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Resumo

Todos no6s estamos familiarizados, de certa forma, com a definicdo de um horizonte de eventos. Inimeros
trabalhos de ficgao cientifica estiveram na base da difusdo desta nocdo de pontos de nao-retorno na
cultura popular. O que é talvez desconhecido a maioria do publico é a facilidade com que se pode
reproduzir carateristicas de buracos negros. Mais concretamente, o quao facil € encontrar outros sis-
temas fisicos com horizontes. De facto, foi demonstrado que ondas de som, num fluido em movimento,
se comportam de forma analoga a campos escalares em espacos-tempo curvos. Fluidos supersénicos
podem gerar "buracos mudos”, que correspondem a regides do espaco a partir das quais nao é possivel
extrair qualquer informacéo. Este é o analogo de um buraco negro na teoria de Relatividade Geral.

Esta equivaléncia matematica € muito poderosa uma vez que permite estudar buracos negros
em laboratérios. Em particular, € possivel analisar o problema de superradiancia — um processo de
magnificagdo de radiagcao que resulta na amplificagdo de ondas incidentes em buracos negros em
rotagao.

Nesta tese, revemos o trabalho feito em analogos acusticos num potencial de ralo de banheira.
Usamos este modelo para estudar as condi¢oes para superradiancia bem como a estabilidade das suas
solugdes. Também analisamos uma segunda montagem, que consiste num cilindro em rotagdo como
possivel fonte de amplificagéo. Finalmente, incorporamos viscosidade no fluido de fundo e estudamos

de que forma os resultados sao afetados.

Palavras-chave: superradiancia, Analogos Acusticos, Mecanica de Fluidos, Relatividade

Geral, Geometrias Acusticas Confinadas, Viscosidade.
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Abstract

We are all somehow familiar with the definition of an event horizon. Science fiction works have greatly
contributed to the widespread knowledge of these points of no return in spacetime amongst the general
public. What is perhaps unknown to most is how easily one can reproduce characteristics of black holes.
More precisely, how easy it is to find other physical systems also displaying horizons. Indeed, it has been
showed that sound waves, in a moving fluid, behave analogously to scalar fields in a curved spacetime.
Supersonic fluid flow can generate a "dumb hole”, which corresponds to a region in space from which
no information can be extracted. This is the analogue of a black hole in the theory of General Relativity.

The formal mathematical equivalence is very powerful once it allows for the study of black holes
in laboratories. In particular, it is possible to contemplate the problem of superradiance — a radiation
enhancement process that results in the amplification of incoming waves in rotating black holes.

In this thesis, we review the work done in acoustic analogues for a draining bathtub flow. We use
this toy model to study the conditions for superradiance and the stability of the solutions. We also look
at a different setup, consisting of a rotating cylinder as a possible source of amplification. Lastly, we

incorporate viscosity in the background fluid and study how the results are affected.

Keywords: Superradiance, Acoustic Analogues, Fluid Mechanics, General Relativity, Confined
Acoustic Geometries, Viscosity.
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Nomenclature

Abbreviations and acronyms
BH Black Hole.

GR  General Relativity.
QNM  Quasinormal mode.
Greek symbols

o Viscosity coefficient. It is defined as a linear combination of the dynamic and bulk viscosity

coefficients, v = & + 3 4.

Q Angular velocity, referring either to the angular velocity at the black hole horizon or at the radius

of the cylinder.
w Wave frequency.
) Velocity potential, defined via v = V1.
p Density of the background fluid.
0 Angular variable in polar coordinates.

Roman symbols

v Fluid velocity vector field.

c Speed of sound in the fluid.

H Enthalpy.

h Specific enthalphy, defined as the enthalpy per unit mass.

m Azimuthal number. It is the projection of the angular momentum in the direction of propagation
of the wave.

P Pressure of the fluid.

r Radial variable in polar coordinates.

S Entropy.
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T Temperature.
1% Volume.

Z Acoustic impedance. It dictates the interactions wall-wave in the cylinder spacetime. A detailed

explanation is provided in Section 4.2.
Superscripts
T Transpose conjugate.

T Transpose.
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Chapter 1

Introduction

1.1 Motivation and overview

John A. Wheeler first coined the term “black hole” in 1967 to describe an object resulting from gravita-
tional collapse [1]: “A black hole is what is left behind after an object has undergone complete gravita-
tional collapse. Spacetime is so strongly curved that no light can come out, no matter can be ejected,
and no measuring rod can ever survive without being put in. Any kind of object that falls into the black
hole loses its separate identity, preserving only its mass, charge, angular momentum, and linear mo-

mentum.”

Black holes (BHs) are described by the theory of General Relativity (GR). GR was developed in
1915 by Albert Einstein and it describes gravity as the curvature of spacetime. In 1904, Einstein was
troubled by the views of relativity put forward by Galileo and Maxwell. On the one hand, Galileo claimed
that absolute motion could not be defined. Maxwell’s electromagnetism, on the other hand, established
that light travelled at a fixed speed c. Einstein came to the conclusion these two notions could only
be compatible if ¢ were to be kept constant in different frames of reference. The subsequent view that
time was not absolute made way for the establishment of Special Relativity. GR arose years later,
expanding the theory to account for effects of acceleration. The latter passed its first test in 1919, when
the bending of star light was observed during a solar eclipse [2]. Since then, the theory has been put
to test in several other occasions, the latest being the experimental detection of gravitational waves in

2015 [3]. In a nutshell, GR is defined via Einstein’s field equations,
1
Guv = Ry — §Rg,“, = 81T, (1.1)

which describe how matter and energy interact with spacetime, the fabric of our universe. The Ricci
tensor R, and the Ricci scalar R = ¢g*”R,,, are geometrical entities which measure the curvature of
spacetime. They depend solely on the metric g,,,.. The element on the RHS of the equation, T,,,,, is the

stress-energy tensor and it accounts for the presence and distribution of matter.

The challenge with Einstein’s equations is finding a metric that satisfies them, given physically rea-



sonable matter. The first person to come up with such a metric was Karl Schwarzschild. In January
1916, he computed the gravitational field generated by a static point mass and realised it satisfied Ein-
stein’s equations. Schwarzschild’s metric yielded the simplest known BH, one with no electric charge or
angular momentum [4]. According to Birkhoff’s theorem, the Schwarzschild metric is the most general
spherically symmetric vacuum solution of the Einstein’s field equations. Subsequently, other solutions
have been discovered. A particularly relevant one for this work is the Kerr solution, which describes a

rotating BH. The Kerr metric was discovered in 1963 by Roy Kerr and it reads

2GM 4GMarsin® 0 2 in?
ds? — — (1= ZEMTY g AGMarsin®0 0 0" g2y 2gge S0 002 2 a2 g1ag? (1.2)
02 P2 A 02
where A and p? are defined as
A =712 —2GMr + a? (1.3)
p* = 1%+ a®cos? 0. (1.4)

M is the mass of the BH and « is the angular momentum per unit mass. These two quantities parametrise
the possible solutions, or equivalently, the possible Kerr BHs. The Kerr metric inspired the formulation of
the uniqueness theorems, developed by Israel, Price, Carter, Robinson and Hawking, amongst others
[5]. The uniqueness theorems refer to the existence of solutions to the Einstein field equations under
certain conditions. The first BH uniqueness theorem is due to Israel who, in 1967, proved that a static,
topologically spherical BH is described by the Schwarzschild [6] or the Reissner-Nordstrém [7] solutions.
A very important theorem in BH physics is the no-hair theorem. It postulates that given the mass, elec-
tric charge and angular momentum of a BH, its properties are fully determined. This theorem is behind

Wheeler’s famous phrase that “black holes have no hair”.

Despite its extremely interesting features, astrophysical BHs are of difficult observation and direct
study. That is why one must rely on other, secondary, effects. A very important secondary effect is the
Penrose process. Theorised in 1969 by Roger Penrose, it accounts for the loss of angular momentum
in rotating BHs. Penrose argued that once particles entered a special region of the BH, called the er-
gosphere, they could be scattered and ejected with greater energy than the one they had initially. Such
process is illustrated in Figure 1.1. A precise definition of the ergosphere is left to Chapter 2. Note
that this scattering process rarely occurs, as very specific conditions must be verified. Nonetheless, the
Penrose process was central in the establishment of its analogue wave process, superradiance. Su-
perradiance is a radiation enhancement process that occurs in dissipative systems. In the particular
case of BHs, it happens at the level of the event horizon. Superradiance allows for energy and angular
momentum to be extracted from the vacuum, resulting in a consequent amplification of the scattered
wave packet. Superradiance in rotating BHs was first discovered in 1971, by Zel'dovich. He showed,
provided the superradiance condition is satisfied, that the scattering of incident waves in rotating dissi-

pative bodies resulted in an amplification of such waves, producing outgoing waves of larger amplitude.



incoming particle
of energy E;

particle falling in the BH
(negative energy En)

outgoing particle
of energy Ez
E>> Eq

Figure 1.1: Schematic description of the Penrose process in a Kerr BH, in which the outgoing particle
has energy Fy > E;. The ergosphere corresponds to the region in grey, limited by the ergosurface and
the BH horizon (respectively the outer and inner limits).

The superradiance condition reads
w < mf), (1.5)

where w is the frequency of the incident radiation, m, the azimuthal number, accounts for the projection
of the angular momentum along the axis of rotation and Q is the angular velocity of the body. It has
been showed that only bosonic perturbations yield superradiance. The reason behind why fermionic
fields cannot produce superradiance has to do with Pauli’s exclusion principle. In fact, one can inter-
pret superradiance as a spontaneous pair production phenomenon [8]. Pauli’s exclusion principle limits
the number of fermionic pairs with the same quantum numbers, whereas the number of bosonic pairs
has no such limitation. When computing the ratio between the amplitudes of the reflected and incident
waves, one arrives at the conclusion that such ratio is never greater than the unity in the fermionic case.
This limitation is present even under the condition of equation (1.5). Thus, superradiance is present for
scalar, electromagnetic and gravitational perturbations, but absent for fermionic perturbations. A very
fascinating application of BH superradiance worth mentioning is the BH bomb. Suppose we add a per-
fectly reflecting wall outside a Kerr BH. Consecutive amplification of the waves at the horizon gives rise
to superradiant instabilities. Such instabilities may be observed, for instance, in massive bosonic fields,
where the mass term acts as an effective potential barrier for superradiant modes. In 1974, Stephen
Hawking, looking at quantum corrections to the scattering of waves in the event horizon, discovered
that BHs radiate. An interesting consequence of Hawking'’s result is that BHs are not completely black.
Instead, they emit thermal radiation, analogously to the one emitted by a black body of temperature pro-
portional to the area of the Kerr BH. Thermal emission from BHs has been extensively studied by many
physicists in a variety of ways, including DeWitt, Unruh, Wald, Parker and Bekenstein. Bekenstein was
the first to defend the existence of BH thermal emission, based solely on thermodynamics arguments
[9]. Another feature of the Penrose process is that it ultimately results in BH evaporation. In other words,
BHs radiate out all of their energy until they eventually vanish. For an extensive read on superradiance
see Reference [10].

In 1981, Unruh showed that sound waves, in a moving fluid, behave the same way as scalar fields in
curved spacetimes [11]. He observed horizons could occur in day-to-day situations and drew analogies

between fluid mechanics and GR. He called these horizons "dumb holes”, and proved their existence



was a consequence of supersonic fluid flows, as illustrated in Figure 1.2. By finding ways to reproduce

Beth Alfred

X “ripples”

»
>

slow flow medium flow fast flow

BH horizon

'
<+—— subcritical region —————»<+—— supercritical region —»

Figure 1.2: Propagation of information using the analogue fluid mechanics. Beth and Alfred communi-
cate using "ripples” (acoustic disturbances) in the free surface of the fluid. The fluid naturally flows from
Beth to Alfred, so she is always able to get her message across. For Alfred to be able to reply to Beth, he
must be able to guarantee the ripples he sends move faster upstream than the flow does downstream.
But Alfred is in a supercritical region, so he can never send any information upstream — nothing can
counterpropagate the flow in this region. Hence, the region separating the sub and supercritical regions
is the analogue BH horizon.

behaviours of BHs and other astrophysical bodies, one is able to carry out experiments in laboratories,
with the aim of testing the existing theories.

Throughout this thesis, we will be working in the context of analogue gravity as a means of making
predictions for experiments. A leading laboratory in the field is the Quantum Gravity Laboratory in
Nottingham, which has set as its goal to put together experiments that can help gather insights on
gravity and analogues. It simultaneously serves as a testing vessel for quantum field theory in curved
spacetimes and as motivation for the development of new areas of physics — such as analogue gravity.
In a recent article [12], Silke Weinfurtner’s team describes the first laboratory detection of superradiance.
By working with a draining bathtub fluid flow, they observed that plane waves propagating on the surface
of the water were amplified after being scattered off by the draining vortex. The experimental setup in
Nottingham was first described in 2002 by Unruh and Schiitzhold [13]. They proposed an experiment in
which superradiance could be detected in the laboratory by assuming a long wavelength, shallow water
approximation. An alternative experimental setup worth mentioning is the one proposed by Cardoso et
al., in 2016 [14]. The authors analysed the hypothesis of mimicking the vortex geometry by making use
of a rotating cylinder. They showed that, given an appropriate choice of material for the cylinder, surface
and sound waves were amplified. We analyse both proposals in this thesis.

At last, we refer to three particular works displaying the broad scope of study of analogue gravity.
We first draw our attention to an article by Peloquin et al., where the scenario of a traversable and
bidirectional wormhole is discussed [15]. In GR, wormholes are non-traversable, closing up too quickly.
The description of an analogue wormhole, on the other hand, can encompass any velocity profile and
hence allows for more general results. The second paper we analyse is by Steinhauer [16]. The author
looks at how the experimental realisation of an analogue BH laser allows for the observation of Hawking
radiation. An analogue BH laser consists of a cavity encompassed by a BH and a white hole. Picture

an actual laser, composed by a light beam reflected back and forth inside an optical cavity — Figure 7 in


http://www.gravitylaboratory.com/

Reference [17] provides a good overview on the subject. Finally, we see how spintronics can be used
to create analogue horizons [18]. The authors’ goal is realising a BH with magnons, the quanta of spin
waves. The spin-wave velocity is used as the critical speed above which no information can be retrieved,

instead of the speed of sound .

1.2 Obijectives

The aim of this thesis is to provide the reader with the current state-of-the-art of analogues for the
detection of superradiance. We seek to examine how superradiance occurs in several setups whilst
looking at the stability of the solutions. Furthermore, we examine whether horizons are a necessary
condition for superradiance. A major goal of our work is including viscosity in an already well-established
treatment of analogue gravity that assumes non-viscous fluids. We explore setups that have not yet been
realised experimentally and hence another objective of the work is to make predictions that can later be

compared against experiment.

1.3 Thesis outline

In this thesis, the first two chapters are dedicated to explaining the important concepts regarding both
superradiance and analogue gravity. Chapter 1 provides an overview on superradiance, including a
state-of-the-art analysis and the fundamental notions and motivation behind its study. In Chapter 2, the
framework of analogue gravity is presented. Chapter 3 deals with the dynamics of acoustic holes. We
present an analysis on the quasinormal modes (QNMs), as well as results for superradiance in a (1+2)-
dimensional bathtub flow spacetime. In Chapter 4, we look at a different setup, in which superradiance
can be studied in situations where no horizons arise, by means of a rotating cylinder. We study the
scattering and later confine the setup by adding an external wall. One verifies superradiant instabilities
arise in the latter. Chapter 5 renders an analysis on how viscosity impacts the QNMs frequencies and the
superradiance results. Lastly, Chapter 6 features the final conclusions, as we examine the achievements
of the work developed in the thesis. A list of future extensions is also provided. Throughout this work,

whenever possible, we complete the theoretical predictions with the corresponding numerical results.






Chapter 2

Acoustic Analogues

In this chapter, we guide the reader through the topic of acoustic analogues. In essence, one will show
that sound waves propagate within a fluid in the same way as scalar fields do in a curved spacetime. If

the fluid velocity exceeds the local speed of sound, the effective curved spacetime has an horizon.

2.1 Fluid dynamics

In 1981, Unruh developed a method for mapping certain aspects of BH physics into fluid mechanics. He
started by considering a barotropic and inviscid fluid, whose flow is irrotational — though possibly time
dependent. The equation of motion for the velocity potential describing an acoustic disturbance is iden-
tical to the d’Alembertian equation of motion for a minimally-coupled massless scalar field propagating

in a (1 + 3)-dimensional Lorentzian geometry,

1

A
V=7

(0,v/=99"" 00) =0, (2.1)

which is just the Klein Gordon equation, V,V*v = 0, describing the dynamics of a scalar field. Under
these conditions, the propagation of sound is governed by an acoustic metric g,.. (¢, x), which depends

algebraically on the density and velocity of the flow and on the local speed of sound in the fluid:

(e _ lv]I? _ 7T
m(t,x):fj( @~V v ) .

-v Ij343)

where I3, 3 is the 3 x 3 identity matrix. In general, when the fluid is non-homogeneous and flowing, the
acoustic Riemann tensor associated with the acoustic metric is non-zero.
There are two fundamental equations ruling fluid dynamics, the continuity equation and the Euler

equation, respectively:

Op+V-(pv)=0 (2.3)
dv

P =P [Ov + (v - V)v] =F, (2.4)



where p is the density of the fluid and v is the fluid velocity vector field. F in the Euler equation is defined
as
F=—-Vp—pVo, (2.5)

p being the pressure and ® the potential of an external driving force. We assume the fluid to be vorticity
free, i.e. the fluid is locally irrotational. This means the velocity can be written as v = V. By definition,
vorticity free means the rotational is null, i.e. V x v = 0. It is a well-known fact that V x (V) = 0, where
¥ is a scalar field. This justifies the definition used. Furthermore, the fluid is assumed to be barotropic,
meaning the fluid’s equation of state is of the form p = p(p). Such assumption is helpful in defining the

specific enthalpy. The definition of enthalpy reads

dH = TdS + Vdp (2.6)

and, as the fluid elements undergo reversible thermodynamic changes (dS = 0), one can write the

specific enthalpy as

P dy
hp) = / . 2.7)
(®) o Pp)
Integration of the latter yields
1
Vh = ;Vp. (2.8)

The Euler equation (2.4) is then reduced to

Oyb + h + %(w)? +®=0. (2.9)

A wave can be thought of as some fundamental average bulk motion summed up with other higher
order motions, which work as correction terms to the fundamental one. A very simple example that can
help us understand this makes use of a musical instrument. Think of the sound emitted by a guitar string.
Itis not pure. In fact, playing an A note (f = 440 Hz) on a guitar will actually result in a sound composed of
the following frequencies: 440 Hz, 880 Hz, 1320 Hz, etc. f = 440 Hz is the fundamental frequency, much
as the bulk motion aforementioned. The remaining frequencies are those of higher harmonics. What we
will be doing next is in all similar to the Fourier analysis described above. We linearise the fundamental
equations around an average bulk motion described by the background dynamical quantities (po, po, ¢o),
plus some low amplitude acoustic perturbations (ep1,ep1,ew1). The infinite series are truncated to first

order corrections:
p=po+tep1+O(%), p=po+ep+O(?),  =1h+ep +O(). (2.10)

Hence, the continuity and the Euler equation can be rewritten as two versions of themselves: an un-

perturbed and a perturbed one. The unperturbed equations will simply be equations (2.3) and (2.9),



previously presented. The perturbed equations read

Continuity equation: Op1 + V- (p1vo+ povi) =0 (2.11)

Euler equation: o1 + h1 +voVy1 =0, (2.12)

where the perturbation to the enthalpy can be identified as h; = ﬁ—; via a Taylor expansion,

Oh
h=h(p) = h(po +2p) = h(po) +epr | = hipo) + Pl = hy+chy. (2.13)

pP=p0 Po

Notice also vo = Vi)y and vi = V1. Using the perturbed Euler equation (2.12), one is able to write p;
as a function of pg, vg and 1,
P1 = —pPo (aﬂ/}l + VoV’l/)l) . (214)

Together with the barotropic assumption,

_ _9p
p=plp) = p1= 95" (2.15)

and the perturbed continuity equation (2.11), the following wave equation arises:

O <gzp0(at1/11 +vo - V%)) +V. (POV% + %ZPOVO(&% +Vo- le)) =0. (2.16)

This wave equation describes the propagation of the linearised scalar potential 1), . Once v, is computed,
p1 and p; are easily calculated via equations (2.14) and (2.15). Thus, the wave equation completely
determines the propagation of the acoustic disturbances (p1, p1,v1). The background fields (po, po, %0),
which appear as time-dependent and position-dependent coefficients in the equation, are constrained
to solve the equations of fluid motion for an externally-driven, barotropic, inviscid, and irrotational flow.

Defining the local speed of sound in the fluid as

_ ap
2= 2.17
=5 (217)
we arrive at the wave equation
0 (po(Bsth1 + vo - V1)) + V - (= poVh1 + povo(dpihr + vo - V1)) =0, (2.18)

whose corresponding acoustic metric reads:

2 .2 T
p[—(c?=v*) —v
glw(t,x) = E .
-V Ij3x3

For a more complete discussion, see Reference [19]. Note the author uses a different convention for the

sign of the velocity potential v = —V1, symmetric to the one used in this thesis.



Besides the acoustic metric, there is a physical spacetime metric, which is the usual flat Minkowski,
Nuw = diag(fcﬁght, 1,1,1). (2.19)

The fluid particles couple only to the physical metric 7,,. Actually, the fluid motion is completely non-
relativistic: ||vo|| < cighe. On the other hand, the acoustic perturbations couple only to the acoustic
metric g, .

The goal of doing this analogue gravity treatment, as already hinted in Chapter 1, is using it in
BH physics. Bearing that in mind, we present next the definition of the analogues for horizons and
ergoregions. Assuming a steady flow — which corresponds to considering a stationary BH — the time
translation Killing vector reads

K" =09!'=(1,0,0,0)". (2.20)

An ergosurface is defined as the region of space where the norm of the timelike Killing vector is null, i.e.
KMK, = g KPKY = gy =0 (2.21)

which, in the acoustic metric defined in equation (2.2), corresponds to the following condition:
V][ =c. (2.22)

Consequently, the ergosphere — region of space with the ergosurface as an outer boundary — occurs
whenever the flow is supersonic, ||v|| > ¢. The future event horizon, as in GR, is defined by demanding
that it is the boundary from which null geodesics cannot escape. Particles moving along null geodesics
— curves characterised by ds? = 0 — are phonons and photons, respectively in the analogue and in GR.
A past event horizon, on the other hand, is defined in terms of the region that cannot be reached from

incoming particles moving along null geodesics. The regions of interest are summarised in Figure 2.1.

Horizon (Vradiai=C)

Ergoregion
Supersonic flow
Ergosurface

(v=c)

Figure 2.1: Scheme of the different regions of a BH in the fluid analogy.

2.2 \Vortex geometries: the draining bathtub fluid flow

Using the fluid treatment previously introduced, we now particularise for a vortex geometry. It consists of

a draining bathtub flow, similar to the ones we see everyday in wash basins. Figure 2.2 shows a vortex
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created at the Quantum Gravity Laboratory.

Figure 2.2: Vortex used to study the draining bathtub spacetime. Image kindly provided by The Black
Hole Laboratory / Silke Weinfurtner.

The draining bathtub spacetime is best described in cylindrical coordinates. However, as the vortex
is created in a very shallow container, we can, without loss of generality, work with polar coordinates on
a plane — take a constant height z such that dz = 0. From now on, our choice of coordinates is (¢,r, ),

describing a (1 4 2)-dimensional problem.

Let us determine the behaviour of the background fluid such that the vortex comes to existence. Start

with the equation of continuity, which can be written as
1 1
8:&[) + ;ar(rpvr) + ;60'00 = 0» (223)

where the divergence term has been expanded. Looking at the radial derivative, we can write rpv, =

constant, leading to the conclusion that

1
PUp ~ —. (2.24)
r

The fact that the flow is vorticity free, V x v = 0, also has some implications to the background velocity.

Explicitly writing out the curl in cylindrical coordinates,
1 1
VXxv= (Tae’()z - 82”9) e, + (azvr - arvz) ey + ; (87~(’I"U9) - 391%) €z, (225)
one observes that only the component in z survives. The vorticity free condition dictates that
Or(rvg) — Opv,. = 0. (2.26)
The second term is identically zero, rendering rvy = constant. Thus,
1

vg ~ —. (2.27)
T

Finally, conservation of angular momentum — absence of external torques — grants us one last relation.

Taking into account the definition of angular momentum,
L:/derxv, (2.28)
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and the fact that its conservation can be expressed as % = 0, one requires p r x v to be constant in

time. Asr = (r,0,0) and v = (v,, vg, 0), the cross product is

e € e,
rxv=|r 0 0|=rvgey, (2.29)

v, vg O
which, in turn, implies p r x v = prug e, = constant e, . One concludes

PUg ~ 1 (2.30)
T

From these last two constraints, we induce p must be constant, i.e. position independent, throughout the

flow. Consequently, p and ¢ must also be constant. The background fluid velocity can be written as

Ae, 1+ B
vo = w (2.31)

with the corresponding potential vy (r,0) = Alog(r/a) + Bf. A and B are parameters associated to the
radial and angular components of the background fluid velocity, and a is some irrelevant length scale.
Observe that A can be either positive or negative: A < 0 corresponds to a sink and A > 0 to a source.
Respectively, they will either emulate a future acoustic horizon — acoustic BH — or a past acoustic horizon
— acoustic white hole.

Using equation (2.2), the acoustic metric for the draining bathtub is explicitly given by:

- (62 — 7’42;32) —A/r —B
Guv(t,7,0) = g —A/r 1 0o |- (2.32)
-B 0 2

Dropping the position independent prefactor, the line element describing the propagation of sound waves
in the (1 + 2)-dimensional draining bathtub fluid flow reads

2 2
Qs? — <C2 _ A+B) a2 — 22 dtdr — 2Bdtdo + dr? + 12d6”. (2.33)

r2 r

The horizon and ergosphere of the spacetime read

= @ (2.34)
2 2
= VAT B (2.35)

Cc
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Chapter 3

Dynamics of Acoustic Holes

In the current chapter, we look into the dynamics of sound waves around acoustic holes. Working with
the draining bathtub fluid flow, we start by assessing the behaviour of perturbations. We study under
which conditions superradiance occurs, whilst examining the characteristic modes of the holes. These
characteristic modes go by the name of quasinormal modes and are a very useful tool for checking the

stability of the wave solutions.

3.1 Wave equation

In order to obtain the wave equation ruling the behaviour of sound waves in the draining bathtub flow,
we recover the general result of equation (2.18) and use the background fluid flow velocity presented in
equation (2.31):
9 A B c? 9
01 + ?37« + 77239 Opihr — ﬁ(ar(rarwl) + 0gb1) = 0. (3.1)
The ansatz of a plane wave,
U1 (t,7,0) = R(r)e " @t=m0), (3.2)

allows us to separate the wave equation, obtaining for the radial part
R, +P(r)R,+Q:i(r)R=0, (3.3)

where

24,22 o 2
Pl(r):A +réc? — 2i{A(Bm — r°w) (3.4)

r(r2c? — A?)

_ 2iABm + B*m? — *m?r? — 2Bmwr? + rtw?

Qu(r) r2(r2c2 — A2) (3.5)
With the goal of simplifying the wave equation, one introduces the tortoise coordinate
dr, A2\
e A<102r2> , (3.6)
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which explicitly reads
A

re =7+ — log

50 (3.7)

cr— A
cr+ Al

This allows one to write R(r) = Z(r)H (r) and rearrange the equation so that it is expressed in terms of
H:
ZN*H, . +(ARZ, + P Z)+NZ)H . + (Zpp + PLZ, + Q1 Z)H = 0. (3.8)

By requiring Z to be a solution of the equation

(c?r? — A?) + 2iA(Bm — r*w)
r(c?r? — A?)

Z¢+% Z =0, (3.9)

that is, by setting the coefficient of H ,., to zero, we reach the following Schroedinger-like wave equation:

9 Bm\? 22— A2 9 5 1 5A2
W) T UM ) T

Using the rescaled quantities 7 = 74, & = “4 and B = &, the wave equation reads

H,.p + H=0. (3.10)

H;, ;. +Q()H =0. (8.11)
The potential is
B 2
. m .
Q= <w = ) —V(#) (8.12)
21 5 1 5
V= = (r (m _4>+4f4>' (8.13)

From here onwards, all hats are dropped and one works only with the rescaled quantities. In such

units, the horizon and ergosurface occur at the following radii:

rg =1, TGZ\/I—l—BQ. (314)

3.2 Wave dispersion relation

The acoustic dispersion relation of the vortex geometry may be derived by looking at the perturbation as
a plane wave,
1 = A(r)el @tk (3.15)

where k = (k,m) and r = (r, 0). Using the plane wave ansatz and considering the amplitude A(r) to be

slowly varying when compared to the exponential, we obtain the following equation

Alk[]* = (w —k-vo)* =0, (3.16)
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which can be cast into the form of a dispersion relation:
w=k-vo k] (8.17)

One can think of this relation as the standard dispersion relation, w = ¢||k||, on a moving fluid. Indeed,
the Doppler term in vq arises due to the fact that the perturbation happens on top of a moving fluid and
hence its frequency shifts. The & sign accounts for the relative motion of the wave with respect to the
motion of the background fluid. The wave may move for (+) or against (—) the background fluid.

In the specific case of the draining bathtub spacetime, the dispersion relation reads
A B
wo Ak B i me, (3.18)
T T

To view how these results are affected by viscosity, cf. Reference [20].

3.3 Scattering in the vortex geometry. Superradiance
As previously introduced in equation (1.5), superradiance is a phenomenon that occurs when
w < mbB, (3.19)

where we have written B instead of 2, as B is the angular velocity at the event horizon in the draining
bathtub spacetime. Now, we will show how the amplification of the incident waves comes about. In other

words, one will show how the superradiant condition results in the following inequation:

2
> 1, (3.20)

‘ Aout
Ain

Aot being the amplitude of the outgoing wave and A;, that of the incident wave.

Due to the complicated form of the potential in the wave equation, we cannot write an analytical
solution that holds for the entire space. It must be computed numerically. Such can be achieved by
imposing appropriate boundary conditions, at the horizon rg = 1 and at infinity ., = oco. In terms of
the tortoise coordinate, these read r,,, = —oo and r,_ = oco. The appropriate boundary conditions
correspond to the analytical solutions of the differential equation at the aforementioned radii. When

r—rg, V —0and Q — (w— Bm)?, yielding
H,. .. + (w—Bm)*H =0. (3.21)

The solutions of the differential equation are of the form H ~ e*(«“=Bm)r- where our convention of time
dependency dictates that the minus sign corresponds to incoming waves and the plus sign to outgoing
waves. Given the nature of the horizon, which is, by definition, the geometrical place from which no

information comes out, we require there to be only incoming waves. The solution at the sonic horizon
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then reads
Hpy = Age "@=Bmr. (3.22)

For sufficiently large radius, when V' — 0 and Q — w?, the wave equation reads
H, .. +w’H=0, (3.23)

which yields the solution
Hoo = Appe ™ 4 Agype™™. (3.24)

In a wrap, we use the solutions at the horizon, equation (3.22), and at infinity, equation (3.24), as

boundary conditions for the numerical solution of the wave equation.

Now that we have properly motivated the need for boundary conditions, and derived them, we return
to the initial argument that superradiance results in the amplification of incident waves. We start by
rewriting the boundary conditions as

Hoo = Ry ™7 4 o717 (3.25)

Hp = Ty ¢ @7mB", (3.26)

where R, is the reflection coefficient and T,,,, the transmission coefficient. Note that normalisation of
the incoming wave has been assumed, as we have set its amplitude to 1 in equation (3.25). It has been
made evident that both the reflection and transmission coefficients depend on the wave frequency w and

on the azimuthal number m. Observe the reflection coefficient is defined as

2

Aout , (3.27)

Ain

|me‘2 = ‘

as it tells us about the component of the wave that is reflected back in a scattering experiment. The
transmission coefficient, on the other hand, refers to the component of the wave that is transmitted
through the scattering surface. These components beg for an energy conservation equation. In standard

potential step scattering problems, such conservation equation is of the form
1—|R]> =|T)?, (3.28)

|R|? and |T'|? generic reflection and transmission coefficients, respectively. Observe the energy conser-
vation condition is very intuitive, as it claims the energy carried by the wave before and after scattering
must match; read 1 = |T'|> + | R|?, with the LHS referring to the energy before scattering and the RHS to
the one after scattering. The aim of the following calculations is to deduce a similar equation. Such can
be achieved by realising the wave equation of our problem does not have any dependencies on H ...
When this happens, the Wronskian is constant in the variable r... Proof of this statement can be found
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in Section 5.3. The Wronskian W of two given functions y; (r) and y2(r) is defined as

Y1 y%

AT

W(y1,y2) = (3.29)

So now it is just a matter of computing the Wronskian of the solutions H and H' at the event horizon

and at infinity,

Woo(H,H') = 2iw (1 — | R |?) (3.30)

Wy (H,H') = 2i(w — Bm)|Tyum|*, (3.31)
and equating them

R (e 8.32)

It has become evident that in superradiant regimes the reflection coefficient must be greater than 1. That
is, equation (3.20) is verified.

Next, we work with the wave equation
1\’ &*H 2 1\ dH
l—=) =5 +3|1-=5 )= H= _
( 7°2> PICRR ( r2> ar +Q(r) 0, (3.33)

where we have written the derivatives with respect to the tortoise coordinate r. in terms of the radial

coordinate r. Recall the definition of the potential,

Bm\? r2-1/1 1 5
o =(-7) - (m (- 1)+ a):

The numerical method used to solve the wave equation consists in iteratively integrating it for different
frequencies w, imposing the boundary conditions of equations (3.22) and (3.24) . The output of each
cycle consist of a pair of points (w, |R..|?), which is later plotted. A series expansion with the aim of
increasing precision near the boundaries is performed — see equations (3.36) and (3.37) for an illustrative
example. We normalise the incoming wave by setting Ay = 1 in equation (3.22).

In Figure 3.1, we present some of the plots produced. In the plots, we have included a dashed line at
|R.m|? = 1. This line sets the frontier between the cases of no amplification and amplification. Whenever
the curves are above the dashed line, there is superradiant scattering. It is interesting to note that the
intersection of each curve with the horizontal line happens when w = mB, as predicted by the theory.
Out of the parameters chosen, the maximum value obtained for amplification was |R.|*> = 1.805 for
w =4.18, m = 1 and B = 5. Larger amplification is obtained for larger values of the rotation parameter
B. Once rotation is the source of amplification in superresonant mechanisms, it is natural that the greater
the rotational speed, the greater the amplification: more rotational energy is available. This very same
reason justifies that B = 0 produces no amplification. We also see that greater amplification occurs for
m = 1 rather than for m = 2. An explanation for this phenomenon is discussed in Appendix A. The

results obtained are consistent with previous works, in particular with Figure 2 in Reference [21].
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Figure 3.1: Reflection coefficient | R..,,|? as a function of w. Several solutions for the differential equation
are produced, as one changes the value of parameter B, the angular velocity at the horizon. The left
hand panels show the results for m = 1 and the right hand ones the results for m = 2. |R,,,|? = 1 (limit
above which superradiance occurs) is plotted as a dashed line.

One observes the reflection factor is never larger than 2. This upper bound is also present in the
Reissner—Nordstroem BH and as we will see in the cylindrical setup evaluated in the following chapters.

We refer to an explanation for such factor then.

3.4 Quasinormal modes and stability

Working with the boundary conditions presented in Section 3.3, we now turn our analysis to the Quasi-
normal Modes (QNMs) of the (1 + 2)-dimensional bathtub flow. If an isolated guitar string vibrates in
normal modes, a guitar string coupled to air vibrates in QNMs. In fact, the energy transfer occurring
from the string to the surrounding air adds on an imaginary part to the frequency of the (quasi)normal
modes. This imaginary part directly accounts for the losses or, in the opposite range of the spectrum,
for instabilities associated to wave amplification.

In order to properly assess the behaviour of the wave equation, we look at the radial time-dependent

solution at infinity, ¥ ~ e?*"~i! which can be rewritten as
P~ e(r=t) (3.34)

when natural units (¢ = 1) are considered. The particular solution considered in equation (3.34) cor-
responds to the outgoing part of the wave, in accordance with the boundary conditions imposed of no

incoming waves at infinity. Note that an analogous analysis for ¥ ~ e~#7+i (incoming solutions) could
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also be considered. A complex frequency w = wg + iw; leads to solutions
U~ eionlrtlgmwr(r=t) (3.35)

where wg influences the phase of the wave and w; modifies its amplitude. Moreover, the sign of w;

determines the stability of the solution:

wr >0 Damped solution in space, unstable (amplified) in time.

wy <0 Amplified solution in space, stable (damped) in time.

In order to compute the QNMs, we use direct integration a la Chandrasekhar-Detweiler [22]. The gist

of the method is illustrated in Figure 3.2.

Horizon Matching radius Infinity

: only incoming waves : only outgoing waves

1st branch of integration 2nd branch of integration

»
Ll |

Figure 3.2: Gist of the numerical method of direct integration used to compute the QNMs. We con-
sider two integrations, the first being from rg to r,, and the second from r,,, to co (more accurately, to
numerical infinity). At r,, (matching radius), both solutions and their respective derivatives must match.

Working towards the increase in precision in the numerical integrations, we define series that are

ansatz for solutions in the regions of interest. Particularly, at the horizon and at infinity. The series

ansatz are
Horizon: Hy = (r—1)"" @ mBRN"p (r—1)" (3.36)
n=0
HPRCr. _iwr - In
Infinity: Ho=e =, (3.37)
T
n=0

where the coefficients h,, and g, are computed numerically, by matching the ansatz with the wave
equation. For a generic frequency, the wave equation is continuous but its derivative is discontinuous
at the matching point. On the other hand, frequencies corresponding to QNMs produce functions with
continuous derivative. Finally, one should note that the frequency of the QNMs should not depend
on the matching radius r,,, chosen. Taking these requirements into account, one arrives at the QNM
frequencies displayed in Table 3.1. The results are in accordance with the existing literature, namely
with References [21] and [23]. Bearing in mind the stability arguments presented above, one concludes

that no instabilities arise in the QNMs discovered, as w; < 0.
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\ WQNM

0.4069 — 0.3412¢
0.9527 — 0.3507¢
1.4685 — 0.35244
1.9765 — 0.3530¢

B~ w o RS

Table 3.1: Fundamental quasinormal frequencies, for B = 0.
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Chapter 4

Dynamics of Acoustic Geometries

The vortex geometry presented before, despite being very elegantly formulated, is rather troublesome
to the experimentalist. At supersonic velocities, effects such as turbulence may arise. This is greatly
inconvenient as these effects spoil the analogue model described previously. In the present chapter, we
analyse another experimental setup that does not require supersonic velocities. Such setup relies on the
existence of a rotating cylinder as a possible source of amplification. Firstly, we assess how the sound
waves interact with the rotating cylinder in a scattering experiment. We wish to investigate whether
the existence of horizons is a requirement for superradiance. Furthermore, with the aim of studying
superradiant instabilities, we add another cylinder, concentric with the first one and of larger radius. In a
superradiant regime, we expect to see a sequential amplification of the waves, reflection after reflection,

as a result of the confinement.

4.1 Wave equation

The new setup consists of fluid surrounding a rotating cylinder. We consider the fluid to be at rest,
despite the rotation of the cylinder. As we previously saw, the most general wave equation ruled by the
continuity and the Euler equations is expressed by equation (2.18). When we take into account a static

fluid configuration, vo = 0, such wave equation simply becomes

024y — V- (2Vipy) = 0. (4.1)
Using the plane wave equation ansatz given by equation (3.2), where we identify R(r) = “’\%),
Wt 7 0) = @(r)efi(wtfmﬁ) (4.2)
) ) \//F 3

the wave equation (4.1) becomes

2
2, (@0 (2 L)),
Orp + <02 - (m 4>) p=0. (4.3)



This wave equation has a known analytical solution, expressed in terms of the Bessel functions,
90(7') =D \/;Jm (wT‘/C) + D2\/77Ym (w?"/c), (44)

where D, and D, are constants to be determined according to boundary conditions.

4.2 Scattering off a rotating cylinder. Superradiance

The cylinder, of radius Ry, is characterised by a quantity called acoustic impedance. Its value determines

the interaction wall-fluid. The acoustic impedance Z, as defined in Reference [24], is

p(x,w)

2(x,w) = v(x,w) - ng(x)

: (4.5)
where p and v are respectively the pressure and velocity of the fluid, ng is the normal to the surface
on which the velocity is measured, w is the wave frequency and x refers to the position at which the
aforementioned quantities are evaluated. Note that the impedance is a complex variable. The real part
is called resistance and the imaginary part is the reactance. The concept of the resistance is similar to
that of a regular resistance. Think in terms of Ohm’s law. A given material, depending on its resistance,
will dissipate more or less energy. The reactance, on the other hand, measures the dephasing of the

sound wave during the interaction.

Under the conditions described in Reference [14], Z,, can be written as

(%)
V1

This definition stems from the barotropic condition, where the pressure can be expressed as p; =

__ipow
== (4.6)

T'ZRO

—po0ih1 = —iwpphy. In terms of the radial field defined via equation (4.2), equation (4.6) reads

] 1
Orp = (— tPo% + > %)

— 4.7
Zy 2Ry 47

T:Ro

This equation is the boundary condition one imposes at » = Ry. For a cylinder rotating uniformly with
angular velocity €2, the frequency of the incident wave can be modified to include the angular rotation
such that

w— O =w—mfd. (4.8)

One can arrive at a condition for energy conservation using equation (4.7) as a tool to compute the
Wronskian at Ry,
RG(ZL;,)

Wr, (0, 0") = QiPOJJWW(Ro)F- (4.9)

In the limit » — oo, the wave equation (4.1) behaves as equation (3.24). Recall the latter described the
wave solution at infinity for the vortex spacetime. As a result, the Wronskian of both wave equations is

the same. Once again, the radial wave equation does not depend on the first order derivative in r of the
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field. We equate Wg, (¢, o) with W, (¢, ¢1),

1= Rl = (1= 220) s G 2 ol R)P (4.10)
Also in the cylinder spacetime the superradiance condition w < mS) implies |R,,,|*> > 1.

Similarly to what we did in the previous chapter, when studying scattering and superradiance, we
present here the output of the reflection coefficient as a function of the frequency w of the perturbed
sound waves. The numerical implementation is in all identical to the previous one. A very obvious
distinction between the curves in the two spacetimes has to do with the fact that here the curve never
reaches |R,,|? = 0. This is a consequence of the definition of the acoustic impedance, which has been

setto Z = 1 —i. This value is standard for several known materials [25]. Out of the plots displayed, the

m=1 m=2

Q=01

[Rom ?
[ R ?

0.6

45 T T T T T 30

25

30 F 4 20
Q=0
=1
4 Q=3
0=5 Q=5
15 + 4 10 +

[Bom
I
[Roml?

Figure 4.1: Reflection coefficient | R,,,,,|* as a function of w. Several solutions for the differential equation
are produced, as one changes the value of parameter (2, the angular velocity of the rotating cylinder. The
left hand panels show the results for m = 1 and the right hand ones the results for m = 2. |R,,,|*> = 1
(limit above which superradiance occurs) is plotted as a dashed line. The following parameters were
used: c=py =Ry =1and Z =1 —i. Q is presented in units of ¢/ Ry.

maximum amplification for m = 1 occurs when Q = 3 and it corresponds to |R,,,,|*> = 43.677, atw = 1.18.
For m = 2, we recognise the maximum amplification happens when Q = 5, with |R,,,,|? = 28.314, at
w = 2.20. The location of the maxima is related to the QNMs. We address this issue in Section 4.3.

An interesting exercise would be to determine the optimal conditions for amplification. For m = 1 and
m = 2, we find the rotational speed 2 for which the amplification of the perturbations is the greatest.
In order to do that, we reproduce the curves above for a larger set of values of 2. At each of those
values, we asses the maximum amplification. The results obtained are given in Table 4.1. Note the
maximum amplification associated to m = 1 is greater than the one to m = 2, as usual. Finally, one

should mention that when Q = 0, the curve is always below the dashed |R.,,|?> = 1 line. In other words,
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\mzl\m:Q

Q 2.3 3.8
|Ruml|? | 4990.6 | 1497.4
w 0.91 1.81

Table 4.1: Q2 that maximises the reflection coefficient | R,,,,,|* for m = 1 and m = 2. Q is in units of ¢/ Ro.

when the cylinder is not rotating, there is no amplification. Indeed, a non-rotating cylinder is a cylinder
from which no energy can be extracted.

The amplification is never larger than |R,,,,,|* = 2 when Q < 1. This behaviour is displayed in Figure
4.2, where we zoom in the region corresponding to superradiance for rotational speeds Q2 < 1. Using

WKB expansions, one can predict such limit. For a full discussion on the subject cf. Reference [26].

m=1
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Q=07
Q=038
[ Q=09
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Figure 4.2: Reflection coefficient |R,,,,|> as a function of w. We zoom in the region for which superra-
diance occurs, plotting the results for @ < 1. One observes the amplification is increasing with Q, but
never reaching |R,|* = 2. Q is in units of ¢/Ry.

When we exit the realistic range of values for the acoustic impedance, we observe the upper bound
of 2 no longer exists. We refer to Figure 4.3 to illustrate such behaviour, where Z has been set to one
tenth of its real value. On the other hand, larger values of acoustic impedance yield smaller values of

m=1,7Z=01(1-1)
140

Q=06 -
Q=0.7
120 - 0=08
Q=09
100 +
o 80
5
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20 +
4/>/_\\
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0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 4.3: Reflection coefficient |R..,|> as a function of w. We look at smaller values of the acoustic
impedance to conclude that they allow for greater amplification. When Z = 0.1(1 — ), the upper bound
of |R,m|* = 2 no longer exists. 2 is in units of ¢/ Ry.

amplification, as demonstrated by Figure 4.4. There is a tendency that larger impedances return smaller
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Figure 4.4: Reflection coefficient |R.,.,|? as a function of w. We look at greater values of the acoustic
impedance, Z = 10(1 — 4), to conclude that they yield lower amplification values. € is in units of ¢/ R,.

amplifications; and vice-versa. This result makes sense when we think of the nature of impedance,
which is that of a resistance — the imaginary part of the impedance will only influence the phase of
the reflected wave, so we need not worry about it for the current discussion. The resistance dictates
how much of the energy carried by the incoming wave is lost at the boundary. Hence, the greater the
resistance, the greater the energy loss at the cylinder wall. Consequently, we expect to see a decrease
in the reflection coefficient. See Figure 4.5, where we plot different values of Z for a fixed rotational
speed Q = 0.7 ¢/Ry.

m=1 Q=07
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 4.5: Reflection coefficient | R,,|? as a function of w. By keeping the rotation speed of the cylinder
constant (2 = 0.7 ¢/Ry), we see how different acoustic impedances influence the reflection coefficient.
One can clearly observe that the smaller the impedance, the larger the amplification. Finally, it is inter-
esting to note the superradiant regime ceases to exist as soon as w reaches 0.7, as predicted by the
superradiance condition (m = 0.7).

4.3 Quasinormal modes and stability

In the spirit of studying superradiance-triggered instabilities, we look at the QNMs of the system. We will
do this in a slightly different fashion than before. By confining the cylinder, we look at solutions whose

frequencies w are invariant under changes of such confinement radius. The confinement is achieved by
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adding a cylinder to our setup. It has radius R; > Ry and is concentric with the first one, as displayed

in Figure 4.6. We impose the outer cylinder to behave as a perfect mirror. That is, the outer wall reflects

Figure 4.6: Pictorial view of the confined setup.
back all incident radiation. The boundary condition at R;, defined in terms of the radial velocity, reads
vi-e, =0 — 0,9 =0, (4.11)
which, in terms of the radial field, corresponds to setting

Brp— 2 =0. (4.12)
2r

This boundary condition could as easily been derived by setting Z,, — oo in equation (4.6). Note that
a material with an infinitely large acoustic impedance is one that forbids any radiation to go through,
resulting in total reflection of the wave.

In this configuration, whenever both wgr and w; are constant, we have found a QNM. In Figure 4.7,

the solutions for rotational speeds 2 of 5, 4 and 3 are QNMs. The remaining, despite having a constant

wy for high values of R;/Ry, have a varying wg and thus are not QNMs of the open system. The

2 : : : : : : Q=50 0.7

Q=40 Q=40
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Figure 4.7: Real and imaginary parts of the frequency w as functions of the confinement radius R, /Ry. If
w remains constant as the radius changes, eliminating the outer wall altogether will produce no change
in the frequency. Frequencies in such a regime are those of QNMs. Q is in units of ¢/Ry.

requirement for constancy of w ensures the frequency at infinity to be the same as the one found in
the confined setup. In fact, the QNMs found are frequencies which solve the wave equation (4.3) for a
given radius R; > Ry. Notice that R; corresponds to the upper radius of integration in the numerical

implementation of the problem. Physically, we can think of an outer cylinder with an increasingly larger
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radius, producing the same wave solutions. Make such radius large enough (R; — oo) and one has

found the characteristic frequency of the open system, the QNM. These are listed in Table 4.2.

Q ‘ WQNM (m = 1) ‘ WQNM (m = 2)
3.0 | 1.1744 4+ 0.1772¢ -

3.5 | 1.3669 + 0.2928¢ -

4.0 | 1.5610 + 0.4050z -

4.5 | 1.7562 + 0.5148¢ | 2.0124 4+ 0.1912¢
5.0 | 1.9522 4 0.6228¢ | 2.1845 + 0.3262:
5.5 | 2.1487 4 0.72957 | 2.3618 + 0.4564¢
6.0 | 2.3457 + 0.8351¢ | 2.5428 4 0.58251

Table 4.2: Frequencies of QNMs, for m = 1 and m = 2. The frequencies presented correspond to the
fundamental mode. The entries of the table marked with — are those for which we could not find the
corresponding wqnn. We were able to find QNM down to @ = 2.8 for m =1 and 2 = 4.2 for m = 2.

Recall the discussion in Section 3.4; the QNMs displayed are unstable (w; > 0). The result is
not surprising. The frequencies of Table 4.2 correspond to domains where superradiance is present
—cf. Figure 4.1. Unstable frequencies result in wave amplification, which is precisely the definition of
superradiance. Hence, we arrive at a very handy rule of thumb: whenever the QNMs are given by
frequencies whose imaginary part is positive, we are in the presence of superradiance; the reverse
implication is also true. Note this justifies the fact that the QNMs in Section 3.4 are stable. They were
computed for B = 0, where superradiance does not exist.

Comparing the QNM frequencies displayed in Table 4.2 with Figure 4.1, one identifies a correspon-
dence between the maximum amplification and the location of the QNMs. See Figure 4.8, where we

have plotted the | R...,|? curves, signalling the QNM frequencies as well. A QNM is, by definition, a mode

m=1

o o

o oot
(=N}

te}ohoke]

|Ruml?

Figure 4.8: Reflection coefficient | R.., | as a function of w. We focus our analysis in the relation between
the maximum amplification factor and wqnm by drawing vertical lines that correspond to Re(wgnm). The
QNMs are drawn in the same colour as the respective reflection curves. Q is in units of ¢/ Ry.

in which the wave is described by

W = Agupe WNMT 5 0, (4.13)

This is a solution where A;, = 0. Hence, in this regime, we expect | R,,|?> — oo. If we were dealing with
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normal modes (with purely real frequencies), we would expect the reflection coefficient to be roughly
described by §(w —wqnm ). That is, the maximum amplification would occur for w = wqnm. However, the
presence of an imaginary frequency shapes the Dirac delta into a Gaussian, rendering the maximum
amplification close to Re(wqn), but not precisely there.

Yet an additional approach to this problem consists in investigating whether the QNMs and Q are
related. With that in mind, we looked at other values of 2 and searched for the corresponding wqnwm-

The results are in Figure 4.9. The data was adjusted to a linear regression wqnm = a2 + b. The fit

wr,m =1 ‘
4+ wr,m=1
WR,M =2
35 - wr,m=2 )
3+ i
2.5 E
= 2+ 4
&
3 15 - =
1+ i
0.5 + i
0
—0.5 E i
—1 L L L L
0 2 4 6 8 10

Figure 4.9: Linear regressions for the values of frequency of the QNMs, real and imaginary. Two sets of
regressions are displayed, corresponding to results for m = 1 and m = 2. Q is in units of ¢/Ry.

parameters are in Table 4.3. These regressions have a domain of validity, having been confirmed up

m=1 ‘ m=2
WR \ wr | WR \ wr
a 0.3926 + 0.0002 0.2144 + 0.0005 0.3640 + 0.0010 0.2491 + 0.0011
b | —0.0083 £ 0.0013 | —0.4554 4+ 0.0028 | 0.3663 4+ 0.0062 | —0.9206 + 0.0070

Table 4.3: Fit parameters for the plots displayed in Figure 4.9. The linear fit equation is wqnm = af2 + b.

until 2 ~ 33 ¢/Ry form =1and Q ~ 10 ¢/ R, for m = 2.

4.4 Confined geometry

Rather than using the confinement as a means of computing QNMs, one examines how it can impact
the stability of the solutions. We turn our attention to the values of w; in subcritical rotational speeds:
Q < ¢/Ry. A close look at Figure 4.7 and we see that, as one approaches subsound rotational speeds,
w; becomes smaller and smaller. At a certain point, it may even become negative. In fact, for some
rotational speeds 2 and at given ratios R;/Ry, there are stable solutions (w; < 0). The behaviour is
displayed in Figure 4.10.

The data there seems to suggest that for increasingly lower rotational speeds, the point where the

curve for wy(R1/Ro) crosses the w = 0 axis is increasingly higher. Working with other values of Q2 and
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Figure 4.10: Imaginary part of the frequency versus the radius R;/Ry. For subcritical values of , one
can find stable solutions at certain ratios R/ Rg. £ is in units of ¢/ Ry.

studying where this crossing occurs, we produce the results of Figure 4.11, which fitto R1 /Ry = §. a'is
a free parameter. Note that we have some results for €2 > 1. In that domain, the crossing is also present.

We had not noticed it in Figure 4.7, as it happens outside the range of R; /R, considered. To decode the

250

200

Ri/Ry

w00 [ %

50 |- K

Q

Figure 4.11: Coordinates R;/R, and 2 for which w; = 0. For increasingly lower rotational speeds, the

point where the curve for w;(R1/Ry) crosses the w = 0 axis is increasingly higher. The fit equation is
R1/Ro = (21.1154 + 0.0175) /Q.

nature of the fit, we can think of the physical consequences of setting w; = 0. In the limit of vanishing
wr, superradiant instabilities are non-existing. More precisely, we are in the regime where w = mQ, w
being a purely real frequency. Our knowledge of normal modes allows us to recognise that, given finite

boundary conditions, w is inversely proportional to the distance between such finite boundaries. In our
specific case, we can thus write
1

——— ~ mf),
R1/Ry

(4.14)

in agreement with the numerical results.
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Chapter 5

Dynamics of Acoustic Geometries in

Viscous Flows

In the current chapter we inspect the behaviour of acoustic perturbations in viscous fluids. In particular,
we hope to validate our approach of working with water, considering it to be non-viscous. If we cannot
do so, we wish to see how good of an approximation it is. We start by presenting the modifications to
the governing equations and deriving the corresponding wave equation. Then, we explore how viscosity

alters the results in scattering experiments as well as the QNMs of the system.

5.1 Governing equations and wave equation

Viscosity is a phenomenon of internal friction, which causes an irreversible transfer of momentum from
points where the velocity is large to those where it is small. Processes of internal friction occur in a fluid
only when different fluid particles move with different velocities, so that there is a relative motion between
various parts of the fluid. Including viscosity in the treatment done so far means that a modification of the

fluid equations is in order. At this point, we substitute the Euler equation by the Navier-Stokes equation,
_ 2 H
p@tv+pv«va7Vp+uVv+(§+§)V(V-V). (5.1)

This formulation of the Navier-Stokes equation holds for compressible flows, where we require p and ¢
to be constant throughout the flow. 1 and ¢ are, respectively, the dynamic and second (bulk) viscosities

of the fluid. The following vector identities

Viv=V(V-v) =V x (VxV) (5.2)

v-Vv= %Vv2 +(Vxv)Xxv, (5.3)
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may be used to simplify the equation. Taking into account the fact that the flow is irrotational, V x v = 0,

equation (5.1) further simplifies to

1
ZVv? — @ + EVQV

; 5.4
5 P (5.4)

8tV:—

where «, the viscosity parameter, is defined as a = ¢ + 3u. Linearising and following the procedure

described in Section 2.1, we obtain the perturbed version of the Navier-Stokes equation,

\Y% ,
Vi = —V (Ve Vi) — ~24 4 & (VQ(W) - ’“W(vwo)) , (5.5)
Po Po Po
which can be integrated out and rewritten as
O = —vo - Vip — 2L 4 & (V% - mVV()) . (5.6)
Po Po Po

The corresponding wave equation reads

04 {@% +vo- Vi — 2 (VQ% Py, vo>}
Po Po

LV {—W’l +vo (atwl +vo - Vi — & (V% - /‘fv-vo»} =0 (5.7)
0

c? Po

Taking into account that the background flow is incompressible, V - vo = 0, the equation reduces to

) {atwl +vo - Vi — ;‘v%} +V- {—czwl +vo (atwl +vo - Vi — ;‘v%) } =0. (5.8)
0 0

Setting o = 0, one recovers the non-viscous result of equation (2.18).

As a side note, observe equation (5.8) yields the d’Alembertian

4
Ay = 32500 vo - V) (e V), (5.9)
0
which, under the definition of the four-velocity as V# = E}p‘% can be expressed as
Ay = 22 (g, ) 2vP) (5.10)
1= 3 50C m C 1) .

Thus, the wave equation results in a metric that is no longer Lorentz invariant:
g = VIRV + ¢ (@) grv (5.11)
p

One should also inspect the effect of viscosity in the definition of specific enthalpy. Due to the
irreversible modifications in the system viscosity induces, one can no longer claim entropy is conserved.

Consequently, specific enthalpy assumes its most general form, as

ih = Las+ . (5.12)

pV p
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When dS = 0, we obtain the formerly known definition of equation (2.8).

Working once more in a static fluid configuration, the wave equation (5.8) reads
824, — <‘;at + c2> V2, = 0. (5.13)

Again, the differentiating element is the viscous term in «. Making use of the ansatz (4.2), one obtains

the wave equation in terms of the radial field,

2
9 w 1 5 1

— - = = 5.14
e <02 —iwa/py 17 <m 4>> 70 (514

from which we observe viscosity is only relevant when dealing with high frequencies w. The viscous

term can be thought of as a correction to the local speed of sound. We define an effective local speed

of sound,
2y =c? -2, (5.15)
Po
which can be cast to polar form,
Coff = ", (5.16)

with

2 2\ % [g2 _ 2 41
8= <1+ %) , sinf = %, cosf = 62;; . (5.17)
0

It is interesting to note that the wave equation obtained,

w? 1 1
ot (5 (n0-3)) om0 19

has a known analytical solution,

@(r) = DiV/rdm(wr/cen) + Do/rYo (wr/cer), (5.19)

in all identical to the solution for the non-viscous case, given by equation (4.4).

In view of analysing the role of viscosity in the analogue treatment, we first derive its units. Secondly,
we define the range of realistic values in such units. Numerically, we work with ¢ = p = 1. This choice is

equivalent to rescaling the quantities

o
|
o
|
|

, (5.20)

€pPo

resulting in the wave equation

2p(r) + < w2 1 (m2 - i)) ©(r) = 0. (5.21)

1—i60 r?

In the following sections, we will be studying how superradiance and the instabilities are influenced

by viscosity, and we want our simulations to reflect real viscous fluids. That can only be achieved by
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matching « with the viscosities of real fluids. Bearing that in mind, we proceed to dimensional analysis
of « in equation (5.18):
(5.22)

where M is a mass unit, L stands for length and T for time. Equation (5.21) allows us to conclude on the
units of the new viscosity parameter &,

4] = L. (5.23)

A list of viscosities for some known fluids in these units can be found in Table 5.1. The choice of cm for

length has to do with the experimental realisation of the setup; in particular with Ry = 1 cm. These orders

Material a(Pa-s) | pkg/m?) | c(m/s) & (cm)
Gasoline | 6.00 x 10°© 700 1250 | 6.86 x 10~ 10
Mercury | 1.53 x 1073 13600 1420 7.92 x 1079
Water 0.001 998 1480 6.77 x 1078
Kerosene | 1.64 x 1073 810 1320 1.53 x 1077
Linseed oil 0.033 820 1770 2.28 x 1076
Glycerin 0.950 1260 1920 3.93 x 1075
Castor Ol 0.650 961 1480 | 4.57 x 107°

Table 5.1: Viscosity & of known materials at room temperature. We can observe that viscosities of typical
fluids are, at most, of the order of & ~ 10~ cm.

of magnitude will serve as reference in the upcoming sections. All hats are dropped for the remainder of

the chapter.

5.2 Wave dispersion relation
Following the prescription presented in Section 3.2, one obtains the equation:
A~ w? i[> =0, (5.24)

whose roots yield the dispersion relation

_ ok < [[k|[*/4c?p? — [[k[]?a?
2p '

(5.25)

Setting o« = 0 produces the non-viscous result. Being the background fluid at rest, we do not obtain a
Doppler correction as in the draining bathtub spacetime. Instead, some correction terms in the viscous

parameter arise.

5.3 Scattering in the presence of viscosity

Working with the viscous wave equation (5.18), we start by deriving the condition for energy conser-
vation. Following the demonstration in Reference [27], one can show the Wronskian associated with

equation (5.18) is not constant. This result appears as a consequence of the effective potential in the
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wave equation being complex. Consider a Schroedinger-like wave equation, of the form

Y @) + i@y =0, (5.26)

where y(x) is a scalar field and the effective potential is given by V(z) +iI'(z). V(z) and I'(z) are real.

The spatial derivative of the Wronskian reads

Wy = - (Wdey” =y Ouy) = yory* —y 02y = 2T |y, (5.27)

where we used equation (5.26) to substitute the second order derivatives. This result depends only on
the imaginary part of the potential. Given a real effective potential, T'(z) = 0, the Wronskian is constant

in z, justifying the previous analysis. The effective potential of equation (5.18) is given by

w? 1 9 1
S S—— S 2
2 —iwa/py 12 <m 4) ’ (5:28)
which, in terms of V(r) and I'(r), can be expressed as
2.2
ve—Y° % <m2 - 1) (5.29)
r 4
“+ (%)
3
r=——%*__ (5.30)
pc4 4 wiaz

p

Thus, one obtains the radial derivative of the Wronskian,

dw aw?

Y i o) (5.31)
4 2,2

dr pct + woan po‘

Integration in the radial coordinate yields

W(r') — W(Ro) = 21'[% /R dr|(r) 2, (5.32)
with 8 defined in equation (5.17). We considered the upper limit of integration to be a generic radius r’.
In a scattering experiment, we study the unbounded system, where ' — oc. Later in the confined setup
the integration limit is adjusted accordingly (r' = R;).

The Wronskian at Ry is still given by equation (4.9). The Wronskian at infinity is slightly modified.
Actually, the behaviour of the viscous wave equation (5.18) is similar to the previous case, provided we

substitute ¢ — c.g. Hence, we write

21w

Woo(spa (pT) = Coft (1 - |me|2) (533)
The energy conservation condition reads
% (1 Rom )~ poles ~ m) S (o) = 22 [ ot (5.34
Ceff wm pO |Za}|2 (p 0 pOC4/84 RU ()0 . B
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Due to the fact that the RHS of the equation is not zero, we obtain a modified condition for |R,,,,|* for a
viscous superradiant system,

w<mQ = |Rym|* >1—aw’. (5.35)

When o = 0, one recovers the non-viscous result. We have now returned to our units of pp = ¢ = 1.
In fact, we chose working with these variables explicitly in the above demonstration to avoid misplacing
cet- Thus, one should look at the equations above with a critical eye, bearing in mind that whenever pq
or ¢ are present we refer to « in the standard units of % and not to 4. Note the corrections due the aw?
term are not noticeable in this work, given the ranges of o and w considered.

Identically to the previous chapters, we plot the reflection coefficient |R,,|?> as a function of the
frequency w — Figure 5.1. We work with Q = 0.9 and Q = 3 for both m = 1 and m = 2, while varying

the values of « in accordance with the ranges presented in Table 5.1. One observes greater viscosity

Q=09 m=1 Q=09 m=2

|Ruml?
[Ruml?

Q=3 m=1

[Rooml?

|Rom?

Figure 5.1: Reflection coefficient |R,,,,|* as a function of w. The plots presented here provide the
modified solutions to Figure 4.1. For each pair of parameters (92, m), several orders of magnitude of &
are studied. We observe increasing viscosity yields less amplification. In the range of viscosities of real
fluids and the frequencies w considered, the superradiant limit is, in good approximation, |R,,,,| = 1. As
usual, we plot the limit above which superradiance occurs as a dashed line.

returns less amplification. This was to be expected, as a viscous fluid behaves as a dissipative means
for energy. In order to quantitatively assess how viscosity impacts the reflection coefficient, we computed
the areas associated with the various curves of Figure 5.1. This was done via an interpolating function
that was then integrated. Afterwards, the areas were normalised to its respective no viscosity curve,

Area(a #0)

Area normalisation = ———~—=.
Area(a =0)

(5.36)

We obtained the results displayed in Figure 5.2.
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Figure 5.2: Area normalisation. For the same (2, viscosity’s impact is higher for m = 2. One should pay
special attention to the case where a = 1077, as the ratio area with viscosity to area with no viscosity
is virtually 1. This validates our previous approach of assuming water to have null viscosity. Recall that
water has a viscosity of order of magnitude 10~8.

5.4 Quasinormal modes. Superradiant instabilities in the pres-

ence of viscosity

In the present section, we examine how viscosity affects the QNMs of the system. We start with the
already known results for the non-viscous case, displayed in Table 4.2, and increase « up to several
orders of magnitude. An illustrative example of the QNMs for increasing viscosity at @ = 5and m =1 is

displayed in Figure 5.3. Let us focus our attention in the behaviour of w;. Being a positive number, it is

Q=5 m=1 Q=5 m=1

1.99 @ =107 064 a=10"7 ——
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a=10"2 —— a=10"% ——
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Figure 5.3: Real and imaginary parts of the frequency for the QNMs. We increase the viscosity param-
eter having as a starting point the previously detected wqn for o = 0. Observe the colour code is kept
in both plots. As viscosity increases, wg increases and w; decreases. This plot corresponds to 2 = 5,
m = 1.

unstable. The fact that it decreases as viscosity increases means the amplification due to the instability
is progressively less and less. Such is in agreement with the results of Figure 5.1. Notice, however,
that modifications to the QNMs frequencies due to viscosity occur only for orders of magnitude greater
than a ~ 1073, As it happens, the QNMs frequencies of real fluids suffer no relevant changes due to

viscosity. In Figure 5.4, we plot the QNMs frequency offset over different rotational speeds Q2. The offset
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is computed with respect to the frequencies of the corresponding QNMs in the absence of viscosity:

WQNM offset = WQNM (a = O) — WQNM (Oz # 0) (537)

Thus, the regressions found for Figure 4.9 are also applicable to realistic viscous fluids.
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Figure 5.4: Offset of the real and imaginary parts of the frequency for the QNMs with respect to the
non-viscous case. In the right panel we display the offset of real part of the frequency and on the left the
imaginary. One can observe that the values for wqn only start to diverge from the non-viscous result
for viscosities higher than o ~ 1073.

5.5 Confined geometry in the presence of viscosity

At last, we examine whether viscosity plays a significant role in the subcritical flow velocities regime. In
the previous chapter, we had seen that for small enough rotational speeds (2, w; was negative, changing
signs afterwards. Running the same parameters as before, with « # 0, one observes that, in the range
of realistic viscosities, no modifications arise. In fact, not even higher viscosities of the order of o ~ 1072
result in any changes to the behaviour of the frequencies at subcritical speeds. For m = 2, however,
one detects some effects at o ~ 10~*. Note that there are no changes for wy for either m = 1 or m = 2.
In Figure 5.5, we have plotted the case of 2 = 0.4 as an example. Due to the constancy of the plots,
we assume the fit of Figure 4.11 for the case of no viscosity to hold here as well. One thus concludes
the behaviour of the frequencies for subcritical speeds is independent of viscosity, in the domain of real
fluids.
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Figure 5.5: Imaginary part of the frequency as a function of the ratio R,/R,, for several values of
viscosity. The rotational speed is kept constant at 2 = 0.4 while we evaluate the cases of m = 1 and
m = 2. The only noticeable change happens for m = 2 at « = 10~!. No other changes are induced as
all plots overlap.
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Chapter 6

Conclusions

6.1 Achievements

Albert Einstein’s GR is a colossal achievements of 20th-century physics. The claim that what we perceive
as the force of gravity actually arises from the curvature of spacetime is not a straightforward one. The
scientific paradigm Einstein introduced is still present nowadays, with GR being our best candidate for
a theory of gravity. Since its initial publishing, GR has been subjected to many experimental tests. The
most recent triumph was in 2015 with the detection of gravitational waves, a century after their initial
prediction. GR is a very hard theory to test at will. Besides its mathematically challenging predictions,
the experimental tests must be done under very specific conditions. Tests of strong-field gravity, for
instance, can only be performed near astrophysical bodies such as BHs and neutron stars. Probing this
type of results is not an easy task and it often deems itself impossible due to technological lags. Acoustic
analogues bridge the gap between theory and experiment. Research on the area sheds new light on BH
physics. It allows for the testing of phenomena like Hawking radiation and superradiance, to name but a
few. Such effects are virtually impossible to study in astrophysical BHs with the existing technology.

Throughout this work we studied the analogue gravity description of rotating BHs, with a focus on su-
perradiance. We analysed two distinct spacetimes: the draining bathtub and the rotating cylinder setups.
Following the description in Reference [19], we showed the mathematical correspondence between fluid
mechanics and GR. By working with the continuity and the Euler equations, one is able to derive a
wave equation which completely determines the propagation of acoustic disturbances, characterised by
(p1, p1,%1). The background fields (po, po, o), which appear as time-dependent and position-dependent
coefficients in the equation, are constrained to solve the equations of fluid motion for an externally-driven,
barotropic, inviscid and irrotational flow. Observe p, p and ¢ are respectively the pressure, the density
and the velocity potential fields of the fluid. These physical quantities are our bread and butter in studying
wave propagation.

As a first approach, we work with a (1 +2)-dimensional draining bathtub potential. One solves the dif-
ferential wave equation numerically, by iteratively integrating the wave equation for different frequencies

w. The boundary conditions imposed are the analytical solutions of the wave equation at the horizon
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and at infinity. The output of each cycle consists of a pair of points (w, |R.m,|?), which is later plotted.
The reflection coefficient | R...,|*> — defined as the ratio in energies between reflected and incident waves
— allows one to conclude about the occurrence of superradiant scattering. In fact, the superradiance
condition w < mS yields | R..»|? > 1. Observe this arises from the fact that the Wronskian associated to
the wave equation is constant in the radial coordinate. Lastly, one computes the QNMs of the system.
The results obtained are consistent with existing literature — cf. References [21] and [23]. One of the big
issues with this proposal is at the experimental level. Non-linear effects such as turbulence may arise at
supersonic rotational speeds, invalidating the theoretical description. Alternatively, we explore a different

setup where this problem does not occur.

The new setup consists of a rotating cylinder as possible source of amplification. A static fluid con-
figuration is assumed. We make use of a quantity called acoustic impedance to describe the interaction
between the wave and the wall of the cylinder. The acoustic impedance is setto Z = 1 — 4, a stan-
dard value for known materials. Similarly to the vortex spacetime, we derive a wave equation which is
solved numerically. We plot the reflection coefficient against the wave frequency and observe superra-
diant scattering in certain domains of w. This result shows that superradiance may arise in spacetimes
with no horizons. Another interesting conclusion worth mentioning is that the amplification is bounded
from above: at subsonic rotational speeds, |R.,.|? is never larger than 2. This restriction is present in
a wide class of theories and geometries, from which the scattering of charged scalar off Kerr BHs is an
example. Analysis of the QNMs of the system shows that the solutions are unstable. We argue for a
correlation between the QNMs and the location of the maximum amplification. A linear regression set
to determine the QNM frequencies given the cylinder rotational speed is also provided. At last, one
observes stable solutions exist in confined geometries. The critical point of vanishing w; depends on

both the confinement radius and the cylinder velocity.

With the goal of expanding the treatment onto more realistic fluids, one introduces viscosity. At the
level of the governing equations, that means we work with the Navier-Stokes equation rather than with
the Euler equation. A new wave equation is derived. Using dimensional analysis, we evaluate the
range of realistic viscosity values. A core feature of the viscous wave equation is its complex effective
potential. One shows this produces a Wronskian that is no longer conserved. We determine the value
of % and use it to write a new energy conservation equation. Applying the superradiance condition to
the aforementioned equation yields |R,,,.|?> > 1 — aw?. Note the correction term aw? is negligible given
the domains of a and w considered in this thesis. The only relevant modification to the results due to
viscosity happens in the superradiant scattering. We see that larger values of viscosity yield smaller and
smaller amplifications. This is accordance with the idea that viscosity goes hand-in-hand with energy
dissipation. On a final note, the impact of viscosity is quantitatively evaluated when we normalise the

areas below the reflection curves.
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6.2 Future work

Many possible extensions to this work are possible. We list some of them here. First of all, we rely
on linear perturbation theory. When the perturbations to the variables (p, p, 1) are introduced, in equa-
tion (2.10), one only works up to first order terms in . At high rotational speeds — namely at supersonic
rotational speeds —, this description does not suffice and higher order terms are required. Non-linear
effects are very difficult, if not impossible, to analyse from a purely analytical point of view. That is why
one resorts to numerical simulations with higher order terms. Furthermore, one should look at the mod-
ifications induced in the vortex wave equation due to viscosity. We expect viscosity to play an important
role near the centre of the drain, where the fluid velocity is higher. This makes the task of defining the
event horizon of the experimental setup harder. Experimentally, we observe atypical behaviours of vy(r),
where the velocity profile deviates from the usual 1/r profile at small radial coordinates — cf. Reference
[12]. A more complete description of the spacetime, with viscosity, could perhaps explain this result.
Regarding the cylinder setup, no experimental results have been produced yet. The first comparisons
between theory and experiment should appear within the next couple of years. Only then can one
look at the predictions produced in this work critically. For now, we call the reader’s attention to some
approximations and considerations assumed in this thesis that can be refined. In the viscous flow regime,
rather than just assuming a static fluid configuration, one can produce a more accurate velocity profile.
In fact, the background fluid is not at rest near the cylinder wall. In the confined setup, for instance, one
can define the boundary conditions v(¢, Ry) = QR and v(t, R;) = 0. This is due to the no-slip condition,
which dictates the fluid has zero velocity relative to the solid boundaries. One possible description is
provided by Ekman theory. Observe one needs not to consider the no-slip condition in cases where
viscosity is not present. The approach in Chapter 5 works provided the measurements are made far
enough from the radius of rotation R,. However, “far enough” is ill-defined here. Only by refining the
velocity profile can we validate the results obtained. Yet another interesting extension of the work would
be modifying the values of acoustic impedance. We explored the results for the standard Z = 1 — ¢
value, but did not see how sensitive the results were to slight modifications (within the same order of
magnitude). Take, for example, the upper bound of |R,,,.|> = 2 for subcritical rotational speeds. Is it
modified? Another challenging task would be extending the analytical treatment further. In particular,
one could solve the cylinder — with and without viscosity — wave equations to arrive at an analytical

expression for the reflection coefficient.
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Appendix A

The potential barrier

In this section we discuss why larger values of the azimuthal number m yield smaller reflection coeffi-
cients in scattering experiments. We focus our analysis to two physical quantities encoded in the wave

equation: the potential barrier and the energy.

The study is done using the draining bathtub spacetime. Recall the vortex wave equation, originally

presented in equation (3.11), reads

H, ,,+Q(r)H =0, (A.1)
where
Bm 2
Q= <w - 7'2) —-V(r) (A.2)
2-1/1 1 5
S () )

Note we are working with the rescaled quantities, with the hats dropped.

The one-dimensional time-independent Schroedinger equation reads
02U+ (E—-V)¥ =0, (A.4)

where E is the energy carried by the wave and V is the potential barrier. Depending on the behaviour
of the energy with respect to the potential, the wave propagation falls under one out of two possible
categories: scattering and bound states. First of all, one should mention the energy cannot be smaller
than the potential in all domain; there is no possible solution for the wave equation. However, if the

following situation occurs,

E < V(+00) A5)

E < V(—00),

we are in the presence of bound states. Otherwise, a scattering experiment takes place. Such is the

case in this thesis.
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Establishing the connection between the standard Schroedinger equation and the draining bathtub

wave equation, we arrive at:

Potential barrier:

2
Energy: (w—BT) , (A.6)
T

<"2—1>(1

r2

1 5

Below we plot the potential and test energies for the cases m = 1 and m = 2.
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Figure A.1: Potential and test energies for the different values of m. We set B =1 and w = 0.5 on both

test energies.

One will show how these two plots can be analysed together. Allow us to take a step back, to a

simpler scattering experiment. We make use of two test energies, both constant. See Figure A.2. The

Energy
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Potential barrier
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Figure A.2: Scattering experiment with two different incoming waves, carrying E; and E,. Observe

Es > E.

potential has less influence on E,, as F»; > F;. In fact, because the wave represented by the blue line

carries more energy, it is subjected to less tunnelling. Consequently, the reflection coefficient is greater

in E». For a more detailed explanation on quantum tunnelling, bound states and scattering, please refer

to Reference [30].

The plots from Figure A.1 may be adapted so that we are able to use similar arguments. In particular,

one can normalise the energy-potential intersection point to the maximum potential on both m = 1 and
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m = 2. We organise the relevant coordinates in Table A.1.

Point | m=1 | m=2
Intersection | (2.57,0.12) | (4.67,0.17)
Maximum | (1.29,0.36) | (1.37,1.10)

Table A.1: Points of interest from Figure A.1. The coordinates are displayed in the form of (r, V (r)).
Note we are only interested on the intersection point on the right, as it accounts for the moment when
the incoming wave first encounters the potential barrier.

The ratio intersection-maximum in V(r) is

m=1 — 0.336475,

m=2 — 0.151611.

We can think of this normalisation as the points where the energy curves intersect a potential barrier with
maximum V(r) = 1. The m = 1 curve intersects at a higher energy. In a simplified view, it corresponds
to E5 in Figure A.2. As previously stated, this yields a greater reflection coefficient. Hence, larger
amplification results from smaller m. This conclusion is in accordance with the numerical results.

Lastly, note this argument is extensible to the cylinder spacetime. Actually, that case is even simpler,

as the energy depends only on w — see equation (4.3).
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