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“Cosmologists are often in error, but never in doubt.”

Lev Davidovich Landau

“Time present and time past
Are both perhaps present in time future,
And time future contained in time past.
If all time is eternally present
All time is unredeemable”

T.S. Eliot, The Four Quartets
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Summary of Methods and Results

This thesis concerns the proof that a specific action of (three-dimensional
and real) Bianchi groups on a (four-dimensional) space-time is (i) possible to
be formulated as a particular foliation that covers the manifold of the space-
time, and (ii) consists a solution to the Einstein field equations of General
Relativity under several different matter models - namely, the vacuum, the
pseudo-vacuum (a scalar field), the electro-vacuum (a free electromagnetic
field), and the perfect fluid (in the classical macroscopic formulation).

There are three fundamental methods utilised:

(1) In the case of the fundamental theorem, presented in Chapter 2, the
methods of algebra and differential geometry are used to prove the
theorem.

(2) In the case of the actual construction of the space-time, in Chapter
3, everything appears as a simple exercise on differential geometry -
the main feature of it used being the definitions of connection and
curvature.

(3) Finally, when proving the existence and uniqueness of the Einstein
system, the whole result is based on the Picard-Lindel6f theorem,
that is based on real analysis and fixed point theorem (like Banach).
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Abstract

In the standard treatment, a group acts by isometries on a space-time,
imposing its generators as the Killing vectors of this space-time, hence the
corresponding solution to Einstein’s field equations bears these physical sym-
metries. This treatment has produced a number of results with particular
interest; examples of this are the spatially homogeneous cosmological mod-
els, some inhomogeneous cosmological models, but also several solutions of
gravitational radiation. However, most of these solutions are carried out in
vacuum or with the utilization of a perfect fluid as source. In the cases where
either classical macroscopic (Euler) matter, or kinetic microscopic (Vlasov or
Boltzmann) matter is used, the analysis is usually carried out with respect to
an orthogonal slicing of space-time, which is further restrictive on the freedom
of the action of the Bianchi group on the space-time.

In this work, we attempt to generalise these works by assuming that the
Bianchi group acts by homotheties and the quotient is any one-dimensional
submanifold invariant to the action of the group. We propose that such a
space-time can be constructed, given the action is free and regular, i.e., that
the orbits of the group are three-dimensional submanifolds of the space-time.
Moreover, we propose that the transversal vector field (1) commutes with the
Bianchi group generators, and (2) is tangent to a geodesic at any point of the
homogeneous hypersurface. Consequently, such a space-time may indeed be
a solution of the Einstein equations.

We specify this even further, by specifying the matter fields that act as
the source of the Einstein equations. Initially, we prove that vacuum solutions
of this set-up exist. Second, we assume free scalar fields as the source, thus
pairing the Einstein equations with the Klein-Gordon one (the Einstein-scalar
field system); once again, this system is also integrable under the condition
that the scalar fields propagate along the orbits of the group (that is, they
inherit the homotheties of the group). Following, we assume free electromag-
netic fields as the source of the Einstein equations, which are now paired by
the Maxwell equations (the Einstein-Maxwell system); such a system is also
integrable under the condition that the electromagnetic fields inherit the ho-
motheties of the space-time (i.e., that the electromagnetic waves propagate
along the orbits of the group). Interestingly, in both cases, these conditions
can be proved. Finally, we consider the case of perfect fluids; in this case,
the Einstein equations are combined with the Euler equations of fluid dynam-
ics (the Einstein-Euler system) and are similarly integrable; the last case is
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particularly interesting, since, apart from the usual condition that the fluid
inherits the symmetries of the space-time, it poses restrictions in the equation
of state of the fluid.

All three cases are followed by realistic examples, some of which can be
found in the literature. Interestingly, the particular space-times (where the
Bianchi groups act freely and regularly by homotheties) reveal certain pecu-
liarities that are not present in the usually considered (spatially or space-time)
homogeneous space-times. Moreover, we can prove that solutions with such
peculiarities are not unique; given initial conditions sufficiently close to them,
other similar solutions (with the same peculiarities) can be found.



CHAPTER 1

Introduction

1. The Purpose of this Thesis

A space-time is called homogeneous if it is a non-empty manifold on which
a Lie group of symmetries acts transitively, so that the the elements of this
group are identified as symmetries for the space-time. These symmetries are
defined as (smooth) vector fields whose local flow diffeomorphisms preserve
some property of the space-time and are classified according to the type of this
preservation [1]. If the group acts by isometries (whereas the metric is pre-
served along the local flow of the generators), then its generators are identified
as Killing vectors of the entire space-time; if the group acts by homotheties
(whereas the metric is preserved up to a constant factor along the local flow
of the generators), then its generators are homothetic vectors of the space-
time; finally, if the group acts by conformal symmetries (whereas the metric
is preserved up to a conformal factor, depending on the local coordinates,
along the local flow of the generators), its generators are conformal motions
of the space-time [2]. When a space-time occurs as a solution to Einstein’s
field equations of General Relativity, then the symmetry group is essential to
divulge the symmetries of the matter fields and the physical meaning of the
space-time. Consequently, the Killing, homothetic, or conformal vector fields
and their algebra contain and represent the physical meaning of the specific
space-times.

This category becomes particularly important if the group acts transi-
tively on a 3-d hypersurface of the space-time alone, allowing for an invariant
vector field. This case concerns the 3-dimensional Lie groups of symmetries,
classified by Bianchi in eleven types, six of which (namely I, 11, VI, VI,
VIII and IX) are unimodular and belong to Class A, and the five remain-
ing (namely I1I, IV, V, VI, VII}) are solvable but not unimodular and
belong to Class B; it is important that those belonging to Class B contain
a 2-dimensional real Lie subgroup. These groups can act (usually by isome-
tries) on either a spacelike hypersurface, Ss, a timelike hypersurface 73, or
a light-like hypersurface, N3, deeming the space-time hypersurface homoge-
neous. Essentially, the geodesics defined on the 3-dimensional sub-space are
adjoint representations of the particular group orbits. Of course, the orbits of
the group can be of dimension less than 3, resulting to surface homogeneous,
curve homogeneous, etc. space-times.

Such (hypersurface) homogeneous space-times are of particular interest in
astrophysical and cosmological context, as they may present realistic models -
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2 1. INTRODUCTION

eg. the flat Friedmann-Lemaitre-Robertson-Walker cosmology is a particular
subcase of Bianchi I acting on S3, while the Schwarzschild solution is a case
of (or rather contains) Bianchi X acting on 73. Petrov classified all vacuum
and A-vacuum solutions of General Relativity that admit a Bianchi group
action with any type of orbit and provided the canonical form of the metric
for each [3]. However, it was Taub who originally applied such techniques
to physically meaningful space-times [4]. Specifically, Taub assumed that the
Bianchi classes of the real 3-dimensional Lie groups can act transitively on
S3 with a timelike vector being invariant to this action; hence the spatial
symmetries of such a space-time are entirely contained in one of the eleven
Bianchi groups and its spatial geodesics are purely determined by this group
orbits. Constraining these spatial hypersurfaces orthogonally to the timelike
coordinate and assuming a perfect fluid as a source to Einstein’s equations,
these space-times have been widely used to describe spatially homogeneous
cosmological models, as examined thoroughly by Ellis and Collins [5] inter
alia, while Ryan and Shepley covered the fundamental results of these early
investigations in [8]. These spatially homogeneous cosmological models are
called Bianchi models or homogeneous of dimension 3 models.! Among many,
Collins and Stewart [6] and Wainwright and Hewitt [7] studied the evolution,
constraints and stability of such models in the context of dynamical systems;
some of these studies also focused on the viability of the models and their
comparison to observational evidence. The fundamental results can be found
in [9].

Assuming a different slicing of the space-time, so that a Bianchi group
does not act transitively on the spatial hypersurfaces; in this case, the or-
thogonal slicing over the temporal coordinate is not necessary, hence the
temporal coordinate can be contained in the geodesics that represent the
symmetry group orbits. In this sense, the spatial homogeneity of the model
is not ensured, but generalized space-time homogeneity can be considered.
Ryan and Shepley gave insights towards space-time homogeneouns models in
the context of General Relativity [8], with the Gddel space-time as a funda-
mental example [10]. Several studies attempted to associate such slices with
inhomogeneous cosmological models; the usual treatment considered a 2 — d
homogeneous symmetry over the space-time, so that the temporal coordinate
to be distinguished, hence this model became known as homogeneous of di-
mension 2 cosmologies.? Szafron gave a first account of such solutions in [11],
while Collins and Szafron utilized the concept of intrinsic symmetries of the
space-time to consider a whole class of inhomogeneous cosmologies that follow
the Bianchi classification [12]; Carmeli and Charach, Wainwright, and Rainer
and Schmidt inter alia gave similar account in [13, 14, 15|, concerned mainly
with the irrotational models, while Krasinski focused in the rotational models

n cosmology, it is usual to call these models G3, though this is not to be confused
with the Galilean group.

2In cosmology, it is usual to call these models G2, though this is not to be confused
with the the automorphism group of the octonion algebra.
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obeying the same symmetries [16]. Van Helst et al. considered an holistic
approach founded on dynamical systems that deals with homogeneous of di-
mension 2 cosmologies [17]; a thorough examination of all these cases can
be found in [18]. We should notice again that perfect fluid was utilized as a
source.

The choice of the orthogonal 1 + 3 slicing is useful and easily associated
with physical properties of the space-time, however it is generally restrictive.
The choice of 3-d homogeneous models in the spatially homogeneous case
is further restricted to 2-d homogeneous models in the inhomogeneous case,
since time must be distinguished -for a general treatment of the case, see
[19]. In general, if the Bianchi groups are allowed to transitively act in any
3-dimensional sub-space of a space-time, inhomogeneous models with sym-
metry of dimension 3 might also occur. In this case, the usual 1 + 3 slicing
of the space-time is not possible, as time cannot be a priori distinguished.
Wainwright and subsequent studies of the 2-d homogeneous models admit-
ted a 1+ 1 + 2 slicing, while Nilsson and Uggla attempted to generalize this
formalism in the case of a 1+ 3 slicing over any vector, independent of its sig-
nature [20]; Harness also has probed towards this direction [21]. In general,
it is possible to slice the space-time along any chosen coordinate (timelike,
spacelike or null) and apply the very same techniques.

Most of these models were considered with a fluid as source, utilizing the
standard hydrodynamic description. Knowing that actual matter may devi-
ate from this treatment, due to its underlying statistical character, we may
choose to describe it in the context of Vlasov distribution of particle, hence
departing from the Einstein-fluid system towards the Einstein-Vlasov system
-ref. [22] by Andreasson may provide the fundamentals to the treatment of
such a system. Several studies have been conducting on 3-d spatially homo-
geneous cosmological models, obeying the symmetries of a particular Bianchi
group and generated by the Einstein-Vlasov system, including [23, 24, 25];
the methodology and main results are summarized by Rendall in [26], while
Ringstrom presented a thorough examination of the case of maximum sym-
metry -the FLRW universe- in [27]. However, little work has been done so far
in 2-d homogeneous cosmological models -except perhaps for [28]. This gap
in the literature can be bridged by extending the afore-mentioned works.

What is attempted in this work is the study of the Einstein system in the
case of a Bianchi group acting freely without any restriction on the nature
of the homogeneous hypersurfaces. In order to achieve this, we must first
drop the assumption of a transitive action, since this allows for a wide variety
of orbits. As we mentioned, a Bianchi group acting transitively may have
orbits of dimension less than three; seeking for the entire hypersurface to be
homogeneous, we need the group to act freely and regularly.

Another assumption that is dropped is that of orthogonal slicing. In the
studies mentioned, the quotient of the group is a unique transversal vector
field in the space-time, orthogonal to the homogeneous hypersurface. In the
case of homogeneous cosmological models, this vector field can coincide with
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the coordinate time; for inhomogeneous cosmological models, it can coincide
with either the coordinate time, or with one of the spatial coordinates de-
pending on the signature of the homogeneous hypersurfaces. In our case,
the orthogonality is dropped, hence the uniqueness of the transversal is also
dropped. As a result, the transversal vector field of the group will be any of
all vectors that are invariant under the action of the group.

Furthermore, seeking to allow for a completely free and regular action,
we are also bound to drop the assumption of it acting by isometries. The
case of the Bianchi group acting by homotheties and conformal symmetries
has been studied by Steele in the case of vacuum [31], and by Kramer and
Carot in the case of perfect fluids [32]. Attempting to extend it to the case
of collisionless matter, we acknowledge that the Vlasov equation for massive
particles is invariant under isometries alone; it is the case of massless particles
(radiation) that allows the Vlasov equation to be invariant for homotheties -
which is the case we are interested at.

As for the freedom of the nature of orbits on the homogeneous manifold,
there are two reasons to consider. If the group orbits are spacelike, then we
arrive to an extension of the usual 3-d spatially homogeneous cosmologies; if
the group orbits are timelike, then we arrive to an extension of the 2-d homo-
geneous cosmologies, or even to some cases of inhomogeneous cosmologies -
proposing that the Bianchi group can be divided to a subgroup of dimensnion
2, which will act on 2-dimensional spatial surfaces. Hence, the case of non-null
orbits combines a large case of universes dominated by collisionless massless
particles. Though, the case of lightlike orbits is somehow vague, Kramer et
al. [29] and Hall [1] concluded that motions along null hypersurfaces denotes
space-times that are solutions of General Relativity describing plane waves (at
least locally, where the null homothetic vector exists). Consequently, allowing
for null group orbits in the space-time, we consider gravitational waves com-
ing through collisionless matter. As in the case of homogeneous cosmologies,
these gravitational waves are not only plane, but may have up to eleven sym-
metry groups - eg. the action of Bianchi I would result to plane gravitational
waves, the action of Bianchi 111 would result to cylindrical gravitation waves,
and the action of Bianchi I X would result to spherical gravitational waves.

Thus, the work can be summarized in the proof of a theorem, as follows

THEOREM (Construction of a Homogeneous Space-time). Assume there is
a four-dimensional space-time Vy and a three-dimensional group G, such that

(1) the group G acts freely and regularly on the space-time Vs, admitting
3-dimensional orbits on it, and

(2) the group G acts by homotheties on the space-time V4, hence the
generators of the group are homothetic vector fields of the space-time.

For any such space-time, there exists some vector field E in the neighbourhood
of the generators of G that satisfies the following properties:

(1) it is invariant under the action of the group, i.e., it commutes with
the generators of the group;
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(2) it is tangent to a geodesic at any point of the space-time; and

(3) is null.
Then, a coordinate patch can be constructed that covers locally the space-time,
based on the transversal Q? and the generators of the group.

In the proof of the theorem, we proceed on the following stages: First, we
prove that 5 commutes with the generators, as a consequence of the free and
regular action of the group. Second, we prove that E is tangent to a geodesic
by using its commutation with the generators and the action of the group by
homotheties. Third, we specify 5 to be null so as to ensure a convenient and
generic normalisation condition. Finally, we construct a coordinate chart for
the space-time using the affine parameter of the geodesic on which 5 is tangent,
and the canonical coordinates of the group; thus, 2’ and the generators span
a 4-dimensional vector basis. This is a universal result, as the orientation
of the generators of the group, as well as the signature of the homogeneous
hypersurface are unspecified, while any vector transversal to the group (that
is geodesic and null) can play the role of 5 at any point of the space-time.

The thesis is organized as follows: In Chapter 2, we present the main
notions of the group acting freely and regularly on the space-time and the
fundamental relations of vectors on this space-time. Following, the construc-
tion of the space-time is schematized, hence the three parts of the theorem
are proved. Finally, we present the two possible forms of the metric as well as
the Einstein field equations, the conservation laws for the matter fields and
the four possible forms of these matter fields - namely, the scalar fields, the
electromagnetic fields, the classical macroscopic fluid, and the Vlasov (colli-
sionless) matter.

In Chapter 3, we deal with the parametrisation of the space-time under
the coordinate chart specified in the previous chapter. We use the conditions
of the theorem to specify the structure of the metric - and we explain why
other structures are not discussed. We compute the Levi-Civita connections,
the curvature tensors and the energy-momentum equation in the most generic
form. What we aim to prove is that a non-null transversal is restrictive and
yields trivial or well-known results; thus, a null transversal must be opera-
tionalised. In this case, the third part of the theorem is easily proved.

In Chapter 4, we consider the case of vacuum solution (the Einstein sys-
tem). In this case, the Einstein tensor is set equal to zero, due to the absence
of any matter fields. Assuming a set of coordinates adapted to the transversal
and the group, the derivatives of the metric along the transversal are reduced
to simple partial derivatives, while the derivatives along the group are given
by the group. Hence, the Einstein equations reduce to ordinary differential
equations. Following, the existence and uniqueness of solutions can be proved
given a set of initial data (on an orbit of the Bianchi group) and a fixed in-
terval of the independent variable (along the transversal collineation);®. these

3A comment must be made here about the use of the word “collineation” throughout
this thesis. Usually, a vector field is termed collineation (with respect to something) when the
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are proved by means of a fixed-point argument and the Picard-Lindelof the-
orem. We also attempt to extend the the fixed interval of the independent
variable so as to cover the entirety of the space-time. Finally, examples of
such solutions are presented, such as the Minkowski space-time.

In Chapter 5, we extend our research to the A—vacuum solution (the
Einstein system with a cosmological constant). In this case, the Einstein
tensor is not zero, but proportional to the metric tensor; nevertheless, the
rest of the set-up remains the same. The Einstein equations are reduced
to ordinary differential equations and the existence and uniqueness of their
solutions can be proved by means of the same fixed-point argument and the
Picard-Lindelof theorem. Examples of this case, e.g., the de-Sitter space-time,
are provided as well.

In Chapter 6, we turn our emphasis on electro-vacuum solutions (the
Eintein-Maxwell system), where the presence of free (charge-less) electromag-
netic fields in the space-time is allowed. In this case, the Einstein tensor is
equal to the Maxwell energy-momentum tensor, which is given with respect
to the Faraday electromagnetic tensor. By proving that the electromagnetic
fields inherit the symmetries of the space-time, we show that the derivatives of
the Faraday tensor along the transversal reduce to simple partial derivatives,
while its derivatives along the group are determined by relations similar to
those for the metric; hence, the Maxwell equations reduce to a set of ordinary
differential equations with respect to the same independent variable as the
metric and a set of constraints. Thus, the complete Einstein-Maxwell system
is an ordinary differential system, which can be solved in the same manner
as the Einstein system in Chapters III and IV. Examples of space-times with
free electromagetic fields are given in the end.

Chapter 7 introduces matter fields in the context of a perfect fluid (the
Einstein-Euler system). Now, the Einstein tensor is equal to the energy-
momentum tensor of a perfect fluid, determined by the latter’s energy density
and pressure -two scalar quantities- and the velocity of the fluid. What we
prove here is that the matter-energy density and the isotropic pressure of the
fluid, as well as the observer’s velocity vector inherit the symmetries of the
space-time; consequently, their derivatives along the quotient are reduced to
simple partial derivatives along the chosen parameter, and their derivatives
along the group are determined by simple relation similar to those for the
metric. In this case, both the Einstein and the Euler equations are simply
ordinary differential equations. Their solution over a given interval of the
independent variable can follow using a fixed-point argument and the Picard-
Lindelof theorem; an extension is possible trivially. Finally, a number of

“movement of a specific quantity along it can be described as an isomorphism of this vector
field (e.g., a “curvature collineation” is one that preserves the Riemann tensor, a “matter
collineation” one that preserves the stress-energy-momentum tensor, etc.). In our case, this
vector field does preserve the group elements, as it commutes with them. Therefore, we will
use the term in the following meaning: any vector field in the quotient of the group that
preserves the group action will be termed a “transversal collineation”.
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known perfect fluid solutions that yield homothetic vectors are considered as
possible examples of this case.

Chapter 8 concludes the thesis, summarizing the results and suggesting
possible extensions of the work for the future. The main goal is to consider the
FEinstein-Vlasov and the Einstein-Boltzman systems under the same set-up.
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2. A Notice on Notions and Notation

Before we proceed, it is useful to make a short comment on the notions
and notation used so far, that will be used in the dissertation as follows.

The main geometric features employed in relativistic gravity and cosmol-
ogy, hence in the modified theories of gravity and cosmology as well, are the
tensors. Tensors are geometric objects that map other objects to itself in a
multi-linear manner; given a metric affine manifold with a coordinate basis,
tensors can be expressed as multidimensional arrays, whose elements corre-
spond to a mapping on the specific basis. Such an object is expressed with

indices in the form

Tala2~~-01n
K1K2...Em 7

where n + m is the rank of the tensor. The simplest form of tensors are the
scalars (0-rank) and the vectors (1-rank).

The full definition of tensors is given by means of a coordinate basis
change, since these objects remain unaffected, or rather invariant in such
changes, proposing that the manifold on which they are defined in affine. As
a result, given an “old” coordinate basis, {z*}, and a “new” one, {Z/}, along
with the (reversible) transformation rules, ## = Z#* (z¥), any tensor follows
the following transformation rule,

Ta1a2... — oz 9z maxAl 8x)‘1 B1B2... )

Rk Qb 92 T OFk Okt Az,

Any other multidimensional array of arithmetics that does not follow this
transformation rule during a change of the coordinate basis, is not considered
an invariant of the manifold and, thus, is not a tensor.

The indices of the tensors can be upper or lower, depending on whether
they correspond to the tangent or the cotangent space defined by the coordi-
nate basis on the manifold. Upper indices correspond to the tangent space,
that is defined by means of the coordinate curves tangent on the unit vectors;
lower incides correspond to the cotangent space, that is defined by means
of the coordinate surfaces vertical to the unit vectors. Greek letters will be
used for the indices of tensors that are defined on 4-d pseudo-Riemannian or
Einstein manifolds (that have non-degenerate metric and curvature propor-
tional to it), used in General Relativity, where o = 0 denotes the temporal
components and a = 1,2, 3 denote the spatial components; latin letters will
be used for the indices of tensors defined on 3-d Riemannian manifolds (that
have positively defined metric and curvature), where i = 1,2, 3 correspond to
spatial components only.

Since the analysis is conducted on curved differentiable manifolds, many
forms of differentiation shall appear. Partial derivative with respect to the
coordinate basis shall be denoted as

oU

W:aHU

Thus, the covariant derivative is defined as the derivative of a tensor along
the tangent curves of the manifold; it is an extension of the partial derivative,




2. A NOTICE ON NOTIONS AND NOTATION 9

equal to it when scalars are considered and diverging from it when higher-order
tensors are differentiated. The divergence results from the affine connection of
the manifold, measuring the latter’s divergence from a flat Euclidean space,
and is as large as the order of the differentiated tensor. More specifically,
given a scalar, ®, we have
V@ =0,2;
given a vector, V# in the tangent space and V), in the cotangent space, we
have
VWV =0,V +T,,V* and V,V, =9,V, — T, Vx;

finally, given a 2-rank tensor, T"", or 1}, or T",, we have

VI = 8,17 +T° T +T7,,T",

ViTpo = 0uTpo — T, Too — T, Tpx and

VuT%, = 0,10, +1° T, —T*,,T7
and so on. I'® By is the affine connection of the manifold, a non-tensor object,
as it is not invariant in the manifold (it does not transform accordingly when
the coordinates change).

Moreover, throughout this work, Greek letters shall be used for indices
on the 4-dimensional space-time, while Latin letters for the indices on the
3-dimensional homogeneous sub-space. Following Gourgoulhon, {«, 3,7, ...}
and {a, b, c, ...} shall be used as free indices, while {x, A\, u, v, ...} and {3, j, k,, ...}
as contracting indices [33]; this could be is used in accordance to some parts
of the literature to ease the immediate identification of the tensor rank of each
equation. Round brackets among the indices denote symmetry, angle brackets
denote trace-free symmetry and square brackets denote skew-symmetry.

Finally, to distinguish between forms and vectors, we shall employ distinct
symbols: bold for the former, and an arrow-above for the latter. As a result,

-0
7
Y o

is a vector spanned in the tangent space, T, M, while

U=

u = y;da’
is the corresponding 1-form spanned in the dual or cotangent space, T; M
(at some point p). This is done as to avoid the confusion of using indices
to denote vectors that belong in a certain algebra, rather than coordinates
(which is the convention). We should note that the metric and other famous
rank 2 tensors (e.g., the Faraday tensor, the stress-energy-momentum tensor)
are usually written as 2—forms, so they will follow the same writing.






CHAPTER 2

The Construction of the Space-Time

1. Introduction

In this chapter, we discuss the construction of the space-time under the
particular conditions of a Bianchi group acting freely and regularly on it. The
chapter begins with a brief review on groups and their action on manifolds,
specifically about the classification of Bianchi groups.

The first part of the chapter leads to a theorem describing the construc-
tion of such a space-time, such that the foliation does not occur under an
orthogonal (time-like or space-like) slicing, but following a null collineation
that is geodesic and invariant under the action of the group. The second
part discusses the the elements of the space-time, i.e. the connection, the
curvature elements and the matter models.

2. Manifolds and Groups

Consider a space-time (Vy, g), where V, is a (non-empty) pseudo-Riemannian
manifold and g the (definite) metric imposed to it, with signature (—, +, 4+, +);
TV4(q) is the tangent bundle of V on a point ¢ € V4. Consider G a 3-
dimensional group of symmetries with algebra &, that acts freely and reg-
ularly on (Vy4,g); hence a 3-dimensional submanifold M C V), exists, whose
symmetry group is G. It is important to explain what free and regular mean,
since we use the definitions set out by Olver [34]. For the former we have:

DEFINITION 2.1 (Free Action). The action of a group G on a manifold V
is free if the isotropy subgroup of any individual point zg € V is trivial.

This definition is similar to the usual definition of a free action (e.g. in
[35]), since it implies that the action contains no fixed points - i.e., g - # x
for g € G. Now, for the latter, we have:

DEFINITION 2.2 (Regular Action). The action of a group G on a manifold
V is reqular if

e all orbits of the group have the same dimension, and

e cach point z € V has a system of arbitrarily small neighbourhoods
U(z) such that each orbit of the group O(2') for z' € U(z) intersects
these neighbourhoods in a pathwise connected subset.

11
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This definition is not identical to the usual definition of regular action,
since it does not contain transitivity by definition.

It follows from the “Homogeneous Space Construction Theorem” that M
is a homogeneous manifold represented as the left coset space M = G/H,
where H a closed subgroup of G, whose dimension is given as

dimH = dimG — dimM .

Of course, if H is a discrete closed subgroup of G, then dim* = 0; hence,
dimG = dimM = 3 [36].

Given a point h; on this hypersurface is “moved” along an orbit on this
hypersurface according to hy = g - h1, where g € G. If Ly : G — G the diffeo-
morphism on the group, or equivalently Ly : M — M the diffeomorphism on
the 3-dimensional sub-manifold, such that

(1) hQZLghl :g'h1,
is unique for any g, h1, ho € M and has the following properties
(2) (Lg) ' =Ly+ and Lyo Ly = Lgs.

Then, the derivative of the diffeomorphism “moves” vectors, v, from the tan-
gent space of M on some point h; € M to the tangent space of M on some
point hy € M as

(3) ,
L ) o(L),
dLy : TM (h1) = TM (ha) : Ty = Ty = dLg (T,) = (v'),. W)h 5
1
In this, we consider that (Lj )g (x) are the components of the left translation

Lg(h) = g - h in some local coordinates {z'}; vectors like ' that fulfill these
identities are known as left invariant vector fields and have the following
properties:

(i) dLg () = dLg (dLy (7)) = (dLg 0 dLp)(T0) = dLg (o) = Tgn
(112) dLg(Whaﬁf]) - [dLg (U) ,dLg (77f)] = [Ug-n: Uy ]

Let us first consider the group. Without loss of generality, we can assume
that the group referred to is a Bianchi group; that is, a three-dimensional

ITransitive actions are usually defined as those for which, for any two points =,y € M
there is some g € G such that g-x = y [35]. Following this idea, regular actions are defined
as simply transitive, that is, as actions that are both free and transitive; hence, regular
actions, in this fashion, are those for which there is a unique g € G such that any two
different points =,y € G are uniquely related as g -z = y.

To give an example of why the two definitions are not alike, let us take a direct sum of
a one-dimensional and a two-dimensional Lie group that act simply transitively (regularly
in the usual definition for ordinary groups) on the direct sum of a straight and a plane,
respectively. Then, we have orbits of unequal dimensions; so this action is not regular (in
the definition given by Olver).
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real group whose non-isomorphic structure is determined by a closed set of
commutators. Any such group belongs to a classification of nine, the im-
portance of which lies in a complete accounting of the symmetry groups of
three-dimensional real spaces [37]. All Bianchi groups except for types VIII
and IX can be constructed as a semidirect product of IR? and IR, with IR
acting on IR? by some 2 x 2 matrix A; as for types VIIT and IX, they are
directly related to the special linear and the special orthogonal groups respec-
tively. Notably, the class is divided to two sub-classes: Class A refers to those
that are unimodular and Class B to those that are non-unimodular.

Let &, be the generators of a Bianchi group, which act by homotheties on
the 3-dimensional sub-manifold M, hence

(5) (0 &) = Ve & — Ve ba = CTolm,

where €, the structure constants of the Bianchi group. The generators of
the Bianchi group are also related by means of the Jacobi identity,

(6) (o (@5, &) + [&, (e Eal] + [€ €, &) =0,
which can also be written with respect to the structure constants, as
(7) Cdam Cmbc + Cdbm Cmca + Cdcm mab =Y.

For a detailed account of the non-isomorphic structure and the automorphisms
of the Bianchi groups, see Tables 1 and 2.

It is easy to see that the form of the matrix A is sufficient to determine
the particular Bianchi group:

e Bianchi I corresponds to any simply connected group whose centre
is IR? and outer automorphism the three-dimensional general linear
group. The matrix is zero (4 = 0).

e Bianchi I corresponds to any simply connected group whose centre
is IR and outer automorphism the two-dimensional general linear
group. The matrix is nilpotent, but not zero. The corresponding
algebra is the Heisenberg algebra.

e Bianchi I corresponds to any simply connected group with centre
IR and outer automorphism the group of non-zero real numbers. The
matrix A has one zero and one non-zero eigenvalue. The correspond-
ing algebra is solvable and non-unimodular.

e Bianchi IV corresponds to any simply connected group with trivial
centre and outer automorphism the product of the reals and a group
of order 2. The matrix A has two equal non-zero eigenvalues, but it
is not diagonisable.

e Bianchi V' corresponds to any simply connected group with triv-
ial centre and outer automorphism group the elements of the two-
dimensional general linear group with determinant equal to 1 or —1.
The matrix A has two eigenvalues and it is diagonisable.
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TABLE 1. Properties of the Class A Bianchi Groups
Bianchi|| Non-isomorphic Automorphism Cr Lie Dimension of | Dimension of
Group || Structure Htomorphis oup Algebra | Automorphisms| Isometries
(1.6 =0
I [€2,63] =0 GL(3, R) $(1)? 9 6
[€3,61] =0
-z det|A| 0
g.gl=0 [ ("
u £2:6]=0 | Ghere AcGrm) |29 O 4
(€3, &1] = —& and ¥ € IR?
c —d 0
-2 d 0
[€1,6] =0 a O
Vi 527€3] =0 ) where ¢.d € R, iso(1,1) | 4 3
,6] = —& such that c or d # 0
and 7 € IR?
—c d 0
€.6]=0 PR
VIl [5_,2’ é:?’] - §_} where ¢,d € IR, is0(2) 4 3
[€3,61] = &2 such that ¢ or d # 0
and 7 € R?
EAR
VIIT || [65.65] = & SO(2,R) s0(2,1) |3 3,4
[€3,61] = —26
6.6
IX [53,%] = f} SO(3) 50(3) 3 3,4
[€3,61] = &2

Bianchi V' Iy corresponds to any simply connected group with triv-
ial centre and outer automorphism the product of the positive real
numbers with the dihedral group of order 8. The matrix A has non-
zero distinct real eigenvalues with zero sum. The corresponding Lie
algebra of the two-dimensional Poincaré group, i.e. the group of
isometries of two-dimensional Minkowski space.

Bianchi VI corresponds to any simply connected group with trivial
center and outer automorphism group a product of the non-zero real
numbers and a group of order 2. The matrix A has non-zero distinct
real eigenvalues with non-zero sum. The corresponding algebra is
solvable and non-unimodular.

Bianchi V11 corresponds to any simply connected group with trivial
centre and outer automorphism a product of the non-zero real num-
bers and a group of order 2. The matrix A has non-zero imaginary
eigenvalues.
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e Bianchi V11 corresponds to any simply connected group with trivial
centre and outer automorphism group the non-zero real numbers.
The matrix A has strictly complex (non-real and non-imaginary)

eigenvalues.

Bianch VIII corresponds to any simply connected group with centre
IZ and its outer automorphism group has order 2. The corresponding
algebra is that of a two-dimensional special linear group of traceless
2 X 2 matrices, which is simple and unimodular.
Bianchi I X corresponds to any simply connected group with centre
of order 2 and trivial outer automorphism group. This is equiva-
lent to a spin group. The corresponding Lie algebra is that of a
two-dimensional special orthogonal group, which is simple and uni-

modular.

TABLE 2. Properties of the Class B Bianchi Groups

Bianchi|| Non-isomorphic Automorphism Crou Lie Dimension of (])Dflmensmn
Group || Structure P P | Algebra | Automrphisms Isometries
1 7
> o 0 d
6.6 =0 0 d c
111 [@af_{i]zo_, where ¢,d € IR, Rxly 4 4
(€3, 6] =—& such that c or d # 0
and 7 € R?
1 v
> o 0 d
[§1,6] =0 0 8 c
v [@’gj”]:&ﬂ where ¢, d € IR, Rxly 4 3
[§3.61] = —& — & such that c or d # 0
and 7 € IR?
- 1 v
€161 =0 0 A
v 6.6] =6 where A € GL(2,R) | 1 X 942) | 6 0
[€5,61] = =& and 7 € IR?
1 v
el 0 ¢ d
[5—»1, é;?] = — 0 d & 2
Vin [5_,2’5_?’] = h§_2, where ¢,d € IR, RxR 4 3
€3, &] =& such that c or d # 0
and 7 € IR?
1 7
> o 0 d
[51; 52] =0 0 cd c
T — 2
VIIy [@agj’)]_é}Jrh@ where ¢,d € R, RR 4 3,6
[€3,61] = & — h& such that c or d # 0
and 7 € IR?
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Also, from the contractions of the Jacobi identity, we easily prove that the
Killing form,

(8) Cnma mnb = Onmb Cmna )

is a symmetric rank-2 tensor, and thus the following contraction between
structure constants is also zero,

(9) Cnab Cmmn =0.

These ensure the prerequisites of our theorem for the construction of a space-
time.

Let us now consider the action of the group on the space-time. In general,
there are three manners a group can act on a manifold:

(1) A group acts by isometries when the Lie derivative of the metric
along the generators of the group vanishes

(10) Egag =0,

in which case, moving along the orbits of the group, distance are pre-
served. Examples of such actions include the usual ‘physical symme-
tries’ observed in many well-known solutions of General Relativity,
such as translations, rotations and Lorentzian boosts. Generators of
such a group are known as Killing vector fields of the manifold.?

Given two vectors, & and ¥/, and a metric, g, the definition of an
isometry leads to the Killing equation

(11) 9(Vila, §) +9(F Ve 7) = 0.

(2) A group acts by homotheties when the Lie derivative of the metric
along the generators of the group is

(12) Leg=0ug.
where ¢, € IR are scalar constants, dependent only on the particular

generator and g the 4-dimensional metric. In this case, moving along
the orbits of the group, distances grow (or shrink) proportionately;

2For example, in Minkowski space-time, in the standard coordinates,
ds® = —dt® + da? + dab + d=3,
the Killing vector fields correspond to the translations with respect to space and time,

N B - -~ 0
£O_Ea 51_8751317 52_875132 and 53_87.%7

the rotations about all three spatial axes,

E——xi—i—az— g——az——i—xi and g——:ci—i—m—
1 2 (9:L‘1 ! axz ’ 5= 3 axz 2 8333 6= ! 81:3 3 8m1 ’
and the Lorentzian boost along all three spatial axes,
> 1o} 1o} - 9] 1o} - 9] 1o}
=2 L =2y +t—— and & =a3o +lo—.
=ty e o ST g Ty, md S=mg tias
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that is, an action by homotheties implies uniform scaling of ‘objects’
moving along the orbits of the group. Generators of such a group
are known as homothetic vectors or homothetic collineations.>

Given two vectors, T and g, and a metric, g, the definition of a
homothety leads to the homothetic Killing equation

9(Vila, §) + 9(% Ve i) = 20a9 (%, 7) -

(3) A group acts by conformal symmetries when the Lie derivative of
the metric along the generators of the group is

‘Cgag = ¢a($)g)

where ¢,(x) € IR are scalar functions, dependent both on the par-
ticular generator and g, and on the point x of the manifold. In this
case, moving along orbits of the group, angles are preserved but dis-
tances are not. Generators of such a group are known as conformal
Killing vectors or conformal collineations.*

Given two vectors, T and g, and a metric, g, the definition of a
homothety leads to the homothetic Killing equation

S . o 2 . .. -
9(Vata, §) +9(%, Ve §) = —g(&, §)divg <€a> :

These groups can act on either a spacelike hypersurface, S3, a timelike hy-
persurface 73, or a light-like hypersurface, N3, deeming the space-time V
hypersurface homogeneous (Stephani et al. 2003). As a result, the orbits

3For example, in the space-time defined by the metric [44]

ds® = —erdt?® + dr? + 2dQ,

there are three homothetic vectors: a scaling along the radial direction

- 0 0
& = ta + e
and three rotations, along angles 6 and ¢
52 = sinqﬁ% +COS¢COt96%S , 53 = —cosd)% +sin¢cot0% and & = % .

AFor example, the space-time where the Bianchi 171 group acts by isometries,

ds® = A%(t) (emM( —dt® +dzi) + MVl qe2 4 e_%ldxg) ,

admits one proper conformal symmetry

Y 2 9o 303

for given parameters m, A € IR and arbitrary function A(t).
Similarly, the space-time where the Bianchi V' group acts by isometries,

ds® = A%(¢) (eMM( —d® + dx%) + 271 (emu*l)tdxg + dx%)) ,

admits one proper conformal symmetry

E —324,:5 i+kx i
YT oot 2 92s 331’3’

for given parameters m, A\ € IR and arbitrary function A(t) [45].
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of the group are identified with the homogeneous three-dimensional hyper-
surfaces (the foliation) of the space-time; as for the geodesics on the three-
dimensional hpersurfaces are adjoint representations of the particular group
orbits - of dimension 3 or less.

In the case considered, we will assume that the group acts by homotheties.
As a result,

(16) Lz g = dag.

We should notice that the multiplication of the homothety constants to the
structure constants sums to zero,

(17) ¢iciab = 0

2.1. Preliminary relations between vectors. In order to proceed, we
will need to calculate the covariant and the Lie derivatives of arbitrary vectors
along arbitrary directions. In particular, we can calculate inner products of
vector fields with covariant derivatives of vector fields. The first part is just
Lie derivatives that do not need the specification of the space-time connection.
Consider three vector fields, ¥, 4 and @, defined on the space-time. Then, the
Lie derivatives of their inner products are

(18)

This leads to formulae which are more or less the coordinate free versions
of the familiar formulae for the Christoffel symbols of the first kind, with all
indices lower. There are commutator terms because the vector fields aren’t
partial derivatives with respect to a system of coordinates and the derivatives
of the metric are Lie derivatives. First of all, for any three vectors 7, , 73, %, €
TV,4, we have
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Then, the Christoffel symbols of the first kind for generic directions can be
given as

(20)

. 1 . L S
9(Va T8, Ta) = Tapy :5<(5579) (Z8, Za) + (L7,9) (Ta, Ty) — (Lz, )(W&“«,))

45 (900871, 70) + 9. 80).7,) = 917 7,1.75) )

These Christoffel symbols are not symmetric with respect to the second and
third indices, as is the usual case; the symmetry is broken due to the skew-

1
symmetric term §<g([5c'7,f/3],fa), and can easily be restored if we assume

that vectros ¥z and Z, commute. The Christoffel symbols of the second kind
are easily derived from these by raising the first index as
(21)
I, =g~ (x*, x")L i,
1

:ig_l(xaﬂ(“)((ﬁfm,g) (fﬁafu) + (‘Cfﬁg) (fﬁtvl—:’y) - (‘Cfug) (f'y?fﬁ)>

1 D o = o o = Y o =
+ §g—l(xa’x,u) <g([m7,x5],xﬂ) +g([$ﬂ7xu]a$7) - g([ﬂ?u,l‘-y],:ﬂﬂ)) )

where x®, x? are the 1-forms corresponding to @ and 7 - that is the ‘index-
lowered’ 1-forms
X = g(fa ) )
and conversely
- 1
=g (x, ) .
It is worth pointing out that vector & and 1-form x are not necessarily dual,

since the assumption of a tetrad basis {fa}azo 1 2.5 has not been made. If we

allow this assumption, i.e, that {a?’a} is a basis of the tangent space

TVy, then {XO‘}

=0,1,2,3
is a basis of the dual space T*V,, such that

However, this assumption is not necessary, in the sense that these relations
can hold for any number of vectors Z.°
Obviously, the covariant derivatives of any vector field Z, with respect to

any other Zg (even the same) can be given as usual, utilizing the Christoffel
symbols of the second kind as,

(22) Vi, To = I 57,

a=0,1,2,3

where the Einstein notation is being used (i.e., this relation assumes a summa-
tion over all w's).

Another important relation, before we turn to Einstein’s equations, is
mixing the Lie and the covariant derivative of vectors. Let us assume that in

5This means that x® is not uniquely defined by Z.
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Eq. (18), one of the vectors multiplied is the covariant derivative of two other
vectors; hence, if

£fa (g(Uv fﬁ)) = (ﬁf?ag) (17’ 5,3) + g([fow U]v fﬁ) - g([j:ﬁ’ f‘l]’ﬁ)
then ¥ = Vg, @, so that
(23)
»C:E'a (g(v:f’(;f'yv CEB)) = (‘Cfag) (vrf'(;f’w fg)—l—g([fa, vﬁsf’Y]’ fﬁ) _g([fﬂv fa]? vfaf’Y) :
Similarly, from Eq. (20), we can compute the inner product of a covariant
derivative and a Lie derivative as

(24)

29(Vi, iy, [¥a, 75]) =(Lz,9) ([T, Tal, 75) + (Lz 59)([%75&]:@) — (Liz.,709) (35, )
+9([#y, [Ta, T6]], 75) G

So, from Egs. (23) and (24), we may get

(25)

29(Lz, Vi, Ty, T5) =2Lz, (9(Va;®y, 75)) — 2(Lz.9) (Vi 75)
— (£2,9) ([Za, T5], T5) — (L2,9) ([Ta, D5l 7y) + (Lpz ,fmg) (fwfa
—9([7;. [7a, 73], %) — ([

where (Lz, 7,19) (75, 75) = (Lz,L3,9) (T4, T5) — (LazLz,9) (Tr, Ts)-
The Lie derivative of the connection (Eq. (20)) along 0 is

(26)

2L3, (9(Va, @y 7)) =(La.L3,9) &y, T5) — (Lz,Lz,9) (T, 75) + (Lz.L3,9) (T3, 75)
+(Lz,9) ([Ta: 75, 75) + (Lz,9) (T3, [Ta, T5))
- (£~ﬂg)([§:’wé’v},f5) - (‘Cqﬂg) (f% [faafts])
+ (ﬁfag) ([fav‘fv]v‘fﬁ) + (Eﬂ?ag) (fw [_‘ow qﬂ])
+g([[#, 75, Ta], T5) + g ([, Tp], [Ta, T5])
= g([[%;, 75), 7o), 75) — g([&, Zo], [T, Tp])
+g([[T5, Ts), 7o, 7y) + 9([Zp, Ts], [Ta, T5]) -

x

Substituting Eq. (36) to Eq. (35), we obtain a relation that decomposes the
Lie derivative of the covariant derivative of a vector along another vector to
a series of Lie derivatives,

(21)
29(Ls,Vz,3y, T5) = — 2(Lz,9) (Va,y, Tp)
+ (Lz,Lz,9) (T3, 75)
+ (Efag) (fﬂv [faa 55])
— (L2,9) (%5, [Ta, 5]) — (L2,9) (75, [Fa,

(Ls.L7:9) (T5: 25) = (La5L7.9) (T4, Ts)
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This relation can be used to examine whether these two vectors are orthogonal
or not; if they are, the above relation should be zero.

2.2. Riemann and Ricci curvature in a generalised frame. Cur-
vature of (pseudo-)Riemannian manifolds is defined as the difference between
the original and the final state of the parallel transport of a vector along a
closed loop. This curvature is measured by the Riemann-Christoffel tensor,
that is defined as

(28) R (0,0) W = VaVg — VgVl — Vig g,
for any vector fields ¥, 4 and @ on the manifold. Assuming a tetrad basis
{Za}a=0,1,2,3, this would be written as

R, 5Ta = R (xy,25) 23

Obviously, the last two indices of the Riemann tensor (v and J) are anti-
symmetric, regardless of the frame on which it is written.
Given any vectors 2%, %, #7 (not necessarily a tetrad basis), we have

(29) R(f,y, fg)fa = Vfwv;ﬁ‘éfa — V%Vfﬁa — V[‘i‘,wfg]fa ,
where the covariant derivatives are given as

(30) Vi To =TV, 2,

and, subsequently, the second-order covariant derivatives are give as
(31)

Vi, ViZa =V (T sTu) =
_ TR - TR " -
_(‘Cf'yr aé)xﬂ + quaévf—yx# - (ﬁf'yr a(?)x# +T aéFVWLmV
We note again that the Christoffel symbols are matrices, not tensors; hence,
they must be differentiated accordingly. As a result, the Riemann tensor can

be written as
(32)

R(fw 55)506 = (ﬁfwruaé)fu_ (Lfél““m/)g}'u+1““a51“”wfy—f‘“ml“”5uf,,—C”% Fyau

The only problem is to specify the Lie derivatives of the Christoffel sym-
bols of the second kind. That is

Lz, 0%, =Lz, (97" (x*,x") g (Va, 75, 7)) ) =
=Ly (97" (x*%) )9 (Vir, 85, ) +97" (%% %) L3, (9 (Va, 75, 70) )
= =g (x%x") g (11, A) L, (9(F, ) 9 (Vi 75, 7))
g ) L, (0 (Vi 7,8 )
To calculate this we require the Lie derivative of an inner product of two
vectors (Lz, (g(f,{,:f}))), the inner product of a covariant derivative with a

vector (g (Vf,y Zg, f“)), and the Lie derivative of the inner product of a covari-
ant derivative with a vector (Lz, (g (Vfwfg, f#) )) The first two are known,

—

Ty, .
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from Egs. (18) and (20); the third is easy to compute if we substitute one of
the vectors multiplied to Eq. (18) with the covariant derivative, so that

(33)

L (9(Va, @5, %)) = (L239) (Va, s, Tu)+9([%5, Va, Bsl, D) =g ([T, Ts), Vi, Tp) -

From Eq. (20), we can compute the inner product of a covariant derivative
and a Lie derivative as

29(Vie, Bp: [, 75]) =(Lay9) ([, Bl By) + (L, 9) ([, B5], ¥5) = (Liz,z009) (s, F)
+9([Zp, [T, Bsl] . 25) + 9([25, (84, T6]), Tp) — 9([Tu, 75, (5, T5]) -

So, from Egs. (23) and (24), we may get

(35)
29(Lz, Vi, T, %) =2Lz; (9(Va, 75, 7u)) — 2(La,9) (Va, 75, Tu)

- (ﬁfag) ([féafu]vfw) - (L’fwg) ([55755#]’ ﬁﬁ) + (ﬁ[féafu]g) (fﬁafv)
+ g([f% fﬁ]? [557 fﬂ]) )

where (Liz; 7,19) (s, %) = (Li;L5,9) (F5, ) = (Lz, Lz,9) (F5, 7). Eventu-
ally, the Lie derivative of the connection (Eq. (20)) along ¥y is

(36)
2Lz (9(Va, T, ¥u)) =(La;L3,9) (. T5) = (L£z,La;9) (T, T3) + (La;La,9) (T, Tp)
+ (Efﬁg) ([f(g,(fu],fv) + (£~ﬂg) (fl“ fg,fy])
- ([’fug) ([557 _;5]757) - (‘Cfug) (fﬁﬂ [55757])
+ (ﬁf'yg) ([@57 fﬁ]v fﬂ) + (Ef'yg) (f/ﬁ? 25, fﬂ])
+ Tl T 7fv)+ 33'575;’“7[* Ty
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Consequently, the Lie derivative of the Christoffel symbol is
(37)

L _ a LK\ ,— = =
£a, T, =™ (e )™ (o 36) (£5,0) (B )

As a result, the Riemann-Christoffel tensor is written as

(38)

R, Zéga“ ((ﬁfﬁﬁfug)ms —(L#,Lz59)vs + (Lay Lasg)vypu
—(Lz,Lz,9)ps + (Lz,Lz,9)55 — (Lz, Lz;9) 6y
+ C", (Lz,9)ov + C"35(Lz, 9w — C¥3y (L, 9)vs — C¥35(Lz,9) v
+ C"y (Lzs 9w + C¥3, (Las 9)yw — C% (L 9)or — C¥ 5 (L 9)
+C" 5(Lz,9)s0 + C¥ 5 (L2, 9) s — C%5(Lzs9)pw — C¥y i (Lzs9) pw
+C" 0% 5950 — CF 5C 59 + CF 15 C™ 5 0

= 5, Cy 030 + C35C e g = C,5C 950
1
+ 59‘”‘9’“ ((ﬁzﬁ,g)am + (Lz59)yn — (Li,9)v6 + 91pC” 5 + 91pC"%, + gapC"W)

((ﬁfug)m + (Lz59)ux — (L2,9)pu + 900 C%p + GuocC%x + gﬁaC”M>
1
2

((ﬁfug)'y)\ + (Lz,9)ur — (La,g)yn + 9:0C%, + 9uoC%n + QWUCU;M)

2

— -g*" g ((Efﬁg)an + (L2985 — (Lz,9)85 + 9rpC”s5 + gﬂpC%Q + 950C" 55

1
+ 59 (([rfag)ﬂu +(Lz,9)6u = (Lz,9)60 = 9urC, = 952C7 + g”ACA(S“)CVﬁ”
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Of course, the traces of the Riemann tensor are said to represent the local
features of Riemannian curvature and are defined as

(39) Rap = R*,5s and
(40) R = gHVR,uI/ = gHVR)\u/\V :

Given the relation, for the Riemann-Christoffel tensor, it is easy to ex-
press the Ricci tensor with respect to the derivatives of the metric and the
commutators as

(41)
Rag :%g’“ ((ﬁfﬁﬁmg)aﬁ — (La.Lw9)ap + (LiLi.9)pn
— (Lz,L7,9)an + (La, L7;9)an — (Lag Lz, 9)r
+ C¥ o\ (Lz,9) s + CFo (L2, 9) un
—C" 5 (L @) — Co (L2,9)pp
+ O (Lzsg)ap + CFo (L3,9)
+C", (Lz,9) )

+ Cu,@)\ CVN’igCW o Cua)\ CV#Rg/BV + Cuaﬁ CVMH9>\V>

1
+ 59“9/\0 ((ﬁfag),ﬁp -+ (Efgg)ap - (Eipg)a/ﬁ - ngC“aﬁ + ga#C”ﬂp + gﬁucuocp)

((ﬁag)m + (L3.9)r0 — (Lz, 9k + 9ovC%x\ + 90 C" 0 + Grv "“Aa)

1
- igﬁpg/\a ((ﬁfag)ﬁp + (Efng)ap - (Efpg)om - gﬂMCHan + gallcuﬁp + g'iMCkap)

(['fgg)AG + ((‘Cfxg)ﬁa —(Lz,9)8x + gaucyﬁu + gkucyﬁa + QBVCVAU)

1

- Qgﬁ)\((['fag)nu + ([':Eug)om - (Acfng)au - gmzcya# + gaycylm + QWCVM>C“5>\ )
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and the Ricci scalar as
(42)
1 K. 4
R=5g9" (L2, L2,9) — (£a,L, )+ (L, L3, D
- (Ea_:‘,\‘ca_c’yg>ﬁu + (Efyﬁa?kg)nu - (E@L‘:E,ﬁg)pw
+ Cpm/ ('C:?Ag)pu + Cpn,u (ﬁf,\g),lw - Cp;-g)\ (Efug)l)/lz - Cpn,u (ﬁf,,g)PA
+ Cp;m (‘Cng)PV + Cp;m (‘Cﬁg)pA + Cpp)\ ([’fug)/m - Cpu)\ ([’fng)ﬂl’
+C7, O pugro — c’y, Cpudro + C’x O pugve
1 R\ U VO
+ 29 g g

((ﬁfﬁg)m +(Lz,9)rer — (Lz,9)kr — 9roC%x + 9kcC0\ + gAaCUm>

(€290 + (£5,9)0p = (£2,9)un + GprC + 93 CTop + 93 C )
_ %gmguvgﬂp
((['fng)/w + (Lz, 9w — (L, D rp — GuoC% + gyaC"w)
((Eng%rp + (L2, 9z — (Lz,9)an + 9prCTr + ngTAp)
599" (L2900 + (L,9)un — (L2,0)n,

2
+ guo'cgpn + g,‘iO'CUplu, - gpacgun) CPAV .

As for the long-range effects of curvature, they are represented by the
traceless and conformal Weyl tensor,
(43)

1 1
Wagys = gauR" By 5 (RadgﬁA,vLR,ngaa*RaygﬁrR,&sgalphay)+6R(9ay965*ga5957) .

2

We should note that the Ricci tensor should be symmetric in its indices,
proposing that the frame on which it is written is an orthonormal one. As for
the Weyl tensor, it retains the symmetries of the Riemann tensor.

2.3. The construction of the space-time. This study focuses on space-
times where a Bianchi group acts freely without any restriction on the nature
of the homogeneous hypersurfaces. This comes at odds with previous exam-
ples of Bianchi group actions on space-times where the group acted transitively
by isometries leading to an orthogonal slicing of the space-time. In our case,
the following usual assumptions are dropped:

(1) First assumption dropped: Transitive Action.
The Bianchi group acts freely and regularly (in the definition of Olver
[34]). This implies that the orbits of the Bianchi group are strictly
of dimension three.
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(2) Second assumption dropped: Isometries.
The Bianchi group acts by homotheties.

(3) Third assumption dropped: Orthogonal Slicing.
The quotient of the group is not a unique neither an orthogonal
transversal vector field in the space-time, but may be any of all vec-
tors that are invariant under the action of the group.

THEOREM 2.1 (Construction of a Homogeneous Space-time). Assume there
s a four-dimensional space-time Vy and a three-dimensional group G, such
that

(1) the group G acts freely and regularly on the space-time Vs, admitting
3-dimensional orbits on it, and

(2) the group G acts by homotheties on the space-time V4, hence the
generators of the group are homothetic vector fields of the space-time.

For any such space-time, there exists some vector field 5 in the netghbourhood
of the gemerators of G that satisfies the following properties:

(1) 4t is invariant under the action of the group, i.e., it commutes with
the generators of the group;
(2) it is tangent to a geodesic at any point of the space-time; and

(3) is null.

Then, a coordinate patch can be constructed that covers locally the space-time,
based on the transversal ( and the generators of the group.

The scope of the theorem is to prove that the construction of the space-
time is possible by choosing any such vector field at any point of the homo-
geneous hypersurfaces of the space-time.

ProOOF. The proof will follow the following order: a point P is arbitrarily
chosen on the space-time V4, and on it a vector 5 that has the properties
described in the theorem. The vector is subsequently “moved” along the
group and the quotient of its action; the order of the “movement” does not
matter (whether the vector is moved first along the group and then along the
quotient or wice versa). The properties of the vector E are matched to this
“movement” in such a way that a certain map J is proved to exist, from the
direct sum [IR X g] to the space-time; this map serves as the coordinate patch
that can locally cover Vj.

Before we proceed: Let 5 be some vector field in the quotient of the group
action. Then, let C¢ be the family of curves tangent to some (or all possible)
E ; this family of curves is parametrised by means of an affine parameter, z,
which takes values in IR. As a result, the direction defined by them is spanned

by the vector ¥ = —; then, any vector 5 will be given as

0z

5:uzﬁ.
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By contrast, the homogeneous submanifold M is parametrised by means of
the generators of the group, &,. As a result, any vector on M is expressed
with respect to them as

i=u'é,
where u® take values in G. We can similarly claim that every generator defines

some “direction” in the group - or, which is the same, is tangent on some one-
dimensional suborbit of the group action, that is parametrised by means of

. - 0
an affine parameter, w*, which takes values in G, such that &, ~ Dt these
w

are the canonical coordinates of group; whereas

_; 0

Y wi

We will not specify these affine parameters more, as they are always easy
to disentangle (they largely depend on the Class of the group and whether
the one-dimensional suborbits are directly distinguishable from the three-
dimensional orbit); however, we claim that such w'’s always exist.

Let us proceed with the proof.

Uu=

(1) Invariance of ¢ under the action of the group.

Choosing Cl on some point P of a homogeneous hypersurface should
be equivalent to choosing some Cl = Cl + )\z&, where A; € IR, on
point P’ = g- P, where g € G, so that P and P’ belong to the same
group orbit (see Fig. 1). Hence, the choice of ¢ along the the group
should not be unique or special in any way. This means that ¢ should
commute with the generators of the group.

The commutator of vectors ¢ and  is
ou' -~
E& :
Given the vector ¥ is on the quotient of the group, [17, 5_;] = 0; and,

a )

given u' € G, = 0. Then, the commutator is

0z

[C, ﬁ] = u*u! [17, 5] + uiﬁéuzﬁ—i- u®

(@] = u'Lew™s.

From here, we have the following result: the vector field 5 is invariant
under the action of the group if-f

z _
L‘,{au —0,

that is, if-f the projection of 5 on ¥ (the ‘length’ of f ) is independent
of the group. Therefore, the vector field 5 can be chosen to be in-
variant under the action of the group by choosing its “length” to be
independent from the elements of the group. Then,

Ve l=Veta,
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(44)
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or

[¢;€a] = 0.

Geodesic nature of E

Choosing 51 on some point P of a homogeneous hypersurface should
be equivalent to choosing some 52 on point ) on another homoge-
neous hypersurface, so that P and @) belong to different group orbits
and the one cannot be “moved” to the other by means of the group
elements (see Fig. 2.1). Hence, the ( should not behave differently at
different points of the space-time. Given that 5 “flows” from the one
homogeneous hypersurface to another along a family of curves, C,
on which it is tangent, its transport along these curves should not
change its nature and behaviour; this may only happen if its trans-
port along these curves is zero, hence if these curves are geodesics.

Assume Eq. (27) with Z5 = &, being transversal, thus equal to E,
and Z, being any of the generators. Z3 is for the moment unspecified,
and allowed to be either transveral or tangential to the group action
and, thus, it always commutes with 5 ; we denote it as U. We also
remember that G acts by homotheties; then

(45)  2g(Lz V) = —20a9(VC, ) + 264 (L:9) (7,) — ¢a(Ls9) (¢, C) -

(46)

(47)

Then, from Eq. (20), the covariant derivative of ¢ with respect
to itself is

29(V£.7) = 2(£20) (5.) — (£o9) (€.0).
Combining Eqs. (45) and (46), we easily see that
g(ﬁga VC_{.” Q7) =0,
independent of whether ¢ is transversal or tangential. This is true

if-f the Lie derivative of V 55 along the generators is orthogonal to

Q? or 5_; - in fact, to both. So, it must be zero at any point of the
space-time,

Ega Ve =0.
Since the transversal and the generators commute if-f the length of 5
is independent of the group (Efa u® = 0), then the covariant derivative
of f along itself can only be tangent on C; as well, since
ou®
0z

Thus, the Lie derivative of V 55 along Ea can be zero only as long as

Vil = Vies(w™0) =

the covariant derivative itself is zero,

véczo.
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z

0 -
Therefore, 8i = 0; and the vector field ¢ is geodesic (the curves C;
z

being geodesic curves).
(3) The null character of (.

Choosing 51 on some point P of a homogeneous hypersurface should

be equivalent to choosing some ¢; on point @’ on another homoge-
neous hypersurface, such that

° 52 on point @ is related to 51 on point P by means of “move-
ment” along a curve C¢, and to @ on point Q' = g-Q by means
of “movement” along the group; and

° Q?{ on point P’ = g - P is related to vec(; on point P by means
of “movement” along the group, and to @ on point Q' =g-Q
by means of “movement” along a curve C¢.

That is, the choice of the “starting point” is irrelevant, as any two
points in the space-time can be connected by means of a “two-fold
movements”, along the group and along the geodesic curves Cg.
Moreover, the order of the two “movements” does not matter and
can easily be transposed. For this to be true, the vector field 5 must
retain its character along all such “movements”; or, which is the
same, to obey some normalisation condition that is unchanged along
these “movements”.

There are several options we can choose from, of which the most
logical are three: 5 can be normal, orthogonal to the group, or null.
Let us examine these cases.

e If the vector field is initially normal, then “moving” along the
group will stretch or shrink it, due to the fact that the group
acts by homotheties and, thus, it changes the length of vectors.
Therefore, it will not remain normal as it “moves” along the
group; so, this normalisation condition cannot hold.

o If the vector field is initially orthogonal to the group, then the
orbits of the group cannot be null (either on the point or any
other). Consequently, this normalisation condition cannot hold,
if we hope to treat all possible actions of the Bianchi groups on
space-times.

e If the vector field is null, none of the above problems exists; so,
this normalisation condition can hold.

It must be noted that this normalisation condition is a simplifying
option and can be omitted. It is one that seems to violate the usual
3+1 formalism, as time-like vectors are usually preferred; however,
it is not so unusual a choice [38, 7] and, as we shall see, it simplifies
calculations significantly.

Assume now that a point P € M is chosen and 5 is defined on it. The
point can be “moved” along the curve C¢, so that z increases to some interval

[0, z] C IR; the new point @ is then mapped back to M by means of Ea and
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z. Then, the point ) can be “moved” along the submanifold M in such a
manner that w’ will increase (or decrease) within a subset of the group; the
new point Q' = g - @ is then mapped back to C¢, by means of w' and 5.6
The mapping of this “motion” from P & [041 X /\/ll] to Q' € [C@ X Mg]
(where the indices correspond to different curves and hypersurfaces of the
same families respectively) and back can be given by means of z and w’.
Therefore, this “motion” of P is described as a vector of the space-time that
is a linear combination of v and #. Consequently, there exists some function

(48) J:[R xG] = [R x (]|
that tracks this “motion”. This function constitutes the coordinate chart,
while the affine parameters z ans w* constitute the coordinates. O

FIGURE 1. The schematic representation of Theorem 2.1.

What the theorem suggests is that a coordinate chart can always be con-
structed in a space-time where a Bianchi group acts freely and regularly by
homotheties, by means of the generators of the group and a null, geodesic
vector field that is invariant under the action of the group - what we may re-
fer from now on as a transveral collineation. Such a coordinate chart always
exist, at least locally, and the process of constructing it is exactly the process
used to prove the theorem. It must be noted that similar coordinate charts
can be found for space-times of this type without the strict prerequisites on
the transversal collineation 5 (namely, the geodesicity and the null character)
and well-known examples in the literature can testify to this; however, what

60f course, we could opt for the commutation of these two “motions”; point P could
move first along the group to P’ = g- P, causing an increase (or decrease) of w" - and then

along C¢, to Q' = g - Q, causing an increase of z. The two cases would be identical.
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we claim is that these restrictions on the transversal collinieation 5 allow for
an exhaustive and generic treatment of all space-times where the action of
a Bianchi group admits homotheties and leads exactly to three-dimensional
homogeneous submanifolds.”

3. Elements of the Space-Time

3.1. The metric. As usual, the metric g is covariantly constant, so the
space-time connection is torsion-free Levi-Civita,

(49) Vfg =0.

At the same moment, the Lie derivative of the metric g along the invariant
vector field ( is defined as

(50) Leg=k.

In the usual treatment, k would be equivalent to the ‘second fundamental
form’, as it denotes the extrinsic curvature of the homogeneous submanifold
M; in the same manner, the line element

ds? = g(dm, da:i)

is the ‘first fundamental form’. In our case, the latter is true, as it is derived
from the metric; but the former is not, because ¢ is by definition null.® We
can similarly define the Lie derivative of k along the invariant vector field ¢
as

(51) Lok=2.

3.2. Einstein’s field equations. Einstein proved that the afore-mentioned
geometric objects are related with the matter distributed on the space-time.
His theory states that the space-time is structured (curved) according to the
density, energy and stress of the matter fields. Or, in the well-known phras-
ing, “Space-time tells matter how to move; matter tells space-time how to
curve”. Consequently, the Riemann and the Ricci curvature reflects the en-
ergy and momentum of matter, while the distribution and the evolution of
matter reflects the curvature of the space-time.

The postulates on the foundations of Einstein’s thought are:

(1) The laws of physics have the same form in all inertial reference
frames.
As a result, there is no preferred frame (hence no preferred coordi-
nate system) in the space-time and all observers are equivalent. All
observers in all frames are to observe the same laws of physics and

"There appears to be an exception in this treatment, that could potentially make it
non-exhaustive, but we will explain why it is not so; this case indeed restricts the generality
of the theorem’s application, but it has to be examined separately, as it does not fall under
the conditions of the theorem altogether.

8Gourgoulhon uses a timelike or spacelike vector normal to a hypersurface to define
the second fundamenta form, claiming that a similar construction is impossible with a null
vector [33].
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make equivalent measurements - while all deviations in the measure-
ments are due to the difference between coordinate systems.

(2) Light propagates through empty space with a definite speed, inde-
pendent of the speed of the observer (or the source).
Thus, there is only one point of common reference for all distinct
observers; all of them yield the same measurement of the speed of
light.

(3) In the limit of low speeds the gravity formalism should agree with
Newtonian gravity.
As a result, the proposed theory of gravity should retain the results
of the classical theory in the case of low speeds as, in this limit, the
curvature of the space-time should decrease towards flatness.

From these hypotheses, Einstein related the curvature in a local scale with the
stress-energy-momentum tensor, that gives the flux of the momentum vector
across a hypersurface. Hilbert proposed an action in the form

R
(52) S = /d4x\/m<8ﬂ_ — A) - Smatter s

where Spatter 18 the action describing the properties of matter, A the cosmo-
logical constant and det|g| is the determinant of the metric g - as usual, we
assumed a geometric system of units, hence the speed of light and Newton’s
constant are equal to one. Varying the action with respect to the metric, one
arrives to Einstein’s field equations

1
(53) Raﬁ - §Rgo¢5 - Agaﬁ = 877To¢,3 )
where
(54) T — 5Smatter
og

the stress-energy-momentum tensor, a second-rank tensor derived as the vari-
ation of the Sy,qter With respect to the metric.

Usually, the first two terms of the left-hand side of Eq. (53) are considered
a specific tensor, known as the Einstein tensor

1
(55) Gag = Rag — QRgag .

The Einstein tensor contains the properties of the Ricci tensor (symmetry on
the two indices). But, its most important property is that it divergence-free,

(56) g (Va,G(7.2)) =0,

or g""V,Gyq = 0 in some local coordinate system. Interestingly, the third
term of the left-hand side is also divergence-free, as the metric is covariantly
constant. As a result, the entire left-hand side of Einstein’s field equations is
covariantly constant; hence, the right-hand side must be divergence-free,

(57) g (V& T(9.2)) =0,
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or g"'V T, = 0 in some local coordinate system. This equation states that
the stress-energy-momentum tensor is conserved along the geodesics. This
reflects the well-known properties of physical systems: the conservation of
energy and of momentum. Essentially, the components of Eq. (57) denote
the conservation laws for energy and for momentum.

It is worth pointing out that there is a different version of the field equa-
tions. The trace of the Einstein tensor is easily proved to be equal to the
negative of the Riccic scalar,

G=—-R;
and given eq. (53), we can easily see that
G =8nT,

where T = ¢! (w“, m”)T(:E’u,a_c’y) the trace of the stress-energy-momentum
tensor. Therefore,

(58) R=—8xT.

Substituting to eq. (53), we easily obtain

(59) Rop =87 (Tog - %gagT) .

This equation links directly the Ricci tensor with the stress-energy-momentum
tensor; this form may prove useful in transforming the Einstein equations to
a system of evolution equations and constraints.

3.3. The matter models. The specific form of St and, by extent, of
the stress-energy-momentum tensor depends on the particular matter model
used to describe the sources of the Einstein equations. Here we will briefly
present four fundamental matter models: the first one refers to the description
of scalar fields - supposedly describing low-order approximations of quantum
phenomena, or the aggregate effect of ‘exotic’ particles; the second concerns
the description of (free or not) electromagnetic fields; and the third and fourth
are two different approximations of usual (baryonic) matter - the former treats
it as a classical macroscopic fluid, while the latter as an ensemble of particles
described through kinetic (Vlasov) theory.

3.3.1. The scalar field. Let us assume a scalar field, ®, and the corre-
sponding potential, V' (®).

The action related to the scalar field is composed of two terms: Kkinetic
one (the derivatives of the scalar field) and the potential:

1
(60) Smatter = _59 (Vﬁ‘b, Vﬂ‘q)) — V(‘I’) .

The corresponding stress-energy-momentum tensor is derived by varying this
action with respect to the metric. When doing so, we obtain

S 1o
(61)  T(Za,73) = Vg, PVe, @ — §g(xa,x5) (9(Vz,®,Vz,®) - V(D)) .
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In some local coordinates, this expression becomes

od 0P 1 o0d 00
_vmor - p 9% _
Tap 9z ozB 2708 <g Oxt OxV V((I))> '

The equations of motion of the scalar field are similarly derived by varying
the action with respect to the scalar field (or, more appropriately, its covariant
derivatives). When doing so, we obtain the following equation

1 ov

\/Tt‘g‘vu ( —det |g|g‘uyqu>> - == 0

oo
3.3.2. The electromagnetic field. Let us consider the electromagnetic field
described by two one-forms: the electric field intensity E, and the magnetic
flux density B. The two vectors are determined through the Maxwell equa-
tions

(62)

div,(E) = 2
€0
div,(B) =0
63 0
(63) curl,(E) = —aB
. 0
curly (B) = puoj + eopo—F ,

ot

where ¢p and pg the electric permittivity and magnetic parmeability of vacuum
respectivel; and p and j the electric charge and electric current densities
respectively. Because of the over-determinacy of the Maxwell equations, both
fields can be derived by means of a single four-potential, A; and the entire
description of the magnetic field can be given in terms of a tensor - the Faraday
tensor,

(64) F(Z,9) = VzA()) — VzA(Z),

which is skew symmetric (and thus trace-free). Using the Faraday tensor, the
Maxwell equations are reduced to

dFF =0

(65) *d(xF) = J,

where J the four-current density and = the Hodge star operator [33].
With respect to the Faraday tensor, the stress-energy-momentum tensor
for (free or not) electromagnetic fields is written as

T(Zn,%5) =g ' (x",x") F(Zo, Z,) F (T3, 7))
(66) L —1(oh A 1 (ol LV F(z. 2VF(Z\. T
— Zg(xa,a:ﬁ)g (X , X )g (X , X ) (@, Zp) F (2N, T) .

In some local coordinates, this expression becomes

1
Taﬁ = gﬂyFauFﬁy - Zgaﬂgﬁ)\g'ij/{uF)\y .
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3.3.3. The perfect fluid. The first attempt to model realistic baryonic mat-
ter is that of a classical macroscopic fluid, described by two real-valued func-
tions, the matter-energy density p the isotropic pressure P, which are scalars
(zero-forms); the energy flux g, which is a vector; and the anisotropic pres-
sure (or viscosity) 7r, which is a rank two tensor. These are measured by an
observer, whose velocity ¢, which is a one-form as well, is also required for
the description. The stress-energy-momentum tensor is then simply given as
[33]

(67)

T(F,§) = (p+ P)o(@)ev(i)+ Py (7 §)+ 5 (a@)@v(i)-a@)eu(@) + (7 9)
where ® denotes tensor differentiation (the Kronecker product). In some local
coordinate system, this becomes

1
Top = (p + P) VU + Pgap + 3 (qavb + qbva) + Tap -

We should note that the energy flux and anisotropic pressure are defined
purely on the space-like submanifold of the space-time; thus, given the ob-
server’s velocity is a time-like vector, we have

(68) g ' (v,q) =0 and g '(v,m)=0;

moreover, the tensor of anisotropic pressure is trace-free and symmetric.

3.3.4. The Liouville operator. The second attempt to a realistic descrip-
tion of baryonic matter is that of collisionless matter distributed according to
a non-negative real-valued function, f, defined on the mass shell that repre-
sents the density of particles with given space-time position and momentum;
the mass shell is a hypersurface P in the cotangent bundle TM [26]. It is
important to note that each point in the cotangent bundle refers to the energy
and momentum of a specific particle. The momenta of the particles, p,, are
1-forms defined on the cotangent bundle, whose dispersion relation

(69) pupug’ = —m?,

where m is the mass of the particles, identifies the mass shell. Obviously, in the
case of massive particles, this relation defines the mass shell as a hyperboloid
within the past half of the light-cone - hence within all possible “futures”
of the observer. In the case of massless particles, though, this relation is
simplified to

pupl/g/w =0
and the mass shell coincides with the past half of the light-cone.

The Liouville operator describes the transport of the particles with posi-
tions (in local coordinates) % and momenta p,, under the assumption that
these particles move along geodesics; this operator can be defined as in [28],

r_ OH 0 oH 0
~ Op, OzH Oxt dp,’
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where
1

H= §QWPMPV

is the Hamiltonian corresponding to the geodesic motion of (massive) parti-
cles. Hence, the Liouville operator is

0 1 ag*’ 0
70 £=g"py=— —= -
(70) 9" Pu Py 2pupu dr™ dpy
Given that the particles are non-interacting and non-affected by any external
force (eg. the electromagnetic force), then the action of the Liouville operator

on the distribution function yields zero,
(71) £f=0.

What is important in our case is that the momenta are not necessarily
spanned on the local coordinates; they can be spanned on the basis of the
Bianchi group (the generators &,) and a transversal (f ), so long as they are
geodesic. As for the former, this is self-evident from the fact that the Bianchi
group acts transitively on the space-time, hence the adjoint representations
of its orbits are the geodesics on the homogeneous hypersurface; as for the
latter, the theorem proposed in the Introduction and proved in Section 3
suggests that f is also geodesic. Consequently, such a basis exists, hence the
momenta can be spanned accordingly, and subsequently the partial derivatives
with respect to the local coordinates in Eq. (70) can be substituted with Lie
derivative along the basis of the group and the transversal.

The distribution of particles on the space-time functions as a source for the
Einstein equations, hence it yields the stress-energy-momentum tensor. The
usual variables of matter (mass-energy density, energy flux, isotropic pressure
and viscosity) are respectively the first and second moments of f. Specifically,
the stress-energy-momentum tensor is defined as

(72) T(z,7) = / a9, fp(Z)p(7) |

where p(Z) = #p,, the span of the momenta along the vector & and df2,, the
volume in the momenta space. In some local coordinates, this would be

Top = / dQy f (2, p)papp -

We should note that df2, does not assume its usual form, as it significantly
depends on the foliation of space-time according to ¢ and &,.



CHAPTER 3

The Field Equations on the Group Frame

1. Introduction

This chapter deals with the calculation of the connection and curvature of
the space-time, derived on the frame of the group, so that the Einstein field
equations can be written with explicit mention to the particular action, but
with an explicit mention of a coordinate system. The first part deals with the
form of the metric, while the second and third parts refer to the computation
of the Riemann and the Ricci tensors in the case of a non-null and a null
collineation respectively.

2. Construction of the Space-Time

The Theorem 2.1 as stated requires only that the Bianchi group acts
freely and regularly, by homotheties on a pseudo-Riemannian manifold (Vy, g);
hence, there are homogeneous hypersurfaces of the manifold that constitute a
submanifold (M, «) that is identified with the group. A result of the theorem
2.1 is that any transversal vector field 5 in the quotient of the group action
commutes with the generators of the group and it is tangent to some geo-
desic. If these hold, then the afore-mentioned space-time can be constructed
as follows.

First of all, the space-time V is now decomposed to [IR x GJ; i.e., there
can always be found such a coordinate system {z,w;} that is attached to the
group and its quotient in such a manner that it respects the properties of
both. In this system, every vector ¥ is spanned as

L 0 0
(73) U—Uza‘FUz@iwiv

where v, is a 1—vector tangent to the family of curves C¢ and v, is a 3—vector
spanned along the group. As expressed by the theorem,

.9 - .
e ( = — and &, are commuting, which make them ( invariant under

0z
the action of the group and, as such, independent from the 5_; - thus,
the entire space-time can be covered;
° 5 is geodesic, while 5} follow the adjoint representations of the group,
being geodesic by definition (through the action of the group being

37
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free and regular)! - thus, the coordinate system is non-orthogonal
but curvilinear; and
° 5 is null.?
As a result, the coordinate system can be adjusted to each group and each
action without any problem, maintaining at all times the principle that it
must locally equivalent to an orthogonal (Cartesian) coordinate system.

As stated in previous chapter, the transversal needs not be null; this is
an option that allows for a convenient, yet generic normalisation condition
of f that will be preserved throughout the different “movements” along the
geodesics C¢ and the orbits of the group. However, this choice has an inter-
esting repercussion that somewhat limits the generality of the theorem. As
we will see, this limitation is not so strong, as it implies a violation of the
conditions of the theorem (namely, the free and regular action of the group);
however, this repercussion needs to be discussed.?

Given the null causal character of Q?, we express the components of the
metric as

(7)) 90 =0, g((.&) =9(&.C) = B and g(&, &) = Yab »

where v, the 3—metric on the submanifold M and 3, the ‘shift’ vectors. We
can assume that the inverse metric has a similar form

(75) g O =a, g (¢ €Y =g (€% ¢) =b* and g (€%, €Y =,

where ¢ the 1-form corresponding to 5 and &% the 1-forms corresponding to the
generators 5_;;4 and where a the inverse ‘lapse’ function, b the inverse ‘shift’
vectors and ¢® the inverse 3—metric on the submanifold M. Concerning the
inversion of the metric, the following relations hold

(i) Bib' =1
(i) Bic =0
aibi — —aB,
(76) (1i1) . ) abﬁ b
(iv) YaiC = 5@ — Bab
(v) e =
(vi) 'yijbibj =—q

IThis does not mean that ga are geodesic; they can be geodesic if-f the orbits of the
group G are geodesics on M, which can be true if-f the group can be expressed as a product
of one-parameter subgroups.

2We need to remember that this is optional; f can be chosen not to be null, but other
normalisation conditions for it are hard to be found.

3Some of this discussion will happen within the context of this thesis; some of it must
be reserved for later.

4Given 5 and Ea form a tetrad basis, then ¢ and £ form the dual basis, such that

¢(Q) =1, ¢(&) =0, &()=0 and &"(&)=4.""
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This implies that the inverse 3—metric ¢* is degenerate. This does not affect
the proper 3—metric 745, which is nondegenerate; however, there is an inter-
esting repercussion. In the usual treatments, where the 3+1 formalism can
be applied, the 3—metric and its inverse have the same nondegeneracy and
can function equally well as metrics, in e.g. ‘lowering’ indices of 1-forms and
‘raising’ indices of vectors, respectively, on the submanifold they are defined.
This is not the case here for two reasons: First v, and c¢qp are not tensor, but
matrices; so, neither can play the role of a metric for the submanifold M.’
Second, the degeneracy of ¢, would make it impossible to use the respective
inverse 3—metric to ‘raising’ indices of vectors - as all vectors multiplied by
it would yield 0.

We should note that the components of the metric and its inverse are
functions of all four coordinates: both the transversal one (), referring to the
quotient, and the three unspecified tangential ones, referring to the group.

We should also note that, in the absence of specific coordinates on M,
Latin letters are used to describe the indices on the Bianchi group. Similarly,
the components of the metric, the connection and the curvature tensors will
be given with respect to the null vector and the generators of the group. If one
wishes to express them with respect to coordinates on the space-time, z can
be chosen as a coordinate along a null direction in the quotient of the group,
with the remaining three being specified by the choice of a frame. Choosing
the frame means specifying the form of the generators; if this is done, then the
relations given henceforth are easily transformed. An special case would be
that where the frame will be chosen so as the coordinate axis would coincide
with the generators &,; in this case, the form of the metric, the connection
and the curvature tensors would not change at all.

2.1. The case of null orbits. We should make a comment about the
possibility of a = 0.

If we assume a = 0, right away, then the inversion conditions of the metric
become

(i) Bb'=1
(i) Bic* =0
(77) (iii)  Yaib' =0
(iv)  Yaic” = 8,° — Bub°
(v) 7 =2

The fact that fyijbibj = 0 may mean two things:

o If ~, is invertible, so that there are no degeneracy issues with the
3—metric on manifold M, then

b =0,

5This is also true for Ba and b%; they are not vectors and co-vectors, resepctively, in the
usual sense.
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and, therefore,
Ba=0.

Thus, the orbits of the group are two-dimensional. This clearly con-
tradicts the conditions of the theorem 2.1, namely of a free and reg-
ular action of the group. Therefore, this case is outside the limits of
this thesis.

o If v, is non-invertible, then the 3—metric on the homogeneous sub-
manifold M has to be degenerate; that is, the orbits of the group
are null. This is an interesting case that is within the scope of the
thesis (as it does not violate the conditions of the theorem 2.1), but
it is a ‘degenerate’ case. As we will see in the following chapters,
this case reduces the Einstein equations to an underdetermined sys-
tem, which is impossible to solve; the way to proceed is to assume
additional constraints on the derivatives of the metric.

Interestingly, there are two courses of action that would allow us to over-
come this difficulty.

The first is to consider the case of a = 0 separately, by admitting this as the
normalisation condition. More precisely, we can work with a different version
of the theorem that would requires that the null transversal E commutes with
the generators of the group, is geodesic, and its corresponding 1-form ¢ is
null; this would imply that

9 (¢, Q),

and that the 3—metric of the homogeneous submanifold M is degenerate,
thus restricting the applicability of the second theorem to the one case the
original theorem treats as degenerate - the orbits of the group being null. In
this case, the metric will have the form

) 9 =a, g((.&) =9, ) = fa and g(&.&) = Yab,

where 7, the 3—metric on the submanifold M, 3, the ‘shift’ vector and «
the lapse function. And the inverse metric will be

(79) g7 (6.0 =0, g7'(¢,€") =g (§.¢) =" and g7'(£",€") =™,
with the following inversion conditions holding

(i) Bibi =1
(ii) Bic"+ab® =0
(i) b’ = 0
(iv)  Yaic” + Bab® = 8,°

This would lead to a similar discussion like the one we will present in this
thesis; however, it would consider a very limiting case, as it is equivalent to a
theorem that treats only null homogeneous submanifolds. In contrast, what
we will concern ourselves in the thesis is the current version of the theorem,

(80)
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keeping in mind that it can treat null orbits of the group only as a degenerate
case.’

The second and more generic one would be to restate the theorem by re-
moving the requirement of the null causal character of the transversal collineation.
In this case, the metric will have the form

8) g0 =a, g(\&) =90 = and g, &) = Yab
where 7, the 3—metric on the submanifold M, B, the ‘shift’ vector and «
the lapse function. And assuming that the inverse metric has a similar form

(82) ¢7'(¢. O =a, g7'(¢,€") =g (€",¢) =" and g7'(£%,€") = ¢,
where the inversion conditions that must be met are
(i) aa+ BB =1
(ii) Bic" 4 ab® =0
(i11)  Yaib' + aBe =0
(i1v)  Yaic® 4 Bab® = 5,0

These conditions can be solved in general, given the 4—metric g is not degen-
erate, in the following form

_det(y) ., det(y?) 4 = det(g™?)

(83)

“= det(g)’ det(g) o ~ det(g)

where v* denotes the matrix v with the a—th column replaced by the 3—vector
B, and ¢** denotes the matrix g with the a—th column replaced by the
4—vector (a, ﬂ) and the b-th row omitted.” From here, one can easily pro-

ceed, firstly, to restate the theorem removing the requirement 5 to be null
and, secondly, to compute the relevant curvature measures for the space-time
(as we do for the metric of eq. (74) in the remainder of the chapter).

This track is probably preferable to the one we relied on, but it has a se-
rious predicament: Either, there is no normalisation condition for 5 (whereas
theorem 2.1 would prove more general), but then the “movement” of Q? along
the group and the geodesics may alter its length to the point where the space-
time will appear non-metric.® Or, some weaker and more complicated normal-
isation condition must be sought, to ensure that the space-time will remain
metric.”

6There is a different approach concerning specifically the analysis of null hypersurfaces
by Gourgoulhon and Jaramillo [38].

7Despite appearances, this more generic version does not restore the usual 3+1 for-
malism. In the usual treatment, the fact that f is strictly timelike, allows for a strictly
non-degenerate v and ¢ matrices. Therefore, the inversion of the metric g leads to more
familiar and easy to treat forms.

8This is easy to imagine. If 5does not have some normalisation condition, then g(g:‘7 f)
will change when “moved” along some direction in the space-time; this may result to the
covariant derivative of the metric being non-zero.

9Here, one should remember that normality and orthogonality cannot be used for the
transversal, as they would violate the conditions of the theorem; and some other causal
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3. The Structure of the Space-Time

If the Bianchi group acts freely and regularly so that a null transversal
is invariant, then the orbits of the group are not restricted to spacelike or
timelike character only; they can be null as well. However, we have argued
that null orbits demonstrate a degeneracy, which requires separate treatment.
In this section,m we will deal with the cases where the group acts by means
of spacelike and timelike homogeneous submanifolds - as in the cases of Figs.
la and 1b, respectively.

It is important to note that, according to a theorem laid out by McIntosh,
such non-null homothetic vector fields -as the generators in this case- are

3
always shear-free and their expansion is given as 5% [39].

This section is dedicated to the computation of the Christoffel symbols
and of the Riemann and Ricci curvature tensors, so as to reach to Einstein’s
field equations.

3.1. Covariant and Lie derivatives of the metric. Before moving
to the curvature tensors, the matter fields and the field equations, we shall
calculate the necessary relations for these - namely, the covariant and the Lie
derivatives of the metric. The components of the metric tensor and its inverse
are given by eqs. (74) and (75) respectively; in this form, they are scalars, so
the two types of derivatives coincide.

Using egs. (18) in egs. (74), we can obtain

(84) Leba = ka

(85) Lz Ba = ¢vBa — PmC"ap

(86) Eéfyab = kyp and

(87) Lz Yab = dVab = YamC e = YomC™ac -

To obtain similar relations for the components of the inverse, we must
keep in mind that the derivative of an inverse matrix follows the rule

d(A%) = —A% A% d(Ay) .

Through these, we may reach

(88) Lea= —2ab'k; — bW kyj

(89) Lga=—pqa ,

(90) L = —(ac™ = 0" ) ks — <V kyj
(91) ﬁgbba = —gpb" +0"C",

character cannot be used as well, as it would limit its scope, perhaps even further than
assuming ¢ to be null.
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FIGURE 1. Two possible foliations of the space-time along a
lightlike transversal.

Egcab = — (c“ibb + cbib“) k; — c“icbjkij and

Egccab _ _¢Ccab + cancrbnc + cbncanc )

Furthermore, we should mention that the contractions of the inverse 3-

metric, ¢, with the shift vector, 34, is zero; from this we may prove that the
contraction of the Lie derivative of the inverse 3-metric with the shift vector
is also zero - namely

(94)

@Lgmzo.
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Finally, the Lie derivatives of the k are also easy to define,

(95) Lzkap = Lap
and derive
(96) ﬁg’ckab = ¢ckab - kamcmbc - kbmcmbc .

3.2. The Christoffel symbols Specifying the arbitrary vectors as the
invariant null vector field, C , and the generators of the Bianchi groups, §a, we
may obtain the Christoffel symbols of the first kind directly from eq. (20).

(97)
Fzzz =0 )
Fzza = Pzaz =0 )

1
Foap = 5( — kap + ¢a6b + (bb/Ba + Bmcmab) )
Loz = ke ’

1
Loz = Tape = 5 (kab - d)a/Bb + beﬂa - B/Bmcmab> and
1
Cape = 5( - ¢a7bc =+ ¢b'7ac + QSC’Yab - ’Yamc be T 3'7me ca S/chcmab) .
The Christoffel symbols of the second kind, as they are usually defined,

I, = 9" Ty

Hence, the space-time connection has the following components

z z 1 7 7 n m
(99) sz:Fbz:§(bkib—¢ibﬁb+¢b—3b BmC nb) )
(100)

1 )
szc - 5 (_akbc - ¢ib17bc + QGﬁm mbc + 3’7bmbncmnc + 3’70mbncmnb) ;

(101) Fazz = Caiki 9

a a 1 ai ia an ~ym
(102) I, =1%, = 5(0 ki — ¢ic™ By — 3Bmc ) and

a 1 a ia a a

D% =5 (= ke = 650 + 910," + 620

(103)

= O + 1B Ce + 3¢ (3o C™e + 9emCp) ) -

These Christoffel symbols refer to the basis of the group G rather than to the
basis of some coordinates on the space-time. Hence, the latin indices do not
refer to coordinates on M, but to the basis of the generators &,.
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Consequently, the covariant derivatives of 5 and {a are
Vel =T7. (17,6 =
=b'ki + ki€
Ve (=Vea =T70{ + 708 =
=5 (ko — GubiBa + G — 3" B, )
45 (hia = 65698, — 36" B C™,,) & and

VQECL =T% ¢ + T =

1 , 5
=3 (= akas = 66" at + 208 C™ gy + 3" (amC" o + YomC) )€
1 . g . .
5 (= ks — 656700 + B8y + 0,

— Cly + 5 BnC™ yy + 3™ (YamC™y + %mcmm))gj .

We notice that V 55 # 0 as is enforced by the geometry of the space-time;
hence, additional restrictions must be imposed to the metric in the form of
(104) ke =0.

As for the independence of the transversal and the tangential directions, we

notice that it is preserved.

3.3. The Riemann-Christoffel tensor. We define the following ex-
pressions

(105) Hab = kab + ¢aﬁb - ¢b5a + Bmcmab
and
(106) Vabe = (Zsc’}/ab - 'Yamcmbc - ’mecmbc )

which appear in the covariant derivatives. Hence, the covariant derivatives of
the transversal and tangential vectors with respect to one another become

(107)

vL=0
(108)
- - 1, 1
vgga = V"a = i(bzﬂai)c + i(cjﬂa])gz
(109)
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The two expressions are differentiated as follows

(110) £C_':U’ab = ['C_'kab = eaby

(111) Le ftab = Settab = HamC™pe = HomC e »

and

(112) ﬁfyabc = Pckap — kamcmbc - kbmcmbc >

(113) [,gdl/abc = ¢dyabc - Vamemcd - Vamccmbd — Vmbccmad .

However, important are also the differentiations of the contractions of these
expressions with the inverse metric, specifically of the quantities b4, ¢ tp;
and bivgy;, ¢¥vgp;. The first pair is differentiated as

(114) ﬁg(bi,u,ai) = bigm‘ — bicjkkijuak,
(115) ﬁgc (bium) = —biuimcmac

and

(116) ﬁg(cbium') = Cbifm‘ - Cbicjkkijuak 5
(117) EEC (cb’pai) = cmuaicbm — cbipmiC’mac ;

the second pair is differentiated as
(118)  La(b'vabi) = =" kijvapk + ¢ib'kap — V" (kamC ™ + komC™arr)
(119) ,Cgc (biVabi) = —bi (l/amicmbc + meiCmac) )
and
(120) zg(cdiyabi) =~ ¥k jvapn + Gickap + ¢ (kamC ™ + komC™ar )
(121) ,Cg (cdlyabz) = ¢ (VamiC'mbc + mel-C’mac) — VapmC™py -

Thus, taking the second-order covariant derivatives, we have

(122) VeV =0

gfa —1( 5( ﬂaz))("‘ (b UJZ) (Cjk:uak)g

1 . o
+ 9 (EC(C ,Uaj))fz (C ,Ujk) (Cﬂ,ual)gi =
(2b1€m - bZC]k (kaj ﬂji)ﬂak)f

1/ .. o -
+ Z (26”ij — Czkcﬂ (Qk]k - Mjk)ﬂal)fi )

(123) .
T4



(124)

VCvﬁ gb

(125)

(126)
Ve Vel =
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1 o . 5
5 —(— alap + 'V kijkap — Ef(bzyabi))g

1 , 4 , . S
+ Z( - b]kab + ¢a5bj + be(sa] + C]ab C] Vabl) (b /‘]z)(

+ o (= b lap + TV kg, — 55(CijVabj))gi

1
2
1 . . . . . . .
+ Z( — b kap + $ady’ + 000,74+ Oy — I van) (P )& =
1 . .
= 1( — Qaﬂab + bl[ﬂ (Qkij — ,u,ij)kab + blcjk(2kij — uji)yabk
— 20ib"kap + V' (Battvi + Poptai) + b pmiC™y
+ 20" (kamC™yy + KipynC an))f
1 . . A
+ Z( - Qb%lb + CUbk (2kjk — Mkj)kab + c““cﬂ(2kjk — Mjk)l/abl
— 20 kay + 7 (Papn + dottag) + ¢ i C™

+ 20 (kamc bn + kbm an))gl )

Ve, Ve =0,

—_

(Ega(biﬂbi))5+ 1 (0" i) (V7 1) €
+ %(cjl,ubl) ( — akja — biljajl')g
b5 (L (P )& + () ()&

&
1
1(07 ,ubl)(—bk]a-i-qb]é + ¢ad; 1+C'Z —c l/ajk)f

1
2

4
(b b]:uazubj — ac' kazlufb] —bi* Vajilok + 20" Nmzc ab)f

| =

1/ . o .
+3 (C” OF tajpor — b' I * Ejappr — ¢ Vg

+ (Gac” + ok 8%) s — " i Clapy + QCijﬂijm‘lb)é and
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(127)
Ve Vi =5 (alkum oy + kenC™,) — L, (6110))C
+ i( — akpe — b ej)) (V' phai ) ¢
+ i( — Y kpe + 00 + 0eby’ + %, — ) (— akay — b'vagi)C
b3 (VRO 6 O+ R ™) — L, (1))

(= b'kja + dad;i + 06, + CLy — i) & =
1 . . .
:Z (ab’ (k:ai — Mai)kbc + (acl] k‘m - bzbj,uai)l/bcj - a(¢bkac + d)ckab)
+ biijaijkbc + Cijbkyajkybci - bz (¢bVaci + ¢cVabi)
— akamCmbC + Qa(kbmcmca + kcmcmba)
- biVamiCmbc + 2bl (meicmca + chicmba)>5

+ i( — (a7 10y — b Eja) pe — (6 110 — D6 by ) e

— ' (bake + dokac + Gckap) — 030" kve + €7 varjhve

— ¢ (Palbej + Bolacj + deVavy) — G 6 Vper, + ¢F I gl
+ a0’ + Gadely’ + 2000c0," — 0aClhe — 9pC%, + 0cC'
+ bk Oy — b kamC ™ + 26" (kpyn C™ o + kemC™y )

+ cj”uijC’ian — 2" U O™

an

- Cij Vamj Cmbc + 2Cij (V bmj Cmca + chj Cmba) + Cian nbc) 5_; .

Hence, applying the definition of the Riemann-Christofell tensor,

(128) R(ﬁ, U)U_f =VzVzW — VzVaw — V *71-;]11_}'
we have
1, . -
(129) R e = (252&'@ — b eI* (2ki5 — sz’)%k) ;
1/ -
(130) R0 =7 (2681 — e (2hi5 — pig) 1)
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(131)
1 . o o
chza = Z( - 2a£ac + (aczjkai - bzb]/‘ai)/ﬁcj + 0"t (2kij - Mij)kac
+ bl (¢auci =+ ¢C,Ufai) - 2¢ibikac + blcjk (ka] - Mij)Vack + bicjkyaijﬂck
— ' miC™ e + 26" (kamC™y + kemC™sr )
(132)
1 o o .
R, = 5( — 26%ac + ¢V (2kij — phji) kac — ¢V paittes + b1 Kiapics
+ ik (2kij — pig) vavk + P Vajitic
+ (¢acdi - ¢jcij5da)ﬂci - 2¢icdikac
- cdi (2/1'1771 - lu’m’L)Cmac + cinucicdan + 2Cdn (kamcmcn + kaCman) I
2 1 ij i jk
R, = Z( — ac¥ (Kaipinj — kpittas) — 0" (Vajittok — Vojittak)
(133) '
20 i C™ )
(134)

1/ .. . »
R, = 1 (Cdzb] (Haitto — Hvittag) — b'¢ (Kiaping — Kippias)
— ik (Vaz‘jubk - Vbij,uak) + e (‘f’aﬂbi - ‘f)bﬂai) + ¢; c (6da,ubi - 5dbﬂaz')

+ ¢ (Naz'C' dbn - Hbz‘cdak) + (4/””1 —2p m")ci“b) ’

Ry = i(abi(kai — ftai) kbe — ab' (koi — 16i) Kac
+ UV (Vaiskve — Vbijhac) — bV (Hailbej — HbiVacs)
+ ac¥ (km-l/bcj — k:bivacj) + a(Cbakbc - ¢bk5ac)
+ TV (Vajitbei — VbjkVaci) + b (Galbei — GbVaci)
+ a(kamC™ye — kpmC™oe) + 2akemnC™yp
+b%mmn0m&-—VmMCmZJ'+2yﬂmncmw) and

(135)
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(136)
Rdcab = i(bdbl (kiakbc - kibkac) - acdi (//faikbc - Nbikac)

+ MV (Vaijhve — Vbihac) — ¢ (taibe — phivacs) + 07 (Kialbej — FivVacy)

- ¢ibi(5dakbc - 5db]€ac) — p;c (5daVbci - 5deaci)

+ U I* (Vg jivher — Vbjivack) — e (dady® — db0,%)

— " (kacC%, — kpeChy ) + b (kamC ™o — komC™oe) + 26%emC™y,
—dn (VaciCdbn — ubciCd(m) + 2¢n (VacmCmbn — l/bcmC’man)

di di
+c Z(VamiCmbc — meiC'mac) + 2" VemiC™

d d d
+C an nbc -C bncnac —2C cn nab) :

Lowering the first index of the Riemann-Christoffel tensor, we have

chza :BiRicza =
(137) 1

:Z< — 2lac + cijkai:ucj - ijci]ﬂa,uci + Cmﬁmﬂcicmna) ’

Ry.za :ﬁdRZzza + fydiRizza =

(138) 1 )
=1 (%ad — ¥ (2kiq — Mz‘d)uaj) ;

(139)
Ricza :/BdRZcza + ’YdiR’cha =

1/.. )
== (bl (2kdz - ,dei)kac - bl,uaduci

4
+ b Battei — 20dkac + Setiad — 05 Vaapici
+ €7 (2kg; — f1di ) Vacj + ¢ Viadbicj — 20akac
+ (ttmd = 21tam) C™ae + " VambeiC™an, — 26" Ba(ttmi — fim ) Cse
+2(kamC™,y + kcmcmad)) :
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(140)
chab :52 chab =

1/ . 3 A
== (bl (kiakbc - kibkac) —cY (kiaybcj - kibVacj) — ¢ib’ (Bakbc - Bbkac)

4
30" By (kaeC™y — KeC™1)
— kamC™pe + kymC™ e — 2kemC™y
- ¢jcij (Ba’/bci - Bbl/aci) — ¢c ((Z)aﬁb - ¢b6a)
- Cinﬁm (Vacicmbn - Vbcicman)

+ Bm (Cmna nbc - Cmnb Cnac + 2Canc Cmab)) and

(141)

Racab = Bal oqp + Vi R oy =

1 . )
= *( - a(uadkbc - Hbdkac) + b’ (Vaz'dkbc - Vbidkac) - (szdVbci - ,Ufdeaci)

4
+ aBa(Pakve — Bokac) — dib’ (Yadkve — Yoakac)
— $ic” (YaaVbei — VoaVaci) + b'Ba(Pavbei — PoVaci) — be(PaVod — PbVad)
— b Yam (kaeC™n = kocC™an ) — ™ Yam (VaciC"p — V6eiC™ar, )
+ (Vadembc — UpmdC"™ye + 2chdcmab)
— 20" Ba(VaemC ™ — V6eiC™an ) + 2(VaemC™g — VbemC™ag )+

+ Ydm (Cmna Cnbc - Cmnb Cnac + QCmnc nab)) :

3.4. The Ricci tensor and the Ricci scalar; the Einstein tensor.
The Ricci tensor is given from Eq. (39), we easily find that the components
of the Ricci tensor are given as

R.. = Rzzzz + Rzziz ’
Rza = Rzzza + Rzzia and
Ru, = Rzazb + Rzaib :

Using the afore-mentioned components of the Riemann tensor; hence

R.. = ( —2c9 5 + I 2k — Mij)#lk)

( — 2Cij€ij + Cikcjlk?ijkkl + Cik@jlﬁmﬁncmij nkl) ’

—~
—
S
S
N~—
N N
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(143)
R.q = Ry % (2b%a — 0 T 2k — pig) pak + b F (Kak — pan) i
— It + T gk + 3656 pai — dac ki
+ €™ (3pmi — i) C"gpy — € i C"™"y =
:% <2bi€ia — IV kjikia — kb I Baki; — 3¢ ;¢ ks
= 28" B kaiC™y = ki O™y + kO g
— 30i$; ¢ Bq
+26:¢FH B B C ™y + 305C " B C™ + 266 B O™,
= 2058 303,07 €Ty + T3, C™ Oy ) and

(144)
Rap :%( — 2alyy — (ac — 20 ) kyjkap + 20k (B'F — TV ) ki

— 3¢ib'kap + b (dakvi — Pokai)
—2(b""™ — 70"V kij (YamC ™ + VomC ™ )
= 20" (kamC™yy, + ko C™ 0 + kabC™ )
+ ¢35 (P yap — bV Bafy) + 2¢5b" (0B + bBa) + 3bady
+ 2610 Yab B C™y + 26058 (BaYom — ByYam) C™yy
— 26" (YamC™n + YomC ™ — YabC )
+ F I C™ 5 C ™ = 26776 B (Yam O™ + YomC™ai ) ™
— 2 (YamCy, + YomC"p, ) O™t — 27 C 1, CTy
= 2" (YamC ™y, + YomC o ) O™t
— 0B C™,, C™y + B (BaC™ + BrC™n )
—3cm™ Cno —C™ O™ .

bm

In the same manner, the Ricci scalar is defined in Eq. (40) and given Egs.
(142), (143) and (144), we have,

R=aR,, + 2biRzi + Cinij ,
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SO
(145)
R :%( —4(ac — b)) 0 + F (ac? — 2690 Ky + b1 (26°TF 4+ TR ey
— 3™ oy, O™y — (467 ™ — 5T ki C™
+ 20505 — iV B CMy
— ¢kl (’ymn + aﬁmﬁn)le-j C"u
— 3% B, C™,,C™yy — TR O™, Oy — B C™ Oy

We should again mention the first two terms of the Ricci tensor (eqs. 142-
144) and the first term of the Ricci scalar (eq. 184) are the ones specified by
Lifshitz and Khalatnikov in the case of a Bianchi group acting by isometries on
synchronous coordinates [40]; the remaining terms are either due to the action
by homotheties (whereas the homothety constants ¢, are present), or due to
the non-synchronous frame (whereas the structure constants C¢,; are present).

Having defined the Einstein tensor in Eq. (53), using Eqgs. (142), (143),
(144) and (184), we can calculate its components to be

1 - o o
(146) G..= Z< — 267055 + * I ik + R B B C™ nkl) ;

(147)
1 A . o
Guo = Gaz = (200 + 2(ac — V) Bty
o 1 . . .
— bk ke, — 56”“ (ac’t — 2b70") Bakyjkin
— 30 kai — SOk (' + 796" Bakij — 46i0,¢ B,
—2¢*RY B ki ™Yy — %cikblﬁakimkal
+ 5 (5C”bn - 4bzc‘7n),6akijcmmn — kaimcman + CU k:ij(Jmma
5 . 4 ,
- i(blclkbl/Ba/Bm mkl + 3¢iczn/8mcman + 2¢icln/8acmmn
— 267 B, 3,0, C™y + 5cf’“blﬁaﬁmc 5 Ct
1 ) j m n
+ 56 ijl/Ba ('Ymn + aﬁmﬁn)c i C Kl
+ 7Ckl,8mcmnk Cnal

7 9
+ Eckl,ﬁacmnk Cnml + QCklﬂaCmmk Cnnl> and
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(148)
Gob :i( — 2alyy + 2(ac — b )yl
— (ac — 26°07 ) kyjhap, + %Cik (ac’t — 70" ki kon
+ 5002 — 1) qushiy — 366 R+ b (Gub + dvka)
— 20" (kamC™ + ko C™ oy + kadC ™)
—2(b" ™ — ") kij (YamC ™ + VomC ™ am + YabC ™)
+ %m(?)c““b’kimcmkl + A kO™ L)
+ $i;b"V Ba By + 200" (G0 By + PBa) + 3badi
42600 (Baam + Brram) O™t + 2616 B e O
— 2¢;c™ (%mCmbn + YomC™"n + ’Yamemn)
+ F I C™ C™y + %Cikcj " (Ymn + 8BmBn) 1abC™ Cy
— 2% 8, (YamC"; + YomC"a3) O™ + gcjkbl%bﬁmcmnj C"
=2 (YamC"k + WomC"a1, ) C™ = 26 (YamC™te + YomC™" i) Ot
- 2cklymn0mak C"y + gckl%menk c" o+ gckl%memk c"
— V' BnC™,, Cy 4 6 (BaC™y + BrC™ )
=307, My = O™y 'y )

bm

It is worth pointing out that the trace of the Einstein tensor, say the
“Einstein scalar”, is simply the negative of the Ricci scalar, since

G =aG., +20'Gy + Gy = aR,, + 2b'R,; — R+ ¢ R;; — R= —R;
and, therefore,
(149)
G=—R=— (= 4(ac = b¥)s; — ™ (ac’ — 278! kb

— op (26° T + TV ki — 2i¢05¢7
+ 3¢ ke O™y + (467" — 5D Ky O™
+ i B C™y 4 F I (Yan + 3B Bn) C™ Cg
+ 3R B, C™ Cy + T CT C L+ 5T O
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TMZ (hZ)

FIGURE 2. The remaining possible foliation of the space-time
along a lightlike transversal.

4. The Structure of the Space-Time for Null Orbits

In this section, we will show the specific form the curvature elements of
the space-time take in the case the group acts by means of lightlike homoge-
neous submanifolds. This case is merely an extension (or a specification) of
the previous section, not a separate one; however, we decided to present it
separately, as, under the theorem 2.1, it becomes a degenerate case.

In this case (shown in Fig. 2), the result by Mclntosh does not hold,;
however, a similar theorem holds, deeming the null homothetic vectors shear-

free and their expansion equal to ——, where 1, the proportionality constant
a

of the generetor 5_; over a principal null transversal [39].

4.1. The Christoffel symbols. Admitting that a = 0, we can obtain
the following relations for the Lie derivatives of the components of the metric,
given in eq. (81), as

(150) Lef=0 .
(151) ‘Cg;)/Ba = ¢bﬁa - Bmcmab P
(152) L'gyab = kg and

(153) »Cgcf)/ab = d)c’Yab - 'Yamcmbc - ’mecmac .
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As for the Lie derivatives of the inverse metric, given in eq. (82), we have

(154) Leb® =~k

(155) Lgb" = —gpb® +b"CY,

(156) Egc“b = —c"ck;; and

(157) Lec® = —pec® +Ch + MO,

Here, we should remind that, when the orbits of the group action are null,
both matrices 74, and ¢ are singular, since

Yaibi =0 and %8, =0,
for non-zero 5, and b®. Differentiating the former with respect to 5, we have
Le(Yai') = kaid® = 7aic? bk = 0,
and, remembering that ;¢ = a7 — Bab7, we can easily derive
(158) kib't! = 0.
For a non-zero 6%, this implies that the matrix k., is indefinite, since it is

symmetric; given it has at least one zero eigenvalue, it also becomes singular.
Thus, in general,

10

(159) kaib' = 0.
This immediately implies that
(160) Egrb“ =0.

So, not only [5,, but also b® is invariant under the “movement” along the
geodesics in the transversal. Interestingly, repeating the process, we also
obtain

(161) bl =0.
Therefore, the Christoffel symbols of the first kind are unchanged:
(162)
r...=0 )

Fzza = Pzaz =0 )

1
Coap = 5( — kap + ¢afp + (bb/Ba + Bmcmab) )
Fazz = ka )

1
Lazo = Tap. = 5 (kab - d)a/Bb + beﬂa - 3/Bmcmab> and

1
Cape = 5( - ¢a7bc =+ ¢b’7ac + QSC’Yab - ’Yamcmbc + 3fomCmca - Sfycmcmab) :

10Another way to reach the same conclusion is to use eq. (88) and substitute a = 0;
then the right-hand side must be equal to zero as well.
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While those of the second kind become
r“,,=0,

1 .
I‘Zzb = szz = 5( - gbibzﬁb + ¢b - 3bnﬁm mnb) y

1 .
% = = (=¢ib"Yee + 37mb" C™, + 37emb"C™,y)

2
(163) Fazz = 0 )
1 ; i
M =1%: =3 (ki — ¢ic*® By — 3Bmc"C™,,) and
1 )
Fabc = 5( n bakbc - QZ)Z'CW'ch + ¢b5ca + ¢C§ba

- Cabc + ba/Bm mbc + 3" (’mecmnc + ’chcmnb)> :

4.2. The Riemann-Christoffel tensor. Following the same process as
in the previous section, we obtain the second order covariant derivatives of
f and 5_; with respect to themselves. It is interesting to note that, given the
degeneracy in both < and k, the similarly defined tensors ., and vg. have
the following additional properties: Firstly,

(164) bzb]/JJZ] =0 and bibjljaij = 0,

note that this does not imply they are singular, or even indefinite, because
(unlike kqp) they are not symmetric. Secondly,

(169 £

hence the contraction b, is not altered by a “movement” along the family
of geodesics C.

Knowing those, it is easy to compute the second-order covariant deriva-
tives:

(166) VeV =0,

nggga :i (bi@jkﬂjmak) ¢

(167) 1, . . -
+ Z <2ng€ja _ CZkC”(ijk — ,Uzjk)/lal)gi )
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(168)
vafagb :%( — 0 pjivan
— 2¢;b kg, + b (Pativi + Pohai) + b miC ™
20" (KamC "y + o C"a) )
+ i( — 2b% gy + cIHE (2Kt — pij) kap + ! (2kjk = tjk) Van
— 20 kgy + ¢ (Gatinj + Bobaj) + €7 pm;C™y

+ 26" (kgmC™,, + kbmcman))gj :

(169) VeV =0,
(170)

> Ll i jk ; m \ 7
Ve Ve :Z(b W pai iy — 0" vgjipipr + 20 i C ab)C

1, o o
+1 (C” OF o por — b I * kjappr — * I Vg

+ (¢ac + ¢kcjk5ia)ﬂbj — "y CYy, + 2Cij/ﬁjmcmab)gi and

(171)
Ve, Vgg,gc :i( — b iV + IV v pe; — b (bVaci + GcVabi)
D UamiC™y + 20 (Vi C™y + ycmicmba))f

+ i( — (76 g — 'k ) vper, — b (Gakve + Gokac + Gekiap)
— @b 8 ke + IV VK
— ¢ (Palbej + Bolacj + bevavy) — G 6 Vet + ¢ F I Vg
+ dadpd,’ + dadedy’ + 20000, — GaCl%he — D' + $Clu
+ V" kpeCpy — bk C ™y + 26" (kpyn C™ g + kemC™g)
+ ¢ "Upe; C iLm — QCmecmCman

— Cijl/amjcmbc + 2Cij (mejcmca -+ chijba) + Cian nbc>€i .
From these, applying the definition of the Riemann-Christofell tensor,

(172) R(iI,0)W = VgVg — VgV — V g 5@
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we have
z 1 i jk
(173) L . .
= (9467 ki = 610,67 Bu + 6:" B Cy )
d Lo ai di jk
R 2za — Z (20 Em — C C] (Qkiij — Nij)ﬂak) =
1 . o o
(174) =1 (QCd%’a — M Ik ikar, — o I* Bk
. CdkCilﬁmkmkal + Cdicjnﬁakij Cman
6™ BB g — T 8B, Oy )
(175)

chza = Z( -b bj/“j’ai/"l/cj +b (qba,uci + chlu'ai) - 2¢zb kac
- bicjk:uijyack + biCjkVaij,U/ck
— V' pmiC ™ + 26" (kamC™y + kem O™y ) =
1

= Z ( - 2¢ibikac + 20" (kamcmcn + kcmcman) - Cikbl’yamk‘iccmkl

+ 010 Yae + DbV Bafe + dib (daBe + DBa) — 20ade

+ ¢icikbl7acﬁmcmkl — i (”)’amcmm + %mcman)

— @b B (BaC™ gy + BeC ™) + 0" Bin (0aC s + 0cC ™)
+ Gib B C™,

— kB, (YamC™ej + ¥emC™; ) C™y — Y B B C™ i C
— B C™ C"e )

59
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(176)
Re,_ = i( — 20%U — PV pjikae — PV paitiey + b1 Kigpueg
+ i (2kij — pij) vask + M vgjipicn
+ (Gac® — 6;¢78% ) s — 205V ke
— ¢ (2pim — pmi) ™ + 1 C%,,
+ 26" (kgmC™y + kemC™a) =
- i( = 2o + W kigkje + phinc® I yucki; — 201¢V ka
— iV (Bakes — Bekai) + ¥ (dakei — Gekai) — $ic7 6% kei
— I ki (YamC ™ + YemC ™) — 26 (kamC™ oy + kemC™)
+ Y Bk O™y + (B4 — TD™) Brnkai C™,
+ i C%y — Pk O™,
— $ai¢7 8% Be + epjic” B
+ e B O™y + Gic Py B
+ i B (BaC ™o — BeC™ ) + ¢ B (30 C™y + 3C™)
— "6 B C™y — i B C%,y — 4" B C™,
— cdkcjl%mﬁnC'maj C™y = BnCy.C™y + 3¢ 8,,C™, Ce

(177)
R = i( — 0" I* (Vagittor, — Vbjittar) + 2bi,umicmab) =
= i(cjkbl (Vamkvi = Yomkai) C™ + 0" (kamC ™y = komC™yy,)
= 00"V (Yam By = VomBa) C"y + 20i66" B (BaC™y = BoC™a)
—4gib* B C™y
+ I By (YamC™; = WmC"%;) + 0" Bin(C™4, C™yy = C™, C™)
+20'3,,C™y Cnab) ;
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(178)
1/ .. . y
R = 1 (Cdzb] (Haitto; — tbittas) — b2 (Kiapin; — Kivfiaj)
— eIk (Vaz'jubk - Vbz‘juak) + (¢amn' - ¢buai) + ¢jcij (5daﬂbz' - 5dbMai)

+n (Maz’C dbn - sz‘cdak) + (4'“1'”1 —2p mi)ci‘lb) N

= 1 (6589 (Bukus — Bukai) + 2 i
+ ¢ (Yambkii — YomEai) O™y + 0" B (kaiC™yy — KpiC™yy, )
+ ¢ic™ M (BaVom — ByYam) C™
— i (0" + 6°™) B (BaC™y = ByC™ )
+ I B (YamC™yy = YomC"sj)
+ M B B (C CTy — C C™y)
+6¢" B, C™ O ) |

(179)

1/ . y :
R = 1( = UV (paivbej — tvivaci) + IV (Vagivei — Vjivaci) + b’ (daVbes — Poaci)
+ bt (Vamicmbc - Vmbicmac) + 2bil/CWliCWLab) =

= (20006 (Bure — i) + 6 (Bume — i)

— iV (YamYoe — YomVac) C™ + 2036’ (YamC e — YomC™ac)

+ 201" (YamC™pe = YomC™ac + YemC™"ap)

— " (YamVoe — VomVac) C"e; C"t + & b Yem (YanC™j — 1onC™; ) C™y
— 0 (YamC™e — WmC"e) C ™t — b (YamC™ — WomC"a1 ) C™e
— b'Yem (C™,, C"y — C™,, C"yy +2C™,, C"y )

— b9 (C™ O™y = C™y C™ +2C™ 4 C",)  and
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(180)
Rdcab - i(cdibj (l/aijk'bc - Vbijkac) - Cdibj(,uaz‘l/bcj - Mbi’/acj)
+ b (KiaVbej — kibVacs)
— ¢;b’ (5dakbc — 5dbkac) — gzﬁjcij (5daVbcz‘ - 5db1/acz‘)
+ cdicik (VajiVbek — VbjiVack) — ¢c(¢a5bd - ¢b5ad)
= " (kacCy = kbeC%) + b (kamC™e = komC™e ) + 26%kemC™y
_ Cin(yacicdbn — ybm-cdan) + 2cm (VaemC™yn = VbemC™an )
+ ¢ (VamiC™ye = VomiC™ae) + 26" VemiC™
+ct,Ch, —C%,.C, —2C%, nab) =
= 3 (85 (0 — 69 (vacks — k) — 66D (Buke — ki)
— ¢ (YamEbe — Yomkac) O™ — PO (Yamkbi — Yomkai) C ™o
+ 0 Yem (kai C ™ = ki C™ay) = b0 B (kacC™y, = kipeC™y)
+ 0 (kamC e — kpmC ™ + 2kemC™y,
+ dic™ (dabe — PYVac) — Bitic (6% Vbe — 0% Vac)
+ ¢ic™ ™ (YamYoe — YomVac) C"%r)
+20ic"6" (BaYom — BoYarm) C™ens = 205" Yerm (BaC ™, = BoC™"ary)
— ™ (6% Abm — 0% Yam) C™ey — Di ™ Yem (64,C™, — 6%,C ™)
+ ™ (YamVon = YomVan) C; CTy
— e (YanC™; = YnC™a; ) C™a
+ (™6 + M) B (YamC ™y — YomC"a ) C ™
— "0 Yo B (C7 1, CTy = O O™y
+ M (YamClh = YomC% ) C™ = M em (C% C™y — C% C™y)
=3¢ (YamC™y = WmC"1) C™e = ¢ (YamC™e — YomCMae ) C™
+ QCdl%m(Cman C"y = C"pp C" = C™ C")
+ My (C7 Oy = Oy O = 207 Cy)
+C%, Oy = C4, C 207, Cnab) -

4.3. The Ricci tensor and the Ricci scalar; the Einstein tensor.
The Ricci tensor is derived in the same way - by subtracting the upper with
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the second lower index of the Riemann tensor.
1 g .

(181) L -
:Z( —2c4;; + Clkcﬂkijkkl + CZkC]leBnCmij an;l) )
(182)
Rea = Raz =7 (bzcjkﬂijﬂak = * M vigipiar + ¢ wainki + 36567 pai — dac ki

+ Cin (Blu’mz - 4Nim)cman - Cinuaicmmn =

1 g g
:Z( — 36T kq; — 3¢ By
- 2Cikblﬁmkaicmkl - kaimcmzm + Cijkijcmma
+ 265V BB C™y + 36i¢" B C™,, + 205 B, C™
= 264 BB, 0 Oy + M B C™,, C7y ) and

(183)
R :%( — 20k TV ki — 3pibkap
+ 290" ki (YamC ™ + YomC™an)
— 20" (kamC™y, + komC™ gy + kabC™ i)
+ 6ij (¢ ap — 'V Bafy) + 200" (6B + d0Ba) + 3athy
+ 205 b Yt B C™y + 26056 (Bavom + Byvam) C™y
= 26i”" (YamC™yy + YomC™an, = YabC™ )
+ cikcjl’yam’yanmij C" — 2074 3, (’yamC”bj + ’yme”aj)kal
— 2 (3am O™y, + VomC k) Ct — 24 O O™y
= 2 (YamC™yg, + mC™ k) Clt
— b B C™ Oy + B (BaC™,, + BrC™ ) C
—3cm_Ccmo O™ O
In the same manner, the Ricci scalar is defined in Eq. (40); so, we have,
R=aR., +2b'R.; + ¢V R;;,
SO
R :i (70Rc T8 kis — BV ki Oy + 5T iy O
(184) + 205 — gic™ B C™y
— eIy, O™ O™y — 3ARY B, O™, Cy

kl ~m n kl ~m n
—Tc C nkcml—5c C mkcnl.
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Having defined the Einstein tensor in Eq. (53), we can calculate its com-
ponents to be

1 - o o
(185) G.. = Z< — 267055 + * I ik + R B B C™ ”k,l) ,

(186)
Gza = Gaz :1( - 3¢)jCl]]€m’ - §¢k62]bkﬂak‘i]‘ — 4¢i¢j02]5a

_ QCZkbl/Bmkiakal . §CZkblBakimkal
o iJn m n m 1 m

+ 56 b ﬁakijc mn — C kimC an TC liC ma

- §¢iclkbl/8aﬂm mkl + 3¢iclnﬁmcman + 2¢iczn/8acmmn

i m n 3 m n

— 2970 B B O™, Cy + icjkblﬂaﬁmc i O ki
1 ., .

+ §Clk0ﬂ/3a7mncm7;j anl

+ 7Cklﬁm0mnk Cmal

7 5
+ §Cklﬁacmnk Cnml + icklﬁacmmk Cnnl) and



(187)

Gab =

1
4

4. THE STRUCTURE OF THE SPACE-TIME FOR NULL ORBITS

(= % oubh ik — 36k,
— 20" (kamC™yy, + ko C™ oy + katC™ )
+ 2cijb"k:ij ('yamCmbn + YomC™" ’yamemn)
+ %%b(?’c““blkimcmkl + kO™
+ Gihb'V BafBy + 20" (¢afB + BbBa) + 3Pads
+ 2¢i0ikbl (/Ba%m + Bb’yam)kal + g@cikbl%bﬁmcmkz
— 20 (YamC™n + YomC™an + YabC™ )
+ F I O™ Cy + %Cikcj YmnYapC™ C
— 277 B (YamC™yj + YomC"; ) C ™
- ;cf'kbl%bﬂmcmnj C™y
— 2cM (YamC"y + YomCa ) C™ g
= 2 (YamC™yp, + YomC i ) C
- ZCkl’)’mnCmak C"y + gcklvamenk c" o+ gckl%bcmmk c"
— b B C™ Oy + B (BaC™,y + BrC™ )
= 80", "y = Oy Oy )

bm
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CHAPTER 4

Vacuum Solutions: The Einstein System

1. Introduction

This chapter deals with the Einstein system when the source (the stress-
energy-momentum tensor) is zero; i.e., when the space-time is deprived of all
matter and energy. In this case, the Einstein equations take their simpler form;
and, when the coordinate system is chosen appropriately so as to coincide with
the group and its quotient, they are reduced to a set of ordinary differential
equations. Of course, not all ordinary differential solutions are integrable, but
the existence and uniqueness of a solution is easy to prove locally (i.e., within
a certain range of value of the independent variable) using the Picard-Lindelof
theorem and the Banach fixed point theorem.

The first part of the chapter concerns the form the Einstein system takes
in the vacuum case and the existence and uniqueness of its solutions. It is
followed by two major examples: the application of Bianchi I and Bianchi 17
groups in the Minkowski space-time. We show how the appropriate coordi-
nate system can be found for each case; moreover, we examine a peculiarity
appearing in the case of Bianchi I, which distinguishes this particular class of
space-times from other similar treatments. Finally, we discuss the solution of
the Einstein system in a general case, so as to consider solutions near the ones
examined as examples; as part of this discussion, we show that the peculiarity
emerging in one of the examples is not necessarily a isolated event, but may
appear in several space-times.

2. The Einstein System

The Einstein system is composed of the Einstein tensor is equal to zero:
(188) G=0.!

This system refers to space-times ‘deprived’ of any form of matter or energy;
space-times that are referred to as ‘vacua’. Some of these space-times are also
known as ‘flat’, but this is not a safe designation in General Relativity. In
general, it is assumed that space-time is curved because of the presence of
matter (and/or energy); however, this is true only to some extent. There are

IThis is equivalent to setting the Ricci tensor equal to zero:
R=0.

However, the Einstein tensor is preferred, because it is the ‘natural’ choice in the context of
General Relativity.
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space-times that are ‘empty’ (in that they contain no matter and/or energy),
but are not ‘flat’. The best examples of such space-times are the Schwarzschild
and Kerr black hole solutions: while, they contain no matter, the intrinsic
curvature of the foliated (spatial) submanifolds is non-zero - in fact, it grows
as the singularity is approached and it blows up there. As a result, these
space-times, although ‘empty’, are not ‘flat’ in the manner usually perceived
by three-dimensional observers (such as us). On the contrary, the Friedmann-
Lemaitre-Robertson-Walker cosmologies are an example of space-times that
are non-empty (they contain a homogeneous perfect fluid), but possess spatial
manifolds with zero intrinsic curvature. As a result, a clarification needs to
be made:

e There are space-times that are flat, because all (extrinsic and intrin-
sic) measures of curvature are zero everywhere; that is, the Riemann-
Chistoffel tensor is zero. An obvious example of this is the Minkowski
space-time.

e There are space-times that are flat because they contain no matter
and /or energy; thus, their Ricci tensor is zero, but not necessarily the
Riemann-Christoffel tensor. The Schwarzschild and the Kerr black
holes are such solutions. These spaces are denoted Ricci-flat.

e There are space-times that are flat only with respect to some particu-
lar measure of curvature (e.g., the Weyl curvature), but they contain
matter and/or energy, thus their Ricci tensor is non-zero. An exam-
ple of this is the Friedmann-Lemaitre-Robertson-Walker cosmologies.
These spaces are denoted conformally flat.

e Finally, there are space-times that are not ‘empty’ or ‘flat’ in any of
the afore-mentioned senses, however, they approach (Ricci-)flatness
either for large distances (away from any centre of symmetry), or for
large times. These are known as asymptotically flat. The Schwarzschild
and the Kerr space-times are examples of this.

It should be obvious that our case is that of Ricci-flatness.

2.1. The evolution equations and the constraints. The Einstein
system in vacuum consist of a system of differential equations for the metric,
g, and its first derivative along z, k, that are written in the compact form
L 9= k and

(189) T(g,k)=0.

Given the derivatives of both g and k along the generators of the group are
given by
Lgg=dag and

(190) Lok= ok,

the Einstein system is reduced to a system of ordinary differential equations,
whose independent parameter is z.
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Using eqgs. (84), (85) and (88), (90), (92), we can express the derivatives
of the metric and its inverse, as

o 9
(192) N o,
(193) 0 bk,
(194) %b: = —c"bk;; and
(195) agzb = ",

Using egs. (185), (186) and (187), and setting them equal to zero, we can
express the derivatives of k as

. Ok

(196) 207’]87: = * Ik + ¢ B B C™ CMyy
2bla +2(ac” —blbj),é’aa d =

0z 0z

oo 1 . ; .
=0k kar + 50”“ (ac’t — 2670") Bakijkin
. 1 o .
+ 3¢ kai + 50 (4b°cT* + 7cT6R) B, ki
) 3 .
+ 2CZkblﬁmkiakal + §Clkbl6akimcmkl
— 5 (569" — A6 Buki Oy + i O, = i O
(197) + 4 B,
5 . . 4
+ §¢chkbl/8a/8m mkl - 3¢iclnﬁmcman - Z(Z)icznﬁacmmn
j m n 3 m n
+ 205 B 8, C™; O™y — 5cﬂ’%lﬂaﬁmcz i C™
20 a\Ymn T a&0mPn ]~ kl
_ 7Cklﬁm0mnk Cnal

7 5
= 5 BaC" Oy — 5 Bl C™y and
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(198)

Okt o Ok
2a—= — 2(ac? — b’V 2=
o2 (ac )%b 0z

= —(ac — 20"V ) kyjkap + %Cik (ac? — 070" ) yankijhina

+ 0n(2E — 1) puphs; — B0ub ks 1 (Db + k)

— 25" (kamC ™y + komC ™, + kabC™n )

—2(0""™ = 70" ki (YamC™ + WomC™an + YabC ™)

+ %vab(Scikblkimkal + Ik, C™, )

+ i bV BaBy + 203" (da B + DBa) + 3dadi

+ 26:¢* b (Bayam + ByYam)C ™ + g@cikbl%bﬁmc "

— 20 ™ (YamC ™y + VomCan + YabC™ )

+ F I Y ™ O™y + %Cikcjl (Ymn + 8BmBn) YasC™; C™

— 270 By (YamC™yj + YomC"j ) C ™ + gcjkblmﬁmcmnj C™

= 2¢" (YamC"y + YomC"ak ) ™t — 26" (YamC™yr, + YomC™ i) C™t
- 2ckl7mn0mak c" + gckl'yamenk c" o+ gckl%b()’mmk c"

— 0B C™, O™y + B (BaC™y 4 BoC™g) — 3C™, Cy — O™ C™

However, we need to note that, unlike egs. (191)-(195), the derivatives of
the dependent variable are not isolated in egs. (196)-(198). To isolate them,
we proceed to the following: First of all, we contract eq. (197) with b* and
then we subtract it from eq. (196) - the result is the following

(199)
1 .. . 1 . .
— §acch7[kijk‘kl + 5<;sk(1oz)lcﬁk — 796" ki
1 ikl m 1 i jn ijpn m
. 11 . .
T 40ii + G Y B CTy — 26,6C,

— Clk (aCJl — Qbel)/Bm,BnCmij anl B §CZkCﬂ (’Ymn + aﬂmﬂn)cmﬁ nkl

. 7
+ 7C]kbl5mcmnj anl _ §Cklcmnk Cnml _ Cklcmmk Cnnl =0 ,

which serves as a constraint equation for the components of g and k. This
constraint
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Second, we contract eq. (197) with 4% and eq. (198) with ¢?, adding them
afterwards. The result is

(200)
; 8]47”‘ 1

2(acij _ bib7) o :§(aCij — bibj)cklkijkkl — icik (acﬂ - 3bjbl)kijkkl

- %gﬁk(Gbicjk + 7¢T0F) Ky

+ %(mbicfn — 9TV ki O™ + zcikblkim(}’mkl

+ 5010560 4 Do BTy + 26,67

— %c““cﬂymncmij oy, — %cik (3ac? — 4b0") 8, 8,C™;;C™y
+ chkblﬁmcmnj C™y + 2050 B, C™, C"

7 5
. chl Cmnk; Cnml . chl Cmmk; Cnnl ’

which contains the derivative of k subtracted with the rank-2 tensor ac — b'b?
(a ‘block determinant’ of the inverse matrix). Subtracting from eq. (197), we
obtain

(201)
2bi% =b M kijkear + icik (ac’t — 370" ) ik

+ 30 ka; — drb I* Baki
T Zcikblﬁakimkal + 2¢*b B ki C™
— %(252‘&" + 90") Bakif O™y + € hin C™ . — ki CM
+ gch” Ba = 30" BnC™ g — 405" BaC™
+ %cik (ac?’ — 4b76") Ba B BnC™ C"y
+ 2007 B, B, C™ Cyy — %cj’“blﬁaﬁmc‘mm "k
— 26 BB Oy Oy — T BnC™  CTy

7 5
- chlﬁacmnk C" — chlﬁacmmk C"us
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and adding to eq. (198), we obtain

(202)
akab o

2
a@z

— (ac” — Qbe])kijkab + chk (acﬂ + bjbl)’yab (Qkikkjl + kijkkl)
+ 4k (V' — V) yapkis — 2030 kab + b (Gakbi + Gokai)
— 2™ (kamcmbn + kmeman + kamemn)

1, . . » .
+ Z (szc]n + Cl]bn)’yabkijcmmn + chkbl’yabkimcmkl
- 2(bicjn - Cijbn)kiﬂ' ('Yamcmbn + mecman)
1 .. . .
- §¢i0”%b + Gip bV BafBy + 200" (GaBy + PBa) + 3ty

+ 2056 (BaVom + By Yam + 2BmYab) C™i

= 26i™ (YamC™Mn + 1omCan)

+ cikcjl’yamfyan’mij C" — icik (acjl — 4bjbl)'yab6m6n(3’mij C"y
2B O Oy -+ 20805 O O

— 2" (YamC" + WomC"ak ) — 2 (YamC ™y, + YomC i ) C™t
+ chl’yamenk c"o+ gckl%memk c"

- blﬁmcmna Cmbl + blﬁm (ﬂ& mlm + /Bbcman)cnml
- Scmna Cnmb - Cmma Cnnb .

The system of egs. (196), (201) and (202) are a series of evolution equa-
tions for kg, each of whom corresponds to a different subtraction of the

. Okgp . : . :
derivative ——2° with the metric. Counting equations and unknowns, we have

10 equations Z(as expected from the Einstein system) for 6 unknowns (the in-
dependent components of kq). It is clear that the system is overdetermined
and egs. (196) and (201) are redundant, while eq. (202) should be sufficient
to account for the evolution of all components of k; given a # 0, the easily
obtain the usual structure of an evolution equation.? This is not an uncom-
mon result in the Einstein system, especially if we account for the particular
structure of the metric (namely, no zz-component and a constant with respect
to z za—component). Moreover, the two additional equations are not exactly
redundant; in the same manner that eq. (199) provides a constraint for the
components of k (particularly for the initial conditions), they can provide
constraints for the derivative of it.

2We remind here that the case a = 0 should not be considered within this formalism,
as it leads to pathologies.
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It is noteworthy that egs. (201) and (202) lead back to egs. (197) and
(198) respectively if we use eq. (200), in the same manner they were de-
rived; thus, they are equivalent to the Einstein equations. However, there is a
stronger claim that these equations are equivalent to the Einstein equations:
The same equations can be derived using the fact that

R..=0, Ru=0 and Rg =0,

which is true for vacuum space-times. Notably, R,. = 0 yields eq. (196) imme-
diately, while R., = 0 and Ry, = 0 may yield egs. (201) and (202) if the con-
straint eq. (199) is used appropriately.

One final word with regards to the constraint equations. Apart from their
use to recover the Ricci tensor from the evolution equations, the constraint
equations serve another purpose in the Initial Value Problem of egs. (196),
(201) and (202): any initial condition {go, ko} must fulfill the constraint eq.
(199). Moreover, if the constraint propagates, then the solution of the system
for any ‘moment’ along z will also fulfill the constraint. To show that this
is possible, we can differentiate the left-hand side of eq. (199) and show, by
means of the evolution equations, that the derivative is equal to zero.

2.2. The case of null orbits. Let us go consider now the special case
where a = 0 and the 3—metric on the homogeneous submanifold M is de-
generate. Firstly, we must consider what happens to the components of the
metric and their derivatives, given both 74, and ¢ are singular.

The first evolution equations come from eqs. (84), (85) and (88), (90), (92)
and refer to the derivatives of the components of the metric and its inverse:

0Ba
(203) 5, =0
8’Yab
204 —
( 0 ) az k(lb?
(205) %% =0 and
Db wi b
(206) = ", .

0z

Next, we need evolution equations (and constraints) for the components
of k. Using the Einstein or tensor does not help much, because there appears
to be no way to express the derivative of k,, separately. Namely, the only
equation that involves derivatives of k,, comes from G, = 0 and is given as

8I<:ij

(207) QCijW = Cikcjlk?ijk?kl + Cikcjlﬁmﬁncmij ka:l )

Taking G,, = 0, we obtain
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3¢j¢7 kai + ;¢kcijbk/8akij +46id;c B,
+ 2% B kia O™y + gcikbl BakimC™yy — gcif 0" BakiC™
+ ki O™,y — ki C™
(208) + gd%cikblﬁaﬁm mkl - 3¢icmﬂmcman - 2¢icmﬁacmmn
2 5507 Oy — S B Oy
— % ckeilg, - sz'j ™y

7 5
— 7B, C™ Oy — §Cklﬁacmnk C"l — §Cklﬂacmmk C" =0,

and taking G, = 0, we obtain

(209)
11, . .
- ?mb cyavki; — 3¢ib kap

— 20" (kamC™yy, + ki C™ oy + katC™ i)

+ QCijb"kij ('yamCmbn + YomC™y + ’yabC’mmn)

+ %’Yab(?)cikblkimcmkl + O™
+ G0V BaBy + 20 (daBp + DbBa) + 3bady
+ 2668 (Butam + Birvam) O + 26870
— 205" (YamC™n + YomC ™ + YabCa)

L 1 ., .
+ Czkcjl,yam,ybncmij anl + §CZkC]l'7ab7mn Cmij anl

. 3 j
= 267 By (Yam ™5 + WomC"a3 ) Ca + 5V Yab B C™ C
— 2cM (’YamC "ok + YomC "ak) mo =2 (’Yamcmbk + ’meCmak)Cnnl
7 5
— 2,0, O™ Oy + §ckl’7abC Tk Cl + §Ckl’YabC Tk Cl

- blﬁmcman Cmbl + bl (660 mbn + Bbcmna) - 3Cman nbm - Cmma Cnnb :
It is noteworthy that the latter two are constraints, while the former is a
contracted evolution equation for kg, which cannot be separated from ¢®. It
is also noteworthy that using the Ricci tensor, we will not yield very different
results.® Therefore, finding an evolution equation for k is not possible within
this context.

3In fact, R.. = 0 will result to eq. (207), while R., = 0 and Rqs = 0 will result to egs.
(208) and (209) if the constraint eq. (199) is used.
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What we can observe though is that, defining k = ¢/ k;j;, then

K ¥ DY NS PN L S 8
0z ¢ 0z ¢ kL
and, using eq. (207),

) . .
£ = Py + 260 I B 5, C Cy
Now, defining K% = L, the latter become
Ok % 7 ik 5l m n

which does not contain k., whatsoever. Moreover, if the evolution of the
new variable K% can be expressed explicitly, then we have an alternative set
of evolution equations that can be used instead of those for k,,. Notably,
knowing K¢ , it is easy to determine kg, as

(211) Yai Ky = Kap -
Differentiating K% = c®k;, with respect to z, we have
OK% (i Ok;p

0z 0z

— K%KY, .

- 0k;
The difficult part here is identifying the term % and replacing it by some-

thing “meaningful”. At first, this term seems oddzas neither the components
of the Ricci tensor nor those of the Einstein tensor contain it; however, look-
ing at the components of the Riemann-Christoffel tensor, we can easily see
that R? . contains this term. The problem now is to express the Riemann-
Cristoffel tensor as something meaningful - something that is given in relation
to the variables we have (B4, Yab, 0%, ¢ and kqp, - or £ and K 4 instead of
kqp) and the stress-energy-momentum tensor. This is possible if we recall eq.
(43), whereas the Riemann-Christoffel tensor can by definition be written as

1
(212) Ra,@yé =9""Wypss + 5(5a7R65 + 9" gp5 Ry — 9™ gy Rys — 5a§R67)

1
= 5 (0%985 — 0% ) R

and if we recall from eq. (59), that the Ricci tensor and the Ricci scalar can
be expressed directly with respect to the stress-energy-momentum tensor as

1
Re = 87(Tus - 5gaﬂT)
R = -8nT
Therefore, the Riemann-Christoffel tensor is
R% g5 =™ Wygys + 4m (0%, Tps — 0% Ty + 9™ 955 Toy — 9957 Tps)
(213) 207

- 7(5a7966 —0%%0py)T -
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Specifying this for « = a, § = = z and § = b, we have
(214) R, = " Wiy — dm (8% — bBy) Toz + ¢ BpTsi) -

Of course, in the case of vacuum T,, = T,; = 0; and in the case of a flat

space-time (where both the Ricci and the Weyl curvature vanish), the whole

expression reduces to R®,,, = 0. But, in the more generic case, eq. (214)

along with the general form of the specific component in Chapter 3, give us

the way to express the evolution of K with respect to our state variables.
The general form of this evolution equation, then, become

OK®,

0z
(215) — 2¢i6akcilﬂbﬁm mkl + 2Cakcilﬁmﬁncmbicnkl

+ CaiWizzb - 477( (5ab - baﬁb) Tzz + CaiBszi) .

:Kai ib + 2¢j CaiBbKij + 4Cak6mKla mkl

This equation serves as the evolution equation for our new variable K%
similarly, eq. (471) serves as the evolution equation for its trace, s, in the
general case. Specifying this for vacuum(7,, = T, = 0), gives us the following
equation

OK®,
0z
(216) — 2¢icakcilﬁbﬁm0mkl + QCakCilﬁmﬁnCmM C"y
+ CaiWizzb .

:Kai ib + 2¢jcaiﬂbKij + 4CakﬂmKla mkl

Using x and K% to replace kg, in egs. (208) and (209), we can also
determine the two constraints that complete the system. The first one is

(217)

36K + i B
— a8, K, C™, — %bkﬁaKlm mo.— gbnﬁamcmmn + K" Cc™ —kC™ .
48616950 + 281 BufnCy = 3616 B — 291" BuC,
+ 200 B, B C™ ™y — %Cjkblﬁaﬁmcmnj CM — %Cik@jlﬂannsz‘j C"

7 5
— 7B C™, 1, C"y — §Cklﬁacmnk C"t — gcklﬁacmmk "y =0,

and the second one
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(218)
= 5 Pib"Yapk — 30ib"Yai K
+ anﬁ(’yamcmbn + 'mecman + ’Ytlbcmmn)

1
+ 5%[,( — 3V K, C™y 4+ b RC™)

+ i bV BafBy + 206" (PaBo + P1Ba) + 3Dads

+ 26:¢* b (BaYam + ByYam) C ™y + g¢icikbl7ab6mcmkl

—26i¢"™ (YamC ™y + YomC ™ an + YabC )

+ cikcjl'yam%nC'mij C™"y + %cikcjl’yab’ymnCmij C"y

— 277 B (YamC™yj + YomC"; ) C™ + gcjkbl’yabﬁmC’mnj C™y

— 2 (YamC™ + omCap ) Ot — 2cM (YamC™g + YomC™ar ) C™y
— 2cky,, 0™ L O + gcklvamenk c" o+ gckl'yamemk c"

- blﬁmcmancnbl + bl (Ba mbn + IBmena) - 3Cman " Cmma Cnnb :

bm

The system of egs. (467), (468), (469), (470), (471) and (472) is the system
of evolution equations for the metric components and their derivatives, with
eqs. (473) and (474) serving as constraints, in the case the group acts by null
orbits, resulting to both the induced 3—metric 4, and its inverse ¢ being
degenerate. It must be noted, however, that this is an incomplete system, in
the sence that the term ¢*Wi;,.; and its dynamics have not been specified; this
appears as a ‘source term’ in the evolution equation for K¢ , which conveys
the effects of ‘tidal forces’ or ‘long-range curvature’ to the evolution of the
‘second fundamental form’.* There are two ways of dealing with this term:

(1) If we restrict our focus to space-times that are conformally symmet-
ric, then this term will vanish identically. Interestingly, this course
immediately prevents us from studying any case where the lightlike
homogeneous manifolds are somehow justified by the physical man-
ifestations (e.g., the case of solutions for homogeneous gravitational
waves).

(2) If we do not, then the evolution equations and constraints for the
Weyl tensor must also be included in the system. To specify these

4The presence of this term in eq. (215) is actually very interesting. One of the fun-
damental examples for the case where the group acts by means of null orbits is that of
homogeneous gravitational waves; in this example, even if the waves propagate in vacuum,
tidal forces are present. Therefore, the fact that the Weyl tensor affects the evolution of the
derivatives of the metric appears to be entirely logical.
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equations, we can use the second (differential) Bianchi identities
VocRnyée + vﬁR’ya&s + V'yRaﬁée = 0;

which can be rewritten as
Vawﬁfyée + V,BW’yade + v'yWaﬁ(5e =
1
+5(905 (VaRye = Vo Re) = gac (Va5 — Vo Rps)
— 936 (vaR'ye - v'yRae) + 98¢ (vaRws - V'yRaé)

219
( ) + [5%) (vaRBe - VBRQE) — Gre (VaRB(S - vﬁRae))

1
+ 6 ((9045956 - gasg[%)v'\/R - (9045976 - gaeQ’y&)vﬁR

+ (gﬁdg'ye - gﬁegvd)vaR) .
This relates the covariant derivative of the Weyl tensor to the co-
variant derivatives of the Ricci tensor and the Ricci scalar; given the
latter are already expressed with respect to the components of the
metric, its inverse and its derivative, we can easily express the change
of the Weyl tensor with respect to z (that would yield the evolution
equation for it) and with respect to the group (that would yield the
respective constraints) in relation to them, thus closing the system.’

Let us consider the second, more general case. First, it is important
to note that any homothetic vector field in a space-time is also a curvature
collineation, meaning that

(220) L: R(d,w) =0;
and a Ricci collineation, meaning that

(221) EEQR =0.
Therefore, it is also a Weyl collineation,

(222) Lz W (i, w) =0.

This means that the constraint equations that are derived from the Bianchi
identities are simply

(223) ﬁgf Wazbz = 07
(224) [ré‘f Wazbc = 0,
(225) ﬁngacbz =0 and

5The alternative would be to mimic the usual 3+1 formalism by admitting some ob-
server’s velocity vector (that spans over f and 5_;) and decompose the Weyl tensor to its
‘electric’ and ‘magnetic’ part, writing an evolution equation and a constraint for each of
them [43]. However, this implies additional complexity that is not required at this point.
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(226) ng Weaebd = 0.
As for the evolution equations, they are given as
1
(227) Eé’Wazzb = §(Vab£§'Rzz - Baﬁfsz) )
1
(228) 'CC"Wazbc + ﬁc_'szac = iﬂcﬁé’Rab 5
(229) Eé’Wzabc + ﬁEWazbc =0 and

1
LeWabed =5 (YacLzRod = VaaLzRoe + VoL 7Rad — alzRad
(230)

1
t3 (YacVbd — YadVoc) LeR.

The Lie derivatives of the Ricci tensor components and of the Ricci scalar
with respect to the transversal ¢ can be given directly from the matter terms,
remembering that

1
Rop =87 (Ta,B - igaﬁT) )

and
R = —-8xT.

Of course, of all these evolution equations and constraints, only one is of
importance to us: the evolution equation for the component W,,.;. In the
case of vacuum, the evolution equation is simply

Wzt o
0z

This system of equations (471), (472), (473), (474) and (407) is still a
system that can be treated in the same manner as the more generic case of non-
null orbits that was introduced in the previous subsection.® So, the argument
of a general local solution that is put forth in the following subsection holds
equally well for both.

There is, nevertheless, a minor problem that one needs to consider

(231) 0.

6The main difference of the two system is the fact that, in the case of non-null orbits,
one can work directly with the components of the metric and the ‘second fundamental form’
- while, in the case of null orbits, we have to rely on the auxiliary variables k and K% . Yet,
it is easy to compute the solution for the actual variable (kq) once the solution for these
two is known.
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2.3. A fixed point argument for a general local solution. The eqgs.
(191), (192), (193), (194), (195) and (202) are a set of evolution equations of
the form

0

(232) o

X()=F ()?(z)) :

i.e., they are an autonomous system of ordinary differential equations.” This
system can be integrated in a certain range of values of z, say [zo, 21}, when
a set of initial conditions

(233) X (20) = Xo,

—

is given, and when the right-hand side, F'(X) fulfills some criteria (e.g., it is
Lipschitz).
As for eq. (199), it serves as a constraint of g and k, in the form of

(234) G, (X') = 0.

This constraint must be fulfilled for the initial conditions, before the integra-
tion is attempted.

The existence and uniqueness of solutions of eq. (232) under generic initial
conditions of eq. 233) that satisfy the constraint of eq. (234) can be proved
by means of the Picard-Lindel6f theorem, so long as the solution is local, i.e.
confined within an interval z € [zl, zz]. The theorem is states as

THEOREM 2.1 (Picard-Lindeldf (existence and uniqueness) theorem). Let
Q be a n open subset of R"™ and F be a continuous function from Q to R";
and let X be a function defined on IR™ that satisfied the Initial Value Problem
(232-234) for z € [zl,zg}, such that zy € [zl,zg]. Then,there exists at least
one solution to the Initial Value Problem in some closed interval [zo—h, Zo—}—h]
where h > 0 and zg — h > z1 and zo + h < 29.
Moreover, if F' is continuously differentiable, the exists a unique solution, X,
to the Initial Value Problem in the closed interval [mo — h,xo + h].
Finally, the Picard iteration, defined as

z
(235) (@) = Kot [ F(Z(s)) ds,
20
produces a sequence of functions {X (n)} that converges to X uniformly within
the interval [zl,zg].
The conditions required to prove the theorem are
(1) Some metric space (D, d), where all functions X ) Y belong; the met-
ric of the space can be defined by the uniform norm
(236)  d(X,V) = H)Z'(z) - ?(Z)H = sup |X(z)=Y(2).
(o)

zE [21722

"Here, X = {a,b%, ¢, Yab, kav } and F is the right-hand side of the afore-mentioned
equations.
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(2) The Lipschitz continuity of F'.
(3) The Lipschitz condition for the operator H = Xo+ fzzo F ()?(s)) ds,
so that
(237) HHX(Z) - H?(z)HOO <q HX(Z) ~Y(2)

)

o0

for a real parameter ¢ € [0, 1] and all functions X .Y in the metric
space (D, d).

(4) The Banach fixed-point theorem, applied to prove the existence of
a solution, by proving that the application of the operator H is a
contraction

(238) ”HX(H+1)(Z) - HX’(H)(Z)HOO < qm H)Z(nﬂ)(z) ~ X (z)HOO

for p; € IR an integration constant; so, as n — oo, the solutions
converge to X.

(5) The Gronwall lemman, applied to prove the uniqueness of the so-
lution, by proving that any two function X (z) and Y (z) that have
been derived from the Picard iteration have to be equal.

/: (F (Xw)(S) - ﬁn)(s)) )ds )

0

(239
X(z) - ?(z)H _

o0

<ap| X - 7|
oo

for po € IR an integration constant; so, as n — oo, X=Y.

We shall omit a more detailed proof, as the theorem is relatively well-known.

Given that the conditions of the Picard-Lindel6f theorem are generally met
int he case of egs. (232), we can immediately claim that the Einstein system
in vacuum is integrable within an interval of z, such that constraint is always
satisfied. The question of extended the interval [21,22] so that the entire
manifold Vy is covered by the resulting metric g, may remain unanswered for
the moment; the reasons are two:

e The Picard-Lindel6f theorem proves local and not global existence;
to prove global existence, it is likely that additional assumptions on
the Initial Value Problem must be imposed [41, 42]. However, this
global existence refers to the particular choice of z, so the space-time
may not be covered; therefore, in this thesis, we are concerned with
local existence.

e As we will attempt to show by means of examples, it is not always
possible to find a quotient f such that the entire space-time (V4, g)
can be foliated accordingly; so, global existence may not exist for all
possible space-times.

3. Examples

This section provides some examples of vacuum space-times that are so-
lutions to the Einstein system.
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3.1. Bianchi [ acting on the Minkowski space-time. Let the Minkoski
space-time, describing a vacuum solution of General Relativity with maximal
symmetries. Its metric is given as
(240) ds? = —dt* + da? + da? + da?.

Let a group G acting on this space-time, whose algebra yields the following
generators:
(1) Boost along the x direction:

> 0 0
241 =z—+t—.
(241 =20 T o
(2) Rotation on the z1 — x2 plane:
0

> 0
(242) 52 —.Z'Qaixl —.’El%.

(3) Dilation:

- 0 0 0 0
24 = t— _ i i
( 3) 53 at +I1 81‘1 +x28.’£2 +I38£C3
The commutators of the group are
(244) [glaé] =0, [é,é] =0 and [é%gl] =0,

which deems G a Bianchi I group. Furthermore, it is relatively easy to see
that the action of the group on the Minkowski space-time is as follows

Eglg =0 s
(245) Eég =0 and
Lgg=2g,

hence the boost and the rotation can be classified as isometries of the Minkowski
space-time, while dilation is a homothety with ¢3 = 2.

In order to rewrite the metric according to the group acting on it, we wish
to obtain a set of coordinates, three of which are the canonical coordinates of
the group, while the fourth refers to the quotient of its action. Given the Ricci-
flatness of the Minkowski space-time, the group action can be approximated
by the exponential map of the corresponding algebra defined as

(246) A = onDE+@DE+asDE

where Df_;- the Jacobian matrix of each generator and ¢; a respective param-
eter; these parameters will help us define the canonical coordinates. Then,
to obtain a transversal to the group, we choose an arbitrary point on the
space-time, e.g.

(247) P = (1? 1?07 0) )

and a null direction for the Minkowski space-time that will serve as the initial
transversal geodesic; then, applying the exponential map on this geodesic, we
shall obtain the general form of the transversal geodesic.
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Concerning the exponential map, it is easily constructed as

(248)
0 001 0 0 00O 1 000
0000 00 10 0100
1 000 0 0 00O 0 0 01
3 0 0 @
_ |10 @ @ 0
0 —g2 g3 0 |~
g 0 0 g3
hence
e cosh ¢ 0 0 e? sinh q
a_ 0 eBcosqy eBsing 0
(249) e = 0 _eq3 Sin q2 €q3 COS q2 O
e® sinh q; 0 0 e® cosh q;

Now, having chosen the initial point of the initial transversal geodesic

0 0
as Py(1,1,0,0) and its initial “velocity” as — + ——, the initial transversal

at 81‘2

geodesic is simply the line described parametrically as
(250) e:{ t=1+z, z1=1, xz9=2z and x23=0,

where 2z a parameter increasing along the €5 direction. This parameter will
function as the transversal coordinate. For the canonical coordinates of the
group, let them be w;, wo and w3, we may choose the algebraic expressions
related to the parameters q1, ¢o and ¢s,

1+ w% 21[)1
= cosh and ——— =sinh
1 _ ’U)% q1 1— ’U)% q1
(251) 1— w3 2ws ,
—= = cos and ——= =sin
14wl o 14wl ©
w3 = B,

Now, the exponential map is written as

1 2 2
PR, S 0 w2
1—wi 1—wi
1 —w? 2ws
0 w3 % —W3———5 0
2w9 1— w3
0 w31—i—w2 w31+w2 0
5 2 2 _
w1 wi
0 0
T2 wgl—w%
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The action of the exponential map on the straight line € yields the general
form of the transversal line with respect to the new set of coordinates
(253)

w3 (1 + w?)(1+ 2) w3 ((1 — w3) — 2zw,)
= 2 ) I = P) )
.- 1—wy 14+ ws;
w3 (2wz + (1 — w3)z) 2wawi (1 + z)
Tg = 5 and T3 = ———75—.
I+ wj 1 —wj

These function as the transformation rule from the Cartesian coordinates
{t,x1, 22,23} to the group-specific coordinates {z, w1, wa, ws}. What we need
to do now is to specify the inverse transformation, from the group-specific
coordinates to the Cartesian coordinates. To do so, we assume two points on
the space-time, P; (7, x1, X2, x3) and Pa(t,x1,x2,x3), that are related by the
group action. In this, we distinguish between the quotient of the group action
(that corresponds to the choice of z) and the group action itself; furthermore,
we distinguish the group action to its two isometries (boost and rotation,
related to w; and wy respectively) and the homothety (dilation, related to
ws).

(1) The point P is the initial point of the action, so its coordinates can
be described with respect to z as

(254) T=142, x1=1, x2=2z and x3=0.

(2) Distinguishing between the group action and its quotient, we can
identify the coordinate on the latter, z, through the invariant of the

group,
—t2 + :v%
x% + x% .
Moving along z, the above quantity remains constant. Hence,
—t?+ a5 -7’ +x3

(255) - .
a3 X +3

Thus, we have moved from point P} to point P»; now we take the
way back through the group action.

(3) Distinguishing the group action to the isometries and the homoth-
ety, we can isolate the effects of each symmetry and the respective
invariants. This is expressed as if the move “back” from P> to P is
decomposed by a motion from P, to P5(t', 2!, x4, 2%) by means of the
homothety (dilation), and then a motion from Pj to P, by means of
the isometries (boost and rotation). This means that the coordinates
of the two points are related as

T2 T3

(256) t'=—, /=", 2,="" and z5=".
w3 w3 w3 w3
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(4) Identifying ws with the dilation (3), this remains constant under the
isometries, hence

@ @) = () + (2) =g ana

w3 w3

2 2
(27)? + (25)° = (%) + (i—i) =2+ 2.

(257)

(5) Following, the rotation symmetry, identified with wsg, results by mov-
ing along the an angle, 6 in a circle on the x; — x5 plane, in such a
manner that

9 — (90'1795/2) ’ (X1,X2) B 96’1X1 + $’2X2 . Tr1X1 + T2Xx2 nd
TN @) @) a3
(258) 142 X1, X2 (331) +(.%'2> 1 2
inf — ((33/1737/2) X (X17X2))7”L _ —TiX2 + X1 T TiX2 T T2xa
T @A) T @ eyt e
149 X1, X2 (.1‘1) +(IE2) xry €Ty
where -, x and | | are the Euclidean inner product, cross product
and norm respectively; and 7 any unit vector perpendicular to the
x1 — 22 plane. Following, we may take
0 sin 6
259 —t (7) =7
(259) w2 M\ 14 cosf

(6) Following, the boost symmetry, identified with wj, results by moving
along the an angle, ¢, along a hyperbola on the ¢t — z3 plane, in such
a manner that

(t',2%) © (1, x3) —t'T 4+ 2% X3 —tT + x3X3
COSh¢:2(t/$/)ZZ(TX)2:—t’2+ 5 = w3 2 and
260) )TN (0 + () &
ho — ((t/’xé) ® (7, XB)) oOm  t'xz—ayT  txz —a3T
sinh ¢ = o o = 2 N2 T W2 2
AT, %) 1T, X3t — ()" + (x3) + 73
where ®, ® and ? { are the Minkowskian inner product, cross product
and norm respectively (that is, the inner product, cross product and
norm in hyperbolic geometry);® and 77 any unit vector perpendicular
to the t — x3 plane. Following, we may take
o} sinh ¢
261 = tanh (—) =
(261) i a 2 14 cosh¢

8The Minkowskian (or hyperbolic) operations are defined in accordance to their Eu-
clidean ones, as

a® g: —aopbo + azbs
a® g: (a0b3 — a3b0)7ﬁ
V@t =d©d = —(ao)* + (as)’

for any two vectors of the form a@ = agg + agi and b = bog + bgi with ax ,b. € IR;

8t 8%3 6t 8333

and for m a unit vector perpendicular to the ¢t — x3 plane.
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Substituting 7, x1, X2 and x3 to the invariant of the group, we arrive at

a quadratic equation with respect to s,
—t?+ i+ a3 +23 , —t? + 2% + 23 + 23
5 5 254224 5 5
r] + x5 r] + x5

(262) =0,

whose solutions are

L 2?4+ 22 £ /(12 — 22)(—12 + 223 + 222 + 22)
—t2 + 2} 4 23 + 23

(263)

From the other two invariants (for the boosts and the rotations respec-
tively), we obtain the following solutions for ws,

12 — 2 2 + x2
264 =4 Y 3 _4,/21 "2
(264) w3 152 e

Finally, from the rotation, we obtain the following transformation rule
0 —r12+ 2
(265) wo = tan <7> = 3;1 +2 2 ,
2 VA +22)(2? + 23) + 71 + 202
and from the boost, we obtain the following transformation rule

(266) wy = tanh <? 1+ 2

2> VO F2) (2 — 22) + a3(1 + 22)
The generators may now take the form

3 2(z+ Dwiws 8 (z+ 1)1 +w?)ws 9
1= a7 A

1—w? Ot 1—w? Ox3 '
~ (Qwatz(l—wd))ws 9 ((1—wd) —2zwr)ws I
&= 5 -y 5 —— and
1+ ws 8901 1+ w4 8.%'2
g = (z 4+ 1)(1 + w?)ws 9 (1 —w3) — 22wy) a
37 1— w% ot 1+ w% o0xy
(2wa + 2(1 — w3)) wg I 2(z 4+ Dwiws 9
+ 5 At ——35 — 5>
1+ ws 81‘2 1-— w3 81‘3
and in the new coordinate system they are simplified to
- 2 0
51 - 1— w% 8’(1]1 ’
- 2 0
267 =——s— d
( ) &2 1+ w% Ows an
§3 = w387wg .

At the same time, the ray on the quotient is tangent to

(= A(8+8>_(1+w%)w35_2w2w33 (L-wy)ws &  2wiws 9
“O\0t 0ry) T 1—w? 0t 1+wlom | 1+wl 0wy 1—w?dws
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while in the new coordinate system it becomes

(268) (= % :

The four vectors of the basis are linearly independent given ws # 0, since the
w3
(1 —w?) (1+wd)
Now the metric can be expressed as the Minkowskian inner products of
the four vectors,

determinant with (, &1, & and &3 as column-entries is —

9zz 29(575) = _,QC_.T: 0
9:1=9(C.&) =C0& =0
92=9(C.&) ={0& = w3
9:3=9((.&) =0 & = —wl
g1 = 9(51,51) =& 08 = (1+2)%uw3
g12 29(5752) =6 0&=0
913 :g(é,é’)) =6 0&=0
g22 = 9(52752) =& 06 = (1+22)uws
923 zg(é,é,) =& 086=0
933 = 9(5,8) =& 0 & = —2zu3
or
0 0 w3 —w3
B 0 (2+1)%w3 0 0
(269) 9= 2 o (24wl o0 |
—w} 0 0 —22w3
while the inverse is
2Z(Z2+1) O N 2z N 22+1
(z—1)2w3 (z—1)2w3 (z—1)2w3
270 -1 0 e 0 0
( ) g - - 2z 0 3 1 1
(z—1)2w3 (z—1)2w3 (z—1)2w3
2241 0 1
(z—1)%w3 (z—1)%w3 (z—1)%w3
The Lie derivative of the metric along f is
0 0 0 0
0 [0 2z+1wi 0 0
(271) Leg=5.9=1 o 0 2w? 0 |-
0 0 0 —2uw?
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and the second Lie derivative of the metric is

0 0 0 0
0? 0 2w 0 0
(272) Lellg) =529=| o 0" 2u2 0 |
0 0 0 0
Now, the Lie derivative along 51 is
2 0
273 Lzg=——-—¢g=0
the Lie derivative along 52 is
2 0
and the Lie derivative along ég is
0
(275) L'£~3g = wga—wgg =2g.

The present example is particularly interesting, as it reveals a problem
peculiar to this class of space-times. The quotient of the group is determined
by means of a quadratic equation (262); so, there is no unique quotient that
respects all criteria of the Theorem ?7, but there can be multiple (up to two)
quotients that fulfill these criteria and yield the same foliation. In this sense,
no clear distinction between ‘past’ and ‘future’ along the range of values of
z exists - the parameter can ‘bifurcate’ between the collineations while the
foliation is unaltered. However, the more interesting issue arises in the points
where this ‘bifurcation’ can occur. Let us consider that the evolution of the
coordinates is such that —t? + 2% + 23 4+ 23 — 0; then, z — 0 regardless of the
‘nearby’ values. Similarly, when —t% + x§ — 0, z — 1. Essentially, z ‘jumps’
non-smoothly from whatever value it may have to 0 when —t?+z3+x3+22 — 0
and to 1 when —t2+a:§ — 0, although t, z1 , 2, x3 are evolving smoothly. This
makes z a pathological function, and leads to the result that the transversal
collineation is non-Hausdorff.

Fig. 1 depicts this non-Hausdorff nature of the transversal in the following
way: Different values of z are depicted as different hypersurfaces in the space-
time. Alternatively, each hypersurface corresponds to all the points of space-
time that yield the same value for z; and, of course, it represents a ‘slice’ of the
embedded homogeneous submanifold for the said value of 2.7 Tt is easy to see
that the ¢ — x3 hypersurface in the first case, and the 1 = 29 = 0 light-cone
in the second, do not are pathologies of z, as the coordinates approach to 0
along them; these are exactly the cases where z — 0 and z — 1, respectively,
regardless of the ‘nearby’ values.

9The two subfigures correspond to the two different solutions of eq. (262).
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FIGURE 1. Different values of z as a function of the coordi-
nates of space-time.

This pathology is intriguing (and paradoxical) as it is not expected to
occur in a subspace of a well-known, well-studied, and relatively simple case
as the Minkowski space-time is. It is not clear, at first, if this depends on the
particular example (the group chosen to act on the Minkowski space-time)
and, thus, it is an ‘uncovered’ feature of the space-time - or, if it depends
on our particular formalism and, thus, it is a “coordinate pathology” rather
than a “topological” one.!® However, it is noteworthy that both pathologies
occur on a light-cone, the one of which is associated with 52 and the other
with E_:o, It is a logical conclusion, then, that these pathologies are built-in the
example, playing the role of ‘cosmic censorship’; z cannot behave smoothly
near these regions, because it runs the risk violating some physical property
(e.g., allowing the system to evolve in such a way as to meet its ‘past’ self in
the ‘future’).

With regards to pathologies of this sort, we will discuss more in the final
section of this chapter.

3.2. Bianchi [I/] acting on the Minkowski space-time. Let the
Minkoski space-time, describing a vacuum solution of General Relativity with
maximal symmetries. Its metric is given as

(276) ds® = —dt? + da? + dx3 + da3 .

10This remark can be clearly compared to the question of a singularity. A point or
moment in space-time is not characterides as a singularity when the particular coordinates
lead to a ‘blow-up’ of the metric (a “coordinate singularity”, like the event horizon in the
Schwarzschild coordinates in the Schwarzschild solution) - but when invariant geometric or
topological variables ‘blow up’ (a “topological singularity”, like the ‘centre’ of rotation in
the same example).
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Let a group G acting on this space-time, whose algebra yields the following
generators:
(1) Boost along the x3 direction:
- 0 0

2 — ra— .
( 77) & =3 ot + taxg

(2) Loxodromy on the t — x3 plane:

- 0 0 0
278 — 1 — 4+ (t — pa)—— v
( ) 52 xl@t + ( xg)é)xl +l‘1 83:3
(3) Dilation:
- 0 0 0 0
279 =t— — — —.
(279) = g0 T g0 T 20, T g,
The commutators of the group are
(280) €1.&l=—&, [6.6]=0 and [&,6]=0,
which deems G a Bianchi I 11 group with the non-vanishing structure constants
C?%,, = —C?, = 1. Furthermore, it is relatively easy to see that the action of
the group on the Minkowski space-time is as follows
Lgg=0,
(281) Eég =0 and
Lgg=2g,

hence the boost and the loxodromy can be classified as isometries of the
Minkowski space-time, while dilation is a homothety with ¢3 = 2.

In order to rewrite the metric according to the group acting on it, we wish
to obtain a set of coordinates, three of which are the canonical coordinates
of the group, while the fourth is transversal to it. To trace the canonical
coordinates of the group, we rely on the exponential map of the algebra defined
as

(282) e = 6Q1D€1 6Q2D52€Q3D53 ’

where Dé the Jacobian matrix of each generator and g; a respective parame-
ter. This leads to the following exponential map
(283)
1 1
§Gq3 (eq1 (qg + 1) 4 e—ql) eleBgy 0 _§eq3 (eql (q% — 1) + e—ql)
N % gy 43 0 —e3 gy
0 0 el 0

%qu (" (@ 1) —e D) elebgy 0 _%qu (9 (2 — 1) — )

Consider now the following transformations

1+ w;

— o0
=e
1—w;

(284)

, w2 =g¢q2 and w3 =e®,
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the exponential map is rewritten as

1
%W, 1 tw Worws 0 —%W,
A _ waw3 w3 0 —wows
(285) et = 0 0 ws 0 ,
1
%W+ 1 _i_ Zi wWorws 0 —%W+
where
14 w1 2 1-— w1
W_ = _
<1—U)1 (w2 )+1+w1)
and

Then, to obtain a transversal to the group, we choose an arbitrary point
on the space-time, that is invariant under the group, e.g. Py(1,0,1,0), and
a null direction for the Minkowski space-time that will serve as the initial

) 0 0 . .
transversal geodesic, e.g. — + ——; then, applying the exponential map on

ot 0x1

this geodesic, we shall obtain the general form of the transversal geodesic.
This transversal geodesic begins a simple line, described parametrically as

(286) e:{ t=1+4+z, z1=2, =1 and z3=0,

where z a parameter increasing along the €5 direction. This parameter will
function as the transversal coordinate; the canonical cooridnates of the group
are chosen as in the previous example to be u, r and w - algebraic transfor-
mations of ¢, g2 and ¢3. The action of the exponential map on the straight
line € yields the general form of the transversal line with respect to the new
set of coordinates

(287)
L ((1+w1)(w§+1+(w2+1)22) . (z—i—l)(l—wl))
2 1—w1 1+w1 ’
6:{ z1=wi((w2 + 1)z +w2) ,
r9 = w3 and

w3 (1+w1)(w%+1+(w2+1)22) (z+1)(1 —wy)
1—’UJ1 1+ wy ’

To obtain the reverse transformation from the group-specific coordinates
to the Cartesian coordinates, we will -as in the previous example- consider
two points on the space-time, Pi(T, X1, x2,X3) and Ps(t,x1,x9,x3), that are
related by the group action. In this, we distinguish between the quotient of the
group action (that corresponds to the choice of z) and the group action itself;
furthermore, we distinguish the group action to its two isometries (boost and
loxodromy, related to w; and wy respectively) and the homothety (dilation,
related to ws).
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(1) The point P; is the initial point of the action, so its coordinates can
be described with respect to z as

(288) T=142, x1=2, x2=1 and x3=0.

(2) Distinguishing between the group action and its quotient, we can

identify the coordinate on the latter, s, through the invariant of the
group,
2
L3
—t2 4+ 2} + 23 + 23

Moving along s, the above quantity remains constant. Hence,

2 2
(289) 2 22 2 2 = 2 22 2 2"

Thus, we have moved from point P} to point P»; now we take the
way back through the group action.

(3) Distinguishing the group action to the isometries and the homoth-
ety, we can isolate the effects of each symmetry and the respective
invariants. This is expressed as if the move “back” from P to P is
decomposed by a motion from Py to Pj(t', 2}, 2%, 25) by means of the
homothety (dilation), and then a motion from Pj to P» by means of
the isometries (boost and rotation). This means that the coordinates
of the two points are related as

(290) t/:i, xi:ﬂ, :1:'2:E and zgzﬂ
w3 w3 w3 w3

(4) Identifying ws with the dilation (f_;,), this remains constant under
the isometries. The coordinate not affected at all by the isometries,
hence which remains constant under their action, is z9; we know
already that zo = ws. Hence, this is given immediately as

(291) w3 = T2 .

(5) Following, the boost symmetry, identified with w1, results by moving
along the an angle, ¢, along a hyperbola on the ¢ — z3 plane, in such
a manner that

(', 25) © (1, x3) —t'T — X3 —tT — x3X3
COSh¢ t/ = 2 N2 = wgﬁ and
(202) W wg) QT x3)t — (¢)F + (a) + 73
B (', a3)® (1,x3)  t'xza+ast txz+asT
sinh ¢ = (t N2 N2 W35 3
(k) (T X — () + () 2 + 23
where ®, ® and ? { are the Minkowskian inner product, cross product
and norm respectively. Following, we may take
o) sinh ¢
203 — tanh (7) =T
(293) W= RIS ) T T ¥ cosh
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(6) Finally, knowing ws and z3, we may use the exponential map -
especially the action on x1- to determine ws, since
(294) x1 = wg (WaT + X1 — W2X3) -
Substituting 7, x1, x2 and x3 to the invariant of the group, we easily get
73 1

—t2—|—x%+x§+:p§ T2y

which is immediately solved to

2 2 2 2
t* — x| — 15 — 13

295 =
(295) * 256%

The dilation is directly given as
(296) w3 = T9.

From the boost, we obtain

ws(txs + x37) xox3(l+ 2)
W1 ="p "3 ) ’
—t2 + 25+ w3(—tT —w3x3) —t2 4 a5 —taa(l+2)
hence
xs (12 — 22 + 22 — 23
(297) wy = 3 ( 1 2 5)

2y (2 —23) +t (12— a2+ a3 —2d)
Finally, from the exponential map, we obtain
x1 =x9 (we(l+2)+2),
which is easily solved to
t? — 23 — 2wy — 23 — 23
2 —a? + a3 — 2}

(298) wy = —

The generators may now take the form

g w3 ((l—i-wl)((1+z)w%+2zw2+z—|—1) N (1+z)(1—w1)> 0

1= 1—w; 1+ w; ot

w3 ((l—i—wl)((1+z)w§+2zw2+z—|—1) B (1—|—z)(1—w1)> a
(91‘3 ’

2 1 —w 14w
> 0 (1+4+2z)(1—w)ws 0 0
= 1 — — 1 —
& =ws3 ((1 + 2)ws + 2) pr + o . +ws (14 2)wy + 2) s
g (I+u) (I+2)wd+2zwp+2+41) (1+2)(1-w)) @
7 1—w 1+ w ot
0 0
+w3((1+z)w2+2)67w1+w387x2

+% ((1+w1) ((1+z)w%+22w2+2+1) n (1+z)(1—w1)> 0

2 1—w 1+ w Oxs3 ’

and
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and in the new coordinate system they are simplified to

- 1—w? 0

51 = 9 TUH ’
g 1-— w1 (9
299 - 9 and
(299) &2 1+ w, 0wy an
§3 = U}STMS .

At the same time, the ray on the quotient is tangent to

, o 9
_oA(9 0N _
¢=e (8t+8x1)
Cwz (A +w)?)(L4wy)  1—wi) 9 0
2 ( 1— w Trw ) or T Hwesg
L (L wP (e 1w 9
2 1—w 1+w ) Oxg ’

while in the new coordinate system it becomes

- 0
300 =—.
(300) i=+
The four vectors of the basis are linearly independent, since the determinant
(1 —wi)ws
1+2
Now the metric can be expressed as the Minkowskian inner products of
the four vectors,

with 5 , 51, EQ and é, as column-entries is (1 + z)

gss = g 7®:C®<:O
gs1 =g 4,*1)=q®41=w2w§
g2 =9(¢, &) =Co 2= T, B

— —

LIy
I
o
(V)

g1=9(&,6) =6 0& = (1+2) (1+wi + (1 + ws)?z) w}
- . 1—
) =606 =(1+2) (e + 1+ 2)w) - twd
gi3 =g 173)2193:0
g Y (w1 —1)* ,
—9(6,8) =608 =(1+2) 2"y
g2 =9(&,6) =& 0 & = ( )(w1+1)2 3
) ®
) ®

I
w
w

I

|

[\

[N

S
w
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or
(301)
(1 — wi)ws
0 wow? - —w?
2W3 1+ w; . 3
g= wowi (2 +1) (wi+ (w2 +1)%2 + 1) w} (ZH)(ZWTf;Z)(l_wl)wB 0
(1—wy)w? (z41) (zw2twa+2) (1—w1 )w? (z+1)2(1—w1)3w3 0
wi+1 1+wq (1+w1)2
—w} 0 0 —22w3
The Lie derivative of the metric along E is
(302)
0 0 0
2
0 2(w]+ws+ (wp +1)% + 1) EP2EADIzw)u; g
Efg = 0 (22+2(142)wa+1) (1—w1 )w? 2(1+42)(1—w1)?w3 0 )
14wy (1+w1)2
0 0 0 —2w3
and the second Lie derivative of the metric is
0 0 0 0
2
0 2wy +1)2w3 Aeztll-wiuwy
(303) 55(559) = 0 2(wa2+1)(1—w1)w? 2(1—51”)1%3 0 )
14wy (1+w1)2
0 0 0
Now, the Lie derivative along 51 is
(304)
_ 2
0 0 St
1 w% o 0 0 - (1+z)(zw2+w2+z)(17w1)w§
o = _— = 1+
L6975 30?7 | _Grwed _(aGustwstatowed 2042 (ow)ul
1+wq 14+wq (14w1)?
0 0
the Lie derivative along 52 is
(305)
N 1-— w1 8 _
529 1 4wy Ows -
(1—w1)u3
0 e 0 0
(1—w))w?  2(142)(zwatwa+z)(1—wi)w?  (1+2)%(1—w1)?w? 0
- e ( )21(+w1 P (Iwy)? ;
14+2)%(1—w1)“w
0 0 0 0
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and the Lie derivative along {3 is

(306)
0 2waw3 72(11;%1)105
fogmwy D g—ag— | Zwmwd 204 2) (w34 (14 ws)s 4 1) wf 202 watuoa b2) (L o
£3 % Ows 2(1—w)wg 2(1+2) (zwptwr+2) 1—wi)w? 2(1+2)? (1—w1) w3
Tuwn T+w (I+wz)?
—2w? 0 0

4. Solving the Einstein System

As discussed, a general solution to the Einstein system is possible only
locally, within an interval of z. A global solution would be possible only if
additional conditions are imposed; the simplest such case is the derivatives of
the right-hand side, F(X) are bounded in the entire domain [51].

However, what the examples revealed is that the foliation considered in
this work may not always fulfill any additional conditions (e.g., the geodesics
may be incomplete, or the quotient may be non-Hausdorf). As a result, global
existence may not exist for several examples. The question that is immediately
brought up, then, is whether these examples are ‘isolated events’, or whether
they are a generic feature of this class of space-times. In an attempt to answer
this question, we proceed in proving a theorem about ‘neighbouring solutions’.

4.1. The existence of local solutions near known space-times.
The theorem can be stated as follows:

THEOREM 4.1 (Existence of neighbouring solutions). Let Q2 be an open
subset of R™ and F be a continuously differentiable function from Q to IR".
Suppose that X satisfied the ordinary differential equation

8%)?(2) —F ()?(z)) ,
for z € [zl, 22]. Suppose finally that Uy C Q) and Us C Q are two open subsets
of 2, such that

X(z1) el and X(z) €Us.
Then, there exists some & > 0 such that all W € ‘B()?(zl),é) there is a
continuously differentiable solutions Y to the Initial Value Problem

;Z?(z) =F (?(z))
Y(z)=W,

for z € [zl, 22]. This solution Y also satisfies
Y(z1) ety and Y(z)els.

This theorem follows from the usual well-posedeness theorem of the Initial
Value Problem for ordinary differential equations. However, not the entire
theorem follows trivially; the main conclusion that does not is that the solution
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is defined on the netire interval [21, zg] , since the existence part of the Picard-
Lindel6f theorem is purely local. To overcome this difficulty, we consider a
well-known fact from the theory of metric spaces:

LEMMA 4.2. Let K1 be a compact subset of . Then there is some pu > 0
and a compact subset Ko C §2, such that B(V, ,u) C Ko for every V € K.

This lemma can be applied to K; = [ZI,ZQ] = {)?(z) iz € [21,22] },

which is a compact subset of IR", since X is continuous and the interval
[zl, 22] is compact.

Proor. Let K1 = X[Zl,ZQ] = {X’(z) A= [Zl,ZQ]} a compact subset

of IR™, ans ¢ be the corresponding positive number from the application of
Lemma 4.2. Remembering that U/ and Uy are open, then there are ¢; > 0
and €5 > 0 such that

(307) B()?(zl),el) CU; and B(X(ZQ),EQ) CUs.

Now, let us define the maximum norm of the Jacobian of F', which we
have assumed to be continuous,

F -
(308) A = max iﬂ(V) ,
Veks 0X

oOF
where P is an abuse of notation to refer to all derivatives of F' with respect
to all arguments X (a usual symbol for the Jacobian). Let

n= min {627 Q} )

whereas we can show that theorem holds for

(309) 6 = min {er, nexp (A\(z1 — 22)) .
We define

(310) Yo (2) = X(2) + W — X (1)

and

(311) Tioy(2) = W — X(21),

so that }7(0) - f(o) =X (z) is a solution to the Initial Value Problem; we also
define

(312) Vinsn)(2) = W + / F (17(”)(5)) ds
and
(313) Thsny(2) = W — X(21) + /1 F (f(n)(s)> ds

the Picard iterates of }7(0) and f(o) for all n > 0.
It follows trivially that
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e For all z € [21,22],

Yio(2) - X(2)|| < |

and

e For all z € [21, 22],

and
T(O) (Z) S B(X(Zl), ,u) .
However, we are interested in proving similar relations for the Picard iterates,
i.e. for any j. This proof is cyclical as it requires to prove these relation for
the previous step so as to extend it to the next. Let us collect the process in
a list of statements.

(a) For alln > 0 and z € [zl, zg],

(314) VT/—X’(zl)HZn:’W.
=0

Yiy(2) = X(2) <

(b) For all n >0 and z € [21, 22,

Az — z)"

(315) Hf(n)(z)H < HW - X@l)H o

(c) For all n >0 and z € [21, 22],

—» 5 2 Az — 21)"

316 [Teo@] < |7 = Feen] =257

(d) For all n >0 and z € [21, 29,
(317) V() € B(X(2).11).

(e) For all r € [O, 1] and all z € [zl, zg],
(318) ﬁ(n) (T, Z) € B(X(Z)7M) ’

where P,y = 1Y, (2) + (1 — 1)X(2).

(f) If n > 0, then for all z € [21, zz],
(319) Yiu1)(2) € B(X(2), 1) -

(g) If n >0, then for all r € [0,1] and for all z € |21, 2],
(320) Cj(n) (T’ Z) € B(X(Z)v H) ’

where @(n)(r, z) = r}_/'(n) (2)+(1— T‘)?(n_l).
(h) For all r € [0,1] and all z € [21, 23],

—

(321) P(n)(r, Z) € K.
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(i) If j > 0, then for all r € [0, 1] and all z € [21, 2’2],
(322) Qny(r,2) € K2
(j) For all z € [21, 22],

(323) Vin) €9Q.
(k) The function }7(n+1)(z) = X(z)—i—W—)?(zﬂ%—f; (F (}_}(n)(s)) — F(X(s))) ds
is well-defined for all z € [21, zz].
(1) The function f(n_H)(Z) = }7(n+1)(z) - ?(n)(z) is well-defined for all
A [2’1, Zz] .
(m) The function M,, given by

6F
7,8 ifn=0
(324) M, (r,s) = gX J)( )) | |
Y (Q(j (r, s)) ifn>0

is well-defined for all r € [0, 1] and all z € [zl, 22] and satisfies
(325) [ M (r, s)[| < A

(n) For all z € [21, zg],
(326) Tini1y( / M;(r, s)T{yy(s)drds .

(o) For all z € [21, 22],

I A L
(p) For all z € [21, 22]
- o . . n+1 )\i(z _ Zl)i
(328) H}/(n—&-l)(z)—X(z)H < HW_X(Zl)HZ#
i=0

These statements can be proved one at a time by inducing the index n.

Statement (a) is proved trivially for n = 0; in the inductive case, where
n > 0, it follows from statement (p).

Similarly, statement (b) is proved trivially for n = 0; in the inductive case,
where n > 0, it follows from statement (o).

Statement (c) follows from statement (b), given z — z; < 29 — 21 for all
A [2’1, 2’2] .
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Statement (d) follows from statement (a), given

U (] ) pr el

, 7!
=0

5 2 "Nz — z)
R DIE
i=0 '

= || - X)) i”zz—'zl) < [W = Zen)||exo Mz = 21)
=0
=0

Statement (e) follows from statement (d) and the fact that balls are con-
vex, so X (z) € B()Z(z), ).

Statement (f) is vacuously true for n = 0; in the inductive case, where
n > 0, it follows from statement (d).

Statement (g) follows directly from statements (d) and (f), since balls are
convex.

Statement (h) follows from statement (e), given B(X(Z),/L) C Ks.

Similarly, statement (i) follows from statement g, given B(X (2), ,u) C Ks.

Statement (j) follows from statement (i), since Ko C Q.

Statement (k) follows from statement (j) and the Picard iteration, given
the integrand is well-defined and continuous (so, it satisfies the assumptions
of the Picard-Lindeldf theorem).

Statement (1) follows directly from statement (k) and the Picard iteration.

Statement (m) is proved using the fact that M is well defined; the latter
follows from statement (h) if n = 0 (the base case), or from statement (i) if
n > 0 (the inductive case).

Statement (n) is proved through Picard iteration. Since f(nﬂ)(z) =

}7‘(n+1)(z) - ﬁn), we have

—

Ty (2) = X(2) 4 = X(o) + [ (F(Fop(9) = F(X()) ds = T

21

For n = 0 (the base case), this reduces to

7)) = [ (F(Tio () - F(X()) dss

z1

while for n > 0 (the inductive case), this becomes

Tini1)(2) = / Z (F(Yin(®) = F(Viuo(2)) ) ds.

21
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If n =0, from the Fundamental Theorem of Calculus, we can see that

F(Yo)(s)) — F(X(2)) = F(B)(L,5)) — F(P)(0,2)) =

OF = oP
:/0 (a)i( 0)(7,9)) 8;0)(T,s)>dr:

1
- /0 Mo(r, 5) (Vo) (5) = X (s))dr =

1
:/ Mo(’l", s)T(O)dr;
0
while, for n > 0, we can use a similar reasoning

F(Yi)(5)) = F(Yin-1)(2)) = F(Qy(1,5)) = F(Q(0,2)) =

In either case, integrating over the interval [21, 22] results to (n).
Statement (o) can be proved using the submultiplicativity of the norm,

1K

At (z—z)"
n!

HM (r, 5)T} H < || Ma(r, 8)]| HTn)

and statements (b) and (m) to obtain

[t )Ty 0] < 7= e

Using statement (n) and since the norm of an integral is less than the integral

of the norm, we can prove that
/ / HM T, S) Hdrds

g/ / HW—X(zl)derds
21 Jo

/ M, (1, 8)T(py(s)drds

n!
)\n+1 (Z _ Zl)nJrl

(n+1)!

—

= T(n+1)(z) <

W—X’(zl)H

whence statement (o) is proved.
Statement (p) follows simply from statements (a) and (o) and the Triangle
Inequality.
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N(zg — 21)°
Given the infinite sum ) .2 (27'1)
i

and given statement (c), we get a uniform convergence for

always converges to exp (A(z2 — 21));

(o)
T(iy(2)
i=0
on the interval [21, ZQ] by the comparison test; that is, limy_,o Zi‘c:o Z:(S) is
convergent. However, this sum is equal to
k
Tiiy(2) = Yy (2) + W = X(21),
i=0

where only the first summand depends on k; so limg_.o )_/'(k)(z) is also uni-
formly convergent. Let Y (z) be its limit. Then, assuming r = 1 in statement
(h), we obtain Y(;(2) C K2; and, since Ky is compact and, by extent, closed,
we have

Y(z) € Ko,
and thus

Y(z) € Q,
for all z € [21, 22].

Due to uniform convergence, we can show that
z
Y(2) = X(2) + W — X(21) + / (F(Y(s)) - F(X(s))) ds.
z1
Using the Fundamental Theorem of Calculus, it is easy to conclude that
0 0

5 V(2) = 5 X(2) = F(V(2)) - F(X(2))

for all z € [z1,22]. Given statement (k), whereas }7'(k+1)(21) =Y(z) = W;
and given X satisfies the Initial Value Problem, it is easy to conclude that

0 =~ -
&Y(z) = F(Y(z)) :
that is, Y (2) also satisfies the Initial Value Problem for all z € 21, 22] .
Remembering that
H?(zl) - X(zﬂ” = HW - )?(zﬂH <0 <e€

and B(X(zl), €1) C Uy, so that Y (z1) € U;. Taking limits in statement (a),
we easily obtain

Y(2) — X(z)

\ <

W — X’(zﬂ“ exp (A(z — 21))
and hence

H}_}(ZQ) - X(@)H < HW - )Z(zl)‘) exp (A(z2 — 2)1)) < dexp(A(z2 — 21)) <n < €.

Remembering that B()Z(zg), 62) C Uy, we can see that 37(22) € Us. O
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Let us now consider the following special case: If ¢ is a continuous function
on ), then U = ¢! ((—00,0)) and Uy = ¢! ((0,00)), we see that, if there is
a solution X of the Initial Value Problem on the interval [21, zz], such that

© (X(zl)) <0 and o (X(Zg)) >0,

then, there always exists some § > 0 such that, for all W e B ()Z(zl),cS),
there is a solution to the Initial Value Problem

i?(z) —F (?(z))
Y(z) =W

on the interval [zl, 22], such that

® (?(zﬂ) <0 and ¢ (?(zy)) >0,

Of course, the Intermediate Value Theorem shows that
® (X(z)) =0 and o ()7(2/)) =0

for some z, 2’ € [21, 22).






CHAPTER 5

Pseudo-Vacuum Solution: The
Einstein-Klein-Gordon System

1. Introduction

This chapter is concerned with the first extension of the previous result.
We consider the case of free scalar fields as source for the Einstein equations;
that is, we consider the Einstein-Klein-Gordon system. The latter is com-
posed by the Einstein equations, where the stress-energy-momentum tensor
is derived from the kinetic term and the potential of a scalar field, and the
Klein Gordon equation for an arbitrary potential. The fundamental assump-
tion here is that the scalar fields (being free) propagate along the geodesics of
the space-time, and thus they inherit the symmetries (i.e., the homotheties)
of the space-time; as a result, the Klein-Gordon equation is also reduced to
an ordinary differential equation in the same manner as the Einstein equa-
tions. This means that the Picard-Lindel6f theorem still holds and existence
and uniqueness of solutions can be proved locally simply by extending the
argument from the previous chapter.

In the first part, we deal with

e providing an exact form for the stress-energy-momentum tensor in
the case of scalar fields; and

e expressing the Klein-Gordon equation in the foliation that the Ein-
stein equations are expressed.

Then, we discuss the existence and uniqueness of solutions of the system.

2. The Einstein-Klein-Gordon System

The Einstein-Klein-Gordon system is composed of the Einstein tensor
equal to the stress-energy-momentum tensor for a scalar field, ®:

(329) G = 8rT(d),

where the stress-energy-momentum tensor is written as
S o | P
(330) T(Za,Z3) = Vi, PVz, P — §g(:ga,mﬁ) (9(Vz,2,Vz,®) - V() ,

where ® denotes the tensor multiplication (Kronecker product). This system
refers to space-times whose sole energy and/or momentum is produced by the
presence of some scalar field. This field is of unspecified physical meaning, as it
does not seek to describe a well-defined classical force (e.g., electromagnetism)
or well-defined macroscopic matter (e.g., a fluid); however, it is often used to

105
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mimic the low-order effects of a modified, even quantum theory of gravity,' or
the low-order effects of an ‘exotic’ particle that may be in abundance in the
early or the late Universe (e.g., the particles or fields that caused inflation, or
the particles or fields that cause the accelerated expansion).? It often leads
to unexpected results, such as the violation of the energy conditions. Despite
this limited and rather controversial use, we shall explore the case for the sake
of completeness.

2.1. The scalar fields. First of all, let us assume that the stress-energy-
momentum tensor in the form

(331) T(Z,7) = V30,V +g(Z,9) <9_1(Va¢’, Va®) — V@)) ,

is projected along the group and the quotient in the same manner that the
metric and the curvature tensors are. Thus, we define

(332)
T.. =T(({) = (V)
Toq = T(C éb)
1 2 i ij
= VAV ® L (a(V ) VAV 0+ IV V0 V(@)
Ty = T (&0, &)

_ 1 2 oy ij
= Ve OV @ + 59w (a(Ve)* + VAV 0+ V0V & — V(@)

2

We also know that the stress-energy-momentum tensor inherits the sym-
metries of the space-time. In our case, its Lie derivative along a homothety
vanishes,

LgaT =0.
Applying this to the definition of eq. (331), we can prove that scalar fields
also inherit the symmetries of the space-time.

THEOREM 2.1 (Symmetry Inheritance of Scalar Fields). Let the stress-
energy-momentum tensor of a scalar field, as in eq. (331); and let a space-
time (V4,g) where a Bianchi group G acts freely and regularly by means of
homotheties. Then, the kinetic term and the potential of the scalar field are
propagated along the scalar fields as

(333) Lz (Vz®) =0
and
(334) L:V(2)=—¢V(®).

IThe scalar field can also be used to describe the low-order effects of string or brane
theories.

2The term pseudo-vacuum solutions used here, usually refers to the Einstein-
cosmological constant system, where the Einstein tensor is proportional to the metric by
some constant A. This can be seen as a limit case of this particular type, where the scalar
field is constant, or reaches a constant value in the late Universe.
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PRrROOF. Taking the Lie derivative of eq. (331), we have
LT =0
= 2grad(@)£§~agrad(¢>) + dag (g (grad(®), grad(®)) — V(®))

+ 9 (~ug ™ (grad(®), grad(®)) — £ V(®)) =0

= 2grad(®)£gagrad(<1>) +g(— LeV(P) - ¢V (®)) =0.

Since the total expression is equal to 0, each part should also be:
2grad(<1>)£gagrad(<1>) =0 = Egagrad(q)) =0

and

LeV(®) = —4,V(®).

€a

O

The theorem leads to a further restriction in the propagation of the scalar
field along the orbits of the group.

COROLLARY 2.1.1. Given the scalar field inherits the homotheties of the
space-time (V4,g) as descirbed by theorem 2.1, then

(335) Ega@ =®,,
where &, € IR.

The results of these is that the scalar field and its kinetic term are invariant
under the action of the group; the depend merely on z (the parameter along
the quotient). Moreover, a further restriction exists for the potential.

COROLLARY 2.1.2. Given the scalar field inherits the homotheties of the
space-time (V4,g) as descirbed by theorem 2.1, then

(336) V(®) = Vo exp (—asaq‘i) |

Interestingly, if we choose ®, = 0, without any loss of generality, then
V(®) = 0. This result is not paradoxical; given a free scalar field (one that
inherits the symmetries of the space-time), the evolution along the orbits of
the group should be minimal. If the action of the group was by isometries,
whereas L’ga(I) = 0, the potential would vanish identically and the scalar field
would be constant. The reason some evolution of the scalar field, even mini-
mal, is possible is due to the fact that the group acts by homotheties.

Of course, these results imply that the stress-energy-momentum tensor
changes to

T, = 02

1 2 i 1 i 1
(337) T.q = _iaﬁa\p + ((I)a — 0 Ba) v — §(I>iq>jc /Ba + §Bav(q))

1 . 1 . 1
Ty = *ia%b‘lﬂ — Db vV + (q)aq)b - 2‘1%"1);'0”7@) + §’YabV(‘1)) ,
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where ¥ =V 5<I>. It is also worth noting that such a potential (the exponential
one) has been used to describe the early Universe and the incidence of inflation
- or the late Universe and the accelerated expansion; however, in these uses,
the energy conditions are often violated.

2.2. The evolution and constraint equations. The Einstein-Klein-
Gordon system is an extension of the Einstein system we considered in the
previous chapter; it consists of the Einstein equations and the Klein-Gordon
equations.

The former are derived in the same manner that they were derived in
Chapter 4, with the exception that the right-hand side of eq. (185), (186) and
(187) is not zero, but equal to 87T, 87T, and 87Ty, respectively. Therefore,
the evolution equations for the metric and its inverse are

(338) aai =0,

(339) D — o,
(340) % = —b'Vkij,
(341) %lj = —c"Vk;; and
(342) 6865) = ¥k .

And the evolution equation for the derivatives, k, is
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(343)
akab o
0z

L 1. . . . 3 .
2a — (ac” — blbj)kijkab + 5 (ac’k — blbk)cjl’yabk‘ijkkl + Zacwckl’yabkijkkl

— 3¢k + b (Paki + Pokai) + im (4b°c* + 3TV ) yopks
= 26" (kamC™y, + komC ™y + kabC™,,)

—2(6" ™ — D) ki (Yam O™y + YomC ™ )

— %(317%3‘" — 5¢70™) apki; O™ + écikblvabkimkal

4 30105 (11— 46 u4) + 2010 (80 -+ 1) + Bouty

4 2O W B C™ + 200 (Bt + B ) O

= 26" (YamC™on + YomC ™ — 279aC™" )

+ cikcjl’yamfybncmij C" + gcikcjl (qun + aﬂmﬂn)’yameij C"y

— 2 (YamC ™+ mC o ) C" = 2 (YamCTo + Yom Oy, ) O™

7 5
+ chl%bcmnk C"oke — chl%bc "k Ot = 4 C o O™y
— V' BmC™ 1 Cy = B (BaC™y + BC" 0 ) Cog
- Scman nbm - Cmma nnb

+ Amaryg, U2 + 87 d, Dy
And the constraint becomes
(344)
(ac™ — b'OF) I ek + %acijcklkijkm + gébkcijbkkij
— 250 B ki Cy + 6 ki Oy — (b = 20 ) ki O
- g¢i¢jcij — T¢i™V B C™

5

. . . 7
+ (ac™ — 20'0%) 7' B, B C™; O™y + 56’“’0% c"™ o+ §c’“lcmmk cn

+ 6mal? + 47U db’
Interestingly, choosing ®, = 0 and ¥ = 0, the terms related to the scalar

field vanish. This is not surprising though. A constant scalar field does not in-
teract with the space-time.

The Klein-Gordon equation is derived by varying the action with respect
to the scalar field (or, more appropriately, its derivative). In the absence of
a potential and given the scalar field depends only on z, the Klein-Gordon
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takes the form

9 1, - ov
- R ) ? . . —_— =
(345) aazqf 2(ac + 20°0 ) ki 55 = 0
and
0
4 —o =10,
(346) 5

2.3. The case of null orbits. Let us go consider now the special case
where a = 0 and the 3—metric on the homogeneous submanifold M is de-
generate. Firstly, we must consider what happens to the components of the
metric and their derivatives, given both 74, and ¢® are singular.

The first evolution equations come from eqs. (84), (85) and (88), (90), (92)
and refer to the derivatives of the components of the metric and its inverse:

9Ba

4 =
a’Yab o
(348) B, Kab
(349) %bz =0 and
b b
— _aibig.
(350) 5, — ¢¢ kij .

Next, we need evolution equations (and constraints) for the components
of k. Following the same idea, we define

k=c"ky; and K% =c"ky,.

we can then produce evolution equations and constraints for the derivatives
of the metric.
First of all, given R,, = 871,,, we have the first evolution equation

Ok

(351) 5 = K K7, + 26" 3, 8,C™ O™y + 8702,
Then, rom eq. (215), we obtain the second evolution equation
0K*%,

=K%Y K + 20,V By K, + 4¢3, K O™,
(352) o 2¢icakcil6b6m mkl + QCakciZIBmIBn mbi nkl
+ " Wissp — A (6%, — b"By) U2 — dmc™ By ®; U
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From G, = 8nT,,, we obtain the first constraint,
(353)
. 7
30 K", + §¢iblﬁa/f

3 5
— 2%, K, C™, — 5b’fﬁaKlm M — §bnﬁa,{0mmn + K™ C™. — kC™

ma
g 5 . .
+ 4¢i¢jcm ﬁa + §¢iCZkblﬂaﬁm mkl - 3¢icznﬁmcman - 2¢icznﬁacmmn
. 3 .
+ Qdkblﬁmﬁncm@y nk;l . §Cjkbll8aﬁmcmnj nkl
|
_ iclkcﬂﬁa’}’mn Cmij anl
7 5
. 7cklﬁmcmnk Cnal . icklﬂacmnk Cnml _ §Cklﬂacmmk Cnnl —
= 81U, — 4nf, (al? + 26'Q; T + ¢V &0, — V(D))
and, from G, = 871y, the second one
(354)
- ?@'b Yabk — 3Pib" Vi K5,
- 2anlm (’Yaicmbn + ’Ybicman) - 2bn7aiKib Cmmn)
+ anﬁ(’yamcmlm + 'mecman + Vabcmmn)
1
+ 5’}/@()( - Skalm mkl + bnﬁcmmn)
+ $i;b"V BaBy + 200" (G0 By + P1Ba) + 3badt
. 5 .
+ 2¢iclkbl (/Ba’)/am + 6b7am)cmkl + §¢iclkbl'yab6m0m]g[
- 2¢ZC”L (’yamcmbn + ’mecman + ’yabcmmn>
. 1 ., .
+ Czk:c]l,yam,ybncmij kal + §clkcjl')’ab’7mncmij anl
ikl n n m 3 ikl m n
—2J%h /Bn(’YamC bj + ’yme aj)C kl + 507 b 'yabﬁmC nJC Ll
—2cM (YamC™yi + YomCap ) C™ ot — 2cM (YamC™g, + YomC™ ok ) Cy
7 5
— 269 O Cy + ECMVamenk C" + ickl%bcmmk C"
- blﬁmcmcm nbl + bl (5(1 mlm + ﬁbcmna) - 3C’mcm nbm - Cmma Cnnb =
= 87D, Pp, — dmyey (aT? + 20° D, U + V0 0; — V(D)) .

As for the evolution of the Weyl tensor, using the components of the
stress-energy-momentum tensor, we have

\; 1\
OI/gazzb _ Smabq,i _ 47T<1>aa— + Wﬁaﬁb\l’al
z

(355) P Bz 5% -
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Finally, for the evolution of the scalar field, the equations become

ov
(356) 70 = 0,
and

0
(357) %Q) =V,

These equations mean that the potential is constant, even zero without loss
of generality; hence, the scalar field may evolve according to

2o 1 0w

(358) 822 - EKJ& =

0,

which solves to
z 1 X

(359) O = Dg(w;) + <I>1(wi)/ exp <2/ de> dx,
1 1

where ®(, ®; depend on the initial conditions; and x an auxiliary variable for
the integration. If the proper initial conditions are chosen (such that ®; = 0),
or if the intrinsic curvature is trace-free (k = 0), then the scalar field will be
constant with respect to z.

2.4. A fixed point argument for a general local solution. The
extension of the previous chapter’s results on local existence and uniqueness
is immediate. The Einstein-Klein-Gordon system of egs. (338), (339), (340),
(341), (342), (343), (345) and (346) can be written in the form of the Initial
Value Problem

0 = .
(360) ¥X(z) :ﬁF(X(z))
X(Z()) = X[)

for z in some interval [2’1,2’2]; where X = {a, b“,c“b,fyab,kab,\ll,é} and F
the right-hand side of the corresponding equations (which is continuously
differentiable in the interval); and assuming that the initial conditions satisfy
the constraint of eq. (344).

Then, the Picard-Lindelof theorem holds and the Einstein-Klein-Gordon
system has a unique solution X in the interval [zo —h, 20+ h], which can be
extended to the entire [21, 2] (but not beyond than that).? Given the choice
®, = 0and V(®) = 0, this solution will be the same for g and k as in Chapter
4, as they will not be affected by the evolution of the scalar field; as for the
evolution of the scalar field it will be determined immediately by integrating

0? 0

1 .. o

a—® = —(ac” + 20"V ) k;; —®.

022 2 ( ki 0z

3Here [zl, 22] , as in theorem 2.1, refers to the interval in which we know that the Initial

Value Problem is well-defined, i.e., F' meets the criteria of the theorem (namely, Lipschitz
continuity).
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3. Examples

An example of a solution of the Einstein-Klein-Gordon can be found in
Carot and Coligne [52], that we will briefly discuss here. Both examples
belong in the class of self-similar Wainwright solutions of General Relativity.

3.1. Bianchi V and VI, acting on self-similar Wainwright B — i
space-times. Let the metric of a scalar field space-time

1 1
(361) ds? = f2t_176 227 dt? + 227 da + 21 (dad + da3) |
where f a real constant; notably, this metric retains the correct signature

only for x1 ,¢t > 0. The space-time in question admits three Killing fields: two
translations along the directions of x1 and z2,

- 0 - 0
362 = d -
( ) 51 8.561 an 52 al’g
and a rotation on the xy — x2 plane,
- 0 0
363 = Lo—— — o —— .
(363) §3 = X2 or "o
These vectors are the generators of a Bianchi V 11y group:
[57 52] =0,
(364) [62,6] =& and

[537 51] =&
However, this group acts on the space-time in an inappropriate manner; the

orbits of the group are two-dimensional submanifolds. So, instead of the
rotation, we will choose a Lorentzian boost along x1 as the third vector:

- 0 0 3 0 3 0
=2—4+201— + —To— + —x3—
(365) S = 2 2t 2 gy T 2
which is a homothetic vector of the space-time, such that
16

(366) Leg= =9
Moreover, the group now is a Bianchi V:

[517 52] =0,

. .. 3.
(367) [€2,6] = 5& and

- 3.
[53751] = _551 .
This group acts freely and regularly on the space-time, allowing only for

three-dimensional orbits, and admitting at least one homothetic vector. How-
ever, it is difficult to find the appropriate collineation on the quotient that
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would complete the foliation. For example, let us start by attempting a gen-
eral form

- 0 0 0 0

C ot + 8$1 * 8:::2 + 61‘3
and imposing the conditions required: by demanding that 5 commutes with
&1 and &, the coefficients A, B, C' and D are independent of x1 and zs - and
demanding that it commutes with &3, we have

taaf —A=0 = A=Ap
taaf —B=0 = B =Bt
t% —C=0 = C=C(Cpt
t%—? — D=0 = D= Dyt
Now, imposing geodesicity, we have
Vel = Agtgt + AoBota(zl + Aocotaig + AoDoztai3 =0

= Ap=0.
However, imposing nullity, we get
. 1
g(C,C) = 227 B2#? + 22 (C2 + D2)?,

which is impossible, since By, Cy and Dy are independent of x1. As a result, no
null and geodesic collineation invariant to the action of the group exists in this
case.

Let us now consider the scalar field space-time described by the metric
(368) ds* = ' H*' (—dt* +da?) + *'H (¥ H*dx3 + e *""H ?*?da3),

where «a, 3, 7, ¢1 and ¢y are real constants; and H(x1) a function equal to
either cosh a(z1—x1(g)), or cos a(z1—xy(g)), or Ina(z1—w()). This space-time
admits a homothetic vector,

609 6= O k(1o B2, O (1 BB, O

~ 200t 2 0z Oxs’
such that
(370) Lzg= b
1 2
and two isometries,
(371) 52:% and 53:;53'
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The algebra of these vectors is that of the Bianchi VI group.*

[51)52] =0,
(372) (6.6 =0 and
&.a)=k(1- =g,

Interestingly, this action is free and regular (the orbits of the group are
three-dimensional submanfiolds) and a very simple vector can be defined on
the quotient, that is null, geodesic and invariant under the action of the group
- a peculiar ‘translation’ along the t — x1 plane of the form

- 0 0
(373) C:Aa—i—Ba—wl.
Demanding that this vector commutes with {2, we obtain
% — 873 =0:
ot ot ’
and demanding that it also commutes with 53,
oA _ 0B _
Oxs  Oxs

So, A and B are both independent of ¢ and z3. Finally, demanding that it
commutes with &1, we obtain

04 _ 9B _
8.1’2_8.1‘2_

Thus, A and B depend only on x7.
Imposing the null condition on the proposed (, we get

A2232

which can be solved to either A = B or to A = —B.
Finally, invoking geodesicity, we have,”

0.

VA%-FBL (Ag + Bﬂ) =

Er ot ox1
- <B§;1 +a(A?+ B?) + 2018”%143)%
+ (Bgﬁ +e 831;{(142 + B?) + 204,413)(,921 ~0,
B2y,

At is easier to see if k=1 —

5It is useful to remind that the %hristoffel symbols of interest for this metric as

Oz  H
T

t _ 1t _ Tl _ t _ T _ Tl _
'y =I4, =T tog = @ and Iy, =17, =T"", . =a
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which means that

0A 0y, H
B-— = —a(A* 4+ B?) — 2c; "2~ AB
Py a(A” + B?) c1 i
0B 0 H
B-— = —c;—+—(A*+ B*) + 20AB
e a—p (A* 4+ B%) + 2«
o H
For A = —B, both equations can be true either if A = B = 0, or if L = %;

however, the former implies there is no transversal (of this form, at least),
while the latter cannot hold for any of the possible forms for H(z;). For
A = B, both equations can be true and they solve to

xy O H
_ _ azri+cy dx1
A=B=cse N =h ,

for any integration constant c3 (we can assume cg = 1, for simplicity) and x;
being an auxiliary variable for the integration.
Then, the transversal collineation can take the form

s azi+er [T aXlHd)a g i
)

Then, the metric will have the form

(375)

oy H
X1
o

2c1
kH €2a2ta:1+2acltf1zl
2c

) _ H201 e2a2t:p1+2acltflzl ‘9><T1del

923 =9(¢,&3) =0
2
g1 = 9(EL,6) = — e g 4 -1+ o 21)2H1+2C262(5+V)t
da « a
312 4 22) im0
o «
o k€2atH2cl
g12 :g( 1 2) = T 9a

g13 = g( 15 3) = o
920 = g (&, &) = —eX P
B (—» —») k(o= B+ 2y)azgH 22280t
923 = g\52,83) = o
g33 = (€3, &) = HI7222B-t
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4. The Existence of Neighbouring Solutions in the
Einstein-Klein-Gordon System

The example examined resulted to the impossibility to construct the fo-
liation on the space-time according to the Theorem 2.1, even if the Bianchi
group was acting freely and regularly. This brings up the possibility that
space-times that are solution to the Einstein-Klein-Gordon system and allow
for a Bianchi group to act freely and regularly do not belong to the class we
study. The question as of whether these space-times are unique or not is easy
to answer by invoking the Theorem 4.1 proved in the previous chapter. No
further amendment is needed, as the Eintein-Klein-Gordon system has been
stated as a system of evolution equations in the same manner the Einsteins
system was.






CHAPTER 6

Electro-Vacuum Solution: The Einstein-Maxwell
System

1. Introduction

This chapter is concerned with another extension of the previous result.
We consider the case of free electromagnetic fields as source for the Einstein
equations; that is, we consider the Einstein-Maxwell system. The latter is
composed by the Einstein equations, where the stress-energy-momentum ten-
sor is derived from the Faraday electromagnetic stress tensor, and the Maxwell
equations, whose sources (the electric charge and currency densities) are zero.
The fundamental assumption here is that the electromagnetic fields (being
free) propagate along the geodesics of the space-time, and thus they inherit
the symmetries (i.e., the homotheties) of the space-time; as a result, the
Maxwell equations are also reduced to ordinary differential equations in the
same manner as the Einstein equations. This means that the Picard-Lindelof
theorem still holds and existence and uniqueness of solutions can be proved
locally simply by extending the argument from the previous chapter.

In the first part, we deal with

e providing an exact form for the stress-energy-momentum tensor in
the case of electromagnetic fields; and

e cxpressing the Maxwell equations in the foliation that the Einstein
equations are expressed.

Then, we discuss the existence and uniqueness of solutions of the system. In
the second part, we present an example: the Bianchi I1] group acting on
the Ehlers-Kundt pp-wave space-time, which has been used to describe plane
electromagnetic or gravitational waves propagating freely in an (otherwise)
vacuum space-time. This example presents a similar peculiarity to the case
of the Bianchi I action in a Minkowski space-time presented in the previous
chapter. Subsequently, we attempt to extend the result of the previous chapter
(for vacuum space-times), that ‘unknown’ solutions exist near ‘known’ ones,
that inherit the same paculiarities.

2. The Einstein-Maxwell System

The Einstein-Maxwell system is composed of the Einstein tensor equal to
the stress-energy-momentum tensor for a electromagnetic field, F":

(376) G = 8T (F),

119
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where the stress-energy-momentum tensor is written as

(377)

T =g '(u,w)F(Z @) F(§,%) — ig(f, 7)g " (u,8)g " (v, t) F(4,0)F(5,1) .
This system refers to space-times whose sole energy and/or momentum is pro-
duced by the presence of free electromagnetic fields. This could be the propa-
gation of electromagnetic waves (i.e. light) in an otherwise empty space-time
(these space-times are usually described by the Ehlers-Kundt class of plane-
wave solutions); but, it could also be the concentration of an electric field in
a very small (almost infinitesimal) region, giving birth to a spherically sym-
metric asymptotically flat space-time, like the Reissner-Nordstrom solution.
These cases can be more physical than the case of a scalar field; though they
may lead to very similar results (from a mathematical perspective).

2.1. The electromagnetic fields. First of all, let us assume that the
stress-energy-momentum tensor in the form of eq. (377) is projected along the
group and the quotient in the same manner that the metric and the curvature
tensors are. Thus, we define

(378)
T..=T((,¢) = VF.F;
Teo =T (C,&) = V' FeaFui + T FuiFy
- iﬁa (aciszinj + VY FLFL; + 20 R FLy Fy + cikcleiijl)
T = T (60, &) = aF.aFup — 26 Fuoo By + ¢V Fyi Fy
- %%b (A€ FoiFoj + UV PPy + 20 oy By 4 Iy )

We also know that the stress-energy-momentum tensor inherits the sym-
metries of the space-time. In our case, its Lie derivative along a homothety
vanishes,

L’gaT:O.

Applying this to the definition of eq. (377), we can prove that electromagnetic
fields also inherit the symmetries of the space-time.

THEOREM 2.1 (Symmetry Inheritance of Free Electromagnetic Fields).
Let the stress-energy-momentum tensor of a free electromagnetic field, as in
eq. (377); and let a space-time (V4,g) where a Bianchi group G acts freely
and regqularly by means of homotheties. Then, the Faraday tensor inherits the
symmetry as

¢
(379) LeF="F.
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PRrROOF. Taking the Lie derivative of eq. (377), we have
LT =0
= —¢og (0, W) F(Z,@)F(§,1) + 29" (u,v)F(Z,@) Lz F(j,%)

- i%g(f, §)g ' (u,8)g (v, t)F(@,7)F(5,1)
L@ 9y (0 9)g (V) (@ )P (5.1
1

— §g(f, gj’)gil(u, s)gil(v,t)F(ﬂ', J)EEEF(E',{) =0
= g (u,w) (22 F(7,) - 6uF(7.) ) F(7,7)

+20(E7)0 (w8)g™ (v.t) (2L F(6.0) — 0,F (6.0) ) F(5.5) = 0.

4
Since the total expression is equal to 0, each part should also be; thus,
2E5aF — ¢aF =0 = E{aF = %F.

g

Thus, the electromagnetic fields are differentiating along the group in the
same manner as the metric.

(380) L= = FanC
ﬁchab = %Fab — FurC™ — FpC™ 4

Also, raising the indices leads to similar differentiation relations,
‘C_‘ an — _@an + anca

(381) & 2 "
[’E(,FZb _ _%Fab + Fancbnc + FvnbcvanC ]

2.2. The evolution and constraint equations. The Einstein-Maxwell
system is an extension of the Einstein system we considered in the previous
chapter; it consists of the Einstein equations and the source-free Maxwell
equations.

The former are derived in the same manner that they were derived in
Chapter 4, with the exception that the right-hand side of eq. (185), (186) and
(187) is not zero, but equal to 87T, 87T, and 87Ty, respectively. Therefore,
the evolution equations for the metric and its inverse are

0B,
2 =
(382) 9% 0,

87ab
0z

(383) = kab
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(384) gj = bWk,

(385) %bz = —"Vk;; and
ab o

(336) agz = — ik, .

And the evolution equation for the derivatives, k, is

(387)
akab o

2
a@z

N 1, . o 3
— (ac” — blbj)kijkab + 5 (ac’k — b’bk)cjl*yabkijkkl + Zac”ckl’yabk:ijkkl

. ) 1 o .

— 3ib'kap + V' (Gaki + Pkai) + S (4b°T* + 3 TVF ) yopki
— 2™ (kamCmbn + kme’man + kamemn)

— 2(1)7'(3]” - Cijbn)kij ('Yamcmbn + p)/bmcm )

an
— 1(zazﬂ'cﬂ‘" — 5¢T0™) Yapki; O™ + 1ci’fbl%blﬁmcm,d
2 2
+ 10005 (1169300 — 466950 3) + 2010 (60 + 9ufa) + 36a0)b
+ 2000 B Oy + 2016 (B + o)
— 20" (YamC™n + YomC ™ — 27aC™" )
+ cikcjl'yamfyan’mij C" + %cikcﬂ (’ymn + aﬁmﬁn)’yameij C"y
— 2cM (YamC™ + YomC™y ) C™ — 2cM (YamC" + YomC ) Oy
- chl%bcmﬂk cn o — gckl%bcmmkcnm — 4ckly,,C™ L O
— b B C™ 0 C" = 6 (BaC ™y + BoC™ 0 ) C
—3¢cm, C",  — O™ O,
+ 247 <5a5b%j — YabYij — ;’Yabﬁiﬁj> F#pei
+ 247 (aF.q Fup — 26" Foo Fyy + €V Fyi Fyj)
— 127 (acV FiF.j + b6 FiF.j — ' Fo Fij) va
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And the constraint becomes
(388)
(ac™ — bR ) I ey ko + %acijcklkijkkz + g@bkcijbkkij
— 2856 B ki; O™y + 6 ki O™y — (90 — 20T ki O
— gqf)z‘%cij — T¢i b B C™,

+ (aclk . lebk)cjlﬁmﬁncm” nkl + icklcmnk Cnml + §cklcmmk Cnnl

+ 47 (2acV F,iF,j — A0V FuFj + 0 &My Fiy — A FyFyy)
The Maxwell equations are derived through
dF =0
*d( * F) =0

that can be written in the more familiar form as
(389) ¢ (Vz, F(Z,4)) =0 and VzF(§,4)+VyF(4,%)+VaF(Z,7) =0,
for arbitrary_'vector fields &, ¢ and_'ﬁ. Specifying the latter to be either the
generators (§,) or the transversal (¢), we have the following relations:

LeF* =0,
L F? =0,
L F=0,

LFgp + ﬁganZ + ﬁngza =0 and
,Cganc + ,C&Fca + Echab =0.
The first three can be rewritten with respect to F,, and F,, as
(390)
, N .
il _ pap\ L FL. — i
(ac )8z 2TV,
= (ac™ — bb") I hij o, + (™0 — 0°I*) bk g, + (0P + b cd* e ks Fiy
which contains the derivatives with respect to z - so, it can help in deriving
an evolutionary equation;

0
Fi; =

mn

(391) 5 bilac Fai + IV Fi) = (ad"Fyy + by ) C™
which can function as a constraint for F,, and F_;; and
(392) o (V' IF,j — Wy + ko Fy) = R 0, + R E 00,
which can also serve as a constraint.

Using the Lie derivatives of the Faraday tensor from eqgs. (380), the first
one reduces to

(393) 0

1
&Fab = §(¢anb - ¢ban) - 2Fzmcmab )
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which is the evolution equation for Fj;. What we need now is an evolution
equation for F.,, which can be derived from eq. (390); substituting the de-
rivative of F;, we get

(ac™ — b°b") %in :%caibj (¢iF.j — $;Fsi) + 2¢™ 6 F.,, O™,
+ (ac® — b)) ki P + (™ — b*M) 'k P,
+ (caicjlbk i bicjkzcal)kiijl :
and substracting with .3, we obtain

0 1.
7an =_b' ani - ina - anFszm
910 gl (el ula) =
(394) + (ac? — bV kjo Fay + b ki Fag
— b ¥ (kijFop + karFij) — (70" — 067" Bk Fj
which serves as the second evolution equation.

2.3. The case of null orbits. Let us go consider now the special case
where ¢ = 0 and the 3—metric on the homogeneous submanifold M is de-
generate. Firstly, we must consider what happens to the components of the
metric and their derivatives, given both 74, and ¢® are singular.

The first evolution equations come from egs. (84), (85) and (88), (90), (92)
and refer to the derivatives of the components of the metric and its inverse:

9Ba

(395) o =0,
a'Yab o
(396) . Kab
ba
(307) P~ 0
ab o
(398) 8{; = —cichify; |

Next, we need evolution equations (and constraints) for the components
of k. Following the same idea, we define

k=c"ky; and K% =c"ky,.
we can then produce evolution equations and constraints for the derivatives

of the metric.
First of all, given R,, = 87T,,, we have the first evolution equation

P o o y
(399) £ = K K7, 4+ 264" 8,,8,C™ O™y + 8¢ FLi Py
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Then, rom eq. (215), we obtain the second evolution equation

OK*®,
0z
(400) — 2¢;c™ ! BB O™y + 2% B, B, 0™ C
+ " Wissp — 4w (6%, — b By) I Fi F
— A By Fyi Fyj + 4™ R B, Fop Fij .

=K% K" + 2¢;¢" By K, + 4c™ B, K, C™

From G, = 87T,,, we obtain the first constraint,

(401)
. 7 .
30, K", + §¢ib16a/€
= 20" B K, C™y —§b Bl C™y —§b BakC o + K5 Oy — K
- 5 . ; ;
+ 4¢i¢jCZJ Ba + §¢iczkblﬂaﬁm mkl - 3¢icmﬁmcman - 2¢i0m/8aommn
. 3
+ Qdkblﬁmﬁncmaj nkl - icjkblﬁaﬁmcmnj nkl
1 ., .
- ECszJl/Ba'YmnCmij C™
7 )
— 7 B, O™ Oy — icklﬁac "ok Cl — §Cklﬁac "k Cl =
= 81 (b FaoFuj + ¢ FyiFyp)
— 278, (acV FiF.j + V'V FFj + 20/  F Fyj + ¢RI Fy Fy)

125

Cm

ma



126 6. ELECTRO-VACUUM SOLUTION: THE EINSTEIN-MAXWELL SYSTEM
and, from G4, = 8nT,, the second one
(402)
- ?¢lb Yablk — 3¢2b ’YaiK b

- 2anzm (fYaiCmbn + Wbicman) - 2bn7aiKib Cmmn)

+ anﬁ(ryamcmbn + ’mecman + ’Yabcmmn)

1
+ i’yab( - Bkalm mk}l + bnﬁcmmn)
+ $ip;b'V BaBy + 200" (40 By + P1Ba) + 3Padt
A 5
+ 2¢i02kbl (Ba')’am + Bb'}’am)cmkl + §¢i62kbl'}/ab6mcm}g[
— 26" (YamC ™ + YomC ™ an + YabC )
. 1 ., .
+ Czkcjl’}/am')’bncmij anl + §Clkc]l7ab7mncmij anl
ikl n n m 3 ikl m n
— 2% /Bn (’Yamc bj + /meC aj) Kl T 507 b /Yab/BmC njC kl
— 2" (YamC" + YomC s, ) O™t — 2cM (Yam O™k + YomC ok ) C
7 5
— 2 C™, Cy + §Ckl7ab0mnk C" + §Ckl’7abcmmk C"l
- blﬁmcman nbl + bl (Ba mbn + /Bbcmna) - 3Cmcm nbm - Cmmzz Cmnb =
= 87 (alsqFupy — 26 Fuo Fyyy + ¢ Fyi Fy)
— 27 Yap (aciszinj + bzb]FmFZ] + 2biCijZkFij + Cikcleiijl) .

As for the evolution of the scalar field, the first equation becomes

(403) ;ZFab = %(%sz — GpFeq) — 2FnC™yy
but the second one turns a constraint:

(404) %bi (¢aFri — ¢iFsa) = 20" Fopy O™y + bk s
And for the constraints, we have

(405) g@cﬁb’“ij = b'd"F ;0™

and

(406) 5(;5@ (bZC]aFZj - CazbjFZj + CZJCkaij) = CZkbleiCakl + CZkCJlFijCakl .

Effectively, the Einstein-Maxwell system, when the group acts by means of
null orbits, has three constraints. These three constraints are not equivalent;
as a result, the system is overdetermined.
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Finally, the component of the Weyl tensor evolves as

(407)
8Vszzzb i 7 i1 q 8Fz P an ank
=47 (269 : F, =2 4 4xbicik F F
= 7 (267900 + VY Bufy) P2 + dmbc! 5a5b( gl o+ Py )
T e g, 5,1y O
0z

- 87T’yabcikKijzinj — 27T6aﬂb(cikcerlr + lecirKkr)Fiijl
— A BB I K P Fyj + 4mc* By K7 FLiFyy

2.4. A fixed point argument for a general local solution. The
extension of the previous chapter’s results on local existence and uniqueness
is immediate. The Einstein-Klein-Gordon system of eqs. (382), (383), (384),
(385), (386), (387), (393) and (394) can be written in the form of the Initial
Value Problem

9 - .
o) X0 = FE()
X(Zo) = X()

for z in some interval [21,2’2]; where X = {a, ba,cab,’yab,kab,an,Fab} and
F the right-hand side of the corresponding equations (which is continuously
differentiable in the interval); and assuming that the initial conditions satisfy
the constraints of egs. (388), (391) and (392).

Then, the Picard-Lindelof theorem holds and the Einstein-Klein-Gordon
system has a unique solution X in the interval [zg —h,z0+ h}, which can be
extended to the entire [21, zg] (but not further than that).

3. Examples

3.1. Bianchi /I acting on Ehlers-Kundt pp-wave space-times.
The solutions for plane-fronted parallelly-propagated waves were initially dis-
covered by Ehlers and Kundt in 1962 as a vacuum solution. In the general
case, the metric can be given in Brinkmann coordinates as follows

(409) ds? = H(u, 1, z2)du? — 2dudv — da? — da3,

where H(u,z1,x2) is an arbitrary smooth function, v a null coordinate (as 0,
is a light-like vector), x; and x2 two spatial coordinates (as 0, and 0, are
two space-like vectors) and u an either temporal, null or spatial coordinate
(as 0, can be either a time-like, light-like or space-like vector respectively). In
the case of vacuum, as discussed, the smooth function is specified as it must
be harmonic over the spatial coordinates, i.e.

0*H N 0*H
52 T 5o T
Oxy  Oxs
One of the particular cases falling into this is when H is quadratic over the
two spatial variables, or

(411) H(u,x1,22) = hyj(u)z'a?

(410) 0.
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fori+4 75 = 2.
In this case, two Killing vectors are easy to be found as
- 0 - 0 0
(412) f1=5- an §2 = 22 0r  Tom,

that is, the translation along the null coordinate v and the rotation on the
space-like plane x1 — x2, are isometries of the space-time, i.e.
(413) Lgg=0 and Lzg=0

Moreover, the metric scales in a specific way - hence, a scaling symmetry exists
along the null and spatial coordinates. Consequently, the dilation along

0 0 0
414 =2
(414) € = Vo, +~’61a +95282
rescales the metric by a factor of 2, i.e.
(415) Lzg=2g;

or equivalently, the dilation 53 is a homothety of the space-time.
The two isometries and the one homothety form a Lie algebra whose
commutators are

(416)  [G,&] =0, [&&]=0 and [6,6] =26,
hence the structure constants of this algebra are zero apart from
(417) Cls =2.

This Lie algebra corresponds to the Bianchi 11 real group.

Let us consider a vector
0 0 0 0

41 TS NN ST B
(418) =% % T T e,

where a, b, ¢ and d four arbitrary functions of the four Brinkmann coordinates
to be specified later.

First, we need to show the conditions for these four functions for which
the vector z commuted with all three generators of Bianchi 111 group. Taking
the translation along v , we have

[1.¢] =0,
which leads to
da 0b 0c 0d
v . v v
which means that none of the four functions is dependent on the null coordi-
nate. Moving to the rotation on the 1 — xo plane, we have

[, =0

(419) =0,
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which leads to

da da
x287.%'1 — l‘laix2 =0
0b 0b
9 — — 17— = 0
(420) 8951 8.21?2
oc de d
:L‘287$1 — 1'187372 = —
od ad
$287331 — 1'187.7;2 =cC.

Of these four partial differential equations, the first two are independent of
1 1

the rest and integrable to a = a; (§(z% +3)) and b= by (5(33% + #3)), which

means they are constant along concentric circles of the x1 — xo plane, whose

centre is the origin.
Finally, taking the dilation along v, x; and x5, we have

[éa é] =0 3
which leads to

(421)

These partial differential equations are independent and integrable as a =

x x T x
ag(l), b= x%bg(—z), c= xlcl(l) and d = a:ldl(—Q), which means that a
T 1 X1 z1
is constant along the lines x1 = x5, while b increases as a quadratic on x; and
c and d increase linearly on z; along the same lines.

Comparing these results with the results found previously, we arrive at
the following problem
€2

al(%(m% + x%)) = ag(x—l)

(422) 1 -
2 2 2 2

bl (5(.’1:1 + $2)) = .’1}'162(;1) y

where the functions on the left-hand side must be equal to the function of the

right-hand side - otherwise, the solutions of the first system are not compatible

with the solution of the second. If one tries the simpler form for a;, as and

by , by (the linear), it becomes obvious that the first equation leads to

Tl = T2,
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while the second to

1 \/1—96‘1l
Tog=—++— =
1 T

The two solutions coincide only when x7; = x2 = +1; which means that, in
the linear case of a1, as and by, bo, ¢ will commute with 52 and f_;; only at
these supersurfaces. A possible solution would be to assume that the quotient
belongs to this submanifold.

Another approach would be to combine eqs. (420) and (421), getting

o,
8%1 al‘g
ﬁ . 2n d ﬁ _ 2m
or; x% + a:% an Ory a:% + :1;%
(423) dc  xic—xad q dc  xec+x1d
Or1 z? + 23 a Ory z? + 23
od Toc + x1d od r1c — Xod
— = and —=-—F—5"
o0x1 :r% + x% 0xo :r% + x%

The solution to these is that a is independent of x1 and xo; and b is propor-
tional to x2 + 3.
Now, using the fact that ¢ must be geodesic, we have

> 8 0 8 0
0 9 8 0
3 (9 0 0
+ Cvagg1 (aai + b% +c 87$1 + d@)

0 0 3 a

which leads to

(424)
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Substituting previous results, we have

Ja
Lo
“ou
b 4 4
4 bt 2 bd = 0
ou  x7 + x5 xi + x5

(425) Oc 1 9 T2 9
o+ 55— +—5——d" =0
ou  x7 + x5 i + x5
od 2
CL*‘F%(CQ—CZQ)‘F%CM:O
ou  x7 + x5 xi + x5

The first signifies that a is a constant. If we choose a = 0 for simplicity, we
reach a very interesting result, where
4x 4x
3 12bc+ 3 22bd:0 = b=0 or zic+x2d=0
]+ X3 Ty + T3
T 2 i)
932—|—:L”26 + 2 + a2
1 2 1 2
2

L(@ —d2) + %dc:o = o9 (cQ—dQ) 4+ 2x1cd =0

2 2
r] + x5 ] + x5

=0 = 21 +1:d>=0

The easiest way for all these relations to hold is a = b = ¢ = d = 0, whereas
there is no geodesic vector field in the quotient that commutes with the
Bianchi group. However, avoiding a = 0, we can still take b = 0 (for sim-
plicity); in which case, the second equation is always satisfied, but the third
and fourth must be solved.
Finally, for the transversal to be null, we have
(426) 9(C.O) =0 = a*H(u,z1,22) —* —d> =0.
This leads to
A4+ d? =a*H(u,z1,29) .

It becomes obvious, now, that for the conditions for H(u,x1,z2) to be met,
the remaining two functions should
(427) c=co(u)er(z? +23) and d = do(u)dy(z? + 23).
Differentiating H (u, z1,x2) with respect to z1 and x9 twice,

0’H 2 c?

0x? a2 23+ 23

O’H 2 & —d?

or3 a2 x?+ 23
and using eq. (410), we see that
(428) 2¢% = d?.

This means that the null vector on the quotient has the form

. B, o V2 )
(429) ¢= ag-+ co(u)er(2f + 505)871 + TCO(U)Cl(l‘% + x%)a—m 7
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where co(u) an unspecified function. Specifying the particular solution further
is possible; the metric can be computed as

[

923 =

(430) g1 =

g12 =

922 =

g
g
g
913 =49
g
923 =g

g

g33 =

However, computing the precise coordinates for the metric is also important.

Particular examples of Bianchi groups acting on the Ehlers-Kundt space-
time that also admit a homothetic vector field have been found by Tupper et
al. [47].

4. The Existence of Neighbouring Solutions in the
Einstein-Maxwell System

Interestingly, a similar result with Chapter 4 is present here. Determining
the precise coordinates for the space-time, where the metric is adjusted to the
frame of the group, implies specifying co(u), do(u) and H(u,x1,z2); also, it
implies picking a particular solution for ¢ and d with respect to x; and 9
among the many that may satisfy the conditions required. The latter means
that there is not a unique vector in the quotient and that may interfere in
determining the corresponding parameter z. It should be made clear that
the result stated in Theorem 4.1 still holds here. No further amendment
is needed, as the Eintein-Maxwell system has been stated as a system of
evolution equations in the same manner the Einsteins system was.



CHAPTER 7

Perfect Fluids Solution: The Einstein-Euler System

1. Introduction

This chapter is concerned with the final extension of the previous result,
where we finally depart from an ‘empty’ space-time, by allowing the presence
of fluids. In particular, we consider the simple case of perfect fluids with with
barotropic equation of state; that is, we consider the simples and most usual
form of the Einstein-Euler system. The latter is composed by the Einstein
equations, where the stress-energy-momentum tensor is derived from the en-
ergy density and pressure of the fluid, and the Euler equations that describe
the evolution of the velocity and the density of the fluid. The fundamental
result here is that the particles of the fluid travel along the geodesics of the
space-time, and thus the energy density, the pressure and the velocity of the
fluid inherit the symmetries (i.e., the homotheties) of the space-time; as a
result, the Euler equations are also reduced to ordinary differential equations
in the same manner as the Einstein equations. This means that the Picard-
Lindel6f theorem still holds and existence and uniqueness of solutions can be
proved locally simply by extending the argument from the previous chapter.

In the first part, we deal with

e providing an exact form for the stress-energy-momentum tensor in
the case of a perfect fluid; and

e expressing the Euler equations in the foliation that the Einstein equa-
tions are expressed.

Then, we discuss the existence and uniqueness of solutions of the system. In
the second part, we present an example: the Bianchi V I}, group acting on the
Kasner space-time - one of the well-known solutions of anisotropic homoge-
neous cosmology (usually classified as a Bianchi I cosmology, since its Killing
vectors form the Bianchi I algebra). Another example that is considered is
the Bianchi VI, acting on the Goédel space-time - a very early solution of

the Einstein-Euler system that describes an inhomogeneous rotating universe
filled with dust.

2. The Einstein-Euler System

The Einstein-Euler system is composed of the Einstein tensor equal to
the stress-energy-momentum tensor for a fluid, that depends on the energy
density (p), the pressure (P) and the velocity (v) of the fluid:

(431) G =8rT(p,P,v),

133
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assuming the fluid is perfect, whereas the non-isotropic pressure (viscosity)
and the energy flux vanish. Then, the stress-energy-momentum tensor is
written as

(432) T = (p+ P)v(Z) ® v(y) + Pg (Z,7) .

For the system to be complete, the Euler equations are required, which can
be derived from the conservation of energy and momentum, given as

g (Ve T(4.2)) =0
(433) = Vzpu(Z) @ v(§) + VzP (v(Z) @ v() + g(Z, 7))
+v(Z) @ Vzu(§) + v(§) @ Vz,v(Z) + Vz (9(Z,7)) -

One should note that the system is incomplete even then, as the conservation
provides four additional differential equations (usually, one for the energy
density and three for the spatial components of the velocity)®, while there are
five unknown variables (the pressure is not specified internally). The system
can then be complete only by an additional assumption: that the perfect fluid
has a barotropic equation of state, whereas the pressure is not independent,
but depends on the energy density of the fluid:

(434) P=P(p).

Space-times described by this system are often found in relation to ei-
ther cosmological or astrophysical problems. With regards to the former, the
Friedmann-Lema"itre-Robinson-Walker solution describes a fluid space-time
which is homogeneous and isotropic (thus, having the maximum number of
possible isometries); famous solutions that belong to the Bianchi cosmologies
(where the Bianchi groups act by isometries restricted to space-like obrits),
like the Collins, the Collins-Stewart and the Jacobs solutions, are also exam-
ples of perfect fluids; finally, space-times without that describe inhomogeneous
cosmologies, like the Lemaitre-Tolman-Bondi or the Gddel solutions, use per-
fect fluids as the source for the Einstein equations. With regards to the latter,
the most solutions that describe a star in equilibrium (e.g., the Hartle-Thorne
metric) or a collapsing start (e.g., the Oppenheimer-Snyder metric) consider
perfect fluids as the source of the gravity.

2.1. The perfect fluids. The first thing to do is to project the stress-
energy-momentum tensor of a perfect fluid, as in eq. (432), along the group
and the quotient in the same manner that the metric and the curvature tensors
are. Thus, we define

(435) Ty = T(C, £a) = pUVq + P(Uz'Ua + Ba)
Tap = T( as b) = PUqUp + P('Uavb + ’Yab)
IFor a slowly moving (non-relativistic) fluid, these would be sufficient as the time-

like component can be assumed constant; for a relativistic fluid, the spatial components of
velocity become irrelevant.
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We also know that the stress-energy-momentum tensor inherits the sym-
metries of the space-time. In our case, its Lie derivative along a homothety
vanishes,

EgaT =0.
Applying this to the definition of eq. (432), we can prove that scalar fields
also inherit the symmetries of the space-time.

THEOREM 2.1 (Symmetry Inheritance of Perfect Fluids). Let the stress-
energy-momentum tensor of a perfect fluid, as in eq. (432); and let a space-
time (V4,g) where a Bianchi group G acts freely and regularly by means of
homotheties. Then, the symmetries are inherited by the velocity

Pa

(436) Legv= >
the matter-energy density

(437) Lep=—bup,
and the pressure

(438) EéaP = —¢P.

PRrROOF. Taking the Lie derivative of eq. (432), we have
ﬁgaT =0
= Egapv Qv +££~;P(U v +g)
+2(p+Plo® Lzv+PLzg=0
= v (Egap’v + 2p£§-‘a)
+v® (vﬁgaP'v + 2P£5av)
+ (,Cé‘ap-l- (ﬁaP)g =0.

Since the sum of this equation is zero, so should each summand be;? starting
from the last, we can immediately prove that

(439) LEaP = —@.P.

and substituting this to the second summand, we have

(440) Lzv= %v,

and, finally, substituting this to the first summand,

(441) Lgp=—¢ap.

Therefore, the proof is complete. O

This symmetry inheritance has two interesting results. The first concerns
a constraint on the equation of state.

2We should note that this is possible only due to the fact that the equation is tensorial.
Therefore, the term along g is independent of the terms along wv.
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COROLLARY 2.1.1 (Linear Equation of State). Let there be a barotropic
equation of state, P = P(p).
Given both the matter-energy density and the pressure inherit the symmetries
of the space-time as in the Theorem 2.1, then the equation of state has to be
linear.

PROOF. Given P = P(p) and Lg P = —¢oP, we have

0P
Egap = —anP = ?pﬁgap = —¢ap,
but, we know that Egap = —@qap; SO
oP oP P
—Qq——pP = — aP > —=— = P= -1 )
¢ 25" ¢ o = » (w—1)p
up to the addition of a constant. O

Here w—1 is the barotropic index. Notably, the same result can also come
from the Strong and the Dominant Energy Conditions, so it is considered a
universal result to all fluid space-times that admit (at least) one homothetic
vector [49, 50]. For example, McIntosh proved that a barotropic fluid must be
strictly stiff for a homothetic vector field to exist if the flow is orthogonal to the
group [53]; similarly, Wainwright proved that the equation of state is always
linear whenever a perfect fluid space-time admits a non-trivial homothetic
vector - and, if the homothetic vector is parallel to the fluid’s velocity, then
the fluid has to be stiff [48].

The second result concerns the velocity and its differentiation along the
group and its quotient.

COROLLARY 2.1.2. Given the velocity spans as v = v, + v;€".
Since the velocity one-form is differentiated as stated by Theorem 2.1, then
its components are differentiated in the same manner:

Egavz%vz and
(442) é
Efavb ?avb — UmCmab

PRrROOF. Let Ega'v = %v and v = v.¢ + v;€". Then,

Lo (v¢ +0i€) = 2 (0 + i)

or

(443) (LEaUZ - ivz) ¢+ (ﬁgavi - ;b'Uz) ¢ = —v:Lg € — viﬁgaﬁia
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Projecting this equation along 5, we get

— —

<ﬁ5avz ~ “é’z;z) Q)+ <L§am - gvi) € = —v:(Lg, 0)(C) — (L€ (0)

%Uz = —Uy (‘CEQC) (5) .

And, given that the transversal collineation on the quotient commutes with
the group, L'ga( =0, it is obvious that the left-hand side must be zero. Or

= ﬁgavz —

(444) Lgv: = %UZ‘

Similarly, projecting eq. (443) along vecg, we get
(g0: = 50.) €@+ (L= 5u) €146) = 06206 — v €)(E)
= mathcalLg vy — gvb = —v; (Cga.fl)(é,) :

Now, given that a one-form commutes with its flow along a vector field of the
same algebra, (Egafb)(gc) = ¢t ([ga,gc]) = —C® ., then

(445) Lz vy =

£ —vp — o, C™yy -

2
O

Raising the indices of the components of the velocity by use of the metric,
we can easily prove that a similar differentiation holds:

Egavz = —¢,v° and

(446) Cgavb = — P’ +0"C .

2.2. The evolution and constraint equations. The Einstein-Euler
system is an extension of the Einstein system we considered in the previous
chapter; it consists of the Einstein equations and the Euler equations.

The Einstein equations are derived in the usual manner, with the ex-
ception that the right-hand side of eq. (185), (186) and (187) is not zero,
but equal to 87T, 87T,, and 87T, respectively. Therefore, the evolution
equations for the metric and its inverse are

0Ba
(447) 5, =0
8’Yab o
(448) 9 = Kab ,
(449) 92 _ ik

2 %]
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ob* -
(450) 5 = —c"Vk;; and
o ab o
(451) (;z = —Calcb]/{ij .

And the evolution equation for the derivatives, k, is

(452)
akab o

2
af)z

— (ac” — blbj)kijkab + 5 (ac”“ — blbk)cjl’yabkijkkl + zacwckl’yabkijkkl

. . 1 . g
— 3¢ib"kap + V' (Pakvi + Pvkai) + Efﬁk (46" 7% + 3¢V ) yapki
— 2b" (kamCmbn + kmeman + kamemn)
—2(b" ™ — ") kij (YamC ™ + YomC ™ )
1. .. g 1.
— 5(3?)16]” — 5CZ]bn)’)/abkiijmn + §Clkbl’yabkimcmkl
1 . . .
+ Z¢i¢j (117 yqp — 46'07 BaBp) + 2¢ib" (daBy + PbBa) + 3dad)b
5 . ,
+ §¢iclkbl%bﬁm ™+ 20: 6 (BaYom + ByYom ) C™
o 3 ..
+ CszJeram’Yanmij anl + §clkcjl (’Ymn + aﬂmﬁn)’)/abcmij an;l
— 2cM (YamC™pg + YomC ™y ) Oy — 2cM (YamC"p + YomC ) Oy
7 5
+ chl,yabcmnk Cnmk o chl,yabcmmk Cnnl _ 4Ck17mn0mak Cnbl
- blﬁmcman Cnbl - bl (ﬁa mbn + ﬁbcman)cnml
- 3Cman nbm - Cmma Cnnb
—127(p+ P)(2fuavb — (av, + bivi)vzfyab) — 127 Py, ,
And the constraint becomes
(453)
(acZk — blbk)cjlkijkkl + iac”cklk:ijk:kl + ;(ﬁkcz]bkki]’
— 28"V B kiyC™y + 6 ki O™y — (7™ — 207 ) ki C™p
5 ij i m
- 5@'%‘6] — T¢i b B, C™,,
+ (ac k_2p bk)c]lﬁmﬁnc O+ ¢
— 127 (p + P) (avz - bivi) v, — 12¢P.

5

lemnk Cnml + §Ckl Cmmk Cnnl



2. THE EINSTEIN-EULER SYSTEM 139

The Euler equations are derived from the derivatives of the stress-energy-
momentum tensor. We know that the gradient of the tensor is constant - that
is,

Vszz =0, VgTaZ,
(454) ; ;
VeT,"=0 and VgT,°.

Taking the first two of these relations, and remembering that 7,7 = a7, +
2b'T,; and T,” =2al,, + b'T,;, we can reach to two equations for the evo-
lution of the matter-energy density, the pressure and the observers’ velocity
components;> the first equations is

(a(v2)? + 26viv2) Lep + (a(vs)? + 2600, +2) LoP
+2(p + P) (avs + b'v;) Lov, +2(p + P)bv:Levy
— (p+ P) (bW kijvs + 2¢765 kjvi)v. = 0,
and the second
2(av; + b'0;) vaLep + (280200 + 20'0304 + afle) LeP
(p+ P)va(2alivs + b Lavi) + (p+ P) (2805 + b'v;) L v
+ (p+ P) (2b°V kijv.0, + 6 kiju00) + P(26°ka; + b Bokij) = 0.

Remembering that P = (w — 1)p and that the Lie derivatives along ¢ reduce
to simple partial derivatives with respect to the parameter z - and defining

0 B
(455) U = Lov: = o 550

we can rewrite the two equations as

v, and U, = /J{Ua =

(w (a(vz)2 + 2b v, + 2) — 2) gi

(456) + 2w (avz + bivi)Uzp + 2wbiszip
— w(bibjkijvz + QCijbkkiji)Uzp =0,

and
(457)

. dp
(w(2av; + 2b'v;) v, + (w — 1)af,) 92

+ w(2aUz + biUi)Ua,O + w(2avz + bivi)Ua,o + (w—1) (2bik‘ai + bibjﬁak‘ij)p
+ 2w (b0 kv, + b ki) vap = 0.

3It should be obvious that ¢ = vszr vif_;, and that v = v.¢ + v;€*; where v, = BV
and v; = B;v° + ;07
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Collecting the terms from eq. (457) and assuming v, # 0 and U, #= 0, we
have

w(QaUZ + bivi)p

= w=0 or p=0 or 2av, = —bly;
w <2 (avz + bivi)gp + (2aUz + biUi)p — 2cijbkkjkvip>
z
= w=0 or 2(avz + bivi)g’z = —(2aUz +b'U; — 2cijbkkjkvi)p
o o .
(w—1) (aﬂaap — bzlﬂﬁakijp) +2(w — 1)b'kigp =0
) o
= w=1 or aa—g =b0"VEkijp
The following trivial cases exist:
0
1. Let w = 0 (the case of ‘dark energy’), and p = 8—5 =0.
2. Let w =1 (the case of presureless dust), and p = gp =0.
z

Both of these cases are degenerate in the sense that the fluid disappears (p = 0
and P = 0) and the Einstein-Euler system reverts to vacuum. The following
non-trivial cases also exist:

3. Let w = 1 (the case of presurelss dust), and 2av, = —b'v; (a con-
straint on the fluid velocity ); and

(458) avz@ = (aUz + %biUi) p— (V¥ kv, + 0 kj00) p .

0z
Then, eq. (456) becomes
0 2. 1, .. g
(459) av. 50 = (aUs = S6U)p+ 5 (68 kijoz + 2670 ki) .
Differentiating the relation 2av, = —b'v; with respect to 5, we obtain

2aU, — b'U; = 26V kv, + ¢ + bk,
and substituting to eq. (459), we obtain
0 5 :
(460) avza—z = (gaUz - bZUi>p,
which serves as the equation of continuity, i.e., the equation that
refers to the conservation of energy for the fluid. Returning to eq.

(458) and combining with eq. (460), we can eliminate —p; and, given

p # 0, we obtain the following equation for the motion of the fluid

2al, + gbZUl = —bibjkijvz — Cijbkkjkvi .
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Comparing this with the derivative of 2av, = —b'v;, we obtain the
following equations
0 15 . . T .
alU, = a ;Z = ﬁbllﬂkijvz + ﬁc’]bkkﬂcvi and
(461) o 6 4
blUl‘ = bZ a; — ﬁblbjkijvz — ﬁc”b kijvi .

These equations denote the evolution of the velocity of the fluid.
4. If w is not specified, then

2av, = —bivi ,
and
dp i
(462) a& =0 b]kijp .
This contribute to eq. (457) yielding
(463) 3aU, — 2b'U; = —4b'V kiju, — 6P kv
and, differentiating the relation 2av, = —bv;, we have
(464) 2aU, — b'U; = 20'V kju, + Pk ju; .

Combining these two, we obtain the following two equations for the
evolution of the velocity field,

all, = a%“'z = 6b'b kv, — 269F kjpv; and
(465) <
i ; Ou; irj ijrk
b'U; = b P :flObbjk‘iqu?)cjb k‘]kul
z
Also, adding eqgs. (463) and (464), we obtain
5 3. ij
§aUz — §b Ul =b b7k‘ijvz
and substituting this to eq. (462), we obtain the continuity equation
for the fluid
dp 5 3.,
4 .— = —al, — =b'U;.
(466) a5~ 2aU 5 U,

2.3. The case of null orbits. Let us go consider now the special case
where ¢ = 0 and the 3—metric on the homogeneous submanifold M is de-
generate. Firstly, we must consider what happens to the components of the
metric and their derivatives, given both 74, and ¢ are singular.

The first evolution equations come from eqs. (84), (85) and (88), (90), (92)
and refer to the derivatives of the components of the metric and its inverse:

0Ba
(467) 5 =0,

87ab

(468) o

= kabv
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(469) %bz ~0 and
Dt ai bj
(470) 92 = —C C kij .

Next, we need evolution equations (and constraints) for the components
of k. Following the same idea, we define

K= cijkij and K% = Pl .

we can then produce evolution equations and constraints for the derivatives
of the metric.
First of all, given R,, = 87T,,, we have the first evolution equation

9 o o
(471) £ = K K7, + 2¢% B, 8,07 C™y + 87 (p + P)(v2)?,

Then, from eq. (215), we obtain the second evolution equation
(472)
0z

=K% K + 20,V By K, + 4¢3, K, C™,,

_ 2¢icak‘cilﬁb/8m mk;l + QCakCilﬁmﬁncmbi an;l

+ " Wisap — A (6% — b°By) (p + P)(v2)* — 4mc™ By(p + P)vsv; .
From G, = 87T,,, we obtain the first constraint,

(473)
. 7 .
3K, + §¢ibzﬁa/€
3 )
B 2bkﬁmKla mkl - §kaaKlm mkl - §bn5a’{'cmmn + Knmcman - Kcmma
+46i6;¢7 Ba + 56"V BafmC™y — 30i€™ B C™ oy, — 26:¢" BaC Ty
. 3 .
+ 2c]kblﬁmﬁncmaj nkl _ §cjkbl6aﬁmcmnj anl
1 .. .
_ 5czkcjl/B(l,ymnCvmij anl
7 )
_ 7cklﬁmcmnk Cnal _ 5ck’lﬁactmnk Cnml o §Ckl/3acmmk Cnnl _
— 871'((p + P)uyvg + Pﬁa) ,
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and, from Gy, = 871y, the second one
(474)

— S bban — 3oty
— 20" K" (YaiC™ + 16iC ") — 26" K5 C™ )
+ 26" 5 (YamC ™y + YomC ™ an + YabC ™)
+ %m( = 3K, CMy + 0" RC™,, )
+ Gihib'V Bafy + 200" (¢afB + BbBa) + 3Pads
+2®é%%@ﬂmn+ﬂwmﬂcﬂd+g@é%W@@#ﬁb
—26i"™ (YamC™y, + WomC™ o + Y C™ )
+ cikcjl'yamfyan’mij C" + %cikcﬂ’yabfymn(?mij C"y
— 20" By (YamC™yj + YomC"a ) O™t + %cjkbl*yabﬁm(}'mnj C™y
— 2 (YamC, + YomC"at ) O™t = 2 (YamC™yg, + YomC™ap, ) O™t
— 2¢O Oy gc’“%bcmﬂk C™ o+ gc’“l%bcmmk Cc"
— U BnC 0y Oy + 8 (BaCy + BoC™g) = 3C7 0y Clyy = Oy Cy =
= 877((p + P)uguy + P'yab) )

With regards to the evolution of the fluid, we can go back to eqs. (456)
and (457), which are now rewritten as

(475) (2w(b'v; + 1) — 2) g’z) + 2wb’ (v;U, +0.U;)p =0,
and as

i, Op irr. Q. _
(476) (wbvi 52+ wh'TUip Jva + (wb'v;) Uy = 0.

Collecting the terms from eq. (476) and assuming v, # 0 and U, #= 0, we
have

/0
2uwb* (Ull + U,;p) =0
0z
a 9p
= w=0 or =0 or wve=— =-Uyp
0z
wb'v;p =0

= w=0 or buvy;=0 or p=0

The following cases exist:

0
1. Let w = 0 (the case of ‘dark energy’), and p = 8—p = 0. This case is
2

trivial and we can discard it.
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0
2. Let w = 0 (the case of ‘dark energy’). and va—p = —U,p. From eq.

i 0z
(475), we obtain
dp
477 — =0,
(477) o
which can serve as the continuity equation; immediately,
Oug
U, = =0.
‘0z
This case is interesting because it implies a fluid with negative pres-
sure (hence, negative self-gravity) that has a steady and incompress-
ible flow. ‘
3. Let b'v; = 0, which results to b'U; = 0; thus, both the group-
component of the velocity vector and its derivative with respect to
z (the ‘acceleration’) are either zero or null. Then, the continuity
equation for the fluid is?
dp
478 Vo= = —Ugp.
( ) ag, apP
From eq. (475), we obtain
dp
2(w—1)=— =0.
(w )az

0
This equation can result to: either w = 1 (the case of dust), or a—p =

0 and U, = 0 (the case of steady incompressible flow). Both cases
are non-trivial in the sense that the fluid does not ‘disappear’; yet,
both of them are remarkably simple, in the sense that the dynamics
of the fluid are well-defined without solving the full Einstein-Euler
system.

4. The case of b® = 0 is not of particular interest. This case would imply
that the null orbits are two-dimensional, whereas the properties of
the theorem 2.1 no longer hold.

Finally, the component of the Weyl tensor evolves as

(479)
OW ape i ) )
de =47 (1 + w)(vab(vz)Z + BafBp(b'viv, + ¢ ]vivj) + ﬁavbvz) 8—5 + 127r6a6bw8—5

+Am(1+ w) (27a00z + BaBob'vi + Bay) pU-
+4r(1+ w)ﬁaﬂbcijpvin +27(1 4+ w)Bapv.Up
—27(1+ w)ﬁaﬁbcikKjkpvivj .

4The similarity of this equation to the continuity equation in the Friedman-Robertson-
Walker case is remarkable.
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2.4. A fixed point argument for a general local solution. Once
again, the extension of the results from Chapter 4 on local existence and
uniqueness is trivial. The Einstein-Euler system of eqs. (447), (448), (449),
(450), (451), (452), (460) and (461) - or (466) and (465) can be written in the
form of the Initial Value Problem

o - .
(450) ?X(Z) :qF(X(Z))
X(20) = Xo

for z in some interval [21,22]; where X = {a, b, ¢ Yaps kab, vz,va} and
F the right-hand side of the corresponding equations (which is continuously
differentiable in the interval); and assuming that the initial conditions satisfy
the constraints of eq. (453).

3. Examples

3.1. Bianchi VI; and II] acting on Kasner space-times. The Kas-
ner solutions originally described a spatially homogeneous vacuum space-time
expanding under shear, that can be expressed in the following metric

3
(481) ds? = dt® = Y %P (day)?,
i=1

where p; three real constants, that fulfill 2?21 p; = 1 and Z‘?:l(pi)Q =1
however, these last conditions need not hold apart from the strict case of a
vacuum.

Of course, such a space-time has three Killing vectors at all times; three
translations along the space-like directions,

- 0 - 0 o 0
4 2 = = —_— e —
(482) &1 Fr 2= 50m and &3 25
for which
(483) Eégzﬁégzﬁégzo.

These isometries constitute a Lie algebra with zero structure constants, i.e. a
Lie algebra corresponding to the Bianchi I real group. However, if we replace
the last one with the following dilation:

- 1 0 0 o o
(484) §3 = 1 —ps <ta + (1 _pl)xlaile + (1 _p2)$287x2 + (1 —p3)$3a—x3) ,

for which
2
1—po

(485) Leg

)

—

consequently, &3 is a homothety of the spacetime that rescales the metric
accordingly.
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The three vectors, the two translations & and 52 and the dilation 5_5, form
a Lie algebra with commutators

1—pi >
1_p2§1,

—

(486) [gla é] =0, [527 53] = 52 and [éﬂ 51] = =

or equivalently, they form a Lie algebra with non-zero structure constants

1_
(487) Ol =—LL  and  C2%y =1.
1 —p2
1—
This Lie algebra corresponds to the Bianchi V I}, real group, where h = 7 1 ;
— P2

this group reverts to Bianchi /17 in the extreme case of p; = land ps = p3 =0
(expansion of the spacetime only along the x; direction) and to Bianchi V' in
the case of p; = py (expansion or contraction along the x; and x5 directions
is uniform).

Let us consider a vector

(488) (=a=4+b—+c—+d=—o,

where a, b, ¢ and d four arbitrary functions of the four coordinates.to be
specified later.

First, we need to show the conditions for these four functions for which
the vector Q? commuted with all three generators of Bianchi 11 group. Taking
the translation along x1, we have

[€1,¢] =0,
which leads to
Oa 0b Oc B od B

= Bo ~ Bai  om  Bm
and taking the translation along zo, we have
(&, =0,
which leads to
(490) da 0b dc  0d 0.

dzy  Oxzy  Ozy  Owmy

Both of these mean that the components of the vector Z are independent of
x1 and xo. Then, taking then translation along x3, that is,

(€, =0,



which leads to

Oa Oa

ta —+ (1 —pg)ﬁgaixg = a
0b 0b

t— + (1 — pg)xgi = (1 — pl)b
ot 6$3

(491)

126 4 (1= p)as 2 = (1— poe
ot b3 38:1:3 = b2
od od

to; T _p3)x387;3 = (1—p3)d.

These partial differential equations are independent and integrable as

(492)

which means that they grow over time along the world-lines x3 = ¢!773.
Furthermore, requiring that the vectors ( is geodesic, we have

3. EXAMPLES

a(t, z3) :tA< s )

t1—p3

_ €3
)= 075

_g4l- 3
c(t,xg) =t p20<t1—1’3)

_ 3
d(t,z3) = t' p3D<t1—p3> ’

B, o 9 ) )
VL =a¥y, (aa . d—)

?
+ bV, (0

(493)

+¢Va,, (a

+ dVaﬂC3 (

which leads to

s
ot
ob

+d

“or

(494) iy

ot

ox 1 6%2 8.7}3
0
(9.1‘1 (91'2
0
ot 8.21?1 (9:6‘2

ot 8.1‘1 (9:62

Oa
y Py

+b£+c—+d—
g+bi+c—+d—

A

D2 o b3

grs i e T

0b

—+d—+2%1ab:o

8903
dc

a—+d—+2%ac:0

(9.%'3

$+1-2p3

147
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Using the solutions of equations (492), we obtain

(495)
AW -(-phy  wd oS
Gt (B - -py ) eS8
Gt (e - a-pG) and S e SE
% =t ((1 —p3)D(y) — (1 —pz)y%ly)) and (;Z = aaly),

x
where y = tlfgpg. And, then, substituting to eq. (494), we arrive to

0A

(1= p3)yA — D)aiy = A% + p1 B? + poC? + p3D?
0B

(1= p3)yA — D)a— =(1+4p1)AB

(496) 03

(1= p3)yA — D)(?iy = (14 py)AC
oD

(1= p3)yA — D)?y = (14 p3)AD.

Interestingly, “dividing” the second and third equation by the fourth (and
slightly abusing notation), yields

0B _ 1+p B
0D 1+ D3 D
oC  1+pC
oD 1+ D3 D
which can be solved to
1tpy 1tpy
(497) B =DB,D'r and C=C,D'rs

for any two real parameters B, ,C,; and substituting these to the first equa-
tion, after dividing by the fourth, one obtains

0A 1 a p3s D p1 _21 po _2pp
== =+ —(1+ 28,07t + 20,0710 ),
oD 1+p3sD 1+4p3a p3 p3 °

This equation, although integrable, leads to a very long and complicated
relation for A and D. However, assuming (without loss of generality) that

B, = C, =0, we can easily solve the latter to

1
(498) A= Ay)(1+p3)DTes
Then, using the null condition, we can easily obtain

a® = 122
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which leads to

(499) A% =D?.
From where
1+p3 14+p3
(500) D =A," (14 p3) »s = const.;
And
(501) A= AP (1 4 p3)1TP3 = const. .

So, eventually, the transversal collineation can be given as

. o
(502) &= ao(1+ pg)”P%a +al®(1+ps) s P

1

1+p3

0

6953 .

149

Given the result cannot be specified further, we will simply denote the

metric
(503)
9:2=9(.) =0
9:1=9((,&) =0
gz2 = g(_: E) =0
Li2pg
g:3=9(C, €3) = N )i Jlr]i?’l):;m £+ aé%B Atp) v T?f)p;g 1P,
g = g(&1,&) =t
g2 =9(£,8&) =0
913 = g(£1,8) = (1 — p1)zat™
R $2p2
922 Zg( 2; 2) = 1 —po)?
923 = (&, &3) = wot??
g33 = g(€3,&) = —t* + (1 — p1) 2™ + (1 — po)?a3t™2 + (1 — ps) a5t

Interestingly, if po = ps = 0 (the Bianchi II] case), then D = 1 and
A = 1; whereas, the transversal collineation becomes

(504) =1

2.
ot

2
81‘3

).
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Then, the metric becomes

9:-=9(¢. ¢
gz1 = (

922 = (

923 = (

(505) g1 = (
gi12 = (

gi13 = (

922 = (

9(

g23 =

g33 = 9(53,

Interestingly, this transition as po,p3 — 0, which, on the one hand,
changes the Bianchi group (from VI, to I1T) and, on the other hand, changes
non-smoothly the transversal collineation, is another interesting example of a
peculiarity that may emerge under this particular formulation. However, this
case is not directly a problem of the space-time, but merely the manifestation
that a different transveral will be needed if Bianchi 111 acts instead of Bianchi
VI, despite the fact that the action of the former group seems to be derived
smoothly from the action of the latter.

The same problem does not apply if p; = ps = 0 and p3 = 1, which is a

THE EINSTEIN-EULER SYSTEM

t.%'g

—t2 + 23+ 23

simple version of Bianchi V. Then, the transversal simply becomes

(506) ¢ = 4ag <t§ + i)

Then, the metric becomes

(507)

83:3

tz(—l—kx%—i—x%)
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3.2. Bianchi VI, acting on Goédel space-times. The Godel space-
time is characterised by pressure-less dust rotating around an axis (here as-
sumed to be z2); the metric is given in a comoving observers coordinate system
as

1
(508) ds? —(dt + em:"’ldacg)2 + da? + iemeldm% +da?| |

T 2w?

where w is the circular velocity of the particles of the fluid, and m is a real
constant. This space-time admits a total of five Killing vectors: three trans-
lations,

(509) {1:;, 532;332 and Q:aig,

and two more
53 = ﬁ — $2i and

(510) 8.%'1 6332
> 2 .0 0 - 1 5\ 0
§5-—Ee a—i—ya—m—k(%e —%xg)a—m.

Of these, we will pick 51, 52 and 53 as a Group that acts freely and regularly
(by isometries, rather than homotheties) on the space-time; these three form
a Bianchi VI, algebra, since

[éaé] =0 )
(511) [€2,65] = —mé&; and
[éﬁagl] = 07

with h = m.
It is not difficult to find a vector that commutes with all three; we consider
the vector,

(512) (=c—+d—,

and we impose that it should commuted with all three generators of Bianchi
V I,; that is,

e od  0d
- - od od
(513) [Cvfﬂ =0 = 87@ = 871’2 =0
- o oc ad
[4.753}—0 = Tm——mc and 871'1_0

Therefore, d is constant (assumed to be d = 1 for convenience) and ¢ =
coe” ™1 where ¢y some constant (again, it can be assumed 1 for simplicity).
Demanding that the vector is null, we conclude to

(514) g =0 = gc§—1:0,
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whereas
2
co=1/=.
°~ V3
Finally, it is easy to see that it is geodesic. Thus, the null geodesic collineation

in the quotient is

- 2 0 0
515 — S~ 4 T
( ) C \/;6 8932 + &Tg
The metric is easily constructed as follows:
g(¢.¢) =0
o 2
gz1 :g(<7§1) = g

- 3
g:2=9((, &) = \/;emxl
3
= —\/;meemxl

- =

9:3 = 9g((, &

w
~—

(
(516) g =9(6.6) =
gi12 = 9(51752) =
g13 = 9(51753) = —mwze™
:g(é7§2) = 3 mel
=g(&.6) = —fmwze””“
(£3,43)

7m2$2€2m$1 -1

g 537 63
4. The Existence of Neighbouring Solutions in the Einstein-Euler
System

The first example examined resulted to the possibility of transitioning
from one Bianchi group to another by means of a smooth change of the pa-
rameters of the metric, Moreover, this transition leads to a different transver-
sal collineation, in such a way that the two vector fields are not smoothly
related. This brings up the possibility that space-times that are solution to
the Einstein-Euler system and allow for a Bianchi group to act freely and reg-
ularly can interchange between one another in a non-smooth and pathological
manner.” The question as of whether these space-times are unique or not is
easy to answer by invoking the Theorem 4.1 proved in the previous chapter.
No further amendment is needed, as the Eintein-Euler system has been stated
as a system of evolution equations in the same manner the Einsteins system
was.

5This transition reminds that of a ‘blue sky catastrophe’ in the context of dynamical
systems.



CHAPTER 8

Conclusions

The work presented in this thesis refers to the application of Bianchi
groups on space-times that are solutions to Einstein’s General Theory of Rel-
ativity. Unlike other similar studies, this one drops the usual assumptions
that:

(1) the Bianchi group acts transitively (thus, admitting at least one fixed
point, or allowing for orbits of dimension other than its own);

(2) the Bianchi group acts by isometries (thus, its generators are Killing
vectors of the space-time); and

(3) the quotient contains at least one vector field orthogonal to the group,
which is used to obtain an orthogonal slicing.

When these assumptions are used, the Bianchi group acts on either space-like
submanifolds (resulting to a time-like quotient) or time-like surfaces (resulting
to a space-like quotient); such cases are well-studied in the literature (for
example, the spatially homogeneous cosmological models result from the first
case, while several inhomogeneous models from the second). Dropping these
assumptions, we face the possibility of a homogeneous submanifold that is
strictly of dimension 3 and whose signature may vary. The assumptions we
impose are that:

(1) the Bianchi group acts freely and regularly (whereas the dimension
of the homogeneous submanifold is 3); and

(2) the Bianchi group acts by homotheties (whereas the metric is not
conserved when “moved” along them).

Under these assumptions, we hope to provide a general framework for the
treatment of space-times that contain one homogeneous submanifold. There
is a certain disadvantage of this course: usual solutions of the Einstein equa-
tions, whose symmetries (either isometries or homotheties) include the gen-
erators of a Bianchi group, are d priori excluded, because the homogeneous
submanifold they yield is of dimension less than 3 - the best example is that of
the Schwarzschild space-time, that contains a two-dimensional homogeneous
submanifold as result of the action of the Bianchi X group. Nevertheless, we
hope that two advantages of equal importance may exist: On the one hand, a
number of space-times (either ready known or not) is bound to contain homo-
geneous submanifolds whose causal structure is not fixed, neither does it fall
in one of the usual categories (always space-like or always time-like) - an easy
example is the case of homogeneous gravitational waves; these space-times,
despite their apparent similarity with the usual Bianchi space-times cannot

153



154 8. CONCLUSIONS

be studied in that framework. On the other hand, there is a number of solu-
tions (some of them known in the literature) where homothetic vectors play
an important role - the cases of perfect fluids have been studied for many
decades, while the cases of imperfect fluids and of Vlasov matter (particularly
of massless particles) are still largely unexplored); these solutions would also
greatly benefit from the treatment offered in this thesis.

The core of the thesis lies in the proof that such a space-time can al-
ways admit (at least, locally) an appropriate coordinate chart, adapted to the
group and a null geodesic transversal. We prove as a theorem that whenever
a null geodesic vector field exists in the quotient of the group action (one
that is invariant to the group), such a coordinate chart is always possible.
Interestingly, this vector field must be

e invariant to the group, so that it may define a direction in the space-
time independent to the generators of the group;

e geodesic, so that this direction can be defined at any point in the
space-time; and

e null, so that its length does not change when
the group orbits or the transversal.

“moved” either along

It is important to stretch out that such a vector field may not exist (or may
not be easy to find) for every space-time on which a Bianchi group acts as
described - in fact, the thesis offers some counter-examples. In this case, a
coordinate chart may still be found, but not by following the steps of this
theorem; moreover, this coordinate chart is likely one that is not adapted to
the group, i.e., it does not contain the canonical coordinates of the group.
Following that, we proceeded by attempting to actually construct such
a space-time, by computing the connection and the curvature tensor of it.
In Chapter 3, we presented these calculations concluding that such a space-
time is possible. The Einstein equations can be decomposed to ‘transver-
sal’; ‘group’ and ‘mixed’ components, as is the case with the (usual and
somewhat simpler) 3+1 formalism; moreoever, we can easily prove (as is
done in the following chapters) that the Einstein equations can always take
the form of an Initial Value Problem with evolution and constraint equa-
tions, whose integrability can be discussed in the usual fashion. There is
though one problem. The removal of the orthogonality condition allows us
to explore situations where the homogeneous submanifold is light-like; how-
ever, the substitution of this condition with that of the null character of
thansveral collineation makes this interesting case a degenerate one. More
specifically, attempting to construct a coordinate chart for a null transversal
and a null homogeneous submanifold, when the coordinates are adapted to
them, makes both the induced metric, its inverse and its derivatives degen-
erate Thus, the Einstein equations take a peculiar form, one in which the
identification of the appropriate Initial Value Problem is not immediate. This
case we treated separately, by employing auxiliary variables and by relying
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to the Bianchi identities to recover any “missing information” about the cur-
vature that is not revealed in the degenerate form the Einstein equations take.

What remains is to prove that these equations indeed admit solutions of
some interest.

We start by exploring the simplest case: vacuum (Ricci-flat) space-times.
In Chapter 4, we consider the case of a vanishing Ricci tensor, where the
Einstein equations take the simplest form. We show that the Einstein equa-
tions are reduced to system of ordinary differential equations, given the fact
that the derivatives of the metric were unspecified in only one direction of
the frame - that of the quotient; the derivatives along the orbits of the group
are constrained by the fact that the group acts by homotheties. In this case,
the Einstein system can take the form of evolution equations and constraints,
that falls under the conditions of the Picard-Lindelof theorem; as a result, the
existence and uniqueness of solutions is easy to prove, at least locally. This
result was followed by some examples; in particular, two re-parametrisations
of the Minkowski space-time in such a manner that a Bianchi group (Bianchi
I in the first case, Bianchi I1] in the second) is applied such a way that it
admits at least one homothety (a Lorentzian dilation). For these examples,
we are able to locate the appropriate transversal collineation and specify the
coordinates that adapt to it and the group, thus expressing the metric in its
canonical form.

However, the interesting result that we reached brings forth an additional
peculiarit of our method: the direction found in the quotient that satisfies
the conditions of (i) invariance under the group action, (ii) geodesicity, and
(iii) nullity, is not necessary Hausdorf. More specifically, we find that in one
of the examples (ironically, the simpler one), the quotient contains ‘holes’ as
it approaches certain light-cones. This result seems unnatural and it poses
the following question: are these pathologies a result of our treatment and,
thus, they would vanish when a different coordinate system would be chosen
- or are they an inherent feature of the action of Bianchi groups on pseudo-
Riemannian manifolds? If the case is the former, then it is a regrettable
problem of our methodology (as the canonical coordinates cannot be always
used), but it is a removable one. However, if the case is the latter, then
the framework proposed in this thesis carries the advantage of being able to
identify these pathologies whenever they appear.

Given an exhaustive analysis of these pathologies was not possible within
the limitations of the thesis, we considered the following way to answer this



156 8. CONCLUSIONS

question. We considered the case of ‘neighbouring’ solutions; that is, of solu-
tions of a similar Initial Value Problem from different, yet not entirely dissimi-
lar initial conditions. Thus, we proved a theorem stating that such ‘neighbour-
ing’ solutions result to solutions that share the results of the original one (so-
lutions with similar, even if not identical features).! As a result, such a ‘patho-
logical’ situation (for example, a non-Hausdorf quotient, or a non-unique quo-
tient) is not an isolated event, but may exist in many possible space-times
that follow our construction. This is not a conclusive answer as to whether
these ‘pathologies’ are actual topological features of the space-times; but, it
definitely points to the existence of many such cases for different solutions.

The following chapters are, to some extent, repetitive of the analysis of
Chapter 4, but with different (and progressively more complicated) matter
models being considered. The common features in all situations is that all
the matter models chosen can inherit the symmetries of the space-time; that is,
their evolution along the group orbits can be constrained by the homotheties
of the space-time. This simplifies the situation analytically to (more or less) an
extended version of the vacuum solutions we have examined. Essentially, all
these matter models lead to a similar Initial Value Problem, whose evolution
equations are strictly ordinary differential equations. Hence, the two theorems
proved in Chapter 4 (the existence and uniqueness one by Picard and Lindelof,
and the ‘extended stability’ one) can be used almost unaltered.

Chapter 5 is concerned with the case of the Einstein-Klein-Gordon system,
where the source of the Einstein equations is a scalar field. In this case, it
is proved that the kinetic term and the potential of the scalar field inherit
the symmetries (i.e., the homotheties) of the space-time and, by extent, the
evolution equation of the scalar field (the Klein-Gordon equation) reduces to
an ordinary differential equation as well. This makes the system integrable
locally in the same manner that the Einstein system is. Interstingly, such a
scalar field may take very specific forms (e.g., its potential is either zero or en
exponential), yet it is not always free in the usual sense; although it is ‘free’
in the sense that it is restricted along the group orbits, the very fact that the
group acts by homotheties allows the kinetic term and the potential to grow or
shrink sufficiently to make this ‘free’ scalar field dynamic rather than constant.
The examples considered are derived from the work of Carot and Coligne in
the Wainwright B — i7 space-times and allow for one counter-example, where
a transversal collineation that meets the requirements of theorem 2.1 cannot
be found.

Following, the case of the Einstein-Maxwell system was also examined in
Chapter 6, where the course of the Einstein equations is a free electromagnetic

IThis is a result that mimics similar stability results , proving that solutions of the
same Initial Value Problem, albeit with perturbed initial conditions will converge to the
same solution. However, in a certain extent, it generalises this notion of stability, as its
scope is not to show that solutions converge, but that they share similar characteristics.
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field. In a mirroring way, it is proved that the Faraday tensor inherits the sym-
metries (i.e., the isometries) of the space-time and that restricts the behaviour
of its derivatives - and, consequently, the form of the Maxwell equations. Once
again, the ‘freedom’ of the electromagnetic fields should be perceived as rel-
ative, as the symmetries inherited are homotheties, therefore the strength of
the electromagnetic field may grow or shrink as it propagates along the orbits.
The stress-energy-momentum tensor for an electromagnetic field is ‘attached’
to the Einstein equations and the specific form of the Maxwell equations is
considered; it is not surprising that these were proved to be ordinary differen-
tial equations as well and, thus, that the Picard-Lindelof theorem also applies
here, guaranteeing local existence and uniqueness of solutions. We also ex-
amine a particular example, that of the Ehlers-Kundt plane-wave space-time,
usually invoked to describe electromagnetic or gravitational waves propagat-
ing in an ‘empty’ Universe. The study of the example and the attempt to
construct a metric also reveals a number of ‘pathogenic’ issues in the spirit of
those revealed in Chapter 4; as a result, we can simply extend the theorem
proved there to show that such ‘pathogenies’ may exist in many space-times
that are solutions to the Einstein-Maxwell system under our foliation, given
their initial conditions are close to the example mentioned.

Finally, in Chapter 7, we considered the case of the Einstein-Euler system,
where classical baryonic fluids may be used as a source for the gravitational
field. It is also proved that the matter-energy density and the isotropic pres-
sure of the fluid, as well as the observer’s velocity inherit the symmetries (i.e.,
the homotheties) of the space-time. This result leads to the consideration of
the barotropic equation of state (required to close the system of differen-
tial equations); it is proved (in accordance to the literature and the energy
conditions) that only the linear barotropic equation is possible, whereas the
pressure is always proportional to the matter-energy density. Following this,
we can show that the equations for the fluid are also written as a set of or-
dinary differential equations and, by extent, the Einstein-Euler system falls
also in the premises of the Picard-Lindelof theorem. As a result, proving the
existence and uniqueness of solutions is trivial. The example of the Kasner
and the Godel space-times in the presence of some perfect barotropic fluid are
examined; finding a precise vector field in the quotient may prove difficult, but
it exists in all cases examined. Interestingly, the case of the Kasner universes
provides several examples that seem to emerge naturally as the values of the
exponents p1, p2 and p3 change smoothly; nevertheless, what is observed is
that the transversal vector field does not change smoothly with them, but
undergoes ‘jumps’ as we move from one Bianchi group to another. This can
be considered a case of ‘pathology’, therefore the theorem of similar neigh-
bouring solutions is still valid here; yet, unlike the case of Bianchi I acting on
the Minksowski space-time in Chapter 4, this ‘pathology’ is likely the result
of our choice of trasversal, rather than an inherent feature of these solutions.
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This work seems to open several possibilities, as the advantage of the
methodology proposed is that it can deal with a number of solutions of General
Relativity that cannot be treated under the usual 3+1 formalism. Indeed,
there is a serious disadvantage, that cases with group orbits of dimension less
than 3 cannot be treated; but, we should not see this as restricting. We can
see that the advantages are such that specific cases can be treated in a much
simpler way if this methodology is adopted.

One possible continuation that could show the benefits of this work is the
exploration of gravitational wave space-times. In the present thesis, we re-
visited the Ehlers-Kundt solution, which refers to plane waves in an ‘empty’
universe. However, more examples of homogeneous gravitational waves (that
travel along light-like homogeneous submanifolds) may be possible - for exam-
ple, waves that propagate with spherical, cylindrical, etc. fronts. Moreover,
we could focus on cases of gravitational waves that propagate through matter;
or cases of interaction between gravitational waves, or between gravitational
and electromagnetic waves. Although some of these cases have been examined
in the literature, revisiting them may be important, given the recent advances
of Gravitational Wave Astronomy. This exploration may be also be important
from a purely theoretical perspective as well, as dealing with light-like homo-
geneous submanifolds appears as one of the main advantages of our method.
Of course, this would imply a further discussion of the degenerate case; but,
such a discussion is possible as the main points have been already stressed out
and the system of equations can still be written as an Initial Value Problem.

Another possible continuation of this work, that can also exploit the ben-
efits stemming from its methodology, lies in the field not examined here, yet
which served as the original inspiration of the thesis. When the work started,
we hoped to examine the Einstein-Vlasov system under this foliation - and,
maybe, to extend the study to the Einstein-Boltzmann. The case of massless
particles, in particular, seems very promising, as they would allow for homo-
thetic generators of the group dictating the homogeneity of the space-time;
this could even be related to the question of Penrose’s Conformal Cyclic Cos-
mology, where one ‘universe’ is conformally rescaled to the next, when it has
met its ‘thermodynamic death’. Given the many shortcomings of the work
(and the limitations of time, space and effort), these systems were not con-
sidered. Nevertheless, these systems are of greater interest, since they are not
(always) reducible to systems of ordinary differential equations (the presence
of integrals in the Vlasov or Boltzmann equations being part of the problem;
also, the difficulty in constraining all particles in motion along the orbits of
the group in the Einstein-Boltzman case); hence, the existence and unique-
ness of solutions cannot be proved trivially by means of the Picard-Lindel6f
theorem, but must be sought in each case separately. The question of whether
similar ‘pathologies’ exist in these cases is also of interest; but, this too can
only be answered after the stability of solutions has been proved.

The same can be true for the case of imperfect fluids - the full Einstein-
Euler system. In the present work, we treated the case of perfect fluids, but
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other works (using the 341 formalism) have already examined the case of im-
perfect fluids, that include non-isotropic pressure and energy flows. However,
the question of the existence and the role of homothetic vectors in solutions
with imperfect fluids has remained largely unexplored; as a result, tilted and
self-similar solutions for spatially homogeneous or inhomogeneous cosmologies
with an imperfect fluid have been rarely (if ever at all) considered. Given our
methodology emphasises on the existence of at least one homothetic vector
in the symmetry group, we could attempt a generalisation of the works pur-
sued by Eardley, Wainwright, Carot, and others in the previous decades, by
extending the scope to imperfect fluids. In a similar manner, the case of the
Einstein-Maxwell-Euler system can also be examined.

The last possible continuations come to highlight an interesting possi-
bility for the proposed framework. Both the Einstein-Vlasov (or Einstein-
Boltzmann) system, particularly with massless particles, and the Einstein-
Fuler system with imperfect fluids are attempts to a more detailed and real-
istic description of the universe - especially of earlier stages, where

e the behaviour of the matter may have not been as simple as perceived
in more recent stages; and

e the currently observed, very small inhomogeneities and anisotropies
may have been large enough to violate the Cosmological Axis.

Such situations have been examined so far by means of the simple action
of the Bianchi groups on the space-time (where the generators are isome-
tries and the homogeneity is restrained to space-like or time-like submani-
folds with an orthogonal transversal) and have yielded interesting theoret-
ical and empirical results. It is a good question to what extent the pro-
posed methodology can offer an extensive counter-proposal to this literature.
The prospect of examining in detail whether solutions that model the ear-
lier stages of the universe are plausible and whether they can lead us to the
currently observed stage is a fruitful one and should definitely be examined.

Another interesting continuation is the pursue of global existence. We
know this cannot be true always, as some of the examples considered present
problems, or do not posses a maximally extended geodesic spray (thus, con-
taining potential singularities). However, it would still be interesting to ex-
amine some of these cases - particularly in the Einstein-Maxwell and the
FEinstein-Euler cases; the consideration of the joint case of Einstein-Maxwell-
Fuler may also consist a continuation of our research.

Finally, the extension of this work to the case of conformal motions can
also be considered. But, one should be too careful in undertaking such a task,
as (we fear) the inherent difficulties might prove greater than the anticipated
benefits.
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