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Abstract

The study of black holes is a fascinating and active area of research in theoretical physics.
In recent years, the development of effective field theory (EFT) has provided a robust
framework for studying the properties and behavior of black holes. In this thesis, we apply
the principles of EFT to study black holes and Q-balls. Using the EFT for the black holes
in 3+1 D, we will look at the hairy black hole background to study its fluctuations in a
model-independent way and analyze the quasinormal modes of the hairy black holes. This
allowed us to show the possible gravitational wave signatures of hairy black holes. Skyrme
model is an EFT of QCD which describes mesons, and we will focus on the pions with
vanishing topological /Barynoic charge. This opens the door for studying non-topological
solitonic configurations, which are Q-balls. We also research the mini-superspace of the
2+1 D pure gravity, which lets us explore the Lorentzian path integral and the Euclidean
geometries’ partition function. We obtain the logarithmic correction to the BTZ black hole
entropy naked singularities without using CEFT. Using the Euclidean partition function,
we also calculate the logarithmic corrections to the entropy of the finite temperature Blon

solution.

Keywords — Hairy black hole, Effective Field Theory, Quasinormal modes, Thermodynamics,
Thermal fluctuations, Q-balls, Skyrme model, 3D pure gravity
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Chapter 1

Introduction

Quantum gravity (QG) is undoubtedly one of the biggest open problems in physics and is
often considered one of the field’s most fundamental and challenging problems. The problem
of quantum gravity is searching for a theory that can reconcile the principles of quantum
mechanics and general relativity, two of the most successful and well-established theories in

physics.

In almost the last hundred years, there has not been any significant improvement in our
understanding apart from realizing the difficulties involved in considering a quantum version
of the gravitational field. Generations of physicists and mathematicians have attacked the
problem with their ingenuity which mainly led to mathematical and theoretical models of
how the Universe at the Planck scale should behave. Some primary models include string
theory, loop quantum gravity, and causal dynamical triangulation. So far, the Universe

doesn’t seem to care about those models keeping our glass everlastingly filled with curiosity.

We cannot comprehend gravity at the quantum scale for wvarious fundamental
reasons/limitations. Quantum mechanics (QM) requires a well-defined Hilbert space on a
spacetime background, but in the case of QG, the spacetime itself should be part of the
Hilbert space. This is a limitation put forth by our well-established theory of QM. There is
also a lack of understanding of what exactly the two degrees of freedom of the gravitational
field represent at the quantum level. There are many other fundamental and technical

reasons for our failures, which will be discussed later.

In this thesis, we will explore physics with fundamental tools that have shown the

experimental and observational prevalence in the past. Of course, we should be open



to novel mathematical and physical ideas like string theory, AdS/CFT, etc. But, so far,
it has neither improved our fundamental understanding of nature’s internal mechanism
nor shown any experimental /observational hope! It also makes fundamental principles of
physics obscure. It is better to return to our roots and rethink our approach toward QG.
We may even discover that nature does not have gravity quantized, and gravity might be

an emergent phenomenon of some other fundamental field'.

Here, we will explore toy models using fundamental tools, giving us a better insight into the
path toward QG. Studying these toy models doesn’t give us a full sight of QG problems.
Still, it helps us understand different aspects of it through the fundamental principles, which
might eventually have experimental /observational consequences. The toys we will be playing
with are the black holes and Q-balls.

Black holes have been a testing ground for QG for many decades. There is a fascinating
and active area of research in theoretical physics. Black holes are among the most extreme
and mysterious objects in the universe, and they have long captured the imagination of
scientists and the public alike. Despite their exotic nature, black holes are a well-established
prediction of Einstein’s theory of general relativity. According to this theory, black holes are
formed when a massive star collapses under its own gravity, creating a region of space-time

with a strong gravitational pull that nothing, not even light, can escape.

Since their discovery, black holes have been the subject of intense study by physicists, who
have developed a range of theoretical models and computational techniques to understand
their properties and behavior. In recent years, the detection of gravitational waves from
black hole mergers (3) by the LIGO has opened up new avenues of research, providing

unprecedented insights into the dynamics of these fascinating objects.

On the other hand, venturing into Q-balls exposes us to the intricacies of a gauge theory
which will eventually improve our understanding of general relativity (GR), which can be
understood as a gauge theory. Q-ball is a class of non-topological solitonic objects that can

arise in specific theories of scalar fields. They have been proposed as a possible candidate

for dark matter (11; 17; 18; 19; 50; 51; 52) and could be related to the asymmetry observed
between matter and antimatter (53; 51). They could also have observable gravitational
wave signatures (55; 50). Both black holes and Q-balls can be studied using theoretical

models based on the fundamental principles of physics. In particular, the development of

'In that case, one possibility of the emergence of graviton could be as a Goldstone boson from the underlying
fundamental theory, (9).
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effective field theory (EFT) has provided a robust framework for studying the properties

and behavior of these objects.

GR can be understood as a gauge theory, a theoretical framework used to describe the
behavior of physical systems in terms of local symmetries. In general, a gauge theory is
characterized by the presence of a gauge field, which is a field that describes the local
symmetries of the system, and a set of gauge transformations, which are transformations

that leave the physical laws of the system invariant.

In the case of general relativity, the gauge field is the metric tensor, which describes the
curvature of spacetime, and the gauge transformations are diffeomorphisms, which are
smooth, continuous transformations of spacetime coordinates. The gauge transformations in
general relativity are associated with the principle of general covariance, which states that the

physical laws of the theory should be invariant under arbitrary coordinate transformations.

One of the key benefits of understanding general relativity as a gauge theory is that it
allows for a systematic and controlled expansion in powers of energy/derivatives, making
it easier to study the behavior of the theory at different energy scales. It also provides a
framework for understanding the behavior of the theory in the presence of perturbations
and for understanding the role of symmetries in the behavior of the theory. Even though
the gauge symmetries of GR and Q-balls are different, the study of Q-balls lets us explore
the gauge theory aspect.

In this thesis, we will use the methods of EFT to study theoretical models of black holes and
Q-balls. By constructing effective Lagrangians for the relevant degrees of freedom of these
objects and using the techniques of EFT, we will investigate the behavior of black holes
and Q-balls in various regimes and explore their implications for our understanding of the
fundamental laws of physics. We will also explore the mini-superspace of 2+1 dimensional

AdS pure gravity with techniques of the path integral and the partition function.

1.1 But, what is Effective Field Theory?

Effective field theory (EFT) is a theoretical framework to construct approximate descriptions
of physical systems at low energies or long distances. It is a powerful tool for studying
systems that exhibit a separation of scales. The relevant degrees of freedom and interactions
at a given energy or length scale can be described by an effective theory valid only within a

limited range of energies or distances.
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In EFT, one identifies a physical system’s relevant degrees of freedom and the symmetries
that constrain their interactions. The effective Lagrangian, which encodes the dynamics
of these degrees of freedom, is then constructed as an expansion in powers of the relevant
energy or distance scale, with the lowest-order term in the expansion corresponding to the
most relevant interactions. Higher-order terms in the expansion encode the effects of less

relevant interactions and can be systematically included to improve the theory’s accuracy.

EFT has found a wide range of applications in various areas of physics, including particle
physics, condensed matter physics, and cosmology. In particle physics, EFTs describe the
interactions of elementary particles at energies much lower than the scale at which the
underlying fundamental theory is expected to break down. In condensed matter physics,
EFTs are used to describe the behavior of systems with many interacting degrees of freedom,
such as superconductors and superfluids. In cosmology, EFTs describe the universe’s

evolution and the properties of dark matter and dark energy.

Overall, EFT is an essential tool in the arsenal of theoretical physicists and has played a
central role in many significant developments in our understanding of the physical world.
EFT allows us to write down the action principle for the energy scale of interest. For
example, let’s consider the case of a scalar field theory with a single real scalar field denoted

by ¢(x). The action for this theory is given by

1 1 A
S¢ = /d4$ vV —g [2(3u¢)2 — §m2¢2 — E¢4 (111)
where m is the mass of the scalar field and A is the coupling constant. This action is written

in terms of the most relevant degrees of freedom at the low-energy scale, which are the value
of the field ¢(x) and its derivative 9, ¢(x).

The expansion in powers of energy is then performed by introducing a momentum scale A
and expanding the action in powers of ps/A, where p is the momentum of the field. The
leading-order term in the expansion is the so-called tree-level action, given by the first two
terms in the action above. The higher-order terms in the expansion, called loop corrections,
represent the effects of virtual particles with momenta higher than A on the low-energy
dynamics of the system. These higher-order terms can be computed systematically using

perturbation theory.

In practice, constructing an EFT involves several technical steps, including identifying the

relevant degrees of freedom, the symmetry properties of the system, and the power counting
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rules that determine the importance of different terms in the action. We can formulate GR
as an EFT which allows us to consider an expansion in the powers of metric derivatives.

For an excellent review of GR as an EFT, please check (6; 7).

At low energies, the gravitational action consists of the Einstein-Hilbert term, the Ricci
scalar, R. Varying it leads to Einstein’s equation of motion, and we can do great physics
with it at low energies. To probe at higher energies, we should consider the most general
Lagrangian with higher derivative terms that remain invariant under the gauge symmetries
of GR, the diffeomorphisms. This way, the gravitational action will capture the physics
at high energies without knowing the underlying theory of QG. The energy scale is set by
the reduced Planck mass Mg = (87G)~! and the first few terms of the most general action
ordered in the energy/derivative expansion are
My [ Lo oo y

S = 2/d x\/jg[2A+R+W(clR + 2R R™) + ... (1.1.2)
with A of order 8°, R of order 8%, R? and R, R* of order 0* and the ellipses are for the
higher order terms. The coefficients like ¢; and ¢o are used to renormalize any divergences
coming from the higher derivative terms. Renormalized ¢; and ¢y take care of the one-loop

divergences, which were calculated by 't Hooft and Veltman (%).

The small-scale/high-energy physics will correspond to a quantum field which will be a

fluctuation in the background metric

Juv = Guv + (5g;uz (1.1.3)

The effective action 1.1.2 tends to capture the physics of these quantum fluctuations. Now
that we have identified the relevant degree of freedom, we expand all the terms in the
action up to one’s desire of the order in fluctuations and derivatives’. The simplest case of

fluctuations in Minkowski background with A << M,

Guv = Npw + Iy /My (1.1.4)

2Caveat: As we have no idea of the underlying theory, we just hope that the higher order terms manifest
some physics from the QG which could lead to some phenomenology.
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will lead to an expansion

S = /d4x [(ah)Q + h(JZ?Q - h2](3§)2 + ... (1.1.5)

where we have suppressed indices of h, for simplicity. We will receive corrections from

higher-order terms as we go to higher energies (> M,).

1.1.1 EFT of Goldstone bosons

This thesis explores the solutions in 3 + 1 dimensions of the theories with spontaneously
broken symmetries. Goldstone’s theorem shows that when a continuous symmetry is
spontaneously broken in a physical system, a massless particle must be associated with each
broken symmetry generator. These particles are called Goldstone bosons, a consequence of
the symmetry-breaking process. Hence, we will explore an effective action for Goldstone

bosons as they are the relevant degrees of freedom.

Here we will be studying hairy black hole solutions as a solution to an EFT that has an
effective action for the Goldstone boson associated with the breaking of r diffeomorphism
symmetry. We will construct an effective action for the Goldstone boson of broken r-
diffeomorphism and study features of its solution, hairy black holes. Its construction follows
similar to the effective actions in Eqgs. 1.1.2 and 1.1.5, written down for the fluctuations
around a hairy black hole background. It is a well-curated action that considers the dynamics
of scalar fluctuations at the quadratic order in a hairy black hole background. The scalar
hair breaks the r-diffeomorphism symmetry, so the generic action in the unitary gauge

consists of all the invariant terms on a constant r-hypersurface

S = /d4x\/—gﬁ (Guvs Ruvaps 9" Kpwy Vi, 1) (1.1.6)

The terms are invariant under the residual symmetries on the hypersurface, which are
temporal and angular variance. A detailed description of the action can be found in the

2nd chapter.

We will study Q-balls in the Skyrme model, an EFT of quantum chromodynamics (QCD).
In the low energy limit, the relevant degrees of freedom are mesons because the quark and
gluon degrees of freedom are confined. The lightest quarks’ masses are negligible in this low
energy limit, and they are the up and down quarks. The approximate description of the

flavor symmetry corresponds to SUL(N) x SUr(N), with N being the number of flavors.
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QCD famously exhibits spontaneous breaking of approximated chiral symmetry, which gives
rise to a Goldstone boson with a small mass term®. For N = 2, the effective action of
QCD with two flavors is given by SU(2) Skyrme action. The relevant degrees of freedom
in this action consists of the PNGB. This associated PNGBs are the pions with masses
(nt ~ 140 MeV, 710 ~ 135 MeV). The solutions of the Skyrme equation are topological
solitons (Skyrmions) with a baryonic charge. We will study solutions of the Skyrme equation
of motion with zero baryonic charges, which is possible with a suitable hedgehog ansatz,

which leads to the pionic Q-balls.

1.2 Metric notations

The generic metric in terms of the lapse and shift functions N(z#) and N*(z*), respectively,
is

ds? = —N2(m“)dt2 S Ao (d:ri uh Ni(:c“)dt) (dmj + Nj(:n“)dt) (1.2.1)

where p goes over all the spacetime coordinates while ¢ runs over spatial coordinates. For
a 3+1 D spacetime, 2 = (1,0, ) and for a 21 D spacetime 2’ = (r, ¢). This thesis will
explore solutions in 2+1 D and 3+1 D.

We will study less generic cases of the 1.2.1, which motivates us to utilize EF'T techniques.
In 3+1 D, we will look at hairy black hole solutions and Q-balls. For a generic static black

hole considered in chapter 2 there is no shift, so we have
N%(r) = f(r) and gij(r) = (f~Y(r),r?, r*sin? 0) (1.2.2)
while chapter 6.2.2 on Q-balls consists of a flat metric

N*(r) =1 and g;;(r) = (1,7%,r%sin” 0) (1.2.3)

In 241 D, we will look at the BTZ black hole and naked singularities whose collective set is

called BTZ mini-superspace characterized by

2 2 72
N2(r) = <7’ _gan 4 8¢ > CNO() = 26T (1.2.4)

12 ) r2

3When the broken symmetry is not exact, the Goldstone boson is not massless, and it is also known as a
pseudo-Nambu-Goldstone boson (PNGB).
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gij(r) = (N72(r),r*) now with i = (r, $) (1.2.5)

1.3 But, what is the outline of the thesis?

In chapter 2, which is based on (1), we applied the EFT approach toward understanding
black holes in a model-independent manner. With the focus on the following question: does
the effective theory of black holes provide any information about the possible existence of
hair? To probe any physical system, the behavior of fluctuation in a specific background
under consideration is most important. In this chapter, we consider black hole space-time
with hair as a particular type of background whose properties can only be understood by
looking at the nature of fluctuation around it. The conventional EFT approach deals with
writing down the theory of background itself in terms of fundamental fields. In the present
context, the approach was to consider the prior existence of a background of interest and
then write down the most general theory for the fluctuations in the given background based
on symmetry. This approach has been successfully applied in inflationary cosmology, which
is popularly known as an effective theory of inflation (19). In this chapter, we use the same
technique in the background of spherically symmetric black holes with hair which also enjoys

the exact symmetry.

We have first written down the most general model-independent effective Lagrangian for the
fluctuation in a given hairy black hole background. We have considered an asymptotically flat
and de-Sitter black hole background for our detailed analysis. The background cosmological
constant is assumed to be generated from the hair. Generally, the behavior of fluctuation
encodes essential information about background hair. Therefore, to understand the behavior
of the fluctuation, we have chosen a particular set of effective theory parameters. Using
the sixth-order WKB approximation associated with those fluctuations, we have computed
the quasinormal modes, which appeared to carry different features compared to usual black
hole quasinormal modes. In general, for the four-dimensional Schwarzschild black hole in
the asymptotically flat/dS background, the real oscillation frequency of the quasinormal
modes decreases, and the imaginary part of the frequency increases with the increase of the
overtone number (n) while the multipole number (1) is kept fixed. Interestingly what came
out from our quasinormal mode analysis for the effective field theory fluctuation is that both
the real and imaginary frequencies increase with increasing overtone number. Motivated
by our EFT analysis, we also constructed a class of higher derivative scalar field theory.

For this theory also, we confirmed the aforementioned exciting behavior of the quasinormal
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modes.

In the next chapter, chapter 3, we will study a non-trivial configuration of scalar fields that
form a condensate called Q-balls without gravity. In other words, Q-balls are localized,
non-topological lumps of the scalar field with a continuous charge distribution. It was first
proposed by Coleman in the complex scalar field theory (66). Our focus in this chapter is

on the question: can Pionic Q)-balls exist in the Skyrme model?

This chapter will demonstrate how under suitable hedgehog ansatz, we can bring the
Skyrme equation of motion in a form analogous to the equations in the complex scalar
theories. The Skyrme model is an EFT of the QCD (78; 79; 81; 82; 80). The Skyrme
model possesses a conserved topological charge interpreted as a Baryonic charge. Thus,
configurations with vanishing Baryonic charges are interpreted as Pionic configurations,
while configurations with non-vanishing topological charges contain Baryons. Hence, we will
only consider configurations with disappearing topological charges in the present work. As
we will see, one of the advantages of the Skyrme model is that the geometry of the action
uniquely determines the effective potential appearing in the “Q-ball equations" (so that any

arbitrariness in the choice of the potential disappears).

Chapter 3 is an ongoing project. Still, we have successfully demonstrated how, under the
suitable ansatz, the effective potential satisfies all the critical requirements for a theory
to sustain a Q-ball solution. So, a Q-ball in the Skyrme model will correspond to a Pion
condensate held together by the non-linearity of the theory. This is a more pragmatic
scenario than previous Q-ball solutions in the literature. This project is not yet finished

due to the sensitivity associated with the numerical analysis.

Chapter 4 is an overview of the quantum mechanics of the gravitational field. It also has a
short review of the partition function and Euclidean quantum gravity, which will set the

stage for the subsequent chapters.

5, which is based on (2), we applied the techniques of Euclidean quantum

In chapter
gravity to a finite temperature Blon solution to analyze the quantum fluctuations. A finite
temperature Blon solution is a brane-anti-brane wormhole configuration. In this chapter,
it will be shown that these quantum fluctuations produce logarithmic corrections to the
entropy of this finite temperature Blon solution. These corrections to the entropy also

correct the internal energy and the specific heat for this finite temperature Blon.

Chapter 6 is more of a pedagogical introduction to the Hamiltonian formalism in 2-+1 D
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gravity and surface terms. It highlights the difficulties involved in the path toward QG. We
propose a possible measure for the gravitational path integral, but not much can be done
in this formalism! In short, approaching QG seems intractable. Maybe, Universe doesn’t
have a quantized graviton, and gravity might be an emergent phenomenon of some other

fundamental field.

Chapter 7 is still an ongoing project which uses EFT to construct a mini-superspace of 241
D AdS pure gravity and Euclidean partition function to calculate the logarithmic corrections
to the BTZ black hole entropy. This mini-superspace contains all the stationary geometries
which are locally AdSs with J/I <|M|. They consist of BTZ black holes, conical defects
and excesses (CD/CE), and over-spinning (OS) singularities, (!; ).

Chapter 8 summarizes the results found in this thesis.
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Chapter 2

Effective Field Theory of Hairy Black
Holes and Their flat /dS limit

Abstract

Effective theory of fluctuations based on underlying symmetry plays a vital role in
understanding the low energy phenomena. Using this powerful technique, we study the
fluctuation dynamics keeping in mind the following central question: does the effective
theory of black holes provide any information about the possible existence of hair? Assuming
the symmetry of the hair is that of the underlying black hole space-time, we start by writing
down the most general action for the background and the fluctuation in the effective field
theory framework. Considering the Schwarzschild and Schwarzschild de Sitter black hole
background with a spherically symmetric hair we derived the most general equation of
motion for the fluctuation. For a particular choice of theory parameters, quasinormal modes
corresponding to those fluctuations appeared to have distinct features compared to the
usual black hole quasinormal modes. On the other hand, the background equations from
the effective theory of Lagrangian seemed to suggest that the underlying theory of the
hair under consideration should be a higher derivative in nature. Therefore as a concrete
example, we construct a class of higher derivative scalar field theory that gives rise to
spherically symmetric hair through background cosmological constant. We also calculated
the quasinormal modes whose behavior was similar to the one discussed in the effective

theory.
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2.1 Introduction

The general theory of relativity has been proven to successfully explain a large variety of
gravitational phenomena in a wide range of length scales. The theory also provides us with
a class of vacuum solutions called black holes. Black holes are the most fascinating objects
in general relativity, which has not been clearly understood from different aspects despite
having a long history of various path-breaking research. On the other hand, it is believed
to be the simplest object in our universe, which is characterized by only three parameters:
mass, charge, and angular momentum. Over the years, it has also been understood that
those are the only three charges that a black hole can carry. In black hole physics, this
is known as the black hole no-hair theorem (10; 11). A lot of work has been done in
the literature on the possible existence of hairy black holes for various theories. Let us
particularly mention a class of modified gravity theories (12), which has gained significant
attention in the recent past because of their applicability in various physical contexts. The
existence of black hole hairs has been extensively discussed in those theories in (13; 115 15).
We will also discuss a particular class of these theories in the present chapter. Having talked
about an extensive research area in the domain of black hole physics, it has to be admitted
that all those endeavors towards understanding black holes are mostly confined within
the theoretical regime, without much to do with the observation. Thanks to the recent
breakthrough on the observational front in gravitational waves (10; 17) originating from
the merger of binary black holes, has finally opened up the exciting possibility of verifying
as well as understanding those large volumes of theoretical works and most importantly in
understanding the more profound underlying principles of the nature of space-time. All the
studies on black holes so far were model-dependent, where one considers a specific theory of

gravity and its black hole solutions.

On the other hand, when it comes to observations, all the observable quantities are based
upon the properties of fluctuations around the black hole background without much to do
with a specific theory of gravity. This motivates us to understand black holes in an effective
field theory framework. As the name suggests, it will be a model-independent description of
fluctuations around a black hole in space-time. In this chapter, our analysis will be focused
on the following question: does the effective theory of black holes provide any information
about the possible existence of hair? Our study of possible hairy black hole solutions will
be valid for a class of asymptotically flat and dS black holes. As has been pointed out

before, black holes with hair have been the subject of intense research for many years. For
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a fascinating short review, the reader is referred to (18) and references therein.

The effective field theory approach has been proven to be a universal tool for understanding
low-energy phenomena in many areas of physics. One exciting application of this approach,
which has gained significant attention in the recent past, is the effective theory of inflation
(19). The idea behind this theory was to understand the model-independent dynamics of
fluctuation in a time-dependent inflaton background. The inflaton’s spontaneous breaking
of time translation symmetry is the most crucial ingredient. Motivated by this, we initiated
the present work. Our basic underlying assumption in this work would be to consider the
existence of a hairy black hole that breaks spatial translation symmetry. For a generic
theory, a non-trivial background solution always breaks a certain amount of symmetry
of the underlying theory. For a theory of gravity, a diffeomorphism is the fundamental
underlying symmetry. The existence of non-trivial black hole hair will break the symmetry
mentioned above. Therefore, the main idea in our approach will be to write down all possible
terms in the effective Lagrangian, which obey the residual diffeomorphism symmetry in the

above-mentioned hairy black hole background.

Our present study will consider the most straightforward situation where the background is
a spherically symmetric black hole with the hair having the exact symmetry. The origin of
the hair in the effective field theory framework is not essential for our study. More general
situations will be discussed in our future publications. Before we embark on our analysis,
let us mention some independent studies on fluctuations in the black hole background.
In reference (20), the authors have studied the fluctuation dynamics in static black hole
background considering the less symmetric situation with angular diffeomorphism invariance.
This, in principle, will lead to more than one degree of freedom as opposed to the case
considered in our current chapter for a hairy black hole. In another work, (21), more
elaborate formalism has been developed irrespective of specific hairy background, and it is
valid even for non-hairy black holes. However, to achieve the full diffeomorphism invariant
action, the formalism requires starting with a large number of independent parameters.
Then systematic analysis needs to be performed to reduce the number of parameters. While
we were studying properties of fluctuations in a hairy black hole background based on the
formalism used in the effective theory of inflation, the paper (22) came up where the same

formalism has been considered. They studied the properties in greater detail.

This chapter is organized as follows: in section 2, we write down the most general Lagrangian

for the background and the associated fluctuations assuming r-diffeomorphism symmetry
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to be broken by some unknown field. We aim to understand the hairy black holes in the
effective field theory framework. Therefore we will assume a spherically symmetric black
hole background with hair which also inherits the symmetry of the background. By using
the well-known Stiickelburg mechanism, we identify the scalar Goldstone mode associated
with the broken r-diffeomorphism symmetry and derive its equation of motion. While
deriving the equation, the background naturally plays a vital role. Therefore, the fluctuation
equation encodes the information about the nature of hair in the background. Considering
the most straightforward asymptotically flat/dS/AdS black hole backgrounds, our effective
field theory approach shows that they can support hair, generating background cosmological
constant dynamically. However, it turns out that the theory of hair, in general, should
be a higher derivative in nature. This fact may be intimately tied with the conventional
no-hair theorem, which will be discussed in the future. Considering this observation, we
will construct a specific higher derivative scalar field theory in the subsequent section.
This section is ended by discussing the qualitative behavior of the quasinormal modes for
the Goldstone modes, which behave distinctly as opposed to the conventional black hole
quasinormal modes. Interestingly enough, this distinct behavior also can be seen from
our underlying theory, discussed in detail in section 3. This section will discuss a class of
higher derivative theory of the scalar field. The vacuum expectation value of the scalar
breaks r-diffeomorphism symmetry with a background cosmological constant. With this
background, we study the behavior of quasinormal modes. Finally, we finish the chapter

with the conclusion.

2.2 Effective field theory setup

In this section, we will formulate the theory. As already mentioned, we assume there
exists a hairy black hole with spherical symmetry. It naturally breaks the r-diffeomorphism
symmetry. Therefore, without requiring any specific gravity model, we can write down
the most generic Lagrangian, which will be invariant under the residual diffeomorphism
symmetry. Under the residual symmetry transformation z’ C= gl 4 € (i =t,0,¢), the list
of covariant quantities contains ¢"" and all the geometrical objects defined on an arbitrary
r = constant hypersurface, namely the extrinsic curvature K, , three-dimensional Ricci
scalar R(3). However, one important point we missed is the degree of symmetry of the
r-constant hypersurface, which is not maximally symmetric. The spatially flat cosmological
background is one example where the t-constant hypersurface is maximally symmetric.

Therefore, for any spherically symmetric background, the extrinsic curvature K, of r-
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constant hyper-surface does not become proportional to the induced metric. As a result, one
needs to consider the rotational symmetry and general time reparametrization invariance
separately, as pointed out and discussed in detail in the reference (22). Therefore, in
the framework of effective field theory, we need many independent parameters compared
to the extremal case to understand the dynamics of fluctuation in the hairy black hole
background. With these important points and ingredients, the most generic Lagrangian for

the background and the fluctuation can be expressed as

s=/ d%r{ MEg () — () — alr) R K 1 5 M) (397

1 M _ _
bty = M gy 6800 )+ SR Ry g7 b1
M) (08972 + ME(r) (0,6 VK 5+ ME(r) Ko (0,69 )8

(6K™ )% —

3 My (r)? M;
+ m%(r)gpuau(égrr)ay(égrr) . 22(7") 32( ) SK*, 5KV

+ M1 (r) K 0KP g6 KM + Mia(r) K, 0 KM 6K , + M (r) K, K? ,0KP g6 KM

2
ml( >5 mEREG )+M14(r)KW<59”"6RW(3)}. (2.2.1)

All the parameters take care of the dimensions of the corresponding term, and all are

functions of . The background extrinsic curvature is given by K, = 3 \j& The above
action contains all the possible terms at the quadratic level. The interested reader can find
an excellent description of why these are the only terms possible in the appendix of (22). In
the following discussion, we will keep up to the fourth derivative order of the fluctuation. For
the above general Lagrangian, we consider the following form of the spherically symmetric

hairy black hole background:
ds* = —f(r)dt* + g(r)dr? + R(r)dQ* ; ¢ = ¢o(r). (2.2.2)

At this point, let us mention that ¢ represents the hair, whose explicit nature is unimportant
to us. Because of r-diffeomorphism symmetry of the underlying theory, one can always
choose unitary gauge, ¢ = 0 such that the extra scalar degree of freedom is eaten in the
metric and manifest itself as a gravitational degree of freedom which we parametrized by
the fluctuation of the metric d¢g™ = ¢"" — 1/g(r). Consequently, we can express all the
covariant geometric quantities defined on r-constant hypersurface in terms of those metric

fluctuations. Based on these general arguments, the first four terms in the above action
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encode the information about the hairy black hole background given in Eq. (2.2.2). Since
the coefficient of arbitrary linear fluctuation is proportional to the equation of motion, the
rest of the terms in the Lagrangian will start from quadratic order in fluctuation. Hence
unperturbed background will be parametrised by three unknown functions A(r), ¢(r) and

a(r), and associated stress-energy tensor can be expressed as

2 4S
_ — _ rr af ST af
T = = = = 9w (c(r)g"™ + M) + () Kag K| + 20(r)87,87 — a(r) Kag K nm,
fvﬁ(a(r)Kﬁ unw) — Vg (a(r)Kﬂ vy) + Vg (a(r)KWnﬁ). (2.2.3)

By using the Einstein’s equation Ry, — 2 Rgu, = (1/M3,)T,., the expressions for the two
unknown parameters (A(r), c(r)) are given in the appendix Al. Equation for a(r) satisfies

the following constraint equation,

,T ,T /lr 127, NT /,r, /,r, /,r, /,r,
(f() R())a’(r)—i—(f() f2(r)  R'(r) fig() . fr)E(r)

flr)  R(r) f(r) 2f2r)  R(r)  2632(r)\/f(r) 2f(r)R(r)

g R(r)  ,9(r) > . R2(r)  f2(r) 59,
g (IR() +2R(T)>(MPI+OZ( )) + (RQ(T) 0 2R(T)> (r)=0. (2.24)

For a given black hole background, a(r) can take different solutions, which essentially encode
the information about the hair and the underlying gravity theory. For simplicity, we will

take the trivial solution of the Eq. 2.2.4 i.e., a(r) = 0, provided we satisfy the following

constraint:
)R R FWg) PORE)  dORE) gt
(f(r) 272(r) _ R(r) 293/2(7")«/7]‘(74)+2f(T)R(T)+29(7“)R(7“)+QR(7“))_O'

(2.2.5)

In this chapter, we will be considering mainly Schwarzschild, Schwarzschild-AdS, and
Schwarzschild-dS background solutions. One can check that for those backgrounds, Eq.
2.2.5 is automatically satisfied. We will consider the more general cases involving « elsewhere.
Considering the above background effective theory parameters, we are now in a position
to consider the experimentally observable fluctuation dynamics. Using the diffeomorphism
symmetry, in the next section, we will identify the Goldstone boson mode and its dynamical

equation in the hairy black hole background mentioned above.
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2.2.1 Stiickelberg mechanism: Goldstone boson mode

We have already discussed the extra scalar degree of freedom is contained in the 7-
diffeomorphism broken Lagrangian given by Eq. 2.2.2. As emphasized before, in the
last section, we have expressed the r-symmetry broken Lagrangian (Eq. 2.2.1) in unitary
gauge. Therefore, the associated Goldstone mode is absorbed inside the gravitational degree
of freedom. The well-known Stiickelberg mechanism extracts the Goldstone mode described
above by unfolding the unitary gauge. By this, one also can restore the r-symmetry, which
the mode will non-linearly realize. To restore the symmetry, one reparametrises the broken

symmetry again as:

r—7=r+mn(z"), (2.2.6)

t—st=t,z" =& =2 (2.2.7)
which will transform the background scalar field ¢o(r) as

$o(F) = ¢o(r) + Go(r). (2.2.8)

Therefore, by using this trick, we can restore the r-diffeomorphsim symmetry by considering

the following combined transformations:
r—r+¢& 5 w(x) = w(r) ¢, (2.2.9)

and simultaneously extract the dynamical degrees of freedom as 7 (z) field, identified as
the Goldstone boson mode. Using these new coordinates, we separate the Goldstone boson

mode considering all transformed quantities:

§°P = P + 6P g™ 0, 4 5% g"P D) 4 526P g D,
g;w = 9uv — grua;ﬂr - gurazzﬂ' + grrauﬂ'auﬂ'a

(2.2.10)

(22.11)

O = (= Oy + (8,m)%)0r + O, (2.2.12)
8 = (=0 + 05(m0,))0r + 05, (2.2.13)
(2.2.14)

~ - 1
5KE:_ %W—}— TMV;@;W.

While calculating the action, in the present chapter, we will consider terms up to quadratic

order in the 7 field. At this level, the tensor mode will not be coupled with the scalar
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mode. Therefore, the tensor mode analysis will be done separately. However, the reader
can see the reference (22) for details on this issue. Higher-order interaction terms will be
considered separately. Specifically, it would be interesting to understand the correction
to the quasinormal modes considering the loop effect. Finally, the covariant quadratic

Lagrangian for the Goldstone boson turns out to be,
d"(r) n a”(r)
dg(r) ~ 4g(r)
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where O = gﬁVgGE and 7,7 = 0,2,3. In the above Lagrangian, there exist higher time
derivative terms such as (72, 72,7 7). In general, those terms may contribute to unwanted
ghosts, leading to instability, unless we fine-tune the model parameters in such a way that
at the equation of motion level, it cancels all the higher derivative terms. For simplicity
of our calculation, in order to remove the ghost, we impose the following straightforward

constraints on our effective theory parameters: My (r)? = —Mjz(r)? and Mi1(r) = —Mja(r).

In the present work, as mentioned, we will consider simple cases where the background
space-time is asymptotically flat and de Sitter with scalar hair from the effective theory
perspective. From the action, we can clearly see that the leading order kinetic term for the
scalar field fluctuation comes from the background ¢(r) function. However, an important
observation that will be discussed in detail in the subsequent section is that the ¢(r) function
becomes zero in the asymptotic region for asymptotically flat/dS/AdS black holes. Therefore,
fluctuating Goldstone boson mode seems to become strongly coupled as one goes towards
the asymptotic region of the black holes under consideration. This fact may have some
interesting connection with the no-hair theorem, which we plan to study in the future. For
the case of asymptotically AdS black holes, a hairy solution with the minimally coupled
scalar field was first found for a 241 dimensional black hole in (23), and in 2004 hairy
solution for a 341 dimensional black hole was found in (21). In both cases, the well-
known Breitenlohner-Freedman (BF) bound (20) is satisfied, guaranteeing that global AdS
spacetime is stable under perturbations. While in the case of (27), one needs to introduce
local instability, specifically near the horizon, either by introducing electromagnetic coupling
or considering the mass of the real scalar field violating the Breitenlohner-Freedman (BF)
bound. For our present purpose, we will not be considering those situations. However, we
can realize an interesting particular case when the function ¢(r) is zero throughout the
region of the black hole space-time. Our Lagrangian seems to suggest that we still can
have Goldstone boson fluctuations, whose dynamics will be controlled by the set of effective
theory parameters (M;, M;, ;). Therefore, pure flat/dS/AdS metric can support the hair
having the same symmetry as the black holes with well-behaved fluctuation. However, the
cosmological constant will be generated dynamically from the shift symmetry-breaking
scalar hair solution for these cases. In the subsequent sections, we will study in detail two

exceptional cases.
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2.2.2 dS, AdS and flat Schwarzschild limit

Our goal for this subsection would be to understand the details of the special cases we
mentioned at the end of the previous section. Given the second-order action for the
Goldstone mode, it won’t be easy to understand the fundamental properties of Goldstone
mode. Therefore, we restrict our discussion to particular black hole backgrounds widely
studied in the literature. Our major discussion will mainly be focused on asymptotically
dS/flat Schwarzschild black holes. However, the AdS case will be briefly discussed for

completeness. We consider the following background metric components,

fry  =1-2My 6%, (2.2.16)
-1

o) = <1 —u ) (2.2.17)

R(r) =12 ¢=d5(r), (2.2.18)

where € = (—1,1,0) corresponds to asymptotically AdS, dS, and flat Schwarzschild black
holes, respectively. For these metric functions, the background parameters of our effective
field theory Eq.A1.1 and Eq.A1.2 turn out to be A(r) = —e, ¢(r) = 0 and a(r) = 0.
Important to notice that the background cosmological constant i; induced dynamically from
the background scalar field. Therefore, any bare value of the cosmological constant can
be absorbed in the scalar field vacuum expectation value, and the effective cosmological

constant would be A(r), which is constant.

In this limit, the quadratic action for the scalar fluctuation boils down to the following

expression:
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Our plan is to understand the properties of hairs from the effective field theory
perspective. So far, the usual approach to figuring out the hairy black hole solutions
was from the background effective field theory. In the present approach, we consider the
effective theory of fluctuations. Most importantly, our starting point is the existence
of background scalar hair which enjoys the same symmetry as that of the black holes.
Importantly, this was one of the main criteria of the black hole no-hair theorem.
Our study is based on the idea of the effective theory of inflation. In the inflation
model, the approximate shift symmetry plays a very important role in constraining
the theory parameters, which can be assumed to be time-independent and study
the properties of fluctuation. However, for the present case, we do not have special
symmetry which can help us to understand the nature of the effective theory parameters
(Ma (), My ()2, B3 (), i3 (r), M (r), ME(r), ME(r), Ma(r), Mag(r), Mya(r), Ay (r), i3 (7).
From our action’s structure, we can construct the theory for a background, which we will
do in the next section. Our action shows that for three different asymptotic limits, we may
have hair with its detectable fluctuating degrees of freedom identified as 7(z) field. In order
to understand further, let us consider the following decomposition of 7 = e=“!S(r)Y},,,(8, ¢),

and the equation of motion for S(r) turns out to be
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where w is identified as the frequency of the mode and [ is the multipole number corresponding

to the mode. Vj(r) is called the “effective potential" which takes the following form

_ K" \(r m K Ms(r)?
W(T) = [M3(T)2 f1/2(’l") + li )ar%l_argl_cjglk 3( )

fHR(r)  r2f(r)

-4 (W) V) +i(m§(r)(f'g") + fgj"))>+h( )+d<M42(r))

i (1800505 2 () w25 (i 1)
: "

—2;122<M7(r) r >+2 Ms(r) +2< ()fS/Q( (3 f(r) i))

+
r 3/ f(r) dr 2f(r)
One can clearly identify an important difference between the above fluctuation equation and

I(1+1).

(2.2.21)
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the usual black hole linear perturbation equation for the scalar mode. The above structure
of the effective equation seems to suggest that the underlying theory for the black hole
scalar hair should be a higher derivative in nature and therefore, in general, may not be
stable under small fluctuations. Hence, it would be important to understand the underlying
theory for scalar hair from the effective theory perspective. This is what we are going to
study in the next section. To this end let us emphasize the fact that for a given set of
theory parameters we can in principle solve the above fluctuation equation and compute
the quasinormal frequencies. Therefore, as emphasized, we will restrict our study based
on some assumptions which transform our complicated equation into a simplified form.
These assumptions and restrictions may be able to capture the qualitative nature of the
quasi-normal frequencies, which we will discuss subsequently. Considering all parameters to
be zero except Ma(r), My (r) and Ms(r), we get a simplified equation as

1y (3005 ) S0

272(r) 4P ) f(r)

The potential Vp(r) is

o) e "2y T 2fe) e .

d [M(r)?’ <r2f "OSP) _a IP0) +rf'(r)f1/2(r)—2f3/2(7")>]

V01— e (L0020 [0l 30, 20()_ 21'0)

2 Af172(r)

T

(2.2.23)

If one introduces the following coordinate transformation, dr* = dr/(2Mas(r)* f2(r)r?), then

above equation transforms into

d?S

a2 (wirp = Vess)S =0, (2.2.24)

where the effective frequency and the effective potential spectrum are expressed as

_ s 2(p 'y 9
wepp = =1 Ma(r)'f3(r) [M:%(r)? (TQ 2ff2((:) —r 4{ fs((r)) + T]J:2((r)) - f (r)>
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n % < f’%f) ]w{ (2.2.25)

Vepp = =12 Ma(r)* f2(r)Vo(r). (2.2.26)

Note the important difference between Eq. 2.2.24 and the usual Regge-Wheeler type
black hole perturbation equation. The frequency is effectively position-dependent, and the
potential has complicated parameter dependences. Therefore, an important constraint has
been arrived at from the above equations, which is M; # 0. We only need to specify two
parameters to understand the dynamics of fluctuations. Considering the usual definition,
the effective frequency function should be finite in all the regions of the radial coordinate.
By choosing M3 = 0 and selecting the other two parameters appropriately as

My(r)* ~ — My (r)? ~ : (2.2.27)

which enables us to write weyr and Veyr as

wsz ~w? and (2.2.28)

es r 12 (4 200 2(p r
Vg~ [ LD PO D)0 S0,

(1+1)](2.2.29)

All equations are written up to their dimensional constant. For this parametrization, we also
have r = r*. One specifically should notice the important difference that the centrifugal term
appears as a multiplicative factor in the expression for the effective potential as opposed to
the potential for scalar perturbation in the usual black hole background. Some comments are
in order for the complicated structure of the effective potential and the choices of parameters.
First of all, it is to be noted that the w,s in its most general form is dependent on position.
This itself is a problem for solving the equations of perturbations. The particular choice
of the parameters helps one write the frequency independent of position, thereby enabling
one to use standard methods of finding the quasinormal frequencies. On the other hand,
it is also challenging to work with the general form of the equation. Hence, the simplified
equation above with the potential (2.2.29) can give us a hint into the behavior of the black
hole towards small perturbations. We will, therefore, look at the particular potential given
in Eq. 2.2.29, via the WKB approach (27) to gather information about the nature of the

quasinormal frequencies.

There are a few reasons for using the WKB approach to find out quasinormal modes. It
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is well known that these modes being the late-time responses of the black holes to any
linear order perturbations, have already been observed in the gravitational wave signal
from the black hole-black hole or black hole-neutron star mergers in recent gravitational
wave detections. Therefore, the accuracy of calculation of the quasinormal modes is one of
the most important issues among many others, because these modes will give information
on black hole parameters as well as they will help in constraining possible gravitational
theories via observations. It is to be mentioned here different numerical techniques already
are present in the literature to find quasinormal modes up to the desired accuracy. However,
as pointed out clearly in (2%), although these techniques are mainly based on convergent
procedures, the analysis is extremely non-trivial and is different for different spacetimes.
One, therefore, needs different separate numerical procedures to study different black hole
space-time depending on the nature of the master differential equation. WKB method, on
the contrary, provides a unique procedure, which on one hand remains unchanged for various
different master equations, and on the other hand, it provides sufficient numerical accuracy
too. Because our goal is to look at different toy models in various black hole backgrounds,

we found the WKB method to be a universal tool to comment on the stability of space-time.

It has been already shown (2%; 29) that when one increases the order in the WKB series
from three to six, the relative error diminishes drastically by a few times or even by orders.
However, in many scenarios, this formula does not allow one to compute quasinormal modes
which have n > [ with much accuracy. But, in this work, we have particularly omitted the
modes with n > [ to get some idea about the behavior of the perturbations with sixth order
WKB method and keeping our main target as the understanding of hairy black holes in the

effective field theory framework.

The sixth-order WKB method developed by Konoplya (29) gives values accurately as one
gets by performing numerical integration of the master differential equation. The sixth-order

WKB formula for a general black hole potential V(r) is given by
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Figure 2.2.1: Left one is a plot of the potential vs. radial distance for different [ values
with n = 0. [ increases from 0 to 4 in steps of 1 from bottom to top. Asymptotically flat
Schwarzschild geometry is chosen as the metric function in the potential (2.2.29). The right
one is a plot of Re. vs. Im. w for different values of [. The red curve has n = 0, blue has
n = 1 and black has n = 2, showing a clear difference with the standard behavior of QN
frequencies with multipole number and overtone.

i(w? = V(ro))

1
(o) Ao = A3 =AM —= A5 —Ag=n+ 5. (2.2.30)

Here, V (rg) is the peak value of V(r), V' (rg) = %\r:m, ro is the value of the radial
coordinate corresponding to the maximum of the p(;tential V(r) and n is the overtone
number. A;’s are the higher order WKB correction terms, whose expressions can be found in
(29). Thus, using the potential Vs given by Eq. 2.2.29 in Eq.2.2.30, we plot (see Fig. 2.2.1
and 2.2.2) the nature of the potential (for arbitrary choices of the parameters), variation of
the real and imaginary parts of the quasinormal frequencies with multipole numbers [ and
overtone n. In finding out the quasinormal frequencies, we have used the asymptotically

flat Schwarzschild metric as the metric function in the effective potential.
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Figure 2.2.2: Plot of the real and imaginary parts of w vs multipole number [ = 2, 3,4
and 5 for different n values. The blue dashed plot corresponds to n = 0, the red dotted
curve corresponds to n = 1, and the black one corresponds to n = 2.

Note the fundamental difference in the behavior of the quasinormal frequencies with changing
the overtone (n) and multipole number (I). In general, for the four-dimensional Schwarzschild
black hole in an asymptotically flat background, the real oscillation frequency decreases,
and the imaginary part of the frequency increases with the increase of the overtone number
while the multipole number is kept fixed. However, in our case, both the real oscillation
frequency as well as the imaginary part of the frequency increases with the increase of the
overtone. We will see in the next sections that this behavior remains for a specific theory

that contains all the information discussed above.

From the stability point of view, it is well known that the evolution of the perturbations in
a black hole spacetime has three distinct parts: firstly, there is a response to perturbations
at very early times, where the form of the signal depends crucially on the initial conditions,
secondly, at an intermediate stage, the signal is dominated by quasinormal frequencies, i.e.,
the exponential decay, also called the ring down phase. The quasinormal modes determine
the frequency and damping times. The signal depends only on the black hole parameters
in this particular phase. Finally, due to the backscattering of the curvature of space-time,
at late times, the propagating wave shows a falloff of the field at the tail phase. This
tail phase is completely independent of the initial data, and it persists even if there is no
horizon. In this work, we neglect the back reaction and solely focus on the second part of

the perturbative response, i.e., the ringing phase.

For the general case, as we will see in the next section, it is tough to identify the effective

potential for a particular underlying model.
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2.3 Underlying theory

Based on our previous analysis, in this section, we will consider a possible underlying
model which has a hairy solution with the flat/dS black holes. Our approach here will
be the same as the model of ghost condensation (30). However, an important difference
lies in the existence of spherically symmetric scalar hair. Therefore, the order parameter
for spontaneous breaking of r-translation symmetry is given by vacuum expectation value
of (0u¢). From this, it is supposed that the system has shift symmetry, implying the
absence of non-derivative coupling. We are considering the spherically symmetric black
holes with scalar hair, which enjoys the same symmetry as the black hole metric. Hence,
we have ¢ = ¢(r), and therefore, (0,.¢) # 0. Given the effective action we derived in the
previous section, we consider the following two functions of the basic composite field variable
X = —1/2(9¢)? as P(X) = —aX? + fX*, and F(X) = M3¢g"”9,X9,X. For our purpose,
we call P(X) as the kinetic potential term and F(X) as the kinetic gradient term. All
the parameters, «, 3, are positive dimensionful constant with o« = Ml_ 18 = MQ_ 12 and
M; = Mg 6. All M’s are of dimension one. The Lagrangian for the above scalar hair will

be expressed as

Ly =+=g[P(X)+ F(X)],
=\/—g [—M{4X2 + My 12x4 4 Mgﬁg“”aﬂXa,,X} . (2.3.1)

The expression for the action will be
M2
S = /d4:c [Fg;ln — L+ j] : (2.3.2)

where J is the parameter, we will tune to get different values of the cosmological constant.
Here, we will not discuss this fine-tuning issue. Our goal for this chapter would be
to understand the quasinormal modes of those hairy black holes, where the condensed
spherically symmetric scalar hair contributes to the effective cosmological constant, which
can add up with the bare cosmological constant parameterized by J. The expression for

the stress-energy tensor appears to be

T/,u/ - _P(X)g#y + jg;u/ — 2P/(X)8M(Z)8y¢ — F(X)gl“/
+2M;57%0,X0,X — 4M3 9P 0,(0,00,6)95X. (2.3.3)
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At the minimum of the kinetic potential, P(X) = —Ml_4X2 + M2_12X4 )

M2 M6
Xo==4y/ 2 =+—2_=+¢ (2.3.4)
2M} V2M?

the energy-momentum tensor takes the following form,
T,u,u = _P(XO)Q;J,V + jgyy- (235)

Therefore, by appropriate choice of the value of J, we can have spherically symmetric
hairy black holes which are asymptotically dS/AdS/flat. The solution for the scalar field is

therefore parametrized by

P/(X) =0, F(Xo)=0, 9,Xo=0,

dr
= ¢o(r) = 61/2/ (F(r)72

At this point, it is worth pointing out that for Xy > 0 the solution must be of the

(2.3.6)

cosmological type which is precisely the ghost condensation model (30). However, in order
to have scalar hair with the same symmetry as that of the black hole, we need to consider

M2 :
i < 0 which
contributes negative cosmological constant (AdS) in the background. Therefore, by tuning

X < 0. Considering the value of Xy, one arrives at P(Xg = —c¢) =

the value of J, we can also obtain dS and Schwarzschild solutions. Once we have spherically
symmetric hair, the Lagrangian for the Goldstone fluctuation ¢ = ¢o(r) + ¢(x) turns out to
be

L =4[ 405 (g™ (0,60)° + N5 g0 (97 Dr00)[| (Dr0)? + AN g™ (97" Drh0)(9220)?
+8M; (™) 20y d00r (97 Or o) Orp0z 0 — AM3 O g™ (0y0)* (9r0)
+ 4N %9 (9" 0y 40)* (0, 0560) (0:0; ) + 16 My > X3 g™ Drpo (9" 00D p)Orip
+4M; 06" 8, (9" 0,000 0) Oy (9°P Dapdpp) + 32M5 2 X2(g™ )20y d0(8rp)® (2.3.7)

Now, let us mention the connection between the scalar field fluctuation d¢ = ¢(z) with
the previously discussed Goldstone boson mode in the gravity sector. Considering the
general coordinate transformation r — r + m, the scalar field transforms as ¢'(z') =
Go(r +7) + @(r +7) = ¢o(r) + @(x) + 7(x)d)(r) + O(n?). Hence, to the linear order the
scalar field fluctuation ¢ is identified with the Goldstone mode 7(x) as dé(r) = ¢ = —mw((r).
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More importantly, in the spherically symmetric hairy background, the kinetic potential
term P(X) does not contribute to the time variation of the fluctuation. This is the reason
we have introduced the kinetic gradient term F(X). Therefore, X can be thought of as
an effective composite degree of freedom which is behaving like a Higgs field, and the
formation of spherically symmetric hair is essential and is similar to the well-known Higgs
mechanism in terms of the composite field X of dimension four operators. By combining
the bare cosmological constant J and the vacuum of the scalar field hair, the net effective

cosmological constant is expressed as

3 1 [ M2 1 X
A= — = —— 2 1 7] =" 0+ 7 2.3.8
2 Mg <4M18 ) <2M4 (2.38)

The dependence of the cosmological constant on scalar hair is seen in the above equation.

The governing equation for the radial component of the scalar field fluctuation ¢(z) =

et S(1r) Yy, (0, ¢) will take the form of the following fourth-order differential equation,

8" (r) +4 <";((:)) + i) ()
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Mif(ry  AfAr)  2f(r)  fr)r 2 f2(r) 0 f(r)r?
C[oMSF) 2 N PO ) 32 ()
[%@4( EoN >r) 2w 220 20
)

AVEGINIG
G G I OTRRN T

<

Nl F(r) 2w? N (14 1)f"(r) S'(r) = 0. (2.3.9)

In order to get the numerical solution for the quasinormal modes, it is convenient to express

the above equation in terms of the dimensionless coordinate 7 = %, theory parameter

MSr3 S . .
mi = ]\%ZO and W¢ = (row)?. So the above equation in the new coordinate is
1

d*S(7) f'(7) 1\ d3S(7)
it +4<f(f) * f) i3
_[2m - 9f7(7) _5f"(F) () 2 N I+ 1)] S(7)
)42 2f(F)  f(O)F ( ) [y ] dr

o) - LOrE _sre 1o
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This is the final master equation that we will be analyzing for two different black hole
backgrounds. Extra care must be taken as our master equation is the fourth order in the
derivative. We have two theory parameters (mg, Xo) which are functions of (Ml, Mo, Mg)
X sets the background value of the cosmological constant and also provides a scalar
field profile. Now, in the following two sub-sections, our goal would be to compute the
quasinormal modes considering asymptotically flat Schwarzschild and Schwarzschild de
Sitter backgrounds. The present value of the cosmological constant of our universe will
determine the value of Xy. For our analysis we consider two sample values of m% =101

and 1076.

2.3.1 Quasinormal mode analysis in asymptotically dS/flat hairy black

holes

In anti-de Sitter space, we already know the existence of spherically symmetric scalar hair
(24; 25) for minimally coupled and two derivative scalar fields. However, for an asymptotically
dS/flat black hole background, it has been proven to be very difficult to find a hairy solution
where hair also enjoys the same symmetry as the black holes. However, if one relaxes these
assumptions, the time-dependent scalar hair in the spherically symmetric black holes has
already been found (1%). However, for a general shift symmetric scalar field theory known
as Horndeski theory with an additional non-minimal coupling with Gauss-Bonnet gravity
can give rise to spherically symmetric scalar hair as has recently been shown in (31). To
the best of our knowledge, we are, for the first time pointing out the existence of scalar
hair with the same symmetry as that of the black holes for a minimally coupled but higher

derivative scalar field theory introduced earlier.

For simplicity, we also consider the shift symmetric theory, which we found easy to construct,
observing the effective theory Lagrangian derived in previous sections. Our goal in this
subsection would be to understand the behavior of quasinormal mode frequencies in the
aforementioned hairy black hole background for asymptotically flat and dS black holes. AdS
black holes will be discussed in a separate publication with their implications to AdS/CFT

in detail.

Before going into the discussion of the quasinormal frequencies for black holes in the
above-mentioned background, a little bit of discussion on black hole perturbations and
corresponding quasinormal modes are in order. A perturbed black hole is generally described

by the metric gog = ggﬁ +0gas, Wwhere ggﬁ is the background space-time, i.e., the space-time
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of the non-perturbed black hole and dg,4 denotes the perturbation over the background. In
the linear approximation, the perturbations dg,g are much smaller than the background,
ie. 0gap << ggﬁ. Once we perturb a black hole by some fields or by perturbing the metric
itself, the background responds to the perturbations by the emission of gravitational waves,
which evolves in time in the following three stages: first, there is a relatively short period of
initial outburst of radiation; second, a long period of damped oscillations dominated by the
quasinormal modes and lastly, at very late times the quasinormal modes are suppressed by a
power law or exponential tails in certain specific space-time geometries (see (37; 38; 39; 10)
for a review). For all practical purposes, the second stage, i.e., the quasinormal ringing, is
the most important one in the context of gravitational waves because these modes carry

unique information about the black hole parameters.

In general, in a spherically symmetric black hole background, the study of perturbations
due to linearised fields (with spin 0, 1, or 2) can be reduced to the study of an Schrédinger
like second order differential equation. To determine the oscillation modes of a black hole,
which corresponds to the solutions of the mentioned differential equation, one has to impose
physically motivated boundary conditions at the two boundaries of the problem, viz. at the
horizon and spatial infinity. For the spacetimes of our interest, the potential in the Schro
dinger-like equation goes to zero at the horizon and at the asymptotic infinity /cosmological
horizon. In this limit, solutions to the wave equations are purely ingoing at the horizon and
purely outgoing at infinity. This means that at the classical level, nothing should leave the

horizon, and nothing should come out from infinity to disturb the system.

Quasinormal modes differ from other problems involving small oscillations in the sense that
the black hole system is dissipative. Waves can move either to infinity or into the black
hole horizon. Therefore, a normal mode analysis of the system is not possible. However,
there exists a discrete infinity of quasinormal modes, which are defined as eigenfunctions
of the operators describing the governing equation of the perturbation, which satisfies the
above-mentioned boundary conditions. The corresponding eigenfrequencies consist of a real
and an imaginary part; the latter is related to the damping time of the mode. Quasinormal
frequencies are sorted out generally by their imaginary part and are labeled by an integer
n, which, in the literature, is called the overtone number. The fundamental quasinormal
mode corresponding to the overtone number n = 0 is the least damped mode. It usually
dominates the ringdown waveform because it has the smallest imaginary part and is the

longest-lived mode.
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We have already introduced the dimensionless coordinates, and with the help of that, the

metric in new coordinate with My = % = ii_; and 2 = % takes the following form,
0
F(7) 2Mo | T (2.3.11)
r=1-— €=. L.
T 12

We will employ the usual numerical methodology to solve the system’s quasinormal modes. In
the usual quasinormal mode analysis, in most cases, the governing equation is Schrédinger-
like wave equation. Therefore, by looking at the effective potential various analytical
approximate methods have been developed over the years. However, our equation is in the
fourth order for the present case. Therefore, we will solve the problem numerically. In the
transformed coordinate, the near horizon limit, namely, in # — 1, the master equation will

take the following form,

S

o Sm(f) 9 W02 S//(f)
A s (4 3 f’2(1)> GRS
(1

_<2mg FIEDS 3L &1 2W02> S'(r)

fa @20 Q@ 2

s (2.3.12)

Assuming the near horizon solution to be S(7) = (7 — 1)” we get,

1/(1/—1){1/2—V—2+ <Z+;2Vfl))} = 0. (2.3.13)

We have four roots which are v = 0,1, and

<_1, WM
= 3% (2.3.14)

For the asymptotically flat Schwarzschild and Schwarzschild de Sitter black holes, the above

1%

two imaginary roots will take the following forms respectively,

1
Ve, = 5 =W, (2.3.15)

1 W2
+ _ 1 0
l/dS_2:l:l~2_1’

(2.3.16)

” corresponds to ingoing mode near the horizon

where “4” corresponds to outgoing and “ —
of the black hole. For very large values of 12 we will have V.;'tch ~ Z/C:lts. From Eq. 2.3.10, we
have only one free parameter in theory, which is m%. In the following two sub-sections, our

goal would be to find out the behavior of the Goldstone mode in the asymptotic region and
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the associated quasinormal frequencies.

2.3.2 Quasinormal frequencies for asymptotically flat Schwarzschild black
hole

This section will deal with numerically finding out the quasinormal frequencies for the
asymptotically flat Schwarzschild black holes with scalar hair, as discussed in the previous
sections. We employed the method developed by Chandrasekhar and Detweiler (32) for
finding the quasinormal frequencies. The procedure is to integrate the equation numerically
by using “shooting" from both ends of the radial coordinate. Two asymptotic solutions, one
near the horizon with the ingoing mode (7—1)”  and another one near the asymptotic infinity
with the outgoing mode (7 — 1)”Jr are matched at some intermediate point 7;,;. While doing
this matching, we need to ensure that at the matching point, the two aforesaid solutions
assume the same numerical value and their derivative, or in other words, the Wronskian
of the two solutions must vanish. Given the fixed boundary conditions near the horizon
and at the infinity, the above matching condition will follow only for specific discrete but
complex frequency values Wy. This gives us the required quasinormal frequencies. However,
while doing this numerical analysis, we need to choose the value of the intermediate point
judiciously and the numerical infinity 7, so that the frequency obtained remains stable.
Within the range of 7,5 = (50, 100) with a given value of the intermediate point 7, ~ 7,
we found stable quasinormal frequencies. One of the main difficulties probably lies in the
fact that our equation is a higher derivative in nature, and we can not extract a well-defined
potential that generically exits in the usual quasinormal mode analysis. The importance
of the effective potential is that its nature along the radial coordinate provides valuable
information while doing numerical quasi-normal mode analysis. Hence in addition to the
non-applicability of the standard analytic WKB method, which we have used already in the
previous section, numerical analysis for the present higher derivative equation also becomes
non-trivial. In fact, at both boundaries, the general solution of our differential equation is a
mixture of exponentially growing and exponentially decaying modes. One must choose the
pure exponentially growing modes to calculate the quasinormal frequencies. Numerically,
too large values of the radial coordinate attract contributions from unwanted exponentially
suppressed modes, which may become significant after the integration. This gives rise to
different frequency values for different infinity choices in the same mode. This problem is
generally avoided by choosing small values of numerical infinities but keeping large enough

order in the series expansion.
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=1 [=2 [=3

n | Wor —iWor Wor —iWor Wogr —iWor

1 ] 0.728 —0.218: 0.965 — 0.2421 1.153 — 0.2062
2 10871 —0.313 1.444 — 0.4244 1.721 — 0.337¢
3 | 1.302 — 0.416: 1.628 — 0.429: 2.132 — 0.4501
4 | 1.594 —0.4474 2.038 — 0.4514 2.436 — 0.4561
5 | 1.979 — 0.4561 2.377 — 0.4651 2.800 — 0.470:7
6 | 2.336 — 0.4697 2.742 — 0.4741 3.151 — 0.479:¢
7 12704 —0.4774 3.102 — 0.483i 3.510 — 0.4871
8 | 3.069 — 0.4861 3.466 — 0.490:7 3.871 — 0.494:
9 | 3.437 — 0.492: 3.831 — 0.497: 4.233 — 0.5007
10 | 3.804 — 0.4983 4.196 — 0.5031 4.596 — 0.5067

Table 2.3.1: Quasinormal frequencies of Schwarzschild black hole for overtone numbers
n =1 to 10 for m% = 107°. Different multipole numbers (I = 1 to 3) corresponding to the
different overtones are shown in the table.

Keeping all these things in mind, in order to proceed, we first figure out the asymptotic
behavior of the solution for the Goldstone mode fluctuation 7 in the r — oo limit. For

asymptotically flat black holes, the master Eq.2.3.10 takes the following asymptotic form as

4
S”//(f) + ;Slll(f) + (WO2 A 2m(2)) S”(f) Ly

<N

(W§ —2md) S'(7) = 0. (2.3.17)

The corresponding general solution turns out to be

B e~ i/ W5 —2mg
S(F)m -t By
)~ =% = B —omy)

L s 2_o9,,2
Zezm/WO 2mg

+B
P2F(WE — 2m3)3/2

+ By, (2.3.18)

where B’s are the integration constants fixed by the appropriate boundary conditions. The

outgoing boundary condition is fixed by the mode corresponding to the coefficient of B3, and

776,.2
4M§T° < W§&. Another important
C

the condition on the theory parameters should be 2m3 =
point we want to make at this point is that as the spacetime is asymptotically flat, the bare

cosmological constant 7 satisfies

712
A=3 <M2 +J):O, (2.3.19)

2 Mg\ Mg

C

which immediately sets the bare value of the cosmological constant in terms of our theoretical
parameters. With this ingredient, we further proceed to solve for the quasinormal modes

for a class of asymptotically flat Schwarzschild black holes. In the numerical integration
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=1 =2 =3

n | Wor —iWor Wor —iWor Wogr —iWor

1 1 0.770 — 0.208: 1.026 — 0.219¢ 1.211 — 0.1941
2 1 0.905 — 0.3042 1.466 — 0.442¢ 1.756 — 0.332¢
3 | 1.331 — 0.418: 1.651 — 0.4102 2.147 — 0.4512
4 | 1.613 —0.437¢ 2.055 — 0.449: 2.451 — 0.4514
5 | 1.996 — 0.4531 2.391 — 0.4612 2.812 — 0.468:
6 | 2.350 — 0.4661 2.754 — 0.4721 3.162 — 0.4773
7 | 2.716 — 0.475¢ 3.113 — 0.4812 3.520 — 0.4867
8 | 3.081 — 0.484: 3.476 — 0.489: 3.879 — 0.4931
9 | 3.447 — 0.4912 3.840 — 0.496: 4.241 — 0.499:
10 | 3.813 — 0.497: 4.205 — 0.5021 4.604 — 0.5057

Table 2.3.2: Quasinormal frequencies of Schwarzschild black hole for a different value of
2 -1
mo - 10 .

-lm Wy -lm Wy
0.5f , P —o
0.4F
2_496
03} mo® =10
0.2f =+ =1
- |=2 - |=2
01} 0.1}
—-— |=3 —-— |=3
. . . . Re W 2 2 2 2 Re Wo
1 2 3 4 1 2 3 4

Figure 2.3.1: Plot of the real and imaginary parts of Wy for the Schwarzschild black hole
for the first 10 overtones

method described above, we express the solution for S(7) for finite but large 7 as an infinite
series as
i/ WE—2m2 . o0
() = S H () = TV § T In

7 Frt+l’
n=0

(2.3.20)

We have obtained the quasinormal frequencies using the numerical integration and by fixing
different guess values of the frequency and found stable values corresponding to different
overtones. These are tabulated in Tables 2.3.1 and 2.3.2. The nature of these frequencies
thus obtained differs significantly from the nature of the pure Schwarzschild quasinormal
frequencies. As the overtone number increases, the real oscillation frequency increases
rapidly, which is the opposite behavior compared to the Schwarzschild black hole. On the

other hand, it is known that the fundamental overtone will have the lowest damping and,
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therefore, the longest life. This feature is present here. However, the rate of increase of the
imaginary part of the frequency in our case is slow compared to the Schwarzschild black
hole. The real vs. imaginary parts of the complex quasinormal frequencies for different m%,

overtones n, and multipole number [ are plotted in Fig. 5.3.3.

2.3.3 Quasinormal frequencies for Schwarzschild de Sitter black holes

We come to the final example of the applicability of our theory and will numerically find
out the quasinormal frequencies for Schwarzschild de Sitter black holes. Similar to the
discussion stated in detail for the asymptotically flat black holes, the asymptotic master

Eq.2.3.10 in r — oo for the present case takes the following form,

272 (= 272
S"(7) + %S”’(F) + (34 - 2m°lC) ) (2 - mUlC) Ss =0  (2321)

€ 72 € 73

Taking the asymptotic solution to be of the form, S(7) = 7P, the solution of the above

equation for e = —1 (dS black hole), one finds p = 0,3 and following conjugates

1 -
o, & <3+ JER 8mgz2> ,
1 / -

The outgoing boundary condition sets an important constraint on our theoretical parameter,

which is given by 9 < 8m3l~2. Similar to the Schwarzschild case discussed before, we consider
the following ansatz for the solution at the asymptotic infinity, taking into account outgoing

mode (7P~ = e P-107) a5

o0
Syg(7) = e~P-1n7 % = e P-IT I o (r) (2.3.22)
n=0

Applying the same numerical method, we again solve for the H;g function. However, in order

to solve numerically, we have taken into account the following constraints. The condition of

outgoing mode at the horizon gives us a lower bound on mg as

6MY

— <md = —2 M3, (2.3.23)
812 X322

The above equation exhibits the dependence of our model parameter mg on the scalar hair

parametrised by Xy. Now, since our present study considers the Schwarzschild de Sitter
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n | Wor — iWoy Wor — iWoy Wor — iWoy
1] 0.743 — 0.261: 0.950 — 0.217¢ 1.151 — 0.203:
2 1.453 — 0.4201¢ 1.653 — 0.3344

Table 2.3.3: Quasinormal frequencies of Schwarzschild-dS black hole for m% =107% and
?=10°

black hole, assuming J = 0, the value of the de Sitter cosmological constant can be set by
the non-zero scalar hair Xy. Therefore, combining the above condition Eq. 2.3.23 with the
value of the cosmological constant Eq. 2.3.8, we can find the following constraint on our
model parameter space as,

% < M$ (2.3.24)
Our goal is to establish a possible connection with the observations and to extract the
possible allowed range of values of the model parameters (Ml, My and Mg) Therefore,
we assume our present modified gravity model with the higher derivative scalar field
Eq. 2.3.2 as a phenomenological model for our Milky way black hole with the present
value of the cosmological constant of our universe. Therefore, we identify our theoretical
value of the cosmological constant Ay, = Mj2/ (4M18M5) to that of the observed value
Ay, = Aops ~ 10747GeV? ~ 10_123M]23[, and also take the size of the supermassive black
hole at the center of the Milky Way galaxy to be rg ~ 1.17 x 10'%m. With those values,
one can arrive at the following constraint on our theory parameters,

MG
1.6 x 107%%r3m ™2 <md = 9.45 x 107%°GeV? < =32 (2.3.25)
My
= 0.1875¢% <MSM?2, (2.3.26)
MG
= 0.375 <=2 (2.3.27)
MEA

For the above constraint equation, we consider mg = 1075, As an example, choosing the
following set of numerical values of the parameters My ~ 10774 GeV and My ~ 1073 GeV
we get the condition

76 T4

12
M,

m3 = 4 MErE ~ 4 x 108(ME,MEGeV ~572) (2.3.28)
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=1 =2 =3
n | Worp —itWoy Wor —iWor Wor —iWor
1| 0.818 —0.243: 1.014 — 0.2044 1.208 — 0.1923
2 1.495 — 0.417¢ 1.690 — 0.333:

Table 2.3.4: Quasinormal frequencies of Schwarzschild-dS black hole for mg = 0.1 and
?=10°

which leads to m% ~ 1079 in unit of ry choosing M; = 1072GeV. Our numerical results
for the quasinormal modes are given in the table 2.3.3, 2.3.4 for two sets of m3. Our
numerical analysis was unstable enough for this case to give the quasinormal modes for
higher overtones. However, the qualitative behavior of the modes remains the same as that

of the Schwarzschild black hole case discussed earlier.

2.4 Conclusion

Effective field theory is a powerful approach to understanding the low-energy behavior for a
wide range of physical phenomena. In the present chapter, we applied this approach toward
understanding black holes in a model-independent manner. In order to probe any physical
system, the behavior of fluctuation in a certain background under consideration is most
important. In this chapter, we consider black hole space-time with hair as a particular
type of background whose properties can only be understood by looking at the nature of
fluctuation around it. The conventional effective field theory approach deals with writing
down the theory of background itself in terms of fundamental fields. In the present context,
the approach was to consider the prior existence of a background of interest and then
write down the most general theory for the fluctuations in the given background based on
symmetry. This is the approach that has been successfully applied in inflationary cosmology,
which is popularly known as an effective theory of inflation. In this chapter, we apply the
same technique in the background of spherically symmetric black holes with hair which also
enjoys the same symmetry. As mentioned earlier, our current investigation is motivated
by the following question: does the effective theory of black holes provide any information

about the possible existence of hair?

We have first written down the most general model-independent effective Lagrangian for the
fluctuation in a given hairy black hole background. We have considered an asymptotically flat
and de-Sitter black hole background for our detailed analysis. The background cosmological

constant is assumed to be generated from the hair. Generally, the behavior of fluctuation
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encodes essential information about background hair. Therefore, in order to understand the
behavior of the fluctuation, we have chosen a particular set of effective theory parameters.
By using the sixth-order WKB approximation associated with those fluctuations, we have
computed the quasinormal modes, which appeared to carry different features when compared
with that of usual black hole quasinormal modes. In general, for the four-dimensional
Schwarzschild black hole in the asymptotically flat/dS background, the real oscillation
frequency of the quasinormal modes decreases, and the imaginary part of the frequency
increases with the increase of the overtone number (n) while the multipole number (1) is kept
fixed. Interestingly what came out from our quasinormal mode analysis for the effective field
theory fluctuation is that both the real and imaginary frequencies increase with increasing
overtone number. Motivated by our effective field theory analysis, we also constructed a
class of higher derivative scalar field theory. This theory also confirmed the aforementioned

exciting behavior of the quasinormal modes.
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Chapter 3

Gauged Q-Balls in the gauged Skyrme

model

Abstract

We analyze and discuss Q-balls and U(1) gauged Q-balls in the gauged Skyrme model. We
find the constraints analytically on the frequency appearing in the Skyrme ansatz, which
ensures the existence of such non-topological solitons. Asymptotically, this condensate of
pions has an overall charge less than 7/4 in units of electronic charge, e. We also analyze

how the minimal coupling with Maxwell changes constraints.
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3.1 Introduction

There is no doubt that many of the most important problems in high energy physics and,
especially, QCD are closely related to topologically non-trivial solutions (see (115 12; 13; 15;
; 07; 58)). Indeed, non-Abelian gauge theories are dominated by the non-perturbative

effects as soon as the energy scale is not extremely large.

On the other hand, there is an essential class of classical solutions (which are denoted
as “non-topological solitons") which are extremely relevant both at the theoretical and
phenomenological level (see (59; 60; 615 62; 63; 645 65; 66; 69) and references therein). The
non-topological solitons analyzed in the present chapter are called (gauged) Q-balls. Such
configurations are relevant both in astrophysics (due to the relations with bosons stars:
see (70; 71)) and in particle physics (due to their tremendous cosmological implications
(72; 73; 745 75)). One of the leading open problems (which will be discussed in this chapter)
is finding the necessary conditions for Q-balls and gauged Q-balls to exist in realistic
situations. As the above references clearly show, unlike what happens with topological
solitons, the existence of (gauged) Q-balls is closely related to the form of the effective
interaction potential for the U(1) charge scalar field. Thus, one of the main goals of the
present chapter is to derive an effective potential for the U(1) charged scalar field (which
will be introduced in a moment) directly from the low energy limit of QCD, avoiding this

way any arbitrariness in the choice of the potential.

At leading order in the large V. 't Hooft expansion, the Skyrme model is the low energy
limit of QCD (77; 78; 79; 81; 82; 80). This model is a non-linear scalar field theory for an
SU(N)-valued scalar field U, N being the flavor number (we will consider the SU(2) case in
the present chapter). The Skyrme model possesses a conserved topological charge interpreted
as a Baryonic charge. Thus, configurations with vanishing Baryonic charges are interpreted
as Pionic configurations, while configurations with non-vanishing topological charges contain
Baryons. Hence, we will only consider configurations with vanishing topological charges
in the present work. As we will see, one of the advantages of the Skyrme model is that
the effective potential appearing in the “Q-ball equations" is uniquely determined by the
geometry of the action (so that any arbitrariness in the choice of the potential disappears).
On the other hand, the Skyrme model, until very recently, has always been considered a
tough nut to crack from the analytic point of view (since, for instance, the BPS bound in
terms of the Baryonic charge cannot be saturated; consequently, it is challenging to find

analytic solutions with the usual methods adopted in the theory of BPS solitons). Even
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more challenging is the gauged Skyrme model in which the minimal coupling with the
Maxwell field is considered. In (65; 67), Q-balls were found in the baby Skyrme model with
a V-shaped potential.

However, a systematic method to construct a generalized hedgehog ansatz which is neither
static nor necessarily spherically symmetric but keeps all the other nice properties of the
usual hedgehog ansatz alive have been developed in (83; 81; 85; 86; 87; 88; 90) for the
Skyrme model, and such strategy has been proven useful also in the Einstein-Yang-Mills
case in (100; ; ; ; ). Working in this ansatz, we can bring the Skyrme equation
of motion in the form analogous to the equations in the complex scalar theories only after
using a non-trivial change of variables applicable only for the non-gauged Skyrme model.
Ansatz for the Maxwell field will consist of only electric potential. Under these ansatzes,
the Skyrme and the gauge field variables depend only on the radial coordinate, simplifying

the system enough to be analyzed while retaining many elegant features.

Our analysis highlights that ungauged Skyrme action and the equation of motion in the
hedgehog ansatz have all the qualities supporting a Q-ball solution as specified by Coleman
(66). Specifically, the qualities of the effective potential are qualified to host a Q-ball solution.
Whenever a theory has an effective potential to host a Q-ball solution, it can be extended to
a gauged Q-ball solution. Although, we were not yet able to find a numerical solution for a
gauged Q-ball due to the sensitivity induced by the trigonometric functions in the equations.
From our general understanding, we know they exist! We get the standard vital relation
of energy per unit charge, g = w, where w is the angular frequency of the Skyrme field in
the internal space. Asymptotically, the overall physical charge QZZZ; o Of the gauged Q-ball

tends to be less than 7/4 in units of electronic charge, e. That is what we would expect for

an astrophysical object.

The roadmap in this chapter is as follows; in section 2, we will introduce the gauged Skyrme
model and its field equations. In section 3, we will review ungauged and gauged Q-balls of
the complex scalar theories. In section 4, we will use the generalized hedgehog ansatz and
analyze field equations. Sections 5 and 6 are dedicated to ungauged and gauged Q-balls,
respectively. In section 7, we check the stability against small perturbations. In section 8,
we discuss numerical analysis. In section 9, we look at the phenomenological implications
for detecting gauged Q-balls and discuss why we have not yet detected any signatures. We

end with a section about conclusions.
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3.2 The gauged Skyrme model

The action of the U(1) gauged Skyrme model in four dimensions, which corresponds to the

low energy limit of QCD at leading order in the 't Hooft expansion reads

4
I= /614” [K’I‘r <L“L# + é\GWGW> +4Km*Ty (U+ U = 20) — F,, F*| | (3.2.1)
L,=U"'D,U, Gu=I[LuL), D,=V,+A,lts, .|, dv=d'a/—g, (322)
UeSUQ), Ly,=Lt;, tj=io;, Fu =04, —0,A,, (3.2.3)

where K and A are the positive Skyrme couplings, d*v is the four-dimensional volume
element, g is the metric determinant, m is the Pions mass, A, is the gauge potential, V,,
is the partial derivative, and o;’s are the Pauli matrices. The experimental values of the

Skyrme couplings and Pion masses are

1

2

K~ (93MeV)* and A~ oo (3.2.4)
my+ ~ 140 MeV and m o ~ 135 MeV (3.2.5)

It is worth emphasizing that even when the field equations have to be solved numerically, a
suitable ansatz can be extremely helpful, especially if one can reduce the three non-linear
SU(2) coupled field equations for the gauged Skyrme model together with the four Maxwell
equations (with the U(1) current arising from the Skyrme model) to just two coupled ODEs.
In this way, the numerical task of analyzing the electromagnetic properties of the gauged

Q-balls (to be discussed in the following sections) is vastly simplified.

3.2.1 Field equations

The field equations of the model are obtained by varying the action in Eq. (3.2.1) w.r.t.
the U field and the Maxwell potential A,. To perform this derivation it is useful to keep in

mind the following relations

6uL, = [L,,U U]+ D, (U1U) ,
6vGuy = D,[L,,U"'6U] — D,[L,, U 5U] ,



3.2. The gauged Skyrme model 45

where J§y denotes derivative w.r.t the U field, and

&(H(L@”)) = 2Tx(OL,)

4]

W(Tr(c:aﬁmﬁ)> = 4Tr<O[LV,GW]> .

Here we have used

0Gg® A o R
Mﬂu = 8,50, L] + 6%[Ls, O],
and we have defined 5
LV A A _
5AM:6WO, O = U 'ts,U] .

From the above, the field equations of the generalized gauged Skyrme model turns out to be

_ 1 K., — A purpy — 9K'm? B o
0_\/?92D [ﬂ(LwLLLD [L,Gu,,]ﬂ 2Km* (U—-U""),
JV = \/iigvu (V—gF") (3.2.6)

where the current J,, is given by

A~

J, = IQ(Tr[O<LH+Z[L”,GW])] . (3.2.7)

3.2.2 Energy-momentum tensor and topological charge

Using the standard definition

oL
T'L“j = —QW +gl“’£ ; (328)

we can compute the energy-momentum tensor of the theory under consideration
T = Tos + T+ 700 (3.2.9)
with T,E,(D the energy-momentum tensor of the Maxwell field

1
TfV(U = F,oF* — ZgWFaﬁFaﬂ .
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According to Eq. (3.2.8), a direct computation reveals that

TS =Km®g,, Te(U + U ™" = 21)

K 1 A 1
TE}’{ == ETr (LHLV - §glﬂ’LO¢La + Z(gaﬁGuaGuﬁ - 4guuGaﬁGaﬁ)) )

The topological charge of the gauged Skyrme model is given by:

1
pp = €95 Tr {(U‘laiU) (U0;U0) (U0RU) — 05 [3A5t3 (U 0RU + (0,U)U™Y)] } :

(3.2.11)

Note that the second term in Eq. (3.2.10), the Callan-Witten term, guarantees both the
conservation and the gauge invariance of the topological charge. When 3. is space-like,
B is the Baryon charge of the configuration. However, in the following, we will consider

configurations where the topological charge vanishes.

3.3 Review of Q-balls

This section will take a quick look at the fundamentals of Q-balls of complex scalar theories.

3.3.1 Q-balls of complex scalar field

The simplest yet elegant version of Q-balls was given by Coleman (60). He demonstrated
the existence of Q-ball configurations in the U(1) invariant theory of a single complex scalar

field with non-derivative interactions.
Les = =00 0"¢™ — U(|¢*) (3.3.1)

with the U(1) invariant ansatz, ¢(t,r) = e!f(r) and asymptotically f — 0. The field

equation and the mass of the free field are

Af — i) _ (3.3.2)

df
U

m = e fzo (3.3.3)
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where, A is the Laplacian. The conserved charge is
Q= i/d?’x (Do &* — ¢ Dod™) (3.3.4)

Q-ball is the absolute minima of energy for a fixed charge, and the charge is the number of
particles. That is, this configuration of Q number of particles has lower energy than the

energy of the Q free particles. The energy per unit charge is

g =w<m (3.3.5)

where m is the mass of the complex scalar field. Q-balls cease to exist for w > m.

3.3.2 Gagued Q-balls of complex scalar field

Gauged Q-balls are built upon the background theory of the complex scalar field. They
exist in the same potential as that of the ungauged case. The single complex scalar field’s
gauged Q-balls were first studied in (121). The complex scalar field is coupled to the gauge
field A,. The fields are defined as

o(t,r) = f(r)e®t and g(r) = w — eAy(r) (3.3.6)

whose Lagrangian is

1 1 1
_ 2 2 2 2 2
Loes =7 [[drs? |57 4 (0 4 36 = V() (33.7)
variation with f and g gives,
dU
ANf+ fg* — uih) (3.3.8)
df
Ng—e*fg=0 (3.3.9)

and the corresponding asymptotic (r — oo) boundary conditions are

f—0 and g > w (A9 —0) (3.3.10)



3.4. The ansatz and the corresponding field equations 48

with these conditions, numerical solutions for gauged Q-balls were found in (121).

Asymptotically they also have U(f) ~ m?f?/2 and a linear eom

Af+f (W =m?) =0 (3.3.11)
— [~ %e—WmQ—wQ (3.3.12)

3.4 The ansatz and the corresponding field equations

Here we will generalize the ansatz introduced in (23) to the case of the ungauged Skyrme

model. We will consider the flat metric in spherical coordinates:
ds? = —dt* + dr? + r? (d6?2 + sin? Hdch)
As far as the SU(2)-valued configuration U is concerned we use the standard parameterization

UrH(z") = cos (a) 1o £ sin (a) n't; , ning =1, (3.4.1)

n' =sin@cos® , n?=sin@sin®, n®=cosO . (3.4.2)

The problem is finding a suitable ansatz that respects the above condition and simplifies
the field equations as much as possible. A close look at Eq. (3.2.6) reveals that a good set
of conditions is

a=a(r), ©=7/2, &=uwt. (3.4.3)

As far as the U(1) gauge potential is concerned, the corresponding ansatz is
Aydxt = wu(r)dt . (3.4.4)
and let,
g(r) = w —2u(r) (3.4.5)
Plugging this ansatz in the eom 3.2.6 leads to
(1- Ag(r)? sin? o) Aa(r) — 2Xg(r)g' (r)e/ (r) sin? o

1
+ ig(r)2 sin 2 (1 — A(/(r))?) — 4m*sina = 0,
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Ag(r) — 4K g(r) sin® a(1 + A/ (r))?) = 0 (3.4.6)

We will solve these equations to get Q-ball solutions, and we have checked that the following

effective Lagrangian leads to 3.6.1!

L= 27rK/d7" 7 [g(r)2 sin? o — (1- Ag(r)? sin? ) (o/(r))? + 8m? (cosar — 1) + 1(9'(7“))2}

4K
(3.4.7)
The total energy functionals in this ansatz are'
1
Ejauged = 47rK/dr r? [92 sin? o (1 + A (a’)2> + (o/)2 — 8m? (cosa—1) + K (g/)Q]
(3.4.8)

and for the ungauged Skyrme model

2

Eungauged = 41K / drr? [w2 sin? o <1 + A (0/)2) + (o/) — 8m? (cos o — 1)] (3.4.9)

Now, we look at the charge in the gauged case,
Qgauged = STK / drr® gsin® o (1 + Md/)?) (3.4.10)
and for the non-gauged case,
Qungauged = STKwW / drr? sin® (1 + )\(0/)2) (3.4.11)

These conserved charges Qgquged and Qungauged are the number of pions, which is the
difference between the number of positive and negative pions. From this, we get the physical

charge, which is a multiple of electron charge e,

h
QZaZZed = eQgauged (3.4.12)
h
Qfm?;fzuged = eQungauged (3413)

In the case of ungauged Q-balls, the minimum energy solution is defined by

§(E—wQ) =0 (3.4.14)

!Please check appendix A2.1 for calculational details
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This variation leads to the equation of motion, and its solution will satisfy Eq. 3.4.14.

3.5 Q-Balls in Skyrme model

The first case is to analyze Q-balls in the ungauged Skyrme model with the hedgehog ansatz.
That is, we switch off A, = 0 in the Eq. 3.4.7

L= 27rK/d7" 7 [w2 sin? o — (1- Aw? sin? ) (o/(r))% + 8m? (cosa — 1)] (3.5.1)
and variation with respect to a gives the equation of motion
[1- Aw? sin? o] Ao+ %oﬂ sin 2a(1 — A(a)?) — 4m?sina =0 (3.5.2)
The potential of the model is,
U(a) = 8m? (1 — cos ) (3.5.3)

and according to Coleman ((0), new particles appear in the spectrum whenever the minima
of U/a? is at some point ag # 0. Although this condition was put forward for a theory with
a linear kinetic term, we will show that the potential U(«), which is a part of Lagrangian
with a non-linear kinetic term, also falls under the same umbrella. In figure 3.5.1, we see
that the minima occur at every even multiple of m except at zero, that is, g = 2, as all of

them are the same point.

We will show its equivalence by linearizing the kinetic term with a change of variable that
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lets us write the eom in a canonical form. A form familiar in the study of Q-balls,

e
H(a) = / ds V1 — \w?sin? s (3.5.4)
AH Aw? sin2 2
— = Ao - 22 B (V,QQ) (3.5.5)
1 — \w?sin?a 21— lw?sin”«

Using this, we can write the above equation in a form suitable for the Q-ball discussion

w?sin 2 — 2dU /doc
2v/1 — \w?sin? « a

d*H (r) w? sin 2 dU/de _ 2dH(r)
dr? " 2v/1 — \w?sin? o - V1— d?sin?a S orodr

AH +

(3.5.6)

where «a(r) is an inverse of the elliptic integral of the second kind, Eq. 3.5.4 and let
a(r) = E(H, \w?). For the asymptotic case, that is, for r — oo the field H(r) — 0 giving
E(H, \w?) ~ H(r) and the EOM linearizes

dggy) + (w? —4m?) H(r) =0 (3.5.7)
e—TVAm2—u?
H(r) = 0—— (3.5.8)

where C is a constant with a dimension of length. As already noted, the energetically
favorable condition of w < m is also essential for the field’s exponential decay. For a pionic

Q-ball, we must have
0<w<2m=uwp (3.5.9)

When w > 2m, the asymptotic decay becomes oscillatory, resulting in a plane wave solution.
In a way, the bounded configuration of the pions gets dispersed in the plane waves. We get
the same exponential decay of the field from Eq. 3.5.2, which shows asymptotic behavior is
independent of the change of variables. Please see the appendix A2.2 for the form of the

asymptotic energy.

The EOM,

2
d*H(r) 1 d (2 sin? a — 20) = _2dH(r)

dr? +2\/1—/\w2sin20¢% rodr

(3.5.10)
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can be recast in a form resembling an energy conservation equation with

1 — dw?sin® o (3.5.11)
Plugging this identity in the EOM gives,
d’H 1d , 4 ., 5 2dH
—— i H ) \w*) =2U) = ——— 5.12
02 +2dH (w?sin® E(H, Aw?) — 2U) m (3.5.12)

multiplying above equation by (dH/dr) and then integrating gives

dH\ 2 4 (dH\?
— +w2sin25(H,Aw2)—2U:—/ — ) dr+cC (3.5.13)
dr r \ dr

The effective potential is

Vs (H) = —w?sin® E(H, \w?) +2U (3.5.14)
= —w?sin? £(H, \w?) + 8m? (1 —cos&(H, )\w2)) (3.5.15)

Now, we can check the Coleman criteria for a potential to host a Q-ball as in figure 3.5.1,

and we can see that (figure 3.5.2) they come out to be the same.

40000
0000

T H(r)
-20 -10 10 20

Figure 3.5.2: Minima of U(H) at Hy # 0.

Hence, we have established that U(«) has qualified to be a Q-ball potential. This is crucial
because, with U(«), we have a foundation for the existence of gauged Q-balls. Whenever a
potential supports an ungauged Q-ball solution, it also supports a gauged Q-ball. Change
of variables is limited only to the case of ungauged Q-balls; therefore, we can’t justify it
for the gauged case. But with U(«) qualified to be Q-ball potential, we are assured that

gauged solutions exist!
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Then we can write the energy conservation law with a dissipative term as

2 2
(4Y = [4(2) e w1
We can paint an analogy of this equation of motion with the Newtonian equation of motion
for a point particle subject to viscous damping if we think of r as a time coordinate and
H(r) as the particle’s position. Then the Q-ball solution is interpreted as the unit mass
particle which moves in the effective potential (—V.ts), which is plotted in figure 3.5.3,
along with the potential plot. In the plot 3.5.3d, we have w > 2m.

We can choose a starting position at time zero (r = 0), H(0) = Hy # 0 So, we have
dH/dr = 0, and this fixes the constant of integration to be C = —V.s¢(Ho), which is like
choosing the energy of the point particle system. From the effective potential plot 3.5.3b,
we see that Verr(Ho ~ 6.27) = 0.

<‘i{:)2_ astin == [ 2 (g{)er (3.5.17)
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Figure 3.5.3: U(H) and V,ys plots

After choosing the starting point Hy. The particle will be stationary at Hy due to the
frictional /viscous term, and once enough time passes (for large r = R >> 1), we can neglect

the frictional term. After which, the particle will start sliding to the left and losing energy.
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Eventually, it will reach its final destination. We can visualize this by looking at the —V,
plot in figure 3.5.3b. For 0 < r < R, the solution would be H ~ Hy which decreases to 0 as
r — 00. The radius of the Q-ball will be given by R. So, at late times

Toan g (3.5.18)
= r — ..
Ho \/Vess(H)
The denominator should be real, which imposes
Vepp(H) >0 = 8m® (1 — cos E(H, \w?)) > w?sin® E(H, \w?) (3.5.19)

As we start going further out from the Q-ball, that is, from the radius R, the field H
exponentially decreases. Due to which &(H, \w?) ~ H(r) << 1, and the above bound
manifests the Eq. 3.5.9.

=r—R (3.5.20)
Hyo \/—w?sin®E(H,  \w?) + 8m2 (1 — cos E(H, Aw?))
@ 1 — Aw? sin®
— / da e =r—R (3.5.21)
a0 —w?sin® a + 8m?2 (1 — cos )

In theory, we have four parameters (A, K,m and w), out of which three are found
experimentally except w. Hence, fixing three parameters, we have a restricted range

for w to get a Q-ball. At a large distance, we can approximate the integral to be

H<<1 dH
/ — =V —w?+4m?(r — R) (3.5.22)

Hy H
— Hy= H(r)e Vi -« (r=F) (3.5.23)

3.6 Gauged Q-balls in Skyrme model

To study the gauged case, we make a variation of the Lagrangian in Eq. 3.4.7 concerning

a(r) and g(r) at a fixed w to get the EOMs,

(1 —Ag(r)?sin® @) Aa(r) — 2Ag(r)g' (r)a/ (r) sin® «

+ %g(?”)2 sin 2a (1 — )\(0/(7“))2) —4m?sina =0 (3.6.1)
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and,
Ag(r) — 4K g(r) sin® a(1 + A/ (r))?) = 0 (3.6.2)

Where A = V? is the Laplacian. Eq. 3.6.2 is a constraint equation due to the absence of §

term in the Lagrangian.

Asymptotically at the leading order, the electric potential u(r) — 0, yielding the boundary
condition as g(r) 7% w. We can get crucial information from the charge using Eq. 3.6.2

for u(r) as,
Au = —2Kg(r)sin? a(1 + Aa'(1))?) (3.6.3)

and plugging this in the Eq. 3.4.10 gives

Qgauged = —47T/d7‘ r2 Ay 225 2mrtg = —mr?d (3.6.4)
. anuged
= lim u(r) ~ —=—— +C (3.6.5)
r—00 mwr

Setting the integration constant C = 0 yields at the leading order g(r) I w. Now let us

scrutinize the linearized asymptotic equations. Up to the subleading order in r, we have

2
Joo = W — M (3.6.6)
mr

Asymptotically, sina ~ « and with this, we get a linearized equation, and its solution has a

similar form to that of the complex scalar field (123)

2 4 auge:
Oz”(?“) 4 ;O/(T) + <w2 _ O‘)Qgrgd — 4m2> a(r) =0 (367)
7r
—rVA? 9 —rVaA? 2 5
a(r)oo:qie 1B <1+W;2;2T\/A2> —i—cze U<1+o§i—a;ga172727“ A2>
™ VAT ™ ™

(3.6.8)

where A? = 4m? — w? while 1 F| and U are the confluent hypergeometric functions of the

first and second kind, respectively. The asymptotic fall-off can be deduced from them as

(3.6.9)
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From this, we get the usual bound on the frequency,

w? < 4m? (3.6.10)

3.6.1 Energy per unit charge

Energy and charge are parametrized by w, so we look at

W:4WK/drr2{29iisin2a<l+)\( )>+g %[Sln a(1+)\( )2)}

e’ da 1 dg

Asymptotically both o and g vanish so that we can drop the surface terms arising from

integration by parts,

M :47rK/drr2{2g;l—f) sin? o (1+)\(O/)2> +92% [sm @ (1"‘)‘( ) )}

dw
d 2 d
-2(La— 4m? sin ) ﬁ - KAudZ} (3.6.12)
Utilizing Eq. 3.6.1 we can write
dEgauged 2 d . 92 2 du
% = 47r/dr7“ {gdw [QKgsm e (1 + A () )} — 2Audw} (3.6.13)

It further simplifies with the help of Eq. 3.6.3

dEgauged 2 d du
—0 - 47r/drr (w—2u) — 0 (—Au) — 2Au% (3.6.14)
ngauged 2 du du
= w—" A— — Nu— 6.1
W +87r/d7"r ulh—— U (3.6.15)
Further, integrating by parts, we find that
/drr uA /dr T2Au— (3.6.16)

This gives,

dEgauged ngauged

3.6.17
dw dw ( )
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Therefore,

dEgauged = Wngauged (3618)

Following similar steps for ungauged case give us

dEungauged = WdQungauged (3619)

3.7 Stability analysis

We check the classical stability of gauged Q-balls under small perturbations in «(r) and
g(r). That is, we perturb around the background solutions «ag(r) and go(r) and expand
the EOMs up to the linear order in e. We will demonstrate the stability against small
perturbations in the asymptotic region. It came to us as a surprise that there is no mention

of a detailed analysis of asymptotic perturbations in the literature. Through this analysis,

phys

we were able to find a bound on the asymptotic physical charge O Jauged:

Examining the
classical stability of gauged Q-balls is highly non-trivial, and, in general, stability conditions

are distinct from those of the ungauged Q-balls (120)

a(r) = ag(r) + ea(r) (3.7.1)
g9(r) = go(r) + €b(r) (3.7.2)

Expanding Eq. 3.6.1 and Eq. 3.6.2 till the first order in €, along with using the EOMs for
the background fields, gives

[—2)\bgg sin? ag + (1 — )\gg sin 2a0) a] Aag + (1 — )\g(Q] sin? ag) Aa

- {2 (gob) oy sin® ag + (9(2])/ a'sin? ag + (9(2))/ aoy sin 2a0]

+ (ggacos 2ag + 2gobsin 2a) (1 — A(ap)?) — Agga’af sin2ap — 4m*acosag =0 (3.7.3)
and
Ab — 4K [2Agod'of sin® ag + (goasin 2ap + bsin® ap) (1 + A(ag)®)] =0 (3.7.4)

In the asymptotic limit ag ~ @ and go ~ goo, and we will analyze them up to the order of

O(r=2).
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The perturbation equation boils down to an ODE resembling the Hydrogen atom ODE

m2r2 r

4Q?
Aa+ < gauged Ao anuged . A2> a=0 (375)

Ab =0 (3.7.6)

We can get rid of the first derivatives a’ and o’ by a change of variable; that is, we define

v v
a=— and b= —> (3.7.7)

T T

with this, we get
" 4Q2au ed Q auged 2
T+ TLIE — A= A% ) U =0 (3.7.8)
mer mr

Ul =0 (3.7.9)

To check for stability, we write these equations analogously to the Schrodinger equation
with an eigenvalue of F2. This is because if the perturbation is stable, it will have the same

sign as the potential.

r m2r2

— 0 <A2 + 4y Soouged _ 4%‘1“96‘1) U, = F20, (3.7.10)
— U = F2W, (3.7.11)
The solutions are Whittaker functions,
Uy = 1 My (20 F2 = A7) + ;W (2irV/F2 = 42) (3.7.12)
V2 16Q e

2

2ZAC\?gauge(iW

iz and g =

where, p =

Uy = cge VI 4 eV (3.7.13)
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We can expand Whittaker functions in terms of confluent hypergeometric functions,

Y 5+ 1
Mpq <2iT\/ F? — A2) = e IrVIT-AT (2@'7“\/ F?2 — A2) 2 1F1 [2 +q —p; 1+ 2q,2ir/ F? — A2

(3.7.14)

The confluent hypergeometric function is defined only for 1+ 2¢g > 0 (121), due to which we
get a bound on the charge as

™ phys
_Ze < anuged(oo) <

e (3.7.15)

N

3.8 Phenomenological implications

Phenomenological signatures of gauged Q-balls could exist in the stream of particles
evaporating off the surface of the Q-balls. Evaporation of global U(1) Q-balls was first
studied in (127), at the leading semiclassical order where the Q-ball was considered a classical
background. With the Yukawa interaction, they calculated the neutrino pair production
rate. This analysis was extended to the case of gauged Q-balls in (128), with the coupling

of the scalar field with fermions by Yukawa interaction.

Gauged Q-balls could arise as the Bose-Einstein condensed phase of pions in the early
Universe, along with possible implications on cosmic evolution. Their formation in the early
Universe during the QCD epoch could have left some scars on the primordial gravitational
waves (PGW) and primordial black holes (PBH). In (129), authors discussed the possible
gravitational wave signatures arising from the pion condensation in the early Universe. They
demonstrated that with the increased sensitivity of future detectors like LISA and SKA, we
should be able to detect signatures of pion condensates, primarily due to the enhancement
of the PGW spectra and change in the fraction of PBHs with a mass more significant than

one solar mass.

3.9 Conclusion

Skyrme model fixes the potential form, leaving no room for arbitrariness in the potential.
The hedgehog ansatz allows us to analyze the Skyrme equations of motion, which has a
fertile ground for hosting ungauged and gauged Q-balls. We saw in figure 3.5.1 the potential

satisfies Coleman’s condition for the existence of Q-balls. The ungauged Q-ball is the
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solution seen in the plot of the effective potential 3.5.3b. It could be visualized as a point
particle that sits at the peak of the Vs for a very long analog time (which is r) until the

frictional term is negligible, which then rolls down to zero asymptotically.

Whenever a potential supports an ungauged Q-ball solution, it usually also supports a
gauged Q-ball, which can be found numerically. We are still in the process of numerical
evaluation of the solution. The reason for not yet accomplishing it is the intricacies and

sensitivities involved with the Skyrme eom, specifically the trigonometric functions.
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Chapter 4
But, what about Quantum Gravity?

Quantum gravity is a theoretical framework that attempts to merge quantum mechanics and
general relativity to explain the behavior of gravity at the quantum level. This is a highly
active area of research, and there are currently several different approaches to developing
a consistent theory of quantum gravity. Some primary methods include string theory,
loop quantum gravity, and causal dynamical triangulation. Despite significant progress, a

complete and consistent theory of quantum gravity remains an open problem in physics.

4.1 Roadblocks in quantizing gravity

1. The principles of quantum mechanics and general relativity are challenging to reconcile:
Quantum mechanics and general relativity is two of the most successful theories in physics,
but they are based on fundamentally different principles. Quantum mechanics describes the
behavior of matter and energy at the microscopic level, while general relativity describes the
behavior of space-time and gravity at the macroscopic level. However, these two theories are

incompatible, and it is not clear how to combine them into a single consistent framework.

2. Quantum gravity is a highly non-linear theory: The gravitational field is a non-linear
field, which means that it exhibits a complex and highly non-linear behavior. This makes
it challenging to study using the methods of quantum mechanics, which are based on the
assumption of linearity. As a result, developing a consistent theory of quantum gravity is a

complex and challenging problem.

3. Quantum gravity is plagued by infinities and other singularities: Many of the attempts to
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quantize the gravitational field have been beset by infinities and other singularities, which
arise due to the non-linear nature of gravity. These infinities and singularities make it
challenging to define a consistent and well-behaved theory of quantum gravity. They are

one of the main obstacles to progress in this field.

4. There is a lack of experimental data and observations to guide the development of quantum
gravity: Unlike other areas of physics, there is a lack of empirical data and observations that
can be used to guide the development of quantum gravity. This makes it difficult to test the
theoretical predictions of quantum gravity and to determine whether they are consistent

with the observed behavior of the universe.

4.2 Wait, but why should we quantize gravity?

The idea of quantizing gravity, or describing the gravitational force as a quantum mechanical
phenomenon, arises from the fact that the other fundamental forces in nature, such as
electromagnetism and the strong and weak nuclear forces, are described by quantum field
theories. These theories successfully explain a wide range of phenomena, from the behavior
of atoms and molecules to the interactions of elementary particles. Therefore, it is natural
to ask whether gravity can also be described by a quantum field theory, in which the

gravitational force would be mediated by quantum mechanical particles known as gravitons.

It is exciting and essential to try to quantize gravity for several reasons. First, a consistent
theory of quantum gravity would provide a more fundamental description of the gravitational
force. It could potentially explain phenomena currently not well understood, such as the
nature of dark matter and the Universe’s origin. Second, a quantum theory of gravity
would be required to understand the behavior of gravitational systems in regimes where
quantum effects are essential, such as in the early Universe or near black holes. Finally,
a quantum theory of gravity would provide a framework for reconciling general relativity,
which describes gravity on large scales, with quantum mechanics, which represents the
behavior of microscopic systems. Overall, quantizing gravity is a challenging but fascinating
problem in theoretical physics that could have important implications for our understanding

of the Universe.
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4.3 But, what about the path integral of gravity?

The gravitational path integral is a mathematical technique used in quantum gravity to
calculate the amplitude for a gravitational field to evolve from one configuration to another.
It is the sum of all possible classical gravitational field configurations between the initial and
final states, weighted by each configuration’s exponent of the classical gravitational action.
The gravitational path integral is a way to extend the concept of the path integral, which is

typically used in quantum mechanics and quantum field theory, to the case of gravity.

That sounds promising, but one of the biggest challenges is to define the measure. In path
integral formalism, the measure is a mathematical concept that describes the weight or
probability of a particular path or trajectory of a particle or system. The measure is a
crucial part of the path integral formalism, as it determines the probability of a particle or
system is in a particular state and can help to predict its behavior in different situations.
The measure is typically determined by quantum mechanics principles and depends on the

specific system being studied.

We tried to define a path integral measure in the case of 2-+1 AdS pure gravity, but more
on that in chapters 6 and 7. So, now let’s get back to the background discussion of path

integral by discussing scenarios where it has led to intriguing results and insights!

4.3.1 Euclidean quantum gravity

We are far from having a theory of QG. Perhaps the gravitational field is not quantized
in nature, and something more fundamental lurks behind the four-dimensional Universe’s
curtains. In any case, we can relish the semi-classical effects of quantum fields and classical
backgrounds. To name a few significant advancements, the black hole entropy (130; )
(a.k.a. Bekenstein—Hawking entropy), the Hawking radiation (131). More recently, the
quantum corrected background metric forms horizons around naked singularities in 2+1

AdS gravity (132; : : ).

The framework of Fuclidean QG captures some of the essences of the black hole
thermodynamics as the wick-rotated gravitational action is a free energy of the gravitational

system (130). With the wick rotation, we can define the partition function for gravity.

The partition function is a mathematical function used to calculate a physical system’s
thermodynamic properties in statistical mechanics. It is typically denoted by the letter

"Z". It is defined as the sum of the Boltzmann factors for each possible state of the system,
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weighted by the degeneracy (number of ways in which a given state can be achieved) of
that state. The partition function is a critical quantity in statistical mechanics because it
encodes all of the information about the statistical properties of the system, such as its
internal energy, entropy, and heat capacity. We can derive Hawking radiation (137), black

hole entropy (1:30), and log-corrections to the black hole entropy with the partition function.

4.3.1.1 Wait, but how is it related to a path integral?

The partition function and the path integral are two closely related concepts in statistical
mechanics and quantum field theory. Their relation comes from the fact that they are
expressions of the same underlying principle: the sum of all possible configurations or paths.
In the case of the partition function, the configurations are the possible states of the system,
and the sum is over the Boltzmann factors for each state. In the case of the path integral, the
configurations are the possible paths a particle can take, and the sum is over the exponents
of the classical action for each path. Thus, both the partition function and the path integral
are expressions of the idea that the behavior of a physical system can be understood by

summing over all possible configurations or paths.

Both of them can supply different aspects of the theory. Namely, statistical information
like microstates of the black hole could be explained through partition function. While
something like a transition amplitude or the probability of a black hole metric completely
evaporating away in radiation could be studied through a path integral. In this case, the

transition will be between a black hole metric and a flat metric.

4.4 But, what would it imply if nature doesn’t follow QG?

If it turns out that gravity cannot be quantized, or described as a quantum mechanical
phenomenon, then it would have significant implications for our understanding of the
fundamental nature of the Universe. It would mean that gravity is fundamentally different
from the other fundamental forces in nature, such as electromagnetism and the strong and
weak nuclear forces described by quantum field theories. This would imply that there is no
quantum version of the gravitational force and that gravity cannot be explained in terms of

the exchange of gravitons or other quantum mechanical particles.

If gravity is not quantizable, then it would also have implications for our understanding of
the behavior of gravitational systems in regimes where quantum effects are essential. For

example, it would mean that we cannot use quantum mechanics to explain the behavior of
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the early Universe or the behavior of objects near black holes. This would be a significant

limitation on our ability to understand and predict the behavior of these systems.

Overall, the question of whether gravity can be quantized is a fundamental one that is still
the subject of much debate and research in theoretical physics. If it turns out that gravity
cannot be quantized, then it would have far-reaching implications for our understanding of

the Universe and the fundamental forces that govern it.
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Chapter 5

Quantum Corrections to a Finite

Temperature Blon

Abstract

In this chapter, we will analyze a finite temperature Blon, which is a finite temperature
brane-anti-brane wormhole configuration. We will analyze the quantum fluctuations to this
Blon solution using Euclidean quantum gravity. It will be observed that these quantum
fluctuations produce logarithmic corrections to the entropy of this finite temperature Blon
solution. These corrections to the entropy also correct the internal energy and the specific
heat for this finite temperature Blon. We will also analyze the critical points for this finite
temperature Blonic system, and analyze the effects of quantum corrections on the stability

of this system.

5.1 Introduction

In string theory, it is possible to analyze certain physical objects in a region of spacetime in
terms of very different objects. Thus, it is possible to analyze a system of many coincident
strings in terms of D-brane geometry, and this is done in the Blon solution (13; ).
So, this Blon solution can describe an F-string coming out of the D3-brane or a D3-brane
parallel to an anti-D3-brane, such that a wormhole connects them with an F-string charge.

This configuration is called as the brane-antibrane-wormhole configuration. It is also possible
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to use such a solution to analyze D-branes probing a thermal background (110; ). This
can be done using the blackfold approach (112; ; ; ). In this method, a large
number of coincident D-branes form a brane probe. Furthermore, as this probe is in thermal
equilibrium with the background, this method has been used to heat up a Blon. This was
done by putting it in a hot background. It is also possible to analyze the thermodynamics
of this finite temperature Blon solution (110; ). In this chapter, we will analyze the

effects of thermal fluctuations on the thermodynamics of this system.

The entropy-area law of black holes thermodynamics (116; ), is expected to get modified
near the Planck scale due to quantum fluctuations (11%8). These quantum fluctuations
in the geometry of any black holes are expected to produce thermal fluctuations in their
associated thermodynamics. It is interesting to note that the thermal fluctuations produce
a logarithmic correction term to the thermodynamics of black holes (119; : ; ).
The consequences of such logarithmic correction have been studied for a charged AdS black
hole (155), charged hairy black hole (156), a black saturn (157), a Hayward black hole
(158) a small singly spinning Kerr-AdS black hole (159), and a dyonic charged AdS black
hole (160). In non-perturbative quantum general relativity, the density of microstates were
associated with the conformal blocks has been used to obtain logarithmic corrections to
the entropy (161). It has also been demonstrated that the Cardy formula can produce
logarithmic correction terms for all black holes whose microscopic degrees of freedom are
characterized by a conformal field theory (162). The logarithmic correction has also been
studied from the black hole in the presence of matter fields (163) and dilatonic black holes
(161). Leading order quantum corrections to the semi-classical black hole entropy have been
obtained (165), and applied to Gédel black hole (166; ). The logarithmic corrections
were also used to study different aspects of regular black holes satisfying the weak energy
condition (108), three-dimensional black holes with soft hairy boundary conditions (169),
and certain aspects of Kerr/CFT correspondence (170). The logarithmic corrected entropy
also corrects some hydrodynamical quantities, and so the the field theory dual to such

corrected solutions has also been studied (175; ; ; ; ).

The logarithmic corrections to the entropy of various black holes have also been obtained
using the Euclidean Quantum Gravity (176; ; ). In this approach, Euclidean Quantum
Gravity (179) is used to obtain the partition function for the black hole, which is then used
to obtain the logarithmic corrections to the thermodynamics of that black hole. As the
logarithmic corrections occur almost universally in the thermodynamics of black holes, in

this chapter, we will analyze the consequences of such corrections for a thermal Blon. We
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compute the quantum correction to the black hole entropy, internal energy, specific heat
using the Euclidean Quantum Gravity (179). We find that the logarithmic correction affects

the critical points, and the corrections significantly change the stability of this system.

5.2 Gravitational Partition Function

Now, we start with the Euclidean Quantum Gravity that is obtained by performing a Wick
rotation on the temporal coordinates in the path integral. Thus, we obtain the gravitational

partition function in Euclidean Quantum Gravity (179),

Z = /[D]eIE = /OO p(E)e PEAE, (5.2.1)
0

where Zp, is the Euclidean action for the Blon solution (110; ), and B o< 1/T. The density
of states p(F) is easily obtained from (5.2.1) by performing an inverse Laplace transform,

so that one obtains ;
_ L[ s

p(E) = = /aioo e”\Pdp. (5.2.2)
Here, S(pB) is the entropy, and its exact form is given in terms of the partition function
and the total energy as S(5) = BE + InZ, where Sy = S(5p). The integral (5.2.2) can
be evaluated using the method of steepest decent, around the saddle point Sy, so that
[05(8)/00)s=p, vanishes, and the equilibrium relation F' = —[01n Z(3)/08]s=p, is satisfied.
Therefore, the equilibrium temperature is given by Ty = 1/8p, and we can expand the

entropy S(8) around the equilibrium point 5y as follows

325(5)}
op? B=Bo

S(5) = S0+ 50 - fo)? | o (523

Here, the first term Sy = S(f8y) denotes the entropy at the equilibrium, the second term

represents the first-order correction over it. If we restrict ourselves to this first order and

replace (5.2.3) with (5.2.2), we obtain

_ e [19%59(8) .
p(E)_m{[ 35 ]MO} : (5.2.4)

[ NI
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for [0%S(B)/0B%]p=p, > 0, where we choose a = By and B — By = iz with z being a real

variable. Thus, the expression of the microcanonical entropy S turns out to be (119; )

2
S = In p(E) :50—;111{[8;;25)]M } (5.2.5)

Note that the entropy S(8) given in (5.2.3) is different from S as given by (5.2.5), the

former S(B) being the entropy at any temperature, whereas the latter one, S is the
corrected microcanonical entropy at equilibrium, which is computed by incorporating small
fluctuations around the thermal equilibrium. However, the result obtained in (5.2.5) is
completely model-independent and, it can be applied to any canonical thermodynamical
system including a Blon solution. Thus, the first-order correction is solely governed by the
term In[025(8)/08%|=p,- This can be simplified to a generic form of the entropy correction
given by In(CT?) (149; 150).

Now for a system with equilibrium temperature 5y, and the equilibrium entropy Sy, the
fluctuation around this equilibrium entropy, In[8%S(8)/98%) 5=4, do not depend on By or Sp.
However, the exact form of these fluctuations can be obtained by assuming that this system
is dual to a conformal field theory, and using the modular invariance of the conformal field
theory (150; ). This is done by assuming that S(8) = af™ + b5~", with m,n,a/b > 0,
and observing that at equilibrium this function has an extremum, with Sy = (nb/am)/™+",
Using this observation, it can be demonstrated that this term [02S(3)/05%)3=5, (Which
represents first-order correction around the equilibrium) has to be proportional to ln[Soﬁg}
(149; ; ; ). As the Hawking temperature, T' for the black hole is obtained at the
equilibrium, so we identified the equilibrium temperature Sy with 7. Thus, the thermal
fluctuations around the equilibrium entropy can be expressed in terms of the equilibrium
entropy Sg and equilibrium temperature 7. It may be noted that such corrections to the
entropy of AdS black holes have been obtained from the entropy of the boundary theory
using AdS/CFT correspondence (130; : ; ), and it has been observed that the
corrections to entropy can be expressed as a logarithmic function of the original equilibrium

temperature T'.

As this correction term is proportional to the logarithmic function of the area, it is of the
universal form of the leading order corrections to the entropy of the black hole (189; ;
; ; ; ). It may be noted that even though the form of these corrections is

universal, the exact value of the constant of proportionality to these corrections is model



5.2. Gravitational Partition Function 70

dependent (189; ; ; ; ; ). Hence, as the constant of proportionality is model
dependent, we will use a free parameter v = [0,1] (1374; : : : ). Now it is
obvious that when we neglect these thermal fluctuations v — 0, we obtain the original
equilibrium results. Furthermore, for v # 0, these corrections are proportional to the
logarithmic function of the area, and hence are the leading order corrections to the entropy
(189; ; ; ; ; ). Furthermore, as these are the leading order corrections to the
equilibrium entropy, so they are expected to be less than the original equilibrium entropy
of the black hole (for the perturbative expansion to be valid) (181; ; 186; ; 188). It
may be noted that when the black hole is large, we can neglect thermal fluctuations, and at
that stage, the original equilibrium entropy can describe the system. Thus, Sy is a good
approximation to entropy when Sy >> In(SyT?). However, as the black hole reduces in size
due to Hawking radiation, we need to consider the corrections to entropy due to thermal
fluctuations. Thus, we need to consider v1In(SoT?), when Sy > In(SyT?). These corrections
are still smaller than the original equilibrium entropy, but they are large enough to change
the behavior of the system, so they cannot be neglected. At first, we can use the leading
order corrections, and then we have to use higher order corrections. These corrections can
be obtained by considering higher-order perturbative corrections around the equilibrium
(1955 196). However, as the black hole approaches the Planck scale and Sy ~ In(SpT?), the
perturbative expansion around equilibrium breakdown and this expansion cannot be used
to obtain the corrections to the entropy. This corresponds to the breaking of spacetime
manifold by quantum fluctuations, which occur near Planck scale (197; ). So, this

perturbative approximation cannot be used for analyzing Planck-scale black holes.

Now, as this expansion for leading order corrections, holds for any black hole whose degrees
of freedom can be analyzed using a CFT (150; ; ), and it has been argued that
degrees of freedom of a Blon can also be analyzed using a CFT (153; ), we can use these
corrections for analyzing a Blon. So, we propose that the quantum correction to the entropy

of a Blon can be expressed as
S=Sy— %m (SoT?)Y ~ So — %m (SoT?) — %y, (5.2.6)

where Sy is the original entropy of the Blon solution (110; ), and ) in general, is a
function of other quantities (such as the properties of branes and string charges). Thus, a
full analysis of this system should incorporate such quantities, but as a toy model, we will

only analyze the corrections produced by v1In (So7?)/2 on the thermodynamics of such a
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system and neglect the effect of ). This can possibly be justified by fixing certain quantities
in the system and analyzing it as a toy model. So, here the last term of (5.2.6), along with
the higher order corrections to entropy (199) are neglected, and the leading order corrections

to the entropy from thermal fluctuations are considered.

It may be noted that such logarithmic corrections terms are universal, and occur in almost
all approaches to quantum gravity. However, the coefficient of such logarithmic correction
term is model dependent (159; : : : : ). As the corrected expression used in
this chapter involves a free parameter v = [0, 1] (184; ; ; ; ), it will hold even
using different approaches. Any other approach to this problem can only change the value
of this coefficient 7, which is not fixed in this chapter. Thus, the validity of the (5.2.6) can
be argued on general grounds, and the main aim of the chapter is to analyze the effects of

such logarithmic corrections on the thermodynamics of a Blon solution.

So, to obtain quantum corrections to the entropy of a Blon solution, we need to use the
original entropy Sy and original equilibrium temperature 7" of the Blon solution (110; ).
Now a Blonic system is a flat spacetime configuration of a D-brane parallel to an anti-D-
brane, connected by a wormhole, which has an F-string charge. Geometrically, it is composed
of NV coincident D-branes which are infinitely extended, and has K units of F-string charge,
ending in a throat, with minimal radius o( (at temperature T'). To construct a wormhole

solution from this, all we have to do is to attach a mirror solution at the end of the throat.

It is well known that the blackfold action can be used to describe the D-brane for probing
the zero-temperature background. However, it was shown that one can also use DBI action
for probing the thermal backgrounds (111), where it is ensured that the brane is not affected
by the thermal background, but the degrees of freedom living on the brane are 'warmed up’
due to the temperature of thermal background. Thus, the thermal background acts as a
heat bath to the D-brane probe, and due to this, the probe stays in thermal equilibrium
with the thermal background, which is a ten-dimensional hot flat space. This is constructed
in the blackfold approach. Thus the thermal generalization of the Blon solution has been

; 141)

carried out, and the thermodynamic quantities for this configuration are given by (
Vo 4T3, / 2(4cosh*a+ 1)F (o)
nT? \/F2 — F2(0g) cosh* o’

Sy = 47%3/ do 10" F(o) (5.2.8)
T Jo, VF2(0) — F%(0g) cosh*a’

(5.2.7)




5.3. Corrected Thermodynamics for the Blon 72

ATR, [

— 2

F = 7rT4/00 dov/1+ 2"%(0)F (o), (5.2.9)
where M is the total mass, Sy is the entropy and F is free energy of the Blon. Here,
Tps is the D3-brane tension, z is a transverse coordinate to the branes and F(o) =
0?(4cosh? a — 3)/ cosh? a, with ¢ being the world volume coordinate and o being the

minimal (sphere) radius of the throat or wormhole. Here « is a function of the temperature.

The chemical potentials for the D3-brane and F-string are as follows

> g2tanh acos (F (o)
= 8n7T] / 5.2.10
D3 D3 \/FQ ~F200) ( )

o tanhacos(F( )
= 2T do
HF1 F1 \/ (o) — F2(00)

(5.2.11)

It should be noted that these relations satisfy the first law of thermodynamics dM =
TdSo + pp3dN + pp1dK as well as the Smarr relation, 4(M — pupsN — prK) — 5T'Sy = 0.

One can also calculate internal energy and the specific heat of the Blon solution as

AT?, [ 4a2
Uy = doF(c) |1+ 22(o ) (5.2.12)
a0

T \/ F2(0) — F2(0g) cosh a
dso> 2073, / 402F( )
Co=T220) = , 5.2.13
0 ( T " \/FQ 09) cosh? o ( )

which indicates that the system has a negative specific heat.

5.3 Corrected Thermodynamics for the Blon

Let us now look for the thermal corrections to the above equations by considering logarithmic
correction to the entropy S given by the equation (5.2.6). The entropy (5.2.8) of A coincident

D-branes, with a throat solution gets corrected as
. 4T3, /°° . 40?F (o)
7I° Joy  cosh? ay/F%(o) — F2(op)

4T3, [ 40°F
D33/ do———— (o) . (5.3.1)
1% Jsy  cosh*ay/F2(o) — F2(0y)

lln

In order to analyze the expression for the corrected entropy, we can assume cosh? o (09) = 3,

which means that F'(og) = 0 produces a relatively easy solution. It is indeed a possible
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Figure 5.3.1: Behavior of the corrected entropy as a function of t = T for K = 1 and Tps = 1.

solution of the equation of motion at o (110). However, we would like to work on a regime
where the branch is connected to the extremal Blon (110). In this formulation one obtains
3 cos % = \/§ coS g

2 cos § ’
where cosd = T*\/1 + K2/o4, with T* = 97?T*N'/(4/3Tp3). We further assume an

infinitesimal § (corresponding to o> > K at low temperature T~ 1), so that cosd ~ 1 and

cosh? a = (5.3.2)

sind ~ § ~ T4[1 + 1/(20%)]. Here we have considered K = 1, as it can always be absorbed
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Figure 5.3.2: Behavior of the corrected entropy as a function of o for K =1, Tpz = 1 (a)

T=05(b)T=1.
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in ¢ by means of a re-scaling. Now the remaining parameter is Tp3, which we can set to
one, Tpz = 1. So, we can plot the corrected entropy (5.3.1) by varying the T, oo and
as depicted in Figs. 5.3.1, 5.3.2 and 5.3.3. In Fig. 5.3.1, we draw the corrected entropy
in terms of T for different values of og. We should note that there is a minimal radius
Omin = T?(1 — Tg)fi corresponding to each plots, with g > 0. In panel (a) of Fig.
5.3.1, we have considered oy = 0.2, such that T > 0.45 and, in such a situation, we can
see that the corrected entropy is larger than the uncorrected one. This means that the
logarithmic corrections have increased the value of the entropy. A similar thing happens in
panel (b), where o9 = 1, thus, T > 0.9. However, the system behaves differently, when we
consider og = 2 and T > 0.99, as shown in Fig. 5.3.1(c). Here we see that the corrected
entropy is smaller than the uncorrected entropy. Therefore, the behavior of the entropy
with the logarithmic correction depends on both the parameters, namely, the temperature

and oyg.

In Fig. 5.3.2, we plot the corrected entropy as a function of og for T > 0.5, i.e. Tymin = 0.25.
In this case, we see that there exists a critical g, for each of the plots, and when the value
of g is less than the value of ., the corrected entropy is larger than the uncorrected one.
Whereas, when og > o, the corrected entropy is less. However, the critical points depend
on the temperature, for instance, in the case when T = 0.5, i.e. in Fig. 5.3.2(a), we notice
that o, ~ 0.7, while in Fig. 5.3.2(b), i.e. for T ~ 1, o, ~ 1.6. We should note that the
region compatible with our assumption is og > 1. Fig.5.3.3 demonstrates the behavior
of the entropy with respect to v, which is the coefficient that determines the amount of
corrections on the system. By choosing T' > 1, we can see that the entropy is a decreasing
function of v for o¢g = 2, while it is an increasing function of v for oy = 1. It means that
for the small throat (smaller than o.), the thermal fluctuation increases the entropy, which
may yield more stability to the system, with a maximum value of the entropy. On the other

hand, a bigger throat may make the system unstable.

The logarithmic correction also modifies the internal energy and the specific heat. Let us
analyze the effects of the modification of the internal energy first, which we compute as

follows

4 2
V1+22(o ?

)+ VF2(c0) — F2(0g) cosh* a

4T2 00
U= D3/ doF
7T Jo, oF(o)
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T 4T2 0o 2
¥ N D3 / do 40°F
7TT3 oo \/F2(0')—F2

5 (5.3.3)

(o)

(00) cosh?

We can perform a graphical analysis similar to the entropy to give similar results. However,

we focus only on the internal energy behavior with the parameter v variation. Fig. 5.3.4
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Figure 5.3.4: Behavior of internal energy in terms of v, with K =1 and Tpz = 1 (a) T = 0.9 (b)
T=1.
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Figure 5.3.5: Behavior of the specific heat with respect o9 for K =1 and Tp3 =1 (a) T = 0.9

(b) T =0.7.

shows that, although the variation of the internal energy is smaller with the logarithmic

corrections, however, the slope of the increasing or decreasing functions depends on the

value of the temperature and the radius of the throat, as expected. For a larger radius, the

entropy is decreased due to thermal fluctuations, while for a smaller radius, the entropy

is increased. Let us now see the effects of the specific heat. The exact expression of the
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Figure 5.3.6: Behavior of the specific heat with respect to v for K =1, T = 0.9 and Tp3 = 1.
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corrected specific heat is given by

C = TdiT <S . %m[szﬂ]) : (5.3.4)

which has been analyzed in Fig. 5.3.5. Here, we show the effect of the logarithmic correction
on the specific heat inside the allowed region 1 < o for Fig. 5.3.5(a), and for the whole
range in Fig. 5.3.5(b) in order to explore the general approximate behavior. In the case
of v = 0, we find that the specific heat is entirely negative; however, in the presence of
thermal fluctuations, there are some regions where it is positive. This means that in the
presence of the logarithmic correction, there is a special radius o, for which the specific
heat is negative, o9 > o5, while it is positive for oy < 0. Here again the value of the o,
depends on the temperature, for instance, in Fig. 5.3.5(a) it is obvious that when we choose
T = 0.9, we obtain o4 ~ 1.03. On the other hand, in Fig. 5.3.5(b), when we increase oy,
the difference between the corrected and uncorrected case slowly vanishes. It indicates that
the thermal fluctuation becomes relevant for the smaller radius. Also, we can see from Fig.
5.3.5(b) an asymptotic behavior which may be interpreted as a first-order phase transition
as found in (110). Here we show that it occurs due to thermal fluctuations. We can confirm
OF

this by analyzing the free energy (F) and find that = = 0 at the phase transition point. It

is indicated that we have a first-order phase transition in this system.

Also, we demonstrate the variation of the specific heat with the parameter ~ in Fig. 5.3.6.
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Figure 5.3.7: Behavior of the specific heat with respect to T for K =1, o9 = 0.02 and T3 = 1.
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It is evident that the effect of the logarithmic correction is to increase the specific heat and,
for v > 0.65 (approximately) the specific heat is entirely positive, while for v = 0, it is
completely negative. Finally in the Fig. 5.3.7, we can analyze the variation of the specific
heat with T to plot its asymptotic behavior. At this asymptotic point, the first derivative of

the free energy with respect to the temperature is zero, so it is a first-order phase transition.

5.4 Conclusion

Quantum fluctuations are essential when dealing with objects of very small length scales.
They can be neglected when the object is large compared to the Planck scale, but quantum
fluctuation becomes vital for small objects. Now at the Planck scale, the background
spacetime breaks down, and it isn’t easy to analyze this system. However, there is a stage
before such a total breakdown when the quantum fluctuations can not be neglected but can be
analyzed as perturbations around a fixed spacetime. This corresponds to analyzing thermal
fluctuations around equilibrium for a black hole. We analyze the quantum corrections for
the Blonic systems using such fluctuations around the equilibrium. We explicitly include the
correction terms produced by such thermal fluctuations. After including these correction
terms, we also analyze the system’s behavior at the critical points. Moreover, we demonstrate
that these correction terms are essential by analyzing the stability conditions for this system.
In fact, we can show numerically that these quantum fluctuation affects the critical points,
thus affecting the stability of the system. The stability increases under certain conditions.
For instance, when the throat is more minor, the inclusion of fluctuations increases the
stability. Our analysis explicitly shows how the quantum fluctuation terms become essential
with the decrease of the radius. In Fig. 5.3.5(b), we observe that by increasing the radius
00, the correction term slowly vanishes, and the corrected result becomes identical to the
uncorrected one. Apart from the stability analysis, we have computed the corrections to
the internal energy and specific heat due to the quantum fluctuation. We confirmed that
the first-order phase transition occurs in this system by analyzing the free energy. We have

also analyzed the change in the behavior of the corrected system with the temperature.

It may be noted that here we have only analyzed the system numerically. However, to
demonstrate that the system actually has phase transition, it is essential to analyze it
analytically. It would thus be necessary to examine this system analytically. However, as
this system is very complicated, it might be interesting to study a simpler model of black

branes analytically. Such an analysis can give a better under fluctuations that affect the



5.4. Conclusion 79

system. It is possible to construct a Blonsystem’s stabilizing system of M2-branes, and
M5-branes (200). It would be interesting to analyze the system at a finite temperature.
Then the thermodynamics of this system can be studied. It would be possible to study the
quantum fluctuations to the geometry of a Blon in M-theory, which could produce thermal
fluctuations in the thermodynamics of this system. It would be interesting to analyze the
critical points for such a system and study the effects of these fluctuations on the stability
of this system. It may also be noted that the thermodynamics of the AdS black hole has
been studied in M-theory (201; ). It is possible to analyze the quantum corrections to
these black holes, which can also be done in Euclidean Quantum Gravity. It would also be

interesting to generalize the work of this chapter to such AdS black holes in M-theory.
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Chapter 6

Lorentzian path integral of 3D pure
gravity

6.1 Introduction

In this chapter, we try to analyze the path integral for pure 3D gravity by using Hamiltonian
formalism, which will assist in defining the path integral measure and the boundary term of
the action. For a non-relativistic point particle, the path integral can be viewed as a lattice
regularization in analogy with Riemann integral. We divide the time interval into small

units of € and sum over all paths in each interval of measure e.

N-1
Kw/ I dai e (6.1.1)
=1

The Hamiltonian formalism allows us to paint a picture analogous to a point particle. ADM
decomposition lets us foliate the 241 D spacetime into constant time hypersurface. Now we
can see where it is going; it is analogous to dividing the time interval into €’s for the point
particle. So, we must have fixed initial and final surfaces and sum over all the geometries
to get the gravitational path integral. For example, consider the initial and final surfaces
to be of the naked singularity and BTZ black hole, respectively. This builds a platform
for calculating transition amplitudes/probabilities between these geometries. That sounds

ambitious and promising, but unfortunately, we can’t go very far with it!

The set of all surfaces is called super-space, and the metric defined in this space is the
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Wheeler-DeWitt metric (G;jx). We define the gravitational measure by again drawing

inspiration from the point particle. The point particle Lagrangian is
Ly = guits" =V (6.1.2)

and the determinant of the coeflicient of the kinetic term, that is, |g..| goes into defining the

probability amplitude or the transition amplitude between any two quantum wave functions

Zyp =< vlo > = [ dz =g (6.1.3)

In the next section, we will see how we can write the gravitational Lagrangian in a form

analogous to Ly,

9 ikl . 9 i .
L= / d’x [ﬁeﬂklgijgm — %GW (91 Ny, + NijNii) + N \/g(R—2A)| (6.1.4)

6.2 Proposal for the gravitational path integral measure

We have a spacetime manifold with topology R x 3, where X is a time constant spacelike
hypersurface which in the case of 241 gravity is just a two-geometry or a two-dimensional
surface. That is, we slice the bulk manifold for constant times t. ¥ will have coordinates x?,
where (i = 1,2) along with an induced metric g;;(¢, ). Normal deformation or displacement

—-1/2

of ¥ is given in terms of a lapse function N = (—¢%°) while the shift function gives the

deformations along the hypersurface N’ = g% Goj-

Induced metric on ¥ is given using the metric on the full spacetime g, as
gij = 6“ ie”jgw, (6.2.1)
Extrinsic curvature contains the velocity term

1 )
Kij = 5 (=935 + Nijj + Njj) (6.2.2)

here the vertical bars in N;; represent covariant derivative with respect to the induced

¥
metric g;; in 3. The next step is to separate second-time derivatives from the gravitational
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Lagrangian by adding a divergence term
L= /d%;c = /dQ:cN 2)g (KUKU ~ K4+ @R 2A)
— /d2x [28,5( @gK) — 0; < @gK N — (2)ggij8jN>} (6.2.3)

We can write this Lagrangian in the form of kinetic and potential term

/2 . N 2g
L= /d% [zu\ngZ]leiijl - TgG”kl (935 N + NigyNige) + N/ Pg(PR - 20)

— / d*z [28,5(\/(2)9[()—82-( ) gKN' — <2)ggijajN)] (6.2.4)

where,
1
Gt = 5 (G g+ 9ugsn — 299) (6.2:5)
Gzykl b 5 (glk‘g]l 4 gllgjk’ _ QQUQM) (626)

is known as the Wheeler-DeWitt metric. This is a metric on the superspace, which is a
space of all g;; associated with a surface ¥. From now on exclusively in this chapter we will
write Nt = N, /g = V9 and )R is the intrinsic curvature associated with ¥ which

depends on g;;. So, we have
9 ikl . 9 i .
L= /d% [ﬁaﬂklgijgkz - %G IR (G Ny + NiyjNyw) + N /g(R = 2A) | (6.2.7)

The coeflicient of the kinetic term is taken to be the weight functional for the measure

° 1
uld =/~ (1) 161 = gxarman (629

Details of the calculation of |G| are given in the appendix A3. Here the dynamics are over
the space of metrics, which is the superspace, with the metric on the superspace being G-
So the path integral will sum over all the three-geometries.

_ [ Dg9ijDgij  _i([dtLigi; 6i5)+Bloijdis]
7 = W h(f 9ij,9i5 9ij-9ij ) (629)
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6.3 Gravitational Hamiltonian and the Boundary term

We now make a transition from the configuration space (gij, ;) to the phase space (g;;,7)

by defining the conjugate momenta of g;;

i
=g (K'j - K&j)
g |1 i i i
= —% [2 (N i+ 99" N \k) - N* |k5j] (6.3:2)

We can now express the velocities in terms of conjugate momenta 7%
2N
V9

With that, we can write down the canonical Hamiltonian for gravity

9ij = —= (mij — 7gi5) + Nijj + Njji (6.3.3)

chﬂijf]zj - L

H= /d%’Hc: /d% [NH + NH;]

N y y

= /d2$ [Gijklﬂ'mﬂ'kl — N\/§ (R — 2A) — 2Ni7T” |5 (6.3.4)
V9
The constraints are
1 y

H=—Giur"n" — /g (R —2A 6.3.5
Nk Vi ( ) (6.3.5)
Hi=—27 (6.3.6)

The action in phase space variables is

. 1 1 -
I[gi;, 77| = dtL+B= dt d?x (79 g;; — He| + B 6.3.7

[glj ™ ] 167G / + 167G / z [77 9ij c] + ( )
We will set G5 = % only in this chapter. Einstein’s equation can be reproduced as Hamilton’s
equation of motion (g;; = 6H./é7; @ = —§H,./dg;;) by demanding the surface terms
to vanish which is done by taking the variation of the boundary term to be negative of
the surface terms (203), to within a constant. The geometries we are interested in are

time-independent g;; = 0, so the action after taking into account constraints H = 0 and
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H; = 0 consists of the surface terms. The action, in terms of the constraints, is

1 . -
I=- /dtdQ:n [NH. + N"H;] + Blgij, 7] (6.3.8)

whose variation produces surface terms to be canceled by the boundary term.

1 y y

o =—o- / dtd’z [AY6g;; + B;jom]
+o- /dt ds; [QI/Qkal(fLégij;k — ER0gij) +2800m!  + (28" g™ — Elr’ mgkm)ngik}
LB =0 (6.3.9)

The boundary term is
1 R, . .. N o
5B = _% /dt dSl [gl/QGZJkl(fLégij;k o ‘fiégzy) + 2§Z5Wli + (2§zﬂ_kz mglm _ §l7rl mgkm)(sgik:|
(6.3.10)

where, the surface integral contains a normal vector n; = d; /g, pointing in the radial

direction

dSl =My d(]5 A\ /g¢ = dgﬁ, /grrgd)d,éf (6.3.11)

f“ are the deformation vectors related to the N* and killing vectors as

¢t=nN¢ (6.3.12)
&r=¢ + N¢t (6.3.13)
£ = ¢ No¢t (6.3.14)

The conformal killing vectors are (201)

€ =17(1,0) + L7(0.6) + 06 (615)
& =rR(t,¢)+O0(r ) (6.3.16)

& = (t.0) + S(.6) + OG- (6:3.17)
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and relations among them are

10,T(t, ¢) = Dy®(t,d) = —R(t, ¢) (6.3.18)
10,9(t, ¢) = 05T (t, ) (6.3.19)

T(t,¢) = —éatR(t, ®) (6.3.20)

O(t, ¢) = %%R(t, ®) (6.3.21)

We can break down all these expressions into left movers and right movers by looking at

10;T(t,¢) = 050,0(t,¢) and 19,0,(t,¢) = OZT(t, )
1050 T(t,¢) = 030(t, ¢) and 17 (t, ¢) = ;T (¢, )
— 0T =0 and 0P =0 (6.3.22)

Before looking at the solutions of these wave equations, let’s make a coordinate

transformation to z+

t= é(a:+ +27) and ¢ = %(ﬁ —x7) (6.3.23)

10, =0y +0- and 9y =0, — O_ (6.3.24)

In these coordinates, solutions to the wave equations are

T(t,¢) =T (x")+T (z7) (6.3.25)
O(t, ) =T (x") =T (z7) (6.3.26)
using which we get
R=—(0;T"+0-T") (6.3.27)
T = % (03Tt +0°T7) (6.3.28)
P = —% (31t —0°T") (6.3.29)

Now the asymptotic Killing vectors can be decomposed into left and right coordinates

3
E=1(T"+T")+ # (BT + 02T ) +0(r™) (6.3.30)
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¢ =—r(0:TT+0_-T")+0(r ) (6.3.31)
2
=TT — 2% (ATH - 2T ) +0(r™) (6.3.32)
Let
+ + P o - - P s +
§h=T"+ 02T and & =T+ 00T (6.3.33)
— =t 4+¢7) and =€t —¢ (6.3.34)

The boundary conditions specify the behavior of the canonical coordinates (g;;, 77) and of

N* at the spatial infinity, which at the classical level should have the form of
2 2 o, dr? 2742
ds” = —r°dt® + — +r7dgp
r

Boundary conditions follow from (?04), and the sub-leading terms might hold the information

on the quantum structure of the geometry

I? fr
Grr = 30 Gro = T;’ gpp =T+ MI? (6.3.35)
1 r ¢
N:r+f—, N" = i, N® = f—2 (6.3.36)
r r e
"~ O(r™3), 1y~ IO 2), 7%, ~ O, %4 ~O0(r?) (6.3.37)

and for the inverse

J 1
gTT ~ gd)d) = T2 + Ml27 gT(ZS ~ _g'r‘¢ = _;73) gd)(ZS ~ Jpyr = ﬁ (6338)
variations -
1)
0grr =0, 0gry = %, 0gpp = 0 M (6.3.39)

Under these boundary conditions, the leading contributions to the boundary term are

r—00 27

5B = — lim ;/dtd¢{§t5M+§¢6J}

T—00 LT

~ _ lim 2i /dt dg s {€'M +¢°7} (6.3.40)



6.3. Gravitational Hamiltonian and the Boundary term 87

This can be integrated to give the boundary term along with a constant of integration
B=—(tr—t) <£tM + 5¢J) (6.3.41)

The path integral over the phase space variables is

.. ,\/> 3 i 2 11 -
7 = /Dgz] Dr¥y | — <4]\g]> ‘G| e—ﬁ(fdtd m[T(ZJgij—'Hc]-i-Qﬂ'B) (6342)

We calculated the boundary term for the mini-superspace and not the full superspace, so

the partition function for the mini-superspace is

dM dJ i(to—t1) (¢t ¢
_ EEM+eT
7= / aN32gia ¢ ( ) (6.3.43)

For the mini-superspace geometries, we have
N3/2g3/% — 43/2 (6.3.44)

and the r here is like trace index, which we must integrate out! After that

1 [ i itg—t1) (ot
Z= / dM [ dJ e R (eMet) (6.3.45)
8 —00 -M
h > . (tQ — t1)§¢ _iG2=t1) ety
= dM - M v § 3.4
4t —t1)E? /oo o < h ‘ ' (6.3.46)

This is an oscillatory integral, and we don’t know how to handle it! Picard-Lefschetz’s theory
has recently been applied to oscillatory integrals (205) to make the Lorentzian path integral
more robust! The crux of the approach implements the steepest descent over complex
contours to make the integral absolutely convergent. The problem we ran into applying
these techniques in 241 gravity is that the saddle points of the action are not well-defined

as it is linear in M and J, not quadratic.
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Chapter 7

Partition function of 3D pure gravity

7.1 Introduction

The path toward understanding the quantum mechanics of the gravitational field is arduous.
The natural setting of the universe is in terms of the Lorentzian signature for the metric.
Lorentzian signature geometries are harder to tame, and so far, there have not been significant
advancements in our understanding of quantum gravity (QG). Experiments were the key to
initial successes and further developments of the quantum mechanics and quantum field
theories of electrodynamics, strong and weak interactions in the 20th century. Of course,
the other side of this success story is theory and mathematics. Developing theories and
experiments are essential for advancing our fundamental understanding of nature. That
being said, we are still struggling to shed some light on the QG because of the lack of
experiments and observations. Unfortunately, this chapter will discuss theoretical results
toward our understanding of the QG. Hopefully, we will have more to say on the experimental

side in the future!

We will focus on the 2 + 1 AdS pure gravity as this theory is rich in various features shared
by 3 4+ 1 gravity. There are numerous reasons to study 2 4+ 1 AdS gravity; one of them is
they have zero degrees of freedom (DoF). Even with the simplicity of the zero DoF, we are
faced with the challenges of handling a Lorentzian metric and an oscillatory integral, as we
saw in the previous chapter. We want to simplify the model by tweaking a few game rules.
Doing so puts us in a different physical scenario, the Euclidean world, in contrast with the
Lorentzian world. These two worlds are not equivalent, as a coordinate transformation does

not relate to them. We can still learn some exciting features from the Euclidean sector,
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which could improve our insights into the Lorentzian sector.

Euclidean sector allows us to define a canonical ensemble of inverse temperature 8. We can
construct a canonical partition function for this ensemble and derive various thermodynamical
quantities, like the internal energy and entropy. We can think of this canonical ensemble as

one of an ideal gas as the individual geometries don’t interact with each other.

7.2 BTZ mini-superspace of 2-+1 AdS gravity

The BTZ mini-superspace contains all the 2 + 1 AdS stationary geometries. They consist of
BTZ black holes, conical defects and excesses (CD/CE), and over-spinning (OS) singularities,

(1; 5). The Euclidean mini-superspace consists of the metric with imaginary Lorentzian

time (t = —iT),
ds? = N2(@)drt 4 2 <d¢ + N¢(r)dr)2 (7.2.1)
ol 2.
72 16G2J? 4GJ
N3(r) = (72 —8GM + — ) , N%(r) = — 2 (7.2.2)

where, M, J € R. Geometries are classified based on the values of M and J. BTZ black
hole have M > J/l > 0, CD/CE have M < —|J|/l and OS have |[M| < |J|/l. We will

discard OS geometries in this discussion and focus exclusively on the BTZ black hole and

CD/CE.

Roots of N2(r) = 0 correspond to the horizons (r4) of the black hole,

ry = £1V2G [\/M Fidjl+ /M — iJ/l] (7.2.3)

r2 —1—7“2 Wrar_
M=_* ' = 7
sgz d T =T

(7.2.4)

For NS we have, M < 0 and J < |M| with M = —|M|. The roots of N?(r) = 0 for NS are

given by A4
A = FilV2G [\/\M\ Fidjl+ /M| — z'J/z} (7.2.5)
A2+ A2 A
M| = -2 g g = 22 (7.2.6)

8GI? 4Gl
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7.3 Temperature of Naked Singularities (NS)

In the Euclidean version of geometries, the period in time and angular coordinate correspond
to the 8 and ®. The periods of the Euclidean BTZ were found in (200) by making
identifications in hyperbolic three-space H3. The boundary topology of the Lorentzian
solution is cylindrical, which turns into a two-torus with a Dehn twist after identifying in 7
and ¢. Here, we extend this analysis to the Euclidean version of the BTZ mini-superspace
naked singularities (CD/CE).

We proceed by changing the coordinates to the cartesian coordinates for the upper half-plane.

2 A2 1/2 A A Ay A_
T = (:2 — )\2> cos (’ﬂ@ - l27—> o (7.3.1)
+
2 _ )2 1/2 A A Mgl A
y = (:2 - A;) sin (’l+|¢> + l27> e T (7.3.2)
+
)\2 _)\2 1/2 A | A
o (ﬁ) o~ | (7.3.3)
™ .

where, |Ay| = Ay and » > A_. This is startling as the Euclidean NS acquires a horizon in
the form of A_. The singularity is only exposed for the geometries with J = 0. The metric

in these coordinates is

2
ds? = i—2 (de + dy* + sz) (7.3.4)

These coordinates are invariant under the identifications (7 ~ 7+ 3, ¢ ~ ¢ + ®), where the

periods are

271> 27l

If we wake up in the Euclidean world, we won’t be able to differentiate between the time
and angular directions as both are circular. The temperature has to be well-defined, so the
inverse temperature 8 has to be associated with the periodicity in the time direction. This
discloses to us which is the actual temporal direction. The temperature of AdSs vacuum
with [M|=1and J =0is

2l
AdSs _ 41t 7.3.6
P V8G (7.3.6)
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For the BTZ black hole, the periods are,

27l? 27l|r_
gtz = 2T g gerz - 2rlir-] (7.3.7)
i —rs ri—r2

7.4 Partition function

The well-known Euclidean action for the BTZ black is (; 200)

Ipry = —B5TZ (M — QB2 ) + VM + i1+ /M — iJ/l] (7.4.1)

ml [
V2G
The first two terms come from the asymptotic boundary, while the last term is from the
interior boundary at the outer horizon. In the same spirit, we have the Euclidean action for

a Euclidean naked singularity is

iml

Ivs = AYS (1M + @VSJ) + Tt VMl - VI =adfl] (14.2)

In the saddle point approximation, we can recover the Bekenstein-Hawking entropy for
the BTZ black hole along with the log correction, which arises from the Jacobian of the

partition function. The partition function has the form,

Z[B,®] = g/deJp(M, J) el 13- ®:M ][R (7.4.3)

The Jacobian of the transformation of (M, J) to (ry,r_)

i(ry —r2)

T1=-"Tsc

(7.4.4)

The partition function measure holds the information coming from the quantum regime and

makes itself explicit as a logarithmic correction
dMdJ = |TJ|drydr_ (7.4.5)

The partition function in 7.4.3 becomes,

2 2 .
. 2 2 ritrZ irgr_ 27y
¢ (T - T—) _B( sazn —aam ) taen

+
T drydr_ 2

Zprz|B,®] =
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2 2 . 2 2

ri +r _ 2 Ty T

-8 + 5 _sz+rr + T+ +In +2 5
~e 8Gl4“h Glh 4Gh G4h

(7.4.6)

Therefore, we have

r2 412 rar_ 2rr r2 —r2
In Z Pl ~ — + T - _ g+ R P e 4.
n Zpr2(8, @] 5( 8GI2h 4Glh) Taan n( G212 (7.4.7)

The canonical ensemble entropy is

Spr = (1 — B0g) In Zprz7[B, P]

_ 2mrg r2 —r?
= 1Ch +ln< (7.4.8)

The log correction matches the log correction found by doing CFT calculations in the
microcanonical ensemble but with a different numerical coefficient (3/2 for the CFT
calculations). Logarithmic correction to the BTZ black hole entropy was first found by
Carlip (207), and he speculated that the numerical factor of 3/2 would be universal if the
entropy is calculated from a single CF'T. This numerical factor is nothing more than an
artifact of the CF'T calculation. Although, this numerical factor and the form of the log
correction match its 3 4+ 1 counterpart (205). Here, we got the quantum correction to the

black hole entropy without implementing any techniques from CFT.

Using similar tools for the Euclidean naked singularity, which has forged an outer horizon-like

artifact (A\_), we get

m 2ol =3 (g 05 ) o () 0o
The canonical ensemble entropy is
Sns = (1 —03)In Zng[f, P]
= 24727; +1In </\2G2_h;\%r) (7.4.10)
For non-spinning NS, entropy consists only of the log term,
Sy = In (8%‘2#) (7.4.11)
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Chapter 8

Conclusion

Overall, we have shown how fruitful it is to use EFTs as it is a powerful approach to
understanding the vast spectrum of low-energy physics. Here, we applied this approach in
four dimensions for analyzing hairy black holes and Q-balls in the Skyrme model. Both
of these solutions come from theories that have a spontaneously broken symmetry, r-
diffeomorphism for the hairy black hole, and approximated chiral symmetry for Q-balls.

EFTs, let us isolate these relevant degrees of freedom that reveals interesting physics!

In the 2nd chapter, we addressed the question: does the effective theory of black holes
provide any information about the possible existence of hair?, and the answer is yes, it indeed
does! Asymptotically flat/dS hairy Schwarzschild black holes have features in quasinormal
modes, which are in contrast with the non-hairy black holes. Specifically, with an increase
in the overtone number, the hairy black holes exhibit an increase in the real and imaginary
frequency parts of the quasinormal oscillations. For non-hairy black holes, only the imaginary
part of the frequency increases while the real part decreases. In this way, we have a proposal
for the possible detection signature of the hairy black hole in the gravitational wave data.
One more exciting thing to note is that the scalar hair gave rise to the cosmological constant
in the case of the dS black hole.

In the 3rd chapter, we addressed the question: Can Q-balls, ungauged and gauged, exist in
the Skyrme model?, and the answer is yes! The existence of ungauged Q-balls can be easily
seen through the lens of a point particle living in the V¢, figure 3.5.3b. While we have still
not found a numerical solution for a gauged Q-ball, we are confident that they exist based

on the form of the potential. We demonstrated this following the hedgehog ansatz, under



94

which the potential and effective potential satisfy all the conditions put forth by Coleman
(66).

Q-balls provide a foundation to study pion stars, making studying Q-balls in the Skyrme
model a perfect and realistic candidate! So far, we have not detected a pion star. Still, it is
reasonable to consider their existence, given that neutron stars exist. Besides black holes,
neutron stars are the densest known object in the Universe. In a way, they represent a
penultimate state for the densest object, which helps gain insights into black hole physics.
But nature could host another intermediate state between a neutron star and a black hole,
a pion star as a combination of two and three quarks is abundant in the Universe. Studying

pion stars will give us unprecedented insights into compact objects and black holes.

In the 5th chapter, we explored quantum fluctuations around the equilibrium of a Blon
configuration. The analysis was carried out solely numerically. Through this, we found that
the fluctuations give rise to corrections in the thermodynamic properties of the configurations;
specifically, the entropy receives log corrections. This analysis parallels that of a black hole.
We also demonstrated numerically that these quantum fluctuations affect the critical points,
thus affecting the system’s stability. The stability increases under certain conditions. For
instance, when the throat is smaller, the inclusion of fluctuations increases the stability.

This numerical analysis can be used to study black holes.

Chapters 6 and 7 highlight the hardships involved in path integral quantization of gravity. We
put forward a proposal for the path integral measure, but the equations are still intractable.

The proposed measure comes with the determinant of the Wheeler-DeWitt metric

5 3
wlg) = | - <m> G (8.0.1)

AN

Finding a well-defined measure could allow us to study exciting properties of the 2+ 1 D
pure gravity, like the transition amplitude/probability for the evaporation of the BTZ black
hole. Without matter fields, this probability should be zero; a well-defined measure will

allow us to calculate it.

Using Euclidean techniques, we analyzed the thermal properties of the BTZ mini-superspace.
Specifically, we considered Euclidean BTZ black holes and naked singularities (conical
defects and excesses). The Euclidean version of 2+1 D NS was not studied before, so

we carefully analyzed it in the cartesian coordinates and found periodicities in time and
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angular direction. Surprisingly, Euclidean NS gets a horizon-like artifact given by A_. The

temperature and angular potential are

2712\ 4| NS 2mlA_
pNVS = Z 04 and oV = = (8.0.2)
A2 — 22 A2 -2
In the saddle point approximation for the geometries in the BTZ mini-superspace, we

got the logarithmic correction to the black hole entropy coming from the Jacobian of the

transformation of (M, J) to (ry,r_),

27ry ri —r?
Spu = In{ ——— 8.0.3

BH 4Gh+n< G212 (8.0.3)
Previously, the logarithmic corrections were calculated using CFT techniques, but here we
showed the corrections without employing CFT. We also calculated the entropy of NS with

logarithmic correction.

2 2
Sns = 247(; +In (AG2_7$+) (8.0.4)
That is the story so far! It is exceptionally challenging to probe gravity at quantum scales.
With the path integral approach, we run into two significant issues measure and oscillatory
integral. However, new ways of handling Lorentzian path integrals, Picard-Lefschetz theory,
have come into the light, like in the simple toy model of the FRW cosmology (205). We
tried that approach for the BTZ mini-superspace, but it is not applicable as this technique

requires an action quadratic in M and J.
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Appendix A

A1l Supplements for the EFT of Black holes
Solving Einstein’s equation, we get

A(T)_Ml%z< f()R(r) gk (r) | g(r) R”(T))

_l_

_|_

g(r)\ 4f(r)R(r)  4g(r)R(r) R(r) 2R(r)
<f’2( r) n f(r)g'(r) J”’(?”)R’(?“)Jr R™(r) f”(?“)) (r) | f(r) o (r)
2f2(r)  4g32(r)\/f(r)  4f(r)R(r) = AR2(r) 4f(r)) g(r) 2f(r)g(r) ’
(AL.1)

MR (r) (f'(r)  g'(r) R'(r
1R(r) < T T 2R0
)

B £
lr) = O -
FORG) ) f”(r)>a(r)+ e
)

(L, s )
2f2(r 4g3/2(r)\/f(r f(7“>R(7“ 4R2(7") 4f(r)

A2 Q-balls

A2.1 Energy of Q-balls

The total energy functional in this ansatz can be calculated using the above effective

Lagrangian is,
E— / B/ —gTho = / B/ —g [TOS(%‘ Tmass | T[}gfﬂ (A2.1)
om (L2 10 Ao 2 -1
= —4nK | drr°Tr iLO + ELT + gGOT +2m*(U+ U —2I)

2 1
K (gaBFOaFoﬁ + 4gangﬁFaﬁFpa> ] (A2.2)
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where,
1 2 _ 2.2
2TrL0 = —g“sin” «
1
§Tr L2 =— (a’)2
1 2 2

—TrG2, = —¢* (0/)2 sin” a
Tr(U+ U —21) =4 (cosa — 1)
T = ()"
Putting it all together

Egquged = 47rK/dr r? [92 sin? o (1 + A (0/)2> + (0/)2 — 8m? (cos o — 1)+ & (g’)2

(A2.3)
and for the ungauged Skyrme model

Eungauged = /d3$\/jg (TOS(%{ N T(%ass)

= 477K/d7“ 7 [wz sin” o (1 + A (o/)2> + (O/)2 —8m? (cosa — 1) (A2.4)

A2.2 Asymptotic energy of ungauged Q-balls

The energy of this system from A2.4 as r — oo goes to zero exponentially fast.

8 2
Fungauged = 1K / dr 12 [wQ sin? H + (H')? (1 + Mw?sin® H) — % (cos H — 1)

R
- Eungauged _R__>3‘i> 47TK/ dr 7"2 [(H,)Q + (CL)Q + W(Q)) HQ] (A25)

R
= Eungaugea = 321K C*m’ / dr e V= g

A3 Determinant of the Wheeler-DeWitt metric

Wheeler-DeWitt metric is a metric on the superspace that depends on three functions g;;.
Let us denote the set of indices as A = {11, 12,22} so that we have the components of g;;

as g4. Using this notation, we can see that the metric G;;i; = Gap is three-dimensional.
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Its form in 3 dimensions is different from the one in 4 dimensions.

Gijii = = (9ik9j1 + 9i195k — 29ij9k1) (A3.1)

(gikgjl + gilgik — QQiJgkl) (A3.2)

NN

One should require that Gijleklm” =1/2 [5;”(5? + 6;”5?} , which is the identity in the space
of symmetric tensors: 1/2 [5{”5? + 5;”51”} Apn = Ajj. Then,

1
Gijkl = 5 (girgji + gugix — 2/(D — 1)gijg1) (A3.3)

where D = (number of spatial dimensions), so 2/(D —1) = 2 in our case. Then G GY* =
D(D + 1)/2 = (number of independent components of a symmetric tensor), which in our

case is 3.

If we take their product, we can realize that they are indeed inverse of each other.

GijuGI* =3 (A3.4)
In the matrix form for gio =0
0 0 —g11922 0 0 —gtg*? 1 00
0 911922 0 0 g'g*? 0 =]0 10 (A3.5)
—911922 0 0 —gtg?? 0 0 0 01

Giii1 Griz Grie
Gijki = Gap = | Gi112 2G1212 Gi222 (A3.6)

Gi122 G222 G222

0 0 (912)2 — 911922
- 0 — [(912)* — g11922] 0 (A3.7)
(912)* — 911922 0 0

The determinant of the W-DW metric is

Det Giju = [(912)* — 911922]3 (A3.8)
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GAP = G = - (g”“g” +g"g?" — 29 gkl) (A3.9)
0 0 (g'2)2 — gl1g22
— QAB _ 0 ~ [(g'2)2 - g"1g*] 0 (A3.10)
(912)2 _ gllg22 0 0

The determinant of the inverse W-DW metric G4 is

3 iP5 _
Det GAP = [(g"%)* — ¢"1¢*]" = —|g"|* = —|gi] > (A3.11)
For g12 = 0,
0 0 _gllg22
GAP R 0 gllg? 0 (A3.12)
_911922 0 0

The determinant of the inverse W-DW metric GA5 is

Det GAB = — [g11922]3 (A3.13)
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