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Resumen

En la presente tesis se estudié en profundidad el sector minimal de la extension
del Modelo Estandar Gravitacional (gSME) en un escenario cosmologico, con el
objetivo de desvelar las condiciones de compatibilidad entre los campos background
y la dindmica de la teoria. Para ello, se analiz6 el rompimiento explicito y
espontaneo de la invariancia bajo difeomorfismos de la Relatividad General dentro
del marco de las teorias efectivas. En ambos casos se derivaron las ecuaciones de
Friedmann modificadas, asi como las configuraciones requeridas por los campos
de background para preservar la isotropia y la homogeneidad. En este contexto,
se identificaron configuraciones que permiten multiples fases de expansion del

universo.

Este estudio condujo al desarrollo de un método para tratar las incompatibilidades
entre las violaciones explicitas de difeomorfismos y la geometria Riemanniana,
basado en el analisis de las isometrias de un sistema gravitacional. Se concluye que
las configuraciones de los campos de background son més propensas a determinarse
cuanto mayor sea el nimero de difeomorfismos que actiian como isometrias del
sistema en el caso de rompimiento explicito; en cambio, en el caso de rompimiento
espontaneo, el campo de background no requiere respetar dichas isometrias para
garantizar la compatibilidad. Prueba de la efectividad del método, se logra
estudiar violaciones de causalidad en presencia de campos de background de forma

consistente.

Keywords — Modified gravity theories, Accelerated cosmic expansion,

Diffeomorphism symmetry breaking, Lorentz symmetry breaking
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Abstract

This thesis conducted an in-depth study of the minimal sector of the gravitational
Standard-Model Extension (gSME) in a cosmological scenario, with the aim of
uncovering the compatibility conditions between the background fields and the
dynamics of the theory. To this end, the explicit and spontaneous breaking of
diffeomorphism invariance in General Relativity was analyzed within the framework
of effective field theories. In both cases, the modified Friedmann equations were
derived, as well as the configurations required by the background fields to preserve
isotropy and homogeneity. In this context, configurations that allow for multiple

phases of universe expansion were identified.

This study led to the development of a method for addressing the incompatibilities
between explicit diffeomorphism violations and Riemannian geometry, based on
the analysis of the isometries of a gravitational system. It is concluded that the
configurations of the background fields are more likely to be determined the greater
the number of diffeomorphisms that act as isometries of the system in the case of
explicit breaking; in contrast, in the case of spontaneous breaking, the background
field does not need to respect these isometries to guarantee compatibility. As proof
of the method’s effectiveness, causality violations in the presence of background

fields were consistently studied.

Keywords — Modified gravity theories, Accelerated cosmic expansion,

Diffeomorphism symmetry breaking, Lorentz symmetry breaking



Notation and Conventions

In this thesis, we adopt the sign conventions of C. W. Misner, K. S. Thorne, and
J. A. Wheeler as used in their seminal text on gravitation, Gravitation [!]. In
particular, we use metric signature (— + ++), or mostly plus. Through the thesis

we will use geometrized units, where the speed of light is set equal to one.

The index notation used in this work is as follows: Greek indices (p, v, ...) denote
spacetime components of tensors on the manifold M, while Latin indices (a, b, . ..)
denote spatial components of tensors on the hypersurface o, which is embedded
via the ADM foliation.

For the reader’s convenience, we list below frequently used symbols, including

those defined in this work and standard notation from gravitation:

Symbol Description

M Spacetime manifold
Juv Metric tensor of M

., Affine connection (Christoffel symbols) of g,
Vi Covariant derivative on M
oy Partial derivative with respect to z*# on M
@ R/\u o, Riemann curvature tensor on M

() R,,  Ricci tensor on M
WR Ricci scalar on M
L Lie derivative along the £ direction

PN Hypersurface in M at time ¢

o Three-dimensional spatial manifold

Qab Induced metric on o
Ky Extrinsic curvature of o

N Lapse function (temporal displacement)

N Shift function (spatial displacement)
X/'(y*) Embedding of o with coordinates y* into M at time ¢

et, Projector vectors tangential to 3,
nt Normal vector to >
D, Covariant derivative on o
0, Partial derivative with respect to y* on o
| Affine connection (Christoffel) of gq
) Rd Riemann curvature tensor on o

(3)Rab Ricci tensor on o
GR Riccei scalar on o
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Vierbein (tetrad) relating g,, to 74

Spin connection

Covariant derivative with Gauge and Spin connection
Gauge field

Gauge curvature tensor (F' = dA)

Proper orthochronous Lorentz group

Euclidean group (group of isometries of Euclidean space)
Matrix components for a Lorentz transformation
Energy-momentum tensor of the field e

Spin density tensor

Matter source (energy-momentum tensor)

Torsion tensor

Lagrange density of mass dimension d

Cosmological constant

Hubble parameter

Ratio between pressure and density of matter content
(w=P/p)

Curvature number for FLRW metric (k = 0,+1)
Density of a perfect fluid

Pressure of a perfect fluid

Bumblebee field

Vacuum expectation value (VEV) of the Bumblebee field
Angular velocity in Gédel universe

Critical radius in Godel universe

The Latin index in the vierbein e, is a flat spacetime index and should not be

interpreted as a ¢ manifold index. Auxiliary quantities such as &°, x7, T"" have a

different meaning in each chapter unless otherwise stated.
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Chapter 1. Introduction 1

Chapter 1
Introduction

It is well known that Quantum Field Theory (QFT) suffers from ultraviolet (UV)
divergences, and it has been a fundamental problem in high energy physics for
decades. Quantum field theory, our mathematical framework for describing nature,
inherently limits the influence of smaller distance scales on the description of larger
objects [2]. The UV divergences appear because it is assumed that QFT is valid

to arbitrarily short distance scales, corresponding to arbitrarily high energies.

These divergences can be addressed using standard techniques such as momentum
cutoffs, dimensional regularization, and renormalization. These approaches
often introduce unphysical parameters, rely on arbitrary prescriptions, or break
fundamental symmetries, making them mathematically effective but conceptually
unsatisfactory [3]. For example, lattice discretization explicitly breaks the
continuum nature of space-time ||, while dimensional regularization introduces a
formally consistent but physically unintuitive analytic continuation of spacetime
dimensions [5|. Similarly, Pauli-Villars regularization modifies propagators by
introducing unphysical ghost fields [(], which may not emerge naturally from

fundamental principles.

However, the existence of these divergences seems incompatible with the predictions
of General Relativity (GR) predictions. They originate from integrals where
internal momenta can grow arbitrarily large. Virtual particles with high energy E
and momentum P have a Compton wavelength A = /i/ P, and general relativity
predicts that such energy densities collapse into black holes when A approaches

the Schwarzschild radius, r = 2GFE/c*. This transition occurs at the Planck scale



(10'2 |GeV]), characterized by the Planck energy Ep = 1/87hc/k and the Planck
length /p = \/hrc/8m, where quantum gravity effects become significant. At
these scales, the nature of virtual particles changes dramatically, becoming black

holes potentially radiating all particle species via Hawking radiation.

These qualitative arguments suggest that gravity may provide a natural UV
cut-off, as Planck-scale black holes would decay within a Planck time tp = fp/c.
Moreover, this implies that spacetime may possess a minimal length scale,
beyond which further physical resolution becomes impossible, possibly due to the
inaccessibility of regions behind event horizons. While speculative, these ideas
point toward the need for a consistent theory of quantum gravity to may resolve
the UV divergences in QFT.

On the other hand, classical general relativity exhibits fundamental limitations.
The prediction of spacetime singularities such as those associated with black
holes and the Big Bang indicates that the theory is already being extrapolated
beyond its regime of validity. In scenarios involving gravitational collapse, matter
reaches energy densities so extreme that quantum effects are expected to become
significant. A consistent quantum theory of gravity is not only expected to
resolve these singularities, but may also offer insights into other open problems
in fundamental physics, including the cosmological constant value problem, the

nature of dark matter, and the dynamics of the pre-inflationary universe.

The preceding discussion highlight the limitations of both QFT and GR when
approaching the Planck scale. Various approaches to a quantum theory of gravity
suggest that novel phenomenological effects may arise from the breakdown of
fundamental symmetries underlying conventional QFT and general relativity.

Most notably, we are looking for deviations from Lorentz invariance.

Lorentz symmetry is the invariance of physical laws under Lorentz transformations
namely spatial rotations and boosts, corresponding to the proper orthochronous
Lorentz group SO*(3,1). As a global symmetry of Minkowski spacetime, it
underlies the theory of Special Relativity (SR) and the Standard Model of particle
physics (SM), where it is intimately connected to Charge-Parity-Time reversal
(CPT) symmetry invariance. As a local symmetry of the laws of physics in

freely falling frames, Lorentz invariance is a cornerstone of General Relativity.



Nevertheless, it remains possible that nature exhibits small violations of Lorentz

symmetry in a quantum gravity regime [7].

A plausible origin for such violations appears in string field theory [3], where
certain interaction terms can induce spontaneous Lorentz symmetry breaking
due to nonzero vacuum expectation values of tensor fields coupled to scalars.
More recently, a variety of alternative mechanisms for Lorentz violation

at the fundamental level have been proposed, including scenarios involving

noncommutative field theories [9], spacetime-varying fields |10], quantum gravity
effects |1 1], brane-world scenarios [12], supersymmetry breaking [!3], and massive
gravity [!1], among others.

For any consistent treatment of Lorentz violation, one must uphold the principle
of observer independence: physical predictions should not depend on the choice of
coordinates used to describe them. This requirement holds regardless of whether

the coordinate transformation corresponds to a Lorentz transformation or not.

To date, no compelling experimental evidence for Lorentz violation has been found;
consequently, current efforts in physics focus on searching for potential violations
rather than modeling an already observed phenomenon. In this exploratory phase,
it is desirable to adopt the most general possible theoretical framework, so that

no region of parameter space remains unexplored.

A systematic way to study potential violations is through effective field theory.
Starting from the Standard Model coupled to General Relativity, the action can
be augmented by incorporating all possible scalar terms formed by contracting
Lorentz-violating operators, each multiplied by coefficients that control the
magnitude of the effects. The resulting framework is known as the Standard-Model
Extension (SME) [15], [16]. Since CPT violation is intrinsically associated with
Lorentz violation in realistic field theories, the SME also includes general CPT
violation. Coordinate invariance ensures that the physics remains unaffected
by changes in the observer frame, including Lorentz and other coordinate
transformations, while allowing observable effects of Lorentz violation to arise
from particle transformations. Under these considerations, the general SME

formulation offers a guide for experimental searches [17].

This thesis deals with the exploration in various sectors of high-energy physics



of phenomenology associated with violations of Lorentz symmetry, focusing
particularly on modified gravity theories and cosmology. The research was carried
out using effective field theories within the framework of the Standard-Model
Extension (SME). The primary objective of this research is to determine whether
the introduction of background fields in theories that break diffeomorphism and

Lorentz symmetry is compatible with the cosmological framework.

To achieve this, we initially worked within the fermionic sector of the Standard-
Model Extension (SME), specifically with the Myers-Pospelov model. Despite the
indefinite-metric states in the model, microcausality and unitarity are proven for
tree-level and one-loop processes using the Lee-Wick prescription and a modified
Cutkosky rule that restricts the state space to stable, positive-norm particles. This
investigation was complemented by formal studies of Quantum Field Theory with
Lorentz violation, which provided essential conceptual background and familiarity
with the theoretical foundations. This research culminated in the publication of
two articles [15], [19], which serve as an introduction to SME phenomenology.
The current thesis will focus on the interaction between gravity and background
fields; therefore, the results concerning fermionic matter in flat space-time will

not be explored here.

In Chapter 2 we will begin by discussing how the symmetries and principles of
General Relativity shape the theory of gravity, in particular the role of Lorentz
symmetry. Subsequently, in Chapter 3 the motivation for Lorentz symmetry
breaking will be presented, as well as the introduction of a framework that
categorizes and incorporates the breaking in all sectors of the Standard Model
and Gravity, called the Standard-Model Extension (SME). In particular, we will

focus on the so-called minimal gravitational SME sector.

In Chapter 4, making use of the ADM decomposition detailed in Chapter 2 and the
minimal extension of gravitational SME from Chapter 3, we will project the entire
model into ADM variables to recover the usual cosmological setup in the Gaussian
normal coordinates limit for the FLRW metric. Subsequently, we will seek to
evaluate the compatibility between symmetry violation and the notion of isotropy
and homogeneity, through different breaking mechanisms. The mechanisms will
be treated separately, dedicating Chapter 4 to explicit symmetry breaking and
Chapter 5 to spontaneous breaking. In both chapters we will study accelerated

expansion of the Universe with influence of external background fields.



In Chapter 6, the role played by the isometries of spacetimes in the compatibility
of admitting Lorentz symmetry violations without causing discrepancies between
geometry and dynamics will be discussed, as a result of the research carried out

in Chapters 4 and 5.

As an example of how isometries constrain the degrees of freedom in gravitational
setups to yield more compatible configurations in gravitational models with explicit
violation of diffeomorphism symmetry, we present our study of causality violations

in the presence of background fields in a Godel universe in 7.

This work includes a appendix (Appendix A) where we present a mechanism
developed for the optimal decomposition of tensorial quantities in terms of ADM
variables, which makes it possible to identify the geometric contributions made by

the breaking mechanism in the dynamics of spacetime.
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Chapter 2

Theoretical Framework I: General

Relativity

On November 25th 1915, Albert Einstein presented the gravitational field equations
to the Prussian Academy of Natural Sciences [20]. Around the same time, David
Hilbert had proposed the correct action principle for gravity, which yielded the
Einstein equations, based on a communication in which Einstein had outlined
the general idea of General Relativity [21]. The only action in four dimensions
that is compatible with the postulates of General Relativity and that recovers
Special Relativity as its local limit is the Einstein—Hilbert action. This marks the

beginning of the modern study of spacetime dynamics.

2.1 Principles of General Relativity

The framework of General Relativity requires that physical laws remain invariant
under general coordinate transformations. As we shall see, this emerges as a direct
consequence of the diffeomorphism invariant realization of the underlying physical

principles [22].

The Equivalence Principle of Gravitation and Inertia describes how physical
systems respond to external gravitational fields. It rests on the equivalence
between inertial mass, m;, and gravitational mass, m,. Einstein realized that this
implies that no static, homogeneous gravitational field can be detected within

a free-falling reference frame. Consider two observers: one in an inertial frame
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and another in free fall. The exact cancellation between inertial forces and
gravitational forces due to the m; = my equivalence means the freely falling
observer perceives no gravitational field. However, this cancellation must be
modified when inhomogeneities in the gravitational field are present. For instance,
while Earth is in free fall toward the Sun, we don’t perceive the Sun’s gravitational
field in our daily experience, but the slight inhomogeneity in this field will be

enough to produce significant waves in the sea.

In reality, inertial forces do not perfectly cancel gravitational forces in free-falling
systems when field inhomogeneities or time dependencies exist, but a crucial
feature emerges when we examine sufficiently small spacetime regions. This leads

us to the formal statement of the Equivalence Principle:

At every point in spacetime within an arbitrary gravitational field, there exists a
locally inertial coordinate system in which, within a sufficiently small neighborhood,
the laws of nature coincide with those of an unaccelerated coordinate system in

the absence of gravitation.

An alternative perspective comes from the Principle of General Covariance, which

imposes two requirements for any valid physical equation:

e The equation must hold in the absence of gravitation: it must reduce to the
laws of Special Relativity when the metric tensor g, equals the Minkowski

. . . )\ .
metric 7, causing the affine connection I'*,, to vanish.

e The equation must be generally covariant, maintaining its form under

arbitrary coordinate transformations.

In essence, the Principle of General Covariance extends the Equivalence Principle.
Constructing generally covariant equations naturally introduces new objects that
will describe the geometry and the gravitational phenomena: the metric tensor

and affine connection.

These principles define the framework of General Relativity: General Covariance
requires the field equations to remain invariant under coordinate transformations,
expressed through tensorial quantities on a manifold. Meanwhile, the Equivalence

Principle requires that gravity be encoded in the metric tensor and connection,
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which must locally reduce to Special Relativity and the Minkowski spacetime in

appropriate coordinates.

With this formulation, we now formally define our spacetime framework equipped

to describe gravity.

A spacetime is defined as the pair (M,g) where M is a four-dimensional
real smooth manifold equipped with a metric following a spacetime signature
(F, £, £, 1), also called Lorentzian manifolds. Spacetime signatures will represent
the causal structure, connecting with the respective flat spacetime solution 7, =

Diag.(F, £, 4, £), also being a geometrical invariant under diffeomorphism.

In the tangent space of M, we define objects that transform under general
coordinate transformations, also referred to as general tensors.. Tensors are defined
with respect to a group of transformations, for example the Poincaré and Lorentz
tensors in SR. In the case of GR we have Diff(M), the group of automorphisms of
M, acting as the group of coordinate transformations. If we define around a point
P € M a coordinate patch with coordinates {z*, A = 0,1,2,3}, under a change

of coordinates z* — Z#(2) a tensor of rank (p,q) will transform as follows

e Oz OzHe Ox¥! ox"e
Tp’l p‘p —\ — . . #lﬂp A
iy () oz Oxtv 9T 855”«'1T Vl"'Vq<I ). (2.1.1)

The covariant derivative provides the correct differentiation operator to preserve the
tensorial character of equations. The covariant derivative as we know corresponds

to

V)‘Tulmupl/l“"/q - aAT#lm,upI/r“Vq + Fulm\Tnmupm--'Vq tot Fupm)\Tﬂlmnm...Vq
_Fﬁyl)\Tul"'Mpﬁmyq . 1"””(1/\77M1"'Mpylmlki , (212)
where
1
FAW _ §gm (0ugrw + 00 G — Onurr) (2.1.3)

corresponds to the Christoffel connection. The fact that the Christoffel connection
is not a tensor allows us to identify coordinate systems in which the connection

vanishes, recovering the Minkowskian flat space.
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The equations of motion for fields in GR are covariant under general coordinate
transformations, and the complete theory is invariant under diffeomorphisms as a
fundamental symmetry. This is true if we regard the diffeomorphism as a passive
one, i.e., such that all it does is permute the points of the manifold. In other
words, giving different names to points should not affect the physics [23]. Active
diffeomorphisms are quite different, however, and not every theory is invariant
under their action. When people say that GR is a diffeomorphism invariant theory,
what they really mean is that GR is invariant under active diffeomorphisms. This
happens to have profound implications in the interpretation of spacetime, as

opposed to the ’triviality’ of general covariance, which is physically meaningless.

In a spacetime (M, g) the metric tensor g allow us to define the infinitesimal
distance between two points in the manifold, or spacetime interval. Taking this
in consideration we can introduce a notion of distance dg(p, p’) between any two

points p and p’ on the manifold via integration:

/

de(p,p’) = /P ds. (2.1.4)

In this sense, we can say that the metric defines a map from the Cartesian product
of M with itself to the real set:

dg : MxM — R
(p,p) > dg(p,p). (2.1.5)

It is clear that a passive diffeomorphism gives the same physical situation, because

the way we label the points of M is not associated to any physical observable.

Now, consider a diffeomorphism ® from M to itself. In general, we have
dg(p,p') # dg(® ' (p), @' (p)) . (2.1.6)

However, since ®~! is a smooth map, we can define a new metric § on M that
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its associated distance function is given by
dg(p, p') = dg(®7(p), 21 (). (2.1.7)

The pair (M, g) is still a valid spacetime and the claim is that it is physically
indistinguishable from (M, g). This is equivalent to saying that g solves the same
equations as g does. This is what the sentence GR is a diffeomorphism invariant
theory really means and it is clearly not a trivial fact as passive diffeomorphism
invariance is. Invariance under passive diffeomorphisms talks about the form of
equations. Invariance under active diffeomorphisms tells us something about the
mathematical structure of the theory and inevitably hints towards a relational

interpretation:

(...) as long as the relations between entities remain the same, it does not matter

‘where’ or "how’ they are distributed.

Perhaps the source of confusion stems from the fact that active and passive
diffeomorphisms are simply two interpretations of the same mathematical
transformation: a diffeomorphism. There is a trivial relation between transforming
the tensorial components of a tensor while keeping the basis fixed, and keeping the
components fixed while transforming the basis. The relevance of the distinction
between transformations appears when we can no longer act on fixed fields; if we
can’t move field components but can only change the basis, we lose the relation

between active and passive transformations.

In this way, we have discussed how diffeomorphism invariance implements the
principles of GR, and made an introduction to the idea of active and passive.
The discussion about active and passive diffeomorphism transformations will be
detailed in Chapter 3.

2.2 The ADM formalism

Another relevant aspect of General Relativity is its ADM formalism. The
Arnowitt—Deser—Misner (ADM) formalism is the Hamiltonian formulation of

general relativity [21]. To perform the Hamiltonian formulation, it is necessary to
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separate space and time. This is achieved by foliating spacetime into hypersurfaces
that are perpendicular to a congruence of curves. The spacetime foliation in this
formalism helps provide a clearer understanding of the dynamics of gravitational
fields and their symmetries, but also is strongly compatible (in the Gaussian normal
coordinates limit) with the cosmological setup giving a better understanding about
the nature of some geometrical quantities, that will be our strategy to study

cosmology in modified gravitational models (see Chapter 4).

The space and time separation is required for the canonical formulation because,
otherwise, velocities cannot be defined, and therefore the conjugate momentum,
which seems to break invariance under diffeomorphisms. However, this is not
the case since we do not fix the separation but keep it arbitrary, so we do not
fix a coordinate system. The arbitrariness in fact covers the entire group of
diffeomorphisms. Since the action is invariant under diffeomorphisms, it will not

depend on this auxiliary separation.

We start from the Einstein-Hilbert action principle for metric tensor fields g, of

Lorentzian signature propagating on a four-dimensional manifold M
1
Sen = —/ dzy/—gWR. (2.2.1)
2K M

Here we will use the Lorentzian convention (—,+, +,+) so that timelike vectors
have negative norm. The coordinates x*, = 0, 1,2, 3 are the coordinates of M in
a local trivialization. YR is the curvature scalar associated with Guv, and k = 87G.
To make the action principle well-defined in general, boundary terms must be

added (unless one assumes that M is spatially compact without boundary).

To formulate the action principle in its canonical form, one must assume that
M has a special topology M = R x o, where o is a fixed three-dimensional
manifold of arbitrary topology [25]. Having made this assumption, M is foliated
into hypersurfaces 3; := z,(0); for each fixed ¢t € R, there exists an embedding
x; : 0 — M defined by z,(y) := x(t,y), where y*, a = 1,2,3 are the local

coordinates of o. Likewise, we have a diffeomorphism

X Rxo — M (2.2.2)
(ty) — X(ty):=X(y). (2.2.3)
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Any diffeomorphism ¢ € Diff(M) of M is of the form ¢ = X’ o X~ where X, X’
are two different foliations related by a diffeomorphism X’ = oo X. It follows then
that at this point the freedom to choose the foliation is equivalent to Diff(M). In
fact, since the action is invariant under all diffeomorphisms of M, the foliations
X have not been specified and we must allow them to be completely arbitrary.

Now we will use these foliations to provide a decomposition of M. A useful
parametrization of the embedding and its arbitrariness can be given by its

deformation vector field

n
th(z) = 92"t y) =: N(z)n* + N%(z)e", , (2.2.4)
O/ lomay)
Ox
" = . 2.2.
e = gl 2:25)

Here n* is a time-like unit vector normal to the hypersurface ¥;, and e”, is
tangential to >, i.e. it satisfies g, n*e”, = 0. Clearly, the vector field n* is
completely determined as a function of (g,x) by these two requirements. The

proportionality coefficients N and N¢ are called the Lapse and Shift, respectively.

Figure 2.2.1: A region of the hypersurface ¥;, which is normal to the congruence
of curves v(t) at a point in M. The time direction vector t* is decomposed into
its normal and tangential components relative to ;.
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Note that information about the metric g,, has been implicitly involved since we
are only dealing with spacelike embeddings and metrics with a given signature.

Thus the foliation ¢ must be timelike everywhere, which leads to the constraint
~N? + g et e, N°N* <0, (2.2.6)

which in particular implies that the Lapse does not vanish anywhere. Furthermore,
we take N as positive everywhere since we want a future-oriented foliation. At
this point we are dealing with a proper subset of all embeddings, and this subset

is dynamically constrained since it depends on the metric tensor.

Consider instead a single hypersurface ¢ embedded in M through the embedding
X. Let n be its unit normal vector and ¥ = X (o) its image. At this point we
have the choice of working either in ¢ or in ¥ when developing the tensor calculus
of spatial tensor fields. Working in ¥ has the advantage that we can compare
spatial tensor fields with arbitrary tensors restricted to X, since both are tensors
on a subset of M. Moreover, once we develop the tensor calculus in ¥, we will
immediately have that of o by using the pullback of tensor fields in ¥ to o through
the embedding.

The previous decomposition gives us the elements to express tensorial quantities
in M in terms of objects living in ¥ or ¢. Thus now we will construct all the
relevant quantities and identities to decompose spacetime quantities into their

tangential (spatial) and normal (temporal) components.

2.2.1 Projective technology

We recall the embedding (2.2.5) of o in M. If 2* are the coordinates on M and

y® are the coordinates on the hypersurface, the embedding corresponds to

oz
Po= ) 2.2.
i (227

Given a metric g, on M, the induced metric g, through the embedding of the

hypersurface into the larger manifold is given by

Gab = €% 9 (2.2.8)
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that corresponds to the first fundamental form in Gaussian terminology. The

vectors e are tangent to curves contained in X, so e*n, = 0. Given this

orthogonality, we are in a position to write the completeness relation for the

mverse metric

gaﬁ _ qabeaaeﬁb _ nanﬁ ’
which in turn leads to the expressions
8% = €% (98,%¢") — nng,
Jap = (gapepaqac>qu(qdbegbgoﬂ) — NaNg .

This motivates the definition of the object
e = gapq™e’,

which possesses the following properties:

n%e, = 0,
e} a a
heq = 0%,
e‘eg = 0% +nng.

Therefore the completeness relations can be written as

gaﬂ _ eaaqabeﬁb — n%nb :
% = e%eg —nng,
Jop = €a'abCs — Nang -

(2.2.9)

(2.2.10)
(2.2.11)

(2.2.12)

(2.2.13)
(2.2.14)
(2.2.15)

(2.2.16)
(2.2.17)
(2.2.18)

These relations allow us to write any tensor in terms of its components tangent to

the hypersurface and orthogonal to it:

Ve = e Ve _noz‘/'n7

a

Vo = e/ Vo—n4Va.

Further generalizations follow the same index pattern.

(2.2.19)
(2.2.20)
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2.2.1.1 Line element

Recalling (2.2.4) and (2.2.5), and considering that n* is a normal unitary 4-vector
we can obtain how the vector is written in terms of the Shift and Lapse parameters
as follows.

Considering that x* = (¢,y*) we describe the infinitesimal element as

ds® = gudt? + 2g;,dtdy” + gupdy“dy”. (2.2.21)
Considering that
g = t'utyg;w y (2222)
Gta = " G, (2.2.23)
Jab = €€ Gum (2.2.24)

we replace the definitions (2.2.4) and (2.2.5) to obtain

gu = N0’ + N°N'qq, (2.2.25)

Gta — NGQaby (2226)

9ab = Yab - (2227)

Considering n#n, = —1 (a purely timelike unit vector) it allow us to write the
line element as

ds* = (= N? 4+ N°N,)dt* + 2N, dtdy* + gapdy”dy’, (2.2.28)

but also gives the tools to write n* exclusively in terms of the ADM parameters.

Considering the result (2.2.28), the normalization, and the orthogonality condition

we obtain two equations:

guwnt'n’ = (- N2—|—N“N)(n0) + 2N, (n%)(n®) + qap(n®)(n°) (2.2.29)
gue" " = (Na(n®) + gap(n”))e”, (2.2.30)

We solve (2.2.30) obtaining

(n") = —N*(n°), (2.2.31)
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and replacing in (2.2.29) we obtain

1

(n0)2 N2

(2.2.32)

Thus we obtained, considering the positive root of n°, the following result

1
nt = (_%_) (2.2.33)
N

o= (-N 0.). (2.2.34)

2.2.1.2 Tangential covariant derivatives

Let us consider the case of a tensor defined entirely on the hypersurface, i.e.,
Talag...ap o

a1 02 ap b1 b2 bgraiasz...ap
B1B2.By — € @€ ax € q,%8 €8y, ---€p, T biby...by * (2235)

Following [20], the projection of the covariant derivative of a rank-1 covariant

tensor is given by

DyT, = e®,¢", V4T, . (2.2.36)
This is mainly because

e, " VT, = €’ Vs(etTy) — e’ Ve T, .
Considering the chain rule for the embedding (2.2.7) and
e Vet e’ =T, = %qcol(aanb + Ovda — Oaab) , (2.2.37)

we arrive to the usual covariant derivative formula

D, T, = oT,—-T°,T.. (2.2.38)
On the other hand, for a rank-1 contravariant tensor, one would expect that

DT = e %" N 5T . (2.2.39)



2.2. The ADM formalism 17

Indeed, proceeding in the same way we arrive to

el VT = €’ V(e T*) — e, (Ve )T
= T — (Ve )e T®
= QT + ¥e, 2(Vge? )TC
= 9T +1°,T"
= DyT*.

With this, one might be tempted to generalize for a tensor with only tangential

components

a1a2...a o B B 1.0
D.T Coibaby = Car o Cap €y € € VT "1pn.. 5, - (2:2.40)

Although these are the tangential projections of the quantity e’ Vg1, it is natural
to ask whether this quantity has a component along the normal direction. To see
this, note that

eﬂbVBTa = (S()é,yeﬁl)VE_z—'7
= (%) — nn.)e’, V3T
= eo‘cevceﬁbVBT'y — n%ne’, VT"
= e DyT¢ — n%e",(Vn,)e T

= eo‘cDch —n® Cch s
where a new key ingredient appears, that also comes from the Gaussian geometrical
description.

We define the extrinsic curvature as
Ko = e%e” Vana. (2.2.41)

that corresponds to the second fundamental form in Gaussian geometry. This is a
symmetric tensor K,, = Kj, defined on the hypersurface o. A conclusion from
the identity shown above is that what measures how much the covariant derivative

differs from its projection onto the hypersurface is the extrinsic curvature.
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We can also note that

Vgna =

v oSA

5a(55VAn,y
Ve ® _nY Aob X

(€76’ —n'ng) (€yes — n'ng) Van,

e? e %eNe Non., — e e n*ngVin, — n'ngete Van., + ninan*ngVin
a®a € bEp V ALy a-a BV Ay at pCp V ATly « BV Ally
a, b L, a o1 o A b vy Yoo A

ey €5 Kap — e, nge’ ay — naeyegnVan, + nongn’n™Vn,

1 1
eaaeﬁbKab —ng ((Wa + n'yna)aﬁ, — inaekbeﬁbVAHQ + —nangn)‘v)\rf

2

ea“eBbKab —agng, (2.2.42)

where a new quantity appears, known as the four-acceleration,

a, =nVyn,, (2.2.43)

which is purely tangential, i.e., n*a, = 0.

Using the definitions of Shift and Lapse (2.2.4) and considering that n* should

be a normalized 4-vector, it is easy to see that writting n, in terms of N and N¢

will allow us to rewrite the expression for the acceleration as follows

a,=¢e,"DyInN. (2.2.44)

Lastly, a very important identity is the Gauss-Weingarten equation. This relation

can be obtained by finding the values for the projection of the covariant derivative

of the embedding as follows:

"
V>\6 a

3%\ 0F Ve,

(e%e) — nny) (et e, — n'n,)V e,

eer (e%e,°V ") — el na(e, n"Ve”,) — ntel(n, e Ve,
+ntny(n"n,Ve”,)

eel (e%e, Ve — et ny(e,n"Vee,) +ntel (e, eV n,)
—ntny(e”,n"V,n,)

b c c v c b
eyel' I, —elny(e,Lne”, + K°) +nfey Ko — nt'nya,,
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where we used that the Lie derivative of the tangential projector is

v K v vb
Lne’, = n Ve, —e"Ky,.

Thus the projection onto the hypersurface (Gauss-Weingarten) and the projection

along the normal are

A B HTC I
eWVael, = eI, +nl'Ky,

A
n *Vyet, = et (e, Lre’, + K+ nta,.

2.2.1.3 Lie derivative as normal covariant derivative

The Lie derivative in differential geometry measures the change of a tensor field
along the flow defined by a vector field. In other words, it drags tensorial objects
along the streamlines of this flow and compares them to their values at the same
point. In particular, we are interested in changes along the direction m* = Nn*,
which in ADM nomenclature is the normal direction to the spatial hypersurface
including the separation between hypersurfaces, related to time evolution. With
this we can find that

Ln(et e = m*Vy(ethe®) — (Vamf)et e + (V,mM)et e, (2.2.45)

a

Using the definition of a, and n* we arrive to

Ly (e"e) = Na'n, + Nn*a, — Na,n* — Ne,"e’, (V) + N(V,nt)et e,
= Na'n, — Na'n, =0, (2.2.46)

which means that the Lie derivative of a completely tangential tensor remains

exclusively on the hypersurface.

Finally it is possible to generalize the result for purely tangential tensors as follows.



20

2.2. The ADM formalism

We take the Lie derivative of a purely tangential rank (p, q) tensor as usual:

L, ...
e m)‘v,\<6“1a1 N

—Vm# (e

a

ekr

Hp
1...6

b1 bgrpa1..-ap
apeul s euq T b1...bq)

Hp b1 bqrp@1---Gp
etr, e, e, T )

ap V1

b1 bq aj...ap
o T )
e — V mup (em 6)\ e b1 e qua1...ap )
A a1 € a,lu -Gy by...by
Up b1 bq @1 ---Gp
€ aiﬂeA e eVq T bl...bq)

A p1
+V,,m* (e, ...

+e b VmA (e, e, e e T )L (2.2.47)

But considering that

and

we obtain

p p
L€y, .. e, e,

m p
+Net, ... et

(VamH)e

(V,m*)e

a

A

e

—_ . — H1 Hop Hp Cp
Net, oo (nfrag, + e, K7, e

e
ap V1

(m'VxIn N + NV n*)e?,
(m*DyIn N + Ne, Van*)
N(n*a, + €', K,), (2.2.48)

(m*V,In N + NV,nt)e,’
Ne, v, n?
N(e,K" —n,a), (2.2.49)

v

bl bq ai...ap

e, T bl_“bq)

A n1 i b1 b aj...ap
m*Vy(e", .. e R b1...bq)

— H1 M1 c1 1z b1 bqral---ap
N(naq, +e" K=, )...ef, e, .. .e, T b1y

Vq

bro e, baT 0
q

V1 b1...bq

(61/161 Kblm — Ny, abl) s eyqqual“'“P )

4o Net

b1...bg
b1 C b b at...ap
ey (e, K, = mya’ )T (2.2.50)

ap -1
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If we project onto the hypersurface it becomes

1

Nemil . eupip e e L(et e“PapeV1b1 . eyqqual“'apblmbq)

- em“ . eupip e e”"jqn’\V)\(e“lal o e""%eylb1 . eyqqual'"apbl...bq)
_KilclTCL”lij--jq o KipCpT“mCle---jq
SR T e R K T (2.2.51)

To conclude, we must remember that time evolution in ADM is given by the
direction #* in (2.2.4). Locally we can take the Gaussian normal coordinates limit
by taking N = 1 and N* = 0. The Lie derivative in the direction n* will be

related to the time derivative, since

LtT,ul...up . - TleMp . (2.2.52)

1---Vq V1...Vq

2.2.1.4 Riemann tensor decomposition

The well-known projections of the Riemann tensor are given by the following

expressions [27]:

eo‘ae bele‘sd (4)Ra575 = (3)Rabcd — (Kadec — Kachd) s (2253)

n®e’e’ e’y W Rops = Dylype — DoKpa, (2.2.54)
1

ne bn”e‘sd (4)Ra575 = Dgap + agap + K Kpe — Nepbead[,m(epeeafl(ef) . (2.2.55)

The previous result allow us to write the decomposition as:

b
Raﬁ'yé - eaaeg 67065d [ (3)Rabcd - (Kadec - Kachd)]
b d d
- (naeﬁ efefl — eabngefe(;d + eaceﬂ nveéb — eofeﬁ e,ybn(;) [DdeC — DCKbd]
b

b d b d d b d
—|—(naeﬁ NyE5 — NaCg €, M5 — €, NN, Cs + e, nge, n(;) Dgay + agap

1
+K Kpe — Nepbe"dﬁm(epeeafKef) . (2.2.56)

This result allows us to take contractions with unprojected quantities because the

projectors appear outside the expression.

Now we are equipped with the projective technology of the ADM decomposition
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to study the cosmology in modified theories for gravity.
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Chapter 3

Theoretical Framework 11:
Standard-Model Extension

The Standard Model of particle physics (SM) and General Relativity (GR) stand as
the most successful frameworks describing the fundamental interactions of nature.
Each describes physical phenomena within its own domain: the SM governs
microscopic interactions, whereas GR accounts for macroscopic gravitational
phenomena. Despite their remarkable success, they are not mutually compatible:
the Standard Model is formulated on a fixed spacetime background, while General
Relativity treats spacetime as a dynamical entity. It is widely expected that these
theories are merely the low-energy limit of some more fundamental theory that
would take over as the characteristic energies involved in experiments approach
the Planck scale, 10GeV . Experimental information to guide the development
of a Planck-scale theory would, by conventional thinking, come from Planck-
energy experiments, which are likely to remain infeasible far into the future. An
alternative approach is to search for small deviations from known physics (the
SM and GR) in present-day experiments, with the hope that small deviations, if

found, would encode information about the underlying theory.

Lorentz symmetry, the idea that physical results are unchanged under rotations
and boosts of the system, and CPT symmetry, the associated invariance of the
system under the combination of discrete symmetries of charge conjugation, parity,
and time reversal, are pillars of both the SM and GR. Hence violations of these

symmetries, if found, would provide a novel signal of new physics. Moreover, the
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possibility of violations of these symmetries has been demonstrated in candidates

for the underlying theory [3].

The systematic search for Lorentz and CPT violation using the comprehensive
effective field theory based framework of the Standard-Model Extension (SME)
provides a method of searching for Planck-suppressed effects in known physics in

a complete and organized way.

3.1 Standard-Model Extension

In 1989, Alan Kostelecky and Stuart Samuel studied the possibility of spontaneous
breakdown of Lorentz symmetry in string theory through covariant string field
theory [¢]. In order to describe a world with four flat dimensions, string theory
require to break a 26- or 10-dimensional Poincaré symmetry through some
mechanism. Kostelecky and Samuel proposed an alternative way to break this
symmetry: a unstable vacuum of the string can lead to the Lorentz-symmetry
breakdown through the spontaneous symmetry breaking mechanism. Unlike
the conventional Standard Model, string theories typically involve interactions
that could destabilize the naive vacuum and trigger the generation of nonzero
expectation values for Lorentz tensors. If the breaking extends into the four
macroscopic spacetime dimensions, apparent Lorentz violation could occur at the
level of the Standard Model. This would represent a possible observable effect
from the fundamental theory, originating outside the structure of conventional
renormalizable gauge models. This motivated the exploration of Lorentz-violating

phenomenology and stablished the foundations of the Standard-Model Extension
[15].

The SME adds to known physics all Lorentz and CPT violating effects at the
level of the action. The terms added to the action of the SM and GR to form
the SME are generated from Lorentz and CPT violating operators acting on
SM and GR fields along with coefficients for Lorentz and CPT violation that
parameterize the amount of symmetry violation in the theory. The addition of
Lorentz and CPT violating terms can be thought of as a series expansion about
known physics in ever increasing mass dimension of the operators involved. The
SME coefficients can then be sought in experiment. Over 1000 limits on SME

coefficients have been set via experiment and observation [17], but much remains
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to be explored, particularly in the case of the so-called nonminimal operators of
mass dimension greater than 4, where few constraints have been set by the direct
analysis of experimental data. It should be emphasized that the SME is a test
framework designed for a broad search for yet-unobserved symmetry violation,
a philosophy that is quite different from model building. Though the SME is
unique in providing a comprehensive test framework at the level of the action,
other approaches to the study of Lorentz and CPT violation exist and the idea of
a general test framework over specific models has philosophical resonance with

efforts to parameterize deviations from GR.

3.1.1 Observer and particle transformations

It is convenient and useful to distinguish two notions of transformations, called
particle and observer transformations [16]. Particle transformations change
dynamical particles and fields, while observer transformations change the observer
frame. In the absence of backgrounds, the component forms of the two
transformations are inverses of each other and in that context are sometimes
called active and passive. However, this equivalence fails in the presence of

backgrounds.

A particle transformation affects dynamical particles and fields but leaves any
backgrounds invariant, which can modify the physics associated with couplings
between the dynamical variables and the background. In contrast, an observer
transformation amounts to a coordinate transformation, which changes the

components of fields and backgrounds but is assumed to leave the physics invariant.

A physical symmetry associated with a given particle transformation can therefore
be violated in the presence of backgrounds, even though the physics remains
invariant under the corresponding observer transformation. Mathematically,
particle transformations involve mappings of the spacetime manifold and its
tangent and cotangent bundles, whereas observer transformations are implemented
on the atlas of the manifold. Since physics is independent of the coordinate
frames used for the atlas but can depend on the manifold mappings, discussions of
symmetry violations are best conducted in the language of particle transformations

without invoking frame changes.

Physical Lorentz-violating effects are features of experimental configurations
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of particles and fields rather than features of the observer, so the general
treatment of Lorentz violation cannot readily be described using modified observer

transformations |7].

3.1.1.1 Toy model for Lorentz violations

Lorentz symmetry contains both rotations and boosts. Now we will appeal to the
visual nature of rotation invariance and consider examples of rotation invariance

and rotation-invariance violation as examples of the Lorentz violations [25].

Let us consider a classical non-relativistic theory for a particle in a magnetic field

1 . )
L= 5m|f12+qF-A (3.1.1)

where the EOM are

- 495 5

a=—7XxDB (3.1.2)

m

and

B=VxA. (3.1.3)

We will first do what is known as an observer transformation on this system, in
this case a rotation. This corresponds to the experimenter turning their head and
taking their coordinates with them. This transformation is carried out by acting
with the standard rotation matrix Rij on all vector components such that the
components of a generic vector V transforms as Vi — V' = RijVj. Doing this
transformation to all vector components in the Lagrangian reveals that it is form
invariant. This is a signal that the theory possesses “observer-rotation invariance”
as might have been expected. In other words, the outcome of the experiments

does not depend on the coordinates used.

To see even more explicitly that the theory is invariant we can perform the following
series of steps: we set up a system with some initial conditions, calculate the final
configuration using the EOM, and then apply the symmetry transformation to
the result. On the other hand we prepare the same initial conditions but now
we apply the symmetry to the initial setup, to evolve the transformed initial

conditions to the final configuration. As shown in 3.1.1, when these steps are
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applied for observer rotations the results of paths match, reflecting the obvious

observer-rotation invariance of the system.

Y Y
A > A Pﬁ
é ‘71 Time ® a
LY
Evolution ®q
> B >
> T > T
v \U/ Rotation Y Rotation \U/
> B >
A ‘71 Time X a
5 q i ®q
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o]l
8 Y
]l

\x

Figure 3.1.1: Illustration of observer symmetry in a sample system.

We can next apply the same procedure for a particle rotation. This procedure
leaves the observer and the coordinates fixed but rotates all fields. Operationally,
the procedure is carried out the same way on this rotation-invariant system, and
as result of the symmetry the outcome will be identical. While we could draw
this procedure in an identical way, observer and particle transformations will be
distinct when spacetime symmetries are broken. To compare we notice figure 3.1.2
for the particle transformation analog to the previous observer transformation to
highlight the difference between rotating the coordinates and rotating the physical

system.
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Figure 3.1.2: Illustration of particle-rotation symmetry in a sample system.

We can now use this system as a toy model for broken Lorentz invariance. Suppose
that the experimenter was unaware of the physics generating the vector potential
and hence the magnetic field. Perhaps it exists on much larger scale than their
lab. If they now perform a particle rotation on the system they will rotate the
apparatus in their lab, but not the magnetic field. Here the transformed theory
will be

1 . L
L = §mlf'\2+qf'-A

= %mW +q(RY) - A (3.1.4)

where R’ is the transposed rotation matrix. Note that the theory is no longer
particle-rotation invariant as the form has changed. Applying this transformation
to our toy example leads to the situation shown in 3.1.3 in which the acceleration
found in the transformed system is different (acceleration is smaller under the

conditions shown) than the original system.
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Figure 3.1.3: Illustration of effective particle-rotation symmetry violation in a
sample system

Workers in the lab will then know if the system is particle-Lorentz invariant or
not by performing their experiment, then rotating it, then comparing the results.
If the acceleration is different in the rotated system, particle-Lorentz invariance is
broken. In our discussion of the SME to follow, it will be large-scale fields called
coefficients for Lorentz violation that will play the role of B in this example. We
also note that if an undetected large-scale conventional field existed in the lab,
it could also be detected in this way, an idea that has been applied to efforts to

detect spacetime torsion [29] and gravitomagnetic effects in the lab [30].

3.1.2 Spacetime transformations

In Minkowski spacetime, the central spacetime transformations are global
transformations that include spatial rotations, Lorentz boosts, and translations.
The rotations and Lorentz boosts form the group of Lorentz transformations, which
is enlarged by translations to the Poincare group. All these Minkowski-spacetime
transformations are isometries of the Minkowski metric 7,, , and they move
spacetime points. For example, a global rotation about a point P in the spacetime

maps all points other than P into different points. In contrast, the metric g, in a
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generic curved spacetime typically has no isometries, and so the usual notions of
global Lorentz transformations and translations play no particular role. Instead,
it is useful to study local Lorentz transformations and diffeomorphisms. Local
Lorentz transformations are Lorentz transformations in the tangent space at each
spacetime point, leaving the spacetime point unmoved. Under a local Lorentz

transformation, the vierbein and metric transform as

e, (r) — A%(x)e,’(z),

G () — gu(x), (3.1.5)

where A% (z) are the components of the matrix A(z) for the local Lorentz
transformation at the point x. Other dynamical boson fields transform similarly,
with spacetime indices unchanged and local indices acted on by the components
of A(z). Fermion fields are transformed by the corresponding matrices S(A(z))

in the appropriate spinor representation of the local Lorentz group.

Note that local Lorentz transformations at different spacetime points are typically
different. However, an associated global transformation can be defined in any
curved spacetime by requiring that the same local Lorentz transformation is
performed simultaneously at every spacetime point. This can be termed a
global local Lorentz transformation, and it is the analogue of a global gauge
transformation constructed from a local gauge transformation in a gauge field
theory. Global local Lorentz transformations leave spacetime points fixed, so
they cannot be the analogues of global Lorentz transformations in Minkowski
spacetime. Instead, the analogues can be taken to be certain types of Lorentz

transformations defined in approximately flat spacetimes.

Diffeomorphisms in a curved spacetime capture the idea of moving spacetime
points. Under a diffeomorphism, a spacetime point at position x is mapped to

another point at 2’ according to
= o =t 4 (), (3.1.6)

where £#(x) is smooth and the mapping is assumed invertible. Here z/# denotes

the components of the new position in the original coordinates, which remain
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unchanged by the transformation. Dynamical fields on the manifold transform
according to the pushforward or pullback induced by the diffeomorphism. For

example, the vierbein and metric transform as

a ! a / axﬂ a
e, (z) — €)= 5-"e, (), (3.1.7)
PR oxf 0x°
I (2) — g, (") = wwgpa(x), (3.1.8)

where e, “(z) and g, (') are the new vierbein and metric at the point 2’ after the
diffeomorphism. In contrast, dynamical fields valued in local frames, including

spinor fields, transform like scalar fields under a diffeomorphism.

Although the expressions appear similar to those for a general coordinate
transformation, the physical interpretation is different. Only the coordinates
change under general coordinate transformations, leaving physical particles and
fields invariant. General coordinate transformations can thus be identified as
observer diffeomorphisms. In contrast, the particle diffeomorphisms of interest here
change physical particles and fields while leaving the coordinate system unchanged.
Fields can be valued at any position on the manifold. When valued at the same
position, dynamical fields undergoing a diffeomorphism with infinitesimal £*(x)
change by the corresponding Lie derivative. For example, under an infinitesimal

diffeomorphism the vierbein and metric transform as

e,'(z) = e/ (z) - Lee,"(z)

= e,"—e, 9,8 — e, (3.1.9)
9w (®) = g (T) = Legpu(v)

= G — IO’ — 900, — EXONGyu - (3.1.10)

Equations where dynamical fields are valued at the same position are often used
in calculations involving diffeomorphisms, and they are distinct from ones like

(3.1.8) in which the fields are valued at different positions.
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3.1.3 Backgrounds

A given term in the Lagrange density £ of the general effective field theory
extending GR coupled to the SM is the product of a field operator O(z) with a
coupling coefficient k(z) or its derivatives. Since it plays the role of a coupling, k
can be viewed as a background in the theory or equivalently as a nonzero vacuum
value of a field. This perspective holds irrespective of the detailed origin or nature

of the coefficient in the context of the underlying theory.

Since the field operator O may behave nontrivially under spacetime
transformations and since the Lagrange density is a scalar density under general
coordinate transformations, the background k can carry spacetime and local
indices. In effective field theory, the operator O is bosonic and so contains spinor
fields only as combinations of fermion bilinears. The background £ therefore
carries no spinor indices. For definiteness and simplicity, we assume here that k
carries no indices associated with any internal gauge degrees of freedom. We can
therefore treat k as a tensor under general coordinate transformations and under
observer local Lorentz transformations. Note that & must remain invariant under
all particle transformations, including both diffeomorphisms and local Lorentz

transformations, because it is nondynamical by construction.

Modulo possible derivatives acting on the background, the general structure of a

term in the Lagrange density £ can therefore be written in the form
LDk, “(@)0, ", (z), (3.1.11)

where O contains all dynamical fields including any factors involving the vierbein

a
€u

indices must also be contracted to insure that £ remains a scalar density.

and metric g,,. If derivatives acting on the background are present, their

Two classes of backgrounds k can conveniently be identified, according to
whether they are spontaneous or explicit. As the two classes have different
physical implications, for clarity in much of what follows we denote spontaneous
backgrounds by (k) and explicit ones by k. Spontaneous backgrounds (k) arise
as solutions of the equations of motion in the underlying theory and hence are
vacuum expectation values of underlying fields. They satisfy the equations of

motion and are thus on-shell quantities. Fluctuations of the underlying fields
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about (k) then exist and can represent additional modes in the effective theory,

including Nambu-Goldstone and massive modes.

In contrast, explicit background fields k are nondynamical. They are unconstrained
by equations of motion and hence can be off shell. Moreover, no dynamical
fluctuations about them exist. Intuitively, a spontaneous background (k) can be
viewed as a special nondynamical background k that must be on shell and that has
accompanying dynamical fluctuations. The on-shell restriction and the presence
of dynamical fluctuations imply that the backgrounds (k) and k are associated

with distinct physics.

The presence of a background can violate spacetime symmetries because
backgrounds behave differently from dynamical fields under particle spacetime
transformations. Both backgrounds and dynamical fields behave covariantly
under observer transformations, which ensures invariance of the physics under
coordinate changes. For instance, physical invariance under general coordinate
transformations, which are observer diffeomorphisms, is assumed to be a
property of a realistic theory. However, backgrounds are invariant under particle
transformations, while dynamical fields transform covariantly. This difference can
lead to physical symmetry violations in observables that involve dynamical fields

coupled to a background.

Consider, for example, a generic background k- in a local frame. This can be
viewed as specifying an orientation in the frame, sometimes called a preferred
direction, which is invariant under local Lorentz transformations. Unless k%~
happens to have no indices and is independent of position, or unless it is
proportional to combinations of the Lorentz-group invariants 1y, and €gp.q, the
coupling of a dynamical field to k% can produce changes of physical observables
under local rotations or local Lorentz boosts. These are violations of local Lorentz
invariance, which can thus be traced to a direction-dependent background in a local
frame. Note that even a scalar background k(x) without indices but varying with
spacetime position can introduce violations of local Lorentz invariance because
the derivatives of k(x) specify an orientation in a local frame. Similarly, a
generic background k-, () on the spacetime manifold can lead to violations of
diffeomorphism invariance unless it has no indices and is independent of spacetime
position. Only a background serving as a scalar coupling constant, such as the

expectation value of the Higgs field in the SM, can preserve local Lorentz invariance
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and diffeomorphisms.

For explicit backgrounds, the above results hold without further subtleties. An
explicit background k#, () defined both on the manifold and in local frames
violates local Lorentz and diffeomorphism invariance in ways determined directly
by its index structure and by its nonvanishing derivatives. Consequently a generic
theory contains spontaneous local Lorentz violation if and only if it contains

spontaneous diffeomorphism violation.

3.1.4 Effective field theory

The action of the effective field theory is defined as usual via integration over the

spacetime manifold,
S = /d% el (3.1.12)

and is assumed invariant by construction under general coordinate transformations,
which can be understood as observer diffeomorphisms. A generic term in £
involving a background takes the form of the coupling previously described and
its generalized by incorporating background derivatives. The properties of the
term under local Lorentz transformations and diffeomorphisms are determined by

the index structure and spacetime dependence of the background k.

We aim to construct a realistic effective field theory involving gravity and matter
in the presence of arbitrary backgrounds. This enables the explicit derivation of
all desired terms in the action, including ones in the puregravity sector and those
involving matter-gravity couplings to gauge fields, fermions, and scalars. It also

yields the terms describing the dynamics of the background.

We start by separating a general SME+Gravity action principle as follows,
S:/d4x €(£g+£A+£¢+£¢), (3113)

where £, contains pure-gravity terms and any background dynamics, £4 describes
gauge fields and their gravity couplings, £, involves fermions including their

gravity and gauge couplings, and L, contains all terms with scalars.

As we previously mentioned, any single effective term in the Lagrange density £

takes the form of a contraction between a dynamical operator O and a background
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k or its derivatives. A specific operator O may be contracted directly to one
or more backgrounds k or their derivatives, or may be contracted instead via
combinations of the vierbein, metric, and Levi-Civita tensor. It is convenient to
adopt a compact notation for these various types of backgrounds and contractions,

thereby simplifying expressions in the Lagrange density.

The idea is to introduce a quantity l?;““'l,_“a“' that is a linear combination of all
terms formed from background fields, vierbeins, metrics, and the Levi-Civita
tensor. Note that multiple vierbein and metric factors may appear in a given term,
but at most one Levi-Civita factor is needed because products of the Levi-Civita
tensor reduce to products of vierbeins or metrics. Contracting the combination

b %, with any specific operator O, "~

y _ then produces a single expression in

a.

the Lagrange density £ of the form £ D l;‘“y“(x)Ou”a(a:) Terms involving

contractions between dynamical operators and derivatives of backgrounds can also

be combined in this way by using derivatives of l::“"'l,m“"'

To construct terms in the Lagrange density £, we require a procedure to build
suitable dynamical operators. For effective field theory based on GR and
gauge theory, the terms must be independent of observer general coordinate

transformations and be locally gauge invariant.

For the gauge symmetry, consider first the scenario in Minkowski spacetime with
a Dirac fermion 1) in a representation U of the gauge group. Then 1) — U1 under
a gauge transformation, while the Dirac conjugate transform as v — U'. The
gauge-covariant derivative acting on ¢ can be written as D,y = 0,4 — igA,,
where g is the gauge coupling and A, is the gauge field in the U representation,
and it transforms as D, — UD,U f. The gauge field strenght F,, in the U
representation is generated by the commutator [Du, Dl,] = —1gF,,. By definition,
an operator O formed from gauge fields is called gauge covariant if O — UQUT.
Given gauge-covariant operators O and O, two kinds of gauge-invariant operators
can be constructed, tr(Q) and (Oy)['O'%), where T represents the 16 matrices
{1,995, Yu, V5V, 0 /2} spaning the spinor space. These gauge-invariant operators
are the desired objects from which to build terms in the Lagrange density for the

effective field theory in Minkowski spacetime.

To generalize this construction to curved spacetime, we can work with spacetime-

tensor fields and covariant derivatives extended to include an appropriate



36 3.1. Standard-Model Extension

connection. Relevant spacetime-tensor fields include the metric g,,, the curvature
tensor R, the gauge field strength F),, the spinor bilinears YT, scalars ¢, and
combinations (where now the Gamma matrices are defined in the local frame).
In combinations, gauge-invariant operators are placed inside fermion bilinears.
All these spacetime-tensor operators are also gauge covariant. The covariant

derivative D, acting on ¢ or on DD ... D can be expressed as

1 .
D,=V,+ Zwuabaab —1igA,, (3.1.14)
where V,, is the usual covariant derivative of GR containing the partial derivative
0, and the appropiate connection term formed using Christoffel symbols, and
where wuab is the spin connection. Direct calculation shows that any mixture
of covariant derivatives and the spacetime-tensor operators also form a gauge-

covariant spacetime-tensor operator.

Building the Lagrange density £ using all possible gauge-covariant spacetime-
tensor operators would introduce many redundancies due to relationships between
various mixtures of operators. It is therefore useful to work instead with a standard
basis set that has controlled redundancies or not. The key result here is that any

mixture of g, R, F,T', and D can be written in the standard form
(D) R) - - (D) B) [(D i) F) - - - (D F)] T Dy, (3.1.15)

where all indices on spacetime-tensor fields are omitted for simplicity. In this

expression, we introduce the notation

1

Diwy = — Doy Doy - Do - (3.1.16)

as a symmetric sum over the n indices. Next we consider the linear independence of
the operators. Note that the operators D(,, )R and D, R are linearly independent
when n; # n; because they have different mass dimensions. Also since D, R
commutes with D, )R, we can impose n; < --- < n;y on the basis. In the case for

D,y F and D,y F' they are linearly independent when n; # n;, but they commute
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only for abelian gauge field theories. In this case we chose as basis

{[(D<m>R) - (D ) [(Diny) F) -+ - (Dny )] T Dy g < -+ < gy < -+ < ms}.
(3.1.17)

In a nonabelian gauge theory, we choose instead the basis
{[(PanyB) - (D B [Py ) - (D )T Dyl < -+ < g . (3.1.18)

This basis is linearly independent in some cases and is almost linearly dependent
in others, depending on the structure of the gauge group. We do not discuss here
the particular choices required for Hermitian Lagrange densities. We will discuss

how it appears in purely gravitational terms in section 3.2.

3.1.5 Explicit violations incompatibilities

In any model based on Riemann geometry or its extensions to include torsion and
nonmetricity, the fields must satisfy the Bianchi identities, which are intrinsically
imposed by the geometric structure. The Bianchi identities hold both on and off
shell, and their compatibility with the variational principle imposes constraints
that must be satisfied for consistency of the model. In GR, for example, the
Bianchi identity implies the on-shell conservation of the energy-momentum tensor,
V,T" =0, which is compatible with the dynamics and symmetries of the theory
obtained by variation of the action. Similarly, in a model with spontaneous
violation of one or more spacetime symmetries, compatibility with the Bianchi

identities is maintained because the variational procedure is standard.

However, explicit violation of a spacetime symmetry requires the presence in
the action of one or more nondynamical background fields k#*+, %-(z), which
behave unconventionally under variations. The variational results can then
become incompatible with implications from the Bianchi identities and hence can
render a problematic model containing an explicit violation. This can induce
inconsistencies in the model or impose unnatural requirements such as fine tuning
of the explicit background. The potential constraints on a model with explicit
violation of spacetime symmetries are called no-go constraints. Their role has

been the subject of extensive recent investigation by Bluhm and collaborators

[41].
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For explicit diffeomorphism violation, the no-go constraints can be identified
with the Noether identities arising from the requirement of general coordinate
invariance of the model. Consider first a model with an explicit background k,,...,,,
carrying n covariant spacetime indices. The associated current can be defined as
usual by variation of the action, J¥#» =4S/ 5]2;#1“,“”. Following the variation of
the action principle and considering the variation as an particle diffeomorphism

we will arrive to the following condition over the Bianchi identity:

2V, T%, = Jmm#nvv]%m.--un -V (Jmmunifvuzmun)
- v.un (Jul...“n%ltl---unfll’)
= 0. (3.1.19)

It represents four no-go constraints that must be obeyed by the model for internal

consistency. Both results must hold at the same time to avoid discrepancies.

3.2 Gravitational SME

With the construction of generic gauge-invariant spacetime-tensor operators in
hand, we can address specific sectors of the effective field theory in turn. In
this subsection, we consider operators involving pure-gravity fields. For the pure-
gravity sector, it is convenient to distinguish terms in the Lagrange density £,

according to mass dimension. We therefore write

1
Lo= 5 (Lyo+ LO+ L8+ £+ 4o+ ), (3.2.1)

where 1/2k = 1/167G Ny ~ 3 x 10%GeV? is the gravitational coupling constant
formed from the Newton gravitational constant Gn. The term L, = R — 2A is
the conventional Einstein-Hilbert expression with cosmological constant, while
the terms £§d) represent contributions to the effective field theory. Note that
each individual component /:Ef” has mass dimension two, but by convention the
superscript d represents the mass dimension of the dynamical operator in Eéd)

including the factor of the gravitational coupling constant. For example, £§4)
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includes terms with the Riemann tensor as dynamical operator, which in this
convention is of mass dimension two but 1/2x is also of mass dimension two, thus

we arrive to the (4) in the £(g4) notation.

Component Expression
Ly k
£ LE) + k(Dk)
s kR + k(Dk)(Dk)
s kDR + Lg 3 + k(DR)R + k(Dk)(Dk)(DK) + k(Dk)(D(z)k)
P kRR + kDR + k(Dk)(DE)R + k(D@yk)R
+l?r(Dk)(Dk)<Dk)(Dk) + k(Dk)(Dk)(Dgyk) + E(D@)k‘)( 2)k)

Table 3.2.1: All terms in Eéd) with d < 6 in schematic form. £ can represent
a distinct background even when occuring in a single term, and the various
quantities k may also be distinct. All terms are invariant under general coordinate
transformations except for Eécg with d = 3,5, which transform into a total
derivative.

The k in every term can have different mass dimension. We have the freedom
to use surface term to relate the differential operators acting over k in terms of
dynamical operators in the expansion. Taking this in consideration we write the
decomposition using only k fields. This allow us to write the explicit counterpart

of the previous table:

Component Expression
L0 R —2A
552) E(2)
Ly (k)T
cy (k)75 R
5 i (0% K al C a
Eé) (k‘E) YR D, chgm;—i— (k(cgl) A nacnbd(w)\ bﬁuw d 4 2 Swy bw“ w, d)
(k(Cg? K)\MVE bed (w/\abauqud + 300)\ bwu wued)
£é6) (k(D )QB’Y&HAD( D)\)Raﬁ’ﬂs + ( B?))alﬁlr)/lélaQﬁﬂZ(szRalﬁl’h& ROA2527252

Table 3.2.2: Explicit index structure for Eéd) with d < 6. The quantities
(kg) %}1),{, (k(c5 %}2)5 are coupled with Chern-Simmons invariants.

More sectors of the SME can be found in [32].

When this extension is coupled to matter and Gauge fields through the energy-



40 3.2. QGravitational SME

momentum tensor and the spin density tensor, the field equations becomes:

G' + Ag™ = KIM, (3.2.2)
T = S (3.2.3)

where the trace corrected torsion tensor 7 M is given by
T =T + T% g + T% 9 (3.2.4)

In terms of second order formalism quantities the Lorentz violating sector will be

written as

Ll = e(kr)" Tau + e(kr)™" Ry + €(krr) ™ Tapgy T

+e(kpr)™ D Touw + - - . - (3.2.5)

3.2.1 Riemmanian limit

It the case of null torsion, the spin connection will be related to the Christoffel

connection as usual

ab __ aTw ob vb a
w,” =e/ T", €7 —e”0.e,, (3.2.6)

then the metricity and paralelism concepts of the Riemann-Cartan gravity are

not independent anymore. This reduces the system to the following table

Component Expression
EgO R — 2A
£§4) (k @ ) aByé R
o (1), TR
L B (5 TR 1 (1), PO

Table 3.2.3: Torsion free coefficients of the gravitational SME.

The leading order of the model corresponds to the usual Einstein-Hilbert lagrangian
with cosmological constant together with the Lorentz violating terms. Considering

the minimal sector of the gravitational SME (considering d < 4) we expand the
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coefficient (kr)"* and write the action in the following form:
1
Spn= 5 /M V=g A% [(1 — W) R — 2A + s Ry + ™ R ], (3.2.7)

The introduction of the coefficient u, s**, t#?? explicitly distinguish between non-
conventional effects related to the Ricci scalar, Ricci tensor and Riemann tensor
respectively. This coefficients are real and dimensionless. Every sector inherits
the index symmetries of the dynamical operator through contraction. We consider
that s* and t*77 are traceless (g,,s" = 0 and g,,9,,t"""’ = 0), because we can
always rewrite the expression to move the traces to the scalar sector u. Also every
partial trace (as t*""g,,.) can be absorbed in s*".

Notice that considering this conditions is equivalent to write the contractions in

terms of the irreducible decomposition of the Riemann curvature tensor:

1
Ry, = Ro - ERgﬁ)\ (3.2.8)
R
Sp,l/pg- — m (guggyp - gupgyg) (329)
1
E/WPU = m (R;:fagvp - nggup - R,:fpgua + prgua) (3-2-10)
W,u,upo‘ = Ruypa - Suypa - Euupo‘ ) (3211)

where wa is the traceless Ricci tensor and W, ,, is the Weyl tensor. Thus we

can alternatively write the action principle as

1
SgA = o /M VvV—g d*z[(1 —u)R — 2\ + s“”RZL + MW ). (3.2.12)

Taking the variation of (3.2.7), we obtain:

1
5Sg,/\ _ %/ /—_g d4ZL’|:( —GM _ Ag,uu + (TRstu)uv)(;g#V — Réu
M

+R,,08" + RWPU&WP”] , (3.2.13)

where the result on the variation of the background will dependent on the nature

of the variation, and we won’t take in consideration the boundary terms (yet).
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The quantity (T7)* in (3.2.13) is defined as |33]:

(TRstu ) W —

1 1
—§V“V”u - EV”V“U + g"'Vu + uG"

1 1 1 1 1
+§saﬁRa5 + 5 Va V™ 4 SV Vs — §v23fw - §gﬂ”vavﬁsaﬁ

]_ v ]' apyv 1 « v
5t Ry + 51 R,/ + 5877 Ragrog

—V Vst — ¥,V gtren?, (3.2.14)

3.2.2 Extended Gibbons-Hawking term

The action principle (3.2.7) requires several boundary-terms to ensure a well-posed

variational principle. We start decomposing the action principles in ADM variables.

Following the decomposition of the Riemann tensor given in Eq. (2.2.56), the

contractions between the curvature tensors and the background fields gives

1oP6 (4) Rupys

B0 (4)R66

(—u) VR

= " O Rypeq — (Kaakpe — KoeKpa)] — 4™ Dy — Do K]
+4tnbnd [Ddab + aqgap + Kedee]
1 non. g e
+N(_4t el e Lole fe, Key) (3.2.15)
= de[(B)Rbd - <2KCdec — KKbd) — Ddab — adab}

25" [DyK — D°Keq] + s™[D - a+a® + KK
1

+ (s* — g"s™) €pb€Ud£m(€pe€UfKef) : (3.2.16)
= (—u)[®PR-3K,K" + K*—2D-a— 2d’]
1
—l—ﬁ(—2u)qbdepbe"d£m(epeengef) . (3.2.17)

Considering the identity

1
N

MYeP e Lo (e, e, Kep) = V(M Kyq) — MK Ky

1
—NepeeUfKefﬁm (M"efe”,) (3.2.18)

we obtain three total derivatives contributions that are purely boundary terms:

Va(nM(—=2u)q" Kpa) , Vo (0 (4" Kyg) , V(0 (8™ — ¢"s™) Kpa) . (3.2.19)
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Considering a more general value for n,n* and using the Stokes theorem on the

total covariant derivatives, we obtain the Extended Gibbons-Hawking boundary

terms:

1

St = e b EUVECR-0K), (3.2.20)
25 Jom
1

Sh = o= ¢ dPyyge(s” Ko — s"K) (3.2.21)
26 Jom
1

S = o= j{ &Py \/qe (47 Kap) | (3.2.22)
2K Jom

Here, ¢, is the induced metric on the boundary hypersurface oM, ¢ its
determinant, and € = n,n* where n, is the boundary normal evaluated at each
point of O M. This result for the ¢ sector was part of our research, published in

[31], as an extension of the results for the u and s sectors obtained in [35]-[37].

As we discussed, the Standard-Model Extension provides a comprehensive
framework that includes coefficients for all possible higher-order derivative
operators violating diffeomorphism, Lorentz, and CPT symmetries. A concrete
example of a model integrated into this framework can be the Myers-Pospelov
model for fermionic matter in QED, which is connected to the CPT-odd non-
minimal sector of the QED extension in the SME framework. In this subject we
published two articles related to the preservation of unitarity at tree level 18],

and at one-loop level [19].

Our research will focus on the minimal sector of the gravitational Riemannian
extension of the SME. We will investigate the compatibility of cosmological setups
with both explicit and spontaneous diffeomorphism invariance violation. In the
following chapter, we will begin by studying explicit violations in FLRW universes

with bosonic matter.
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Chapter 4
Explicit violations in gravity

The ACDM model, or concordance cosmology, has been constructed from a wide-
ranging and extensive set of observational data. The model describes a hot
Big Bang with a tiny positive cosmological constant, cold dark matter, and an
initial period of rapid expansion known as inflation. It aligns extremely well with
numerous observations, particularly the Hubble law describing the recession of
galaxies, the cosmic microwave background (CMB), and the abundance of light
elements as predicted by primordial nucleosynthesis [35]-[10]. Considering the
observed galaxy distribution [/1] and the measurements of CMB anisotropy [!2],
[13], the assumptions of spatial isotropy and homogeneity are good approximations

for our universe on large scales.

Paradoxically, although dark matter constitutes the largest fraction of matter in
the universe, it has not been directly detected [11|. Nevertheless, it plays a crucial
role in the formation of large-scale structure [11], [15], [10] and in shaping the

temperature fluctuations and polarization patterns in the CMB [17]-[51].

Despite its observational success, the ACDM model is considered an effective
theory, requiring extensions at both the smallest distance scales, relevant to pre-
inflationary times, and the largest distance scales. In the very early universe, when
it was extremely dense and hot, quantum fluctuations of the gravitational field
became significant. This regime necessitates a theory of quantum gravity, which
remains an unsolved challenge. On the largest scales, the standard cosmological
model poses profound questions, in particular why the cosmological constant,

responsible for the current acceleration of the universe, has such a small value
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To address some of these theoretical challenges, numerous modifications of gravity
and effective theories have been proposed. Our hypothesis is that the accelerated
expansion, often attributed to an unknown form of vacuum energy or dark energy
[56], could be generated through the introduction of a diffeomorphism-violating
background field within an effective field theory framework. This suggests that
the small value of the cosmological constant is an artifact of symmetry breaking

and the Planck length scale.

In this chapter, we will focus on explicit diffeomorphism breaking in a cosmological
setting. Here, the assumptions about spacetime geometry are established from
the outset by the cosmological principle, which incorporates spatial isotropy and
homogeneity. As a result, the original generators of diffeomorphisms are reduced
to six Killing vector fields describing rotations and translations. Given that
models with explicit symmetry breaking in gravity are subject to no-go results,
we will study the compatibility between these symmetry-breaking backgrounds
and a homogeneous and isotropic universe. Our aim is to revisit the u and s*”
sectors, previously studied in Ref. [77], from a new perspective. We will obtain the
respective modified Friedmann equations and derive the conditions for satisfying
the Bianchi identity for the background fields. Furthermore, we explore the ¢
sector in a cosmological setup for the first time and discuss the viability of an

accelerated expansion of the universe produced exclusively by the background
field.

4.1 Cosmology in the presence of backgrounds

In this thesis, we adopt the Friedmann-Lemaitre-Robertson-Walker (FLRW)
cosmological model, which describes a homogeneous and isotropic universe. The
matter content is modeled as a perfect fluid, characterized by its energy density
and pressure. By specifying an equation of state for this fluid, we can analyze the
distinct dynamical epochs of cosmic expansion, particularly the phases dominated

by matter and radiation.

We are assuming a foliation of spacetime M into spacelike hypersurfaces > which
are homogeneous and isotropic. The directions of the isometries are characterized

by six Killing vectors fields which are also Noether symmetries, i.e., three generators
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of rotations

a

1 = g0, (4.1.1a)

and three generators of translations
ki® b ki
g0 = ( 929 g <1 - %)) By (4.1.1b)

with 0; = a%a and a = 1,2,3, and where k represents the curvature of 3 that

describes a closed (k = 1), flat (k = 0) and open (k = —1) universe, and y* are

flat coordinates.

This set of Killing vectors generates the symmetry group for FLRW metric, given
by

2

ds? = —dt? + a(t)? 1_—7;{;72 + 12402, | (4.1.2)

with coordinates (¢, 7,6, ¢), and the angular part is given by
dQ2: = d6? + sin® 0de* . (4.1.3)

The motivation for using the ADM formalism becomes clear when we consider
the Gaussian normal coordinates limit, N — 1, N — 0% In this limit, the ADM

line element (2.2.28) reduces to
ds® = —dt? + gudy®dy’, (4.1.4)

which is compatible with the FLRW metric. This formalism projects four-
dimensional spacetime quantities onto the spatial hypersurfaces, revealing explicitly
how the spatial metric (with its own covariant derivative) contributes. Simply
taking components is insufficient to see how the different spacetime directions
contribute. Therefore, the ADM approach provides the necessary technique to

gain a deeper insight into the interaction with spatial geometrical quantities.

To complete our cosmological setup we consider a energy-momentum tensor
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associated to the matter source, considering a perfect fluid
(T,)" == (p+ P)U*UY + Pg"", (4.1.5)

where p is the fluid density, P its pressure, and U* its four-velocity. At the rest

frame, we consider U* = (1,0,0,0). In ADM approach we can write instead
(Tn)™ = e*,e", [Pg™] + n¥n”[p] . (4.1.6)

that will be the source of matter from now on. Also we will impose separately the

conservation of the matter content

Vou(T)™ = 0. (4.1.7)

The proposed setup will yield modified Friedmann equations for the expansion of
the universe in the presence of background fields, but only if we can resolve the

incompatibilities between the geometry and the dynamics.

4.1.1 Isotropy and homogeneity

In standard cosmology, three time-dependent parameters: the scale factor, pressure,
and energy density of matter, enter into the Friedmann equations. These equations
remain consistent as long as certain conditions are imposed on the energy-
momentum tensor. For the matter content one demands that the perfect fluid
is form-invariant in the directions of the Killing vector fields. In our modified
cosmological model in order to preserve isotropy and homogeneity we impose form

invariance of the like energy-momentum tensor Tr associated to the background
fields, i.e.,

LT =0, (4.1.8)

where x* corresponds to spatial (or purely tangential) Killing vectors given by
(4.1.1a) and (4.1.1b) .

One can show after some calculation by decomposing the Lie derivative acting

on the like energy-momentum tensor ™ along the Killing directions x that the
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correct conditions to be imposed are

L,T® =0, (4.1.9a)
LT =0, (4.1.9b)
L,T™ =0, (4.1.9¢)

where T represents the spatially like energy-momentum tensor associated to
the backgrounds fields, T = n,n,TH, and the Lie derivative is taken in the
direction of the six Killing fields. It follows that Tom = 0, since there is no maximal

symmetric vector except for the trivial one [75].

The general solution of the system of Eqgs. (4.1.9) is found to be

T = (51(t) v ) : (4.1.10)
O Sz(t)q“b

where & (t) and &(t) are arbitrary functions of time. Therefore, in order to
preserve isotropy and homogeneity one is forced to select a like energy-momentum

tensor for the background in the form (4.1.9).

In general, the background fields for both explicit and spontaneous breaking,
kritn and E"l“"’m, do not necessarily yield a like energy-momentum tensor given
in the form of (4.1.9). To address this issue which involve to apply extra conditions,

we shall elaborate a little bit deeper.

Consider the irreducible decomposition of the spatial tensor Tab in terms of an
antisymmetric T[ab], a symmetric traceless T<ab> and a trace part proportional to

the three metric %Tv

Top = Thas) + Tiay + %’Tv. (4.1.11)

In many cases we will have T[ab} = 0, and we can write the symmetric traceless

part as

~ ~ qCL ~
Tiary = Tian) — ?bT, (4.1.12)

where we have defined the spatial trace T = q“bfab. Indeed, one can count the

independent components: 3 for the antisymmetric part, 5 for the symmetric trace
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free part and 1 for the trace, which sum up to 9 independent components of Tvab.

In order to preserve the symmetries of the model the like energy-momentum tensor
has to be proportional to the induced three metric times an arbitrary function of

time. This amounts to impose
Tiary =0, (4.1.13)
and also

(4.1.14)

We will show in the current chapter that these conditions lead to a form-invariant
background satisfying £, k" #» = ( for explicit breaking of the symmetry, but
it won’t be necessary for an spontaneous symmetry breaking as we will show in

Chapter 5.

4.2 Gravitational SME Cosmology: the u sector

We begin by considering the scalar background field, coupled to the Ricci scalar
as a dynamical operator. According to Eqs. (3.2.13), (4.1.6), and (3.2.14), and
in the case where s = t##*? = (), the modified Einstein field equations in the

absence of a cosmological constant are:
G" =TT + k(T )™ (4.2.1)
where the energy-momentum (like) tensor asociated to the background becomes
(TH = —% (VAVYu + V'VHu) + "' Vi + uGH (4.2.2)

The decomposed energy-momentum tensor for the u-background can be written

in the compact form

(IR = TP~ (e )T T, (123
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with components given by

1
T = —§(Dﬂﬁu+[ﬁD%O
+|D*u — 2H10 — it — u L—i—2H+3H2 q* (4.2.4)
O : 2.
Ty = —D*(Lwu— Hu), (4.2.5)
k
2 2
T, = —D u+3H£tu+3u(a(t)2+H), (4.2.6)

where H (t) corresponds to the Hubble parameter given by
H(t) .= —= (4.2.7)
We must remark that 7% is related to the momentum constrain in the Hamiltonian

formalism of the theory [35].

Considering (T7)® we construct the perpendicular contribution to the metric

tensor (T )% as detailed in subsection 4.1.1, obtaining
ab ac bd 1 2
(T)* = —¢“q¢"*| D:Dgu — gchD u . (4.2.8)
The general solution to the condition (7°,)% = 0 corresponds to

u(t,r,0,0) = r(fi(t)sing + fao(t)cos @) sinf + f5(t)rcoso
+fa(t) V1 —kr? 4 f5(t) . (4.2.9)

On the other hand, considering that the modified Einstein equations have only
purely tangential and purely normal non-zero components for the Einstein tensor
and the matter source, the so-called momentum constraint (4.2.5) must vanish.

Substituting solution (4.2.9) into (4.2.5), we obtain

((fl(t) — Hfi(t))rsin¢ + (fg(t) — Hf5(t))r cos ¢> sin 0
+(f3(t) — Hf3(t))rcos0 + (fa(t) — H f1(t)) V1 — kr?
+f5(t) = Hfs(t) = fo(t). (4.2.10)
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Taking this in consideration we need to solve the following system

fit) —HA®) = 0, (4.2.11)
folt) = Hfo(t) = 0, (4.2.12)
f3(t) = Hfs(t) = 0, (4.2.13)
f1(t) = Hfs(t) = 0, (4.2.14)
fs(t) = Hfs(t) = fs(t) (4.2.15)
If the equations are
Lty =Hf(@t), (i=1,...,4), (4.2.16)
then the system has the solution
fit)y=c%a(t), (i=1,...,4), (4.2.17)
while
fs(t) = Hfs(t) = fo(t) = f5(t) = (0(5) + / J:f(%) dt) a(t) . (4.2.18)
Thus the general solution becomes
u(t,r,0,0) = alt) ((c(l) sin ¢ + ¢ cos cb)r sin @ + ¢®rcos
+cDV1 —kr? + / f((tt)) dt + c<5>) . (4.2.19)
We have the freedom to redefine the fg function as
d ~
fo(t) = 4 (fo(t))a(t) (4.2.20)

that is also an arbitrary function of time, having a more compact solution
u(ta r,0, (b) :Cl(t) ((C(l) sin ¢ + 6(2) COS ¢)7" sin @ + 0(3)7- cos 0

+ DT —Fr2 4+ O + fe(t)> (4.2.21)

After satisfying the momentum constraint, and the condition (7 )" = 0 the
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tensor energy-momentum tensor (4.2.3) reduces to

(TRu)MV — el‘aeVb |:§ (D2u — 3H£tu) — Efu — ( (IE)Z + 2(H + ]—_]2) + HQ)U:| qab
a
+nn” [ — (D*u—3HLwu) +3 (# + Hg)u} (4.2.22)

We are looking for solutions that keeps the energy-momentum tensor as (4.1.10).
In order to obtain (T3) = &(t) and (T7)® = & (t)q™, we need to satisfy

JECO RN C) RN C) A€ Ry (4.2.23)

Thus, u(t,y*) becomes a function of time only, which corresponds to the scalar
invariant for the FLRW metric. We thus obtain the invariant energy-momentum
tensor associated with this invariant scalar background u, given by

(TR = et e, [ —ii(t) — 2Hu(t) — ( +2(H + H?) + H2) u(t)] q™

k
a(t)?
+ntn” {3Hu(t) +3 <a(lz)2 + Hl;) u(t)] . (4.2.24)

The modified Einstein field equations now consist of two independent equations,
which are often rewritten in terms of the evolution of the Hubble parameter, H (t).
The first is the purely temporal component, while the second is obtained by
taking the purely spatial part, multiplying it by three, and adding the temporal

component. The resulting set of equations are the so-called modified Friedmann

equations
: 2 - 1 . ..
S SR o]k
3(1—u(t)) [ p+3H (t)] oLk (4.2.26)

This set of equations describes how the presence of the u background field influences
the expansion of the universe. However the consistency condition required by
the dynamics is to satisfy also the so-called Bianchi identity for the background’s
energy-momentum tensor. This identity demands that the covariant divergence of

the energy-momentum tensor associated with the background field must be zero.
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4.2.1 Bianchi identity for the u sector

As we previously discussed, every gravitational configuration in presence of
background fields need to satisfy the null covariant divergence condition (or
Bianchi in some cases). In particular we need to impose the following set of

equations:
vV, T" =0. (4.2.27)

In order to obtain the correct Bianchi identity we project the identity in their
tangential and normal components as follows: we start considering an energy-

momentum tensor
™ = e e’ [filz)g®] +nn” [ fo(z)] . (4.2.28)
Taking the covariant divergence, after some calculations, we arrive to

VI = DV i)+ fi() + ' fula)]

0| = S Lfole) ~ K(Aln) + )| (4229)

Taking the normal coordinates limit and considering the Friedmann metric we

finally obtain

VLT = e [DPfi(t )] — 0t = fa(ty) = 3H(fi(ty) + falty))] . (4.2.30)

Considering fi(t,y) = fi(t), fo(t,y) = f2(t), as in a maximally invariant tensor
for the FLRW metric, the system reduces to the condition

fo(t) + 3H(fi(t) + fo()) =0, (4.2.31)

In our case, it becomes

(G(IE)Q +H+ 2H2>u(t) =0 (4.2.32)

So, if we work without source of matter, the condition to obtain an isotropic and
homogeneous theory with background need to be a constant function but only

apparently.
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4.2.2 wu sector solutions

Let us consider the continuity equation for a perfect fluid. For Eq. (4.1.7), by

using the FLRW metric we can obtain:
kp(t) + 3Hk(p(t) + P(t)) . (4.2.33)

Together with the modified Friedmann equations (4.2.25),(4.2.26):

HyH — m [K(BP(1) + p(t)) — 3Hi(t) - 3i(t)| (4.2.34)
2 1 . k
H? = m[/ﬁp(t) +3Hu(t)} - (4.2.35)
and the Bianchi identity equation
k . o\ -
(w + H+2H )u(t) =0. (4.2.36)

Consider the state equation P(t) = wp(t) where w = 0 is for non-relativistic
matter and w = 1/3 for radiation. We solve the continuity equation Eq. (4.2.33)

obtaining

a(0)30+w)
o(t) = p(O)a(((z)L—(lim . (4.2.37)

At this point we have two choices:
e Constant u background:

Having a constant background results in a Bianchi identity satisfied, and the
modified Friedmann equations becomes
k(14 3w)p(t)

2 _ kp(t) k
H* = 3(1 — u) — O (4.2.39)
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that corresponds to a rescaling of the quantities p(t), P(t) of the matter content:

p(t) — 1p(_t)u , (4.2.40)
P(t) — 1P _(tL (4.2.41)

e Non-constant u background:

For the non-constant background we need to solve the Bianchi identity for the

scale factor:

oL +H+2H*=0, (4.2.42)

obtaining
a(t)? = —kt* + a(0)*(1 + 2H(0)t) . (4.2.43)

Here we notice an important feature of this solution. We call it the Ricci flat
solution, because we can identify the Bianchi identity to be proportional to the
Ricci scalar of M:

R= 6(# + H+ 2H2> : (4.2.44)

A question emerges: how can we obtain a vanishing Ricci scalar through a

background field. If we recall the original Einstein equations Eq. (4.2.1):
GM = —% (VIVYu + VVVHU) + "'V + uGH + k(T,)" . (4.2.45)
Taking the trace, we obtain
—(1—u)R = 3V?u+x(T,), (4.2.46)
where the quantities can be written more explicitly as

(4.2.47)

(4.2.48)
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Thus, a Ricci flat solution will produce the following condition the be fulfilled:
3V2u+ k(T,) =0 (4.2.49)

The setup will admit the following solutions:

For non-relativistic matter (w = 0) we have

u(t)

(ij( )+ 3u(0 H(O) a(0 a(0)
3(k + H(0)%a(0)?) (1 a t))
 (kpl0)a(0)*H(0) — 3(0)K)a(0) 1
3(k + H(0)%a(0)?) a(t)

+u(0).  (4.2.50)

On the other hand, for radiation (w = 1/3) we have

a(0)a(0)*H(0) [, a(0) Ra(0)i(0) ¢
) = TH0)2a(0 + B (1 a<t>> T 0)2a(0) 1 R agp) MO (425D

The choice of this particular background field preserves the functional dependence

on time, satisfies the complete set of equations, and, more importantly, satisfy
the no-go relation associated with the Bianchi identity in the cosmological setup.
Even though a Ricci-flat spacetime can lead to some oversimplification of the
problem, this choice remains valid. The scalar sector of the minimal gravitational
SME lacks functional dependence: it consists of just one scalar function that
depends on four coordinates, yet there are many equations to satisfy. We will now

explore a less trivial sector: the 2-tensor sector.

4.3 Gravitational SME Cosmology: the s sector

We now continue by considering the rank-2 symmetric background field, using the
Ricci tensor as a dynamical operator for the coupling. According to Eq. (3.2.13),
Eq. (4.1.6), and Eq. (3.2.14) in the case u = t***? = 0 the modified Einstein

equations in absence of cosmological constant are

G = (TR 4 k(Tp)™ (4.3.1)
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where

1 1 1
(T = 55 Rapg" + 5 (VaV!'s™ + Vo VWs™) — V2

1
—§gﬂ”vavﬁs@5 : (4.3.2)

The decomposed energy-momentum tensor for the s-background can be written

in the compact form

(TR = e ey (T1)™ — (e"n” + nfe’ ) (T2)" + n*n"(T3), (4.3.3)

where
1 .
(T)® = 5 {DCDaSCb + D.D"s* — D°D,s% + 2(2H + 8H?)s" + TH 3% + 5%
k 2 cd cd -cd ab
=+ 2 - H S ch_DchS —HquS q
a(t)?
_3HD%" — Daghn — 3 Dbgna — pbgan (2DCSC“ + 6HDCSC“> ¢
- (2(2H + 3H?)s™ 4 4H 0 g““) qab] , (4.3.4)
1
(T)" = 3 { — HqegDs* + D5 + 2H D5 + D,D%s™ — D°D,s™
+2(H + 3H?)s™ — HDs™ — D“é““} , (4.3.5)

1 k v
(T3) = 5[—2(a<t>2—|—H2>50dch—|—DCDdst—Hchsd

+D 5™ — 5HD,s™ + 6(H + 2H?)s™ — DD,s™ + 3Hé““] . (4.3.6)
Considering (77)® we construct (T';)® obtaining
ab 1 a cb b ca c ab 1 ab cd 2 cd
(T)*” = 3 D.D%s” + D.D°s*® — D°D,.s* — gq 2D.Dys“ — q.qD*s
: 2 ab 1 ab cd -ab 1 ab -cd
+2(2H + 8H?) [ s* — gq QcdS +TH|( s* — gq qcdS

1
+<§ab o gqaqudS;Cd) _3HDaSnb_3HDbsna —Daébn o Dbsan

1
—|—§q“b <6HDCSC“ + 2Dcsm>} : (4.3.7)
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Now we want solutions for s#” that satisfies (73)? = 0, and (7)*® = 0. We start
by studying one sub-sector of s** in the ADM decomposition. Let us consider a

purely tangential background field,
s = et e, s (4.3.8)

The system of equations reduces to

1
(T)" = 3 [ — HgqeaD"s™ + D5 + 2HDCsC“] , (4.3.9)

1 1
(TL>ab — 5 [DCDaSCb + DCDbSca . DCDCSab . gqab <2DCDdSCd . quD2SCd>

. 1 1
+2(2H + 8H2) (Sab _ gqobchdscd> + 7H($ab _ gqobchdscd)

1
_{_gab . gqachdécd:| . (4310)

Here we notice that one valid ansatz to consider is

1
5% — gq“chdsc‘i =0, (4.3.11)

that appears multiple times in Eq. (4.3.10). This ansatz will produce the following

set of relations as consequence

§% = %qachdscd (4.3.12)

59 = %qachd'scd (4.3.13)
D.D%s® = %DbD“s (4.3.14)
D?5% = %qabD% (4.3.15)
D Dgs™ = %DQS (4.3.16)

Reducing (T )® and (T3)* to the following expressions:

1 2
(TL)ab — 6 DbDas+DanS_§qabD2s , (4317)

1 . .
(1) = ZD*[geas™ = Hgeas™] (4.3.18)
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The general solution to the ansatz equation corresponds to
ab __ a\ ab
sY = s1(t,y*)q™. (4.3.19)
By using Eq. (4.3.19) in Eq. (4.3.18) we arrive to
1 e a a
(T)" = §D“ [51(t,y*) — 3H s1(t,y")] - (4.3.20)

Thus the momentum constraint suggest that the functional dependence of
Eq. (4.3.19) should be distributed as

si(t,y*) = a(t)®(F(t) + G(y*)) . (4.3.21)
Considering (7', )® we obtain

|
(D“Db - gqabw) G(y") =0, (4.3.22)

with general solution
G(y*) = V1 = kr2Cy + rsinf(Cy cos ¢ + Cssin¢) + Cyrcos + Cs . (4.3.23)

Now we want an invariant energy-momentum tensor associated to the background,
thus we are looking to extra conditions that produces (71)? = & (t)¢®® and
(T3) = &5(t). Replacing the values obtained for s in Eq. (4.3.6) we obtain

a(t)? 6k

(Ts) = —| - a(t)zF(t)—9H2F(t)—3HF(t)

_%G(y“) + DGy O’ G(y") | = &) (4.3.24)

The only possible outcome becomes G(y®) = 0, arriving the result

s = et e, s, s = 51(t)q™, (4.3.25)

that satisfies L, (T7)* = 0 for all the Killing directions of the FLRW metric.

The solution obtained is the maximally invariant tensor of rank-2 symmetric

for Homogeneity and Isotropy. We found that, in order to obtain an energy-
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momentum tensor invariant under the Killing transformations we found always
at least one solution: an invariant tensor of the isometry group. We already
obtained information related in the u-sector, because the invariant rank-0 tensor
for the FLRW metric is precisely an function of time. Considering that there is no
invariant vector for homogeneity and isotropy, we arrive to a background tensor

s* that should satisfy all the condition imposed.
For a more general case, now we will consider an maximally symmetric background
s* given by

st = et e, [sl(t)q“b} + nfn” [s5(t)] . (4.3.26)

The energy-momentum tensor becomes immediately an invariant tensor of

homogeneity and isotropy:

(TR = et e, [(%{;2 +H + 3H2) s1(t) — (2H + 3H?)s,(t)

— 2H5,(t) + %('s'l(t) - 52(t))} q"

3k . ) 3 .
a(t)QSl(t) +3(H + 2H")s(t) — 5}[(51(15) — 4(1))

+ ntn” [ —

(4.3.27)

After some algebraic manipulations we arrive to the respective modified Friedmann

equations
— ! K _i s § 25 _ s
"= I [ a0 )+ 0 )
VB + 2H)salt) — JHG0) — 0| (1.325)
. 2 1 p k Ay
H+H = (—6)(1—|— 812(15) . 822(t)) |: (,0+3P) +6(a(t)2 +H ) 1(t>

—§H@¢w+3@@»+-@¢w—@ﬂwﬂ. (4.3.29)
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4.3.1 Bianchi identity for the s sector

Now we need to impose the Bianchi identity
V(TE™ = 0. (4.3.30)

By using Eq. (4.2.31) for the energy-momentum tensor given by Eq. (4.3.27) we

arrive to

(a?f;z +H+ 3H2) (2Hs1(t) — 41(t)) + 2(H + 2HH)s5(t)

+3(H + H?)(2Hs»(t) + 82(1)) =0,  (4.3.31)

or equivalently

g(QHsl(t) 5 (1)) + 0, [250(8) (H + H?)]
+(H + H?)(6Hsy(t) + $o(t) — 2Hs1(t) + $1(t)) = 0, (4.3.32)

where R is the Ricci scalar for the spacial part of the FLRW metric.

4.3.2 s sector solutions

We study a configuration for the background field with different properties. An
observation from Eq. (4.3.31) is that each term containing the time derivatives
of s1(t) and s5(t), respectively, appears with a global function scaled by H. This

suggests choosing a background configuration satisfying

él(t) = OZHSl(t) s (4333&)

$o(t) = BHsa(t), (4.3.33b)

with constant parameters o and 3.
By inserting the latter into Eq. (4.3.31), we arrive at the algebraic equation

§(2 Q) Hsi(t) — (H + H?)(2 — o) Hsy(t) + 2(F + 2HH)ss (1)

+3H(H + H*)(2+ 8)s2(t) =0,  (4.3.34)
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with solution

2 - aysi(t) = 201 2@?_* (35 iHHB? 8w, s

Here we can obtain multiple solutions depending of the values for a and .
e Ricci flat solution

If R =0 we obtain
(2 —a)as(t) = (2 — 36)Bsa(t) (4.3.36)

Taking the time derivative and using the ansatz again we notice that it must

satisfy also
(2 —a)a"s (t) = (2 —38)8"sa(t) (4.3.37)

for an arbitrary value of n. This consideration leads to the choice of the values

fora=2and g = % as the general solution to this setup

1) =102 (4839
a 2/3
s2(t) :ng)a(((?)z 7 (4.3.39)

for the scale factor Eq. (4.2.43).
e Constant expansion solution

We can also take other combinations of values for a and 3, for example the
intriguing choices & = 2 and § = —4/3 lead to a quite simple equation, which is

independent of the functions composing the background field:

0

9 ato (it + %)) =o. (4:3.40)

The latter has the solution @ = const., which is to be considered. By solving
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Egs. (4.3.33a) and (4.3.33b), we are able to state an alternative solution:

_ a(t)”
Sl(t) == SI(O)Q(O)Z s (4341)
a(0>4/3
S9 (t) = SQ(O) a(t)4/3 s (4342)
with the scale factor being
a(t) = %d(o)ﬁ +a(0)t + a(0) . (4.3.43)

Again, the latter is a nontrivial background field that is in accordance with the
symmetries demanded. Consequently, it does not provide a discrepancy with the

no-go result for gravitational models.

4.4 Gravitational SME Cosmology: the ¢ sector

Finally we consider the rank-4 Riemann-like background field, using the Riemann
tensor as a dynamical operator for the coupling. According to Eq. (3.2.13),
Eq. (4.1.6), and Eq. (3.2.14) in the case u = s*” = 0 the modified Einstein

equations in absence of cosmological constant are

G = (T + k(T (4.4.1)
where
TRy ltaﬁw Wr v ltaﬁ'w @R H 1 pvyaBys (4) p
( ) - 9 afy + 9 aBy + 2.9 afyé
— Vo VsthF — NV V gt" 5 . (4.4.2)

The decomposed energy-momentum tensor for the ¢ background can be written in

the compact form

(THy = et e, T + (e n” + ne”, ) T + nfn"T . (4.4.3)
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k k .
Tab — 9 H2 . tacbd ab H2 . Tstcrds -9 H2 H . tncnd
i (—a2<t)+ >Qd a7 |\ ) deat (H? + H)qeq

—(DeDat ™ 4 DDt 4 20% — 2D oM — 2D 4 2 Hg "™

+16Hi™ — 10H Dt — 10H D "% + 2(H 4 6 H?)qoqt**

+o(5H + 17H2)tanbn> , (4.4.4)
Ty = D.Dgt"™ + D Dyt — D™ — 2H q,q D" — 5H D t*™"°

. : k
Hqogt®™ — ( H4+ 11H? + —— ) qoqt®™ 4.4.5
k .
b N ( 2(t) - HQ) Gapeat ™™ — 2 (Dchtnmd + Hqegt™ ™ — 2Hqoq D ™
a
S Hhygaat ™ — 2(H + 3H2)chtnmd> . (4.4.6)

Again (1) is related to the momentum constraint. Considering (77)% we
construct the traceless symmetric part of the like energy-momentum tensor

associated to the background

k . 1
(TL)ab ——_9 (a(t)2 . (H + 5H2)) <chtacbd . _qabQCdQeftcedf>

3
+ 2(5H + 17H2) <tanbn o gqachdtcndn> + 2<(tanbn + Hchtacbd =+ 8Htanbn)
1 .. . .
. gqaerf (tenfn + Hchtcedf + 8Htenfn)) + <D5Ddta0bd + DCDdtbcad
o QDCiacbn . 2Dct'bcan o 1OHDCtanbc o 1OHDctadm>
1 .
— =" <2D0Ddtecfd — 4D, decn ZOHDCte“fC) . (4.4.7)

We introduce a simplification by considering only the purely spatial sector ¢4,

i.e.
pwvpo __ _pu v _p o pabed
thrT = et e”,ef e £ (4.4.8)

setting all other sectors to zero. Our aim is to determine if this specific example
can account for the accelerated expansion of the universe using only standard

matter and radiation. For this particular case, the tensor in equation Eq. (4.4.3)
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simplifies to
k k
Rt v o v 2 acbd 2 ab cedf
(ﬂ— Spatial)u - eMae b |:2 (W +H )QCdt + (W +H )q (_Zqueft
_ (Dchtacbd + DCDdtbcad + QHchLiacbd + 2(H + 6H2)chtacbd)1

— et n” [2H qbcht“de} —nte”, {ZH qachtade]

v k 2 acbd
+ ntn [(a(t)Q + 3H >qabq0dt :| . (449)

The traceless symmetric tensor in Eq. (4.4.7) reduces to

k : 1
(TL)ab — 2< s — (H + 5H2>> <chtacbd . _qabqechdtecfd>

a(t) 3

. 1 .
—2H (cht“de - gq“bqechdt“f d) — ((Dcht“c”d + DCDdtbwd)

1
- §qabQEf <D6Ddtecfd + Dchtfced>) . (4410)

Since we are interested in the preservation of isotropy and homogeneity we impose
the condition Eq. (4.1.9a), which consequently leads to (7. )® = 0. For this, we

consider the ansatz

1
oat ™ — gqabqefQCthCfd = 0. (4.4.11)

This choice results to be consistent and it also determines the form of t*¢¢, The

components of t? can be written in a simplified form as solution to the ansatz
100 = alt) () (a0 — "), (4.4.12)

with 7(t) being an arbitrary function of time. Taking advantage of the
expression (4.4.12), we can write (4.4.9) as a maximally invariant tensor of rank

two

5k : 2 4 4. a,
s TH >)a<t> n(t) — 4Ha(t)n(t) | "

+ ntn” [6 (a (];)2 + 3H2) a(t)%(t)] : (4.4.13)

Rt wyo o p v
(Tvt—spatial) =€ .Cp |:2(

After algebraic manipulations we arrive to the modified Friedmann equations for
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the purely tangential ¢ sector:

- 1 3k A
= 30 = 2w (I{p 0L (1+ 2a(?) n(t))) , (4.4.14)
H+H? = ! [/f(p +3P) + 24a(t)4< i +2(H + 3H2))n(t)} :
(—6)(1 — 2a(t)'n(t)) a(t)?

(4.4.15)

4.4.1 Bianchi identity for the spatial ¢ sector

We have found a maximally invariant solution that provides an maximally invariant
energy-momentum tensor. Now we need to impose the Bianchi identity. By using
Eq. (4.4.13) on (4.2.31) we arrive to

6H<2(2H +TH)(t) + Hﬁ(t)>a4(t) ~0. (4.4.16)

4.4.2 Spatial ¢ sector solution and accelerated expansion

Considering the Bianchi identity Eq. (4.4.16) we notice that the system admits

an exact solution for 7(t) given by:

(4.4.17)

Now we are equipped with solutions for the background field that satisfy the no-go

result.

At this point, we have gained better insight into how the compatibility between
the background fields and the isotropy helps to satisfy the Einstein field equations.
We have also developed a mechanism to solve most of the equations in the no-go
result. After dealing with the compatibility conditions, we now want to know if

certain sectors can produce an accelerated expansion of the universe.

For the u sector we obtained that the background field can be a constant function,
producing the same expansion as the usual cosmology, but for Ricci flat solution
we arrive to a different kind of expansion, where the scalar background produce

the effect of suppressing changes in the curvature.

For the s sector we obtained that the background field can generate Ricci flat
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solutions and constant expansion solutions for the expansion of the universe. Some
of this results were already obtained in [57] for the u and s sector, but taking as

priority satisfying different relations.

Now we study the possibility of accelerated expansion for the ¢ sector. We consider
the state equation for the matter content as in previous sectors. From the first

modified Friedmann equation we obtain the following limit:
(1 —2a(t)'n(t)) >0, (4.4.18)

that exhibits the regime of expansion of the modification. On the other hand we

use the definition of the deceleration parameter

q(t) = — s : (4.4.19)

to rewrite the second modified Friedmann equation as

1

H = 6¢(1 — 2a(t)'n(1)

) {(1 + 3w)kp + 24a(t)4( +2(2 — q)Hz) n(tI}A.QO)

k
a(t)?
Comparing with the first modified Friedmann equation, we arrive to

2 27172
g (L 3uw)rp+ 240® (k4 da*H2) (). (4.4.21)

2 [/ﬁp — 3% 4 6a2 (4a2H? — k) n(t)}

a2

Replacing the solution for the continuity equation Eq. (4.2.37), and the solution
for the Bianchi identity for the spatial ¢ sector Eq. (4.4.17) in Eq. (4.4.11) we

obtain an algebraic equation for H(¢) in terms of a(t):

(H?)? — (ﬁ __k )(H2)2 - 277(0)5 ((t(;)lza(())m <H2 - (’Z)2> = 0.(4.4.22)

If we can solve this algebraic equation, we can obtain a differential equation to
explore the solution for a(t). Considering the current observational data [51], we

will consider k = 0, reducing the equation to a quadratic polynomial in H?, with

solution
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Taking t = 0 we can obtain the value for H(0) in terms of the other set of initial
conditions (a(0), p(0), and 7(0)), given by

2 _ rp(0) 1
H(0)* = 3 1= 2(0)a(0) (4.4.24)

Replacing, we can write explicitly the differential equations as

a(t)\* _ kp(0) [a(0)* 1+ fa(0)504w)  8p(0)a(0)t 1
(Wt)) G {a(t)3(1+w) + \/a(t)6(1+w) + (1= 20(0)a(0Y)2 a()® | (4.4.25)

The numerical solutions to Eq. (4.4.25) are shown in Fig. 4.4.1 comparing respect
to the standard case ((t) = 0). The plot shows no appreciable difference between
the presence and absence of the background field. Moreover, the deceleration
parameter obtained in Eq. (4.4.21) does not become negative in the validity regime
given by (1 — 2a(t)*n(t)) > 0. This implies that the field dilutes before it can

affect the expansion rate of the universe, whether by acceleration or deceleration:

—— Standard - —— Standard
n(0)=10"3 ~ n(0) =103

a(t)
a(t)

t t

(@) w=0 (b) w=1/3

Figure 4.4.1: Plot of the scale factor as a function of time for w = 0 and
w = 1/3. For both cases, the standard solution is shown as a blue solid line, and
the result from solving Eq. (4.4.25) with initial condition 7(0) = 10~3. No region
of accelerated expansion is visible in either case.

In contrast to the result published in [3/] where merging the Bianchi identity with
matter conservation produced accelerated expansion, we conclude that considering

them separately for the ¢ sector does not lead to accelerated expansion.

Our study of explicit diffeomorphism violation in a cosmological setting revealed
that the dynamics compel the background field to become form-invariant under the

spacetime isometries. Although the Bianchi identity must still be resolved for the
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background energy-momentum tensor, the restrictive form-invariance condition
simplifies this task considerably, reducing it from a tensorial equation to a scalar
one. In the following chapter, we will explore the minimal sector of the gSME,

now considering a spontaneous breaking of diffeomorphism symmetry.



70 Chapter 5. Spontaneous violations in gravity

Chapter 5
Spontaneous violations in gravity

The consideration of spontaneous backgrounds in cosmology dates back to the late
eighties [59], [60], where this framework was used to study a string-theory-inspired
model featuring two expansion scales. The particular spontaneous background
employed, known as the bumblebee field, gained rapid popularity due to both
its simplicity and its non-trivial role in spontaneous symmetry breaking. Owing
to its interpretation as a dynamical preferred frame, the bumblebee model has
recently been applied to various contexts, including radiative corrections [(1]-[63],
time-like cosmology [0], [065], Godel-type universes [60], [07], asymptotic flatness

[6%], and connections to the Kalb-Ramond field [09] and Einstein-aether theories
[70], [71]-

In this chapter, we further investigate the compatibility conditions between
dynamical background fields and spacetime isometries. We focus specifically on
spontaneous diffeomorphism breaking through an examination of the bumblebee
model, which involves a dynamical vector field acquiring a nonzero vacuum
expectation value. Since homogeneous and isotropic vectors cannot exist, we
derive the non-trivial conditions emerging from requiring the bumblebee energy-
momentum tensor to be form-invariant under FLRW isometries. We also derive
the modified Friedmann equations to facilitate future investigations of cosmic

expansion effects driven by the background field.
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5.1 The bumblebee model

The Bumblebee model was first introduced in 1989 by Kostelecky and Samuel
[60]. This is the simplest case of a theory with spontaneous Lorentz symmetry
breaking produced through the introduction of a vectorial background field and a
potential that fix the background to a value that breaks the symmetry. Consider

the action:
S =Sp+ S, (5.1.1)
with

1 1
Sp = / d*zy/—g {ﬂ(“)z«z +¢BB*WR,,) — ZB’WBW ~V(B,B" + )|,
M

(5.1.2)

where we have included the EH term without cosmological constant and a perfect
fluid source S,,. Also B* is the bumblebee field with mass dimension one which
in contrast to the nondynamical background has its own Euler-Lagrange equation
of motion. We define the field strength tensor of the bumblebee field by B, =
9,B, — 9,B,, and we are considering b* = b,b* where b, is the VEV of the
bumblebee field with constant b%, that is to say, (B,) = b,. Furthermore, ¢ is a
coupling constant of the interaction term between the background and gravity

having inverse mass dimension two. We will take the potential to be
2 A 212
V(B,B" £b°) = Z(BMB“ +0°)°, (5.1.3)

where A\ is a coupling constant. Alternatively, we may have obtained the
action (5.1.2) by replacing u — 1¢(B*B,, s — & (B*BY —1¢"B“B,) and
t"r? — 0 in (3.2.7), together with installing kinetic and potential terms by hand.

We find the modified Einstein equation

G = (Tp)"™ + k(Tp)" (5.1.4)
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where (7,,,)* is the energy-momentum tensor of the perfect fluid (4.1.5) and

1
(Tp)" = K |2V'B*B” + B!, B"" — <V + ZBMBM> g“"] + g {BAB"RMgW

—2(g""B” + g""B") B’ Ry, + VA\V*(B*B”) + V,\V"(B*B")

— V.VA(B*B")g" — VAV*(B“B”)] : (5.1.5)

The equation of motion of the bumblebee field is

§

V.B" =2V'B" — ~B,R". (5.1.6)

where the prime denotes differentiation with respect to the argument of V.

5.1.1 Boundary term for bumblebee gravity

As part of our research we derive the boundary term for the bumblebee model.
The boundary terms arise from the first two terms in (5.1.2), which we decompose

as follows.

We start by decomposing the field B® into their normal and tangential projections
B* =e%, B*—n*B". (5.1.7)

Thus the decomposition for B*B? becomes
BB’ = ¢,¢®,B*B’ — ¢* n° B*B™ — n%¢”, B"B® + n°n®(B*)*.  (5.1.8)
From Eq. (2.2.56), the decomposition of the Ricci tensor is easily obtained, yielding:

1
RB5 = eﬂbetgd <Rbd — 2KbeKed + KKbd — Ddab — Aqap -+ Nepbe”dﬁm(epeengef)>
—es'ns (DKo = Dy ) = ngey’ (D Koy — DK )

1
+ngns (Dea6 +a.a + KK — Nqbdepbe”dﬁm(epeegff(e ))) . (5.1.9)
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With these elements, we have

1
RssB°BY = BB (Ra,, = 20Ky + K Kap = Datta = 000 + ¢y Lon(e, ¢, Kef))

BB (2(DKea = D) ) + (B")(Daa® + aa® + KKy

1
_Nqabepaeabﬁm(epeeo'f[(@f)> : (5.1.10)

and recalling Eq. (5.1.2), the four curvature leads to the standard boundary term

which we include in the final expression.

We use the identity

1

epaeob [BaBb - (Bn)Qqab] Nﬁm(epeeafKef) = V. ln)\ (BaBb - (Bn)Qqab> Kab:|

1
_ |:BCLBb o (Bn)2qab] KKab _ NepeengefEm |:6pa60'b (BCLBZ? o (Bn)Qqab>:| ’
(5.1.11)

in the previous relation (5.1.10), to find the extended boundary term for the
bumblebee model
1
Soai == ¢ dyeva (2K +¢(B B — (B")'¢") Ka) - (5.1.12)
oM
We observe that when the interaction term vanishes, the usual Gibbons-Hawking-
York (GHY) boundary term is recovered. Furthermore, this term is intimately

related to the boundary terms appearing in the u and s*” sectors (see Eq. (3.2.20)),

which follows from the connection between the bumblebee model and these sectors.

5.1.2 Modified Friedmann equations for B, = (0, B,(y,1))

Here we decompose the modified Einstein equation, by using our strategy in order
to find the modified Friedmann equations. It is important to emphasize that,
unlike the explicit case, the bumblebee model has its own equations of motion
since it involves spontaneous symmetry breaking. This allows the field to fluctuate
and not necessarily be a maximally invariant tensor under the symmetries of the
theory. This is why the choice of the bumblebee vector field can be extended, even
though a maximally form-invariant vector does not exist in four dimensions [55].

One of the main goals in this chapter, is to extend the standard treatment beyond
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a purely timelike bumblebee field ([61], [65]) to incorporate a bumblebee field with
spatial components, providing a foundation for exploring alternative mechanisms

in early-universe cosmology.

In this way, we consider a purely tangential bumblebee field
B® = ¢® B°, (5.1.13)
which produces the projection for the bumblebee field strength
B, = euaebeab — nueybEb + e, 2, (5.1.14)

where we introduced the following quantities:

Ba = DBy — DyB,, (5.1.15)
1
E. = Ne“cﬁm(endBd). (5.1.16)

By using the decomposition for the second covariant derivative of the product of
bumblebee fields, see the appendix A, we can decompose the bumblebee energy-

momentum tensor in their normal and tangential projections as
(Tp)"™ = e " (TP)™ — (e n” +nte” ) (Ty)" + nn"(Ty),  (5.1.17)
with spatial components

1
(TlB)ab _— |:2v/BaBb + BacBbC o qvabdﬁthﬁth — <V -+ Z (BchCd _ Qthﬁthﬁth)> qab:|

2k
+ g {q“b< (t)QBCBC — D.Dy(B°B%) — H[,t(BCBC)) + D.D*(B°B®) + D.D"(B°B*)
a

— D*(B*B") + ¢ (ctct(Bch) +3HL;(B"B,) — 2 (%tk)z + (H + 3H2)) B“BC} :
(5.1.18)

mixed components

(TH) =k [Ba%th] + g {DC (L£.(B°B*)) — HD*(B°B.) + 2HDC(BCB“)] ,

(5.1.19)
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and doubly-normal components

1 cd cd 5 2k c c
(T5) = [v +7 (Bch +2¢ cthﬁth))} -5 L (t)QB B.+ HL(B°B,)
— Dch(BCBd)l : (5.1.20)

Considering Eq. (4.1.6) and the projections for the Einstein tensor, we obtain the

modified Einstein equation

1
Gab — K |:2leaBb + BacBbc - q(wqbdﬁthﬁth — <V + Z (BchCd _ Qquﬁthﬁth)) qab:|

2
+ g {qab( ( f)QBCBC — D.Dy(B°BY) — Hﬁt(BCBC)) + D.D*(B°B®) + D.D"(B°B*)
a

2k
a(t)?

— D*(B*B®) + L*(B“B") + THL,(B*B"®) — 4( — H2) B“Bb] + k(T)n)*,

(5.1.21)

and

1 2k
G™ =k {v +37 (BchCd + 2ch£th£th))} —~ g LL (t>2BCBC + HL,(B°B,) — D.Dy(B°B%

+ 5(Tp)™™. (5.1.22)

Also, the bumblebee field equations (5.1.6) can be decomposed in their spatial

and normal projections as

v
€p

2k .
D Bab - H ba B — ba QB —9 /_é H H2 Bb
(B~ LB, = 2B, = 2|V & (2 (4 31

— [ _ DC(EtBC)} —0. (5.1.23)

At this point we make another simplification. By looking the normal projection of
the bumblebee field equation we take as ansatz the condition D,,B,, = 0 meaning
that the bumblebee field will only depends on time B, = B,(t).
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Under this consideration we obtain the first modified Friedmann equations

1 1 .o 2k :
H? = . (/{p + K {V + §quBch} - g Lc(t)Q B°B.+2HB°B.
3(1-$BeB.)
(5.1.24)
3k )
a(t)?)’

the second Friedmann equation

‘ . .
H+ H* = (n(sp + ) + B |2V BB, = 2V + ¢"'B,By|
(=6)(1 - $B<B.)
f 4k c 2 pe cd T cd 1 cdp f
+5| - WB B.+4H*B°B, — 10Hq* B.B4 + 24" B.Ba + 24" B.Bq| | ,

(5.1.25)

and the perpendicular extra condition from the previous method becomes

(TL)ab S |:2leaBb . qacqdech o gqab (QV,BCBC o quBch):| 7

4k .
+ g [qbc (Ef(BaBC) +3HLy(B*B,) — 2 (a(t)2 + (H + 3H2)> BaBC)
1 ab 2( nc c 4k d 2 c
— 34 L{(B°B.)+3HL(B°B,) — 2 a(t)2+(H+3H) B°B. || =0.
(5.1.26)
Together with the bumblebee field equations
Bt HB, 2|V — 2 (2 +(H +3H?) ||B,=0 (5.1.27)
“ ¢ 2k \ a(t)? ¢ ' o

We provide the details of the decomposition in the appendix A.

5.1.2.1 The case £ =0

We turn off the interaction term with £ = 0. Thus the bumblebee field equation

of motion simplifies to

B,+HB,+2V'B, =0. (5.1.28)
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We have the first modified Friedmann equation

1 1 R 3k
H2 = g{/ﬁlp“‘ /€|:V + éqabBaBb:| — W} s (5129)

and the second modified Friedmann equation

H + H2 = m{/ﬁ}(BP -+ p) + K |:2vlqabBaBb -2V + qabBaBb:| } s (5130)

and the condition Eq. (5.1.26) becomes
0 = & {(QV’BQBZ, — B,By) — %qachd(zv’Bch - Bch)} . (5.1.31)
For V' > 0 the condition Eq. (5.1.31) has the general solution
B, = +V2V'B,. (5.1.32)

By taking the time derivative, we obtain an expression for B, as follows

_— 1 1 AV’ 9(B'By) .y
B, = iﬂ(éﬁd(Bch) o Ba+VV'E,

1 V" 9(BB,) .
= V22— RB, V'B, 5.1.33
\/‘(2 B+ (5.1.33)
VI/
= 42 — H+V2V"\h*B BC:H/’>Ba.
(\/2_W ( By

Using this expression in the bumblebee field equation we obtain
(QV”( FH+ (V) ¢*B,B. £ H2V') + 2(2v’)3/2) B,=0. (5.1.34)
Thus the final equation to solve becomes an scalar equation
2V"(F H+ (2V)V2) B2 £ H(2V') +2(2V")** = 0. (5.1.35)

Lets recall the quartic potential

V(B?) = %(BQ —b?)?, (5.1.36)

B?*=B"B,. (5.1.37)
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We obtain
THMN? + (MB? — b*))Y2(\(3B% — 2b%)) = 0, (5.1.38)
which lead to
H
B? - )'*(3B? — 2b*) = £ —=0". 5.1.39
(B2 = )% )=t (5.1.39)
Defining the quantity A% = B% — b? we obtain
b? H
A Al + S |AlF —=b=0. 5.1.40
A+ 1A% (5.1.40)

We recognize this equation as the depressed cubic equation

AP+ pA+q=0, (5.1.41)
with
b2
Po= 3 (5.1.42)
H
= F—p. 5.1.43
1 3V ( )

The equation is well know for having two types of solutions: for three real solutions
we have the Viette formula, and for one real solution and two complex solutions

we have the Cardano formula. In this case the discriminant becomes

A = —(4p® + 27¢%) = —b* ib‘" 3E 0 5.1.44
= (4" +27¢%) = —b'( 0 +35 ) <0. (5.1.44)

Thus we have one real root and two complex roots for the cubic polynomial. The

Cardano formula gives the real solution

q 2 P 1/3 q 2 P 1/3
A= -2 Y 4 Y & S
( 2+ 4+27> * 2 4+27
2 2 2\ 1/3 2 2 2\ 1/3
= iilﬂ_'_b_ £+b_ + iibQ_b_ £+b_ .
6\/X 3V 4\ 81 6\/X 3V 4\ 81

(5.1.45)
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Obtaining the time dependent bumblebee field solution

p2 \ %3 / AN2\ 23 A2\ 23
B? = + H H? + H — /H?
(®) (6&) ( * " 81 ) +< i 81 )

_gbz_ (5.1.46)

Therefore, the first modified Friedmann equations can be written as

1 AR 3k
2 4 Ak dn __ 12\(pep 12y
H* = 3 (FL,O—l— 1 (3B“By — b°)(B°B. — b%) a(t)Q) , (5.1.47)
and the second
. 1 A
H + H? o) {K(3P +p) + 7“(3BdBd +b*)(B°B, — 52)} . (5.1.48)

Here we notice an important result: even if we consider a tangential contribution
from the bumblebee field, its field equations can be solved for B(t)? without fixing
a direction. This suggests that spontaneous symmetry breaking does not impose
the background field to be invariant under the isometries, as is the case in explicit

symmetry breaking.

5.1.2.2 Nonminimal coupling extended case £ # 0

Inspired by the advances made in stating the differential equations in the previous

part we extend to consider £ # 0.

Lets consider the tangential bumblebee field equation

. . & 2
o=~ (nb 2|y~ 5 (o

+ (H + 3H2))] Ba) : (5.1.49)
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We replace in the perpendicular equation Eq. (5.1.26),

K [QV’BaBb = BuBy — 5 (QV’BCBC - chBch)} + g {2BaBb — 9HB,By — 2HB, By

— 4{1/’ — %(% +(H + 3H2)) + (a?tk)Q

— 4Hq¢" BBy — 4 [v’ - % (aifﬁ + (H + 3H2)) + (a?tk;2 + (H + ZHQ))]

x BCBC)} = 0. (5.1.50)

. 1 .
+ (H + 2H2))] B,B, — 34ab (QCICdBch

obtaining a tensorial equation with lower degrees in time derivatives. We consider
the tangential bumblebee field equation for £ = 0 (5.1.32) as an ansatz at this

point. Hence, we obtain a major simplification for the isotropy-homogeneity

equation
— 2 {H\/z_V/— %HQ + (a?f)Q + (H + 2H2)> (1 - %)]
<BaBb - %qabBCBC) =0. (5151)

Notice that in the limit & — 0, we do not recover the previous case, leading to a
discontinuity. Considering the relation (5.1.10) and the fact that, in the maximally
symmetric case Ry, ~ @, the term terms B,B® acquires a mass contribution,
with & contributing to a term we can identify as an effective mass parameter.
This discontinuity closely resembles the vDVZ discontinuity observed in massive

gravity [72]-[71].

The solution for the second parenthesis correspond to a null bumblebee field. The

only possibility is to solve the scalar equation

HV2V' + (1 - %) (a?f)Z + (H+ 2H2)) - %HQ =0. (5.1.52)

Considering again the quartic potential and solving the term with the derivative

of the potential we obtain a new equation for the bumblebee field

B? = % [(1 — 25—&) (a?f)Q +(H + 2H2)) — 2%112 2

+ b7, (5.1.53)
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and a new set of modified Friedmann equations

1

H? = ; P . 5 (5.1.54)
(1 — (L [(H +2H?) — £(H +3H?)]" 5 b2)>
« (,{p + % [(H +oH?) — %(H + 3H2)] 2 [% [(H +oH?) — %(H + BHZ)} g 2b2]
: {(H +2m?) - %(H + 3H2)} (% {(H +oH?) - EZ(H + 3H2)} - bQ)) ,
and
H+H?= o (1 EPYRTn 2H21) IR b2)) (5.1.55)
X (I{(?)P +p)+ % {(H +2H?) — %(H + 3H2)} 2 [% {(H + 2H?)
- %(H + BHQ)} 2 T 4b2} +2¢ {(3}'1 + TH?) — %(H + 3H2)}
(% [(H +2H?) — %(H + SHQ)} 2 T b2)) .

We again leave a detailed discussion of direct contributions to the universe’s
expansion for a future work, which will focus on general solutions in bumblebee
cosmology. An interesting result emerges: for gravitational setups with explicit
symmetry breaking, the background must be invariant under the isometry group.
In contrast, spontaneous symmetry breaking does not require an invariant
background. Instead, in the case of spontaneous breaking, the background
interacts with the other equations of motion through invariants constructed
from the background fields, with this case being the modulus B*B,.

In the following chapter, we will discuss how the isometries play a role not
only in satisfying the Einstein field equations but also in predicting additional
configurations compatible with the Bianchi identity for the energy-momentum

tensor of the background fields (or the no-go result).
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Chapter 6
The method with Isometries

The intrinsic nonlinearity of General Relativity makes finding solutions a
challenging task, which is why it is often valuable to impose symmetries before
solving the field equations. Building on this principle, in previous chapters
we saw that the Einstein field equations themselves require background fields
to respect spacetime isometries in cases of explicit violation. Alternatively, in
spontaneous violation, restrictions can be imposed through invariants constructed
from these isometries. While background fields are constrained by the isometries,
we observe that the Bianchi identity equations for their energy-momentum tensor
are more likely to be satisfied, thus preventing discrepancies between geometry
and dynamics. At this point, it is not clear how isometries play a role in avoiding
the no-go results, and this discussion allows us to develop an alternative method
to the well-known treatments for such discrepancies, published in Ref. [75], which

we will present in this chapter.

In general, there are two mechanisms for symmetry violation: spontaneous
or explicit. The former occurs when tensor-valued fields dynamically acquire
symmetry-violating vacuum expectation values. Spontaneous diffeomorphism
violation has been the preferred mechanism for spacetime symmetry breaking in
the gravitational Standard-Model Extension (SME) [16], [32], particularly since
it was shown to be dynamically consistent with Riemannian geometry |70], [77]

through the use of the background field equations.

In contrast, explicit diffeomorphism violation is plagued by conflicts between the

dynamics and Riemannian geometry. Reconciling the modified Einstein equations
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with the contracted second Bianchi identities leads to a set of challenging, coupled
partial differential equations for the SME background coefficients. This important
finding, known as the no-go result in the contemporary literature [10], [31],
[32], [7%], has led to two primary interpretations. To maintain Riemannian
geometry, a nondynamical SME background field must be severely restricted;
alternatively, one is forced to consider a beyond-Riemannian framework such as

Finsler geometry [79]-[32].

6.1 Strategies to avoid the no-go result

To date, two main approaches have been proposed in the literature to address this
problem while maintaining Riemannian geometry. The first employs a procedure
known as the Stiickelberg trick. Originally, Stiickelberg introduced an auxiliary
scalar field into Proca theory [33], [21] to restore gauge symmetry, thereby ensuring
a smooth limit as the Proca mass approaches zero. This idea was later adopted in
massive gravity [45], [20] and in the gravitational SME with explicit diffeomorphism
breaking [¢7], where it operates at the level of linearized gravity. In this context,
the technique relies on several auxiliary fields that emulate the Nambu-Goldstone
modes arising from spontaneous spacetime symmetry breaking. Thus, the minimal
number of excitations is reintroduced to restore the broken symmetries. This
procedure recovers some essential properties of spontaneous symmetry breaking,
even though the background field remains nondynamical. However, the approach
does not reintroduce the Higgs-like modes, which also emerge naturally in the

spontaneous symmetry-breaking picture.

The second method involves restricting the spacetime geometry to dynamically
suppress diffeomorphism violation. This approach was notably applied by Jackiw
and Pi to the gravitational Chern-Simons (CS) term in four spacetime dimensions
[#%]. This term can be expressed as the divergence of the CS topological current.
After suitable integration by parts, it is identified with the Chern-Pontryagin scalar
density 2R * R,
*RT M = (1/2)e" PR, 5 is its dual. With a suitable normalization, the integral

=: 2"RR, where ", is the Riemann curvature tensor and

of this density over spacetime yields a Zs topological quantity known as the second
Chern number or the gravitational instanton number [29]. For the CS-like term to

be consistent with the contracted second Bianchi identities, the condition *RR = 0
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must be imposed. This requirement restricts the space of possible geometries to
those that satisfy it. Consequently, the topological properties characterized by the
second Chern number must be trivial for spacetimes to be dynamically consistent

within this framework.

Our approach, on the other hand, has been applied to a cosmological model
modified by the ¢ sector of the minimal gravitational SME with explicit symmetry
violation [34], and is extended to the u and s sectors in this thesis. The modified-
gravity theory considered here incorporates the isotropy and homogeneity that
underpin many cosmological models. This was achieved by ensuring that the
purely spacelike part of the second-rank tensor background field—which modifies
the Einstein equations—satisfies an essential property: it must be form-invariant
under the six isometries generated by the corresponding spatial Killing vector
fields. As a result, the spacetime geometry is effectively restricted to remain

dynamically consistent.

We will now describe the basic ideas behind a third approach to reconciling a
framework of explicit spacetime symmetry violation with the dynamical field
equations. This method involves restricting the spacetime geometry by imposing
symmetries on the metric that are dictated by the specific properties of the

gravitational system under study.

6.2 Isometries in explicit breaking

Let us consider the following generic gravitational action, which is composed of
the Einstein-Hilbert action plus a Lagrangian density that violates diffeomorphism

invariance.:

S = /d%: _\/2;9 [R + L' (g, K<) | + Sp . (6.2.1)

The Lagrange density /—gL’ involves the coefficients k*%“ of a generic
nondynamical background field, which makes the action noninvariant under particle
diffeomorphisms. Moreover, for consistency with the stationary-action principle,
we include a suitable extension of the Gibbons-Hawking-York (GHY') boundary
term [35]-[37], [90], [91] described by Sp. The action is constructed to be invariant

under observer diffeomorphisms. Then, the variation of S with respect to such
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transformations reads:

§Sobs = i / d4x\/_—g[( — G T™) g, + Jaﬁ,.,wé%aﬁ--ﬂ 0, (62.2)

where we defined

, 1 6(v=9L) Y%
T = JoBw = — , 6.2.3
/_g 6g/,LI/ ’ B... 5kaﬁw ( )

and G, = Ry, — (R/2)g,, is the Einstein tensor with the Ricci tensor R, and
the Ricci scalar R. Since the presence of the background field violates particle
diffeomorphism invariance, there is a mismatch between the variations of the action
with respect to general coordinate transformations and particle diffeomorphisms.

The latter can be expressed via the following integral equation:

5 Suim — 6S st = / A VI o L5 (6.2.4)

Thus, Eq. (6.2.4) describes the origin of the clash between nondynamical

background fields and Riemannian geometry in a explicit manner.

For a diffeomorphism being an isometry with Killing vector field x, by definition
we have 6g,,, = £,9,, = 0, where £, denotes the Lie derivative [92], 93] along x.
Moreover, we specifically use §k®%« = £, k% Then, Eq. (6.2.2) implies

5Sobs =0= /d4£C 2,_19 Jaﬁ...w‘cxlz;aﬁmw . (625)

Hence, there only remains the Lie derivative part of the background field. This

leads to the requirement
Lk =0, (6.2.6)

such that the isometry is imposed on the background field. For a diffeomorphism
that is not an isometry, it holds that 6g,, = Leg,, = V,.& + V€, and
SkoBw = /ng;;aﬁ""", with the Lie derivative L along the generator £ of the
diffeomorphism. Performing several integrations by parts in Eq. (6.2.2) and

employing the contracted second Bianchi identities V#G ), = 0, we arrive at the
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identity

2V, T, = Jap..V ok + VA (Jyp. k™)
+ VAl k) 4 -+ VA (Jap kP (6.2.7)

mentioned previously in Eq. (3.1.19), but we now know that this corresponds
to an identity and not to a condition to be fulfilled. Basically, the right hand
side of Eq. (6.2.7) appear due to how background fields transform under general

coordinate transformation.

For the theory to be dynamically consistent, a critical requirement is that the
Bianchi identity for the energy-momentum tensor of the backgrounds is satisfied
[16], [32]. This equation is obtained by following the same procedure used for the
observer transformation without considering background variations. The resulting
differential equation is:

v, ", =0,. (6.2.8)

In what follows, we offer an alternative perspective on this problem. The preceding
equations elucidate how the conflict between explicit spacetime symmetry breaking
and dynamics can be resolved, at least for specific systems possessing isometries.
In particular, Equation (6.2.4) clearly illustrates this conflict by contrasting the
variation of the action under observer and particle diffeomorphisms in the presence

of a nondynamical background field.

First, consider a gravitational system that does not exhibit any isometries
identifiable with diffeomorphisms. In this case, we must resort to Eq. (6.2.8).
For a generic metric of complicated form, this set of coupled, nonlinear partial
differential equations is likely to heavily restrict the background field, potentially
to the point where all coefficients vanish identically. However, a possible resolution
may exist for gravitational systems that exhibit at least one diffeomorphism

corresponding to an isometry, as we will argue below.

By following this line of reasoning, suppose that the gravitational system is
characterized by its invariance under a certain diffeomorphism. For example,
the Schwarzschild ansatz, which describes a static metric, is invariant under
infinitesimal time diffeomorphisms. Such a diffeomorphism is then an isometry of

the metric, which allows us to identify the generator of this diffeomorphism with
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a Killing vector field x. Now, Eq. (6.2.6) applies, whereupon the nondynamical
background field must be compatible with the symmetry of the metric. Consistency
between dynamics and Riemannian geometry demands that Eq. (6.2.8) also be
valid. The latter is a consistency requirement, whereas the former takes the role

of a physical statement on a symmetry that the gravitational system possesses.

The role of the isometry is to restrict the degrees of freedom and the functional
dependence on the coordinates for both the metric g,, and the background field
k%« By doing so, the differential equations of Eq. (6.2.8) are supposed to
simplify, which contributes to finding nontrivial solutions k%% compatible with
the dynamics. The presence of each further isometry that can be identified
with a diffeomorphism reduces the complexity of g,, and koB-¥ even more.
Consequently, the system of differential equations to be solved for the coefficients

of the background field is expected to be ever more manageable.

For simple background fields such as the coordinate scalar u, these conditions
are likely to permit only backgrounds that are either trivial or have a simple
dependence on the spacetime coordinates. However, as the number of Lorentz
indices in k*?“ increases, particularly in the nonminimal SME, the background
field possesses a greater number of independent components, making it probable
that some nonzero coefficients survive these restrictions. Thus, isometries prove to
be critical in the search for nondynamical background fields that yield a consistent

theory.

For a spacetime with n isometries described by Killing vector fields ¥, i =1...n
the following holds: (i) each Killing vector field generates a diffeomorphism that
satisfies Eq. (6.2.6) on its own and (ii) the second term in the left-hand side of
Eq. (6.2.4), when expressed in terms of the Lie derivative, vanishes identically along
these symmetry directions. This implies that both variations are equal, d.Spa =
0Sopbs, and so, diffeomorphism invariance is partially restored along the Killing
directions. For generic diffeomorphisms, which are not necessarily isometries, the
identity (6.2.7) should be consulted. Then, the consistency condition of Eq. (6.2.8)

must hold on-shell, imposing additional dynamical constraints on the backgrounds.
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Figure 6.2.1: Space of all possible spacetime metrics containing metric ansdtze
as well as solutions of the dynamical field equations. This space involves subspaces
of metrics with an ever-increasing number of isometries described by Ny € [1, 10]
Killing vector fields. The innermost subspace comprises maximally symmetric
spacetimes with N, = 10, where examples are the de-Sitter (S*), Minkowski
(RY), and anti-de-Sitter (H*) metrics. Examples for Ni,; = 6 are the FLRW-
type metrics, for Niy,; = 5 the metric of the Goédel Universe, for Ny, = 4 the
Schwarzschild metric, and for Ny, = 2 the Kerr metric.

Maximally symmetric spacetimes with 10 isometries constitute a special case.
Their metrics exhibit a high degree of symmetry, leading to a simple functional
dependence on the spacetime coordinates. The three well-known classes of
these geometries are de Sitter (dS,), Minkowski (M*), and anti-de Sitter (AdS,)

spacetimes.

Consider, for example, ¢, = 71,,, the Minkowski metric. This metric possesses
10 isometries, corresponding to the 4 translations and 6 Lorentz transformations
(boosts and rotations) of the Poincaré group. When working in Cartesian
coordinates, the Killing vector fields associated with the translations, x for
¢t =1...4, can be chosen to have constant components. Under these conditions,
Eq. (6.2.6) is automatically satisfied for constant background field coefficients.
This explains a key convenience of the nongravitational SME: it is naturally free

of the geometrical inconsistencies with dynamics that arise in curved spacetime.

Moreover, the presence of isometries can be interpreted as a restriction of the
spacetime geometry, analogous to what occurs for the gravitational CS term [35]
and in the treatment of the minimal gravitational SME in Ref. [91]. To understand

this, we start from the space of all possible spacetime metrics g, without any
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imposed symmetries, which comprises all real, symmetric (4 x 4) matrices that are
functions of the spacetime coordinates. Let ¥V be a set of Killing vector fields for
1 =1... Ny, where 1 < Nyoy < 10 and Niy; = 10 corresponds to the maximum

number of isometries possible in d = 4 dimensions.

Fach existing isometry reduces the space of all possible metrics to a subspace
comprising only those metrics consistent with the required symmetry. As the
number of Killing vectors is increased incrementally, the symmetry of the metric
is progressively enhanced, thereby reducing the number of its independent degrees
of freedom (see Fig. 6.2.1).

From Chapter 4 we learned that in highly symmetric spacetimes, the dynamics
constrain background fields to be form-invariant under the isometry group. This
constraint automatically satisfies three of the four Bianchi identity equations while
still allowing non-trivial background configurations. This understanding enables
us to adopt a more efficient approach: starting with form-invariant backgrounds
ensures the energy-momentum tensor respects the symmetries present in the
Einstein field equations and reduces the number of Bianchi identity equations to

solve.

For example, we list the previous results obtained in Chapter. 4 concerning the
FLRW universes. For homogeneity and isotropy, we obtained the following set of

form-invariant background fields

Leou(zY) = u(z?) =u(t), (6.2.9)
Lews™ (aY) = s™(2)) = e, e", [s1(t)q™] + n*n” [sa(t)] (6.2.10)

££<i>tgngga1(x)\) - t?gﬁal(ﬁ)(ﬁ) = e eyel ey [7](75)@(75)4 (qacqbd - qadqbc)} :
(6.2.11)

All the previous results can be related to the form-invariant tensors R, R, and
R*P7 respectively, that can be constructed with the isometries. By considering
form-invariant background fields, we reduce dynamic inconsistencies with the
geometry at the level of the equations of motion. More importantly, this approach
establishes an identification of spacetime directions where field variations do not
require the Bianchi identity to be explicitly satisfied. Simultaneously, it reduces
both the number of degrees of freedom and the number of equations that must

satisfy the Bianchi identity in the remaining directions.
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In the following chapter, we employ this knowledge to identify background fields
that exhibit greater compatibility with both geometric and dynamic constraints,

applying this approach to study causality violations in a Gddel-type universe.
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Chapter 7
Examples: the GGodel spacetime

The explicit violation of diffeomorphism invariance introduces tensions between the
gravitational dynamics and the underlying Riemannian geometry. In particular,
reconciling the modified Einstein field equations with the contracted Bianchi
identities of the Riemann tensor leads to a set of coupled partial differential
equations involving the Standard-Model Extension (SME) background coefficients.
These equations are, in general, highly nontrivial to solve. This fundamental
difficulty is commonly referred to in the literature as the “no-go” theorem,
highlighting the challenges in constructing consistent gravitational models with

explicit symmetry breaking.

In the previous chapter, we developed an alternative approach to satisfy the
no-go result, which relies on exploiting the isometries of a given gravitational
configuration. This framework requires that the energy-momentum tensor
associated with the background fields remains invariant under the transformations
generated by the system’s Killing vectors. This condition introduces additional
symmetry directions along which the Bianchi identities can be satisfied, thereby
helping to circumvent the restrictions imposed by general diffeomorphism
invariance. Although this strategy imposes constraints that reduce the system’s
degrees of freedom, it enhances the likelihood of achieving compatibility between
the Bianchi identities and the modified equations of motion. A direct consequence
of this requirement is that the background fields themselves must also be invariant
under the spacetime isometries. Therefore, any consistent formulation of explicit

diffeomorphism violation must ensure that both the Bianchi identities and the
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equations of motion are satisfied simultaneously.

In this context, the Gédel metric is studied as a concrete example to explore the
consistency of solutions within the gravitational sector of the SME under explicit

symmetry breaking.

7.1 The Godel metric

The Goédel metric, introduced by Kurt Godel in 1949 [95]-[97], is an exact
solution to Einstein’s field equations that describes a stationary, rotating universe.
It is particularly notable for admitting closed timelike curves (CTCs), which
theoretically allow for travel into one’s own past, raising profound questions about
causality. Importantly, this violation is a consequence of the global spacetime
structure, while locally, general relativity remains consistent with special relativity,
preserving causality in small regions. However, CTCs are not unique to the Godel
solution. They appear in a range of other solutions, including the Kerr black
hole [95], the van Stockum spacetime [99], and cosmic string models [100], among
others. These examples indicate that the emergence of CTCs is a broader feature
of general relativity under specific conditions, rather than an anomaly exclusive

to Godel’s universe.

In recent years, various extensions of general relativity have been explored to
study how these exotic structures behave in modified gravitational frameworks.

Notably, the Godel solution has been investigated in the context of Bumblebee
gravity [60], [67].

The line element of the Godel metric is given by

1 1
ds? —( — dt* — 2¢"dtdy + da? — 5eﬂdgﬁ + sz), (7.1.1)

T2
where w is the angular velocity of the cosmic rotation [90].

By applying this metric to the Einstein field equations with a cosmological constant
and assuming that the matter content is a pressureless dust, the following condition

is obtained in order to satisfy the equations

A=—u?= —%. (7.1.2)
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In order to investigate the Godel invariants that will serve as background fields,
it is essential to first examine the symmetries of the Gédel metric through its
Killing vectors. The Godel spacetime is a highly symmetric solution, admitting
five independent Killing vectors. These vectors correspond to the spacetime’s
isometries and reflect its homogeneity and stationarity. Specifically, three of
the Killing vectors are associated with translations in time and space, while the
remaining two correspond to rotational and Lorentz-boost-like symmetries in the
spatial sections. These symmetries play a crucial role in the physical interpretation
of the Gddel universe, particularly in relation to its global structure. The explicit
form of the Killing vectors provides insight into the conserved quantities and
invariant properties of fields propagating in this background. These Killing vectors

are given by:

1 0 0
0 0 0
£?<tvr7 ¢7 Z) = 0 ’ 55‘(1577”7 ¢7 Z) = 1 5 §?<t,r7 ¢, Z) = 0 , (713)
0 0 1
0 —2e77
o 1 o y
54 (t,T, ¢> Z) = > 55 (t,T, ¢> Z) = _op o2 (714)
—y e — L
0 0

Using these Killing vectors, we will construct the Godel invariants that are to act

as background fields for the explicit breaking of particle diffeomorphism invariance.

7.2 Godel invariants

Here, in order to incorporate explicit violations of diffeomorphism invariance
without introducing inconsistencies with the Bianchi identity, the invariant tensors
of the Gddel metric are considered as fixed background fields. These include a

scalar (rank-0), a symmetric rank-2 tensor, and a Riemann-like rank-4 tensor.

The analysis is started with the scalar background. An arbitrary function f(z*)
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is considered, and the Lie derivative along the Killing directions is given by

Leo = 5()})VA]£ = 5()})8>\f (7.2.1)

for i = 1,--- 5. It is straightforward to verify that the only Gdédel-invariant
function is a constant function, given by f(z*) = f.

An arbitrary symmetric rank-2 tensor T+ is now considered. The Lie derivative
along the Killing directions is given by

Eé(wTW - gé)vATW - v/\gé)TAV - foé)TW\ (7.2.2)

for v = 1,---,5. By considering ¢ = 1,2, 3, it is concluded that T"" does not

depend on the coordinates ¢, y, or z. Then

L, T =0 = §,T" =0, (7.2.3)
Le, T =0 = 9,T" =0, (7.2.4)
LT =0 = 9,7 =0, (7.2.5)

If © = 4,5 is considered, it is found that the final form of a rank-2 Godel-invariant

tensor is
T 0 —2T%e " Tj
0 T 0 0
T = ? : (7.2.6)
—2The™ 0 2The 2 0
15 0 0 T,
where T{;), with j =1,...,4, are arbitrary constants.

Finally, a rank-4 tensor t**7? with the symmetries of a Riemann tensor is considered.

The Lie derivative along the Killing directions is given by
Le 11707 = &) VAP — VNPT — VLt — V&G 177 — V&G t01.2.7)

for i = 1,---,5. By considering : = 1,2, 3, it is concluded that t**?° does not
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depend on the coordinates ¢, y, or z. Then

Lo, 177 =0 = Ot =0, (7.2.8)
Lo, 1777 =0 = 0,7 =0, (7.2.9)
Lo 177 =0 = 0.4"" =0, (7.2.10)

If © = 4,5 is considered, it is found that the final form of a rank-4 Godel-invariant

tensor possesses non-vanishing components

fete — oy etz —

fEny e pteez

tvE = Tye ®, t = 2(Ty — Ty)e ",

fots —  _oTye " fvez — e

ftove — oT,e % fete —

$2Y = (Ty + Ty)e ™, 15 — Tre®

T gl

v = —The (7.2.11)
where T(;), with i = 1,--- |7 are arbitrary constants.

These invariants are associated with the wu, s, and t**? coeflicients that
characterize Lorentz-violating effects in the gravitational sector of the SME.
In the next section, these quantities will be introduced as fixed background fields
that explicitly modify the Einstein field equations. We will then investigate the
consistency of the Godel metric within this extended theoretical framework, paying
particular attention to whether the presence of Lorentz-violating terms permits

the metric to remain a valid solution.

7.3 The Godel Solution in the Gravitational Sector
of the SME

In accordance with the approach used to ensure compatibility in the presence of
explicit diffeomorphism violation, a set of Killing vectors 55) associated with the

given metric is identified. It is then required that both the energy-momentum
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tensor of the background fields and the background fields themselves remain

invariant along these Killing directions, i.e.,
Le T =0, (7.3.1)
and

Lg(i)u = Eg(i)s‘uy = Lg(i)t‘uypg = 0. (732)

Under these conditions, the Killing vectors associated with the Gédel metric are
examined in the following sections. Subsequently, the Gédel-invariant background
fields are constructed, providing the necessary ingredients for analyzing the
consistency of the metric within the gravitational SME framework. We aim
to determine whether the Godel solution remains viable under Lorentz-violating
corrections and to analyze the constraints imposed by the SME coefficients. As

shown in Eq. (3.2.13), the modified gravitational field equations are given by
G + Mg = (T 1+ 6(To) o - (7.3.3)

Here dust is considered as the matter content, whose energy-momentum tensor is
defined as

(L) = Pty (7.3.4)

where p is the energy density and u, is the four-velocity. Considering the fluid

rest frame, the four-velocity is defined as

ut = (u°,0,0,0). (7.3.5)
Using the normalization condition g,,u*u” = —1 and the metric (7.1.1), we find
u' = (V2w,0,0,0). (7.3.6)

Thus, the covariant components become

wy = <—ﬁ,o, —%,0) | (7.3.7)
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With these elements, the matter source in the matrix form becomes

1 0 e 0
p oo 0 o P
T)w = — =—R, . 7.3.8
( )H 2W2 T 0 622: 0 2w2 M ( )
0 0 0 O

Now, let us analyze Eq. (7.3.3) by examining the energy-momentum tensor
(THstv),, in terms of its individual sector contributions. Specifically, we consider
each sector separately: for the u-sector, the tensor becomes (T%*),,; for the

s-sector, (T7*),,; and for the t-sector, (T'F"),, .

7.3.1 wu sector

It is found that the energy-momentum tensor associated with the u-sector, for

Godel-invariant functions (which are essentially constant), is given by

1 0 e 0
vw|fO 1 0 O
TR = = = uGy,. 7.3.9
( )H 2 ex 0 %ezw 0 1 ( )
00 0 1
Thus, the Einstein field equations become
Gu + Mg = (T + 5(T0) - (7.3.10)

Using the metric (7.1.1), the energy-momentum tensor for the dust (7.3.8), and
the energy-momentum tensor for the u-sector (7.3.9), the field equations are given
by

1 A Kp

l=-u)- — = = 7.3.11

U W55 = 2 (7.3.11)

1 A

—(1— — = 3.12

Ao =0, (7312
A Kp

3
S1-w)- 1 = o (7.3.13)

42 20?2
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Solving this system of equations we obtain for the energy density
kp = 2w (1 — u) (7.3.14)
and for the cosmological constant

A=—w?(l—u) = —%. (7.3.15)

It is important to note that the Godel-invariant background field u acts as a

scaling factor for the quantities

A
A — AN= 1 , (7.3.16)
—u
/ P
= ) 3.1
po—= M= (7.3.17)
Then, it is possible to write
/
N = —w? = —%. (7.3.18)

This equation shares the same structure as its counterpart in general relativity,
with the Godel universe remaining a valid solution within this Lorentz-violating
sector. Consequently, the standard results of general relativity for the Godel

solution are recovered in the limit v — 0.

7.3.2 s sector

By requiring that the background field s*” be invariant under transformations
along the Killing directions of the Gddel metric, it is found that s** must take

the following form

S1 0 —2s97™% 53
0 S 0 0
s = ? , (7.3.19)
—250e7% 0 25972 0
S3 0 0 S4
where s; with ¢ = 1,--- 4 are arbitrary constants.

Using this result, the energy-momentum tensor contribution arising from the
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s-sector, associated with the Godel-invariant background field, is given by

%(682 — 581) 0 %(682 — 581) S3
1 0 -2 0 0
TRy — 2 7.3.20
(T 2w? (652 —5s1) 0 e%(1232 — 11sy) sze” ( )
S3 0 53€e” —%(232 — 51)

In this case, considering (7%*),,, the Einstein field equations take the form
G+ Mg = (T7) 0+ 5(T0) - (7.3.21)

In terms of components, the field equations are given by the following set

1 A 1 Kp

0 = s3, (7.3.23)
1 A S1
- = 04 .3.24
2 + 2w? 42’ (7.3.24)
3 A 1 Kp
LA L, ) (7.3.26)
222 T gr T >

From Eq. (7.3.23), we know that s3 = 0. By considering Eqs. (7.3.24) and
(7.3.26), we conclude that

S1 = S = 8, (7.3.27)

where s is a constant. It follows that the equations reduce to

A s Kp

1

- - = - = 4L 7.3.28
2 2w? 40? + 2w?’ ( )
1 A s

L - 2 3.2

2 + 2w? 42’ (7.3.29)
3 A s Kp

- — = — 4 — 7.3.30
4 4w? Suw? + 2w? ( )

From Eq. (7.3.29), the following relation is obtained

w? :—A—%. (7.3.31)
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By using Eq. (7.3.29) to eliminate A from Eqs. (7.3.28) and (7.3.30), the following

expression is find

Wwo= = (7.3.32)

We observe that the tensor s*” contributes to the cosmological constant while
leaving the energy density unchanged. This occurs because, under the conditions

s3 =0 and s; = s, = s, we obtain

-1 0 —-e* 0
S 0 1 0 0 S
ThY =" = —g.. 7.3.33
( )/14 4w2 _ew 0 _%e2w O Qg,“ ( )
0O 0 0 1

Under this assumption, the system of equations given in Eq. (7.3.21) admits an

equivalent representation, which can be expressed as

G + (A n g) G = (o) o (7.3.34)
This leads to the relation

S Kp
—(A+2) =w?="2, 7.3.35
(8+3) ; (7:3:35
which connects the cosmological constant A, the parameters s and w?, and the
energy density p. This result demonstrates that, although the cosmological
constant is modified by the Lorentz-violating background, the Gédel metric
remains a consistent and exact solution within the s-sector of the gravitational

sector of the SME, just as it is in general relativity.

7.3.3 t sector

Here, the proposal is to investigate the consistency of the Godel metric within

the t-sector. Considering the rank-4 Godel-invariant background tensor found
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in (7.2.11), it yields an energy-momentum tensor that takes the form

—5Ty + 2T 0 (=51 + BT3)em  —21y
1 0 —i7y 0 0
Rt _ 4
T =50 (=57 +BTy)er 0 (=BT +2Ty)e —2Tye” | (73.36)
1+ 5 13)e ( 1+ 3 3)6 a€
—2T4 0 —2T46w T1 - %Tg

where T(;), with ¢« = 1,...,7, are arbitrary constants. Thus, the Einstein field

equations become
G+ Mg = (T, + K(Ton) - (7.3.37)

When expressed in terms of its independent components, the following is obtained

1 A 1 13 Kp

0 = _oT, (7.3.39)
1 A 1 Ty
S e 3.4
2+2w2 2wt 47 (7.3.40)
3 A 1 25 Kp
1 ne oo (7.3.41)
1 A 1 3
st = gl 1D, (7.3.42)

Here, we observe from Eq. (7.3.39) that T, = 0. By applying Eqs. (7.3.40) and

(7.3.42), we obtain the following additional constraints
21 = Ts. (7.3.43)

Using this result, the remaining equations become

1 A 3Ty  kp

et A 7.3.44
2 2?2 4wt 22’ ( )
A Ty

1+— = — 7.3.45
+ = L ( )

3 A 5Ty  kp
- = =4, 7.3.46
4 4w? Swt  2w? ( )
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From this set of equations, a system can be formulated to express w? in terms of

Aorp,ie.,
T
wh 4 Aw? + 71 = 0, (7.3.47)
g kp o T
- —w' = = . 3.4
w 5w 5 0 (7.3.48)

Here, it is recognized that setting T7 = 0 leads to the standard result from general
relativity, namely the relation w? = —A = %. When this expression is solved for

w?, the following is obtained

A1 kp 1 Kp 2
=+ VN2 =Wt = oy 2T 3.4
It is important to note that, in order to connect this result with the case T3 =0 -

that is, the standard result from general relativity - we must choose the positive

square root in the equation above. Then,

A
2

1
2 2

1 2
VA o == 5 (@) + 2T (7.3.50)

Therefore, our result demonstrates that the t-sector admits the Gédel metric as
an exact solution, although the relation between the cosmological constant and

the energy density is modified by the presence of the background field.

Its important to notice that the energy-momentum tensor obtained in Eqgs. (?7)

satisfy identically the conditions

VAT, =0, (7.3.51)
VAT, =0, (7.3.52)
VAT, =0, (7.3.53)

even before the Einstein equations were completely solved.

Up to this point, the consistency between the Gddel solution and all sectors

describing explicit diffeomorphism violation has been established.
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7.4 On Causality and its violation

It was shown that the Godel metric constitutes a consistent solution within a
gravitational theory that includes background fields leading to explicit violations of
diffeomorphism invariance and Lorentz symmetry. Now we focus in the existence
of closed timelike curves (CTCs), which imply the possibility of causality violation.
Within this context, the computation of the critical radius associated with the

solution is essential, as causality is violated beyond this radius.

To determine the critical radius, the metric given in Eq. (7.1.1) is expressed in
cylindrical coordinates, and a condition is imposed on the g4, component. A
circular curve defined by C = {(¢,r, ¢, 2);t,r,z = const; ¢ € [0, 27|} represents a
closed timelike curve (CTC) if g4 becomes negative for certain values of r [97],
[97]. This condition indicates the existence of a noncausal region for r > r., where

the critical radius is given by

Te= V2 sinh™'(1). (7.4.1)
w

It is important to emphasize that the determination of the critical radius is
based solely on the properties of the metric and is therefore independent of the
specific gravitational theory under consideration. However, it does depend on the
parameter w, which characterizes the rotation of the Godel universe. While the
general structure of the condition for the critical radius remains the same across
different theories, the value of w can be modified by the presence of additional
terms or background fields specific to each framework. As a result, the critical
radius may vary depending on the underlying theory. In this context, we now
investigate how the background fields introduced in each sector of the gravitational
theory discussed in the previous sections influence the value of w, and consequently,

the critical radius.

Here, each sector will be considered separately in order to determine the

corresponding critical radius.
In the u sector, subsection 7.3.1, after the set of field equations was solved, the

following result was obtained

w” = =) (7.4.2)
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This leads to the critical radius

4(1 —u)

7. =sinh~'(1)
Kp

(7.4.3)
It is shown that the background field uw acts to reduce the critical radius.
Consequently, the critical radius remains finite, implying that causality violation

persists.

In the s sector, subsection 7.3.2, has been obtained that

W= <A + g) (7.4.4)
as a consequence the critical radius becomes

4

— ainh~ !
r. = sinh™" (1) “OAT )

(7.4.5)
In order to obtain a finite and real value, a new condition is imposed on the
parameter s and the cosmological constant, namely 2A + s < 0. If this condition
is satisfied, causality violation is permitted in this sector. Another important
observation arises at this point: if s = —2A, the critical radius becomes infinite,
and causality violation is avoided, resulting in a fully causal region. Therefore, in
the s sector, both causal and non-causal regions may emerge, depending on the

relationship between the parameter s and the cosmological constant A.

Now, the ¢ sector — studied in subsection 7.3.3 — is analyzed, where the following

result has been found

2
s kp 1 Kp
=—+ = — 2T7. 4.
w 1 +2 (2) + 217 (7.4.6)

In this case, the critical radius is given by the expression

4

r. = sinh™'(1) 73
K K, 2
2+ [ (%) +21]

(7.4.7)

It is important to note that the presence of the parameter 7] increases the

denominator of the expression for the critical radius. As a result, the value of
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the critical radius is reduced. Therefore, in this sector, a finite critical radius is
obtained, indicating that a non-causal region is permitted and causality violation

remains possible.
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Chapter 8
Conclusion and Discussion

The preservation of fundamental symmetries in high-energy physics is not
guaranteed. As energy scales increase and experimental techniques diversify,
effective field theories provide the tools to systematically constrain and rule out
models based on empirical measurements. However, each field theory offers distinct
configurations where such deviations may manifest. Therefore, studying the family
of Standard Model extensions and gravity modifications allows for theoretical
progress in parallel with experiments, guiding the quest for a more fundamental

theory.

My initial contribution in this direction included verifying the preservation of
unitarity at tree-level and one-loop order in Myers-Pospelov QED [1%], [19]. This
work served as an introduction to the field during my doctoral studies and laid

the groundwork for the research contained in this thesis.

This thesis has revisited essential aspects of Lorentz and diffeomorphism symmetry
violation in gravity, establishing a consistent framework for incorporating both non-
dynamical (explicit breaking) and dynamical (spontaneous breaking) background
fields into cosmological models. A central achievement has been advancing the
understanding of explicit symmetry breaking within the gravitational sectors of
the Standard-Model Extension (SME). We conducted a systematic study on the
u and s sectors, where the specific background field configurations consistent
with the homogeneity and isotropy of the universe were identified. For these
sectors, the corresponding modified Friedmann equations were rigorously derived,

revealing non-trivial background configurations that can actively influence cosmic
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expansion.

A principal and novel contribution of this work is the first comprehensive analysis
of the t sector in a cosmological context. The compatibility conditions with an
isotropic and homogeneous universe were established, leading to the identification
of a viable, purely spacelike background configuration. The modified Friedmann
equations for this sector were derived, and their numerical analysis demonstrated
that such a spacelike configuration does not yield appreciable accelerated expansion
within the bounds of the effective theory. This key finding indicates that more
general t-sector configurations must be explored in future work to fully assess the

phenomenological potential of this minimal sector.

A fundamental conclusion that emerged consistently across all sectors is that
maintaining dynamical consistency necessitates the background fields to be form-
invariant tensors under the spacetime isometry group. This requirement, far
from being a mere mathematical convenience, played a critical physical role
by drastically reducing the number of independent background components. It
thereby guaranteed that the resulting modified Einstein equations remain form-
invariant under the isometries group, ensuring compatibility with the foundational

principles of the cosmological background.

Regarding spontaneous symmetry breaking, we focused on the Bumblebee model,
which is intimately related to the minimal gravitational sector of the SME. In
this model, we successfully enforced isotropy and homogeneity on the Einstein
equations for a purely tangential bumblebee field, while simultaneously satisfying
the bumblebee field equations. The required condition constrained the magnitude
of the bumblebee field, but not its direction. This indicates that as long as the
bumblebee field satisfies its own equations of motion it is not required to be
form-invariant, as the form-invariant vector in this context would be the null
vector. We successfully derived the extended GHY boundary term that enable a
proper Dirichlet variational formulation, and the modified Friedmann equations,
a contribution to the literature on the bumblebee model that will facilitate the
study of different sectors across various epochs of the universe’s expansion and
generalize the purely normal (time-like) bumblebee field used in the literature for
cosmological setups [0, [65]. The non-linear dynamics of the bumblebee model

are set aside for future study.
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We have clearly reviewed the potential conflict between dynamics and spacetime
geometry for explicit diffeomorphism symmetry breaking, demonstrating its
resolution through complementary methods. These include restricting the
geometry of spacetime itself and utilizing the symmetries (isometries) of a
gravitational system. Having recognized the critical role of isometries in the
dynamics, we developed a general strategy based on a key insight: for a
diffeomorphism along a Killing direction, a form-invariant background field
ensures no discrepancy between particle and observer transformations. This
form-invariance condition constrains the background and its energy-momentum
tensor, ensuring compatibility with the equations of motion and the Bianchi

identities.

The exhaustive application of this method to all available isometries in a
gravitational setup leads us to a more compatible framework. Therefore, we
conclude by advocating for a priori compatibility as a guiding principle, which
is realized by selecting backgrounds that are invariant under the spacetime
symmetries. The technique developed here, relying on the full non-linear theory
and the power of isometries, form a robust theoretical foundation for future
phenomenological studies, from gravitational waves where explicit breaking could
imply additional, non-suppressed propagating modes, to other symmetric systems

like black holes that are already being studied.

Finally, to test our approach, we investigated causality violations in the Godel
universe using invariants constructed from its isometries. We demonstrated that
these invariants do not reveal any discrepancies between the Godel metric and the
dynamical field equations, where we considered a pressureless dust source and a
cosmological constant as is standard Godel analysis. In addition, the question of
causality and its potential violation was addressed through the analysis of closed
timelike curves (CTCs). We demonstrated that modifications introduced by the
background fields alter the critical radius that determines the boundary between
causal and non-causal regions, revealing that different SME sectors can either
preserve causality or exacerbate its violation for the same matter content. These
findings highlight the sensitivity of Gddel solution to Lorentz and diffeomorphism-
violating effects and provide further insight into the rich phenomenology of the

gravitational SME.

Future work is needed to clarify several key aspects of the framework. This



109

includes: investigating a second Noether theorem for variations that do not vanish
at the boundary in cases of explicit violations; understanding how ADM projectors
ensure the background field remains non-dynamical; searching for accelerated
expansion in more general ¢ sectors and bumblebee field models; and studying

causality violations in Gddel-like metrics for the minimal sector.

The main conclusion is that this thesis lays the foundation for solving background

configurations that are consistent with dynamics through geometry.
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Appendix A. Background fields projections

Appendix A

Background fields projections

This first appendix outlines the strategy for obtaining the optimal projections of

tensors onto an arbitrary spacetime foliation.

A1l Projection using ADM variables

We stablish the following strategy to decompose derivatives an arbitrary tensor

GH1p2-Hn

e As the first step we decompose the tensor G*'#2--#» in its tangential and

normal projections using Dirac deltas (2.2.17).

We apply the covariant derivative on the decomposed tensor focusing on the
derivative terms of tangential components. Additionally, terms like V ,n”
can be decomposed into the extrinsic curvature K, and the acceleration

vector a®.

In cases where the free indices of an expression are inside a covariant
derivative, meaning they are not factored out as projectors outside the
expression, we will introduce Kronecker deltas and the completeness relation

to extract these indices outside of the covariant derivative.

In terms like n,V,(e#,...) we complete the derivative using the
orthogonality of the projectors, allowing us to rewrite it as e#,V,n,....
This form can be identified with geometric quantities and has the projectors

with free indices on the outside.
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e Given that we have previously obtained the normal and tangential projections
of the covariant derivative of tangential tensors, we use these expressions to
identify Lie derivatives and covariant derivatives on the hypersurface. This
allows us to derive an expression that contains well-defined quantities on
the hypersurface, accompanied by the corresponding projectors for each free

index in their normal and tangential directions.

We can show the steps by computing the covariant derivative of a contravariant
vector. After using the completeness relation Eq. (2.2.17), a vector is decomposed

as
G* =e*,G* —n"G". (A1.1)
Taking the covariant derivative of G* we obtain
VG = Vs(e",G*) — (Vn®)G™ — n*VG™, (A1.2)
and using the definition of the extrinsic curvature
Vun, = eM“eVbKab — n,a,, (A1.3)
we have
VG = Vs (e",G*) — (eaaK“beﬂb — nga®)G™ — n*VG". (A1.4)

Now we introduce two Kronecker deltas in the first term due to two unprojected
indices and in the last term we introduce one delta. As described we have as many

deltas as unprojected indices has the term, yielding
VG = 0205V (elG*) — (e* K%es” — nga®)G™ — n§)V,G", (A1.5)
and by using the completeness relation we obtain

VG* = (e“e, — nanv)(e‘sdeﬁd —n’ng)Vs(e7,G*) — (eaaK“beﬁb — nga®)G"

— no‘(e‘sdeﬂd —nng)VsG™. (A1.6)
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We have

VG :eacevceadeﬁdvg (e7,G%) — €ace,ycn6n/5v(s (e7,G%) — nanve‘sdeﬂdvlg (e7,G%)
+nnn’ngVs(e’,G*) — (eo‘aK“beBb —nga®)G" — nae‘sdeﬁdv(an

— n°n°ngV;G™. (A1.7)

Integrating by parts the third and fourth terms, and recognizing geometrical

quantities, we arrive at

VG* = eo‘aeﬁb (DyG* — K4G™) — e ng (67“n5V5 (e7,G°) — a"G™)
— no‘eﬁb (DbGn — chGC) +n%ng (n5V5G“ — aCGC) ) (A1.8)

We can go further by using the expression (2.2.51) to write the projections as

1
VG = eaaeﬁb (DbG“ — K“bG“) —e%, ng (Nevallm (e”cGC) + K°G° — a“G“)
1
— naeﬂb (DbGn — chGC) +n%ng (NﬁmG“ - aCGC> ) (A1.9)

Taking this example as reference, we start the projections for the relevant terms

in the like energy-momentum tensor (3.2.14).

A2 Projections in the u sector

Lets start by decomposing the covariant derivative of u

Vo = §8Vau

U] —my, {Nﬁmu} : (A2.1)
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Taking a second covariant derivative

1
vV.Vyu =V, <eyb [Dbu] —n, {Nﬁmu})
=V (eb[DbuD—Vn iﬁ ul —n,V iﬁ U
ul €y M | Ny m vV | m
= (e%e,' — n®n,) (e’ et —nPn,)V, <eﬁc [Dcu})
a 1 (0% a « 1
—(eu Koy — nyuap)e,) [N[,mu} —n,(e%e, —nn, )V, lﬁﬁmu]
1 1
= eu"“eyb {Danu — Kabﬁﬁmu} — nuel,b {Neﬂbﬁm (eﬂc [Dcu])
C 1 a 1 C
—K%D.u— abﬁﬁmu —e, | Dy Nﬁmu — K D.u
1 1 ,
+n,n, N[,m Nﬁmu —a’Dyu| . (A2.2)
Thus
VIV u + V'VHu
= g“o‘g'/’67 (VQV5u + ngau)

1 1
Lo (eéc [DCUD — KD — abﬁﬁmu + Dy (—Emu> — chDcu}

-

1
gﬂagVﬁ <€aaeﬁb [Danu + Db-Dau - 2KabN£mu:|

1

N

N

1 1
m <e ¢ [DCUD — K D.u— aaﬁﬁmu + D, (Nﬁmu) — KCQDCU}

Y

Cmu) — QabDbu} >

1
et e, {D“Dbu + DDy — 2K“bﬁﬁmu]

N

1 1 1
—nte”, [qbdﬁeédﬁm (e(sc [DCuD —2K*Du — abﬁﬁmu + Db (—Emu)]

N

1 1 1
—el' n” [q“cﬁe”’cﬁm (e,yd [DduD —2K%Du — a“NEmu + D¢ (—Emu>]

+ntn” [

2
Zc,
N

(

1

N

Emu> — 2aCDcu} . (A2.3)
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On the other hand, we can contract the covariant derivatives an obtain

1 1 1
¢Viu = e’ e’ { ab (D2 Kﬁﬁmu - Nﬁm (Nﬁmu) + achu)]

1 1 1
wo V| 2, _ o _ c
+nfn [ (D U KNL'mu Nﬁm(NEmu) +a Dcu)] . (A2.4)

Together with the projections of the Einstein tensor

14 174 1 v
G — @R _ 3 (4)Rgu

1
_ e,uael/b|:(3)Rab . 2Kacch + KabK . Dbaa . aaab + Nqacqbdep e’ £ ( ngef)

1 2
—éq“b<(3)R + K gK+ K*>—2D-a—2a*+ NﬁmKﬂ
—nke, [DGK“” - DbK] — el [DbK“” - D“K}
1
+ntn” [5 ( OR - K, K® + K2>] : (A2.5)

we are equipped to take the Gaussian coordinates limit and use the FLRW metric

to obtain the like energy-momentum tensor for the u background field.

A3 Projections in the s sector

In order to construct the projections of the energy-momentum tensor we need to
compute the projections of the second covariant derivative of s** with free indexes.

We start by taking the first covariant derivative: We consider the decomposition

s = el ¥, s — et n”s™ — phe’, s 4 ntnY s (A3.1)

Taking the first covariant derivative we obtain

Vst = Vg (6“ae”b3“b — el n”s™ — n“e”bsnb + n“n”snn)
= Vj (e“ e’ s? ) ”Vg( # “n) Vn” (e“as‘m) —n'Vp (e”bs ) Vgnt (e” snb)
+Vgnt (n”s™) + Van” (n#s™) + nn"Va(s™)
= Vg(e“ e’ sab) — n”Vg(e“as““) (eﬁ Kd — nga ) (e“ s¢ ) — n”V5( v “b)
—(eﬂ K¢, — nga’)e, (e"bsnb) + (65 K¢, — nga®)e” (n”s™)
+(eg K% — nga’)e’y (n*s™) + n*n"Vg(s™) . (A3.2)
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Here we compute every unprojected term as follows. For the first term we have

V(e e”bs“b) = 6555“p5”0V5 (e’ e"fsef)
= (e —n’ng) (e e, — nfny) (ee,” — n'ng) Vs(e? eps))

= eadeﬁ er.e, e’e, V(;(e” e"fsef) — nnget, e, €€, V(;(e” e”fsef)

—e‘sdeﬁ n*n,e’ye, V(;(epee S f) - 66d€/5 e, n'ngVs (e’ S f)
+nngntn,e’e Vs (epee”fsef) + nénge“aep“n”nJV5 (epee"fsef)
+65deﬂdn“npn"nUV5 (ep e”fsef) — ndnﬁn“npn”nUV(; (epee“fsef)
= eﬁ e, [Das* } —ngee b[e e bn5V5(ep e”fsef)] - eﬁdn“e”b[ -

—eﬁde“ [ K g5® } + ngnt'e b[ — g S } + nget,n [— abs“b} .
For the second and fourth term we have

\ (e“as‘m) = (555(5“pV5 (e’)esen)

= (e‘sdeﬂd —n’ng) (e, —nfn,) Vi (el s™)

= e‘sdeﬂde e,'Vs (e”,5™) — n‘;nlge“aepavtg (e0,5™) — eédeﬁdn“npvcg (e9,s™)

+n’ngntn,Vs (el s™)
= ¢4 et [Dgs™] — nget, [ep“n5V5(epesen)] €5 k[ — Kios™]

+ngnt | — ags™], (A3.4)
and
\Y (e”bsnb) = 66 e’ [Dds } — nge”, [egbn‘sv(g (e"fsnf)] — eﬁdn”[ — desnb}
+ngn’ [ — aps™] . (A3.5)

Finally, for the last term we have

V(™) = 8%Vs(s™)
= (e‘sdeﬁd —n’ng) Vs (s™)
= e‘sdeﬂdv(s (s™) — n’ngVs(s™)
= e’ [Da(s™)] —ng [n°Vs(s™)] . (A3.6)
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Replacing on Eq. (A3.2) we arrive to

Vst = eﬂde“ae”b [Ddsab—de - K9 “b]
—nget e”, [ep“eabn Vs (epee”fsef) — als™ — a®s™]
—eﬁdn“el’b [Dds“b — Kyus® — K sn“]
—eg e“ [Dds — Kgs® — K ““]
Jb 5V5(6 Snf) . CLaS ab CLbsnm]

+ngn'e”, e
+ngeln ”[e “ 5V5(6p en) — aps™ — a®s™ ]
[

p

+€ n“n Dd( ) deS —KdaSan]
—ngnt'n” [n5V ( ) — ays™ — abs“b] ) (A3.7)

By using Eq. (2.2.51) we obtain

Vst = eﬁde“ae”b [Ddsab — Kbdsa — K “b}
!
—ngel "y Nep R e’ ) + K5+ Kb —abs™ — a“snb]

—eﬁdn“e b Dys™ — K ,s% Kb m‘}

d

—eg el n” D — Kgs™ — K“dsnn]

+ngnte”, :%eabﬁm (e7s™) + K*ps™ — ags™ — abs““}

Fnget n? _%ep Lon(€,5™) + Kos™ — ays™ aasnn:|

—l—eﬁdn“n” :Dd (s““) — Kgps™ — Kdas““]

—ngn*n” %Lm (5™) — ags™ — abs“b} : (A3.8)

In order to simplify the expressions we define the following quantities:

A%, = Dgs®™ — Kb 5™ — K%s™, (A3.9)
1

yb = —e e L, (e ) + KUs? + K5 — a%s™ — a’s™ (A3.10

N P e’ f e f

Q% = Dgs™ — Kgs™ — K%s™ (A3.11)
1

U = ~ €, Lo (€,s™) + K%s™ — aps™ — a"s™ (A3.12)

Hd = DdS - Kdasan - desnb (A313>
1

d = —L,, (5““) — Ay 8™ — aps™. (A3.14)

N
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Thus we write instead

uro d_p v Aab w v yab d, pn, v b d_pn . voa
Vst = eglel e A — ngel, e 3N — egnte” (1) —eglet n" QY

+ngne, U’ + nget n’ U + egnn"Il; — ngn*n’®.  (A3.15)
Now we take the second covariant derivative:

Vo.Vst =V, (eﬂde“ e, A?)) — Vanget e, X% — ngV, (e e’ 5%) — eﬁdvan“e”bﬁbd
—nt'V, (eﬁ e, ) — eﬁde“avan”Q“d —n"V, (eﬁde“aQ“d)
+(Vangn* + ngVant) e, W’ + ngn#V, (e, 9°%) + (Vangn” + ngVan)et, U
+ngn”V, (e“a\IJ“) + (Van“n” + n“Van”) eﬁde + nf*n*V, (eﬁde)
—(Vangn'n” + ngVanfn" + ngn*Von")® — ngnn’v,o
= V, (eﬁ e e A“b ) ( Kog — naad)eﬁ el e Z“b —ngVy (e“ bE“b)
—eg (e ( ‘K% —nga )e“ae”bed —ntV, (eﬁ e’ 2,)
—eﬁde"a (e KP, — noa’)e’, Q% — "V, (eﬁde“aQ“d)
+<(e ‘Keg — naad) eﬂdn“ + ng( s K%Y —nya )e“a> e”b\lfb + ngnt'V, (e”b\llb)

(e K ea = naaa)esn” + g (€ I6°, = noa)e”, ), U0 + ngn” Vo (€, 0°)

(K, = naa®) el + 1 (e 5", = maa®) e, e Ml + Vo (e51T1,)
(s Kot = nata)egnn” + (K, = noa®)nget,n”

(e K", = naa)ngnte’, )@ — ngnn“Vod (A3.16)

We extract the free indexes using the delta-strategy obtaining for the first term

Va (eﬁde“ae”bA“bd) = eaceﬁde“ae”b (DCAabd) - e;eﬂde"an”( — KCbA“bd)
—eaceﬁdn“e” ( — K, A% ) —e Cnge“ae”b( — chAabd)
[e‘sde e n'V ( ee”fAefh)]
—I—naeﬁde“ n”( ) + naeq n“e”b( — aaA“bd)
(— dAab 1) > (A3.17)

—naeﬁde e’

v
+nqnget e’y
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for the terms with two free indexes

Va (e“ae”bZab) = e, el ey (DCE“b) —eletn’(— chzab) — e’ (- Koo X%)

—nqet e’y [ep“e(,brﬂv7 (e"ee"fEef)} + naetn’ (= apX®)

+nante’y (— a,5%) | (A3.18)
Va (eﬁde“aﬂad) = eofeﬁde“a (DY) — eaceﬁdn“( — K.Q%) — elSnget, (- chQad)

—naeﬁde“a [e‘sdep’lrﬂv7 (eéhepeﬁeh)] + naeﬁdn“( — a,02%)

+nanget, (— a’Q?), (A3.19)

for the terms with one free index

Va (e“a\I/“) = ey el (DC\I/“) — eacn”“( — Kca\I/a) — ngel, [epamvw (epe\lle)}

Fnant (= a, U, (A3.20)
Va (eﬁde) = eaceﬁd (DCHd) - eofnﬁ( — chHd) - naeﬁd [e‘sdrﬂv7 (e5h1_[h)}
+nang(—a'lly) (A3.21)

and finally for the last term

Va® = ¢/(De®) — no(n'V,®). (A3.22)
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Replacing this results we obtain

V. Vgst” = eofeﬂde“ae”b [DcAabd — Ko g2®™ — K0P, — Kbcﬂad}
—naeﬁde“ae”b [e‘sdepaeo.bn"*V7 (e5he'”ee"fAefh) — g% — a*Qb, — a’Q?,
__c I V-DEab_KdAab —Ka\Ijb—Kb\I/a-

EaMBE E c c d c c

—elegnte’, | DYy — KAy — Keq¥® — K° 1,

—eleglet n” | DYy — KgA?y — Ko gU® — KT,
+nqanget e’y (3/)“601’7L7V7 (epee”fZef) —a®A", — "V’ — ab\lla}

+naeﬁdn“e”b e’ e tnv, (eahe”foh) — @A, — agV’ — abHd}

+naeﬁde“an” e‘sdep“nVVq, (es"e”. Q) — apA®; — agU* — a“Hd}
tefngnte’, | DY — K5 — KLQb, — K"CCD}

e fnget n’ [ DU — K3t — K4Qe, — K“ch}

telesnn? | Dl — Koy — KopQ — chcp]

—nanget,n” e 'n’V, CANES ap X" — a’Q, — a“@]

—nangne’, e, 'V, (e”f\llf) — g2 — a®b, — abCI)]

—naeﬁdn"“n” eilmv, (e5hﬂh) — a2, — a2, — adcb}

e fngnn” [Dccb — KU — K00 — chnd}

Fnangnn’ [n7V,@ = 0,00 — 0,0 — a'Tl,| (A3.23)
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and using Eq. (2.2.51) we obtain

VoVjsh =

eaceﬁde“ae”b [DCAabd — K 2% — Kb, — KbCQ“d]

1
—naeﬁde“ae”b [ﬁe‘sdep“efﬁm (eahepee”fj\efh) + KA, + beA“fd
_KhdAabh . CLdzab . aade o aand:|

_,cC wo v
€aMBELE

DcEab . chAabd o Kac\lfb . Kbc\lfa-

—elesnt e’ | DYy — Kooy — KegW¥ — K1,

—eaceﬁde“an” D.Q°, — ch“bd — K q¥* — K11,
1 b o b b
+nanget e’ Nepaeg L, (e’ e fEef) + K.Y+ K fZ“f

—a®A, — b — abqja:|

+naeﬁdn"e”b [%e‘sdeab[,m (eaheUfoh) + beQfd

K"k — a, A, — ag W — abHd]

—i—naeﬁde"an” [%e‘sdepaﬁm (es"e”.%,) + K°.Q°, — K"Q%,
—abA“bd —ag¥® — a“Hdl

e fngnte, :Dc\yb ~ K2 - Kb KbCCI)]

e fnget n” :chfa ~ KXt - KiQe, - K“;p]

e fesntn? | Dolly — Koy — Ko, — chqﬂ

1

—nanget n’ Nepaﬁm (e”,U°) + K°0° — @™ — a®Q, — a“@]
1

—ngngnte’, Neobﬁm (e”f\I/f) + be\Ilf — g X — a®Qb, — abq)]

1
—naeﬁdn“n” Ne‘sdﬁm (e§hHh) — K", — a,Q% — a0 — adq)]

—e Cngnin” [DCCD C KU — KU — chnd}

1
+nangntn” [Nﬁm(b —ag ¥ — aq, U — adﬂd} , (A3.24)
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A3.0.1 Covariant derivative contractions

We need three contractions:

V. VHs® V25 Y,V 557

We start with the first one: We contract o and p in the V,Vgs*” expression

VQVIBSC”’

e e, [D AP~ Ky KQY, — 2K Q6L+ KhQb,
1
—Ne‘sdeabﬁ (65 e fo )+ ag A, + ag U’ + abHd}
i 1
—nge”, _Dczcb — KA, — KW — 2K We — Neabﬁm(e" o)
+0, X% 4 a®Q, + abé}

i 1
—e4'n” DYy — KA — K gV — KT, — Neddcm(e;lnh)
KM, + 20,00, +ad<I>]

|
+ngn” [DC\IJC — K = K10 = KO = —L£® + 20,0 + adnd] . (A3.25)

Now we raise the index 3 with ¢g*?, obtaining:

V,VHs™

~ ¢ d€ Lo (65 e fo )+ acA? + aq P’ + abHd)]

|
—nte” [D N~ KA, — KU — 2K W — —e ML, (7, )

N
+ag 2" + a®0b, + abfb}

1
—etn [ ad (D 0 = KaA®y = Kea¥* = Ky = <64 Ln(e'Th) + K11,
+2a,0%; + ad<b>}

1
Y [DC\I/C — K2 = K40% = K = L ® +20,9" + adﬂd} . (A3.26)
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And we can symmetrize in the index p and v to obtain the exact contribution:

Vo Vis™ + Vo Vs = e“ae”b[ ad (D AP K5 - KQb, — 2K Q¢ + KhQb,

1

— Ne‘sdeabﬁm (e(;he"fﬁfh) + ao A 4 ag PP + abHd>

+ qbd <DcAcad o chEca o KQad . QKQCQCd + Kthah
1

— Ne‘sdeaaﬁm (eéhe"foh) + ac A + ag V" + aaﬂdﬂ

v C Ci C 1 g
ke, [DCE = KA, = KV = 2K 0 — e L (70

+ S+ at, + at® 4 g (DCQCd C KA, — KU — K1,
1
— Nelsdﬁ (eéhHh) -+ KhdHh -+ 2achd -+ adq))}

1
— el | (Do = KaA®y = Ko = KTy = 16", Ln(e'T1)
4 KM, + 20,0, + ad<1>> 4 DY — KA Dt — 2K e
— Neaaﬁm (e”f\I/f) + X 4 a%0, + aaCI)}
1
+ i [2 <DC\IJC KX — KOS, — K® — —L,,®

N
+ 20,0 + adﬂdﬂ . (A3.27)

Now we compute the second contraction needed: we contract with g*° the

expression for V,Vgs#” as follows

VQSuV

euae b|: ( Aab Cdzab KaCde - KbCQad)
1
e L (¢4 ) — KX — KOS 4 A + a0+ |
1
e’y g ( Dy = KAy = Kea®’ = K" ) = e/ Lon (7, 0)
—be\Iff + 4, D% + 0%, + ab(I)]

1
et [ (D = Ko™y = KoaW® = KL ) = 16, Lo (£,0°)
_Kae\Ije + 6Lbzab + aand + aaq)}

1
Y [ch (DCHd — Ko — K07, — chcp) — S Ln®

20,1 + adﬂd] . (A3.28)
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Finally the last contraction can be obtained contracting the indexes 8 and v in

the V, V357 expression, obtaining

1
VaVss” = DA, — KQ, — N@‘sdegdﬁm (eghe"foh) + a,Ay — a, U — D, U¢

1
KD+ L. (A3.29)

A3.0.2 Ricci contractions

We need to compute the R,5s*”. The Riemann tensor projections are well know

in the ADM formulation. In particular, the Ricci tensor can be decompose as

1
R.s = eofeﬁd (Rcd — 2K . K + K.4K — Dga. — acaq + Nepce"dﬁm(epeeaff(ef)>
—nges (DK — DyK) — eng(DyK® — D K)

1
+neng (D ca+a? + KKy — Nquepce”dﬁm(epeeUfKef)> : (A3.30)
Thus, contracting with s*, we obtain
1
Ragsaﬁ = SCd <Rcd — ZKCQKed + KCdK — Ddac — Q04 + Nepcegdﬁm(epeeUfKef)>
—25™(DyK*, — D K) + s™ <D ca+a®+ KKy
1 cd_p o e_f
—Nq €ee iLmle, e Kep) |- (A3.31)

The previous results are enough to construct the energy-momentum tensor for
the s*” background field.

A4 Projections in the t sector

We start decomposing the background tensor t“**# in its normal and tangential

projections

pwovB oy v B ogcadb  poo v B gnadb  p a v B jendb
t =l e” e et nte” e et ef.nte et
— et e® nYe 75canb — et e ¥ nﬁtcadn +nu€a n‘e 2fnanb
c” a b c” a~ d a b

+ nte® e’ mPtreim 4 ek nne bt“mb + et n%e” nltenin (A4.1)
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We apply the covariant derivative

AN v (e“ e e’ e tcadb n“eaae”de’gbt“adb e’ .n%e” e tcndb e“ceo‘an”e’gbt"’““b
—e e e”, nPcadn 4 nte®,n"e btn‘mb + n“eo‘ae”dnﬁ nadn el .n“n"e btmnb
+et' n%e” nﬁtcndn>

= V., (e“ceaae” e tcadb) — (V,\n“)eaae”de’gbt“adb — ntV,y (eaae”deﬁbtn“db)
—(V n%)et e e tcndb n“Vy (e“ e”deﬁbtcndb) — (VAn”)e“Ceaaeﬂbtcanb
—n"V, (e“ce"‘ae btc‘mb) VAn e“ceaae”dtwdn —n’Vv, (e“ceo‘ae”dtmdn)
+(Vantn” + ntVyn")e® e bt“‘mb +nHn"V, (eaaeﬁbt“““b)
+(Van#n® + nVn?)e® e’ ™ + ntnf v, (e, e” ")
F(Van®n” 4+ noVn?)e! et 4 non?V, (e“ceﬁbtcnnb)
+(Vann” +nVyn)et e’ g™ + nnPV, (e e ™ ™) | (A4.2)

Taking the contraction in the 5 and A indices produces

VP =V, (e“ceaae”deﬁbtcadb) — et e e KT — nkV g (eaae”deﬁbtmdb)
— e et e’ KAt — Vg (e“ce”deﬁ L) — e et e KOG
—n"Vg (e"ceaaeﬁbtcanb) — et e e Kt — nPVg (et e e jt ™)
+ (et KinY + nte’ JKhe® 12 4 nfnV (eaaeﬁbt“‘mb)
+ (e".a® + nK)e” e "™ + nfnfV (e, e” ™)
+ (e* Kin® +ne” ;K)et 1™ 4+ nn"Vg (e“ceﬁbtcnnb)
+ (e”,a* + n*K)e e t™™ + n*n Vg (et e jt™ ™). (A4.3)

We introduce Kronecker deltas using Eq. (2.2.17) for every unprojected term. The

terms with three free indexes gives

V,B (6“ e 6 4 tcadb) — euaeubeac (Ddtad)d + adtacbd> + nueubeac (Kadtade)
+ e e yn® (Keqt™™) (A4.4)
n’Vg (e“ceaae”dtcad“) = el e e, (ep“eabe/\anV5 (e”; et el t””“)) + nte”pe”, (aat“dm)

+ et n’e”, (apt™™) + et e’ yn (at* ™), (A4.5)
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the ones with two free indexes gives

V,B (eaaeudeﬁbtnadb) — eubea (D tncbd Ta tncbd) + eubna (chtncbd) 7 (A46)
nVg (e“ce”dtcnd“) =e e (e e,'nVy (e”; jtmjn)) + nte”, (aat‘”‘b“)
( bt ™) (A4.7)

and the one with one free index gives
vﬂ (eaaeﬂbtnanb) — eac (Ddtncnd + CLdtncnd) 4 po (detnknd) ) (A48)

Replacing the projections in the covariant divergence of the ¢ tensor we obtain a

final expression for their projection

b b
V/gt’w‘”ﬁ = et e” e’ 0% + (—n“eo‘ae”b + no‘e“ae”b) NP — el et n" P

+ (n*e®, — n“e! )n"A®, (A4.9)
where we defined the projections as

ach acbd ayncbd cypanbd byacnd acbn
—e,"e\‘e, "NV (e e e ) + agt P+ at M + et (A4.10)
E — Ddtand . Kadtade o thncnd o Ktncbn e, 6 n/{v (6 e’ tnkjn)

+ agt™® 4 q 1o (A4.11)
Pac .— Ddtacnd o K:jztncnd o thannd 7 (A412)
A® := D™ — K %" (A4.13)

We continue by acting with an second covariant derivative

VAVBt““”ﬁ =V, (e“aeace”b@“b) — (Van*)e® e", 2% — nk'V, (eo‘ce”bECb)
+ (Vn®)et e, 5% + nV,y (e“ae”bE“b) — (Van")e! e .o
—n"V, (e“aeac@‘lc) + (n“V,\n” + n”V)\n“) e® N+ nt'n"V, (eaCAC)
— (n*Vn” + n"Vyn®) e A — n®n"Vy (e ,AY) . (A4.14)
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Contracting in the A and « indices we obtain
VQVBt““”ﬁ =V, (e“aeace”b@“d’) —ntV, (e“ce”bZCb) +n*V, (e“ae”bE“b)
o euaeub (Kaczcb _ Kzab + Kb Cq)ac + abAa) o nuva <6ua€acq)ac)
+ nte”, K A° + e n” (K%A® — KA®) + nfn”V, (e®A°)
—n'n*Vg(e"A%) . (A4.15)
We proceed as usual introducing Kronecker deltas in the unprojected terms,

integrating by parts and recognizing geometrical quantities. We list the projections

obtained with three free indexes

Va (e“aeo‘ce”b@“b) = e“ae”b [DC@“Cb + ac@‘“b] + n”e”b [Kac@“d’}
+ e n” [Kp 0] (A4.16)

with two free indexes

n°V, (eleys®) = e e, [epae;’nava (epie"jzij)] + nte”, [a, 5]

+ e n” [a, 5] (A4.17)
with one free index
Va(e%e",2?) = €, [DE? + a.5%] + n” [KpeX?] (A4.18)
Vet e 0%) = e [D,d% 4 0, 0% + 0 [Koo®],  (Ad.19)
nVq (elA) = e, [ep“no‘va (e”A))] + n*[aA%] . (A4.20)

and finally with no index
Va(e*A°) = DA + acA°. (A4.21)
Replacing the previous result in the expression for the second derivative we obtain

V.V Btﬂ»auﬁ = et e, [ Dc@acb + ac@acb + 6pa egbnava ( e egzcd) o Kaczcb
+ KX% — K°0% — a’A"] — n¥e”, [D.X% — K0 — K*,A%
— e n? [qu)ab _ KbC@acb . abzab + abq)ab . KabAb + KA®
+ e, 1V (e’ A°)] + nfn” [DeA" — KpX% — K@ . (A4.22)
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Using the definitions of @2 3 ®% and A° we obtain an explicit expression for

the projection of the double covariant divergence of ¢
V, Vthoh = et e’ S5 — et n’S™ — pte’, 8™ + nin’S™ (A4.23)
where

S = p, < Dgtactd — fgagnebd _ pee yanbd _ feb jacnd _ jeqachn

—e,%,C, bpfy s(e" e eujtikjn) S+ agtoed 4 gagmen actanbn>
+a, ( Dgtactd _ fgagnebd _ e ganbd _ feb gacnd _ peyackn
= euaeaceybnﬁvfg(e e e’ t’kjn) + agt®d 4 qetn 4 act““b“)
—e,%,'n"V, ( e (D™ — Kt — [ imol — g
_ epi e,V B(epceadtcndn) + a4 aktikjn)> _ K9 < Dt _ J¢, pechd
— KPnend — K™ — e e, "'nPV g (e ;™M) + agt™ ™ + aat“d’“>
- K (Ddt““bd — K gt — Kb gomnd _ jomin ¢ ae PP g (e®e jtmj )
+ agtemtd 4 actzzcbn) ~ K ( Dgteend — fga mend _ chtannd>

+a (Ddtn“d“ - chtcadn) : (A4.24)

S™ — D, ( Dgtaend _ fgagend _ chltannd> _ K, ( Dgtactd — fganebd _ feeqantd
_ [gbpaend _ fgpochn _ e e, PP (e e, e t”"’]n)
gt 4 a4 gcpenin)
— K¢ (Dgt™™ — Kigt' ™) — K (Dgt™"% — K4t*™)
a ( Dt _ ¢, jgobd _ fbgannd _ peyanin _ e %, bV (e er nin)

+ adtanbd + actacbn) + ac(Ddtacnd _ thncnd _ thannd)

_ euanava <eui (Ddtinnd . Kbdtinbd . chticnd)> 7 (A425)

Snb —_ Dc <Ddtncbd o Kadtacbd o Kstncnd o KtHCbn e, € nﬁvﬁ(e e’ tnk]n)

+ adtand + aatacbn) . K(Z; (Ddtncnd . Kadtacnd) 7 (A426)
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Snn Dc <Ddtncnd . Kadtacnd> o ch (Ddtand o Kadtade . thncnd o Ktnobn
_ eaceybnﬁvﬁ(eakeujtnkjn) + adtncbd + aatadm> . (A427)

with this result we are equipped to construct the energy-momentum tensor for

the t sector easily.

A5 Projections in the bumblebee model

In this section we decompose the second covariant derivative of the bumblebee field
by providing a general expression. We note that the key projection to compute
is the second covariant derivative of a product of two bumblebee fields with all
indices free. Below, we compute this term, from which all other terms involving

second covariant derivatives can be derived.

We start decomposing the bumblebee field in their normal and tangential

projections
B® =e“,B* —n“B"™. (A5.1)
With this result the product of B* fields have the following projections
B*B® = ¢ ¢”,B*B" — n®¢”, B"B" — ¢* 0’ B*B™ + n°n®(B")”.  (A5.2)
Taking the first covariant derivative of the product

V., (B°B%) =V, (%", B°B®) — ¢®,¢”, (¢,* K — n,a") B*B* — n°V, (¢, B*B)
— e’ (e,’K" —n,a")B*B™ — n°V, (", B*B") + e*,n” (e, K% — n,a”) (B“)2
ey (e, K" = nya) (BY)” + nen?V, ((B2)°). (A5.3)

Introducing Kronecker deltas and identifying the geometric quantities we obtain

the following projections: The term with three free indexes become
V., ("¢, B B") = ¢,¢% e, Duy(B*B®) + ¢®,n’e, K4, B*B® + n®e’ e, K 4, B* B®
- eaaeﬁbny (evae5bnAvA (e"’ce‘SdBch)> —e* n’n,a,B*B°

—n%e’ n,a, B*BY, (A5.4)
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the terms with two free indexes become
\Y (e’BbB“Bb) = eﬁbeVdDd (Ban) + nBeVdeb (B“Bb) - eﬁbn,, (eébnAV,\ (e‘sdBan))
—nPn,a, BB, (A5.5)
and for the term with one free index we have
V,(B")? = ¢,9D4(B")* — n,n*V(B")*. (A5.6)
With this results we obtain the projection for the first covariant derivative
V(BB = ¢y, | Da(B*B') — K%B"B" — K',B*B"| - ¢,n’c,| Da(B"B")
~ Ko BB~ K%(B")’| = n°¢”e,”| Da(B"B") ~ KuuB"B" — K',(B")’]
—e” eﬁbny [e es AV, (e7 e Bch) a"B*B’ — abB“Bn}
+ e n’n, ewan’\V)\ (e7.B°B™) — a,B*B" — a" (Bn)2}

+n%’,n, _e5bnAVA (e’4B"B") — a,B*B" — a’ (Bn)ﬁ

+non’e,!| Da((B")") = Ko B"B" — KuuB*B"|

=0, [1*5((B")?) - @ BB — a,B°B"| (A5.7)

We define the following quantities in order to simplify the second derivative

expression
®*, := Dy(B*B") — K% B"B" — K",B*B", (A5.8)
0%, := Dy(B*B") — K4B*B® — K%(B")’, (A5.9)
U= e en V(" yB°B?Y) — a*B"B" — a’B"B", (A5.10)
1% := ¢, *n*V, (7, B B™) — a, B*B® — a®(B")", (A5.11)
Sai=Da((B")") = Ka BB ~ KuB"B", (A5.12)
= ((B")?) - ayB"B" — a,B*B", (A5.13)
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obtaining

V., (BQB’B) = eaaeﬁbeudéabd — e nPe 0%, — naeﬁbeyd@bd
— eo‘aeﬁbnylllab + e nﬁn,,l_[a + no‘eﬁbnyﬂb
+n*nPe 4%q — n*nPn, Q. (A5.14)

We continue taking the second covariant derivative

V.V, (BO‘Bﬂ) V,.(e%, eﬂbeydq)“bd) — (e#CKbC — abnu)eaaeﬁbeyd@ad

— 1PV, (¢%,6,907,) — (e,°K" — a®n, )¢’ e, 0,

— 1oV, (2,6,900,) — (e, et — agn,)euc’ye, MU — 1,7, (e e, )
+ eﬁb(eu —anu)nl,—l—nﬁ 0, B = aany) |2 1 4 0, ¥, (e, 11%)
e (e, B = )y nte, e, Kea = agny) | €17 + 00, 9, (7, 11%)

+ (e,ucKac —a n#) eaanﬁ + naeﬁb (6M0Kbc - abnﬂ)] el/dzd + nanﬁvﬂ (el/dzd)

- _eO‘a (e,U,CKaC - aanu)nﬁny + naeﬁb (euCKbc — abnu)nl,:| Q
— nnle d(e ‘Keg — aan)Q — no‘nﬁn,,VMQ ) (A5.15)

As usual we introduce the deltas in the non-explicit terms and we recognize the

geometrical quantities obtaining for the term with four free indexes

a B _dgab\ _ _ coa B d ab a B _df,a, b A K v 8, lFce
Vu(e 0€ e, P d)—e e e, DD —ne” e’ e, (67 es € qn Vﬁ(e £0.ed z)
ca B d ab c.a , B, d ab c.a B d Fab
+e,n%"e, K, @7y + e, e ne, K@) + e, e e7yn, K07,

a, B ab a B, d ab a B d F,ab

—nunee, Y4, ® a0 — et nle, ap®; — net ety n,ad",

(A5.16)

for the term with three indexes

Vu(eaaeyd@ad) = euceydeaaDc@“ n,e,'e® ((BA(167‘17”L”“V,.i (e”ce/\l@cl)) (A5.17)
c e d o a doa
+e,n,e’ K.0%+efe, MK 0O — nun,e®,a’0,

d, a a
—nue, N a9 4,
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for the term with two free indexes

a B qab\ _  c.a B ab a B a_ b kK v 8 \prcd
Vﬂ(e W€ Y ) =e,°e", e DYV —ne” e b(ev es V,i(e o\ )
+ eucnaeﬂcha\I/“b + euce“anﬁch\I/“b — nueo‘anﬁab\llab

- n“naeﬁbaa\llab : (A5.18)
for the term with one free index

V. (e%, 1) = e, e D" — nye® e “n"V (€7 I1°) 4 e,'n* K o1

—n,n“a,JI", (A5.19)
Vi (eVdEd) = eMCeVdDCEd — nueydn”eAdV,.@ (eAlZl) + euchchEd
—n,m,a’y, (A5.20)

and lastly for the term with no free indexes
V,.Q = ESDS — n,n"V,Q. (A5.21)

Replacing we obtain a general expression for the projections of the second covariant
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derivatives of a product of bumblebee fields

cd\Ij :|

A K 0 lgce bnya ayb ab
V(7.6 0) — a"0% — a0’ — ag ¥

V.V, (B*B) = ece e, [D ot KP O, — K@, -

a B _d a, b
—nue®,e e e e e

—e,n"e,!| DO — Ko@) — Ko dI' — K° %,

—eenﬁd

Dc@“d — K@, — Kyl — K“cEd]

chq)abd o KbCHa

c.a B
—e, ‘e eyny,

DC\I/ab o o KaCHb_

a B
+n,n-e e,

a nb
+nu.e” ,n"e,

+€ca,8d

a, B d
—n,n“n’e,

B

«
—n,ne’n, |e;

a B [ a b w v 8 scd
+nyuet eyn, e fesn Vﬁ(e R )—

al A b ok 5 lge ab b_ b
e es N Vn(eeeA@l)—aaq) 1 — aqll —aZd}

af x a, kK loye ab a a
e qe,'n Vi(€7.,'0%) — ay®®; — aql* — a Zd]

L ) aaHb]

-Dczd - Kca@ad - cb@bd — Kan]
e, e, DI - Ko, — K., — KbCQ]
DI — KL%, — K, 0 — KGCQ}

+e Mceo‘anﬁ n,

_n”e’\dv,.6 (e/\lZl) —a,0% — ab@bd - @dQ]

"RV, (eadﬂd) — ad@bd — a, V% — abQ}

—n,e”,n’n, [e n"“V, (e”CHC) —a%0%; — a, U — a“Q]

e, o, | DY = KTl — KT = K5

+n,nn nl,[ "V — a 1% — apI1° — 0% ] (A5.22)
In this way, we have successfully projected the entire tensor V,LVZ,(BQBB ), which
serves as the common core for constructing the bumblebee energy-momentum
tensor. Each term involving second covariant derivatives can be obtained through
the contractions of this tensor. This calculation considers a general bumblebee
field with functional dependence on both time and hypersurface coordinates. For
the specific case under study, we have simplified to a tangential bumblebee field
function of time. The remaining contractions and those with the Riemann tensor

are left for the reader.
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