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Abstract

General Relativity (GR) is a very elegant theory with very powerful predictions. However,
it’s an incomplete theory since it cannot incorporate quantum phenomena and cosmolog-
ical phenomena related to dark matter, dark energy and inflation. Since the theory’s
discovery by Einstein, the scientific community has been trying to modify and expand
General Relativity to a more complete theory. Contemporary theoretical ideas, together
with recent observational advances such as the LIGO experiment and the Event Horizon
Telescope experiment are very promising, and the area of modified gravity is a very active
and fruitful area of research today. The purpose of this report is to introduce modi-
fied gravity theories such as Lorentz violating theories and then generalised scalar tensor
theories which are the most straightforward extensions of GR. Also, the spontaneous
scalarization mechanism will be presented. This is a mechanism that is receiving a lot of
attention lately since it is the most promising description of new physics at the strong
gravity regime. More precisely, this mechanism endows relativistic stars and black holes
with a nontrivial configuration which does not appear in the context of the non-modified

GR theory.
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Chapter 1

Introduction

General Relativity is the gravitational theory of Albert Einstein which was published on
1915. Since this year of publication, a huge effort has been made by theoretical and exper-
imental physicists to test, validate, improve this theory. After years of work, theoretical
and observational insights have convinced us that General Relativity is an incomplete
theory. It is a non renormalizable theory, it predicts singularities in space time and it
does not describe the dark matter and dark energy. Although this theory describes the
weak-field gravity phenomena (e.g. Solar system experiments) very well, it has not been
fully tested in the strong gravity regime. This regime is now being tested with the hope
that strong- field modifications may provide solutions to the before-mentioned problems
of General Relativity. Strong gravitational interactions of black holes and neutrons stars
provide us with the opportunity to test this strong gravity regime. Our main tool for these
tests have been the recently discovered gravitational waves which reveal the behavior of
strongly interacting systems and in this way, any possible deviations from General Rela-
tivity. By using this theory (GR), Einstein in 1916 predicted the existence of gravitational
waves which are spacetime disturbances, generated by accelerated masses. After a cen-
tury’s quest, gravitational waves were detected by the Laser Interferometer Gravitational-
Wave Observatory (LIGO), a large-scale physics experiment and observatory.The last few

years LIGO has been used to test more intensively GR in the strong gravity regime.

In general, there are different ways to modify GR that can give different dynamics and

vil



viii Chapter 1. Introduction

different gravitational wave signals. The first way, a very common one, is the addition of
extra dynamical fields at the Einstein-Hilbert action. And the simpler non trivial extra
field is the scalar one, which leads to scalar-tensor which theories are the most well stud-
ied alternative theories of gravity since they are simple extensions of General Relativity.
At these theories a new scalar field is introduced in the action which is non-minimally
coupled to the matter. The field equations derived from the action are relatively simple.
Scalar tensor theories are also the dimensionally reduced theories of higher dimensional
ones and they also have important applications in cosmology. Nowadays, the validity
of these theories is being tested through gravitational observations in the strong gravity
regime. A phenomenon called spontaneous scalarization has received a lot of attention
recently because it’s a promising mechanism which describes solutions around relativistic
and black holes different than the ones of General Relativity. This phenomenon is inter-
esting, from an astrophysical perspective, since it can be experimentally tested through
the gravitational radiation of systems that exhibit this mechanism. Spontaneous scalar-
ization in the context of generalised scalar tensor theories will be later discussed in more

detail.

A different way to modify GR is by giving up the assumption that Lorentz invariance is
a necessary ingredient of gravitational theories at the strong gravity regime. Although
Lorentz invariance has been tested very well at the Standard model sector and no viola-
tions of this symmetry have been observed, Lorentz symmetry violation in gravity is still
under research. One way to violate Lorentz symmetry is by adding a preferred timelike
vector in the action. There are two different theories that include this timelike vector field;
the Einstein-AEther action and the khronometric theory. The difference at the latter one
is that the vector field is hypersurface orthogonal. This is the low energy limit of Horava
gravity which is a proposal for a quantum theory. Black holes can serve as theoretical
laboratories of Lorentz violating theories. They can provide predictions of binary systems
gravitational emission which could be different than the emission in General Relativity.

However, the study of Black Holes in the context of Lorentz violating gravity is more
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complicated because of certain properties not appearing in General Relativity, namely
the two extra gravitational propagation modes with speeds generally different from the

speed of light.

Generaly, different variational procedures and different assumptions about the geometric
structures such as a connection with a non zero torsion instead of the Levi-Civita con-
nection, can lead to different field equations. Einstein Field Equations are considered to
be the core of the theory of GR. Given a distribution of matter and energy in spacetime,
these equations can describe the geometry of the spacetime. The usual way to obtain
the equations is through the principle of least action and more precisely through the
variation of the Einstein-Hilbert action with respect to the metric.When extra degrees
of freedom are added to the action, variation with respect to these degrees must be per-
formed. Therefore, the resulting equations of motion are different than the Einstein Field
Equations and they are usually called Modified Einstein Field Equations. After careful
derivation of the equations, simple settings in the context of the modified theories can be
studied. Some common example cases that apppear in the literature are rotating black
holes, slowly moving black holes. Many times even relatively simple systems of black holes
or neutron stars require semi-analytical and numerical tools because of the complexity of
the equations that describe the systems. However, after careful analysis insightul results
are often being produced which reveal system behaviors different than in the context
of GR theory. These theoretical analysis are used by experimental physicists who can
compare theoretical predictions of different theories with gravitational signals by distant
black hole or neutron star systems. The relevant branch of observational astronomy is
called Gravitational Wave Astronomy. This scientific methodology allows the scientific
community to test different alternative theories of gravity with the hope of extending GR

to a more complete theory.

The purpose of this thesis is firstly to give a technical introduction to some common non-

quantum alternative theories of gravity. Then spontaneous scalarization in the context
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of generalised scalar tensor theories and rotating black holes in the context of Lorentz
violating theories will be described. The description of the scalar tensor system will
be based on the scientific article published by me and three other colleagues during our
research. The description of the Lorentz violating example will be based on some authentic
calculations I produced for the derivation of the Modified Field Equations that describe

the slowly moving black hole, with the guidance of my supervisor.



Chapter 2

Scalar-Tensor theories

2.1 Einstein’s Theory

General Relativity (GR) is a gravitational theory that treats gravity as a geometric prop-
erty of a 4-dimensiona spacetimel manifold. It correlates the curvature of the spacetime
with the energy and momentum of the masses in a given spacetime. Flat spacetime cor-

responds to the Newton’s law of gravitation.

A basic tool that allows us to construct the GR theory is the notion of the metric tensor
g, Which captures the notion of distance on a manifold. Along the curve v this gives the

measure of distance

5= /d)n/gwa’s“js”, (2.1)
Y

where ) is a parameter along the curve.
Given a metric tensor on a manifold, we can define the Levi-Civita connection which is a
unique torsion-free connection such that the metric is covariantly constant. (V,g.s = 0).

The components of this connection are called Christoffel symbols and are defined as

guu (.gow,ﬁ + 98v,e — gaﬁ,u) . (22)

N | —

X1
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Now, the Einstein equation is given by the expression:

1
Ry = 9 R = 87GT,,, (2.3)

Here T}, is the energy-momentum tensor of matter fields in the space-time.
Notice that in vacuum where 7),, = 0 the Einstein’s equation gives R = 0 (after indices

contraction). Hence the vacuum Einstein equation is written as
R, =0 (2.4)

Also notice that, Einstein equation is a set of 10 non-linear, second order, coupled partial
differential equations for the components of the metric g,,. Therefore, the solution of the
equations is usually difficult and requires numerical methods.

The Einstein equation can be derived by varying the following Einstein-Hilbert action:

= 16 G/\/_Rd4x—|—/£ (G, ¥)d* (2.5)

where £, is the Lagrangian density of the matter fields,s» and g = det(g,v) is the de-
terminant of metric tensor matrix. The metric signature here is (—,+,+,+). More
specifically, variation with respect to the Riemann tensor, Ricci tensor, Ricci scalar and
the determinant and a few calculations...gives the Einstein field equation (2.3).

Also variation of Eq. (2.5) with respect to the metric tensor give,

w2 OLu
B V_gé‘g,uu‘

(2.6)

GR has been well tested in our solar system and has given important insight into cos-
mological problems. But it has not been fully tested at the strong gravity regime. In
addition, it has not yet been reconciled with quantum physics and has some other restric-
tions as well as mentioned before. So, theoretical physicists make efforts to modify this

theory in a combatible with experiment way.
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2.2 Scalar-Tensor Theories background

When trying to modify GR, there is an important theorem that should be kept in mind.
According to Lovelock’s theorem there are some restrictions in the way we modify the
theory, if we want to construct a gravitational theory from an action principle involving
the metric tensor and its derivatives only and the field equations are up to second order.
The simplest way to modify GR, is by adding an extra scalar field in the action. (In gen-
eral, vectors,tensors or higher rank fields can be added). Scalar-tensor theories include
the usual rank-2 tensor field of GR and an extra scalar field. They are some of the most

well studied alternative theories of gravity in the literature.

Up to a few scalar field redefinitions the most general action of the scalar tensor theories

with an extra scalar field is give by,

1

_ 4
S = T6nC d'z, (2.7)

V=g [¢>R - %vuww} + LV, g)

where w(¢) is an arbitrary function, often referred to as the ‘coupling parameter’. This

theory approaches General Relativity (2.5) in the limit w — oo, w'/w? — 0.

Variation of the action (2.7) with respect to g"”, gives the field equations

1w w
oG, + [D(b + §E(V¢)21 9w — V, V00 — gvuwm = 8nT,,. (2.8)
and variation with respect to ¢ gives
(2w + 3)0¢ + ' (V¢)? = 8xT. (2.9)

where primes here denote differentiation with respect to ¢. These are the field equations

of the scalar-tensor theories of gravity.

The action of (2.7) is the most general one can write that is quadratic in the first deriva-
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tives of the scalar. However, this action can be generalized further if we want to include
more derivatives of the scalar field. The general scalar-tensor theory with a single scalar
field and with at most second order derivatives in the field equations is given by the

Horndeski action [7] which can be written as,

5
_ 1 4 — )
5= ;/d £/ =GLi + S, (2.10)

where we have defined

Ly = Go(d X), (2.11)
Ly = — Ga(¢, X) 0o, (2.12)
L0 =Gl )R+ Gix[(06) — (V,9,0)7). (213
L5 = Gs(6, X)GuV V"0

X [(00)° - 806(V,V.6)° + 2V, V,6)"] (2.14)

and X = —Vu¢v“¢/27 (vuvuéy = V,uvuqbvuvygbv (vuvu¢>3 - vuvugbvyv)\qbv/\v“qb
and G;x = 0G;/0X. We have also defined x = 87G/c* and Sy is the matter action.
Matter is assumed to couple minimally to the metric only and this means we are working

in the so-called Jordan frame.

Varying the action with respect to the metric g** and the scalar field ¢ yields respectively

5
> G = 6T, (2.15)
1=2
5
(P, — V") =0, (2.16)
1=2

where T}, is the matter stress-energy tensor.

At the following section we will describe an interesting case, in the context of the above

theory, with phenomenology that deviates from GR in the strong-gravity regime.
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2.3 Spontaneous scalarization in generalized scalar

tensor theories

In 1993, Damour and Esposito-Farese [5] have studied spontaneous scalarization in the
case of neutron stars and they showed that deviation from General Relativity can occur
in these systems. More precisely,they showed that a linear tachyonic instability around
the neutron star configuration can trigger the growth of the scalar field. The instability
is eventually quenched due to the effect of non-linear terms. By mild tuning parameters,
the threshold for the instability trigger can be set at typical densities of neutron stars and

we can therefore evade weak-field constraints of our Solar System which is described by

GR.

At this section, a study on spontaneous scalarization in the case of black holes in Horn-
deski theory which we recently conducted at [1], will be presented. Recently, it has been
shown at [11] that in the context of scalar Gauss-Bonnet gravity there is a similar mech-
anism for systems of black holes, according to which scalar hair can be developed after
a tachyonic instability is triggered. At [1] we extend, this study to a more general case,
namely in the case of Horndeski theory, the general scalar-tensor theory with a single
scalar field and with at most second order derivatives in the field equations. In addition,
we consider the coupling with the Gauss-Bonnet invariant. More specifically, we find all
the possible subclasses of the aforementioned theories for which the effective mass in the
action becomes negative and therefore we are led to a tachyonic instability. Note that, we
treat the scalar field as a small perturbation and therefore this study does not reveal if we
necessarily obtain stable scalar hair solutions. However this study is sufficient to identify
terms that can cause or contribute to the tachyonic instability that triggers scalarization.
Although scalarization is triggered by a tachyonic instability at the linear level, nonlinear
terms eventually take over and quench the instability, thereby determining the properties

of the final configuration.
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For our analysis we used the Horndeski action (2.10) and its field equations (2.15),(2.16).
We started by requiring analycity around X = 0 since we were interested in theories in
which the scalar exhibits a tachyonic instability around solutions of GR with ¢ = ¢y =

const. This can be achieved by expanding G; in a power series in terms of X [1],

Gi = gio(@) + ga(d) X + .. .. (2.17)

However, there is a caveat here which concerns our analycity assumption for the Gj
functions. That’s because we already know at least one theory for which non-analytic
G; functions generate an analytic representation of the action. This theory is the scalar
Gauss-Bonnet (sGB) gravity which contains a term of the form £(¢)¥, where £(¢) is a
generic function of ¢ and 4 = R? — 4R, R*" 4+ Ry, R""? is the GB invariant. We
therefore, consider functions which are the sum of analytic ones denoted by G; and the

non-analytic sGB ones denoted by G{®,

Gi(, X) = Gi(9, X) + G§*(¢, X), (2.18)

Gi(6,X) = gio(®) + gin(®)X + ... (2.19)

where G§® are given by,

GSP =8¢WX2(3 — InX),
GS® =463 X (7 - 3InX),
(2.20)

GS® =469 X (2 — InX),

GE® = — 46WInXx,
Then by substituting the functions of Eq. (2.18) into the scalar field equation (2.16)
and keeping only the terms that contribute to the linearization of the equation around a
constant value ¢g, we get a simplified scalar field equation which is given as

9206 + gaopR + EVG

9"V Voo + A(0) =0, (2.21)
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where
A(p) = go1 + gn R, (2.22)
and the effective metric reads
2q41 R*
g =g" - —ﬁl(d)) . (2.23)

We now impose that ¢ = ¢q is a solution of Eq. (2.21). There are two distinct cases for

which this happens,

case I: 9906 + 9304 R + 581)% =0,
Ay finite; (2.24)
case 1II: o0 + Ja0s R + fél)g # 0,

Ag — 00, (2.25)

where

Ay = A(%) = 9(2)1 + 921R~ (2'26)

In the next few steps we will impose these conditions to our linearized scalar equation and
in this way we will restrict the Horndeski theory, and consider only classes which admit

GR solutions. By linearizing Eq. (2.21) for small for small §¢ = ¢ — ¢ yields
GV, NV, 06 — m?6¢ — m%ip = 0, (2.27)

where

2
2 _9(2)0¢¢ + 920¢¢R + 5(() 'y

m? = i , (2.28)
0 + 0 R+ (Dg A
3 = 20 7 Jivo 0 F04 (2.29)
A 0¢ o

are the effective masses obtained in the two separate cases.
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We can now write down the two minimal actions (one for each case) which contain all the
terms that contribute to the linearized equation and admit GR solutions.

The minimal action for case I is

SI = /d41'2—;g |:R —2A + (CL21 + CL4lR)X
mi¢® — ap’R — [ §*9

+ a41RWV“¢V”¢ - 9 + SM, (230)
whereas for case II we have
/- b b
. :/d4x_g|:R_2A+MX
2K [0)
b
+ ;1 R,V'"OV G +Td+n R+ A6 D | + Syu. (2.31)

where all the new terms that where introduced for simplicity are functions of the terms

that contribute to the linearized equation.

However, it can be shown that these actions can be mapped to each other after a scalar
field redefinition and suitable change of the parameters ag; ,au1, o, 3,m?s. Therefore, for
our analysis we just consider every term of the action (2.30) that contributes to the mass.
In this way we can map the general minimal action we constructed, with already known
models that can exhibit scalarization and in this way we can check if there are any new
models.

Now, if the bare mass of the scalar field m? is negative it can lead to a tachyonic instability
that would persist in flat space. Therefore, this term cannot lead to scalarization and we
fix it to zero for the following analysis. In addition, as; can be fixed to 1 through scalar
field redefinition and also we set ay; = 0 for now, for the sake of simplicity. The case for
which ay; is not zero will be discussed later.

For the choice my = a = 0 (and ag; = 1, as; = 0) one has the action

S— / d'y \/_{ —%vwvmm&g + Su (2.32)
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However this model is the known scalar-Gauss Bonnet scalarization model. Then, if we

set my = 8 = 0 and after some field redefinitions we get
V- )
S = /d4x2—,ig [(I)R - %Wcﬁv“@ + S (2.33)

where @ is a function of ¢. After some further scalar field redefinitions, it can be shown
that this model is the already known DEF model which exhibits spontaneous scalarization.
Finally, the only term we have not yet considered is ay4;. To do that, we disformally
transform the action (2.30) and after some tedious calculations we prove that this trans-
formation leaves the action formally invariant. Also we prove that the condition ay; = 0
is equivalent to a specific type of disformal coupling. Therefore, when ay; term is nonzero,
it’s producing already known scalarization models which are disformally coupled to mat-
ter. These models are interesting from an astrophysical perspective since they can affect

the structure of relativistic stars according to [8].

In conclusion, in this general study we identified all the possible classes of theories within
Horndeski theory which exhibit spontaneous scalarization. We proved that these classes
of theories are the already known models, namely the scalar-Gauss-Bonnet and the DEF
model. We also proved, that when these models are disformally coupled to matter can
also exhibit this mechanism. It is important to note that, other non-linear terms will
affect the end state of the tachyonic instability but not the onset of the scalarization.
This study is important because it can narrow down the possible theories with interesting
strong field phenomenology. Future studies will enable the scientific community to study
this phenomenology with the aim to measure any possible scalarized binary systems and

therefore any deviations from GR.
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Lorentz violating theories

3.1 Lorentz violating theories background

A different way to modify GR is by giving up the assumption that Lorentz invariance is
a necessary ingredient of gravitational theories at the strong gravity regime. Although
Lorentz invariance has been tested very well at the Standard model sector and no viola-
tions of this symmetry have been observed, Lorentz symmetry violation in gravity is still
under research. One way to violate Lorentz symmetry is by adding a preferred timelike
vector in the action. There are two different theories that include this timelike vector field;
the Einstein-AEther action and the khronometric theory. The difference at the latter one
is that the vector field is hypersurface orthogonal. This this is the low energy limit of

Horava gravity which is a proposal for a quantum theory.

In Horava gravity [9], Lorentz symmetry is violated by introducing a dynamical scalar
field T', the “khronon”, a timelike vector (V,T"V#T > 0 ), i.e. hypersurfaces of constant

khronon are spacelike, which defines a preferred time foliation. Using T as the time

XX
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coordinate, the action for Hotava gravity can be written as

1-3 14
§=—"2 [ard*z N <K Ki— — T
167G TNV (K 1—5
PGS L LL6> (3.1)
1-p 1-8" M? M}

+ Smatter [g/u/a \D] )

where K%, ®) R, and ;; are respectively the extrinsic curvature, 3-dimensional Ricci scalar
and 3-metric of the T = const hypersurfaces; K = K%~;;; N is the lapse; a; = 0;In N; o, 3
and A are dimensionless coupling constants; and Latin (spatial) indices are raised /lowered
with the 3-metric ;.

The effect of the higher-order terms Lg and L4 appearing in the action (3.1) is typically
small for astrophysical objects. If we want to focus on the low-energy limit of Horava
gravity we can neglect them. The resulting theory is often referred to as khronometric
theory. This is a Lorentz violating due to the presence of the timelike a&ether vector u*,
which defines a preferred time direction. By defining the an sether timelike vector u* of

unit norm in terms of the khronon field T as,

I % (3.2)
v NOTV, T ‘

the action (3.1) becomes

_ 1 4 — o 2
Skn = e d*x +/ g<R+ a(u'V ) 53

+ 5V“u"vyu“ -+ )\(V“UN)2> + Smatter[guua ‘Ij]

where g, R and V are the metric determinant, Ricci scalar and Levi-Civita connection
respectively. «, 3, A are dimensionless coupling constants. Note that we set the speed of

light ¢c=1 and we use the metric convention (+, —, —, —).

By varying the khronometric action with respect to the metric we get the generalised
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Einstein equation

G — TH = 87 G Treter (3.4)

where G, = Ry, — R g,,,/2 is the Einstein tensor and T7;*"" is the matter stress-energy

tensor which is defined as

-2 5Smatter
T#Llc: er —  — ) (35)
. vV —4 6g/u/

and the khronon stress-energy tensor is given by

kh —
Taw = Vo [T 1) = Tty = Ty ] + o

1 (3.6)
+ (uy V,J” — ava,a’) u,u, + §Lkh G + 28 )
with
JOw =X (Vou?) 06 + B V,u’ + aa,u’,
E,=v,(V,J" —aa,V'u"),
Vv = Guv — Uy Uy, (37)

Lip = A (V) + BV, 0"V, ut + a a,at

— P
a, = u’Vyu, .

Variation of the khronometric action with respect to T gives the scalar khronon equation

v, (\/%W) =0. (3.8)

3.2 Slowly translated black holes in Lorentz violating

theories

Black holes can serve as theoretical laboratories of Lorentz violating theories. They can
provide predictions of binary systems gravitational emission which could be different than

the emission in General Relativity. However, the study of Black Holes in the context of
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Lorentz violating gravity is complicated because of certain properties not appearing in
General Relativity, namely the two extra gravitational propagation modes with speeds

generally different from the speed of light.

Black holes in Horava gravity have multiple distinct horizons. There is one horizon for
each gravitational mode of the theory. Note that, these modes have speeds which depend
on coupling parameters that appear in the action and in principle can differ from the
speed of light. At Hotava gravity there is a matter horizon for light and other matter
fields, a spin-2 horizon for gravitational waves and a spin-0 horizon for scalar excitations.
Because of the requirement that there is no gravitational Cherenkov radiation, since it has
not been observed experimentally, the propagation speeds of the modes must be larger
than the speed of light. Therefore, the corresponding horizons must be enclosed by the
matter horizon. An open problem in Lorentz violating theories is the causal structure of
black hole solutions and the question that must be answered is whether there a stable

universal horizon which traps modes of any speed.

It has been shown at [3],[2],[4] that there is a universal horizon at spherical and slowly
rotating black hole solutions but it’s not clear if they generally exist. This is something
which requires further investigation since without a universal horizon the concept of a
black hole in these theories is meaningless. A recent study [10] has investigated slowly
moving, relatively to the preferred foliation, black hole solutions in Horava gravity. One
of the main conclusions of this study is that for generic values of the three dimensionless
coupling constants of the khronometric theory the black holes present finite area curva-
ture singularities. They also reached the conclusion that in a one-dimensional subset of
the parameter space of the theory’s constants (i.e 2 of the constants are fixed to zero and
this can be justified when the speed of spin-2 modes exactly matches that of light and
predictions of the theory in the solar system exactly match those of GR ) black holes
are regular everywhere and the solution coincides with the Schwarzchild solution. In this

case, dipolar gravitational emission is absent.
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In the following calculations, our purpose was to study slowly translated black in a slightly
different setting than in [10]. We extracted the equation of the moving black hole solutions
in khronometric theory by just pertubing the static symmetric solution at rest relative to
the khronon. For our analysis we treated thesether field as a small perturbation around a

fixed GR background.

In khronometric theory and in (t,7,6, ¢) coordinates, the metric and ether vector that
describe regular, spherically symmetric, static and asymptoticaly flat black hole solutions

and the sether vector take the the form [2]

ds® =f(r)dt* — %drz — r2d0?

(1A Be (1)
u,dx —( 2A() )dt+2A(r)<f(r) A())d7

where f(r), B(r) and A(r) depend on the coupling constants «, 5 and A. We use the

(3.9)

bar notation because the above solution will be our background solution which we will

perturb later. The asymptotic solution of A(r), B(r), f(r) is given by [6, 2, 10]

o QGNﬁ’L . OZ(GNm)3

fr) =1 . 53 (3.10)
a(Gym)?  2a(Gym)?
B(r) = 1+ (4]:2) + (3;2 ) (3.11)
A(T) _ 1+GNT7L CLQ(GNﬁ”L)Q
r r2
G Nt 3
(24a2+a—6)%+~~, (3.12)

where the parameter as is determined numerically once the mass m is fixed.

Now, we consider the decoupling limit of the khronometric theory, i.e. treating the sether

field as a small perturbation around a fixed GR background. In this case, we have,
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ds* =E(r)dt* — E(r) 'dr® — r*dQ?

(14 B AR)? L (3.13)
uydx —( 2A() )dt+2A(r)<E(r) A(r))dr

where we introduced E(r) = (1 — %) More precisely, in the decoupling case we set

f(r) = E(r), B(r) =1 and we retrieve the Schwarzschild metric.

Now, we can perturb the decoupled spherical black hole solution, to get a slowly translated
solution with velocity v in the z direction relative to the sether. We follow the idea which
can be found at [12, 2]. However, we choose to construct the most general metric and
sether ansatz in the reference frame in which the black hole is not moving (Schwarzschild
black hole). In this way, we use all the gauge symmetry that arises from the Bianchi iden-
tity. It’s also obvious that the usual Einstein equation at the vacuum (not the generalised
Einstein equation since we are considering the decoupling limit) is automatically satisfied.
So, the khronon equation (3.8) will be sufficient for fully exploring slowly moving black

holes relative to the sether vector.

For the ansatz construction we find convenient to use cylindrical coordinates. We can
also use the vectors n = (p,z)/r and v = (0,v) and we therefore have the most general

perturbations,

Su(r) =B(n)C(r)(v - 1) = v B(r)C(r) (3.14)
(1)) =E0) QY+ W) v i (3.15)
0 E(r) [Qm ((1)) PSS (g)} (3.16)

(3.17)

Therefore, the slowly translated metric and sether vector can be written in (t,7,6, @)

coordinates as,
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Gudatdz” =E(r)dt* — E(r) " 'dr?* — r*dQ)? (3.18)

and

uydet =ty (r)dt + . (r)dr + v {C(T) cos 0dt + W*(r) cos Odr — rQ(r) sin 9d9} , (3.19)

where 4,(r) = (1 + E(r)A(r)?)/(2A(r)) and @,(r) = (1 — E(r)A(r)*)/(2A(r)E(r)). We
used the coordinate transformations, z = rcosf, p = rsinf and we introduced W*(r) =
W(r)+ Q(r). W*(r) can be relabelled as W (r) without loss of generality. We also want
to impose the boundary conditions of our ansatz; g,, = 7,, and w0, = 0, — v0, when
r — oo. Notice that, when black hole moves with velocity v in the z direction relative to
the sether we can equivalently say that the sether moves with velocity —v in the z direc-
tion with respect to the black hole. We can impose this behavior through the boundary
conditions C'(c0) = 0, W(00) = —1,Q(00) = —1.

Before solving the khronon equation (3.8) we should impose the hypersurface orthogonal-
ity and normalization condition. These conditions will reduce the three free parameters
C(r), W(r), Q(r) to one.

The hypersurface orthogonality implies that €**7%ugV.,us = 0 which be simplified as
U (r)Voou,(r) — u,(r)Veduy(r) — ay(r)V,0ug(r) + dug(r)V,a.(r) = 0 since all the other

contributions are zero. In this way we get,

W (r)[W(r) = Q(r) = rQ'(r)] = @, (r)C(r) — ru,(r)Q(r) (3.20)

By varying the normalization condition u*u, = 1 we get u”(r)du,(r) = 0 (note that,

09 = 0). This condition gives,

(3.21)
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By combining the equations (3.20), (3.21) we get,

i (1) E(r2D(r) 522
Clr) = W — W2E(r)?
where D(r) = (a,(r) — ri; (r))Q(r) + vy (r)Q'(r). It is also easy to check that,
u; — u2E(r)* = B(r) (3.23)
and due to this equation get,
u(r)D(r)
Wi(r) =
" =E0 (3.24)

C(r) =u,(r)E(r)D(r)

In conclusion, the aether ansatz that we should use to solve the khronon equation is the

following,

y - ~ u(r)D(r) ,
w,dat =, (r)dt + a,(r)dr + v {ur(r)E(r)D(r) cos Odt + TR cos Odr — rQ(r) sin 9d9}

(3.25)

The khronon equation (3.8) contains the derivatives of the khronon T. Staticity of the
background solution implies that the components of the acther vector u,, must be constant
in time. If we also consider spherical symmetry we conclude that 7" = ¢+ f(r) is a reason-
able choice for the background khronon. Furthermore, in order to avoid time dependent
contributions to the perturbed aether vector,the perturbation of the khronon should be
linearly dependent on t. Therefore, by considering the symmetries of the problem and by

generalizing the idea presented at [4] we construct the following ansatz of the khronon
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T=t+f(r)+v[t+ f(r)+ x(r)cosb] (3.26)

where f(r) is a function of the radius and x(r) is the function that should define the slow

translation pertubation and should therefore be related to the function Q(r).

By using the above definition of the khronon and the definition of the sether vector (3.2)

we get,
wdat = \/IN [(1 + v)dt + (jf +o [Z]; + fi—jf cos 0]>dr — ux(r)sin ede] (3.27)
where,

N = ¢"V,IV,T = Ezr) —E(r )(Zﬁ) +2U<EET) E(r )Z{[jﬁ +% ose]). (3.28)

By Taylor expanding 1/ VN and by comparing (order by order in v) the aether vectors

(3.25) and (3.27) we conclude that,

df _ a,(r)

dr  a(r)

dx _ D(r)
& = 20 (3.29)

x(r) = Tciir)

and
_ w(r) a(r) Q)

T_t+/Ut(r)d + [t+/Ut<T)d + 9] (3.30)
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By combining equations (3.28) and (3.29) we get,

1 _ o
N = (r) — v (4 — @, (r)E(r)D(r) cos ) (3.31)

At this stage, we have done all the necessary calculations that will allow us to solve nu-

merically the khronon equation V,(&*/v/N) = 0.

In future work, our final khronon equation can be solved numerically with the aim of
checking whether black holes solutions are regular in a bigger parameter space than the

one given by the work at [1].



Chapter 4

Discussion

Gravity, a century after the devolopment of GR by Einstein, remains the least well un-
derstood fundamental force of nature. At this work we presented work related to certain
classes of alternative theories of gravity which are crucial for open problems in gravita-
tional physics and for testing GR. Minimal deviations and mechanisms that hide modifi-
cations on scales tested by experiment allow us to test the limits of GR theory. Additional

fields and broken symmetries are some of the ways we use to construct new models.

Black holes in the strong-gravity regime, our main theoretical laboratory for testing
these theories provide us with many opportunities for unravelling nature’s mysteries.
Gravitational-wave astronomy is rapidly expanding and will allow us to test our black
holes models in the context of modified gravity theories, with the hope of revealing new
fundamental physics. New experimental tools such as Laser Interferometer Space Antenna
(LISA), a space-based gravitational wave detector will directly measure of gravitational
waves to study astrophysical systems with unprecedented precision. Tests of Lorentz in-
variance and the weak equivalence principle are being proposed as space missions away

from earth’s seismic noise. The gravitational physics future seems exciting...

XXX



Bibliography

1]

[9]

ANDREOU, N., FRANCHINI, N., VENTAGLI, G., AND SOTIRIOU, T. P. Sponta-

neous scalarization in generalized scalar-tensor theory. Physical Review D 99, 12 (jun

2019).

BARAUSSE, E., JACOBSON, T., AND SOTIRIOU, T. P. Black holes in einstein-aether

and hotava-lifshitz gravity. Physical Review D 83, 12 (Jun 2011).

BARrAuUSSE, E., AND Sotiriou, T. P. Black holes in lorentz-violating gravity

theories. Classical and Quantum Gravity 30, 24 (nov 2013), 244010.

BrAs, D., AND SIBIRYAKOV, S. Hotava gravity versus thermodynamics: The black

hole case. Physical Review D 84, 12 (Dec 2011).

DAMOUR, T., AND EsPosSITO-FARESE, G. Nonperturbative strong-field effects in

tensor-scalar theories of gravitation. Phys. Rev. Lett. 70 (Apr 1993), 2220-2223.

ELiNG, C., AND JACOBSON, T. Black holes in einstein-aether theory. Class. Quant.

Grav. 23 (2006).

KoBaAvasHi, T. Horndeski theory and beyond: a review. Reports on Progress in

Physics 82, 8 (jul 2019), 086901

MinamiTsuJi, M., AND SiivA, H. O. Relativistic stars in scalar-tensor theories

with disformal coupling. Physical Review D 93, 12 (jun 2016).

Ramos, O., AND BARAUSSE, E. Constraints on horava gravity from binary black

hole observations. Phys. Rev. D 99 (Jan 2019), 024034.

XXX1



xxxii BIBLIOGRAPHY

[10] RAmos, O., AND BARAUSSE, E. Constraints on Horava gravity from binary black

hole observations. Physical Review D 99, 2 (2019).

[11] Siva, H. O., SAKSTEIN, J., GUALTIERI, L., SoTiriou, T. P., AND BERTI,
E. Spontaneous scalarization of black holes and compact stars from a gauss-bonnet

coupling. Physical Review Letters 120, 13 (mar 2018).

[12] Yacl, K., Bras, D., BARAUSSE, E., AND YUNES, N. Constraints on einstein-
Hther theory and hotava gravity from binary pulsar observations. Physical Review

D 89, 8 (Apr 2014).



	Abstract
	Acknowledgements
	Introduction
	Scalar-Tensor theories
	Einstein's Theory
	Scalar-Tensor Theories background
	Spontaneous scalarization in generalized scalar tensor theories

	Lorentz violating theories
	Lorentz violating theories background
	Slowly translated black holes in Lorentz violating theories

	Discussion
	Bibliography

