the vertical tangent
bundle, hence v o X¢ = idg. In order to generalize this notion such that it implements the
additional dependence on the derivative of sections, one may replace the second argument
by a jet, and consider maps of the form

(2.3.6)

X : gxJ'(m) - VE

2.3.7
€e) = Xelo) 237

for a given r, or to simplify the following considerations,
X : gxJ®mn) — VE (2.3.8)

(€ e) = Xe(e) ’

keeping in mind that the latter may define on any finite, but unspecified number of deriva-
tives. Also here one needs an additional condition, to guarantee that X¢(j;°0) is a vector
at o(b) for all sections o € I'(7) and b € B. Hence, one demands that

voXe=Tsp, (2.3.9)

where w1 J(m) — E is the jet projection satisfying m o(j;°0) = o(b). A map X¢ of
this type is called an evolutionary vector field [137]. Its action on the space I'(7) of sections
can most easily understood in terms of the induced group action ¥ : G' x T'(w) — I'(x).
For a one-parameter group ¢ — exp(—t¢) one has

d -

Gi Vo0 =Xe(i0) (2:3.10)
t=

as the tangent vector at ¢ = 0 through the curve t — \ifexp(_tg)(a)(b) € Ey.

2.3.4 Transformations of Lagrangians

An important difference from the earlier discussed case of base space transformation con-
cerns the application of the construction outlined in the previous section. For the former
case, we were mostly interested in sections o which are invariant under the transformation.
However, for the field space transformations we discuss here, such sections are those on
which X acts trivially. A more interesting topic to study is the invariance of the dynamics
of field theories under the action of evolutionary vector fields, or the transformation of one
field theory into another under this action. Most commonly, and in particular in the case
of gravity theories, the dynamics of a field theory are given by a Lagrangian. We briefly
summarize this approach below.

In the following we assume that the underlying mathematical structure of the theory
under consideration is given by a natural fiber bundle 7 : E — B, where the base space B
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is most commonly identified with the spacetime manifold M, or the total space of another
fiber bundle over M, such as its tangent bundle T M. Field configurations are described by
sections ¢ : B — FE of this bundle, and the phase space of the theory is given as the space
['(7) of all such sections. The dynamics of the theory is defined by specifying a Lagrangian.

Most formally, the latter can be defined by using the notion of jet bundles [152], either by
using jet bundles of finite order [120], or infinite-dimensional jet bundles in the construction
of the variational bicomplex [!]. Here we restrict the discussion to the latter framework

for simplicity. In this context, a Lagrangian is a horizontal n-form L € Q"(J*(w)) on
the infinite jet bundle, where n = dim B is the dimension of the base manifold, and by
horizontal it is understood that (=L = 0 for any vector field = € Vect(J*°(w)) which
satisfies moo 0 E = 0, where 7 : J°(7m) — B is the source projection. For any compact
domain D C B and local section ¢ : D — E the Lagrangian defines the action functional

Splo] = /D(jooa)*L. (2.3.11)

At the heart of Lagrange theory lies the variational principle, which states that solutions
to the theory defined by L are such sections ¢ for which the action is stationary, i.e., for
which the variation of the action with respect to the section vanishes. One finds that these
sections solve the Euler-Lagrange equations

(EL)0j¥0 =0, (2.3.12)

where £ : QU(J® (7)) — Q"1(J> (7)) is called the Euler operator.

We see that both evolutionary vector fields and Lagrangians are defined on the infinite
jet bundle. The former, however, takes values only in the vertical tangent bundle VE. In
order to obtain a vector field on J°(7), which can then be applied to a Lagrangian, one
starts from the evolutionary vector field X¢, where £ € g is an element of the symmetry
algebra, and defines its prolongation prX, € Vect(J*(m)) as the unique vertical vector
field on the infinite jet bundle satisfying

ook d S *
/;(.7 J) £er€L: dt/D [.7 l:[’e><p(—t§)(0—>:| L

for all sections. As in the case of base space symmetries and sections we discussed before,
it is most common to study Lagrangians which are invariant under a given transformation
group, which in this case means that £p,x,L is an exact form, and therefore does not
contribute to the action integral. It follows that such transformation map solutions of the
Euler-Lagrange equations (2.3.12) again to solutions. The most famous result on this topic
is Noether’s theorem, which provides an explicit derivation of conserved quantities from
symmetries of a Lagrangian.

Another, more general possibility is to study not a single Lagrangian, but a class of
Lagrangians, which is invariant under the given transformation group, such that the group
elements relate different Lagrangians within the given class to each other. In this case
these different Lagrangians may be regarded as generating an equivalent dynamics, but
expressed in a different representation of the field variables, where the latter are related by
the transformation group. We will study such classes of Lagrangians in section 6.

(2.3.13)

t=0

3 Extending the notion of symmetry

In the majority of gravity theories, most prominently general relativity, the fundamental
field mediating the gravitational action is modeled as a section of a natural bundle. In this
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case one immediately obtains a notion for the invariance of a field configuration under the
action of a transformation group on the underlying base space, as discussed in sections 2.1.2
and 2.3.1. However, also more general classes of geometries are employed, such as Cartan

geometry [163, , , 47, 46, 48, 45, 58, , 59] or Finsler geometry [110], and also
teleparallel geometry may be viewed in terms of Cartan geometry [10, , | or an
additional vector bundle [1]. In order to describe symmetric gravitational fields within

these theories, one therefore needs to extend the notion of symmetry to these underlying
geometries. One approach would be to provide a separate definition of symmetry for any
given geometry under consideration. Another, more succinct approach is to subsume the
relevant geometries under a larger class, and to provide a unified notion of symmetry for
this unifying class. It turns out that Cartan geometry can be used for this unification, as
is shown in section 3.1. Its application to teleparallel geometry is shown in section 3.2.

3.1 Unified approach using Cartan geometry

The gravity theories which are the subject os this thesis are based on various underlying
geometries, ranging from different subclasses of metric-affine geometries to Finsler geom-
etry. In order to study these theories in a unified framework, one may therefore aim
to find a unified geometric description, which encompasses the underlying geometries en-
countered thus far. It turns our that this can be achieved by using Cartan geometry,
which has already been successfully applied to the description of various gravity theo-
ries [163, , , 47, 46, 48, 45, 58, , 09]. A straightforward question arising from
this unification approach whether also the notion of spacetime symmetries present in the
more specific symmetries enjoys a unified description in terms of Cartan geometry. This
question has been studied and answered in our work [I1], which we summarize here. The
general notion of symmetries for first-order reductive Cartan geometry is explained in sec-
tion 3.1.1. We then discuss two special cases: metric-affine geometry in section 3.1.2 and
Finsler geometry in section 3.1.3.

3.1.1 Symmetries of first-order reductive Cartan geometries

This aim to construct a general notion of symmetry for Cartan geometries is obstructed
by the fact that the principal bundle, which is the most fundamental ingredient to the
definition of Cartan geometry following its definition given in section 2.2.1, is in general
not a natural bundle. Hence, it is not defined via a bundle functor, and there is no functorial
lift of diffeomorphisms from the base manifold to the total space of the bundle, on which
the Cartan connection is defined. One may therefore restrict the attention to such classes
of Cartan geometries for which it is reasonable to assume that a lift may be constructed.
It turns out that such as class is given by first order reductive Cartan geometries, since
their principal bundle is a subbundle of the general linear frame bundle [155], for which the
following construction is possible. Given a diffeomorphism v : B — B, one can construct
a lift ¢ : GL(B) — GL(B), which assigns to every frame f : R" — T, B over & € B the
frame

~

v o () (3.1.1)

One finds that 1]) is a bundle isomorphism covering . Using the previously introduced co-
ordinates (z#, f4*) on the frame bundle, and writing the transformed coordinates obtained
from the diffeomorphism ¢ as (z, f4#), where (z/**) are thr transformed coordinates on
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the base space B, this relation reads

oz’

/M: v
fA fA axlj‘

(3.1.2)

Passing th infinitesimal transformations, it is possible to construct a lift of a vector field
X € Vect(B) from the base manifold to a vector field X € Vect(GL(B)) on the frame
bundle as follows. Denoting by 1 : R x B — B the one-parameter group of diffeomorphisms
generated by X, one constructs the lift 1,b such that for every t € R, 'd)t is the lift of 1,
to GL(B). Then ¢ : R x GL(B) — GL(B) is a one-parameter group of diffeomorphisms,
whose generating vector field we denote by X. Using again the coordinates (z#, f4*) on
the frame bundle GL(B), this vector field, which we call the canonical lift of X, then takes
the form

X = X1, + far0,X"04, (3.1.3)

in the coordinate basis (2.2.4) on the frame bundle. Using the fact that for a first or-
der reductive Cartan geometry the principal bundle can canonically be identified with a
subbundle P C GL(B) of the frame bundle, one may construct the following notion of
symmetry for this class of geometries [65]:

Definition 3.1 (Finite symmetry of a first-order reductive Cartan geometry). A finite
symmetry of a Cartan geometry (7 : P — B, A) with P C GL( ) is a diffeomorphism
1 : B — B such that w restricts to a diffeomorphism of P and w*A A.

Passing to infinitesimal symmetries defined by a vector field X on B, this leads to the
following notion:

Definition 3.2 (Infinitesimal symmetry of a first-order reductive Cartan geometry). An
infinite symmetry of a Cartan geometry (7 : P — B, A) with P C GL(B) is a vector field
X € Vect(B) such that X is tangent to P and £ ¢ A = 0.

An interesting consequence follows from the split A = w + e, where e is the solder
form (2.2.5). Using the previously introduced coordinates for the description of the lifted
diffeomorphism, we have

ox'H
ox'H oxP

and so the solder form is invariant under the complete lift of any diffeomorphism to the
frame bundle. While this relation appears trivial using the coordinate expressions above,

it can also straightforwardly be derived directly from the definition (3.1.1) of the lifted
diffeomorphism . For any frame f € GL(B) and tangent vector w € TyGL(B) we have

Jre= A, Zydetn = 90 pora, 7 000 —da? = [T, Zade = e (3.1.4)

(3.1.5)

The steps of this derivation are explained as follows. First we use the definition of the
pullback 9* of a differential form, which acts on vectors by first applying the pushforward
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1/3* and thereafter the original differential form. In the next step, the definition (2.2.6) is
used, taking into account that ), (w) is not a tangent vector at 1/3( f), and so the appropriate
inverse frame 1[)( f)~ ! at this point must be used. Then we apply the definition (3.1.1) of the
frame bundle lift, from which follows 1&( f)~t = f~towy ! The resulting formula contains
three consecutive pushforwards, which can be replaced by the joint pushforward along the
concatenated maps. Finally, using the fact that 1]) covers 1, since it is a canonical lift, gives

v lomop =1, (3.1.6)

so that the diffeomorphism cancels, and one obtains the unchanged solder form.
Similarly, for any vector field X € Vect(B) holds

£Xe:d(f(4e)—|—f(4de
= [A(fT LX)+ (XPO, + fePD, X7 5) = (—f A, F B LA fsY A da)] 24
_ [f—l A#&,X“dx” _ Ayf—l BuXudeI/
+ RS — BP0, X T f TP udat)] 22
=0.
(3.1.7)

Thus, we may omit the solder form in regards of symmetry, since it is sufficient to demand
that the Ehresmann connection w is invariant under the (finite or infinitesimal) symmetry
transformation. We will use this finding in the following sections.

3.1.2 Relation with metric-affine geometry

As a simple example, we apply the notion of symmetry for a first-order reductive Cartan ge-
ometry outlined in the previous section to the metric affine spacetime geometry introduced
in section 2.2.2. In this case, the base manifold of the Cartan geometry is identified with
the spacetime manifold B = M, while the bundle on which the Cartan geometry is defined,
is the whole frame bundle P = GL(M). Hence, the frame bundle lift ¢ : GL(M) — GL(M)
of any diffeomorphism 1 : M — M trivially preserves P. Similarly, the frame bundle lift
X € Vect(GL(M)) of any vector field X € Vect(M) is trivially tangent to P.

It is illustrative to derive explicitly the symmetry conditions for the Cartan connec-
tion (2.2.15). Following the finding from the previous section, that the solder form e is
invariant under any finite or infinite transformation on the base space, it is sufficient to
consider only the Ehresmann connection (2.2.16). Its pullback along the frame bundle lift
1) reads

&*w _ f/—lA“(df/BM + leuFuyp(l,l)dx/p)rHAB
ozt ox' o*xm . 0¥ o,
=gl (ax%df I8 g g G e 15T “”(x/)d$p> Ha?

ozt [ 922’ oz’ 0x'°
_ 1A m v
5 {de + /B ox'™ <8x” OxP * Ox? OxP

= 1A (dfs" + fB7 (W) wo(z)daf) Ha®

| A (x/)) dxp] HaP

(3.1.8)
and so we find simply the usual transformation law
ozt 0x'% 0x'° Ot O%x'T
TYH =T7 (2 3.1.9
(W) wp(@) wo (@ )895’7 oxv OxP + o' Ox¥ Oz ( )
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for the coefficients of an affine connection under the action of the diffeomorphism . This
relationship can also be derived for the infinitesimal transformation induced by a vector
field X € Vect(M). In this case calculating the Lie derivative £ ¢w, which we omit here
for brevity, reveals the Lie derivative of the affine connection [166]

(£xT)yp = XT0, T,y — 0, X T,y + 0y XTHy, + 0,X T 5 + 0,0, X"

i . (3.1.10)
=V, VXt — XTRY e — V,(XTT )

which is simply the infinitesimal analogue of the previously derived and well-known trans-
formation formula. The second line shown here, which is straightforward to obtain from
the previous one, shows that it is a tensor, since the connection bundle is an affine bundle
modeled over a tensor bundle, and the Lie derivative takes its values in the latter.

In addition to the affine connection, which defines the Cartan connection, a metric-
affine geometry is also equipped with a metric, which we lifted to a scalar quantity (2.2.18)
on the frame bundle. Hence, one also demands this quantity to be invariant under the
frame bundle lift of a symmetry transformation, in order for the full metric-affine geometry
to be regarded as invariant. For the finite transformation, one thus calculates the pullback

oz’ 0z’
oxH Ozv

Vg = AP fEY g (d) 24 @ 2B = fal fBY gpo(2) 24 @ 28 | (3.1.11)

which resembles the pullback

ou' 0r'
ozt Oxv

of the metric tensor. Similarly, the Lie derivative yields

(Y9 (2) = gpo(2')

(3.1.12)

-fXg = X — dg
= (X200 + 1070, X797
-~ [(9;JVf_lcu + gupf_lcu)dfcp + 6pgul/dxp} falfpvz4 @ 2B (3.1.13)

= [fcgaoXp(gpvf_lcu + gupf_lcV) + Xpapgw,] fAMfBVZA ® 2P
= (0u X gpy + 0, XPgup + X 0pg,1) fA“fBVZA ® 25,

from which we see the Lie derivative
(°£Xg)/u/ = Xpapg,uu + aungpy + &/ngﬂp s (3.1.14)

as one may expect. Hence, we find that the invariance of a metric-affine geometry under
the action of a transformation group which we derived from the unified Cartan geometry
approach simply agrees with the conventional notion of invariance in terms of the metric
and affine connection. It is then straightforward to specialize this notion of symmetry to
particular subclasses of metric-affine geometries; this is done for the case of teleparallel
geometry in section 3.2.

3.1.3 Relation with Finsler geometry

As the second example we consider the application of our notion of symmetry for first-order
reductive Cartan geometries to Finsler geometry, following its definition in section 2.2.4.
The main difficulty in this case arises from the fact that the characteristic objects describing
the properties of a Finsler geometry are not sections of natural bundles over the spacetime
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manifold M, on which the spacetime symmetry group acts, but natural bundles over its
tangent bundle TM. Hence, an additional, intermediate step is required, in order to
liftt a diffeomorphism v : M — M to 121 =Y, : TM — TM. In the following one
then only considers the transformation of Finsler geometric objects under these induced
diffeomorphisms 1& of the tangent bundle, instead of the full diffeomorphism group of the
total space manifold T'M. From this restriction follows that the transformation of these
objects takes a particularly simple form, which we briefly show below. The starting point for
deriving these transformations is the transformation of the geometry function L. Writing
the coordinates of a point in TM as (2*, z*) and its image under ¢ as (2/#, Z'*), one has
the relation

7z
x/“:x’jaazy. (3.1.15)
The pullback of L along 1& then simply reads
(*L)(x,7) = L(2', 7). (3.1.16)

The transformation of the remaining quantities is then derived from this relation. For
the Hessian (2.2.38) and the Finsler metric (2.2.40) one finds the common transformation
behavior P

(¢*9L/F)Mv(x7j) = gpI:a/F(x/?j/) Ozl OV’
which shows that they transform analogously to tensor fields on the base manifold, which is
a characteristic property of d-tensor fields. This is to be contrasted with the transformation
of the coefficients (2.2.42) of the non-linear connection, which reads

(3.1.17)

- _ OxH 9z’ 9%/P Ozt
(¢ N)'L"y(x,l') = Npg(m/’x/)ax/p 7 +x W@x’p , (3118)

and which is inhomogeneous, as can be seen from the appearance of an additional term.
Finally, for the coefficients (2.2.46) one finds the transformation rules

- ozt 92'™ Oz’ Oz 0%l
* w =\ o -1
W) o, 2) = Fro(@, )836"’ ox¥ OxP * 07 dxvdxr’

. oz* 0x'™ Oz
* 1% =) — o ! =l
(O f,7) = O rala ) o SE2 00

(3.1.19a)

(3.1.19D)

so that only the latter constitutes the components of a d-tensor field, while the former
receives an additional inhomogeneous contribution.

In order to relate this set of transformation rules to the description in terms of Cartan
geometry, it is more convenient to consider infinitesimal diffeomorphisms generated by a
vector field X € Vect(M) instead. Using the fact that TM is a natural bundle, one can
construct the complete lift X € Vect(T'M) given by

X = X", + 70, X"0), . (3.1.20)

For the Finsler geometric objects defined on T'M, it is now straightforward to calculate
their Lie derivatives, i.e., their change under an infinitesimal transformation generated by
X. For the scalar function L, this takes the obvious form

£¢L=X"0,L+x"9,X"9,L, (3.1.21)
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which is simply the directional derivative along X. For the Hessian (2.2.38) and Finsler
metric (2.2.40), which are d-tensors, one finds the formula

(£ 59"V = XPO,gHT + 270, X1 0pg kT + 0, X gh)T + 0, X gkt T (3.1.22)

v

which is reminiscent of the usual Lie derivative of tensor fields defined on the base manifold.
This is different for the coefficients (2.2.42) of the non-linear connection, which transform
as

(£ N, = XPO,N¥, + 3°0, XPD,N", — 9, X" NP, + 8, X N* , + #°0,0,X", (3.1.23)

so that one obtains an inhomogeneous contribution, as one should expect. This can also
be seen for the coefficients (2.2.46) of the Cartan linear connection, which reads

(£ F)p = X0, F" ), + 370, X705 F" )y — 0, X' F7p 4+ 0, X FFysp + 0,XFH,,

+0,0,X", (3.1.24a)
(£4C) 0 = XT0yCyp + T 0, X705 C yy — 0 X1 C p + 0, XTCF gy + 0, X7 CH
(3.1.24b)

and thus confirms that only C*,, transforms as a d-tensor, while F*,, does not.

Of particular interest are such diffeomorphisms 1) : M — M, which leave the geometry
function L invariant, &*L = L. From the fact that all other geometric objects we dis-
cussed above are derived from the geometry function that also these objects are invariant
under the induced action of ¢ if L is invariant. This justifies to regard v as a (finite)
symmetry of a Finsler spacetime if and only if @ZA)*L = L. The analogous statement holds
also for infinitesimal transformations generated by a vector field X € Vect(M): if the Lie
derivative £ ¢ L of the Finsler geometry function L vanishes, then also the Lie derivatives
of the remaining geometric objects mentioned above vanish. Hence, we regard X as an
infinitesimal symmetry if and only if £¢ = 0. In the following, we will restrict ourselves
to the case of infinitesimal symmetries.

As discussed in section 2.2.4, Finsler spacetimes give rise to a first-order reductive
Cartan geometry, whose Cartan connection (2.2.52) is defined on the total space of a
principal K-bundle 7 : P — O, where K = SO(3) and O is the observer space, and P can
be identified with a subbundle of the frame bundle GL(O). Relating the symmetries of
this observer space Cartan geometry to those of the underlying Finsler geometry poses a
number of conceptual difficulties. The main difficulty arises from the fact that the former is
generated by a vector field = € Vect(O) on the observer space, while the latter is generated
by a vector field X € Vect(M), and there is no direct relation between Vect(M) and
Vect(O). However, recall that O C T'M is defined as a connected component of the level
set of L where L = 1. If X is a symmetry of the Finsler spacetime, so that its complete
lift X € Vect(T'M) to the tangent bundle satisfies £¢L = 0, it thus follows that X is
tangent to O, and thus restricts to a vector field Z = X lo. A lengthy, but straightforward
calculation shows that the canonical lift of this vector field = to GL(O) is tangent to P
and preserves the Cartan connection, so that = is a symmetry of the observer space Cartan
geometry.

The fact that a symmetry X € Vect(M) of a Finsler spacetime induces a symmetry
E € Vect(O) of the corresponding observer space Cartan geometry does not come as a
surprise, since the observer space and the Cartan connection are fully determined by the
geometry function L defining the Finsler spacetime. More remarkable is the fact that also
the converse statement holds: every symmetry = € Vect(O) of the observer space Cartan
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geometry induced from a Finsler spacetime originates from a symmetry X € Vect(M) of the
Finsler spacetime itself. Together with the former statement it thus follows that there exists
a one-to-one correspondence between symmetries X € Vect(M) of Finsler spacetimes and
= € Vect(O) of their induced observer space Cartan geometry. The proof of this statement
is rather lengthy and shown in our work [H1].

3.2 Symmetries in teleparallel geometry

A particular subclass of the general class of orthogonal Cartan geometries discussed in
the previous section is the teleparallel geometry, which can be described by a metric g,

together with a flat, metric-compatible affine connection f“l,p [11]. More commonly, how-
ever, a teleparallel geometry is described in the covariant formulation [121]| by using a
tetrad 0‘4#, together with a flat, metric-compatible spin connection By, from which the
metric and affine connection are obtained via the definitions (2.2.22) and (2.2.27). Hence,
the question arises how the notion of symmetry derived in our work [H1] can be expressed
in terms of these more common field variables. We answered this question in detail in our
work [H2], and determined the teleparallel geometries which are invariant under a number
of different symmetry groups. We summarize the general construction and derivation of
symmetry conditions below. In section 3.2.1, we consider finite group actions, before we
pass to infinitesimal actions in section 3.2.2. In both sections we work in a general Lorentz
gauge. Finally, in section 3.2.3, we translate the results into the Weitzenbock gauge, which
simplifies the conditions significantly, and show their equivalence with the general case.

3.2.1 Finite symmetries

To derive the symmetry condition for the tetrad, one starts with the symmetry condi-
tion (3.1.12) for the metric. It follows from the definition (2.2.22) that the metric g,
obtained from a tetrad GAM is invariant under a diffeomorphism ¢ : M — M if and
only if the tetrad and its pullback (1*6)4 . are related by a local Lorentz transformation
A : M — SO(1,3). Hence, we can define the symmetry condition for the tetrad as

(v 04, = A1 o5, (3.2.1)

It then follows further that the affine connection (2.2.27) satisfies the symmetry condi-
tion (3.1.9) if and only if the pullback of the spin connection is given by

(W) g = Ao (AP 0% b+ 9,(AH5] (3.2.2)

Instead of a single diffeomorphism v : M — M, it is more common to consider invariance
under the action ¥ : G x M — M of a group G by diffeomorphisms on M. In this case,
the symmetry conditions (3.2.1) and (3.2.2), with ¢ = ,,, must be satisfied for all u € G.
Here A may be chosen differently for different v € G, and so the single local Lorentz
transformation A is replaced by a map A : G x M — SO(1, 3). However, it turns out that
this map is not arbitrary. This follows from the fact that v is a (left) group action, and
hence by definition satisfies 4, = 1, o ¢, for all u,v € G. For Ay, thus follows

AUUBHBH = (/l:b;kw )A

= (P0)",

= [} (A - 0)]4,, (3:2.3)
= (YiA)" <wv )P

= (Ayotp,) BAS 6,
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and so we find

A = (Ayorp,) cATs. (3.2.4)

We call this map A, which intertwines the group operation of the Lorentz group with the
action of the symmetry group a local Lie group homomorphism.

3.2.2 Infinitesimal symmetries

By passing from the general group action discussed above to one-parameter groups, one
easily obtains the corresponding infinitesimal symmetry conditions. One finds that the
metric satisfies the condition (3.1.14) of invariance under the one-parameter diffeomorphism
group generated by a vector field X*# if and only if the tetrad satisfies

(£x0) = - 'pb%,, (3.2.5)

where A : M — s0(1,3) is an infinitesimal local Lorentz transformation. Similarly, for the
spin connection, the condition (3.1.10) yields

(.ch:))ABH = (‘LX“B + U:JAC#)\CB — (ZJCB#)\AC = ].))\AB , (3.2.6)

in terms of the exterior covariant derivative D. In order to obtain the full action of the Lie
algebra g of the symmetry group G, let X : g — Vect(M) denote the fundamental vector
fields. For two algebra elements £, ( € g we have

A B _ A
A[&C]Be = 7("£X[5,c]0) K
= _(“g[xg»XdH)AN

= —(£x.£x0) %+ (£x £x.0),

= [£x,(Ac- 9)]AM — [£x (e - 0)4, (3.2.7)
- [(Xgl\C)ABHB“ B (Xc)‘g)ABHB” T A?B("gxsa)Bu - A?B(:’EXCH)BM]
= (KA 7, — (XA 507~ N+ NI,
from which follows
Mg = (e A+ Xede = XA 5. (3.2.8)

In analogy to the terminology introduced in the finite transformation case, we call a map
A which satisfies this relation a local Lie algebra homomorphism.

3.2.3 Local Lorentz transformation and Weitzenb6ck gauge

The rather cumbersome dependence of the local homomorphisms on the manifold M, which
enters through the pullback along 1 in the finite case (3.2.4), and the derivative along the
fundamental vector fields X in the infinitesimal case (3.2.8), can be simplified by performing
a local Lorentz transformation (2.2.28) to the Weitzenbock gauge, so that the transformed
spin connection vanishes, &4 B = 0. In this gauge the invariance condition (3.2.2) under
the finite diffeomorphism 1 = 1,, reads

0= (i) g = Afc [(ATHP s by + 0u(AL) ] = Al cdu (AL, (3.2.9)

and so 8NA§JA p = 0 for all w € G. Similarly, the infinitesimal invariance condition (3.2.6)
with § = X transforms to

0= (fxgot)/)ABM = GMAQAB + (:)/Acu)\lch — (:}ICBM)\EAC = 8M)\/§AB . (3.2.10)
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Hence, in the Weitzenbock gauge A; 01, = A, and X¢Ai = 0, so that the relations (3.2.4)
and (3.2.8) simply read

ANip =Nl N s, Algs =25, (3.2.11)
and thus are the conditions for A’ : G — SO(1,3) and X’ : g — s0(1,3) to be homomor-

phisms of Lie groups and Lie algebras, respectively. Finally, the relation to the original,
local homomorphisms is easily derived as

I
Ap(ie)PB, (3.2.12)
and

O
AN [(XeAP o) (A0, — (£x,60)7,] (3.2.13)

|
/—\/;/—\
\J\_lH\_/
bS
o W W
x
o
Q
+
e
7a2%
-
S}
S
=
=
)
o
=
Q
=

from which one reads off

A=A o) AT DA s, (3.2.14a)
g = (A" (A DAL +XAp) . (3.2.14b)

Note in particular that the latter broadly resembles the local Lorentz transformation (2.2.28)
of the spin connection, which also takes values in the Lorentz algebra. A tedious, but
straightforward calculation shows that these satisfy the original conditions (3.2.4) and (3.2.8)
for the local homomorphisms. This shows that one can find the general form of any telepar-
allel geometry which is invariant under a given group action by first solving the symmetry
conditions in the Weitzenbock gauge, where A’ and X' are global homomorphisms, and
then perform an arbitrary local Lorentz transformation to transform the result into any
other Lorentz gauge. This method is employed for cosmological symmetry in section 4.2.
Further examples are given in our work [H2].

4 Exact spacetime symmetries

In the previous sections we have derived conditions of invariance under the action of a
symmetry group for various geometries, which are used to model spacetime in gravity
theory. We now present the application of these conditions to a selection of geometries
and symmetry groups. In section 4.1 we present our work [H3], in which the most general
metric-affine geometry with spherical symmetry is studied, along with various special cases.
In section 4.2, the most general class of teleparallel geometries with cosmological symmetry
is shown, which was derived in our work [1].

39



4.1 Spherical symmetry in metric-affine geometry

In section 2.2.2, we gave an overview of metric-affine geometry and its characterizing,
tensorial properties. Since the fundamental fields defining this geometry are a metric and an
affine connection, which can be described in terms of first-order reductive Cartan geometry,
the notion of symmetry studied in section 3.1 can directly be applied. This has been done
in our work [I13], where we derived the most general class of metric-affine geometries with
spherical symmetry, and a number of subclasses, which are obtained by demanding that
one or several of its tensor properties (curvature, torsion, nonmetricity) vanish. Here we
summarize this work as follows. In section 4.1.1, we briefly discuss our notion of spherical
symmetry, including symmetry both under rotations and reflections. The most general
metric-affine geometry satisfying this symmetry is shown in section 4.1.2. In section 4.1.3,
we display the characterizing tensors for this geometry. Finally, we discuss special cases
in section 4.1.4, which are characterized by the vanishing of one or more of these tensorial
quantities.

4.1.1 Rotational and reflectional symmetries

The notion of spherical symmetry as invariance under the action of the orthogonal group
0O(3) may be described in terms of two disjoint symmetries. First, one may consider the
symmetry group SO(3) of pure rotations. This is a connected, compact Lie group, which
is generated by its Lie algebra so0(3). Its action on a spacetime manifold M can therefore
be expressed in terms of the fundamental vector fields, which generate rotations. Using
spherical coordinates (¢, r, 9, ¢), these are given by the three vector fields

_ cos p
= — 4.1.1
Ry = sinpdy + tanﬁaw, ( a)
sin
= — — 4.1.1b
Ry cos Oy + tanﬂaso, ( )
R3=—-0,. (4.1.1¢)

The full group O(3), however, consists of two connected components, and so an infinitesimal
description of its action is not sufficient. In addition, one needs to specify also the action
of at least one group element which does not belong to the connected component of the
identity. The most straightforward element to consider is the point reflection, whose action
in spherical coordinates can be expressed as

(t,r,0,0) — (t', 7,0, 0) = (t,r,m =0, 0 +7), (4.1.2)

where the translation of the azimuth angle ¢ is understood modulo 27. However, since a
rotation by 7 around the polar angle is already included in the rotation group SO(3), one
may choose to work with the simpler equatorial reflection

(t,r, 9, 0) = (t', 7,9, 0) = (t,r,m =0, ¢), (4.1.3)

which simplifies a number of formulas to be used later.

4.1.2 General spherically symmetric metric-affine geometries

We first give an overview of Lorentzian metrics with spherical symmetry. By using the
condition (3.1.14) for the generating vector fields (4.1.1) one arrives at the well-known
result that the most general spherically symmetric metric is restricted by the six conditions

g9 = Gtpo = Grd = Gro = 9o = Gpp — G sin? ) = 0 (4.1.4)
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on its components, while the remaining four components are independent. In [76], we chose
to parametrize these free components as

Gu = — 91792 0 Gs, Grp = 91792 c0g Gs, g = €91 gin Gs, goo = 94 \ (4.1.5)
using four free functions Gy (¢,7),...,G4(t,r). The reason for this choice is the fact that its
determinant then takes the simple form

det g = —e?91+291gin2 9 | (4.1.6)

where the negative sign reflects the fact that the metric has Lorentzian signature, irrespec-
tive of the choice of the free functions. It also simplifies the calculation of the inverse,
whose independent components are given by

gt =—e" 92 cosGy, ¢ T =e N2 cosGy, ¢ =e IsinGs, ¢" =e 9, (4.1.7)

and thus take the same form. This simplifies a number of calculations. Finally, we remark
that this metric is also invariant under the reflection (4.1.3), and hence under the action
of the full spherical symmetry group O(3).

For the affine connection, the condition (3.1.10) for the vector fields (4.1.1) yields 44
conditions in the components. One is thus left with 20 free functions of the coordinates ¢
and . One possibility to parametrize the non-vanishing components, which is used in [76],
is given by

Fttt =C1, Fttr =C ) Ftrt =C3 ) Ftrr =Cy ) Ftﬂﬁ = Cy )
FTtt = C5 ) Frtr = Cﬁ ) FTTt = C7 ) FTTT — CS ) 1“7‘1919 — ClO )
Fsptgo = Fﬁtﬂ =Ci1, Fsorzp = Fﬁrﬂ = (2, Ftpgat = Fﬂﬁt = (3, F(pgm“ = Fﬁﬁr =Cu,
C C
T = —2 TV, = —Cizsind, T%.y=—0,
sin 9

sin 9’
C C
[P = —— TV, =—Cysind, I¥g =—> 1Y

sin ¢

sind’
Ftwg = C19 sin v s thp = —Clg sin v s Frgmg = CQ() sin v s Frﬁw = —C20 sin v s

Ftsw = Cysin® ¥, Iy =Cio sin? ¥, 'Yy, =T%,9 = cotdd, 1”9%0 = —sindcos ¥,

IV,, = —Cigsind, (4.1.8)

or = —Clg sin ¢ s

in terms of 20 free functions Cy(t,7),...,Ca0(t, ), while all other components vanish due to
symmetry. In contrast to the metric, however, this connection is in general not invariant
under the reflection (4.1.3). Imposing reflection symmetry leads to the additional conditions

Ci5 =Ci16 =C17 =C18 = C19 = C30 =0, (4.1.9)

thus leaving only 14 free functions to determine the most general affine connection invariant
under the group O(3).

4.1.3 Characterizing tensors

From the metric (4.1.5) and the affine connection (4.1.8), it is straightforward to calcu-
late the curvature (2.2.7), torsion (2.2.8) and nonmetricity (2.2.9). Further, calculating
the Levi-Civita connection (2.2.11), one also finds the contortion (2.2.12) and disforma-
tion (2.2.13). We will not give their full expressions here in terms of the parameter func-
tions Gi,...,G4,C1,...,Co0 given above, as these are rather lengthy, and can be found in
full detail in our work [I13]. However, it is worth mentioning a few general properties of
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these tensors. First, one finds that the non-vanishing, independent components of the most
general rotationally symmetric torsion are of the form

. 3 7/7—‘
Tl =T, Tlyo=Tssin0, T'y=T%,=Ts, T'i=Trsind, T¥y= _sin719 ’
r T . 9 © 9 3 » 7-8
Ttr:E, Tﬂgp:ﬁSlHﬂ, TT‘19:TT‘L,0:7-67 T?"‘P:7.851n197 Trﬁ:_w7
(4.1.10)

while the non-vanishing, independent components of the rotationally symmetric nonmetric-
ity are given by

Qut = Q1, Qur=9Q2, Qur=209Q3, Quip=—Quw = Q118ind,
Qrit = D5, Qrrr =6, Qrir =97, Qurp = —Qury = Qi2sin?,
Qs = Q1 Quop = Qusin®0, Qo = Qo,  Qprp = Qosin® v,
Qrog = Qs Qrpp = Qssin®,  Qyry = Quo,  Qurp = Quosin®d, (4.1.11)
and are therefore expressed in terms of parameter functions Ti(¢,r),..., Tg(t,r) for the
torsion, as well as Q;(t,7),..., Qi2(t,r) for the nonmetricity. This general form can also

be obtained independently of the metric and affine connection we found previously, by
imposing that the Lie derivative of the torsion and nonmetricity tensors with respect to
the vector fields (4.1.1) vanishes. Via the formulas (2.2.8) and (2.2.9), the new parameter

functions 71, ..., 7Tg, Q1,. .., Q12 can be expressed through the original parameter functions
Gi,...,G4,C1,...,Cq. Further, from the torsion, nonmetricity and metric one obtains the
contortion

1
Kip9 = — Ky = §€g1 (TasinGs — T3¢9 cos Gs) sind,
1
Koy = —Krgp = iegl (T3sinGs + Tie 92 cos G3)sin?,
1 Ga ; Ga2 G171 o
Kot = 3 [27}6 + (7?1 sin Gz — T3e”2 cos gg) e ] sin,

1
Kyor = 3 [27§€g4 + (T3sinGs + Tae~ 92 cos Gs) egl] sind,

Kt = €9 (T2sinGs — Tie% cos Gs) , Ky = " t;“; = 975,
Kiypp = €91 (’7'1 sin G + Tae~ 92 cos gg) , Krge = jii:;w = 9175, (4.1.12)
as well as the disformation
Lu=—5Q,  Lur=3Q0Qr, Lipo = =155 = 501~ Q.
err:_%QGa Lrtt:%QE)_QS, Lrﬁﬁsz;Qs—Qlo,
Lin=-3Qs,  Lup=-Tuo=Qusind, Lyy= 545 =20,
Lw=-5Q,  Lip=Loo=Qusind, Lyy= 55 =05 (1LY

One may the use the decomposition (2.2.10) to express the parameter functions Cy, . ..
in terms of the parameter functions Gy, ..
ence of the metric parameter functions G, . .
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., G4, one obtains a one-to-one correspondence

., Q2.

; Cao
Hence, in the pres-



between the parametrizations
Cl,...,CQQ Aaaad ﬂ,...,E,Ql,...,ng, (4114)

which is given by a linear transformation, due to the linearity of the defining equations
of torsion (2.2.8) and nonmetricity (2.2.9), as well as the corresponding inverse relations.
Finally, we remark that the condition (4.1.9) is equivalently expressed as

Ts=Ta=Tr=Ts=Qu=0Q12=0 (4.1.15)

in terms of the torsion and nonmetricity components.

4.1.4 Special cases

Based on the parametrization of the connection by the functions 7i,...,7s associated to
torsion and Qi,..., Q1o associated to nonmetricity, it is now straightforward to derive
the most general symmetric (torsion-free) and metric-compatible metric-affine geometries,
by demanding that the corresponding parameter functions vanish. These conditions that
translate to a simple set of conditions on the original parameter functions Cy, ..., Co, due
to the linearity of the relations (4.1.14). The condition imposed by vanishing curvature,
however, is significantly more involved, since by its definition (2.2.7), it depends quadrat-
ically on the connection coefficients, as well as linearly on their derivatives. The resulting
non-linear partial differential equations arising from the condition R’;,, = 0 are highly
non-trivial. Instead of solving them directly, one can use the fact that the existence of a
flat connection on a simply connected manifold allows to construct a global coframe 64 I
whose constituting covectors are obtained by parallel transport with respect to the flat
and hence path-independent connection. From this construction, which implies that the
coframe components satisfy the condition

0=03,0 —17,,64,, (4.1.16)

then follows that the connection coefficients are given by the Weitzenbock connection (2.2.23),
with the tetrad GAM in place of HAM. The most general tetrad which obeys the symmetry
under rotations was found in our work [[2] and takes the form

6° = Fi cosh Fydt + Fy sinh Fydr, (4.1.17a)
0! = sin 9 cos @(F, sinh F3dt 4+ F cosh Fydr)

+ F5 [(cos Fg cos 1 cos ¢ — sin Fg sin p)d} — sin ¥(cos Fg sin ¢ + sin Fg cos ¥ cos p)dy] ,
(4.1.17b)

0% = sin ¥ sin o(Fy sinh Fzdt + F cosh Fydr)
+ F5 [(cos Fg cos ¥ sin ¢ + sin Fg cos ¢)dv) 4 sin ¥(cos Fg cos ¢ — sin Fg cos ¥ sin ¢)dy] ,
(4.1.17¢)
6 = cos Y(F1 sinh Fzdt + Fy cosh Fudr) + Fs [— cos Fg sin 9ddd + sin Fg sin® 19d<,0} .
(4.1.17d)

in terms of the free functions Fi(¢,r), ..., Fe(t,r). Further imposing also invariance under
reflections on the resulting Weitzenbock connection (2.2.23), one obtains the additional
restriction Fg = 0, so that in this case one is left with only the free functions Fi, ..., Fs.
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4.2 Cosmological symmetry in teleparallel geometry

In our work [[12], where we proposed a general concept of symmetry in teleparallel geometry,
we gave examples of cosmologically symmetric teleparallel spacetimes, i.e., homogeneous
and isotropic teleparallel geometries, which are therefore invariant under both rotations and
translations. This immediately led to the question whether further examples can be found,
and how to obtain an exhaustive classification of cosmologically symmetric teleparallel
geometries. We answered these questions in our work [H4]|, which can be understood as
a continuation of the work [I3] pre presented in the previous section, and which we now
summarize. We start with a brief summary of the conditions of cosmological symmetry
and the overall solution procedure in section 4.2.1. We then summarize several steps
of this procedure and the obtained results. In section 4.2.2, we show how to obtain a
general metric-affine geometry with cosmological symmetry. This is further restricted to a
metric teleparallel geometry in section 4.2.3. The corresponding formulation in terms of a
tetrad and spin connection is given in section 4.2.4. An alternative approach based on the
representation theory of the symmetry group, which immediately leads the tetrad in the
Weitzenbock gauge, is shown in section 4.2.5. Finally, in section 4.2.6, we show an example
application by deriving the cosmological field equations of a general class of teleparallel
gravity theories.

4.2.1 General procedure

From the most general spherically symmetric metric-affine geometry discussed in the pre-
vious section, more restricted classes of geometries can be derived by imposing further
conditions. We now impose the following two conditions:

1. Instead of general metric-affine geometry, only (metric) teleparallel geometry is con-
sidered. Hence, the conditions of vanishing curvature, R*,,, = 0, and vanishing
nonmetricity, @, = 0, are imposed.

2. In addition to the generators (4.1.1) of rotations, also symmetry under three trans-
lation generators is imposed. Using the same spherical coordinate system as above,
these generators take the form

X sin ¢

T} = xsin¥ cos @0, + X cos cos POy — =0y , (4.2.1a)
r rsind
Ty = xsin¥sin 9, + X cos ¥ sin 0y + w o (4.2.1b)
r rsind
T3 = x cos V0, — X sin ¥0y , (4.2.1¢)
r

where we used the abbreviation y = /1 — (ur)?, and u is an arbitrary, real or
imaginary constant. Note that it is more common to introduce a real parameter
k = u? instead, whose sign corresponds to the sign of the curvature of the spatial
hypersurfaces of the resulting geometry, and to restrict its values to k € {—1,0,1}.
For our purposes, however, it turns out to be more useful to introduce a continuous
parameter u, as we will see later.

The most general geometry which satisfies these two additional conditions is derived in our
work [[41]. Three different approaches are used, which can essentially be divided into two
classes:
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1. The most straightforward approach is to start from the most general spherically sym-
metric metric-affine geometry, which is given by the metric (4.1.5) and affine connec-
tion with coefficients (4.1.8), and to further impose the two conditions given above,
in order to restrict the parameter functions Gy, ...,G4 and Cy,...,Coy. Depending on
the order in which they are imposed, one arrives at one of two intermediate steps:
either teleparallel geometry with spherical symmetry, or metric-affine geometry with
cosmological symmetry. Further, one may divide this approach into smaller sub-
classes, by either considering directly the coefficients I'*,, of the affine connection, or
by using the decomposition (2.2.10) into the Levi-Civita connection, contortion and
disformation. The result obtained in all these cases is a metric-affine geometry, ex-
pressed in terms of a cosmologically symmetric metric g,,,, and flat, metric-compatible
affine connection I'*;,,. In order to express this geometry in terms of a tetrad and
spin connection, one then further needs to chose a tetrad representing the metric,
and can derive the spin connection from the tetrad postulate (2.2.29).

2. The second approach makes use of the notion of symmetry of teleparallel geometries
discussed in section 3.2. This approach has the advantage that one obtains the
teleparallel geometry directly in terms of the tetrad and spin connection, which may
be chosen a priori to vanish by working in the Weitzenbéck gauge. This means
that the condition of vanishing curvature and nonmetricity is satisfied already by the
choice of the variables which describe the geometry, and no further equations must be
solved to impose this condition. However, this convenience comes at the cost of the
necessity to chose a homomorphism from the symmetry group to the Lorentz group,
which enters the symmetry condition (3.2.1) in the Weitzenbock gauge. While it
is not difficult to find examples for such homomorphisms, as we have shown in our
work [H2], in order to determine the most general class of cosmologically symmetric
teleparallel geometries, one must determine all possible homomorphisms. This can
be achieved by realizing that any such homomorphism constitutes a four-dimensional
representation of the symmetry group, which preserves a bilinear form of Lorentzian
signature. By using representation theory, all such representations can be obtained.

In the following sections, we give an overview of the single steps mentioned in the two
approaches above, and show how they can be applied in order to determine the most
general teleparallel geometry with cosmological symmetry.

4.2.2 Cosmologically symmetric metric-affine geometry

We start from the metric-affine approach. The first step to consider here is to restrict the
class of spherically symmetric metric-affine geometries given in section 4.1 to cosmological
symmetry, by imposing the following conditions.

1. Spherical to cosmological metric: Starting from the spherically symmetric metric (4.1.5)
and imposing the symmetry condition (3.1.14) for the translation generators (4.2.1),
one finds that the most general metric with cosmological symmetry is given by

2 A? 2,2 2
git = _N ) grr = P ) 9oy = A T, gl,Dl,D = g9y sin 197 (422)

where N (t) is the lapse function and A(t) is the scale factor. This is of course the well-
known Friedmann-Lemaitre-Robertson-Walker metric, in arbitrary time parametriza-
tion.
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2. Spherical to cosmological affine connection: As for the metric in the previous step, one
may impose the symmetry condition (3.1.10) with the translation generators (4.2.1)
on the spherically symmetric affine connection (4.1.8). One finds that the most
general cosmologically symmetric affine connection is given by [76]

K
Ty =Ky, Ty = X—i Ty = Kar?,  T'up = Kor?sin?d,

I 5= =%, =¥, ==, T%, =T%4=cotd, I’,,=—sindcosd
rg =4 =4 = L er = dp =179 = cotv, pp = T SIMUVCOST,
g9 = —rx2, oy = —rx?sin® ¥, Moy =TTy, = K5y sind,

r 9 © r Y © r u2r
FtT:Ftﬁ:tho:’C?)a I‘Tt:rﬁt:r@tzlc4a FTT:X27
Ks sin Ks
,,=-TI",="222""" T%,=-I%,,=— , 4.2.3
r or Y ) Ir XSiIl’L9 ( )

and thus depends on five arbitrary functions ICy (%), ..., KCs(¢) of time.

The geometry obtained after these two steps is the most general metric-affine geometry with
cosmological symmetry. In analogy to the spherically symmetric geometry, it is instruc-
tive to study its curvature, torsion and nonmetricity, before proceeding to more restricted
geometries. For this purpose it turns out to be helpful to decompose the metric in the form

G = =Ny + hyy (4.2.4)

into the hypersurface conormal n,, and spatial metric h,,,, whose non-vanishing components
are given by

A? .
ng=-N, hp= F . hgy = A%r?, hep = hgy sin? 9. (4.2.5)
Further, one derives from the Levi-Civita tensor of the spacetime metric g, which is the

totally antisymmetric tensor with normalized components

N A3r2 sin o
6t7"l9<p = 7”” S s 6t7“19<p == *43X2 N 3 (426)
X N A3r2? sin v
its contraction with the unit normal,
Ewp =N €opvps  €uvpo = A€ upNo) - (4.2.7)

This is the Levi-Civita tensor of the induced metric h,,,, and its components are normalized
as
~ APr?sind o X
Eroe = X © S T Br2sing
The reason for introducing these objects becomes clear below. One finds that the curvature
of the connection (4.2.3) can now be written in the form

(4.2.8)

Kg(}C4*’C1)+/'C3 ’CQ(’C4*IC1)*I.C2

R“Vpa =2 NQ nVn[phg] +2 AQ n”n[phg}y
. 2 _ 2
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where a dot denotes the derivative with respect to the time coordinate ¢. In a similar
fashion, one may express the torsion

T#yp = 2Tihi,ny + 2Tae"y, (4.2.10)
and the nonmetricity
qul/ = 2anpnun1/ + 2Q2nph;u/ + 293}%(“”1/) (4211)

of the cosmologically symmetric metric-affine geometry, where we have introduced the
convenient parametrization in terms of the two torsion scalars

Ky — K5 Ks
== == 4.2.12
n=fik gt (1212
as well as the three nonmetricity scalars
N Ki 1 A Ky KN
— _ = —|K,= = == _ ) 4.2.13
A NN Qo N ( 4 A> ;s N ( )

Note that these five scalars, which are functions of time ¢, yield a parametrization of
the connection (4.2.3), which is equivalent to the five functions functions Ky,..., K5 we
introduced earlier. This can be seen by explicitly inverting the relations above, or by using
the decomposition (2.2.10) with the contortion

K,ul/p = 27—1hp[p,ny] - 7~2£,ul/p; (4214)
and the disformation
Lpul/ = _anpn,unr/ + (QQ - QS)nphm/ — 292]1,;(#”1/) R (4215)

which are readily obtained from the torsion and nonmetricity given above.

4.2.3 Restriction to teleparallel geometry

In order to obtain a teleparallel geometry with cosmological symmetry, one further needs
to impose the conditions of vanishing nonmetricity and curvature. Since these are two
independent conditions, which can be applied in any order, it is instructive to study both
possibilities. If one imposes only vanishing nonmetricity, given by the three scalar func-
tions (4.2.13), one obtains the conditions

KON =N =KgA — A= KoN? — K342 =0, (4.2.16)

which fully determine the connection coefficients K1 and K4, as well as the ratio between
K2 and K3. Also note that this ratio is fixed to be positive, A% /N2, which is a consequence
of the Lorentz signature of the metric.

If one imposes only vanishing curvature instead, one arrives at the conditions

IC5 = KaoKs = K35 = u? + KoK3 — ]Cg = /Cg(IC4 — /Cl) + ng = ’CQ(’C4 - ]Cl) — ICQ =0.
(4.2.17)
To study the possible solutions of this system of equations, it is useful to first distinguish
the following two cases:
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1. v = 0: In this case we have the condition o3 = /Cg, so either both sides are
vanishing or non-vanishing. However, from [Co/Cs = K35 = 0 follows that K5 = 0
or Ko = K3 = 0. Hence, the only option is K5 = K23 = 0. Therefore, at least one
of ICg or K3 must vanish:

(a) Ko = K3 =0: In this case the remaining equations are satisfied. Ky and Iy are
the only parameters left, which are arbitrary and unconstrained.

(b) Ko # 0: In this case, K9 is a free function, while only one of 1 and Ky is left
undetermined, and their difference satisfies

Ky—Ki =22 (4.2.18)

(c) K3 # 0: As in the case before, but now K3 is a free function, and determines
the difference of K and K4 through

Ky—Ky=-=22. (4.2.19)

2. u # 0: Here we can distinguish the following two cases:

(a) K5 # 0: From K2K5 = K3K5 = 0 follows Ky = K3 = 0. Hence, K5 = £u, and
the remaining equations are satisfied. K1 and K4 are left undetermined.

(b) K5 = 0: In this case one has K2K3 = —u? # 0 and so both must be non-zero
and inversely proportional, so that only one of them can be chosen arbitrarily.
This further implies

0 = K23 + KaKs3, (4.2.20)
and so ) )
) s
—K =2 =28 1221
Ky =K1 K, K, ( )

so that the remaining equations consistently determine 4 — K1, while their sum
is left undetermined.

We see that in all cases we are left with two free functions, which parametrize the chosen

branch of solutions, and in terms of which all other parameter functions are determined.
To obtain a metric teleparallel geometry, we must impose both conditions of vanishing

nonmetricity and curvature simultaneously. From the condition (4.2.16) the two parameter

functions 1 and K4 are uniquely determined as

= j\\// Ky = j. (4.2.22)

To solve the flatness (4.2.17) condition, it is again useful to first distinguish two cases:

K1

1. w = 0: Flatness implies K5 = 0 and at least one of Ky or K3 must also vanish. From
metric compatibility follows that if one of them vanishes, so does the other, and so
the only possibility is o = K3 = 0.

2. u # 0: Flatness leaves two options:

(a) K5 = £u: This implies Ko = K3 = 0, and so all functions are fixed.
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(b) K5 = 0: Now one has K2K3 = —u?. Together with metric compatibility this
yields N
A
Ko = tiu—, K3=tiu—, 4.2.23
y=inds, Ky= iy (1223)
where the same sign must be chosen for both terms, so that also in this case all
parameter functions are fully determined.

One sees that the formulas derived for the two branches with u # 0 also hold in the case
u = 0, where they reduce to Ko = K3 = K5 = 0 for both branches. Hence, one finds that
for u = 0, all parameter functions in the connection are fully determined, while for u # 0,
one has either IC5 or Ky and K3 non-vanishing and determined by w up to a sign.

Now it also becomes clear why we have chosen the continuous, real or imaginary param-
eter u instead of the more common discrete parameter k = u? € {—1,0, 1}, as mentioned
in section 4.2.1. We see that u explicitly appears in the connection coefficients, and so
we avoid using a square root. Also note that depending on the sign of u?, only one of
the solution branches for u # 0 yields a connection with real coefficients, while the other
branch becomes complex; we will discuss the implications of this finding later. Finally, we
see that both branches possess a common continuous limit v — 0, which is the reason for
considering a continuous parameter. This allows us to lift the distinction between the cases
u = 0 and u # 0 from now on, and consider the former as a limiting case of the latter.

Finally, it is helpful to calculate the torsion tensor for the two branches of teleparallel
geometries we found above. Using the form (4.2.12), one finds that for the branch with
K5 = 0 one has _

:/\thliijlt’ T2 =0, (4.2.24)
so that the only irreducible component of the torsion is its vectorial part, while for 5 # 0
one finds

Ti

J\;'tl’ To = i%, (4.2.25)
which in addition has also axial torsion. Hence, it makes sense to name these two branches
the “vector” and “axial” branch, respectively. Note that these two scalars fully determine
the connection coefficients through the contortion and the decomposition (2.2.10). For

later convenience, it is useful to introduce the rescaled parameter functions

T =

b=AT, a=AT;, (4.2.26)

as well as the conformal Hubble parameter

oA
H=—F. 4.2.27
X (1227)
Then the two branches are characterized by
v=H=*iu, a=0 (4.2.28)
and
v=H, a==Hu, (4.2.29)
respectively.
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4.2.4 Tetrad and spin connection

As discussed in section 2.2.3, it is more common to express a teleparallel geometry in
terms of a tetrad and a spin connection, instead of the metric-affine formulation in terms
of a metric and affine connection. The most obvious possible choice of a tetrad for the
Friedmann-Lemaitre-Robertson-Walker metric (4.2.2) is the diagonal tetrad

00 =Ndt, 0= 4dr, 0% = Ard¥, 67 = Arsindde, (4.2.30)
X

where we use a prime here to denote the diagonal gauge, to distinguish it from the Weitzen-
bock gauge used later. Given this tetrad and an affine connection with coefficients I'*,,,, the
corresponding spin connection is uniquely determined from the tetrad postulate (2.2.29).
For the cosmologically symmetric affine connection (4.2.3) and the diagonal tetrad (4.2.30),
the spin connection is given by

0 n ” 3 A
WOt:’Cl_Na Wiy =wiy =w 3t=/C4—],
o NK o NEKor o NKarsind

BASTEES Ay Whay = ==, Wip= —

n AK3 2o AKCsr B AK 37 sin

W or = NX ) W oy N ) w 0p — N 3 (4231)
K
13 2 5 1 13 2 1 :
w9, = —w 37«:?7 Wigy = —w 9 =Ksr, wi,=-—w 2, =Ksrsind,
2 1 13 /1 : 13 2
Wihy = =W 29 =X, Wop=—W 3, =xsinY, wy, =—-w"3, =cos?.

Note that this spin connection is neither flat, nor antisymmetric in general; imposing
these conditions corresponds to the analogous conditions (4.2.16) and (4.2.17) on the affine
connection, from which we obtained to solution branches in the previous section. For these
two branches, one finds the following spin connections accompanying the diagonal tetrad:

1. For the vector branch (4.2.24), the non-vanishing spin connection components are

given by
/1 2 /1 13 : 2 13
Wioy =Wy ==X, W 3p=—W",=—xsinv, w3, =—w"y, =—cos?,
10 n & 10 1) . 10 13 . :
Wil =W or=F—, W2y=WwWoy=FwWr, w3p,=w sziFZUTSln’ﬂ.

(4.2.32)

2. For the axial branch (4.2.25), one has the non-vanishing spin connection components

n 3 . 2 3 u 2 3
Wiz = —w, = —xsind, w3 =-—w 2,1::&;, W3, = —w'a, = —cos,

11 2

/ /1
W9 =—Wi19=—X, W

21¢ = tursing, W'y =—w?y = Fur.

(4.2.33)

’
20 = —W

One easily checks that these components define a flat, antisymmetric spin connection, cor-
responding to a metric teleparallel geometry, and so we may denote them with the notation
oA By introduced earlier. It then follows that there exists a local Lorentz transformation
A4 g, which acts on the tetrad and spin connection using the prescription (2.2.28), such
that one obtains the Weitzenbock gauge &4 Bu = 0. For the two solution branches, these
local Lorentz transformations and resulting tetrads in the Weitzenbdck gauge are given as

follows.
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1. For the vector branch (4.2.32), one may achieve the Weitzenbock gauge using the
local Lorentz transformation defined by

X  Fiursindcosy Fiursindsing Fiurcost
Mg = Fiur  xsindcosp Xsmﬂ?mgo XC9819 ' (4.2.34)
0 cos ¥ cos cos ¥sin —sin ¢

0 —singp cos ¢ 0

Applying this local Lorentz transformation to the diagonal tetrad (4.2.30), one obtains
the non-diagonal tetrad

00 = Nydt + iu.Aidr : (4.2.352)

6! = A [sind cos p (dr + iuﬁrdt) + rcos v cos d¥ — rsin ¥ sin godgo} , (4.2.35D)

0% = A |sindsin g (dr + iuﬁrdt) + rcos ¥ sin dd + r sin ¥ cos godgo] , (4.2.35¢)

03 = A |cos? <dr + iu/;l/rdt> - rsinﬁdﬂ] : (4.2.35d)

Note that the two sign choices are related by simultaneously performing a (time
orientation changing) Lorentz transformation §° +— —#Y and a reparametrization
Ndt — —Ndt. Hence, both choices describe the same teleparallel geometry.

2. For the axial branch (4.2.33), the Weitzenbock gauge is obtained from the local
Lorentz transformation

1 0 0 0
AL 0 sin 4 cos sin 9 sin ¢ cos v
B 0 xcosdcosptursing xcosdsing Furcosy —xsind

0 Zfurcosdcosy — xsing xcosy £ urcosvsing Fursind
(4.2.36)
The corresponding tetrad in the Weitzenbock gauge, which is obtained by transform-
ing the diagonal tetrad (4.2.30), is then given by

6° = Ndt, (4.2.37a)
in ¢
0l = A [Wdr + r(x cos ¥ cos p £ ursin p)dd
X
— rsind(x sin ¢ F ur cos ¥ cos Lp)dgo} , (4.2.37D)

6? = A [smﬁsmg@dr + r(x cos ¥ sin ¢ F ur cos p)dv

+ 7 sin J(x cos ¢ & ur cos ¥ sin ap)dgo} , (4.2.37¢)

cosY

03 =A [ dr — ry sin¥9dy T ur? sin’ ﬂd@} . (4.2.37d)

Also in this case one has two sign choices. However, note that these are not related
by a local Lorentz transformation and reparametrization, so that they constitute
different teleparallel geometries.
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We finally remark that the two local Lorentz transformations given above are not unique.
Performing in addition a global Lorentz transformation preserves the Weitzenbdck spin
connection &4 By = 0, while giving another tetrad. This is regarded as describing the same
teleparallel geometry.

4.2.5 Representation theory approach

In |77], we also presented another approach in order to derive the most general cosmo-
logically symmetric teleparallel geometry shown above, which makes use of the notion of
symmetry detailed in section 3.2. Since we only consider connected symmetry groups here,
generated by the vector fields (4.1.1) for rotations and (4.2.1) for translations, it is sufficient
to study the infinitesimal symmetry conditions (3.2.5). To further simplify the procedure,
one works in the Weitzenbock gauge, in which a teleparallel geometry which is symmetric
under the action of a Lie algebra of generating vector fields is characterized by the existence
of a Lie algebra homomorphism A : g — so(1, 3) from the symmetry algebra to the Lorentz
algebra. Hence, to find all symmetric teleparallel geometries for a given symmetry algebra,
one must construct all such homomorphisms, and then solve the corresponding field equa-
tions. Writing the basis elements of the Lorentz algebra as J; and K;, with ¢ = 1,2,3 and
the Lie brackets given by

[Ji, J]’] = 5ijk<]k N [Ki, Kj] = _eiijk s [KZ’, Jj] = Eiijk s (4.2.38)
these are given as follows:

1. The trivial homomorphism:

A(R)) =A(T;)=0. (4.2.39)
2. The vector homomorphism:
AR) =Ji, ANT) = Liuk;. (4.2.40)
3. The two-form homomorphisms:
AR) =Jdi, ANT;) = tuld;. (4.2.41)
A full derivation is given in our work [H4]. One finds that for the trivial homomorphism

no tetrad exists which satisfies the symmetry condition (3.2.5), as we have proven in [35].
For the remaining representations, one can choose an explicit matrix representation of the
Lorentz algebra, given by the matrices

000 0 0 0 00 00 0 0
000 0 0 0 0 1 00 -1 0

fi=10 00 —1|° 2=lo 0 00| B=|lo1 o of “24%
001 0 0 -1 0 0 00 0 0
0100 0010 000 1
100 0 0000 0000

B=loooo0|l ®=(1000|l ™=|oo0o0o0 (4.2.42b)
0000 0000 100 0

It then turns out that the homomorphism (4.2.40) leads to the tetrad (4.2.35), while the
homomorphism (4.2.41) leads to the tetrad (4.2.37). Finally, we remark that the two sign
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choices for the vector case (4.2.40) are related by a basis transformation K; — —K; of
the Lorentz algebra, and so constitute conjugate representations. This is not the case for
the two-form branch (4.2.41). This finding is closely related to the fact that in the former
case, the sign in the tetrad (4.2.35) can be absorbed into a Lorentz transformation and
reparametrization, which is not the case for the tetrad (4.2.37).

4.2.6 Cosmological gravity field equations

As an application of the most general cosmologically symmetric teleparallel geometry found
above, one may derive the cosmological field equations for a given teleparallel gravity theory.
As an instructive example, we display the equations for a generic class of theories defined

by the action
1

2k2

where F is a free function of the three scalar torsion invariants

Sy = / F(Ty, Ty, Ts)0d z, (4.2.43)
M
Ty =T""Ty,, To=T""T,,,, Tz3=T",,T,"". (4.2.44)
The field equations derived from this action are given by
1 o . . .
H2@uu = HzE;w = §~Fguu +2V?* (—F,lTyup + ‘/—..72T[PM]V + —F,3Taa[pgu]u>
. . . 1 . . .
4-}g7w0ﬂ(7gm«—2ibdy)-ifgzwgp(Iwuy+-zqumﬂ) (4.2.45)
1 ) . ) ) . )
+ 5]:,2 [Tupg <2Tpm/ - Tl/pO') + Tpgu (QT[pa]u - Tupa)} 3

where commas denote derivatives with respect to the numbered arguments. By impos-
ing cosmological symmetry on these field equations, it follows that the energy-momentum
tensor must take the perfect fluid form

Ouv = (p + P)nun + PG = prpny + phyu (4.2.46)

where the matter density p and pressure p are functions of time only. For the gravitational
side of the field equations, this implied that they must be of the same form

Euy = N+ 9)nuny + g = Nnpn, + Hhy (4.2.47)
and so the cosmological field equations take the general form
p=N, p=9. (4.2.48)

The expressions on the right hand side depend both on the gravity theory under consid-
eration and the chosen cosmologically symmetric tetrad. For the action (4.2.43) and the
tetrad (4.2.37) in the Weitzenbock gauge, or equivalently the diagonal tetrad (4.2.30) with
the spin connection (4.2.33), one finds the cosmological field equations

f
K2p = ~-3 +3H*(2F 1 + Fa+3F3), (4.2.49a)
Wp =7 — (H+3H?)2F 1 + Fo + 3F)
2
8 [Fa = Fa b 6B (Fan +8F 25 — 21+ Faz — 8F )]
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— 6H?H (F11 4+ 4F12 + 12F 13 + Foo + 6F 23 +9F33) , (4.2.49b)

while the diagonal tetrad with the connection (4.2.32), or equivalently the tetrad (4.2.35)
in the Weitzenbock gauge yields the field equations

IQQ[): —g—FBH (H—ﬁ) (2./—‘:1 —}—]:72—}—3]:’3), (4250&)
F . u o u?
K2 = 5 (H +3H? - BiH 7 — A?> (2F1 + Fo +3F3)
UN\2 /- Uu
— (H_Zﬂ) (H—}_ZHX) (Fau1 +4Fi2 +12F 13+ Fao + 6F 23 + 9F 33) ,

(4.2.50D)

where we have introduced the Hubble parameter and its cosmological time derivative de-
fined by

A 9A O H

H=2=22 H=2" 4.2.51

A~ AN N (4.251)

and where the function F and its derivatives must be evaluated at the cosmological values
Ty =647 —T72), To=-38T7+7T7), T3=-977. (4.2.52)

In the limit © — 0, in which both cosmologically symmetric teleparallel geometry branches
meet, both field equations take the common form

K2p = —g +3H?(2F 1+ Fa+3F3), (4.2.53a)
F oo
K°p = 5 —HA+ 3H)(2F1 + F2 +3F3)
— 6H?H (F11 + 4F12 + 12F 13+ Foo + 6F 23 + 9F33) . (4.2.53b)

It is remarkable that although the different tetrad branches yield the same Friedmann-
Lemaitre-Robertson-Walker metric (4.2.2), they exhibit different cosmological dynamics,
thus resulting in a different evolution of the cosmological scale factor. However, one may
argue that depending on the sign of the curvature parameter k = u?, there is always
exactly one real tetrad branch, and so this branch must be chosen in order to obtain the
correct dynamics for this sign choice. It is nonetheless remarkable that even following
this argument, one obtains essentially different dynamics for both cases, which exceed the
simple change of sign which happens in curvature-based gravity theories, where k enters
through the metric only.

5 Perturbed spacetime symmetries

In the previous sections we have studied geometries which are invariant under the action
Y : G x M — M of a transformation group G on the spacetime manifold M. Already this
simple assumption captures various physically motivated examples, including homogeneous
and isotropic cosmology and spherically symmetric gravitating objects. Further examples
can be investigated by studying perturbations around such exact symmetric spacetime. In
this case the symmetry of the background spacetime leaves an imprint on the structure of
the perturbation, allowing them to be decomposed into irreducible representations of the
symmetry group, thus leading to a significantly simplified description. In the following two
sections we discuss two emanations of this concept: gauge-invariant linear cosmological
perturbations in teleparallel gravity in section 5.1 and gauge-invariant post-Newtonian
perturbations in section 5.2.
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5.1 Gauge-invariant linear perturbations in teleparallel cosmology

An important framework in order to test the viability of gravity theories using observations
in cosmology, such as the cosmic microwave background, is the theory of cosmological per-
turbations. Its most convenient formulation makes use of the invariance of a gravity theory
under consideration under infinitesimal diffeomorphisms, which allow the description of the
perturbed geometry of spacetime in terms of gauge-invariant quantities. Conventionally,
this framework has been employed in theories whose dynamical field variable is the metric.
It has also been used in the study of teleparallel gravity theories, which employ a tetrad as
a fundamental field variable, but this study has been limited to spatially flat backgrounds.
In our work [I15] we extended the framework of gauge-invariant cosmological perturbations
to all cosmologically symmetric backgrounds presented in section 4.2. Here we provide
a summary of this work, and complement the decomposition of the teleparallel geometry
modeling the gravitational interaction with a discussion of the corresponding matter com-
ponents, to obtain a complete view of the formalism. In section 5.1.1, we explain the split
of the tetrad perturbation in time and space components. In section 5.1.2, we display their
transformation under infinitesimal diffeomorphisms, from which we derive gauge-invariant
perturbation variables in section 5.1.3. We then apply this decomposition to the perturbed
gravitational field equation, whose structure we discuss in section 5.1.4: we decompose the
gravitational side in section 5.1.5 and the energy-momentum side in section 5.1.6. This
leads to the fully gauge-invariant field equations in section 5.1.7. We show how these
are subject to the Bianchi identities, which are complemented by the energy-momentum
conservation of matter, in section 5.1.8. As an illustrative example, we derived the per-
turbed cosmological field equations of the teleparallel equivalent of general relativity in
section 5.1.9.

5.1.1 Space-time split of linear perturbations

In the following, we will discuss linear perturbations of the cosmologically symmetric
teleparallel geometries displayed in section 4.2. For simplicity, we work in the Weitzenbock
gauge (:}AB# = 0, and so the background tetrad G_A# is given by one of the tetrads (4.2.35)
and (4.2.37), depending on the choice of the branch to be considered. Imposing the Weitzen-
bock gauge also for the perturbations, a general perturbation of this geometry is then given
by a tetrad perturbation of the form

04, =04, + 564, (5.1.1)

While it is entirely possible to directly use this form of the perturbations, which is con-
ventionally done for a diagonal background tetrad [25, 51, 19], it turns out to be rather
cumbersome for the non-diagonal background tetrads we consider here. However, this
difficulty can be circumvented by introducing the perturbations

Tuy = nABg_A,LL(SQBU ) (512)

which carry only spacetime indices [158]. This approach significantly simplifies the decom-
position of the tetrad perturbations into their temporal and spatial parts, and thus the
resulting field equations.

In order to perform the aforementioned 3 + 1 decomposition into spatial and temporal
components, we now assume that the spacetime manifold M is globally hyperbolic, and so
has the form M = R x ¥, with a purely spatial manifold . We then work in coordinates
(z#) = (t,2*) which respect this product structure, such that ¢ is the time coordinate on R,
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while (z%) are the spatial coordinates on ¥. The former carries a canonical metric dt ® dt,
while we assume the latter to be a maximally symmetric space, equipped with a metric

dr ® dr

m +T‘2(d’l9®dl9+sin2’l9d<p®dtp) (5.1.3)

Yapdz? ® dab =
in spherical coordinates, where u is the curvature parameter appearing in the background
tetrad. This allows us to write the background metric (4.2.2) on M as a warped product
metric

guda! @ dz” = nABéAuéBl,dx“ @ dz’ = —N2dt @ dt + Aygpda® @ dab, (5.1.4)
where we identify the induced metric on the spatial hypersurfaces of constant time ¢ as
huwde! @ da? = A%ypde® @ da’ . (5.1.5)

Similarly, we write vgp. for the Levi-Civita tensor of 7., which is related to the Levi-Civita
tensor €,,,, of hy, by

Eupda! @ dz” @ da? = Avgpedz® @ dab @ dze, (5.1.6)

as follows from the relation (4.2.7).

In the following we will be working with linear perturbations, and so the background
metric will be used for raising and lowering indices. However, since the components of the
spacetime metric g,,, depend on time through the time-dependence of N and A, using 7,
for this purpose would not commute with taking time derivatives, so that for a vector field
XH# one has

0r Xy = 0(guX") # Gu 0 X" . (5.1.7)

It is therefore more convenient to define the space and time components as tensor fields
on Y, and regard the time t as an extrinsic parameter, so that one can use the metric 74,
in order to raise and lower indices on spatial tensors. To distinguish such spatial tensors
on Y, which now carry a dependence on the extrinsic time parameter ¢, from tensors on
the spacetime manifold ¥, we denote them with a hat. Using the metric v, on 3 has
the advantage that it does not depend on the time ¢, and so raising and lowering indices
commutes with taking time derivatives. Thus, expressions of the form

Xa = 8tjzva = 8t(7abXb) = VabatXb = 'YabXb (5-1-8)

have a well-defined meaning. In order to connect this convention to the usual raising and
lowering of indices for tensor fields on M, suitable factors must be introduced. For a vector
field X = X*0,, we write

X =N"1X%, + A71X%,, X'=-n,Xt=NX" X°=AX® (5.1.9)

for the temporal and spatial components. Conversely, for a covector field a = o, da* we
write

a=Nagdt + Adgdz®, & =nto, = N lag, G,=A"ta,. (5.1.10)

Multiple factors are introduced if there are multiple indices present.
Also for the covariant derivatives on M a suitable decomposition must be performed.
For this purpose, it is helpful to introduce the Levi-Civita covariant derivative d, defined by
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the metric v,5 on X, which acts on spatial tensor fields. Given vector fields X = X*#0,, 7 =
Y*#0,,Z = Z"0,, related by

N2, + A1 290, = Z = VxY = (X'V,YH)d,, (5.1.11)
one finds that the space and time components of the covariant derivative are given by

Z2° =N1X%9,7v0 + A1 X%, VO + Hyppy XY, (5.1.12a)
7% = N71X%9,v* + A1 X0, VP + HXY?, (5.1.12b)

where the Hubble parameter (4.2.51) enters through its appearance in the coefficients f“up
of the Levi-Civita connection.

For the tetrad perturbation (5.1.2) introduced above, the decomposition into spatial and
temporal parts gives rise to a scalar 7y, two vectors 7,0 and 7y, as well es a rank-2 tensor
Tap- These spatial tensor fields are further decomposed into the irreducible components

f0=N"2m00=0, o= (AN) Lo = dpJ + by,  Fao = (AN) 270 = o + 0a

. _ A . R 8. 1,

T = A 27'ab = YYap + dodpd + dpcy + Uabc(dcf + wc) + iqab. (5.1.13)
Here q@,j’, 7, @ZA), 0 are scalars, f is a pseudoscalar, b, Da, Cq are divergence-free vectors, w,
is a divergence-free pseudovector and g, is a trace-free, divergence-free, symmetric tensor.
They are subject to the conditions

dab® = dg9* = do® = da0® =0, dag® =0, Gy =0, G"=0, (5.1.14)

where d, denotes the Levi-Civita covariant derivative of the maximally symmetric spa-
tial background metric v4,. In the following sections, we will discuss how to use these
components in order to express the perturbed cosmological field equations in teleparallel
gravity.

5.1.2 Gauge transformation

One of the advantages of the decomposition (5.1.13) becomes apparent if we consider gauge
transformations, i.e., changes of the perturbations under an infinitesimal coordinate trans-
formation. Such a transformation is equivalent to an infinitesimal diffeomorphism, gener-
ated by a vector field X*, which changes the coordinates to

=2t + XFP 4+ O([X]?). (5.1.15)

Under this transformation, the components of tensor fields change by their Lie derivatives.
In particular, for the tetrad one thus finds the relation

04, = 0", + (£x0)4, + O([X]?) = 04, + (£x0)2, + O([X, 66)?), (5.1.16)

where the last expression denotes the fact that we neglect any terms which are of more
than linear order in the vector field X*, the perturbation (59‘4“ or their product, hence
allowing us to replace the Lie derivative of 0’4“ by that of the background tetrad 9‘4,“
which is already of linear order in X*. In then follows that also «9"4# can be regarded as a
perturbation around the same background 971/“ where the perturbations are related by

504, — 50’4, = (£x0)4,, (5.1.17)
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where we have no omitted any higher order terms, and kept only the linear perturbation
order. Further rewriting the transformed perturbation (59"4“ to have two lower spacetime
indices, thus defining T;W in analogy to 7,,, one finds

Ox T = Ty — Thyy = Vo Xy = Tw" X, =V, X + KX, . (5.1.18)

The transformation dx7,, of the tetrad perturbation can further be decomposed into the
irreducible components (5.1.13) we introduced earlier. To achieve this decomposition, one
decomposes the vector field X*# in the form

Xo=X1, Xo=dX|+Z (5.1.19)

into two scalars X L and X | as well as a divergence-free vector Za, which satisfies daZ @ =0.
Decomposing the gauge transformation (5.1.18), one finds that the irreducible components
obey the transformation rule

S XA X o aX) X
X¢ NA y X0 A ) X N A )
- NXJ_ + (NU — 8tA)XH A CLXH A 8tXL
0xj = oxl=——+ Ox¢p = 5.1.20
for the (pseudo-)scalars,
o Za NZy 04 . (No—0,A)7Z, R aZ
OxCo=—, Ox0q= - , Oxby="——F—""— O0xW,=— 5.1.21
A R VA L NA X s
for the (pseudo-)vectors, as well as
SxtGap = 0 (5.1.22)

for the symmetric, trace-free tensor component. Note in particular that the right hand
side contains the torsion components a and v which are different for the two branches
of cosmologically symmetric teleparallel geometries. This is related to the fact that the
background torsion enters into the gauge transformation (5.1.18).

5.1.3 Gauge-invariant perturbations

From the gauge transformation found in the previous section it is now straightforward to
construct gauge-invariant combinations of the irreducible perturbation components. For
this purpose, one first realizes that the components (5.1.19) of the generating vector field
can be expressed in the form

X” =Adxo, X, =A [(5)(,7 + ((‘)/\7’4 — n> 5X&] , o = Abx¢q (5.1.23)

in terms of the resulting transformation of the perturbation components &,j and é,. For
each of the remaining perturbation components, one can then eliminate the corresponding
induced transformation components. This yields the gauge-invariant (pseudo-)scalars

E={+a5, y= Af;& (%—n)&, Y=19+ { (8;\;,4—0&],
A .
( )a}—/\/ﬁ[ ( )a}, (5.1.24)
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the gauge-invariant (pseudo-)vectors

va_@ﬁ(n—%‘l)@—f/@éa, Ba—3a+<%4—n>ca, Wq = e +0aéq, (5.1.25)

and the symmetric, trace-free tensor

dab = dab (5.1.26)

which is already gauge-invariant by itself. By comparison with the gauge transformation
of the irreducible components, one finds that their transformations cancel for the terms
given here, so that they are indeed invariant under gauge transformations. In other words,
we identify the gauge-invariant tetrad perturbations with the tetrad perturbations in a
particular, fixed gauge, which is given by the gauge conditions j = & = 0 and &, = 0.

5.1.4 Field equations

In order to derive the dynamics of the gauge-invariant perturbation components defined in
the preceding section, we need to consider the gravitational field equations of the gravity
theory under consideration. Here we do not specify a particular theory, but consider a
generic tetrad field equation of the form

EAF 4 @ H = EpH = O " = O4% + Ty*, (5.1.27)

where the background equations E4* = © 4" satisfy the cosmological symmetry, so that
they take the general form (4.2.46) and (4.2.47). Here we have already decomposed the field
equations by defining the linear perturbations €4 and T 4*. Note that we defined them
using mixed indices; since they are linear perturbations, we use the background geometry
to transform them into the spacetime expressions

€ =0%,5,,€4", T =04,5,,3a". (5.1.28)

In order to express these field equations in terms of the gauge-invariant variables obtained
from an irreducible decomposition of the tetrad perturbation, one must apply a similar
irreducible decomposition. Here we follow the same approach as in section 5.1.1, where
we introduced the 3 + 1 decomposition of tensor fields on the cosmologically symmetric
background spacetime. This is shown separately for the gravitational part and the energy-
momentum part of the field equations below.

5.1.5 Gravitational field tensor

Following its definition (5.1.28) in the previous section, we now apply an irreducible de-
composition to the perturbation &,, of the gravitational part of the field equations. We
proceed in full analogy to the decomposition (5.1.13) of the tetrad perturbation, using the
same symbols for the irreducible components, but with uppercase letters. Hence, we define
the components as

éOO:N_2€00:i)7 éf01): (.AN)_le(]b:dbj—FBb, éaOZ(-AN)_leEaOZday‘i‘Vaa
N . R ) X . 1.
Cap = A7 €ap = Ve + dady S + daCl + Vane(d°E + W) + 5 Qup (5.1.29)

Here, in analogy to the irreducible ‘components of 7,,, the expressions <I> J Y \Il S are
scalars, = is a pseudoscalar, Ba, Va, C, are divergence-free vectors, W, is a divergence-free
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pseudovector and Qab is a trace-free, divergence-free, symmetric tensor. Hence, they are
subject to the conditions

doB* =d,V* =doC* =dW* =0, daQ® =0, Quy=0, Qu"=0, (51.30)

Also note in particular that the term involving C, in the decomposition (5.1.29) has the
opposite order of indices compared to the similar term involving ¢é, in the analogous de-
composition (5.1.13). The reason for this choice becomes clear when we study gauge trans-
formations of the gravitational field equations. Here we follow the same principle as for the
tetrad perturbations shown in section 5.1.2, and use the field equations in the form (5.1.27)
as the starting point. Under an infinitesimal diffeomorphism generated by a vector field
X" the perturbation of the gravitational side of the field equations undergoes the change

5quA“:QfA“—Qf:4“:(ExE)A“:XV&,EA“—a,,X“EA”. (5.1.31)

In order to obtain the transformation of the expressions €,, in spacetime indices, we
transform the indices with the background geometry, which allows us to to write the gauge
transformation in the form

Ox € = 02 ,G,,0x€a" . (5.1.32)

Using the form (5.1.19) of the generating vector field, one can decompose this transforma-
tion into its time and space components, which yields

N X, — X, M

dx Ego = 7 : (5.1.33a)
. — (M + 9)A (Ao X + Zp) + NAD (X + Z

5o — No$H — (N + 9)0rAl(dp X || + Zp) + NAD(dp X || + Zb) ’ (5.1.33)

NA

- (No— QAN X + Za) — N X

dx€q0 = NA , (5.1.33c)
R A — A8 )X | Vap — abe(d X 4+ Z2¢) = N9da(dp X + Z

Sy, = DOAT AN va/ﬁ[; |+ 29 = Ny ¥ Z0) g a3

Further using the decomposition (5.1.29) of the field equations, we can now easily identify
the transformation of the irreducible components. We find that the scalar components
transform as

. NOH — (N +H)RAX | + NAGX, . DA — AXSH . 9HX|
oxdJ = ox¥V=—-———"-X oxY=——+—
X NA . A X VA 1 7A X A 1
5o — NOX | — X 1 ON soa_ DX o o W - QAKX - NOX,

X¥ = N ) X= = A ) Xt = NA )
(5.1.34)
while for the vector components we have
. (No— 9, ANZ, R 97, . HaZ,
6 Va - 5 (5 C = — s 6 W = -,
X NA XLVa i4 X Aa A
~ [NU;") — (‘ﬁ + 5)61}./4] Za + m.AatZa

0x By = ) 5.1.35

and finally the tensor component is gauge-invariant,
OxQap = 0. (5.1.36)
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This allows us to proceed in analogy to the tensor component of the tetrad perturbation,
and to construct gauge-invariant quantities by adding suitable multiples of the tetrad com-
ponents j, &, &, whose transformations then cancel those intrinsic to the components of the
field equations. One thus defines the scalars

& HOA—AGS [+ oA & A A= R

v =y — N []—l—(N n) ], X=X+%H6, E=E+aH0,
& s (NU-@tA)f) ‘ﬁ.ABtU O <tA_ > “ A
J=J— N , Y=Y+ N o | (N+9H)5+ H7,

s 2 NOA— AD ] A OrA R

®=0— H{ ( n)a]—Nat[jJr(;v,—n)a], (5.1.37)

the vectors

A

Va:Va‘i‘(abA_U)méaa Ca:éa‘i‘f)é(m

N
B, =B, — (No — 875./4)5;\)/% + NAD e, ’ W, = W, + afié, | (5.1.38)
as well as the tensor R R
Qab = Qaba (5139)

and finds that these are indeed invariant under gauge transformations. Hence, it follows
that for any diffeomorphism-invariant theory of gravity they can be fully expressed in terms
of the gauge-invariant tetrad perturbations defined in section 5.1.3. Finally, it is helpful to
remark that the gauge-invariant quantities here form the components of a tensor €,,, in
full analogy to the decomposition (5.1.29). Note that this tensor agrees with the original
tensor €, if and only if the gauge is chosen such that J,6, ¢, vanish.

5.1.6 Energy-momentum tensor

The gravitational part of the perturbed gravitational field equations (5.1.27), which we
discussed in the previous section, must be complemented by a corresponding perturbation
of the energy-momentum tensor, which we discuss next. Recalling that the background
energy-momentum tensor ©,, must take the perfect fluid form (4.2.46) in order to be
compatible with the cosmological symmetry, one finds that by adding a perturbation it
takes the general form

O :NQ(ﬁ+5ﬁ— 2ﬁ7200) , (5.1.40&)
Opa = —AN [2p7(00) + (P + D)1l (5.1.40Db)
Oab = A* [PYab + 20%(at) + 0P Vab + Rab) - (5.1.40c)

Here p and p are the background values of the energy density and the pressure, while
6p = 6p and dp = Jp are their perturbations. The latter are scalars, and therefore do not
change when they are pulled back to the spatial slices as argued in section 5.1.1. This
is different for the remaining two perturbation components, which are the spatial fluid
velocity perturbation du, = Adt, and the anisotropic stress mq, = A%74. The former has
three independent components, while the latter is assumed to be trace-free, Y%7, = 0,
and symmetric, 7y = 0, and so has only five independent components. Together with the
density and pressure perturbations one thus has ten components, which is to be expected
for the energy-momentum tensor. Note that di, and 7, can further be decomposed into
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irreducible components, in order to decompose the matter side of the field equations in the
same form as the gravitational side. For this purpose, one needs the energy-momentum
tensor perturbation (5.1.28) with lower spacetime indices, which follows from its definition
as

L =0 — Oy, — ng(TpM@UV + 2T(Vp)@0'u/) . (5.1.41)
Inserting the energy-momentum tensor (5.1.40), and using the decomposition (5.1.13) of
the tetrad perturbation, one finds the energy-momentum perturbation

Too = 0p+ po, (5.1.42a)
Top = — [(p + p)dtuy, + p(0y + dpd)] (5.1.42b)
0= — [(p + P) (8t + D + dai)) + plba + daf)] (5.1.42¢)
) R . 1

Tab = 0PVab + Tab — P [ﬂwab + dpdaG + daChy — Vape(d°E + w°) + lab| - (5.1.42d)

In order to work in a fully gauge-invariant formalism, also the matter variables must be
expressed through gauge-invariant quantities, which are separated from the pure gauge
quantities. In order to obtain these quantities, one studies the gauge transformation of
the energy-momentum tensor perturbation, which is defined in full analogy to that of the
gravitational side of the field equations shown in the previous section. Its split into time
and space components therefore has the same form as the corresponding split (5.1.33), with
p in place of 9T and p in place of §, and thus reads

poX| — X1 0ip

IxToo = N ; (5.1.43a)
. Noj — (5 + D)0 Al (dp X + Zy) + pAd(dp X + Z

SxSop = Wop — (p + p)OrA[(dp X)) + Zp) + pAG(dp X + b)’ (5.1.43D)

NA

_ (NU — 8tA)ﬁ(daXH + Za) _diaXJ_

OxTao = NA , (5.1.43c)
. 50t A — A0iP) X | Yap — NPavape(d° X + Z¢) — Npda(dp Xy + Z

xSy = L2 D) X170 - Noaw ;[(A |+ 25 = NPdalde Xy + 26) g yaq

By comparison with the components (5.1.42) of the energy-momentum tensor perturbation,
one thus finds that the matter variables obey the transformation rules
B X, 0ip _Xﬂatﬁ A Za+doX|

Ox6p = N Ox0p = N 5X5aa=—/vat y ,

OxTap =0.

(5.1.44)
It is then straightforward to define gauge-invariant matter variables, following again the
same procedure as for the tetrad perturbations and the gravitational side of the field equa-
tions. From the transformations above one reads off the gauge-invariant energy density
and pressure given by

5 o Adip |~ %_ . s Ao |~ %_ .
E=6p+ N []+(N U>O‘], P =0dp+ 1% |:]+<N U)U}. (5.1.45)

For the velocity perturbation dt,, it is helpful to first perform a decomposition into a
longitudinal scalar component and a transverse divergence-free vector component. These

give rise to two gauge-invariant variables via

Xy 4 doL = dl1q + ;\4[&(6@ +da6). (5.1.46)
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Finally, 7, is already gauge-invariant. It can further be decomposed into a scalar, vector
and tensor component,

L1 . N
ftap = dadpS — gAS’Vab + d Vo) + Tab (5.1.47)

each of which is gauge-invariant on its own. Here we used the spatial Laplace operator
A = d,d*. Inanalogy to the gauge-invariant tensor €, defined in the previous section, one
can then define the corresponding gauge-invariant energy-momentum tensor perturbation
as

Too=E+ po, (5.1.48a)
Top = = [(+P) (A + dL) + (% + o) | (5.1.48b)
T =— [(ﬁ + D) ( Xy + do L+ Vo + doy) + pﬁa} , (5.1.48¢)

- P | A N A - A A 1
zab - <P - gdcdcs - p'l»b) Yab + dadbS + d(avb) + 77117 + 17 |:Uabc(dC£ + VAVC) - iélab
(5.1.48d)

It is evident that these two tensors constitute the gauge-invariant perturbed field equations.

5.1.7 Gauge-invariant field equations

It is convenient to decompose the gauge-invariant perturbed field equations
€. =%, (5.1.49)

into their irreducible components. For the gravitational side, these are the components we
constructed in section (5.1.4), while for the energy-momentum tensor they can be obtained
from the decomposition (5.1.48). The irreducible components are the six scalar equations
J=-(p+pL-py. =8, E=7p¢,
V=P AS—pp, ®=E+pp, Y=—(+p)(L+Y), (5.1.50)

the four vector equations

va:*(ﬁJrﬁ)(/faJr‘}a)*pBaa Ca:f}aa

. 1 - - [ A
W, = pw, — §vabcdbv0, B.,=—-(p+p)X — vy, (5.1.51)

and the tensor equation ) R

Qab = 2Tap — PAab - (5.1.52)
Note the appearance of an additional term involving V, in the equation for W,,. This term
arises from the fact that in the decomposition (5.1.29), the term daé’b is not symmetrized,
while the energy-momentum tensor (5.1.48) contains the strictly symmetric contribution
d(af/b). The antisymmetric part of the former can be rewritten as

A 1 ~
d[acb} = Evabcvdecddce (5.1.53)

and thus absorbed into a redefinition of W,+d,=. Here the contribution to = corresponding
to the divergence of the last term vanishes due to the Bianchi identity
A A 1 ~
dc('UdecddCe) = Udecd[cdd]ce = deechechf =0. (5.1.54)
Thus, one obtains only the vector contribution we found above.
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5.1.8 Energy-momentum conservation and Bianchi identities

The gauge-invariant perturbed field equations shown in the previous section have 16 compo-
nents, while they depend on only 12 gauge-invariant tetrad components, while the remain-
ing tetrad components have been eliminated by a gauge symmetry under diffeomorphisms.
This difference in the number of equations and variables is accounted for by the Bianchi
identities on the gravitational side, and equivalently the covariant energy-momentum con-
servation on the matter side of the field equations, which yield four conditions satisfied by
the field equations. For a generic teleparallel gravity theory, these can be written most
succinctly as

VYE,, — K" ,E,, =0, (5.1.55)

and are geometric identities which are satisfied automatically by the field equations [79].
Decomposing the field equations into their symmetric and antisymmetric parts, and using
the fact that the contortion is antisymmetric in its first two indices, they reduce to

VVE(/W) =0, VVE[MV} - KVpMEVp =0. (5156)

On the matter side, they are complemented by the covariant energy-momentum conserva-
tion, which simply reads

VYO, =0, (5.1.57)

due to the fact that the energy-momentum tensor is symmetric.

In order to derive the aforementioned conditions on the perturbed field equations, we
first perform a perturbative expansion of the Bianchi identity (5.1.55). For the background,
this yields the equation
OA

T =
For the linear perturbation order, one expresses the perturbed field equations through the
perturbation tensor €,,, and then applies a split into time and space components, fol-
lowed by an irreducible decomposition using the components (5.1.29). After a tedious, but
straightforward calculation one finds that the resulting equations can be fully expressed in
terms of the gauge-invariant quantities we introduced in the previous sections. In particu-
lar, one finds the time component

ON+3(N+ H) 0. (5.1.58)

NAT = L ANE + 38 + 30) — A0,®
— 30, AN (¢ + ) — SAM + H)Ap + AN p + NHAY =0, (5.1.59)

while the spatial part decomposes into the total divergence of the term

N + NAS + 20 NS + 2N aE + No(J - Y) — 9 AT +3Y) — A8, Y
— NG + NH(th — @) + ANy — NNy — 2N Hag =0, (5.1.60)

as well as the divergence-free part

No(Ba—V4a) =8 ABo+3Va) — A0, Vo +2u N Co+ 2N aW g+ N Ugped? (WE+aCe — Hw )
+ (8, AN — N'o)(NV, + Hb,) — 20, A9by, + AN, b, — 2N Haw, = 0. (5.1.61)

Here we have made use of the background Bianchi identity (5.1.58) in order to simplify the
obtained expressions and cancel gauge-dependent terms.
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Finally, one proceeds analogously with the energy-momentum conservation (5.1.57).

For the background, one finds the relation
_ _ _O0A
which is simply the well-known continuity equation of the cosmologically symmetric fluid
energy-momentum tensor, and which has the same form as the cosmological Bianchi iden-
tity (5.1.58). To derive the linear perturbation order, it is most straightforward to use the
energy-momentum tensor in the form (5.1.40), and then performs an irreducible decom-
position. As for the gravitational part of the field equations, one finds that the resulting
equations are fully expressed in terms of gauge-invariant quantities. For the time compo-
nent, one obtains the energy conservation

A0 + 30, A€ +P)+3A(p+ D) + N(p+ DAL =0. (5.1.63)

The spatial component, which corresponds to the conservation of momentum, splits into a
pure divergence part, which reads

. . .2 . N N
A0 (p+D) (L+Y)]+40.A(p+D) (L+Y)+N (P + 308+ 2u28> ~N(p+p)p =0, (5.1.64)
and a divergence-free part
N N N N 1 N A
A0 (p+D)(Xy+Va+bg)] +40:A(p+D)(Xy + Vo +bg) + §NAVG +u NV, =0. (5.1.65)

These are the well-known conservation equations for the perturbed cosmological energy-
momentum tensor, expressed in terms of the tetrad perturbation variables we use here.

It is well known that the Bianchi identities and the energy-momentum conservation
equations are related to each other by the gravitational field equations. For the cosmological
perturbations, this can easily be seen by inserting the gravitational part of the gauge-
invariant field equations given in section 5.1.4 into the Bianchi identities given above. One
finds that they indeed yield the energy-momentum conservation equations.

5.1.9 Application to TEGR

As an illustrative example, we used the formalism developed in our work [I15] in order to de-
rive the gravitational part of the perturbed cosmological field equations for the teleparallel
equivalent of general relativity (TEGR), whose action is a special case of the action (4.2.43)
with

1 1
F(T1,To, Ts) = —q 1 5T2+Ts. (5.1.66)

In this case the gravitational part of the field equations reduces to Einstein’s equations,
Ry . (5.1.67)
The cosmological dynamics for the background and the perturbations can most conveniently

expressed in terms of the conformal Hubble parameter (4.2.27) and the conformal time
derivative / = AN ~19;. The background dynamics is governed by the Friedmann equations

REAPN = 3(H? +u?), K2A%H = —(2H +H> +4?), (5.1.68)
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while the dynamics for the perturbations can be expressed in terms of the gauge-invariant,
irreducible components of the perturbed field equations, for which one finds the expressions

K2A2® = 3(3H% + u)p — 2HAY + 6HY — 6u’eh — 2 (5.1.69a)
KEAPW = (M2 4 2H + 3uP)p — AHY — 200" — 2(H? + 2MH')p — 2H P
+A Y —p+2HY+¥'| (5.1.69b)
KEAPE = —(H? + 2H' +uP)E, (5.1.69¢)
RS =¢—p—2Hy — 3, (5.1.69d)
K2ZAZY = 29" + (3H? + u?)y — 2M o, (5.1.69¢)
KZAY = =29 — 20’y — 2H, (5.1.69f)
K2A2C, = —bl — v — 2H (b, + V), (5.1.69g)
K AW, = vgped” %(BC’ + V) + HO V)| — (M +2H +uP)W,,  (5.1.69h)
R2APB, = 2(H? — H )by + 3HV0 + by + 294) — %A(Ba +4a), (5.1.69i)
K2AZV, = 3H?by + (2D — Va) — %A(Ba ), (5.1.69))
K2A2Quy = 'ty + 2HE, — DNdap + (3u® 4+ H2 + 21 ) g - (5.1.69k)

One easily checks that these components indeed satisfy the Bianchi identities displayed in
section 5.1.8. Further, inserting them into the field equations shown in section 5.1.4, one
finds that several equations are solved identically, which correspond to the antisymmetric
part Ej,,; = 0 of the field equations, which become trivial in TEGR. The remaining
equations can be summarized as follows. The most simple is the tensor equation, which
reads

&y + 2HA, — Dllap + 2080 = 262 A Ty (5.1.70)

For the vector components, one finds the independent equations
bl 4 V! + 2H (b, + V) = —k2 A%V, (5.1.71)

and

%A(Ba b a) — (2H2 — 2H + u?)(by + Vo) = 2(H2 — H' + u?) X, (5.1.72)

It is convenient to replace the transverse velocity perturbation X, by the variable

H2 —H +u? .

Qu = (p+P)(Xa + bu +¥a) = 2757 (Fa + bo + ¥0) (5.1.73)

In terms of this new variable, the second equation (5.1.72) takes the form

1 . R .
5 A(ba + Vo) + u?(by + v,) = k2A2Q, (5.1.74)
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of a Poisson equation. The time evolution follows from the remaining equation (5.1.71),
from which one now obtains

lA 2A__1 1 NS " - Ny, : N
QAVQ—I—U Vo = pEE {QA(ba—l-va—l—QHba—i—ZHva)—l-u (b, + v, + 2Hb, + 2HV,)
o L 2 A 2A V/
- [QHA Qo+ (A7Qy)
=-0Q, —4HQ,,
(5.1.75)

which is simply the conservation equation of transverse momentum. Finally, for the scalar
components one has the equations

KZAZE = 6HY — 280 — 6uh + 6H2p — 2HAY , (5.1.76a)

(H2 —H +u>)L =4 +Ho+Hy — H2y, (5.1.76b)
KEA2S = p—p — ' — 2Hy, (5.1.76¢)

. AS L. U . . .

KA <7> - 3) = A= d+2[Hy +¥) = 2HEY + &) — ¢ + P — (H +2H)
(5.1.76d)

The last equation can be simplified by adding the second derivative of the preceding equa-
tion, to yield

K2 A (P + §Ac§‘> = —2HQ2Y +¢) - 2" + 27 -2+ 2H),  (5.1.77)

Finally, it is helpful to remark that y can be absorbed into the remaining variables by a
suitable redefinition. Hence, one is left with dynamical equations for the variables (,27, 1,Ab, b+
Va, Qab, Which correspond to the gauge-invariant perturbations. These equations reproduce
the well-known cosmological perturbation of Einstein’s equations.

5.2 Gauge-invariant parametrized post-Newtonian formalism

Another application of perturbation theory and symmetry transformations of perturbations
can be found in the parametrized post-Newtonian (PPN) formalism [159, , 161]. Tt al-
lows to classify any metric theory of gravity by a set of (usually constant) parameters, which
are closely related to experimentally observable quantities, thus providing a possibility to
test the gravity theories under consideration. This formalism has the advantage that it is
straightforward to apply in several steps, each of which comprises of solving linear partial
differential equations at a particular perturbation order. However, these equations may be-
come cumbersome if there is a large number of dynamical fields present in the theory, and
carry a gauge invariance, which is solved for only in the last stage of the formalism. In or-
der to overcome these difficulties, we devised a gauge-invariant formalism in our work [H6],
which both resolves the necessity to choose a gauge and potentially transform to a differ-
ent gauge after solving the equations, and simplifies the equations by decomposing them
into irreducible components. We now present a brief summary of this formalism. In sec-
tion 5.2.1, we briefly review the perturbative expansion of the gravitational field variables
in the PPN formalism. We then show their behavior under higher-order gauge transfor-
mations in section 5.2.2. Based on these transformations, we find a set of gauge-invariant
gravitational field variables in section 5.2.3, as well as a gauge-invariant decomposition of
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the energy-momentum tensor of the source matter in section 5.2.4. We relate these ex-
pressions to the standard PPN formalism in section 5.2.5, before applying it to a simple

example theory in section 5.2.6.

5.2.1 Post-Newtonian geometry perturbations

An important ingredient of the PPN formalism is the perturbative expansion of all dy-
namical fields of the considered gravity around a given background, which is defined in a
fixed frame of reference, in which the metric is asymptotically flat and the source matter is
slow-moving. The background is assumed to solve the vacuum field equations, while per-
turbations are induced by the source matter. Further, different components of the source
matter distribution are assigned with different perturbation orders, which correspond to
different terms in the perturbative expansion of the dynamical fields. The most fundamen-
tal field is assumed to be the spacetime metric, which governs the motion of test masses
and light by its geodesics. Its perturbative expansion is written in the form

Guv = guu + éuu + éuu + éuu + éuy + 0(5) R (5.2.1)

where the background is assumed to have maximal symmetry under the Poincaré group,
and thus must given by the Minkowski metric, 5/”/ = - The perturbation orders, which
we denoted by overscript numbers, are interpreted as orders of the typical velocity of test
masses and matter source constituents in a fixed system of reference. This fixed system
of reference is also used in order to perform a 3 + 1 split of tensor components. Based
on a perturbative expansion of the geodesic equation, which describes the motion of test
masses, and the assumption that velocities are small compared to the speed of light in the
chosen reference system, only particular components are non-vanishing and relevant in the
perturbative expansion. For the metric, these are the components

Goos Gijs Gios oo, Gij- (5.2.2)

Note that g;; is usually not considered in the standard PPN formalism [159]. However, in
general it may couple to other fourth-order terms such as gog, and so it cannot be neglected
in general, but needs to be eliminated from the field equations to calculate other relevant
components. Further, it may also be considered as a relevant component by itself, which
enters as a higher order correction in light deflection 144, 145].

In the case of a teleparallel geometry, considering the tetrad as a fundamental variable
instead of the metric, one considers a similar perturbative expansion of the form [158]

0 1 2 3 4
04, =04, + 0, + 04, + 04, + 0, +0O(5). (5.2.3)

As for the cosmological perturbations discussed in section 5.1, it is most convenient to
impose the Weitzenbock gauge condition &# Bu = 0 at all perturbation orders, so that the
geometry is fully determined by the tetrad only. For the background one demands again
maximal symmetry under the Poincaré group, which allows using the diagonal tetrad

4, = AA, = diag(1,1,1,1), (5.2.4)

which is required to be a solution of the vacuum field equations. For the perturbations,
one then introduces a pure spacetime index expression

n

O, = napA* 07, (5.2.5)
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again in analogy to the cosmological perturbation theory. Similarly to the metric, only
certain components must be considered, which are given by

)
IS

2 3 3 4
boo, i, bio, OGoj, Hboo, bij- (5.2.6)

Note that in contrast to the metric, 6, is not necessarily symmetric, so that two index
combinations must be considered at the third velocity order.

Finally, it is worth mentioning that also for an independent connection, which appears
in the metric-affine geometry, a perturbative expansion of the form

0 1 2 3 4
It,, =T, +TH,, +T,, +T",,+T*,,+ O(5) (5.2.7)

may be introduced. Here it is important to note that the background IO‘“,,p is given by
the coeflicients of a connection, while the perturbations are tensor fields. The choice of
the background is once more constrained by demanding maximal symmetry under the
Poincaré group, which uniquely determines it to be given by the Levi-Civita connection of
the Minkowski background. It follows that the background connection is flat, symmetric

0
and compatible with the background metric, and that its connection coefficients I'#,,, vanish
in Cartesian coordinates. For the perturbation, one finds that the relevant components are
given by
21. 20 20 27: 30 31. 31. 30 4i 40 40 41.
ks Tk, 0, To0s Tk, Tors 05 00, Tk, Tok, T j0, TMoo - (5.2.8)
If the connection is derived from another geometric field, such as the Levi-Civita connec-

tion of the metric or the Weitzenbock connection in the teleparallel case, several of the
aforementioned components may vanish.

5.2.2 Higher order gauge transformations

The fixed frame of reference in which the perturbations of the geometry listed above are
defined is not fully determined by the conditions of slow-moving source matter and an
asymptotically flat metric. These conditions remain satisfied if one performs a coordinate
transformation, which is generated by a vector field X* whose components exhibit a sim-
ilar perturbative form as the geometry perturbations, so that the general form of their
perturbative expansion is retained. This leads to the condition that the vector field has
components
2 . 3 4 .

Xt x°, Xxt (5.2.9)
at the respective velocity orders. Further, since one considers higher order perturbations
of the fields defining the geometry, also the diffeomorphism generated by the vector field
must be expanded beyond the commonly considered linear order. The general form of
such a transformation is given by a so-called “knight diffeomorphism” [19, , 20]. For the
purpose of the PPN formalism, it turns out to be sufficient to expand it up to the quadratic
order in the components of the vector field, which yields the explicit formula

1
ot =t + XF 4 3 X 0, X" + o([X]%), (5.2.10)

generalizing the linear coordinate transformation (5.1.15). It follows that the metric, as
any other tensor field, obeys the transformation law

1
G = Gy + (£x9 ) + 5 (Ex£x9 ) + O([X]%) (5.2.11)
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under this change of coordinates, which is reminiscent of a Taylor expansion. Expanding
both sides of this equation into the post-Newtonian perturbation orders, it follows that the
metric perturbations transform as

doo = oo (5.2.12a)
Gij = 93 + 25(i)2(j) ; (5.2.12b)
Joi = Joi + 0 X0 + 0o X, (5.2.12c)
Joo = Joo + 200 X0 + )2(1'31‘560 ) (5.2.12d)
Gi = Jl5 + 206X;) + 284,05 X + XnOilly + 0u(Xpdy X)) + 0, X390, Xk, (5.2.120)

where the indices of the generating vector field have been lowered using the background
Minkowski metric, as it is also commonplace for linear perturbations. Similarly, one derives
the transformation of the tetrad perturbations from the analogue formula

1
04, =0, + (£x0), + 5(JEX‘,cxe’)AM + O([X]%) (5.2.13)

Here it must be taken into account that the tetrad transforms as a one-form. One therefore
finds that the perturbation components 5/“,, which are defined with respect to a fixed
background tetrad, do not transform as perturbations of a tensor field of rank 2, but
instead satisfy the transformation rules

2 2

fo0 = 050 » (5.2.14a)
0;j = 92§j +9;X;, (5.2.14b)
Bos = 561 +0,Xo, (5.2.14c)
Bio = Oy + 0o X, (5.2.14d)
4 4/ 3 2 2/

Ooo = 900 + 0o Xo + Xi8i900 , (5.2.146)
4 4, 4 2 2, 2 2, 1 2 2

Oij = 0;; + 0; Xi + 0; X0y, + X1.0p0;; + 5aj(XkakXi) , (5.2.14f)

which are obtained from those of the tetrad perturbation 64 u- Finally, also for the connec-
tion coeflicients the transformation law takes the form

1
Th,, =T",, + (£xT)", + §(£X£XF’)“V,J +O([X]?), (5.2.15)

taking into account that I'#,, are not the components of a tensor field, but connection
coefficients, and so their Lie derivative is given by the inhomogeneous relation (3.1.10).
Decomposing this transformation behavior into velocity orders, one finds the transformation
rules

2 .

i = Mg . (5.2.16a)

[0 =10, (5.2.16b)
70 70 L

04, = 10 5.2.16
ok =10k » (5.2.16¢)

i =TV + 8,0, X7, (5.2.16d)

fooo = f‘looo y (5.2.166)
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f‘ijo = f‘lijo + 808j)2(i , (5216f)
[iop = Do + Ao X' (5.2.16g)
00, =17, + 8,9, X°
ik = jk 1+ 00k , (5216h)
Tigo = 00 + oo XT + X100 — [lood X i
00 =1"00 + 0000 X" + X 011" 0 0001 X", (5.2.161)
100 = 1700 + 800, X0 + X' 100 + 100 X 5.2.16]
jo = L1770 + 0p0; X~ + 11750 + 1700, X7, (5.2.16j)
) ) 30, Siqgf0 20 2
ok = Tox 4+ 000k X" + X O o, + TMi0p X7, (5.2.16k)

4. 4. 4. 2,2, 2,2, 2,2, 2,2,
Fljk = Flljk + 8]'({’)le + X 8[F1jk - o X'T gk + (%X Iy + o0 X Fzﬂ
1 . . . .
+5 (X'000%" - 0X'0,0.%' + 9,X'00X" + 9 X'9,0X7) . (5.216))

Assuming that the field equations of the gravity theory under consideration are invariant
under diffeomorphisms, it follows that the gauge transformations shown above transform
perturbative solutions to the field equations again into perturbative solutions. Hence, the
solution is determined only up to the components (5.2.9) of the gauge vector fields, which
correspond to the choice of the coordinate system. Any physically meaningful quantities,
however, must be independent of the choice of coordinates, and so one needs to split
the fundamental field variables into gauge-invariant physical quantities, which retain their
form independently of the choice of the coordinate system, and pure gauge variables, which
encode this choice, but carry no physical meaning. This is shown in the following sections.

5.2.3 Gauge-invariant geometry perturbations

The common procedure to obtain gauge-invariant perturbations of the fundamental, ge-
ometric field variables is to specify a particular, fixed gauge, in which certain conditions
on the perturbations are imposed, which fix as many components of the geometric field
perturbations as there are gauge degrees of freedom in the gauge vector fields (5.2.9). The
remaining perturbation components, which are not restricted by the gauge choice, are pro-
moted to gauge-invariant variables, i.e., one expresses the perturbations in any other gauge
through the components in the fixed gauge and the components of the gauge transforma-
tion relating the different gauges, as shown in the context of cosmological perturbations in
section 5.1.3. In the PPN formalism, the most common choice for this distinguished gauge
is the so-called standard PPN gauge [159], whose metric components we denote by 7ng,,
and which is chosen such that the metric attains a simple relation with a set of Poisson-like
integrals of the matter source. However, from a geometric point of view, there are more
convenient gauge choices, which lead to a simpler form of the perturbative field equations,
and thus simplify the procedure of solving them. In our work [[16], we introduced two such
gauges, in which either the components of the metric or the tetrad simplify, so that one
may chose the appropriate gauge according to the fundamental field variable of the gravity
theory under consideration. This is done by introducing a similar irreducible decomposi-
tion as in the case of linear perturbations in cosmology. Applying this decomposition to
the gauge vector field (5.2.9), we decompose the non-vanishing components according to

k k k k k
X, = 8ZX’ + X?, Xo= X", (5217)

.k
at any perturbation order k£, where 0'X? = 0, and indices have been raised and lowered
with the background Minkowski metric. Hence, the relevant components that constitute a
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gauge transformation are given by
2 2 3 4 4
X X7, X+, X*, X?. (5.2.18)

Taking into account that a divergence-free vector has only two independent components,
these contain three independent components at each even velocity order and one indepen-
dent component at the odd velocity order, as it is also the case for the components (5.2.9)
before the decomposition.

A similar decomposition is then applied to all geometric field variables, taking into
account that certain components can be eliminated by a suitable gauge transformation.
For the metric, which is subject to the transformation rules (5.2.12), this allows to use

k
a gauge M as follows. First, we note that by a suitable choice of X; it is possible to
eliminate certain components of ﬁij, such that only a diagonal (pure trace) and a trace-

k
free, divergence-free part remain. Similarly, we may choose X such that any divergence is
eliminated from 501-, and retain only a divergence-free part. These components thus take
the form ™ ™
k k k k k
goo=8", " goi=8,  9ij =80+ gjj : (5.2.19)
where the irreducible components satisfy the constraint equations
iko _ ikt _ ki _ ki
J'g; =0, 0J'g;=0, g,7=0, 8;=0. (5.2.20)
Keeping in mind that only the components (5.2.2) are non-vanishing in the PPN formalism,
one thus finds that the non-vanishing gauge-invariant variables are given by
2 2 2 3 4 4 4
g, &, &L, &, g. &, 8. (5.2.21)
Counting the number of independent components at each velocity order, where the tensor
component éjj contains two independent components, we find that they have less inde-
pendent components than the perturbations (5.2.2) before the decomposition, and that
their difference is accounted for by the pure gauge variables (5.2.18) at each velocity order.
Hence, we have fully decomposed the general metric perturbations into gauge-invariant and
pure gauge variables.

While the aforementioned decomposition of the metric is most convenient to calculate
the post-Newtonian limit in gravity theories whose fundamental field variable is the metric,
for tetrad-based gravity theories it is more convenient to consider and decompose the tetrad
perturbations (5.2.6) instead. As we will see later, it turns out to be more practical to first
decompose the tetrad perturbation into its symmetric and antisymmetric parts, which we
denote by

o

ko g i ko ok
9/“, =Syt 0u, Suw = (w) > Ouv = e[uu] . (5.2.22)

Then we introduce a gauge 7T, in which certain components of the tetrad perturbations
are eliminated through a suitable choice of the gauge vector field (5.2.9). In this gauge the
tetrad perturbation reads

T k T k T ko k T keoko T k k
§00 = 0*, §Oi = 9?, (]Scij =0 6ij+0;‘rj , (]301' = 8,-0’+0i , (?Lij = eijk(8k0'+05) ,
(5.2.23)

where the gauge-invariant irreducible components satisfy
aigo _ aiéo _ aigm _ aigT _ 5T _ 5T _ 2.94
i =00, =08; =0, =0 O;=0, 0;=0. (5-2.24)
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Also for the tetrad only certain components of the perturbations are non-vanishing. By
comparison with the components (5.2.6), we see that the only gauge-invariant components
to be considered are given by
2 2 3 3 3 4 4 4 4

6%, 6°, 6", 67, aj], o*. 67, 67, 6°, 6°, 6" 67, 0. (5.2.25)
Again one finds that the number of independent components of these gauge-invariant vari-
ables is complemented by the number of components of the gauge vector field (5.2.9), so
that their sum matches the number of components of the original perturbations (5.2.6) at
each velocity order.

It follows from their similar definition that the metric gauge M and tetrad gauge T

are closely related to each other, yet they are not identical. This can be seen by expanding
the relation (2.2.22) between the metric and the tetrad into velocity orders, to obtain

2 2 2 2 3 3 4 2 2 4 4 4 2 2
goo = 2000,  Gij = 2035y, Goi = 2005,  goo = —(000)” + 2600,  Gij = 20(ij) + OkiOk; -
(5.2.26)
One finds that the gauge conditions at the second and third velocity order, which determine

the components )?' ¢ and )% O of the gauge vector fields, are equivalent for the metric com-
ponents M f]ij and M §0i and the symmetric tetrad components T;ij and T§0i. Hence, the
two gauges, and therefore also the components of the geometric field perturbations, agree
up to the third velocity order. Further, as one can see from the transformations (5.2.12)

4
and (5.2.14), the fourth order time components fjoo and 6yg depend only on the second and
third order gauge choice, and therefore also agree. However, at the fourth velocity order,
the gauge conditions for the two gauges disagree due to the appearance of the non—hnear

term 0;“9;” in the relation (5.2.26), so that also the fourth order gauge vector field X i
disagrees, which enters the fourth order spatial components of the metric and the tetrad.
This means that the choice of either gauge must explicitly taken into account in the cal-
culation of higher-order effects [114, |. However, for the remaining metric and tetrad
components, which are used in the standard PPN formalism, the two gauges agree, and
so one may choose either of the two gauges in order to obtain the same result for these
components. In the remainder of this section, only these components will be considered,
so that the formulas given hold in both gauges. Further, we will denote all components of
tensorial quantities in this chosen gauge by boldface symbols.

5.2.4 Gauge-invariant matter source

In order to solve the perturbative field equations of a given gravity theory in the gauge-
invariant formalism, the irreducible decomposition of the geometric quantities describing
the gravitational field must be complemented by a corresponding decomposition of the
energy-momentum tensor. In the PPN formalism, this matter source is assumed to be a
perfect fluid, which is described in a 3 + 1 split of spacetime by its density p, pressure
p, specific internal energy IT and velocity v, where we used boldface symbols to indicate
that we express these quantities in the chosen gauge discussed in the previous section. The
energy-momentum tensor then takes the general form

© =B =p(l—go+Vv>+I)+06), (52.27a)
@<-> + 8‘@’ =0y =—pv; + 0(5) , (5.2.27b)
@.52] + AU@A + QO(Z@ ) + @ = @ij = pVivj + p5ij + 0(6) , (5.2.27C)
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where we have performed a decomposition into irreducible components on the left-hand
side. As for the metric components, they are subject to the conditions

=0, Ol =0. (5.2.28)

(22

SN s i
0'9; =0'0; =0, 8Z®ij =0, C-)[Z.j]
Together with the irreducible decomposition of the geometry perturbations, one can thus
finally decompose also the gravitational field equations. It is the virtue of the gauge-
invariant, irreducible decomposition that the scalar, vector and tensor contributions de-
couple from each other, which greatly simplified the task of solving the resulting equations.

5.2.5 Parametrized post-Newtonian formalism

The main ingredient of the PPN formalism, besides the perturbative expansion of both
gravitational field variables and matter source terms, is a generic, parametrized form of
the metric tensor, which accommodates for a wide range of gravity theories on one side,
and which contains a number of free, constant parameters, whose values are closely linked
to observable quantities in solar system experiments on the other side. Comparing the
measured values of these parameters with their values derived from a gravity theory under
consideration thus allows testing the predictions of the theory, while avoiding the necessity
to calculate the outcome of every experiment in each considered gravity theory. In their
most common form, these parameters are denoted

v, /87 aq, Qg , as, Cl ) CQ ) CS ) <4 ) § (5229)

and measure the spatial curvature generated by gravity, the non-linear in the superposition
law, as well as violations of local Lorentz invariance, local position invariance and total
energy-momentum conservation. The PPN parameters, which are specific to the theory
under consideration, but independent of the particular choice of the matter configuration,
are complemented by the PPN potentials, which describe the matter source independently
of the chosen theory. They are defined as the solutions to the Poisson equations

AU = —dnp, AANA=S8r(pviv))ij —4nl(p|v|]®’), AAB=8r[Ap— (U,p).il,
A®| = —drnp|v|?, A®y = —4drpU, A®P3=—drpll, Ad,;=—4rp, (5.2.30)
AV, = —dxpv;, AW,; = —4dmpv; + QU’Qi , APy =4mrpU — 4U’iU7i + 2U,Z’jx,ij .

While the choice of these potentials may appear arbitrary at first glance, it turns out that
they appear in the solutions of a wide range of gravity theories. Moreover, they turn out
to be particularly useful in the gauge-invariant PPN formalism, as they allow to explicitly
express the relevant and non-vanishing irreducible components of the energy-momentum
tensor as

1 1 1
T =p=——AU, T*=-—0U, T°=_—A(V,+W,), (5.2.31)
4 41 8w
4. 1 4, 1 4, 1
™ = ——A (@34—‘1’1—2‘1’2) , T :—7A((I)1—|—3‘1)4), T = 7(32[—‘1’1)
47 127 167

Finally, the PPN parameters and PPN potentials given above are used in order to construct
a generic form of the metric tensor, which is usually given in the so-called standard PPN

gauge [159]. The irreducible components of this generic metric tensor are given by
g*=2U, (5.2.32a)
g =27U, (5.2.32b)
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gl =0, (5.2.32¢)
g =—(1+7+ )(V +W), (5.2.32d)

g =-(2—a1+203+203)P1 +2(1+ 37— 26+ (o +&)®y
4+ 2(1 + (3)®3 + 2(3y + 3¢ — 26) Py — 26Pyy — 26U

1 1
+ 5(2 +4v+ ap — 2a9)A + 5(2 + 4y 4+ a1 — 200 + 2¢; — 46)B. (5.2.32¢)
Alternatively, one may also use the relation (5.2.26) between the perturbative expansions
of the metric and the tetrad, and use a generic PPN form of the latter instead. Note

the appearance of the symmetric tetrad perturbation 5(#,,) in these relations, which is the
reason for choosing the particular form (5.2.23) of the irreducible decomposition of the
tetrad, as it yields a one-to-one correspondence between the metric components (5.2.32)
given above and the tetrad components

9" =U, (5.2.33a)
b U (5.2.33b)
6l =0, (5.2.33¢)
0o = —% (1 +y+ %) (Vi+ W), (5.2.33d)
6 = 3(2—041 + 202 4+ 203)®1 + (1 +37—28+ L+ &P

(L Go) s (37 + 3G — 26)4 — EBuy + (1 - 26)U°

+ 2(2 +4y 4+ ag — 2a0)A + 2(2 +4v+ a1 — 209 + 2¢; — 48)B. (5.2.33¢)

Hence, using either set of fundamental variables, the task of determining the post-Newtonian
limit reduces to calculating a small number of irreducible components by solving the grav-
itational field equations.

5.2.6 Application to scalar-tensor gravity

In our work [H(], we finally demonstrate the usage of the gauge-invariant PPN formalism
by applying it to a simple scalar-tensor gravity theory, whose action is given by [130]

§=5 2/ d%ﬁ( R—E;b) ,ﬂ/}apw) + SmlGuws X] - (5.2.34)

The gravitational field variables of this theory are the metric g, and scalar field 1. In
addition, the gravitational part of the action is complemented by a matter action .S,,, which
also depends on the matter fields y. The dynamics of the scalar field is determined by a
free function w. The vacuum background solution takes the form

0

guy = Nuv » w = \I], (5235)

where the constant background value W of the scalar field is related to the Newtonian
gravitational constant 2 via the normalization condition

(5.2.36)



Here we used the convention
wo=w(P), w =uw() (5.2.37)

for the Taylor coefficients of w at the constant background value W. Solving the perturbative
field equations one finds that the irreducible components of the metric perturbations take
the form

g =2U, (5.2.38a)
g = 2:2 i ;U, (5.2.38D)
gl =0, (5.2.38¢)
g = —25;0:_23 (Vi+W;), (5.2.38d)
&= ?;Z)Oj; (2 +25) -2 <1 * 1w —:31)%](»0 + 2)2) vt

e <4uioj22 T (2w +L§)1(\io + 2)2> P2+ 3%s + 652 I ;@4 - (5:238¢)

Equivalently, one may express the gravitational field equations through the tetrad instead of
the metric. In this case the solution yields the irreducible tetrad perturbation components

9" =U, (5.2.39a)
1
e | (5.2.39D)
wo + 2
2
-
0, =0, (5.2.39¢)
3 2wg + 3
0 = — V,+W,), 5.2.39d
i 2w0+4( +W;) ( )
s 3w+ 4 1 wi P 2
0" = A+ B) — (= U
2w0+4( +B) <2+4(2(.OQ+3)(W()+2)2>
1 2w + 1 w1 3 wo+1
b3 - B+ OB5+ 3 &,. (5.2.39
T3 1+(w0—i—2 2(2w0+3)(w0+2)2> 2+ 5@ 430 5% (5:2:3%)

Finally, one compares the result with the generic metric perturbation (5.2.32) or its tetrad
equivalent (5.2.33). One finds that it indeed has the expected form, where the constant
PPN parameters are given by

wo+1 w1

= s = ]_+ s
"=t P 4(2wo + 3)(wo + 2)2

ap=am=a3=0=0=3=u=§{=0.

(5.2.40)
This result is the well-known post-Newtonian limit of the studied scalar-tensor theory [136].

5.3 Non-trivial rotations in Finsler geometry

In the previous sections we have discussed gravity theories in which the dynamical fields are
defined as sections of fiber bundles, mostly tensor bundles, whose base manifold is identified
as spacetime, so that spacetime symmetries act on this base space. This is different in
gravity theories based on Finsler geometry, where the base space is (constructed from)
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the tangent bundle, and the dynamical fields are most often represented by d-tensors. In
both geometric settings, it is common to study background solutions which exhibit spherical
symmetry. To discuss perturbations of such spherically symmetric background, it is helpful
to decompose such perturbations into irreducible representations of the rotation group. For
tensor fields, this leads to so-called tensor spherical harmonics [107, 149]. In our work [[17],
which we summarize here, we generalized this concept to d-tensors. In section 5.3.1, we
discuss the action of rotations on the tangent bundle via their canonical lift, and introduce a
suitable set of coordinates. Using these coordinates, we find it straightforward to construct
harmonic functions in section 5.3.2. These are then used to recursively construct harmonic
d-tensors in section 5.3.3. While our work [H7] focuses on this extrinsic approach, we
remark in section 5.3.4 that also a fully intrinsic approach may be considered.

5.3.1 Rotations in the tangent bundle

As discussed in section 3.1.3, the action of an infinitesimal diffeomorphism generated by a
vector field X* on the base manifold M of a Finsler geometry is governed by its canonical
lift X* to the tangent bundle TM. Hence, to study the action of the rotation genera-
tors (4.1.1), we need to derive their canonical lifts. While in principle it is straightforward
to calculate these canonical lifts in the coordinates on T'M which are induced by the spher-
ical coordinates (t,r,1, ) following the definition (2.2.35), one obtains a rather lengthy
result, which leads to complicated symmetry conditions and transformation rules. In order
to simplify the result, it is useful to introduce different sets of non-induced coordinates on
TM. For simplicity, we omit the time coordinate ¢ in the following considerations, and
discuss Finsler geometry on a three-dimensional space only. Starting from the Cartesian
coordinates (z!, 22, 23), together with the corresponding induced coordinates (z',z2, z3)
on each tangent space, one can define two more sets of coordinates on T'M. The first set
(r,9, ¢, 0,c, 8), which we call co-rotated spherical coordinates, is defined by

x! cosp —singp 0 cos?¥ 0 sind 0
2?2 | = |sing cosp 0 0 1 0 10 (5.3.1a)
3 0 0 1 —sind 0 cosv r
Tt cosp —singp 0 cos¥ 0 sind
2| = [sing cosp 0] - 0 1 0
z3 0 0 1 —sind 0 cosv
cosB —sinfg 0 cosae 0 sina 0
sinf cosfB 0 0 1 0 10 (5.3.1b)
0 0 1 —sina 0 cosa 0

Another set (1,9, , p, z, 8) will be called co-rotated cylindrical coordinates and defined as

x! cosp —singp 0 cosy 0 sind 0
22| = |[sinp cosp 0 0 1 0 |- (o (5.3.2a)
a3 0 0 1 —sind 0 cos? r
z! cosep —sing 0 cosy 0 sind pcos
72| = [sinp cosp 0O 0 1 0 |-[psing (5.3.2b)
73 0 0 1 —sind 0 cos? z
They are obviously related to each other by
p=opsina, z=pcosa, (5.3.3)

7



Note that in both cases (r, 9, ¢) are simply the spherical coordinates on M which we had
introduced already earlier, and that their induced coordinates on each tangent space are
related to those defined above by the coordinate transformation

T! = 7sind cos p + Ur cos Y cos o — @rsindsin g, (5.3.4a)
7% = Fsindsin o + ¥r cos ¥ sin ¢ + @rsind cos @, (5.3.4b)
3 = Feos® — Irsindd, (5.3.4¢)
from which follows
Ir osinacos 8 pcos
prsintg | = | gsinasing | = | psing | . (5.3.5)
T 0CoS z

The reason for choosing these coordinates becomes clear when one uses them to express
the action of the rotation generators (4.1.1) on the tangent bundle. One finds that in either
of the two sets of coordinates on T'M their canonical lifts have the same form

COs @ COS @

Ry = sin@dy + ¢ Smﬁaﬁ, (5.3.6a)

- sin sin

Ry = — 0 ——0, — —— 5.3.6b
2 cos @0y + tand 7 sind P’ ( )

Ry=—0,. (5.3.6¢)

This is due to the fact that they involve only the coordinates (1, ¢, 8), which are common
to both coordinate systems. Note that these three coordinates simply denote coordinates
have a simple geometric interpretation. The angular coordinates (9, ¢) are coordinates on
a sphere of constant radius r. A tangent vector to this sphere has the form 99y + @0, and
is thus characterized by the equivalent conditions that 7, z or cos a vanish. The coordinate
B determines the orientation of this tangent vector on the sphere, while the remaining
coordinate p or o determines its length. The fact that only dg appears in the complete lift
shows that a rotation of the sphere preserves tangency condition # = 0 and only changes
the orientation of such tangent vectors, but not their length. Another, more physical, but
equivalent, interpretation is obtained by realizing that (9, ¢, ) yield a parametrization
of SO(3) in terms of Euler angles, and so they can be interpreted as parametrizing the
orientation of a rigid rotor, where (9, ) indicate the orientation of its main axis of inertia,
while 8 denotes rotation around this main axis. This analogy becomes even more apparent
if one defines the vector fields

5 cos 3 cos 3

B =sin B0y + tanﬁag g0 (5.3.7a)
5 sin 3 sin 3

By = —cos B0y + tanﬁag sy e (5.3.7b)
B3 = —0 (5.3.7¢)

on T'M, which follow from exchanging the angles ¢ and 5. This can be seen by defining
their actions on functions f on T'M as

Rif =ity [, Bif =iy [ (5.3.8)
It then follows that they satisfy the Lie algebra relations

[Rj, Rk] = iéjklRl y [Bj, Bk} = iﬁjlel s [B]’, Rk] = 0, (539)
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which correspond to the quantum mechanical operators of space-fixed and body-fixed an-
gular momentum of a rigid rotor. Further defining the operators

Ri=Ri+iRs, R, =TRs, R? = R} +R3 +R3, (5.3.10a)
By =B +iBs, B. =B, B? =B+ B3+ B3, (5.3.10Db)

one finds that they satisfy the relations

[R.,Ri] = +Ry, [Ri,R_]=2R., R+, R?] = [R.,R? (5.3.11a)
[B.,Bs] = +B., B,,B_]=2B., [Bi,zs]:[zsz,zs?]: 0, (5.3.11b)

as well as R? = B? being the Casimir operator of the rigid rotor. Hence, harmonic functions
and tensors on the tangent bundle will arise from representations of the algebra of the rigid
rotor.

5.3.2 Harmonic tangent bundle functions

Using the properties of the rotation algebra discussed in the previous section, it is now
possible to find a complete set of orthogonal functions on the orbits of the rotation group
in the tangent bundle, which are parametrized by the angular coordinates (¢, ¢, #). Such
functions can be found by making a separation ansatz of the form

f(x,y) = .]E(rv 0, O‘>Y(197 907/8) = f(?’, P Z)Y(ﬁa 2 6) ) (5312)

and to realize that the rotation operators introduced earlier act only on the angular part
Y (9, ¢, B). Further, one uses the fact that the three operators R?, R, B, mutually com-
mute, and so one can find a set of common eigenfunctions. Decomposing the resulting
eigenvalue equations with another separation ansatz, and solving the resulting differential
equations, taking into account the periodicity of the angular coordinates, one finds that
the eigenfunctions form a discrete series of the form

R n U 19
Vimn (0,0, 8) = Nignne ™™ cos™ §Sm‘m S
v
o Fy (max(m,n) — I, max(m,n) + 1+ 1;|m — n| + 1;sin’ 2> , (5.3.13)

where the normalization constants are given by

— | |
pymax(mn) V(20+1) \/ (I = min(m, n))!(l + max(m,n))! (5.3.14)

|m — nl! I — max(m,n))!(l + min(m, n))!’

Nl,m,n = (

and the three parameters must satisfy the conditions
leN, mmne{-l,-l+1,...,1} (5.3.15)

in order to obtain a well-defined and smooth solution on the orbit of the rotation group.
Given the explicit formula, it is straightforward to check that these functions indeed satisfy
the eigenvalue equations

Rle,m,n = l<l + 1)yl,m,n7 Rzyl,m,n = myl,m,n ) Bzyl,m,n = nyl,m,n . (5316)
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Further, one finds that functions with identical [ can be transformed into each other by
application of the ladder operators

RiVimn = VUFm)T£m+ D) Vmt1n, (5.3.17a)
BiVmn = VA F )£ 10+ 1D)Vimnt - (5.3.17b)

Finally, we remark that the normalization of these functions is chosen such that they satisfy
the relations

2r 2w pw
[ Stmald o930, 0,8 sin 0 40 dp 5 = 872008 (5:315)
o Jo Jo
of an orthonormal basis, where the overline denotes complex conjugation.

5.3.3 Harmonic d-tensors

Following a similar idea as for the scalar functions on the tangent bundle discussed in the
previous section, one can also proceed to study the transformation of d-tensors under the
rotation group, and decompose them into irreducible representations. However, there is an
important difference which must be taken into account. As explained in section 3.1.3, de-
spite being fiber bundles over the tangent bundle T'M, the d-tensor bundles are not natural
bundles over T'M, since they do not allow for a functorial lift of general diffeomorphisms of
T M, but only of those diffeomorphisms which are lifted from the base manifold M. Hence,
only the operators R; induced by rotations of the base manifold can be extended to act on
d-tensors, while the co-rotation operators B; cannot. It is thus not possible to work with
the extended algebra of the rigid rotor, but one is limited to the common rotation algebra
generated by the vector fields R;.

There are different possibilities to construct harmonic d-tensors. In our work [H7], we
followed an approach to construct tensor harmonics on R [107]. This approach starts
from the Cartesian coordinate basis (01,02, 03) of each tangent space T, M, and the cor-
responding dual basis (dz',dz?,da?) of T M. Via the pullback along the tangent bundle
projection 7 : TM — M, they induces bases of the pullback bundles 7*TM and 7*T*M,
from which the d-tensor bundles are constructed as mentioned in section 2.2.4, and which
we denote by the same symbols here for brevity. From these Cartesian coordinate bases,
one then constructs the bases

O + 10 01 — 109
e=03, e =——+——, €.1=— ", 5.3.19
0 3 1 \/i 1 \/i ( )
as well as L Lo
& = dp?, el L tidet g dw—idet (5.3.20)

2 S T TN

One finds that these bases transform under the fundamental, three-dimensional represen-
tation of the rotation group. Hence, they satisfy the relations

Rem =2e,, R.em=men, Rien=+(1Fm)(2+m)ent:, (5.3.21)

and analogously for the dual basis. One then uses these basis elements in order to construct
the harmonic d-tensors via a simple recursion formula. The starting point of this formula
are the zeroth-rank d-tensors, which are identified with the scalar tangent bundle spherical

harmonics via
m

Yi= Vi (5.3.22)
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Here we have centered the index [, as a means to indicate that this object is a scalar function,
which transforms neither covariantly nor contravariantly under coordinate transformations,
but trivially. This notation is to be contrasted with that of the vector fields

Yri=(-1)""V2A+1) ( !
m’,u

l l

m  —m! _'u> yl’,m’,nep, ) (5323)
where now the lower position of the last index reflects that of the basis element. Conversely,
the covectors

l I 1
m —-m —p

Yol = (-1)VRI+ 1Y < ) Vi € (5.3.24)
m/,p

carry an upper index. The same principle is applied also to higher rank tensors, which are
recursively defined using the tensor product

m/

m _ Iy lp_ 1
Xloh-“lk = (_1)lk " \Y 2 +1 Z (nl; _krnll _M> ¥l0l1"'lk—1 @ ey, (5'3'25)
m’,u

with further basis elements, and analogously with covariant and mixed tensors. Here the
parentheses denote Clebsch-Gordan coefficients; note that these are non-vanishing if and
only of the indices satisfy the conditions

lpo=0,1,..., li:‘li_1—1|,...,li_1+1, m=—lg,...,l, n:—lo,...,lg.(5.3.26)

Explicitly iterating the recursion formula, one can also write them as the multiple tensor
product

mp
XZOZI“'lk = E Viosmo,n€u @ - .. & ey,
MO,y M —1
M1,k

k
JJ0E 20+ 1 <nl@ b ) . (5.3.27)

e —
i=1 i—1 K

It is well know that the Clebsch-Gordan coefficients appear in the decomposition of tensor
products of representations of the rotation group into sums of irreducible representations.
Applying this fact to the recursion formula given above, taking into account the transfor-
mation of the tangent bundle spherical harmonics and the basis vectors under the rotation
group, one easily finds that the harmonic d-tensors satisfy the transformation rules

2m m m m
R }{loll...lk = lp(lp + 1)%1011..“ , RZ}fthmlk = m}{loll'"lk ,

m m=+1
Rigloll-"lk = \/(lk F m)(lk +m+ 1) X logy...qy, - (5.3.28)
Hence, we see that the indices n, Iy, . . ., [} label the irreducible representations of dimension
2l +1 in this decomposition, while m = —lI, ..., [ is the magnetic quantum number, which

labels the different basis elements within this representation. Finally, we remark that the
normalization is chosen such that they satisfy the orthonormality relations

k

2r 2 T m m
/ / / <Y10l1---lk ’ Yl6llhh.lk> (19; @, 6) sind dv d(p d/B - 87r26mm’5nn’ H 5lil’. )
o Jo Jo \" n ’

=0
(5.3.29)
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where the scalar product is defined as

(A,B) = A%, Boo

ai--ag 9y

(5.3.30)

and where the star denotes complex conjugation. In our work [H7], we derived further
formulas for the transpose, contraction and products of harmonic d-tensors.

5.3.4 Intrinsic approach

In our work [I17], we followed the approach outlined in [107] which can be regarded extrinsic
in the sense that it considers harmonic d-tensors on a three-dimensional spaces acted upon
by the rotation group. However, as argued in section 5.3.1, the rotation generators act
non-trivially only on the angular coordinates and the orientation of tangent vector to the
spheres which are the orbits of the rotation group, while leaving any radial coordinate, radial
tangent vector component and length of tangent vectors unchanged. One may therefore
consider an alternative, intrinsic approach instead, which makes use of d-tensors on the
sphere S? only, and which we briefly explain in this section. The advantage of this approach
is that it makes a proper split of d-tensors into angular and non-angular components, and
then expands only the former into harmonics, without imposing any conditions on the
structure of the latter.

We now make use of the fact that by restriction to ¥ = 0, or equivalently z = 0 or
cosa = 0, the coordinates given in section 5.3.1 describe those tangent vectors with are
tangent to the spheres of constant radial coordinate r. It then follows that the tangent
bundle 7'S? can be parametrized in terms of the coordinates (1, @, 9, @), or equivalently
(9, ¢, 8,u), where u = p/r = p/r measures the length of tangent vectors, and the other
coordinates retain their meaning. Recalling from section 5.3.2 that the scalar harmonics
Yi.mn depend only on the coordinates (1, ¢, 3), one thus sees that they are naturally given
as functions on T.52.

To construct the harmonic d-tensors, one may they proceed in analogy to the construc-
tion of tensor harmonics on S2, by applying suitable linear operators to the scalar harmon-
ics [149]. These are defined due to the fact that the sphere S is canonically equipped with
a unique (up to a constant scalar factor) spherically symmetric Finsler geometry, derived

from the Finsler function
F(9,9,8,u) = u= /02 +sin>0 g2 (5.3.31)

This Finsler function happens to originate from the canonical Riemannian metric

v =d¥®dY +sin? I dp @ dp (5.3.32)
on the sphere, which further defines a volume form

€ =sind(d¥ ® dp —dp ® dv). (5.3.33)

We will not enter the details of this construction here, since it depends on the rank of the
constructed d-tensors, and restrict ourselves to showing the relation between the intrinsic d-
tensors with the extrinsic d-tensors we constructed in the previous section, where we restrict
ourselves to covariant tensors for simplicity. For this purpose it is helpful to express the

m
basis elements e = 30{01 in spherical coordinates, which yields
+ip

e’ = cosddr —rsinddd, e*!= _e\/§ (£sinddr £ rcos?dd +irsinddy) . (5.3.34)
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Note in particular that the radial coordinate basis covector is given by the linear combina-

tion

Vio0e’ — Vi —10e' — Vi10e?
V3

By subtracting a suitable multiple of this element, one can split the basis elements in the

form

0 0
Y= =dr. (5.3.35)

m m m m
2Yo! ++2Y0! Yol —/2Yo!
gm0 T2 Gd gm gm0 T2
3 0 3
where we used a tilde to denote purely angular components and a hat to denote purely
radial components. By applying the projectors

S E

o, (5.3.36)

0 0 0 0
230{010 + \@30[210 30(010 - \@30(210
V3 V3

to every index of a harmonic d-tensor, one can thus achieve a full decomposition into radial
and angular components. Further, using the fact that the canonical d-tensors on the sphere
are given by

e = dr®d, (5.3.37)

— ARy +dp®d,, *=—

2Y 010 + \@30{210 =0 o 50
e p— 0 €= —ﬁYlo CYoM0 = X 2y 10 (5.3.38)
V/3r2 ’ r2 0 0 r2 o0
and decomposing the derivative operators acting on d-tensors on the sphere which arise
from this background geometry using the rules for the d-tensors presented in section 5.3.3,
one can construct a full d-tensor generalization of the harmonic tensors [119].

6 Transforming teleparallel gravity theories with field space
symmetries

In the previous sections we have discussed of transformation groups on the base space of
a natural bundle, and the induced transformation on the fields defined on this bundle,
as described in section 2.3.1, in the context of gravity theories. In this context, the base
space is interpreted as spacetime, and the induced field transformations are interpreted as
the change of the mathematical representation of the gravitational field under a change of
spacetime coordinates. In this final section, we consider a different type of transformations,
which act on the fibers of the field space instead, as laid out in section 2.3.3, and can be
interpreted as a transformation of the dynamical variables which describe the gravitational
field. The theories we consider here are teleparallel gravity theories, whose underlying
geometry we discussed in section 2.2.3, to which we couple a single or multiple scalar fields.
We study two different classes of transformations acting on the dynamical fields: conformal
transformations in section 6.1 and disformal transformations in section 6.2.

6.1 Conformal transformations

In our work [H&], we studied the behavior of a class of scalar-torsion theories of gravity
under conformal transformations, which we summarize in this section. As an introduction,
we briefly review the notion of conformal transformations in Riemannian geometry in sec-
tion 6.1.1, and explain how it relates to the notion of field space symmetries we defined in
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section 2.3.3. We then translate this concept to teleparallel geometry in section 6.1.2. In
section 6.1.3, we discuss a class of scalar-torsion theories of gravity and show how confor-
mal transformations relate different constituents of this class to each other, and can thus
be regarded equivalent up to field redefinitions. The aforementioned considerations are
generalized to multiple scalar fields in section 6.1.4. Finally, in section 6.1.5, we display a
number of invariant quantities which can be used to characterize each equivalence class of
scalar-torsion theories.

6.1.1 Conformal transformations of metric geometry

In the following we will consider conformal transformations of teleparallel geometry in the
case that these are defined by a single scalar field. The starting point of this discussion is
the conformal transformation of the metric, which takes the form

g,ul/ = C(qb)g,u/, (6.1.1)

where the conformal factor ¢(¢) is determined by the value of the scalar field ¢ through
a positive function ¢ : R — R*. Before transferring this notion into the framework of
teleparallel geometry, it is worth elucidating on its geometric foundation. Recall that a
(Lorentzian) metric is a section g : M — LorMet(M) of the bundle of non-degenerate
metrics of Lorentzian signature, while a scalar field ¢ : M — R can be regarded as a
section of the trivial bundle M x R. Hence, the pair (g,¢) constitutes a section of the
fibered product E = LorMet(M) x5 (M x R), more concisely written as

(9,¢) : M — FE
z = (gu(x),o(x))

Since the signature of the metric is preserved under multiplication by a positive factor, one
may consider a transformed section

((co¢)ga¢) - M — F
z = (e(d(2)guw (@), o)) (6.1.3)

Hence, we may consider conformal transformations as an action of the multiplicative group
of positive functions ¢ : R — R™ on the space of sections of E. This class of transformations
may be further enhanced by also considering a transformation of the scalar field ¢. Such a
field redefinition is defined by a bijective function f : R — R, and acts on a section (g, @)
to yield

(6.1.2)

(9, fo¢) : M — E
z = (gu(2), f(o(2)))

Combining both operations, a pair (¢, f) acts on a section (g, ¢) as

((CO¢)g’fo¢) - M —= F
r — (c(P(x)gu(x), f(p(x))) (6.1.5)

Hence, it follows that the combined scalar field redefinitions and conformal transformations

(6.1.4)

form a group with group operation

(€. f) (¢ f) = (o f) fof), (6.1.6)
so that the inverse transformation is given by
_ 1 _
f) = () (6.7

It follows from these considerations, that the class of transformations we consider here can
be treated using the framework laid out in section 2.3.3.
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6.1.2 Conformal transformations of teleparallel geometry

Having clarified the concise mathematical framework, we can no proceed to conformal
transformations, combined with scalar field redefinitions, in teleparallel geometry. We
therefore now consider a transformation of the tetrad and scalar field given by

04, = ()0, &= f(9), (6.1.8)

with a positive function € : R — R*. Note that we do not transform the teleparallel
spin connection. This is justified by the fact that any transformation, which retains the
flatness and antisymmetry of the spin connection, could be absorbed into a local Lorentz
transformation. It then follows that the metric (2.2.22) transforms as

g,uu = ¢2(¢)guu ) (6.1.9)

and so the conformal transformation of the tetrad induces a conformal transformation of
the metric of the form (6.1.1) with ¢ = ¢2. For further studies of these transformations,
however, it turns out to be more convenient to express the conformal transformation as

() =, (6.1.10)

in terms of a function v : R — R, so that the transformation of the tetrad and metric reads

G = Vg,, 04, =94, (6.1.11)

With these definitions in place, it is now straightforward to calculate the transformation
of further relevant geometric quantities such as the torsion and contortion tensors. We
will not display them here, and defer a discussion to section 6.2.1, where we give a more
general expression for disformal transformations. In the following sections, we will focus
only on the transformation of terms which directly appear in the action functional of the
teleparallel gravity theories we consider.

6.1.3 Conformal transformations of teleparallel gravity actions

In our work [H8] we have considered a class of teleparallel gravity theories, whose action
takes the general form

Sy [0%,&% s, 6, XT] = 84 [04, 0% 5, 0] + S [0%, 6, X'] (6.1.12)

and thus splits into a gravitational part Sy, depending on the tetrad, spin connection and
scalar field, and a matter part 5,,, depending on the tetrad, scalar field and arbitrary
matter fields y!. For the gravitational part of the action, we assumed the form

1

Sg [GA’(I)AB?gb} = ng

[—A(A)T +2B(¢) X +2C(9)Y — 26*V(¢)] 'z,  (6.1.13)
M
where the appearing terms are the torsion scalar
. 1 .MVP . 1 ./ﬂ/p . .N . vp
T = ZT Tywp + §T Touy — THLTYP, (6.1.14)

the scalar field kinetic term .
X = _§gw¢’“¢’u’ (6.1.15)
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as well as the derivative coupling term
Y =g"Tpud. . (6.1.16)

A particular action from this general class is defined by the choice of the functions A, B,C,V
of the scalar field. Another function of the scalar field enters the matter action, which we
assumed to be of the form

S [0, 6, x"] = S}, [6“(¢)9A,x1} : (6.1.17)

so that the scalar field enters only through a conformal rescaling of the tetrad.

Under a combined conformal transformation of the tetrad and scalar field redefinition
of the form (6.1.8), using the parametrization (6.1.11), we find that the scalar quantities
constituting the action transform as

T = e 2@ (T 4+ 49 (4)Y + 12¢0%(¢) X) , (6.1.18a)
Y = e 2@ 1 (¢)(Y 4 6+/(4)X), (6.1.18b)
X =20 2(p)X (6.1.18¢)

and so it follows that the transformed quantities can be expressed as a linear combination
of the original quantities, with coefficients given by functions of the scalar field. Due to this
property, one finds that transforming any teleparallel gravity action of the form (6.1.12),
with gravitational part (6.1.13) and matter part (6.1.17), leads to an action which is of
the same form. This transformed action can be derived explicitly as follows. Following
the framework given in section 2.3.3, we demand that the transformed action functional,
evaluated at the transformed fields, takes the same value as evaluating the original action
at the original fields. For the class of action and transformations we consider here, we thus
pose the condition

S, [ef‘ @AB,qs] S, [04,8%5, 6], Sm [éﬂ&,xq = S [0, 6,X'] - (6.1.19)

The calculation of the transformed actions is straightforward, using the transformation
rules (6.1.18) of the constituting terms. For the gravitational action (6.1.13), one finds

S, [éA, &g, as} - [-A(&s)fr +2B($) X + 26(d)Y — 2,{212((;5)] fda

ﬁ
S { (O))T - 262D ()
+2¢29) [B(f( — 6A(f(9)72(9) + 6C(F(9) £ ()7 (6)| X
+ 2627(9) [ — 24y (¢>)} Y}ed%
(6.1.20)
while the matter action obeys the transformation
o [0, 3.1] = 53[50 1] = 3, [ 5@ 08 4] 6.1.21)

It thus follows that the transformation we consider indeed retains the form of the action, and
that the parameter functions defining a particular action from the general class transform
as

A=eD A, (6.1.22a)
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B=e® ([5’ 2 — 6472 +6C f/7’> , (6.1.22D)
C=e (é P 2/17’) : (6.1.22¢)
V=eV, (6.1.22d)
o=G 1, (6.1.22¢)

which is reminiscent of a similar set of transformation rules for scalar-curvature theories of
gravity [37]. Here we omitted the function arguments for brevity; it is to be understood
that the transformed functions (carrying a tilde) are evaluated at f(¢), while all other
functions, including ~ and f, are evaluated at ¢.

6.1.4 Generalization to multiple scalar fields

The considerations given above are easily generalized to the case of multiple scalar fields,
in a similar way as scalar-curvature theories of gravity can be generalized to multi-scalar-
curvature theories [27]. As argued in section 2.2.5, one may regard the space of values of
a scalar field multiplet ¢ as a manifold F', which constitutes the fibers of a trivial bundle
M x F, and the individual scalar fields ¢* as the corresponding coordinate expressions
obtained by choosing coordinates on F'. With this geometric interpretation, it is straight-
forward to generalize the class of transformations discussed in section 6.1.2 to multiple
scalar fields, by making the necessary substitutions. It follows that conformal transforma-
tions are parametrized by positive functions € : F — RT, or with ¢ = €7 equivalently
through v : F — R. Scalar field redefinitions are induced by a diffeomorphism f : F' — F
which can also be interpreted as a change of coordinates on the scalar field space. Together,
they induce the transformation

04, =C(9)0",, ¢ = f(¢), (6.1.23)

which is a direct generalization of the transformation (6.1.8). Using the geometric inter-
pretation given at the beginning of this section, it is also straightforward to generalize the
class of scalar-torsion gravity theories to multiple scalar fields. We start by retaining the
split

Sy [04, &% B, 0% X' = Sy [04, 0% 5, ¢%] + S [64, 0%, X ] (6.1.24)

of the action into a gravitational and matter part, simply replacing the single scalar field
¢ by a scalar field multiplet. Next, the gravitational part (6.1.13) becomes

5,[04.875.6%) = 53 [ [FA@IT+ 25 (@)X + 20, (6)Y" - 26V(9)] 0.

T 2k2
(6.1.25)
Here the scalar field kinetic term (6.1.15) and kinetic coupling term (6.1.16) have been
generalized to the expressions

1 .
X% = —59" 285, YO=T, "¢ (6.1.26)
Note that the former is symmetric in its two indices; hence, the same restriction applies to

the parameter function B in the action. Further, all parameter functions now depend on
the whole scalar field multiplet ¢. This also applies to the generalized matter action

S [0, 0%, X'] = S5, [ea(@ef“,xf] , (6.1.27)
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which differs from the single-field case by the generalized dependence of the parameter
function « on all scalar fields. Applying the transformation (6.1.23), one finds that the
terms in the action (6.1.25) transform as

T = 2@ (T+ 47a(¢) V" +127a(¢)70(#) X™) . (6.1.284)
Vo = e 2@ 52 () (Y" + 677c(¢)X"C> , (6.1.28h)
X® =D i) f5(d) X7, (6.1.28¢)

where we note the appearance of the gradient v, of 7 and the Jacobian f¢ of f, replacing
their simple derivatives. Finally, applying this transformation to the action shows that also
the class of multi-scalar-torsion theories we consider in this section retains its form under
conformal transformations, with the transformation of the parameter functions given by

A=eMA, (6.1.29a)
By = € (l’;’caffaf?b - 6/17,‘17,(, + 6C~cff(a'y,b)> , (6.1.29Db)
Co = ¥ (c}, - 2/%) , (6.1.29¢)
V=V, (6.1.29d)
a=0a+7. (6.1.29¢)

Also here we omitted all function arguments, as we did in the single-field case (6.1.22).
Here it is to be understood that transformed quantities, carrying a tilde, are evaluated at
f(¢), with all other quantities evaluated at ¢.

6.1.5 Invariants in scalar-torsion gravity

In the field of scalar-curvature theories of gravity, a highly debated question concerns the
invariance or non-invariance of physical quantities under conformal transformations of the
metric [24, 35, 28, 20, , 34, 23, |. An important contribution to answering this ques-
tion has been obtained by the derivation of a parametrization of scalar-curvature gravity
actions through a set of functions which is invariant under conformal transformations [112],
showing the equivalence of actions which are related by conformal transformations and
scalar field redefinitions. This approach has subsequently been used to express various
physical quantities in terms of such invariants [113, , , |. Further, this work has
also been generalized to multiple scalar fields [123, 82].

The class of scalar-torsion theories discussed here allows to construct a set of invariant

quantities in full analogy to the scalar-curvature case, as we have shown in our work [H5].
Here we skip the single-field case, and proceed immediately with the multi-scalar-torsion
case, which is a generalization of the former, and which gives a clearer understanding of
the geometric nature of the underlying transformations. Hence, we consider the transfor-
mation (6.1.29). From the transformation behavior of A, V and « immediately follows that
the combinations -
e 1%
. Ty=—
A A?
are invariant under conformal transformations, while under a scalar field redefinition they
obey the transformation

I, = (6.1.30)

Li(¢) =Ti(f (@), La(d) =Ta2(f (), (6.1.31)



where we explicitly wrote out the previously omitted arguments of these functions for
clarity, as a reminder that they are evaluated at the untransformed / transformed values
of the scalar fields, respectively. One sees that these invariants behave as scalar functions
712 : F' = R on the scalar field space F'. Similarly, one can construct the quantities

f . 2ABﬂb — 6./47(‘10[]) — 3./475[./47[] H . Ca + .A7a

ab — 4./42 ) a — 2./4 9
which combine the parameter functions By, and C, with other terms, such that their confor-
mal transformations cancel each other, and they become invariant under conformal trans-

formations. Note that there are also other combinations which serve this purpose, such as
the combinations

(6.1.32)

Bap — 60&7((165) — 604,‘1047{,.,4 Ca + 20 ,A
gub = 2€2a ) ICCI = W ) (6133)
which are related to the previously defined ones via
BYARYAN: L
]:ab == Ilgab + 31-17(51’(:5) - TIQ 3 Hu == IllCa - 21,1 . (6134)

Also for these indexed quantities it is straightforward to calculate the behavior under
scalar field redefinitions. Again omitting the function arguments, keeping in mind that
transformed quantities are evaluated at f(¢), we see that they obey the transformation
rules

Fap = f,caf,ab]:—cb , Ha= f};/}:tby Gap = f,caf,abgcba Ko = f};’%b . (6~1'35)

Note the appearance of the Jacobian f}; It follows that they transform as covariant tensors
of rank 1 and 2, respectively, on the field space manifold F. This finding provides us a
clear geometric interpretation of the functions defining the scalar-torsion gravity action.

6.2 Disformal transformations

In the previous section we have discussed the role of conformal transformations in scalar-
torsion theories of gravity. The characteristic feature of such transformations is the fact that
the tetrad, which constitutes one of the fundamental fields in teleparallel gravity theories,
is rescaled by the transformation, but retains its orientation. This condition is relaxed in
the case of disformal transformations, which we discussed in our work [H9], and which we
summarize here. We briefly introduce the concept of disformal transformations of the metric
and the tetrad in section 6.2.1, and show how it affects the teleparallel geometry. These
transformations are used to derive an invariant class of scalar-torsion theories of gravity in
section 6.2.2. In order to give a geometric interpretation of these transformations following
our discussion in section 2.3.3, we generalize our previous work to multiple scalar fields in
section 6.2.3.

6.2.1 Disformal transformations of teleparallel geometry

The class of conformal transformations discussed in the previous section can further be
generalized to the notion of disformal transformations. Again we first consider the most
simple case in which the dynamical fields are a metric g, and a single scalar field ¢. In
this case, the most general class of disformal transformations can be written in the form [9]

Guv = (&, X)guv + (¢, X)0u00, 9, (6.2.1)
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where the two free functions ¢ and ? depend not only on the value ¢ of the scalar field
itself, but also on the kinetic term (6.1.15). In order to be a proper transformation of the
metric, also the transformed metric must be non-degenerate and of Lorentzian signature.
Note that the determinant of the metric transforms as

g =c(c—2X0)g. (6.2.2)

Hence, in the following we will assume ¢ > 0 and ¢ — 2X0 > 0.

As with conformal transformations, also disformal transformations of the metric can be
obtained from a corresponding set of transformations of the tetrad. These can be defined
as [33]

04 = &, X)04 + D (b, X)n*Pep” 0,00, = €(d, X)0%, + D (9, X)g"70" 10,60,6,
(6.2.3)
with two free functions € and ®. One easily checks that this yields a disformal transfor-
mation of the form (6.2.1) for the metric; by direct calculation one finds

G = € g +20(€ — XD)0,00, 6, (6.2.4)
so that the free functions are related by
c=¢?, 2=29(¢ - XD). (6.2.5)

To obtain conditions on these functions € and ®, which guarantee that the transformation
of the tetrad, and hence also the metric, is non-degenerate, one may return to the conditions
derived for ¢ and 0. However, it is simpler to directly calculate the transformation of the
determinant of the tetrad, which reads

6 =a3(¢—-2X9)0, (6.2.6)

and so one obtains the conditions € > 0 and € — 2X® > 0. A remarkable fact is the
consistency with the previously obtained transformation (6.2.2) of the metric determinant,
which follows from the non-trivial relation

(€ —2XD)2 =¢2 - 2XD(2¢ — 2XD) = ¢ — 2X0, (6.2.7)

which follows from the relation (6.2.5) between the parameter functions. The positivity
conditions also appear in the transformation of the inverse tetrad, which reads

1

eal' = —

w_ =~ v, P
: (eA T oxn? oA 8V¢a,,<z>> . (6.2.8)

Hence, in the following we will consider only transformations which satisfy these conditions.

In our work [H9], disformal transformations are studied in the context of scalar-torsion
theories of gravity. In addition to the tetrad and the scalar field, the underlying telepar-
allel geometry also depends on a spin connection, whose transformation behavior must be
specified. However, the situation is identical to the case of conformal transformations, that
any non-trivial transformation of the spin connection could simply be absorbed into a local
Lorentz transformation, and so we assume it to be invariant, &% By = wA Bu- Under this
assumption, the transformation of the torsion takes the form

T4, = €T, + 201,807, + 2n*Pep? (0,00,,00,1¢ + DO, ¢V ,10,9) (6.2.9)
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while the contortion transforms according to

DV, VadVgd D*V,6VadVsX n € sVadgs,

Kap, =K 2e4%ep”
ABu = KABu T+ 2€(4"Cp] ( ¢ 2XD C(€ — 2XD) ¢ 2XD

CxDGgapVdVadVTIX D xVoXVshV,h € xVaX
XA Gap B¢ 'y¢ 4 X Va ﬂﬁb u¢ i X VaAdpu . (6.2.10)
¢(C€—-2X9) ¢ ¢
Here we wrote the transformations in terms of tensor components [50]; in our work [H9],

we made use of the language of differential forms.

6.2.2 Disformal transformations of teleparallel gravity actions

In analogy to the class of teleparallel gravity actions which is invariant under conformal
transformations discussed in section 6.1.3, one may aim to construct a class of actions which
is invariant under disformal transformations. We have proposed multiple such classes in our
work [H9], based on the following principle. Since the dynamics of the gravitational field,
encoded in the tetrad and the spin connection, enters into the action through the torsion
tensor T, it will necessarily appear in any teleparallel gravity action. To obtain a scalar
Lagrangian, its indices must be contracted with other tensor fields. To simplify the study
of disformal transformations for such scalar Lagrangian, it is helpful to first transform the
torsion tensor into the equivalent expression

A pe =T4c = 04 e’ ec’ T, , (6.2.11)

which transforms as a tensor under local Lorentz transformations, but as a scalar under
spacetime diffeomorphisms. The advantage of this change of index characters is that any
number of such Lorentz tensors / spacetime scalars can be combined and contracted with
the help of the Minkowski metric 145, which is invariant under disformal transformations,
in contrast to the spacetime metric g,,,, which transforms non-trivially. Hence, to obtain
the transformation of a teleparallel gravity action, it is sufficient to derive the disformal
transformations of the constituting Lorentz tensors / spacetime scalars, in addition to the
transformation (6.2.6) of the tetrad determinant, which is required to obtain a Lagrangian
density from the scalar Lagrangian. For the torsion tensor (6.2.11), one finds that the
disformal transformation can be expressed as a sum of the terms

A?Ape =2 P cp o p, A*Ape = 2¢,[35é] , A*pe = 2X,[B5év] ;

AApe =X o odp, AYpe =20 cmp, ATpe = 277DE¢,DX,E¢,[B(58'} :
(6.2.12)

with coefficients which are functions of ¢ and X. Further, it turns out that all these terms
share the same transformation behavior, which can thus be expressed in the common form

7
Al ="M (¢, X) A pe (6.2.13)
J=1

with a matrix M7 ; of coefficient functions; we do not list them here for brevity - a full list
is given in [72].
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From the transformation behavior of the terms A4 pc follows that any gravitational
action of the form

Sg [QA’ ‘:JAB’ ¢] - / Z Z Hiyry Al“'ANBIMBNCHmCNAIlAlBlcl T AINANBNC'N 0d'x )
N {L}

(6.2.14)
retains this general form under the action of a disformal transformation. Here the expres-
sions Hy,..1y A;.-A NBl"'BN C1ON gre tensors of rank 3N constructed as linear combinations
of products of Kronecker symbols (529 and Minkowski metrics n4p with coefficients which
are functions of the scalar field ¢ and its kinetic term X. A disformal transformation then
induces a transformation on the space of these coefficient functions, similarly to the trans-
formation (6.1.22) derived for conformal transformations. These transformations are rather
tedious to calculate in general. As an illustrative example, we worked out all possible terms
up to N =2 [72].

6.2.3 Generalization to multiple scalar fields

By extending our work [[9], also disformal transformations can be generalized to the case
of multiple scalar fields ¢®, which may be interpreted as the coordinates of a point on a
field value manifold F', similarly to the case of conformal transformations. In this case, the
transformation of the tetrad can be written as

04, = €(¢p, X)04, + Doy (b, X)g""0" ,0,,0°0,0° , (6.2.15)

which is complemented by the transformation of the scalar field given by a diffeomorphism
f : FF — F of the scalar field space. While the latter already has a straightforward
geometric interpretation, the former needs clarification. Recall from section 2.2.5 that we
interpret the scalar field multiplet ¢ as a section of the trivial bundle M x F', or equivalently
as a map ¢ : M — F. The differential ¢, : TM — TF of the latter is a vector bundle
morphism covering ¢, i.e., to every v € TM with m3/(v) = z it assigns ¢, (v) € TF with
Tr(¢,(v)) = ¢(x). However, the fiber of TF over ¢(x) is the same as the fiber of the
pullback bundle

¢*TF = {(z,u) € M X TF,¢p(z) = mp(x)} (6.2.16)

over z, where the projection is simply given by (z,u) +— z. Hence, we may equivalently
regard the differential ¢, as a vector bundle morphism

(tm, ) + TM — ¢'TF
v o= (T (v), @ (v))

covering the identity on M. Further, a vector bundle morphism covering the identical
is again equivalently described by a section of the tensor product bundle T*M ® ¢*TF.
Finally, realizing that the inverse of the metric g is a symmetric tensor of rank (2,0), and
hence a section of Sym(T'M T M), we can contract it with two copies of the aforementioned
tensor bundle section, which gives us a section of Sym(¢*TF ® ¢*TF). The field X we
introduced in the definition (6.2.15) is simply this section, up to a factor —%, so that its
coordinate expression

(6.2.17)

1
X = X9, ® 0y = —ig“"(bf‘ucbf’,ﬁa ® B, (6.2.18)

matches with the definition (6.1.26) of the kinetic term X . Here 9, denote the coordinate
vector fields on F'. While this coordinate expression is of course rather simple to display, it
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is still instructive to understand that it indeed has a fundamental geometric interpretation.
With this interpretation in mind, it is now clear that the pair (¢, X) simply constitutes
a map from M to Sym(TF @ TF'), which is constructed from the metric g and the scalar
fields ¢. The disformal transformations (6.2.15) are thus parametrized by functions

¢:Sym(TF®TF) >R, D:Sym(TF®TF)— T*F®T*F, (6.2.19)

where the latter can be shown by a very similar construction, interpreting the values of D
as components of symmetric tensors of rank (0,2) on F. Note that © is in general only
a bundle morphism over F', but not necessarily a vector bundle morphisms, even though
its domain and codomain are vector bundles over F. These functions must further be
restricted by the demand that the transformed tetrad (6.2.15) is non-degenerate, which
leads to the condition

det (€5 + Dapg"*D,0°0,0") > 0. (6.2.20)

Evaluating this expression, we find that it becomes significantly more involved than in
the case of a single scalar field, so that we omit the result here. Similarly, also the group
structure, comprised of the product and inverse of disformal transformations, becomes
rather involved in this most general case.

It is, nevertheless, instructive to take a closer look at infinitesimal disformal transfor-
mations, in order to see how these are related to the framework laid out in section 2.3.3.
For this purpose one may consider a one-parameter group of disformal transformation with
parameter ¢ € R, which is defined by the parameter functions (&€, ®, f;). It follows from
the conditions on a one-parameter group that for ¢ = 0 one finds the neutral element

(Q:O’@Oaf[)) = (17071dF)a (6221)

where 1 denotes the constant function on Sym (7T F®T'F) and 0 likewise denotes the constant
bundle morphism mapping to the zero section. The generator of this one-parameter group
consists of a real function € : Sym(TF @ TF) — R, a bundle morphism @ : Sym(T'F ®
TF) — T*F @ T*F (where we identified the vertical tangent spaces with the fibers of
the codomain) and a vector field f{, : F — TF. To study the action of these generators
on the field space, we denote the coordinates on F' by (s%), so that we have coordinates
(xH, fa*, s%) on the total space of the bundle £ = GL(M) x F. For the corresponding jet
bundle coordinates, we use the notation introduced in section 2.1.3. Note that here fa*
denote the frame components, while we defined the disformal transformation (6.2.15) using
the coframe HAH. In coordinates, we thus have the transformation

F A = A+ Dy B Y 5% s (6.2.22)

where €; and ®; depend on the coordinate expressions s* and
1
— o fa sty (6.2.23)

defined on the first jet bundle. Differentiating with respect to the parameter ¢, and using

dzia 14 7B 43

T = Y (6.2.24)

dt =0 dt =0

we find that the action of the one-parameter group of disformal transformations is generated
by the evolutionary vector field

X = F90 — fa* f5" (Cof ™ By + Dyasn " S 5%5"5) O,

) (6.2.25)
= £0 = (Cofa¥ + Dot 0g"s%5") 9,0
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With this expression at hand, one may study the transformation of any Lagrangian, such as
the ones constructed in section 6.2.2, under infinitesimal disformal transformations, using
the framework displayed in section 2.3.4. Depending on the choice of the Lagrangian, this
may become rather involved, and we will not further pursue this calculation here.

7 Summary and outlook

In this thesis we have discussed the relevance of symmetry transformations in the geometric
formulation of gravity theories. In particular, we have:

1. extended the notion of invariance under the action of a symmetry group from pseudo-
Riemannian geometry to more general geometries used in gravity theory;

2. determined the most general classes of invariant geometries for different symmetry
groups;

3. studied the transformation of perturbed geometries under the action of infinitesimal
diffeomorphisms on the background geometry and derived gauge-invariant quantities;

4. discussed the transformation of geometric fields under group actions on the field space
and the introduced transformation of the action functional of gravity theories.

Despite having very diverse applications in gravity theory, we have cast these different
topics into a common and concise differential geometric framework, since they are based
on the same underlying mathematical notions. Having such a framework at hand does not
only provide better insight and understanding of the role of symmetry in the theory of
gravity, but can also serve as a guiding principle for future studies in this field.

Besides the particular geometries we studied in this thesis, also other, potentially more
general notions of geometry have found application in gravitational field theories. These
include higher order gauge theory [!|, symmetric teleparallel gravity [133, |, general
teleparallel gravity [10, 22] as well as Hamilton and Lagrange geometries [132, 2]. Even
more general geometric structures are employed in quantum gravity. Understanding the
action of transformation groups on these structures, finding symmetric solution, revealing
symmetries of gravity theories and deriving observational consequences is therefore a crucial
task.

The notions of symmetry derived for the aforementioned geometries and for the geome-
tries discussed in this thesis may further be used to derive the most general gravitational
field configurations which are invariant under the action of various other transformation
groups. The most notable contender classes of symmetry groups would be more gen-
eral types of cosmological symmetry, giving rise to the homogeneous, but not necessarily
isotropic Bianchi cosmologies [13], as well as planar symmetry, which is relevant for the
study of exact plane wave solutions. Once such exact symmetric solutions are found, one
may furher proceed and study perturbations of these geometries, as well as their trans-
formation under the symmetry group of the background spacetime, and gauge-invariant
perturbation variables may be constructed similar to those in Riemannian and teleparallel
geometries.

Finally, the general framework discussed in this thesis, which covers also symmetries of
gravity theories under transformations of their field space, allows for further applications.
Besides the disformal transformations of teleparallel geometry generated by scalar fields,
also vector fields may be included [115], and more general transformations of the connection
in the framework of metric-affine geometry may be considered [106, 105].
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