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Abstract

A plethora of theoretical arguments and experimental observations suggest evidence
for new physics beyond the standard model and general relativity. A promising
way to detect such deviations is to analyze the possible signatures of these theories
around compact astrophysical objects. In this spirit, this thesis is devoted to the
study of different phenomenological imprints of new physics around black holes.

In the first part of the thesis, I analyze in detail superradiant instabilities, focusing
in particular on the role of interactions of the superradiant field with astrophysical
plasma. I show that such interactions are pivotal to obtain a detailed description of
the systems, and may either lead to promising observables or hamper the instability
itself.

In the second part of the thesis, I focus on tests of general relativity using gravitational
waves. In particular, I discuss in detail the possible detectability of fundamental
dipoles in extreme mass-ratio inspirals, and introduce a formalism to probe theories
beyond general relativity using pulsar-timing arrays. In both cases, I adopt a
model-agnostic approach, encapsulating different theories in the analysis.



Contents

iii

4

1.1 Black Holes and ultralight bosonic fields| . . . . . . . ... ... ... )
1.2 Tests of gravity using gravitational waves| . . . .. . ... ... ... )
(1.3 Outline and General Structurel . . . . . ... .. .. .. .. ... 6

(I Superradiant Instabilities around astrophysical black holes| 8
|2 Superradiance and plasma physics: an introduction| 9
[2.1 Superradiance: Introduction and General Features . . . . . . .. .. 9
[2.2  Superradiance in BH physics| . . . .. ... ... 000, 10
[2.2.1 Features of spinning BHs| . . . . .. ... ... ... ..... 10

[2.2.2 A pedagogical example of BH superradiance|. . . . . ... .. 11

[2.2.3  The role of confinement: superradiant instabilities| . . . . . . 12

[2.2.4  Superradiant instabilities from massive fields| . . . . . . . .. 13

[2.2.5  Superradiant instabilities from astrophysical plasma?|. . . . . 15

2.3 The ABC of plasma physics| . . . . . . . ... ... ... ... .... 16
[2.3.1 Debye Length and collective behaviours] . . . ... ... ... 16

[2.3.2  Plasma frequency|. . . . . . . ... oo oL 17

[2.3.3  Plasma models: what are you interested in?| . . . . . . .. .. 17

[2.3.4  Electromagnetic waves in plasmas| . . . . . .. .. ... ... 18

|3 Photon-Plasma Interactions in Curved Spacetime]| 20
3.1 Setup and general equations|. . . . . ... ... 0oL 20
[3.2  Quasi-bound spectrum in Schwarzschild spacetime| . . . . . . . . .. 23
[3.2.1  Field equations in a Schwarzschild background| . . . . . . .. 23

[3.2.2  The hydrogenic spectrum for Proca modes|. . . . . . . . ... 25

3.2.3 Plasma profiles| . . . . . ... ... oL 26

3.2.4 Numerical method| . . . . .. ... ... 0000 26

3.2.5  Numerical Results| . . . ... ... ... ... .. ... ... 27

13.2.6  Plasma profile from Bondi accretion| . . . . . ... ... ... 29

3.3 An extended phenomenology: Collisions, thermal corrections and |

| superradiant instability] . . . . . ... ... o o 00000 30
[3.3.1 Collisional plasma) . . . . .. ... ... ... ... ...... 31

3.3.2 Warm plasmaf . . . . . . ... ... oo 32

[3.3.3  Quasibound states in a collisional plasma] . . . . .. ... .. 33




Contents iv

13.3.4  Quasibound states in a plasma with thermal corrections| . . . 36

13.3.5  Polar quasibound states in the low plasma frequency regime: |

| reflection point in inhomogeneous plasmasg|. . . . . . . . . .. 37
13.3.6  Linearized plasma-photon dynamics in a Kerr spacetimef . . . 39

13.3.7  Plasma-driven superradiant instability: numerical results| . . 42

[3.4  The nonlinear death of plasma-driven superradiant instabilities| . . . 43
[3.4.1 3+ 1 decomposition of the field equations| . . . . . . . . . .. 45

[3.4.2  Numerical Setup| . . . . ... ... ... 0. 47

BA3 Resultd . .. .. ..o 49

[3.4.4  Implication for the instability and conclusiong|. . . . . . . .. 96

4 Dark Photon Superradiance quenched by dark matter| 60
4.1  Dark photon superradiance in an extended dark sector{ . . . . . . . . 60
4.2 Setup| . . ... e 61
4.3 Equations a in Schwarzschild spacetime| . . . . . . . ... ... ... 63
4.4 Quasibound spectrum of a Proca field in a plasmal . . . ... .. .. 66
|4.4.1 Numerical method and boundary conditions|. . . . . . . . .. 66

4.4.2  Spectrum of quasibound modes| . . . . . ... ... 67

4.5 DMmodels . ... ... 69
4.6 Impact of DP-DM coupling on current DP bounds from BH superra- |

| diancel . . . . .. 71
47 Conclusions . . . . . . . .o 73
[6"Axionic Superradiance and Plasma Effects| 74
5.1 Bursts of light from axions?| . . . . . . .. ... ... ... ...... 74
[5.2  The theory and general trameworkl . . . . .. ... ... ... .... 75
[5.2.1 Modeling superradiance| . . . . . . ... ... ... ... 76

b.2.2 Modeling plasmal . . . . ... ... ... ... ... 77

[5.2.3  Numerical procedure| . . . . . . . . ... o0 78

5.3 Superradiance turned offf . . . . . . .. ..o 80
[5.3.1 The process at large] . . . . . ... ... ... 82

[5.3.2  Axion and photon emission| . . . . . ... ... ... ... .. 83

9.4 Superradiance turned on|. . . . . ... ..o oo 84
b.4.1 Numerical resultsf . . . . . .. ... ... . 0oL 85

b42 Growthratel. . . . . .. ... ... 88

[5.4.3  Saturation phasel . . . . ... ..o oL 90

[5.4.4  Implications for superradiance] . . . .. ... ... ... ... 92

5.5 Surrounding plasma] . . . . ... oo oo 93
[5.5.1  Without superradiance|. . . . . . .. ... ... ... ..... 94

[5.5.2  With superradiance| . . ... .. ... ... ... 97

[5.6  Observational prospects| . . . . . . .. ... ... ... ... .. 98
D7 Conclusiond . . . . . . . .. 100

|6  Superradiant Instabilities by accretion disks in Scalar-Tensor Theo- |
[_ries 101
6.1 Superradiant instabilities triggered by accretion disks|. . . . . . . .. 101

6.2 General equations and framework{. . . . . . . ... ... ... ... 103




Contents v

621 FEffectivemasd. . . . . . ... . ... .. 104

6.3 Numerical Methods for Non-Separable E.quations in Arbitrarily Spin- |

| ning Spacetime] . . . . . ... Lo e e e 108
B4 Resultd. . . . . oo 111
[6.4.1  Models I: key ingredients for the instability| . . . . . . . . .. 111

6.4.2 Models II and III: truncation of the corona and smoothness of |

| the profiles] . . . . . . . . .. oo 113
[6.4.3  Models IV and V: role of the corona density]. . . . . .. . .. 113

6.5  Constraints on scalar-tensor theories from spinning BH observations| 115
6.6  On the role of nonlinearities for plasma-driven superradiant instability |

[ in scalar-tensor theoriesl . . . . . . . .. ... ... ... 117
6.7 Conclusionsl . . . . . . . . . .. 118

|7 Relativistic perturbation theory for black-hole boson clouds| 120
[r.1  Motivationsl . . . . . . . . . .. 120
[c.2 Bilinear form for massive scalard . . . ... ... .. ... .. .... 122
[7.3 Extension to mode solutiond . . . . . . . ... ... ... ... .... 123
(£.3.1 The counter-term subtraction method . .. ... ... .. .. 124

[7.4 Mode orthogonality|. . . . . . ... ... ... 0oL 126
[7.5 Relativistic perturbation theory{. . . . . . . . ... ... ... .. .. 126
7.6 Frequency shift| . . . . . . ... ... .. o oo 127
7.7 Application to tidal potential| . . . . . . ... ... 00000 128
[(.8 Conclusionsl . . . . . . . . .. . L 130

(I Tests of (zeneral Relativity using gravitational waves 131
I8 Testing GR: an introduction| 132
[8.1  Extreme mass-ratio inspirals|. . . . . . . ... ... ... ... 134
[8.2  Supermassive BH binaries and pulsar timing arrays|. . . . . . . . .. 135

9 EMRIs and fundamental dipoles| 138
9.1 Compact objects and fundamental dipoles| . . . . . . . ... ... .. 138
0.2 Setup| . . . . . . .. 139
9.2.1 Theoretical frameworkl . . . . . ... ... ... ... . ... 139

[9.2.2  Scalar equation via Teukolsky formalism|. . . . . .. ... .. 142

9.3 Dipole-induced scalar fluxes| . . . . . . . ... ... ... ... .. 144
[9.3.1  Analytic derivation| . . . . . . . .. ... Lo 0oL 144

9.3.2 Numerical results . . . . . ... .. ... 0 o000 145

19.3.3  Estimates for the tundamental dipole in various models| . . . 147

9.3.4  Mixed case: charge4dipole] . . . . ... ... ... .. 149

9.4 Conclusionsl . . . . . . . . ... L 150
[10 Novel tests of gravity using the stochastic GW background| 153
[10.1 Tests of gravity using PTAg| . . . . . .. ... ... ... ... ... 153
[10.2 SGWB spectrum in modified gravity theories|. . . . . . . .. .. .. 154

[10.3 The case of varying G| . . . . . . . ... ... ... ... 156




Contents vi
(10.4 Confrontation with NANOGrav 15 Dataset| . . . . .. ... ... .. 157
[10.5 Conclusions and outlookl . . . . . . . . . . . ... ... ... .. ... 160

|11 General conclusions and future prospects| 162

|A Polar sector in the cold plasma, non-spinning limit | 164
|A.1 Homogeneous plasma case| . . . . . . . ... ... ... ... 164
|[A.2 Non-homogeneous plasma casel . . . .. ... ... ... ... .... 165
|A.3 Collisional plasma case[. . . . . . . .. ... ... L. 166

IB Field decomposition in Kerr| 167
[B.I List of coefficientd . . . . ... ... ... oo 167
IB.2 Polar sector in Kerrl . . . ... ... .. ... ... ... .. ..., 168

|C Derivation of the 3+ 1 form of the plasma-photon equations| 169
[C.1 Decomposition of Eq. (3.4) . . . ... ... ... ... ... ..., 169
|C.2  Continuity equation in 3+ 1 variables) . . . . ... . ... ... ... 172

ID Convergence and homogeneity of non-linear photon-plasma simula- |

[_tions 173
ID.1 Convergence tests|. . . . . . . . . . .. ... . 173
ID.2 Homogeneity of the fields along the transverse direction| . . . . . . . 175

|[E The master differential equation of spin-1 fields in plasmal 176
|[E.1  The master differential equation|. . . . . . . . ... ... ... .. .. 176

[ DP field equations in the multipolar expantion| 179
[F.1 _Staticcasel. . . . . . . . . . . 179
.2 Freefall casel . . . . .. . ... o oo 180

[G_Benchmarks for evolution of scalar fields| 183
[GI Boundstates . . .. ... ... ... .. ... 183
|G.2 Artificial superradiance]. . . . . . ... Lo oo Lo 185

(H_ Wave extraction| 188

I Formulation as a Cauchy problem| 190
II.1 ~ 3+1 Decomposition|. . . . . . . . . .. ... ... 190
.2 Background metric| . . . . .. ..o oo 191
.3 Evolution without plasma) . . . . . ... ... ... ... ... .... 192
.4 Evolution with plasmaf . . . . . .. ... .. .. .. 0. 193
II.6  Hyperbolicity of fluid model| . . . . . . . ... ... ... ... ... 195
.6 The 3+1 linearized momentum equation| . . . . . . .. ... ... .. 196

|[J Numerical convergence and higher multipoles| 197
|[J.1  Numerical convergence| . . . . . . . . ... ... ... ... ...... 197
|[J.2  Higher multipoles|. . . . . . .. .. ... ... ... 0 .. 197




Contents

vii

IK Superradiant and Plasma Mathieu equation|

IK.1 Superradiant Mathieu equation| . . . . . . . ... ... ... ... ..

IK.2 Plasma Mathieu equation|

IL_Selection rules|

|Bibliography|

200
200
202

205

210



Preface

The scientific work discussed in this thesis has been carried out at Sapienza University
in Rome, in the "Gravity theory and gravitational wave phenomenology group". Part
of this work was also performed at the Niels Bohr Institute in Copenhagen, which I
kindly thank for the hospitality.

List of publications

The work in this thesis was performed with different collaborators, which I kindly
acknowledge, and is based on the following publications:

Title: Plasma-photon interaction in curved spacetime I: formalism and quasi-
bound states around nonspinning black holes

Journal: Phys.Rev.D 103 (2021) 124018, e-Print: 2012.05114 [gr-qc]

Authors: Enrico Cannizzaro, Andrea Caputo, Laura Sberna, Paolo Pani

Title: Plasma-photon interaction in curved spacetime II: Collisions, thermal
corrections, and superradiant instabilities

Journal: Phys.Rev.D 104 (2021) 10, 104048, e-Print: 2107.01174 [gr-qc]
Authors: Enrico Cannizzaro, Andrea Caputo, Laura Sberna, Paolo Pani

Title: Superradiant instabilities by accretion disks in scalar-tensor theories
Journal: Phys.Rev.D 106 (2022) 2, 024007, e-Print: 2204.09335 [gr-qc]
Authors: Giuseppe Lingetti, Enrico Cannizzaro and Paolo Pani

Title: Dark photon superradiance quenched by dark matter
Journal: Phys.Rev.D 106 (2022) 8, 083019, e-Print: 2206.12367 [hep-ph]
Authors: Enrico Cannizzaro, Laura Sberna, Andrea Caputo, Paolo Pani

Title: Nonlinear photon-plasma interaction and the black hole superradiant
instability

Journal: Under peer review, e-Print: 2306.12490 [gr-qc]

Authors: Enrico Cannizzaro, Fabrizio Corelli, Paolo Pani

Title: Superradiance: Axionic Couplings and Plasma Effects

Journal: Phys.Rev.D 108 (2023) 6, 063013, e-Print: 2306.16447 [gr-qc]
Authors: Thomas Spieksma, Enrico Cannizzaro, Taishi Ikeda, Vitor Cardoso,
Yifan Chen



Contents 2

o Title: Novel tests of gravity using nano-Hertz stochastic gravitational-wave
background signals
Journal: Under peer review, e-Print: 2307.11665 [gr-qc]
Authors: Enrico Cannizzaro, Gabriele Franciolini, Paolo Pani

o Title: Relativistic perturbation theory for black-hole boson clouds
Journal: Under peer review, e-Print: 2309.10021 [gr-qc]
Authors: Enrico Cannizzaro, Laura Sberna, Stephen Green, Stefan Hollands

o Title: Extreme mass-ratio inspirals as probes of fundamental dipoles
Journal: Under peer review, e-Print: 2310.07772 [gr-qc]
Authors: Jacopo Lestingi, Enrico Cannizzaro, Paolo Pani



Acronyms

GR: general relativity

QFT: quantum field theory

(B)SM: (beyond) standard model
(SI)DM: (self-interacting) dark matter
BH: black hole

GW: gravitational wave

QCD: quantum chromodynamics
ALP: axion-like particle

SMBHRB: supermassive black hole binary
EMRI: extreme mass ratio inspiral
EM: electromagnetic

PN: post-Newtonian

QNM: quasi-normal modes

QBS: quasi-bound states

ISM: interstellar medium

LISA: laser interferometer space antenna
CMB: cosmic microwave background
ISCO: innermost stable circular orbit
PIC: particle in cell

MHD: magnetohydrodynamics

WB: wave-breaking

DP: dark photon

ADAF: advection-dominated accretion flow
LIGO: laser interferometer gravitational-wave observatory
NANOGrav: North American Nanohertz Observatory for Gravitational Waves

EPTA: European pulsar timing array
PPTA: Parkes Pulsar Timing Array
CPTA: Chinese Pulsar Timing Array
TOA: time of arrival

SGWRB: stochastic gravitational wave background

HD: Hellings-Downs
(B)PL: (broken) power-law



Chapter 1

Introduction

The last century dramatically marked the way we understand the Universe, as
the two milestones of modern theoretical physics were born and raised: Einstein’s
General Theory of Relativity (GR) and Quantum Field Theory (QFT). While the
former changed at a fundamental level our understanding of gravity and cosmology,
the second had a analogous impact for fundamental interactions, and led to the
development of the Standard Model (SM) for particle physics. From their very birth,
these theories were able to provide an exquisite description of reality and passed
every test with flying colours. Nevertheless, a number of theoretical arguments and
experimental results gradually led to the conclusion that the actual picture is still
incomplete. In particular, there are at least two important problems supporting this
incompleteness: I) While GR is a classical theory, a unified picture between QFT
and gravity is lacking. Indeed, GR is not renormalisable in the standard QFT sense;
IT) several gravitational evidences — from galaxy rotation curves to gravitational
lensing effects (see e.g. [ 2], B, 4, [5], [6, [7]) — showed that only a mere 5% of our
Universe is composed of visible matter. The nature of the remaining "dark universe"
is one of the most mysterious puzzles in physics. In order to explain astrophysical
and cosmological observations, it is believed that the 27% of the energy content in
the Universe is made by dark matter (DM), while the remaining 68% is made by dark
energy, supposedly responsible for the acceleration of the universe [8]. Motivated by
these reasons, in the past decades there have been several attempts to extend GR or
the SM with new degrees of freedom at high or low energy. A fair requirement of
these theories is to reproduce faithfully the phenomenology of GR and the SM at the
energy scales we were able to probe up to now. For this reason, they are expected
to interact very weakly with the SM, or, in the case of modified GR, to possess a
screening mechanism that "hides" them in the intermediate length scales [9} [10]. For
theories beyond the SM (BSM), the feebleness interacting nature of these particles
entails the difficulty to detect them with standard particle accelerators, where the
energy scales may not be sufficiently high. This motivated theorists in the last
decades to search hints of these particles in high-energy astrophysical phenomena,
where the energy scales are extreme, and currently unavailable in particle accelerators
[11L 12]. In addition, the recent discovery of gravitational waves (GWs) [I3] opened
a hitherto unexplored window on the strong gravity regime around compact objects,
black holes (BHs) and neutron stars, where the regime is highly-relativistic and
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even the very nature of GR can be put into scrutiny [14} [I5] [16] [I7) [18]. Hence, the
development of precise GW astrophysics allows for the exciting perspective to turn
BHs into "natural laboratories" to search for new physics. In this spirit, this thesis is
devoted on the study of some of the most energetic phenomena around astrophysical
BHs, aimed at the possibility to detect both physics beyond the SM or beyond GR.

1.1 Black Holes and ultralight bosonic fields

Ultralight bosons are ubiquitous in BSM physics. The most famous proposal is
the QCD axion, a pseudoscalar particle proposed by Peccei and Quinn to solve the
strong charge-parity problem in quantum chromodynamics (QCD) [19]. This particle
arises from a spontaneous symmetry breaking of a U(1) symmetry [20] and gains
mass due to non-perturbative effects. Interestingly, while the axion was initially
proposed to solve the aforementioned problem, in the last decades it also became
a very popular candidate for cold DM [21, 22] 23]. A plethora of similar particles,
usually called axion-like particles (ALP), also arise from a string theory scenario
called "string-axiverse" and they can populate the spectrum down to the Hubble mass
(~ 10733eV)[24, 25]. Another prediction from high-energy theories is the existence of
massive spin-1 fields, as the dark photon [26] 27, 28, 29], which supposedly couples
with the SM photon through a non-trivial kinetic mixing. Astrophysical BHs offer a
unique opportunity to probe the existence of these degrees of freedom, in particular
through a phenomenon called superradiance [30]. Due to this phenomenon, ultralight
bosonic fields in a wide mass range can extract rotational energy at a continuous level
from a spinning BH, leading to the so-called superradiant instability. Due to this
energy extraction, the field is amplified and can form a macroscopic cloud around
the BH, with an extremely large occupation number. Superradiant instabilities lead
to striking observables signatures, and therefore represent a unique tool to probe
the existence of these particles.

Up to now, most studies assumed these bosonic fields to be free from interactions,
aside from a minimal coupling to gravity. Nevertheless, in this process, number
densities in the cloud reach extreme values and the effects of interactions can be
crucial even for very feebly interacting fields. In particular, astrophysical BHs are
usually surrounded by plasma, either in the form of accretion disks or interstellar
medium (see e.g. [31, 32 B33]). Hence, taking into account the effects of interactions
and environmental effect is of utmost importance in order to properly understand
these systems. In the first part of this work, I shall focus on these aspects and
provide a description of superradiant instabilities by different interacting ultralight
bosons in the presence of astrophysical plasmic environments.

1.2 Tests of gravity using gravitational waves

The previously mentioned considerations suggest that GR should be corrected both
at low energy (cosmological) and high energy scales. The new theory should be
viable from a cosmologically point of view and, as already mentioned, it should be
consistent with GR in the intermediate length scale 1lum < ¢ < 1AU, where GR
was verified with exquisite precision [17, [34), 35]. Besides these requirements, on a
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practical point of view, a key question is also how to modify GR. The building blocks
of GR are enclosed in Lovelock’s theorem, that states that GR is the only possible
viable theory of gravity in four dimensions under specific assumptions, i.e. I) no
additional fields, II) diffeomorphism invariance, III) the field equations contains up
to second derivatives of the metric tensor. Relaxing one of these assumptions allows
for different classes of modified theories. Examples include scalar-tensor theories
[36] 87], where assumption I is violated, and massive gravity [38, B9, [40], which
violates assumption II.

As already mentioned, these theories beyond GR usually possess a screening mech-
anism that "hides" them in the intermediate regime. Thus, it is thus relevant to
study the phenomenology of these theories in the strong gravity regime— where
deviations from GR might be more dramatic— via GW observables. In this spirit,
we discuss in the second part of this thesis how two types of BH binaries, namely
supermassive BH binaries (SMBHB) and Extreme Mass Ratio Inspirals (EMRIs)
allow for novel test of GR using present and future GW detectors. In both cases, we
adopt a theory-agnostic approach and encapsule different classes of theories beyond
GR in a model-agnostic fashion.

1.3 Outline and General Structure

For the reader’s convenience, I summarize in this section the structure of the thesis.
Part I focuses on the study of superradiant instabilities around astrophysical BHs.
In the first part, I discuss in detail the phenomenology of superradiant instabilities
induced by the SM photon in the presence of astrophysical plasma. I show that,
while the plasma confinement provides a mechanism to trigger an instability at a
linear level, non-linear effects completely alter the plasma behaviour and quench the
confinement, rendering the instability ineffective. Afterwards, I discuss some aspects
of the superradiant instability of two of the most interesting ultralight bosons beyond
the SM: the dark photon and the axion. For the former, I show that the instability,
while effective in the minimal scenario, can be completely quenched in the presence
of fermionic dark matter charged under this dark U(1) symmetry, as this additional
component acts as a dark plasma and provides an effective mass to the dark photon,
altering its dispersion relation. As for the axionic case, I discuss in detail a scenario
in which the QCD axion is coupled to the SM photon, so that the energy of the axion
cloud can be released in the emission of powerful EM bursts, provided the ambient
plasma is not too dense. Afterwards, I discuss the phenomenology of superradiant
instabilities in scalar-tensor theories, where the matter surrounding the BH provides
an effective mass to the scalar degree of freedom of the gravitational sector. Finally,
I introduce in the last chapter a relativistic perturbation framework aimed at the
study of transitions between energy levels in the BH-cloud system. This framework is
meant to replace the standard hydrogenic formalism, valid only in the non-relativistic
limit.

In the second part, I discuss novel tests of gravity using GWs. First, I study an
EMRI binary where the secondary is endowed with a fundamental scalar dipole and
show that the emission of scalar radiation due to the latter is suppressed by the mass
ratio with respect to the well-known monopole case. Afterwards, I introduce a model-
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agnostic formalism to map beyond GR theories into a modified tilt for the Stochastic
GW Background (SGWB) spectrum, showing that negative PN corrections (in
particular -2PN) can alleviate the tension in the recent pulsar-timing-array data
if the detected SGWB is interpreted as arising from supermassive binaries. As a
byproduct, I show that adopting this formalism for current data already allows to
place strong constrain in some beyond GR theories. In this work [use G =c=h =1
units, unless otherwise stated, and the (—, +, +, +) signature.



Part I
Superradiant Instabilities around
astrophysical black holes

"Insequendo un’altra volta
La grande onda che ritornal "
Piotta, La Grande Onda (2002)



Chapter 2

Superradiance and plasma
physics: an introduction

2.1 Superradiance: Introduction and General Features

Superradiance is a phenomenon that, in generic terms, describes the anomalous
amplification of radiation due to dissipation of energy of a given system. The term
was introduced by Dicke in 1954, when delving into the study of coherent emission
processes from radiating gas in quantum optics [4I]. Nevertheless, examples of
similar phenomena can be traced back even to a decade before, when Ginzburg and
Frank discovered the anomalous Doppler effect [42], and the Klein paradox [43] for
charged bosonic fields was analyzed by Hund [44] (see also [45] [46]). Remarkably, in
1971 Zel’dovich discovered a peculiar form of superradiance, known as rotational
superradiance, where radiation can be amplified by the scattering with an absorbing,
rotating object provided that the incident radiation satisfies the following condition:

w < ms2, (2.1)

where w and m are the frequency and azimuthal number of the incoming wave
while €2 is the angular velocity of the absorbing object. On a physical ground, this
condition implies for the angular phase velocity of the wave, w/m, to be less than
the velocity of rotation of the object [47, 48]. Just an year after, in 1972 Teukolsky
decoupled the perturbation equation for massless test field on a Kerr background,
by exploiting the Newman-Penrose formalism [49]. In the same year, together with
Press, he provided the first quantitative study of BH superradiance, proving that
Zel’dovich mechanism works remarkably well for spinning BHs [50]. They also
predicted that, if superradiant scattering is supported by a confinement of the
radiation modes, an instability can develop, and give rise to striking phenomena such
as BH bombs and floating orbits. In the same years, different studies showed that
no superradiance is possible for fermionic perturbations, so that the phenomenon
is restricted to bosonic ones [51} 52, 53]. Finally, the last piece of the puzzle was
provided by Damour, Daruelle and Ruffini — and later refined by Detweiler, Zouros
and Eardley — which showed that spinning Kerr BHs are unstable under massive
bosonic field perturbation due to superradiance, as the mass of the field can naturally
provide confinement of the modes [54), 55, [56]. These studies enshrine this decade as
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the birth of BH superradiance. In the wake of these studies, BH superradiance has
gradually become a flourishing research field, and gained a renewed interest in recent
years with the discovery of GWs, which potentially allow a pletohra of observable
signatures (see for details). Finally, it is important to mention that a form of
rotational superradiance was recently observed for the first time in an experiment,
in the form of plane waves propagating on a water surface and amplified by the
scattering with a draining vortex [57].

2.2 Superradiance in BH physics

2.2.1 Features of spinning BHs

In order to introduce relevant quantities that will be extensively used throughout
this thesis, let us briefly introduce the geometry of spinning BHs in GR.
Black holes are solutions in vacuum of GR. The No-hair theorem states that, within
GR, every black hole is completely characterised by three quantities: mass, angular
momentum and electric charge. Nevertheless, in the contest of astrophysical BHs,
the charge can always be neglected as several processes, i.e. charge separation of the
surrounding plasma, pair production, Hawking radiation, contribute to neutralize the
BH by any putative charge in an extremely short timescale [58), 59, [60) 611, [62]. The
metric describing the space-time around a rotating, neutral and axially-symmetric
black hole was found by Roy Kerr in 1963 [63]. In Boyer-Lindquist coordinates, the
solution reads:
2

ds* = —dt* + Z(d% +df?) + (r* + a*)sin?0dp* + 2T]wr(a sin0dy — dt)*, (2.2)
where A = 72 4+ a2 — 2Mr and ¥ = r? + a’cos?d. The metric is stationary and
axisymmetric, as it admits two Killing vectors along the ¢ and ¢ directions, but not
static.
In Boyer-Lindquist coordinates, the metric has a coordinate singularity in the
submanifold A = 72 4+ a2 — 2Mr = 0, ie. at 74+ = M 4+ /M2 — a2, which are
respectively the outer and inner horizon. However, unlike in the Schwarzschild’s
case, the horizons do not coincide with the infinite redshift surfaces. In fact, the
latter are the solutions of the equation:

2M
g =1+~ =0. (2.3)
by
The equation (2.3)) has two solutions at:
rex = M+ M? — a%cos?6 . (2.4)

The outer horizon coincides with the infinite redshift surface only along the z-axis
poles, i.e. at 8 = 0,7 while in general r; < rgp. Thus, there exist a region
r4 < r < ret outside the outer horizon where g;; > 0 . This region is the ergoregion,
and the surface r = r, is called ergosurface. Notably, a particle could cross the
ergosurface, enter the ergoregion and then cross the ergosphere in the opposite
direction escaping at infinity without violating causality. Nevertheless, no static
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observeris allowed inside the ergoregion as the time-oriented Killing vector is spacelike
in this region. Finally, a crucial quantity that defines the Kerr geometry is the BH

horizon angular velocity:
a

Qu=—5—>
2 2
ri+a

(2.5)
which can be interpreted as the angular velocity at the horizon of a timelike observer
falling from infinity with an initially null angular momentum, usually called ZAMO
(Zero Angular Momentum Observer).

2.2.2 A pedagogical example of BH superradiance

Let us introduce the process of superradiance in a straightforward way by considering
a simple charged, minimally coupled scalar field on a stationary, axisymmetric
background. By using the ansatz:

01,1 0,9) = [ duoe™ im0, 0) olr) (2.6)

r

one is able to decouple the angular dependence of the field from the radial one, and
rearrange the equation for the radial wavefunction as a Schroedinger-like ordinary

differential equation:
d2
230(r) = Ver(r)o(r) = 0, (2.7)

where the effective potential Veg depends on the nature of the background geometry
and the test field. Given that the BH horizon behaves as a one-way membrane, one
can infer the following asymptotic behaviour of the problem:

, ) , 2.8
Retkoors 4 Te—thooT 59 p 5 00 (28)

y {Teik’”* as T —ry

These boundary conditions allow to interpret the system as a scattering process:
an ingoing wave from infinity with amplitude Z scatters off the potential and is
partially reflected and partially trasmitted, respectively with amplitudes R and T .
Let us now, for simplicity, assume that Vg is real. Then the equations are invariant
under t = —t, w — —w. We can therefore define another solution to eq. , b,
which satisfied complex conjugate boundary conditions. As the two solutions are
independent, their Wronskian must therefore be constant. Using eq. , one can
therefore easily compute the Wronskian both at horizon and infinity and equate
them, to obtain:

ky
[REE =22 - 272 (29)

From this equation it is easy to see that, if kr/ks is negative, the wave is subject
to an amplification |R|? > |Z|?. In particular, this condition is satisfied, in the Kerr
case, whenever w < mfly: this is exactly the rotational superradiant condition found
by Zel’dovich , provided that the angular velocity of the rotating object is now
identified with the BH horizon angular velocity! As already mentioned, in order
for superradiant scattering to be effective, the system must possess a dissipation
mechanism. In the BH case, this friction comes from the presence of the ergoregion,
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which allows for energy extraction in a similar way to the Penrose process [64]. A
common misconception is to link superradiant scattering to the presence of the
horizon: actually, horizons are not related to superradiance. The latter can as well
arise in horizonless objects possessing an ergoregion [65], while on the contrary it
cannot, for example, in the case of non-spinning BHs, which possess an horizon
but not an ergoregion. One might also wonder whether the same results can be
obtained with other fundamental fields. While higher-spin bosonic fields lead to
similar results, fermionic fields cannot undergo superradiant scattering, and possess
a completely different phenomenology [66]. The reason for this difference lies in
the very nature of fermion themselves: as these fields are described by an anti-
commutative algebra, Pauli’s exclusion principle limits the occupation number of a
given state, and therefore an amplification.

2.2.3 The role of confinement: superradiant instabilities

From the very birth of BH superradiance, it was recognized that if superradiant
scattering was to be supported by a suitable mechanism to confine modes near the
BH, the system would turn unstable. Indeed, as after a scattering the amplified,
reflected wave would not be able to escape at infinity, it would scatter the BH (and
be amplified) again many times. This is the so-called "BH bomb" scenario. To
understand why spinning BHs in confining geometries are unstable, let us introduce
a toy model with a BH placed inside a confining box. Usually, the presence of a box
allows for normal modes with a frequency which is inversely proportional to the box
dimensions: w o< 1/L. Nevertheless, the presence a BH inside the box translate into
an intrinsic dissipation mechanism — via the BH horizon — so that instead of normal
modes one can expect quasi-normal modes (QNMs) w = wp + iwy with wg o« 1/L.
In this case, by assuming an harmonic behavior of the field one has the following
expression for the amplitudes of the modes:

A(t) ~ Age ™™ oc Age*tt = Ap(1 + wrt) . (2.10)
On the other hand, after a scattering off the BH, the amplitude must vary as:
A(t) = Ao(1 = AP, (2.11)

where A is the absorption probability the the horizon. Now consider the system
at a certain time ¢ after N interaction between the modes and the BH, such that
N =t/L. Then, the amplitude has varied as:

_ AP

A() = Ao(1 — |AP)Y = Ao(1 — NJAP) = Ao(1 7

). (2.12)

By comparing egs. ([2.10) and (2.12) one obtains:

_MAP

. (2.13)

Wy =

In the non rotating limit, |A|2 = (M/L)?*2 [67], so that using (2.13) one obtains
a negative wy. In this case, the amplitude decays in time and the system is stable.
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If, on the other hand, the BH rotates, one has |A]> = (M/L)**(w — mQpy) [68].
Therefore, when the superradiant condition is met, one obtains a negative |A|? and
therefore a positive value for w;. From eq. , it is easy to note that such a value
corresponds to an exponential amplification of the amplitude, i.e. to the predicted
superradiantly-induced instability.

A natural question that this toy-model prompts is the possibility to have realistic
confining mechanism that could allow for the formation of superradiant instabilities
around astrophysical BHs. In the years, many different mechanism were proposed
for this purpose. For example, confinement can be provided by a non-asymptotically
flat spacetime. This is the case of Anti-De Sitter BHs, and is relevant for the
gauge-gravity duality, but less relevant from an astrophysical point of view. On the
other hand, the most promising mechanisms for astrophysical BHs are most likely
massive bosonic fields confinement and the presence of an astrophysical plasma.

2.2.4 Superradiant instabilities from massive fields

The most promising scenario that allows for superradiant instabilities around astro-
physical BHs is represented by massive bosonic fields. Indeed, a bare mass u can
naturally confine low-frequency modes in the vicinity of the BH via a Yukawa-like sup-
pression at large distances ~ e~*" /r, where we defined k = /2 — w2. Clearly, from
this expression it is easy to see that this mechanism is efficient provided that |w| < p.
The class of modes that satisfy this requirement are usually known as quasi-bound
states (QBSs) and, as QNMs, are described by a discrete set of complex frequencies
w = wpr + iwyr. As these modes are confined near the BH and do not radiate at
infinity, they are sometimes also called non-radiative QNMs. In general, computing
the spectrum of QBS and the associated superradiant instability is challenging,
and requires numerical methods to solve the equations (see e.g. [69, [70, [71, [72] ).
Nevertheless, in particular regimes, the spectrum can be computed analitically. This
is the case, for example, of the spectrum of a Klein-Gordon field under the limit
Mp << 1, where M is the BH mass. This case is one of the most-studied and well
understood [73], [74]. The spectrum in this case reads:

5 .
Wnim ~ 1 — %(l -i-]\i/j- 1) + "Ylann,M (% - 2ﬂr+)(M/1’>4l+5 ’ (214>
where [,m are the usual angular quantum numbers, n is the overtone number
and Yy, is a coefficient that depends on the quantum numbers E] Notice that
when the superradiant condition is satisfied, a > 2uMry /m, the imaginary part
becomes positive and the mode is unstable. In this case, the field starts to grow
exponentially because of the superradiant instability ~ e“* on a timescale 7 = 1/wy.
The instability timescale depends therefore on a/M, My and I, m,n. The strongest
instability is obtained for n = 0,l = 1,m = 1. In the opposite limit My >> 1,
the instability is not interesting from a phenomenological point of view as even the
shortest timescale obtainable in this regime is way larger than the age of the universe
[56]. For the instability to be efficient on astrophysical timescales, the gravitational
coupling must be of order unity My < 1. For astrophysical BHs with a mass range

!Note that while we focus in this section for simplicity on the spin 0 case, similar relations exist
also for vector [75l [76] and tensor superradiance |77 [78].
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within Mg — 10° M, this corresponds to boson masses between 10720 — 10~ 1%V,
i.e. to ultralight bosons.

Clearly, no bosons in this mass range is known to exist in the current picture of
particle physics. Nevertheless, a plethora of candidates arise from theories beyond
the SM and GR. Examples are represented by QCD axions (or in general axion-like
particles), dark photons or massive gravitons. If such an ultralight boson exists in
this mass range, the instability can efficiently develop in a very short timescale from
an astrophysical point of view. Notice, for example, that this timescale is, in the

scalar case: I, 0.119,0.9
scalar - . .

Tinst ~ 30 days<10M®) (m) (7) , (215)
and even shorter for spin-1 [76, [79] [80} 811, [82] [83], [84] and spin-2 fields [77, [78], [85] [86].
During this timescale, the exponential growth of the field translates into the formation
of a macroscopic, bosonic condensate — usually called "cloud"- in the vicinity of the
BH. Fully non-linear numerical simulations show that the up to the 10% of the BH
mass can be extracted in the process. Due to the spin-down of the BH during the
process, the superradiant condition is eventually violated: when this happens,
the instability saturates. Afterwards, the cloud slowly dissipates due to the emission
of nearly-monochromatic GWs [87, [8§].
Superradiant instabilities represent a promising mechanism to detect ultralight
bosons. In particular, with respect to standard terrestrial experiments, they possess
at least two unique features: I) the interaction is purely gravitational. Even if such
particles interact feebly with the SM, the equivalence principle guarantees that the
interaction with gravity is universal. II) there is no need for a relic abundance:
every fluctuation will be exponentially amplified by the instability. For this reason,
these systems are characterized by a number of striking observable signatures based
on precise GW astrophysics. Among the most promising ones, there are "gaps" in
the BH mass-spin astrophysical distribution [24], 89, [83] ©0] 011, [85]: the existence
of a boson with a certain mass p would imply that BHs in a certain mass range
(i.e. such that Mu < 1) are prone to superradiant instabilities and should therefore
possess low spin. Hence, one should not observe BHs with high spin in this region of
the parameter space. On the contrary, the detection of highly spinning BHs allows
to place competitive constrains on the existence of such particles. A plethora of
signatures arise also in binary systems with a BH endowed with a cloud: examples
are dynamical friction, resonances, tidal effects [92] 93] 94) [95] 96, 97, [98]. Finally,
another observable is the detection of continuous GWs emitted by the cloud, either as
individual sources or as a stochastic background [24}, [99] 100, [T0T}, 102}, 103} 104, [105].
Up to now, there has not been a detection of bosonic clouds around BHs. Nevertheless,
this phenomenon allowed to place bounds on the existence of ultralight bosons in a
previously unexplored region of the parameter space, and the forthcomings LISA
and third generation detectors will allow to search in a much wider region of the
parameter space. An up-to-date list of the current constrains on scalar and vector
particles can be found in [30].
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2.2.5 Superradiant instabilities from astrophysical plasma?

Already at the very birth of BH superradiance, Press and Teukolsky suggested
that in the presence of astrophysical plasma even ordinary photons could undergo a
superradiant instability [50,[106]. Indeed, it is well known that a photon propagating
in a plasma is dressed with an effective mass known as the plasma frequency:

2
Ne€
= 2.16
wpl Me ) ( )

where n., m. and e are the plasma numeric density and the mass and charge of the
electron, respectively. In other words, while in vacuum the photon is characterized
by a gapless dispersion relation, in a cold plasma the dispersion relation is modified
by the presence of a gap w? = k? + %2)17 just as in the case of massive particles.
Therefore, modes with w < wp) are not able to propagate within the plasma, and are
reflected back. In this case plasma is said to be overdense. Note that the response of
a plasma depends therefore on the frequency of the photon: that is to say, plasma
is a dispersive medium. Also note that, as the plasma frequency depends on the
plasma density, it must be intended in general as a spatially varying effective mass.
The possibility to trigger plasma-driven superradiant instabilities raised a widespread
interest over the years, as it would allow for a rich phenomenology without any need
to invoke ultralight bosons and BSM physics. In particular, two different scenario of
potential interest were identified:

o Non-accreting BHs could suffer superradiant instabilities because of the Inter-
stellar medium (ISM) [107, [I08]. The latter is a diffuse, nearly homogeneous
galactic environment with a density in a range n, ~ 1073 — lem 3. Using eq.
, this corresponds to wp) ~ 10712 — 10710V, i.e., almost miraculously, to
a perfect range to trigger superradiant instabilities around stellar mass BHs.
As the instability would be induced by a nearly-homogeneous and tenuous
plasma — corresponding to an ultralight and nearly constant effective mass —
this scenario was expected to be akin to the massive vector boson instability.
Remarkably, while the current plasma frequency (i.e. at z ~ 0) matches the
required value for the instability of stellar mass BH, a similar system was also
shown to be efficient in the case of lighter primordial BHs during the radiation-
dominated era, potentially affecting the cosmic microwave background (CMB)
[108].

¢ An instability which is more akin to the original BH-bomb idea could instead
arise in BHs surrounded by accretion disks. Indeed, accretion disks are way
denser than the insterstellar medium, such that the effective mass would be
too high for the instability to be efficient. Nevertheless, in some cases, they
can be truncated at the innermost stable circular orbit (ISCO) or even further
away (see e.g. [109, 110} 11T, 112) 113] for some truncated disk models). In
this case, one can imagine a scenario ¢ la BH bomb where the disk behaves like
a mirror and confine the modes in the plasma-depleted region [114] 115] [116].

Such mechanisms were advocated as a possible origin of Fast radio bursts [107],
or as a way to probe the existence of primordial BHs via cosmic-distorsions in the
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CMB [108]. Nevertheless, a limitation of such studies is the assumption to model
the photon-plasma system using a Proca equation. The fact that the Proca equation
can at most be an approximation is already clear from the counting of the degrees
of freedom: a massive spin-1 field propagates three polarizations (two transverse
modes and a longitudinal one), whereas photons in a cold plasma propagate only two
transverse modes, since the putative longitudinal mode is electrostatic. Moreover,
the phenomenology of photon-plasma interactions is dramatically more complex
than a Proca toy-model also depending on the characteristics of the fluid (whether is
collisional, cold/warm ecc.) and because of non-linear features. Given the interesting
phenomenological implications of plasma-photon interactions around BHs, it is
of utmost importance to understand the system by describing in a more realistic
way photon-plasma interactions around astrophysical BHs using consistent plasma
physics.

2.3 The ABC of plasma physics

Plasma is a ionized gas, made of positive ions and free, dissociated electrons. An
ensemble of charged particle behaves as a plasma whenever the number of particles
is high enough so that the long-rage Coulomb force determines their statistical
properties, but low enough such that the force between two neighborhood particles
is negligible. In other words, due to this long-range force, charged particles in a
plasma exhibit collective behaviours. Because of its peculiar characteristics, plasma
is often called the fourth state of matter. In general, whilst made of charged particle,
a plasma is globally neutral, so that the total charge is zero. Nevertheless, the local
distribution of electrons and ions inside a plasma can vary and generate electric and
magnetic field at different lengthscales.

Notably, the 99% of the visible matter in the Universe (excluding DM and dark
energy) is in the plasma state. Plasma fills the interplanetary, interstellar and
intergalactic medium. Thus, the study of plasma is crucial to understand the details
of all the structures we can see in the Universe, from stars to galaxy clusters.

2.3.1 Debye Length and collective behaviours

As already mentioned, because of long-range forces, plasmas can be characterized
by a collective behaviour: the parameter that determines whether this behaviour
prevails over the individual interaction between two particles is known as Debye
length.
Consider a plasma in equilibrium— such that the ions and electrons are equally
distributed— and assume that an external test charge is immersed in the plasma. This
will generate an electric potential ¢(r) inside the plasma, which will be determined
by Poisson’s equation:

V2 = e(ne —ni), (2.17)

where n. ; are the density of electrons and ions respectively. Now, due to their large
inertia, ions can be considered a fixed background. If one assumes that electrons
follow a Boltzmann distribution with temperature T, it is possible to solve eq. (2.17))
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to obtain:
e—’f‘/)\d

(b ~ r ) (218>

where we defined the Debye length Ay = (kyT/e?*n.), which can be interpreted as
the length scale at which the test charge is influencing the system. In other words,
electrons will react to the perturbation by redistribute in order to screen the external
field over a Debye length, such that on lengths greater than this quantity collective
behaviour prevails over single interactions.

2.3.2 Plasma frequency

A peculariar characteristic of plasmas is they way the respond to electromagnetic
perturbations by acting as a system of coupled oscillator. Consider a group of
electrons in a two-species plasma that are slightly displaced from their equilibrium
position xg, while ions are fixed due to the larger inertia. Then, electrons will
experience a potential that aims to take them back to their equilibrium position.
However, when they reach xg, due to energy conservation, they will posses a non-zero
kinetic energy. Thus, they will continue past xg until they convert the kinetic energy
in potential one and start over. Just like in a pendulum, this process gives rise to
a harmonic behaviour. If the initial displacement dx of the electrons is small, the
electric field arising from this small charge separation will be:

E = —endz. (2.19)
By applying Newton’s law:
d%s
Mmea = mewf =eE = —e’néx, (2.20)

so that one gets an harmonic differential equation 0% = wf)lé:c, where the frequency
corresponds to the plasma frequency ([2.16). In other words, perturbed electrons
behave in plasma as a system of coupled oscillators with a typical plasma frequency
Wpl-

2.3.3 Plasma models: what are you interested in?

Plasmas are undoubtedly one of the most complex systems the nature offers us.
Together with the intrinsic complexity of fluidodynamics, the action of the elec-
tromagnetic long-range force leads to a rich phenomenology at different time and
length scales. For this reason, plasmas can be described with different degrees of
approximation using several approaches.

A complete description of a many-particles system requires the knowledge of all
positions and velocities of every single particle. This is described by the N-body
distribution function F'(xi,..zn,v1,...,0n,t). Nevertheless, in most of the cases,
this function cannot be computed, and is more useful to describe the system with a
one-particle distribution function obtained by marginalising the remaining degrees
of freedom: fo(z1,v1,t) = [ F(21,..xN,01, ..., 0N, t)dx2..dx ndvs..dvy, where a rep-
resent the particle species (electrons or ions). Such an approach is called kinetic
theory and the relevant equation that describes the system in a statistical picture is
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called Boltzmann equation. This model is incredibly powerful, and able to describe
even the shorter timescale phenomena in plasma, the already mentioned plasma
oscillations 7,5 = 27 /wp. Moreover, it allows to capture effects intrinsically con-
nected to microphysics, such as the Landau damping [117]. Nevertheless, a numerical
study using kinetic theory requires particle in cell methods (PIC) [I18, [119] which
are prohibitively computationally expensive in the description of large-timescale
phenomenology. On the other hand, a macroscopic description of plasmas can be
obtained by building macroscopic quantities — the specie’s velocity, density ecc. — as
statistical moments of the one-particle distribution [120} 121}, 122]. This leads to the
two-fluid formalism, where electrons and ions are treated separately and described
respectively by their own continuity and momentum equations , coupled
to the Maxwell equations, and by an equation of state :

8;6“ +V gz, )V (z,t) =0 (2.21)
v L - v xB B N 8f,
namag +namaV - VV — naqa<(E + )> +V:-P=m, Vﬁdv (222)
V- E=47) naga (2.23)
_  190E 4r -
B=-— +— 2.24
v X c 8t + c — naQaVa ( )
P = P(n,), (2.25)

where each species is labelled by an index a. Given that electrons and ions are
treated as separate fluids, the electron oscillations at the plasma frequency are still
captured by this model, which is also way computationally lighter than PIC. As this
is the pivotal effect we wish to describe, in the rest of the thesis we will adopt this
model. Note that another class of models that are often used in plasma astrophysics
are Magnetohydrodynamics (MHD) models [123] [124]. Nevertheless, MHD models
treat the electrons and ions as a single fluid and are based on the quasi-neutrality
assumption, i.e. that the total charge density vanishes n. = Zn;. Clearly, this
assumption is a loss of information, as this is not true in general. Nevertheless,
as plasma as a whole is neutral, there is a length scale for which quasi-neutrality
represents a good assumption. This scale is the already introduced Debye length.
Because the fluids are treated as a whole, MHD models are unfeasible to capture the
electron oscillations and therefore the photon’s effective mass. They are therefore
only valid at large length scales Lysgp >> A\g and timescales Tp;gp >> w;ll and
unsuitable for our purposes.

2.3.4 Electromagnetic waves in plasmas

The plasma frequency plays a pivotal role in the propagation of waves in plasma.
As already mentioned, a photon in a plasma is dressed with an effective mass equal
wpl. Nevertheless, one cannot simply interpret the system as akin to a massive
vector boson. With a simple pedagogical example, we will show here how these two
scenarios dramatically deviate also in the most trivial case. Consider EM plane waves
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in a cold, collisionless, isotropic plasma with density ng. Let us assume the plasma
is initially field free (Ey = By = 0), and that the perturbation has an harmonic
behaviour, such that the perturbed density and velocity are also harmonic:

E = FEi(z)e”™" B=B(zx)e™™" n=ng+ni(zx)e”™ V="Ve ™.  (2.26)

In the following we will adopt a two-fluid model to describe plasma and work under
the assumption that ions, due to their large inertia, can be considered at rest.

The relevant field equations are therefore the Maxwell equations and the momentum
equation for the electron fluid velocity, which at first order in the perturbation read:

V x By = —iwwEy + J1 (2.27)
V x By = iwB, (2.28)
iwVi = —— B (2.29)

Me
J1 =engVy. (2.30)

The following set of equations can be easily rearranged to obtain:
2 Wi
V x (Vx Ep)=w*(l- OTI;)E“ (2.31)

which in the Fourier domain can be easily recasted in the tensorial form, assuming
the wave number is aligned in the z direction:

w? — %2)1 — k*c? 0 0 E,
0 w? —wl) — k¢ 0 E,| =0. (2.32)
0 0 w? — w3 | | E:

pl

It is trivial to see that this equation has three solutions, corresponding to the three
degrees of freedom of electromagnetism in a medium: the first two are standard
transverse EM waves along the x,y direction. In this case, the dispersion relation
w? = k2+w§1 is analogous to the one of a massive field, and the plasma frequency plays
the role of an effective mass. The third solution nevertheless is the longitudinal one
along the z direction, characterized by an electrostatic dispersion relation w? = wgl
with zero group velocity vg, = Ow/0k = 0. This is a strong deviation from a Proca
theory, where the longitudinal degree of freedom propagates and is described by the
same dispersion relation as the transverse ones. Hence, even in this trivial scenario
a Proca equation is unfaithful to describe the system.

In this spirit, the following chapter will be devoted to the study of photon-plasma
interactions in curved spacetime in a coherent framework beyond the Proca toy
model, and to a dedicated characterization of plasma-driven superradiant instabilities
by taking into account the full photon-plasma dynamics.



20

Chapter 3

Photon-Plasma Interactions in
Curved Spacetime

Summary

In this chapter, we investigate the linear and non-linear dynamics of an electromag-
netic field propagating in curved spacetime in the presence of plasma. The dynamical
equations are generically more involved and richer than the effective Proca equation
adopted as a model in previous work. We discuss the general equations and start
with the case of a cold plasma in the background of a spherically symmetric black
hole, showing that the system admits plasma-driven, quasibound electromagnetic
states that are prone to become superradiantly unstable when the black hole rotates.
Subsequently, we extend our framework to include thermal effects and collisions
and we generalize the system to the spinning case by adopting a slowly rotating
approach, and unveil the presence of an efficient superradiant instability at a linear
level. Finally, we discuss the impact of non-linearities on plasma-driven superradiant
instabilities by adopting a flat-spacetime toy model, and show that plasma blow-out
can jeopardize the efficiency of the confinement, rending superradiance ineffective.

3.1 Setup and general equations

A plasma can be classified in terms of its temperature. In a cold plasma the thermal
velocity of the electrons is larger than that of ions, but still much smaller than the
speed of an EM wave propagating in it, namely

2T, w
— 3.1
<% (3.1)

Uthermal =

where w and k are the frequency and wave number of the EM field, and T is the
temperature of the electrons. In this case the thermal pressure is negligible. As
already shown, in a cold plasma, the longitudinal modes are plasma oscillations which
do not propagate and do not transport energy. The presence of this electrostatic
mode already shows that the Proca equation cannot fully describe the interaction of
photons with a cold plasma.
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On the other hand, in a hot plasma, the electron thermal velocity cannot be
neglected and the electrons cannot be considered at rest with respect to propa-
gating waves. In this case the electrostatic modes are converted into propagating,
energy-transporting, longitudinal modes called Langmuir waves [I121]. These modes
propagate at the speed of sound in the plasma and the (nonrelativistic) equations re-
semble the Proca one in the case in which the electrons are ultrarelativistic [125], [126]
(although this approximation is beyond the regime of validity of the original equa-
tions).

As a first step, we will limit ourselves to the study of cold plasma, since the latter
provides a good description of accretion disks and ISM around BHs [127, 31]. Indeed,
in the inner region of a typical accretion disk the temperature can be estimated
as [128§]

Taisk ~ 4 % 103071/4(%)1/4(%)_3/8& < Me, (3.2)

where oo ~ O(1) is a dimensionless coefficient relating the kinematic viscosity of the
fluid with the velocity of turbulent elements. Therefore, vipermal & 0.06 or smaller.
On the other hand, for a quasibound state around a BH of mass M, w ~ wp and
k = 2w/, where A ~ M/(Mwp)? is the typical length scale of the mode [89, 87].
This gives w/k ~ 0.3 or larger for the most interesting case Mwy < 0.5. We also
stress that in this chapter we treat the plasma as spherically symmetric, and static.
The first is a simplifying assumption and should be relaxed to accommodate more
realistic accretion disk geometries. Once spherical symmetry is assumed, the plasma
is static to very good approximation: the time scales of interest to this work are
much shorter than the time scales of other important astrophysical phenomena. In
particular, the BH accretion timescale can be conservatively estimated to be given
by a fraction of the Eddington accretion timescale Tpeer = M/ M ~ fi ]Edld 10'° s, where
frad is an accretion efficiency factor. For frqq ~ O(1), which is conservative as
accretion may be much less efficient, one sees that the time scale of the plasma
radial motion is much longer than the time scale of the quasi-trapped long-lived
perturbations studied below, Ty > w;ll.
The general study of the propagation of EM waves through a cold plasma in curved
spacetime was pionereed in [129], where the authors derived the system of equations
governing the plasma and the EM field in a two-fluid model. As a first study, we
start from those equations and specialize to a background Schwarzschild metric, for
which we study the quasibound states for different plasma configurations.
Consider a two-component plasma made of electrons and ions. Let us denote
the number density and four-velocity of the electrons as n and u*, while J#* stands
for the ion current density. The system of differential equations for the plasma
quantities reads [129]

V,F* = enut + JH, (3.3)
u'Vyu” =e/mFY ut, (3.4)
utu, = —1, (3.5)

Vu(nut) = 0. (3.6)

These are Maxwell’s equations together with the momentum and particle conservation
equations, in covariant form.
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We study the propagation of a perturbatlon through the plasma by introducing
the small perturbations 7, @, F, P - Fu = F) b“kground + F (and likewise for
other quantities). Here we neglect second order perturbatlons of the plasma and
EM field, as well as any perturbation of the background metric g, (since the
gravitational backreactions of these fields is small). We also neglect perturbations of
the ions, since they will be suppressed with respect to those of the electrons by a
factor o< me/mion < 1. In the warm plasma case an extra term will appear, as we
will see, in the momentum equation , due to the pressure of the fluid.

The presence of a plasma implies the existence of a preferred rest frame. Locally,
the plasma defines surfaces of simultaneity for the observer, whose effective metric
tensor is

huw = Guv + uptty. (3.7)

The tensor h,, projects orthogonally onto the tangent rest plane of the (electron)
plasma. Then, the kinematic of an electron fluid is described by two matrices: the
rate of rotation (the vorticity) w*” = —w"#, and the rate of deformation 6** = 6"*.
This follows from the general decomposition [130]

Vi, = V(Huy) + V[Huy] =Wy + Oy — uuuavau,,, (3.8)

from which we get

1
Wy = 5(’0/“’ - Uu,u) ) (3'9)

1
O = §(U“V+””“)’ (3.10)

where we defined the tensor v*" = h“ah”ﬂua;@. We can also define the plasma
frequency as in Eq. -, the electric component F* = FHF,u”, the magnetic
component By, = h,*h, p F,3, and the Larmor tensor wL“" = ——B‘“’ With these
definitions, by dlfferentlatlng Maxwell’s equation and usmg the momentum
equation , Ref. [129] obtained the perturbed equatlon for the vector potential
perturbation A#, containing both the influence of the gravitational potential and
that of the moving plasma:

he gud VsV B — W2 FPug 4 (05 + wi®p + 6% + 0h% 5 + miEa%)wﬁB’7 —0,
e
(3.11)

where 0 = 0#,,. The above equation is the starting point for a rigorous analysis of the
linearized photon dynamics in a cold plasma in curved spacetime. It is clearly very
different from an effective Proca equation which would have the form V Vaflu =
A In particular, note that Eq. ( contains third-order derivatives.

In the flat spacetime limit and in the Fourler domain, the spatial part of Eq. -
reads

pl

2
~ ~ w ~
k(k-E) - KB+ (1 - %)&Ezo, (3.12)

which exactly coincides, in Fourier space, with equation (2.31). Therefore, this
formalism correctly takes into account longitudinal electrostatic degrees of freedom:
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taking k along the z direction one can write the standard dispersion tensor D and
find its determinant, which reads det|D| = (w?e — k?)%w?e = 0, where we defined
the plasma dielectric tensor € = 1 — wgl Jw?. There are two types of solutions to
this dispersion relation: the first one corresponds to the longitudinal mode with
€ =0, i.e. w = wpy; while the second one corresponds to the two transverse modes
(w?e —k?) =0, ie. w? =k?+ W1;2>1 [11].

3.2 Quasi-bound spectrum in Schwarzschild spacetime

3.2.1 Field equations in a Schwarzschild background

We now specialize to the symmetries of the Schwarzschild background. We work in
the coordinates (t,7, 6, ¢), in which the line element reads

s? = —fdt* + f7dr? + r?dQ3 (3.13)

with f(r) =1—2M/r, where M is the BH mass. In this case both the Vorticity and
the deformation tensors are zero, as can be easily checked from Egs. (3.9) and (3.10] -
The four velocity of a static plasma is u® = (u° ,O), with u® = f~ 1/2 satlsfylng the
normalization condition u,u* = —1. From Eq. (3.4)), the electric field has then only
one nonvanishing radial component E* = (0, m./e 5, (u®)?,0,0), where FZB are the
standard Christoffel’s symbols. We assume an unmagnetized plasma B, = 0 (and
therefore also wr,*” = 0) and work in the Landau gauge, u#fl“ =0,.

Moreover, in any spherically symmetric spacetime it is possible to separate the
angular part of the fields from the radial one by performing a multipolar expansion.
Following Ref. [75], we introduce a basis of four vector spherical harmonics:

1im lm
ZMm =11,0,0,0y"™, (3.14)
Z@Mm =10, £, 0,00y, (3.15)
Z@m — T __19.0,8,85]Y"™, 3.16
Z@Wm — ___T___[0,0 % _ i 00p)Y '™ (3.17)
’ I0+1)" "sing’ ’

where Y™ (6, ¢) are the standard scalar spherical harmonics. These vector spherical
harmonics satisfy the orthogonality condition

/dQZ/(j)lmﬁuVZl(/i')l’m’ _ 5ii’51l’6mm” (318)

where d§) = sin 0dfd¢ and H** = diag[l, f2,1/r% 1/(r?sin? #)]. The perturbation of
the vector potential can be decomposed in this basis as

Ay (r,t,0,0) = ZZCW(Z (t,r) )lm(ﬂ,gb), (3.19)

i=11m
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where ¢; = ¢ = 1 and ¢3 = ¢4 = 1//l(l +1). Using this decomposition and a
frequency-domain representation ul(?;(t, r)= ué?’;(r)e*i“t, the field equations become

u) =0, (3.20)

(rf(l +12+ T2w§1) - r3w2) Ugg) — r2f2u’(3) =0, (3.21)
L1+ Drfugg) + r3(w? — fwgl)U(g)

—1(1+4 l)r2fu'(2) + 2Mrfu’(3) + r3f2u’(’3) =0, (3.22)
(rf(l + 12+ rzwgl + r3w2) U(y)

—2Mr fulyy — r° fPufyy =0, (3.23)

where u’(i) = Oru(;), we have suppressed the [ superscript, and the radial dependence
of wpl = wpi(r). Owing to the spherical symmetry of the background, the equations
do not depend on the angular number m. Note that, despite the fact that Eq.
contains third-order derivatives, the final system of equations in the frequency
domain is of second differential order.

From Egs. f we can immediately notice that the polar (i.e., even-
parity) sector, described by the functions u(1), u(2) and u(g) is completely decoupled
from the axial (i.e., odd-parity) sector, described by the function 4. This resembles
the case of a massive vector field discussed in Ref. [75] and is in fact a consequence
of the spherical symmetry of the background. We can therefore treat the two sectors
independently, as in the following.

Axial sector

Interestingly, the axial equation is identical to the axial Proca equation found in [75].
Thus, the axial sector can be easily reduced to a Schrodinger-like equation analogous
to the massive vector case [75]

DQU(4) (7“) = O, (3.24)

with Dy = % +w?—f (l(lr%l) +wgl>, and in terms of the tortoise coordinate defined

by ‘ZL; = f~1. In this case the plasma frequency plays indeed the role of an effective
mass for the component u4). The agreement between the axial sector and the
Proca axial equation lies in the symmetries of the spacetime: the axial sector is a
superposition of purely transverse modes, and is fully decoupled from the polar one,
where the longitudinal electrostatic modes reside. Given that, as shown in the
transverse degrees of freedom are Proca-like, the two sectors must coincide. Note
that, remarkably, this argument was used in [83] to theorize the similarity between
the two sectors, although the general equations of the plasma-photon system in
curved spacetime were not known. Our framework is the first one to verify this
assumption explicitly.

Polar sector

On the other hand, the polar sector propagates one Proca-line and one electrostatic
degrees of freedom, coupled to each other. Hence, because of the "contamination" of
electrostatic degrees of freedom, the polar sector is different from the Proca case.
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In the monopole case (I = 0), only the first two spherical harmonics are defined
and the field equations reduce to u) =0 and

(w? — wglf)u(Q) = 0. (3.25)

Therefore, in the flat spacetime limit (M — 0) we recover the presence of electrostatic
degrees of freedom, w? = wgl, which are typical of photons propagating in cold plasma.

For [ # 0, the polar equations for w) and ) can be reduced to a single
Schrédinger-like equation, ,

V-V =0, (3.26)
where the complicated form of the effective potential V' (r) is given in Appendix
As expected, V(r — 2M) — —w? and V(r — o0) — wgl(r — 00) — w?. The fact
that the polar sector reduces to a single second-order differential equations implies
the presence of only one dynamical degree of freedom. Note that the potential V'
depends on the plasma frequency wpi(r) and also on its radial derivatives.

3.2.2 The hydrogenic spectrum for Proca modes

In the next section we shall compute the quasibound states of our problem by solving
Egs. (3.24) and (3.26) numerically with suitable boundary conditions. The latter
select an infinite set of complex eigenfrequencies: w = wr + iwy. It will be useful to
compare the results with the case of a Proca field with mass hwp = const around a
Schwarzschild BH. In the latter case, the spectrum has a clear physical interpretation
in the Newtonian limit, which corresponds to the Compton wavelength of the Proca
field, ~ 1/wp1, being much larger than the horizon size. This requires Mwy < 1.
To leading order in this limit the spectrum of quasibound states has a hydrogenic
form [I31], [75] [79, 76, 83]

(wa1)2
~ 1-— 3.27
WR Wpl( 2([—}—5—}—1—{—71)2 ) ( )
1
wp o~ _5 l(é')(wal)4l+2S+5wR7 (328)
where [ is the total angular momentumﬂ of the state with spin projections S = —1,

0, 1 (with S = 0 for axial modes and S = =£1 for the two polarizations of polar
modes), n is the overtone number (n = 0 for the longest-lived, fundamental mode),
and C’lg) are constants (given, e.g., in Ref. [30]). The most unstable mode is the
polar dipole with S = —1, [ = 1, which has C’{l_)l = 16 [83]. The dominant slope
of the imaginary part of the mode is wy o< (Mwp)!Y for the axial dipole, and
wr o (Mwp)® and wy o< (Mwy)!? for the two polar dipole modes. The above
analytical approximation in the Newtonian limit is in excellent agreement with the
exact numerical results [73, [69] [83] OT) 132} [72] 77, [85].

In the spinning case, the imaginary part acquires a factor w; o (wr — mfQ),
which depends on the BH angular velocity €2. Therefore, in the superradiant

!This can be seen by applying the angular-momentum operator to the state [83]. Note that  was
erroneously identified with the orbital angular momentum in Ref. [75]. See Ref. [30] for a discussion
of different spherical bases used in the literature.
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regime, wr < mf2, the modes with the smallest slope in the static case (namely, the
polar dipole with S = —1) become the ones with the shortest instability timescale,
T =1/wr [30].

In the next section we shall compare our numerical results for the full plasma-
photon system with the above hydrogenic behavior of a Proca field.

3.2.3 Plasma profiles

We consider two different plasma profiles: a homogeneous density profile and a Bondi-
like accretion disk model. We will examine first the case of homogeneous density,
and therefore homogeneous plasma frequency, wp = const. This approximation
is obviously not realistic, especially close to the BH. However, it will serve as a
warm-up to elucidate the structure of the equations and identify the correct limit
asymptotically far from the BH.

Then, we will consider a radial dependence wp = wpi(r), as expected in the
surroundings of a spherically symmetric BH. In particular, we will consider the
Bondi-like accretion disk model, which describes the accretion dynamics of a non-
self-interacting gas around a spherically symmetric compact object [133]. This model
predicts a power-law density profile for the gas and consequently a plasma frequency
of the type R
wgl(r) =wd (g) + w?, (3.29)
where \/w% + w2, is the plasma frequency at the horizon (since in the relevant regime
Woo K wp, with a little abuse of notation we shall refer to wpg as the horizon plasma
density). The slope A depends on the adiabatic index of the gas (e.g., A = 3/2 for
monoatomic species). The constant term wy, is the asymptotic plasma frequency at
infinity, i.e the interstellar medium plasma frequency far away from the central BH.

3.2.4 Numerical method

We compute the characteristic frequencies of our system using a direct integration
shooting method [134} [76], [75]. The main idea is to integrate the system from the
horizon outwards to infinity, imposing suitable boundary conditions. Close to the
horizon, the solution must be a purely ingoing wave, as the horizon behaves as a
one-way membrane,

Uy ~ e Z biiyn(r — 2M)", (3.30)

where the coefficients b(;),, can be computed in terms of the arbitrary coefficient
biiyo by expanding the relevant equations near the horizon. At infinity, the solution
at the leading order can be written in its most generic form as

Uy ~ B(i)efkoor* + C(i)€+k°°r*, (3.31)

2
pl
state solutions for w < wp), and we will therefore impose the condition C;) =

0, implying exponentially damped solutions at infinity, and solve the associated
eigenvalue problem. This method does not rely on a specific shape of the effective

where ko = \/ w4 (r — 00) — w?. We are interested in strongly localized, quasibound
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potential and is thus extremely flexible. Moreover, the direct integration method
works particularly well for the computation of quasibound states, while it is expected
to be less precise for the computation of normal modes (corresponding to the
boundary condition B;) = 0), especially for the highly damped modes.

Since the axial and polar sectors are decoupled and each one is described by a
single second-order differential equation, for a given value of | we expect to find two
families of modes (axial and polar), each one defined by an overtone number n. In
the following we shall mainly focus on the fundamental (n = 0) modes, although
tracking a fixed overtone number is difficult in the small Mwy, regime. As we shall
see, in the same regime the imaginary part of the mode can become extremely small
and sensitive to small numerical errors. The latter can be reduced by increasing the
numerical accuracy and the truncation order of the series expansions at the horizon
and at infinity.

This procedure is also suitable to find unstable modes, i.e. those with w; > 0
and whose time dependence is exponentially growing as e“’t. We have searched for
such modes in different configurations and found none, confirming the reasonable
expectation that the system is stable in the static case.

3.2.5 Numerical Results

Constant Density plasma

Figure [3.1] shows the real part and the imaginary part of the axial eigenvalues
w = wpg + iwy, normalized to the plasma frequency. We consider I = 1 and two
different overtone numbers, respectively n = 0 (orange) and n = 1 (blue). As
expected, the imaginary part of the frequency is always negative and represents a
mode which is exponentially decaying in time, while the real part is always smaller
than wy, a necessary condition to obtain solutions that are confined in the vicinity of
the BH. Since the axial sector is the same as in the Proca case, this plot is equivalent
to what found in Ref. [75] for the axial quasibound states of a Proca field around a
Schwarzschild BH. The dashed curves shown in Fig. [3.1] correspond to the hydrogenic
spectrum expected in the Mwp < 1 limit.

While in the axial sector the potential is simple and equivalent to that of a Proca
equation, in the polar sector the situation is different. Indeed, not only are the
equations more involved than in the Proca case, but the polar sector only contains
a single propagating mode, in contrast with the two polar modes of a Proca field.
Thus, as expected, the structure of the plasma-driven polar quasibound states is
different and cannot be mapped into a hydrogenic spectrum as in the axial case.
This is shown in Fig. 3.2

In this case the numerical computation of the eigenfrequencies becomes increas-
ingly more challenging for values of the coupling Mwy < 0.4 and we therefore do
not show the lower part of the spectrum in Fig. [3.2] However, in order to investigate
the small-mass coupling regime, Mwy < 1, we separately studied smaller intervals
around Mwp ~ 0.15, as shown in Fig. @ Although the numerical results are
noisy in this limit, we find that the scaling of wy is significantly different from the
hydrogenic behavior predicted in the Proca case for S = —1. Indeed, our best fit
yields wy /wp ~ (Mwp) 1984, to be compared with wy/wp ~ (Mwyp)” for the S = —1
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Figure 3.1. Imaginary (upper panel) and real (lower panel) part of the plasma-driven
quasibound EM mode of a Schwarzschild BH in the axial sector for the case wy = const.
The imaginary part of the frequency is always negative, while the real part is always
smaller than the plasma frequency. We show the fundamental mode (n = 0, orange)
and the first overtone (n = 1, blue) for { = 1. The dashed curves correspond to the
hydrogenic spectrum, which is recovered as expected in the limit Mw;, < 1. Note that
the axial sector is equivalent to that of a Proca field [75].

Proca mode. In fact, we find a scaling that is quite close to the (subleading) polar
mode with polarization S = 1 for the massive vector case [(5]. The reason why the
numerical computation of the polar sector in the low-frequency regime is challenging
resides on the presence of a resonance. This will be explained in more detail in [3.3
where a more detailed analysis is performed.

In some sense, the plasma-driven EM quasibound states are phenomenologically
closer to a massive scalar field than to a Proca field. In both plasma-driven EM
fields and massive scalar fields, the minimum scaling of the imaginary part (which
sets the shortest, and therefore most interesting, mode lifetime) is wy/wp ~ (Mwp)®.
This scaling is set by the axial dipole mode in the plasma-photon system. Thus, the
lifetime of the fastest quasibound states in the plasma-driven case is parametrically
longer than for a Proca field — for which the shortest lifetime is set by the polar
modes — by a factor (Mwp)™2 > 1.
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Figure 3.2. Same as in Fig. but for the polar sector. In this case the modes do not
reduce to the hydrogenic Proca spectrum in the Mwp; < 1 limit.

3.2.6 Plasma profile from Bondi accretion

We now analyze the quasibound states for a more realistic plasma density profile,
as predicted by Bondi accretion. In this case the axial sector is also described
by Eq. (3.24), except for a radial dependence in the plasma frequency wp —

wpl(r) = \/w]%(QM /7)) +w2,. The polar sector is again more involved and its
potential depends nontrivially on the radial derivatives of the plasma frequency. The
equations for the polar case are presented in Appendix [A]

In Fig. we show the results for the imaginary and real part of the frequency
in the axial sector as a function of ws,, the quantity that would asymptotically
corresponds to a mass term. In all cases we fix A = 3/2 for the Bondi model
(corresponding to monoatomic gas) and we show the results for different values of
the horizon plasma frequency wg. We notice that, as in the homogeneous plasma
case, the real (imaginary) part of the frequency decreases (increases) monotonically
with Mws,. The effect of wg is the opposite: larger values of the density in the
vicinity of the BHs lead to a smaller imaginary part and a larger real part. Indeed,
for larger values of wg it is more difficult to find minima in the effective potentials,
i.e. it is more difficult to support quasibound states. In fact, we were not able to find
quasibound states solutions for wgM 2 1.7, in good agreement with the numerical
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Figure 3.3. Imaginary part of the plasma-driven EM quasibound mode in the polar sector
in Mwp < 1 regime. The blue dots indicate the numerical data; the black solid line is
the best-fit power law, while the red line denotes the hydrogenic scaling in the Proca
case.

study in Ref. [I15] for a scalar toy model. Furthermore, this behavior is consistent
with the wp — 0 limit, as in this case the spectrum shown in Fig. with smaller
values of the real part of the eigenfrequencies, must be recovered.

Note that, in general, the imaginary part of the quasibound states for a Bondi
plasma profile is smaller than in the homogeneous-plasma case. This makes the
numerical computation harder, especially for polar modes for which the imaginary
part is even smaller than in the axial case. Although not shown, we were also able
to compute the plasma-driven polar mode in the case of a Bondi profile, at least
when Mws = O(1). As in the homogeneous case, the axial modes are found to be
the shortest lived for small values of the plasma frequency.

3.3 An extended phenomenology: Collisions, thermal
corrections and superradiant instability

In this section, we include three effects that were neglected in the previous one:
collisions in the plasma, thermal corrections, and the angular momentum of the
background black-hole spacetime. We show that collision and thermal effects — as
expected— do not affect significantly the quasibound states in the astrophysical
environments of interest, so that the spectrum is robust with respect to the plasma
features. Afterwards, we show that the spectrum can turn superradiantly unstable
at a linear level when the BH rotates.



3.3 An extended phenomenology: Collisions, thermal corrections and
superradiant instability 31

1077

10°8

107°

—Im(w/w )

10710 3
A=3/2, wg=1.1/M

107" 3
A=3/2, wg=0.9/M

| | |
T T T

0.9975} .

0.99625

0.995

Re(w/w «)

0.993751- .

0.5 0.55 0.6

Figure 3.4. Imaginary (upper panel) and real (lower panel) part of the quasibound state
frequency in the axial sector for a photon in a Bondi-accretion plasma model, see
Eq. . The imaginary part is always negative, while the real part is always smaller
than the plasma frequency, as expected. The imaginary part of the frequency decreases
(the modes become short-lived) as the horizon plasma wg density increases.

3.3.1 Collisional plasma

So far, we have ignored particle collisions in the plasma. This amounts to assume that
the collision rate between electrons and ions is much smaller than the characteristic
oscillation frequency of the plasma, wp. In other words, it was assumed that the
time 7 between two electron-ion collisions is much longer than the other physical
timescales in the problem. Here we show that indeed the inclusion of collision effects
does not affect our results in the astrophysical environments of interest.

Let us first modify the set of Eqgs. — in order to take into account

electron-ion collisions. The electron equation of motion acquires an extra term [135]

1
u'Vyu” = iF”Hu“ — —u”. (3.32)

Me T
At the microscopic level, 7 can be thought as arising from Coulomb collisions between
electrons and ions around the BH [136]

2,3

2mmivy

T et (3.33)

where v, is the typical electron velocity and log A is the Coulomb logarithm. However,
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in the interest of generality, in the following we will treat the collision timescale 7 as
an independent parameter in the perturbed equations.
With this addition the perturbation equation (3.11)) becomes

- - 1 -
hgu® VsV, PP — w2 F*Pug + ;haﬁv,,Fﬁ7
+Hws +wr%s + 0% +0h%5 + WLLEOA’U,Q)VWFB’y =0,
e
(3.34)

where we highlighted the new term due to collisions in bold.

In Sec. we will solve this equation numerically for a nonrotating BH, and
show that the effect of collisions can be safely neglected. As a back-of-the-envelope
estimate, one can compare the collision timescale due to electron-proton Coulomb
interactions with the other relevant timescale in the problem: wgll. For densities
and temperatures of astrophysical relevance, the collision timescale is much longer
than the plasma oscillation time,

T \?/? n —1/2
Twpl ~ 2 % 10 (107K> (104c _3> , (3.35)

where we estimated the typical electron velocity as their thermal velocity ve =~
0.03y/T/(10"K) and took A ~ 20. Notice that Twp > 1 even for much higher values
of ne, as those typical of accretion disks in the vicinity of the BH. Furthermore, using
the background electron velocity to estimate the collision timescale is a conservative
choice. In fact, when electrons are accelerated to relativistic velocities (as in the
case of the superradiant instability discussed below), the collision timescale is even
longer.

3.3.2 Warm plasma

Up to now, we have considered a cold plasma and ignored pressure terms in the
electron equations of motion. We now turn our attention to thermal corrections
arising in a warm plasma with temperature T'. Thermal corrections are conceptually
different from the relativistic and nonlinear corrections studied in Refs. [137, [138],
arising from the acceleration of electrons to very large velocities by a strong electric
field. These accelerations, however, do not imply that the plasma temperature is
high. In a warm (hot) plasma the thermal velocity is comparable to (much higher
than) the typical velocities of the propagating modes, which might not be the case
even if the electrons are relativistic. Here we study what happens when thermal
motion is turned on and the resulting thermal pressure gradients need to be included.

The warm plasma model adopted here is an intermediate framework between
the cold plasma model (where thermal motion is completely neglected) and the
hot plasma model (where thermal motion is relevant and cannot be treated within
the fluid description adopted here). Since the velocities associated with the typical
temperature of an accretion disk (see Eq. ) are smaller than, or at most
comparable to, the phase velocity of the propagating EM mode described by a
quasibound state (see and the estimate below), an intermediate, warm-plasma
approximation is well justified.
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In a warm-plasma model, the momentum equation of the electrons [Eq. (3.4)]
must be modified with a pressure correction [139],

u'Vut = miF””u“ -V’ (3.36)

€

where p = nkpT is the pressure of an ideal gas. The system of equations must be
closed by an equation of state p = p(p) with p = men, in the nonrelativistic regime.
In this case the equation for the perturbed EM field (3.11)) is modified to

h U’ VsV o FP7 — w2 FPug + ey vd, h*5V e
+(w0‘5 + wLO‘B + 906/3 + Qha/g + miEauB)ngﬂU =0,
e
(3.37)

where vtgh = kpT/me is the electron thermal velocity and we assumed a polytropic
equation of state with index =, i.e., p o p?. This allows us to relate, at leading
order, a perturbation in the temperature 7" to a perturbation in the electron density:
T = (y—1)T e /ne.

Maxwell’s equations also relate the density perturbation to the perturbation of
the EM tensor. The thermal correction in Eq. can thus be expressed in terms
of the EM tensor perturbation alone,

h%udvavgﬁﬁ” — wfﬂpaﬁu/g — yv3, ho‘ﬂVﬂuuV,,F””
+ (wag + wLag + 0“5 + Qhag + iEauB)VJFBU =0,
me
(3.38)

where again the term due to thermal pressure modifying Eq. is highlighted in
bold. In the next section we shall solve this equation numerically in a Schwarzschild
background and show that the effect of the plasma temperature can be safely
neglected in realistic astrophysical settings, especially for the dominant quasibound
states of the system. As a simple numerical estimate, Eq. suggests that
thermal effects will be negligible as long as

T
2 o10-2./
yug, =~ 10 107K < 1. (3.39)

3.3.3 Quasibound states in a collisional plasma

We now solve for the EM perturbation in a collisional plasma, Eq. (3.34)), around a
nonspinning BH using the same numerical procedures as in the previous section. By

performing the multipolar expansion (3.19)), Eq. (3.34) gives
fzu'('4) + 2er_2u'(4)
473 [r3w2 —fr(l+1)+ r2wgl)] U(y)
fWIQﬂ

—1 _ i7wf*1/2 U(4) = 0, (340)
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for the axial sector, and

FPullyy + FF(r)uf
+<_fl<l+1>+ ) W) S

w 3.41
r2 1—itwf~1/2 (341)
for the polar sector, where u’(i) = Oru(; and F(r) is given in Appendix As
expected, when 7w — 0o we recover the equations governing the collisionless case
studied in Interestingly, the standard collisional term iTw appearing in flat
spacetime is modified by a redshift factor, (1 — 2M /r)~1/2.
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Figure 3.5. Imaginary (top) and real (bottom) part of the axial [ = 1 mode for the
quasibound states of a cold, collisional plasma in a Schwarzschild background as a
function of the collision timescale 7, normalized by the plasma frequency. For large
collision time 7 > 1/wp, the results are identical to the collisionless case discussed in
When the collision time becomes very short, 7 < 1/wp,, the collisions between electrons
and protons shorten the lifetime of the bound states.

In Fig.[3.5 and [3.6) we show the imaginary and real part of the fundamental axial
and polar modes, respectively, as a function of the collision time, for four values of
the plasma frequency. For any value of wp the dependence on 7 is qualitatively the
same. Namely, for very large collision timescales 7 > w;ll, the frequencies coincide
with the collisionless frequencies. As expected, collisions are irrelevant when the
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Figure 3.6. Same as in Fig. but for the polar sector. The behaviour of the modes is
the same as in the axial case, and a quenching occurs as Twp < 1.

time between two collisions is much longer than the characteristic time of plasma
oscillations. On the other hand, when the time between collisions is short, 7 < w;ll,
the absolute value of the imaginary part starts to increase, i.e., the lifetime of the
mode is shortened. Collisions between electrons and protons in this case rapidly
quench the quasibound states. However, as shown in Eq. , the limit 7 < 1/wp
is never realized in astrophysical environments, and collisions can be safely neglected.
Indeed, realistic values of 7wy, are much bigger than those shown in Fig.

This numerical result can be understood analytically as follows. Eq. can
be re-written to resemble the standard axial equation in the collisionless case, which

coincides with the Proca axial equation, as

Diugy(r) =0, (3.42)
where D} = % +w?—f (l(lr%l) + uzﬂc> has the same differential form as in but
with the plasma frequency replaced by a collisions-dependent effective mass

1
2 2/
ul = w1 — imf(r)*l/Q)‘ (3.43)

The effective mass determines the behavior of the quasibound states at infinity,

koo = \/,ugﬁ(r — 00) — w?. Clearly, in the limit 7 — oo, the effective mass tends to
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the plasma frequency, and the collisionless spectrum is recovered. In the opposite
limit, 7 — 0, the effective mass goes to zero — unable to spatially confine the modes —
and consequently the quasibound spectrum is quenched. Similarly, in the polar case
we found an effective mass at infinity

1
wir~ep(l- 7). (3.44)

which asymptotically coincides with the axial one. Thus, also in the polar sector the
effective mass term at infinity goes to zero as plasma becomes strongly collisional,
and the polar quasibound spectrum is quenched.

3.3.4 Quasibound states in a plasma with thermal corrections

We now turn our attention to thermal corrections. Applying the multipolar decom-
position to Eq. (3.36]), we obtain a system of differential equations for the mode
functions in frequency domain,

/

3
fQ’YUEhT4UI(/2) + 5’7(f 1) fr° Uthu(2
—f2r? (’Wth - 1) “,(3)
—r[fU0+ 1) +4/2 (62 + f = 3) vk,
—I—rz(fwﬁl - wQ)]u(Q)
1
+57fBf + Drvdug) =0, (3.45)
frriu 3 () + (1= f)friufs
—f(—vvth + i+ )r u’(2)
r [—fwv?hl(l +1) - fw r? + TQwQ} u(3)

—l(l+1)r [*yvfh — f(2fyvt2h + 1)} u@z) =0, (3.46)
r2f2u'(’4 +7r(l— f)fu'4
— [P+ 2 2w 4+ r2w?| uy = 0. (3.47)

In the polar sector we find the usual distinction between longitudinal u ;) and
transverse u(3) modes. The former are non-dynamical in a cold plasma, but become
propagating, energy-transporting modes (Langmuir waves in flat spacetime [121])
due to the thermal corrections. Indeed, from Eq. it is easy to see that the
degree of freedom wu(5) becomes dynamical only for vy, # 0. To show that this mode
behaves as a Langmuir wave, we take the flat spacetime limit: for r — oo and in
momentum space Eq. reads

W) = (Wi + k*yvd,)ug), (3.48)

which is the Bohm-Gross dispersion relation describing Langmuir modes in a warm
plasma [I21]. In the same limit, the equation for the transverse mode (3.46|) becomes

w2u(3) = (wgl + k2)U(3). (3.49)
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Therefore, this EM wave is unaffected by thermal corrections at infinity. This
is a general feature of a warm plasma model in flat spacetime: transverse waves
are unaffected by pressure [122]. In curved spacetime, thermal corrections couple
longitudinal and transverse polar modes and the dynamics is more involved.

On the other hand, and more importantly for our scopes, the axial sector governed
by Eq. is unaffected by first-order thermal corrections and is the same as
in the cold-plasma case studied in Indeed, being a transverse mode, w4 is
unaffected at infinity, and due to the spherical symmetry of the spacetime it does
not couple to the polar, longitudinal, thermally-affected modes even near the BH.
Given that the axial modes are the most relevant ones for the quasibound spectrum
of the system, we conclude that warm-plasma corrections can be safely neglected
when studying EM quasibound states and superradiance in astrophysical systems.

Thermal effects should be carefully considered for a hot plasma, where transverse
modes also become affected by temperature [122]. In this case, the system must be
studied using kinetic theory, solving a set of coupled Vlasov-Maxwell equations. A
study of this type is beyond the scope of this work and left for future investigation.

3.3.5 Polar quasibound states in the low plasma frequency regime:
reflection point in inhomogeneous plasmas

In [3.2] we computed EM quasibound states in a cold, collisionless plasma at the
linear level. For the polar sector, we were unable to explore the wy M < 1 regime
with high precision, and we could only provide an estimate of the behaviour of the
quasibound spectrum in this limit. In the following, we explain the physical origin of
the issues encountered in the polar sector in the low-plasma-frequency limit, relating
them to the behaviour of inhomogeneous plasmas in flat spacetime. Furthermore,
we show that, as in flat spacetime, the inclusion of dissipative mechanisms such as
collisions, thermal or nonlinear effects can “smooth out” the low-plasma-frequency
regime.

The fact that, in curved spacetime, plasma behaves as an inhomogeneous medium
— even when assuming a constant electronic density — can be understood by inspecting
the monopole sector of the polar equation in the cold, collisionless case, given by
equation . This resembles the equation describing longitudinal modes 7, in
plasma physics: ey = 0, where € is the dielectric tensorﬂ The solution to this
equation gives the dispersion relation for longitudinal modes, ¢ = 0. By analogy, we
introduce an effective dielectric tensor in the BH background,

wy o 2M
— pl

Note that in the near-horizon limit » ~ 2M Eq. admits only the trivial solution
u() = 0. Indeed, no electrostatic modes can exist at the BH horizon. Notice that
the same occurs in the case of a massive (both scalar and vector) field, making the
mass contribution subdominant at the horizon [140, [75], T41]. In the flat spacetime
limit, we instead recover the standard solution for electrostatic modes w?

discussed in 3.2

2The dielectric tensor reduces to a scalar when the plasma is isotropic (unmagnetized), as
assumed here.

— 2
= wy, as
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However, due to the BH curvature correction, the effective dielectric gains a
dependence on the radius, €.g = €o(w,r). Therefore, plasma can be considered
effectively inhomogeneous even when n, = const, due to the spacetime curvature [142),
143]. A peculiar characteristic of inhomogeneous plasmas is the presence of a spatial
point, known as reflection point, where the dielectric tensor vanishes, i.e., €(w,r) = 0.
At this point, the longitudinal electric field and some components of the transverse
magnetic and electric field diverge [144] [145]. Clearly, this divergence is not physical:
dissipation mechanisms should be added to the theory to make the field equations
well-behaved at the reflection point.

Some of the most important dissipative channels are absorbtion via collisions
(as discussed above) and the formation of plasma waves. When collisions are taken
into account, the dielectric tensor acquires an imaginary part, the divergence is
removed and a sharp (but finite) Breit-Wigner resonance appears insteadlﬂ Thermal
corrections can also cure the divergence near the point € = 0 [146, [147].

Clearly, these two effects play a major role in a strongly collisional or warm
plasma. If dissipative effects are not strong enough, although the divergence is
removed, the maximum value of the electric field may still be very large. In this
case, nonlinear effects will play the role of the dominant dissipative effect [137]. A
nonlinear treatment would take into account the motion of electrons due to the
strong electric field, modifying the plasma density near the resonance point. For an
analysis of this nonlinear effect in flat spacetime, see [148], [145].

A similar situation arises in our system. The dielectric tensor of Eq.
makes its appearance in the denominator of the effective potential in the polar
sector (see Appendix . In the case at hand, another important dissipation chan-
nel arises: the BH horizon. In the large plasma frequency regime (Mwy > 0.4),
dissipation through the horizon is sufficient to give rise to a complex mode fre-
quency with a non negligible imaginary part wy < wyp, so that the dielectric tensor
is complex and the field is well behaved. On the other hand, in the small plasma
frequency regime, the BH horizon alone cannot quench the resonance and we have
wi < wpl. Given that in the relevant astrophysical scenarios the plasma is cold and
collisionless to very good approximation, we expect that nonlinearities will play
the role of the dominant dissipative channel in this regime. Nonlinear effects are
therefore crucial for the high-precision computation of the polar sector for wp M < 1.

In the following, as a proof of principle, we characterize the role played by
dissipative channels in the vicinity of the reflection point by focusing on a strongly
collisional plasma as modelled in the previous sections. Although in the astrophysical
systems of interest collisions can be neglected and the main dissipative effect is of
nonlinear nature, we use this analysis as a jumping off point to clarify how the
divergence is cured when the dielectric tensor becomes complex.

Figureshows the absolute value squared of the complex polar wavefunction us)
for different values of the collision time 7 for a small plasma frequency. The position
of the sharp peak corresponds to a vanishing dielectric function, r/M = 2/(1—w?/ wgl)
from Eq. . The peak is “smoothed out" as collisions come to dominate over

3A system in which collisions play the role of the dominant dissipative channel is the Earth’s
ionosphere , where the dielectric tensor depends on the altitude z [144].
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Figure 3.7. Absolute value squared of the polar [ = 1 wavefunction ws) for different values
of the collision parameter 7 at Mwp = 0.35. As plasma becomes more collisional, the
resonance at the reflection point is smoothed out.

the resonance, showing that, when dissipation channels are included in the theory,
the field becomes well-behaved. In flat spacetime, the effect of nonlinearity can be
similarly included by adding an effective collision frequency, veg, to the dielectric
tensor [148, [145]. Thus, we expect that nonlinear effects should produce an effect
similar to the one shown in Fig.

3.3.6 Linearized plasma-photon dynamics in a Kerr spacetime

In previous sections we showed that collisions and thermal corrections have a small
effect on quasibound states around a nonspinning BH. We are therefore justified to
neglect these effects, and to focus our attention on plasma-induced superradiance
in a Kerr background for a cold, collisionless plasma. In this section we derive the
relevant linear perturbation equations to first order in the spin using a slow-rotation
expansion [71] and numerically solve these equations to find superradiant modes.

Let us consider the Kerr metric in Boyern-Lindquist coordinates, given by

As in the nonspinning case, since the plasma accretion timescale is much longer
than the dynamical timescale of the problem, we assume a static plasma. Static
observers exist outside the ergoregion of a spinning BH and their four-velocity
reads u® = (u°,0), with u® = go_ol/2 so that Eq. is satisfied. At O(a/M) the
ergosphere coincides with the outer horizon, r, = 2M + O(a?/M?), so that, to this
order, static observers exist all the way to the BH horizon.

Using the momentum equation we obtain the background electric four-vector
field giving rise to the static configuration, E* = (0, m. /e (u®)?T5q, me/e (u®)2TY,, 0),
which possesses both a radial and an angular component. We also assume the plasma
to be unmagnetized.

Contrary to the Schwarzschild case, where both the vorticity and deformation
tensors vanish, in the Kerr spacetime the rotation of the BH induces a nontrivial
vorticity in the fluid. The vorticity tensor is antisymmetric and has two nonvanishing
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Y —2r?) (a®> — A 2
Wrp = — o ) (@ + r3)2 sin” 6, (3.51)
2rvVI (A + X — 12 — a2) /
A(a® - A 2
= 0l (o ) sin # cos 6, (3.52)

w —
o0 \/E(A+Z—7“2—a2)3/2

which are nonzero already to first order in the BH spin. The deformation tensor
remains zero in Kerr.

It is again convenient to separate the angular sector of the field from the radial
one through a multipolar expansion. While in Schwarzschild the axial and polar
sectors can be fully decoupled from each other thanks to spherical symmetry, in
Kerr the axial and polar perturbations with different index [ are coupled, making
the field equations more challenging to solve [71]. Several methods were developed
in order to solve the equations of a massive spin-1 field in a Kerr background, using
a slow-rotation expansion [79, [76], analytical methods valid for ultralight Proca
fields [83), [72], or numerically either without separability of the equations [91] or
using a recently-discovered separability technique [82] 132].

In the following, owing to the complexity of the field equations for the problem
at hand, we use the slowly-rotating approach to solve the EM perturbation equa-
tion perturbatively. The field equations are expanded with respect to the
dimensionless spin parameter @ = a/M < 1 around the nonspinning case @ = 0, and
solved at different orders. This method was shown to perform well for Proca fields
at second order, even for values of the spin close to extremality [76]. In our case, we
are mostly interested in whether the quasibound modes discussed above and in [3.2]
can turn unstable in the superradiant regime.

Using the multipolar expansion and a frequency-domain representation,
at first order in the spin the field equations assume the following form

ufyy =0, (3.53)
A+ QumlAii + (1 —1)By4]
+Qii1m[Ar1 — (1 +2)Byq] =0, (3.54)

(14 1)ag — im( + imy,
—Qum[(l+ 1) (=1 — (I = 1)8—1)]

HQi1,m[Mmv1 + (L +2)6141] =0, (3.55)
(14 1) By 4 imay + imdy — Qum[(1 4 1)(G—1
+( =Dy + Qi+ 1,m[Cv1 — (L4 2)vi41] =0, (3.56)
where Q. = @;Tf while the quantities A;, B;, Ai, o, Bi, G, v, 0, and n;

involve the mode functions uzé), u23), and uz( 1) and their derivatives and are listed in
Appendix [B] This set of equations has a similar schematic form as the one obtained
in the Proca case at linear order in the BH spin [76]. In particular, perturbations
with a given parity and angular-momentum number [ only couple with perturbations
of opposite parity and index [ £+ 1 (as shown in Appendix B} the terms A;, a;, ¢,

are polar quantities, while B;, A;, n;, Bi,0; are axial). Note that A;, oy, and
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contain corrections proportional to ma, whereas all other functions are proportional
to a.

As a generic property of the set of linear perturbations, the terms multiplied by
Q1,m do not affect the spectrum at first order in the spin and can be neglected at
this order [149, [76] [79) [71]. This leads to an axial-led equation for ul( 1)

I(I+1)3 + imn +imd; = 0, (3.57)

and a polar-led system of equations for ul(l), ul@), and ul(3),

uyy =0, (3.58)
A =0, (3.59)
I+ 1)y —im( +imy, =0, (3.60)

The two sectors are decoupled and do not involve couplings between different-/
modes.

Axial sector at first order in the BH spin

Using the explicit form of the coefficients given in Appendix [B] Eq. (3.57)) can be
rewritten as

damMw 4mMawgl (r—2M)

Doug(r) = — 540 =~y et U@

(3.61)

where we have suppressed the [ superscript and used the differential operator
Dy = d—22+w2—f (l(lﬂ) + wfﬂ) previously introduced (see eq. (3.24]). Equation (3.61])

dr r2
deviates from the axial equation of a Proca field at first order in the spin [76] due

to the presence of the term on the right-hand side. This correction is due to the
vorticity tensor, which vanishes in the nonspinning case. Therefore, even at first
order, we expect the spectrum to deviate quantitatively from that of a Proca field.

Polar sector at first order in the BH spin

The polar sector can be reduced, at first order in the spin, to a single second-order

differential equation
d?
St = V()Y =0, (3.62)

for an appropriately defined field variable v (see Appendix . As in the nonspin-
ning case, although the original equations depended on two independent functions
u(2) and u3), the polar sector describes only one dynamical degree of freedom. The
other degree of freedom does not propagate and remains electrostatic.

In the Schwarzschild limit (a — 0) the effective potential reduces to the one
obtained in In the spinning case, the potential depends on the azimuthal
number m. Moreover, the boundary condition at the horizon is modified, since
V(r—ry) = —(w? — 2mwQy), where Qp is the angular velocity at the horizon of
locally nonrotating observers at first order in @. Note that this factor coincides with
the expected superradiant factor, (w — mSQ)? at first order in the BH spin.
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Figure 3.8. Imaginary part of the axial [ = 1 = m mode for different values of the plasma
frequency wp1. The imaginary part of the mode changes sign and becomes superradiant
when the superradiant condition wgr < mQ g is met. Black dots represent Proca modes
with { = 1 = m. The difference between the two spectra is always less than 2%.

As discussed in Sec. [3.3.5 owing to the importance of nonlinear effects in the
wplM < 1 regime, a nonlinear analysis of the polar sector in a Kerr spacetime is
necessary to investigate its spectrum. Therefore, in the next following we shall focus
only on the superradiantly unstable axial sector.

3.3.7 Plasma-driven superradiant instability: numerical results

As in[3:2] we consider two different plasma profiles: a homogeneous density profile
and the Bondi-like spherical accretion flow given by eq. .

We solve Eqgs. and numerically with the shooting method described
in The boundary conditions are now modified according to the behavior of the
effective potential at the horizon and at infinity.

Constant density plasma

In we showed that the axial spectrum of the EM field around a nonspinning
BH coincides with the axial sector of a Proca field, i.e. the real and imaginary part
in the Newtonian regime coincide with Eqgs. (3.27)) and (3.28]) with S = 0. On the
other hand, the polar spectrum differed from Proca’s and was subdominant in the
large mass coupling regime Mwp > 0.4.

Since in the slow-rotation expansion the spin is introduced perturbatively, we
expect that the axial mode should provide the shortest instability timescale in the
superradiant regime, at least for values of Mwyp which are not too small, in order to
avoid the reflection point previously discussed for the polar modes.

In Kerr, the field equations depend on the azimuthal number m. Therefore, the
spectrum is characterised by a Zeeman-like splitting for different azimuthal numbers.
In particular, modes with m > 0 can become unstable if the superradiant condition
wr < mQy is satisfied. Figure 3.8 shows the absolute value of the imaginary part of
the axial modes with [ = 1 = m at first order in the BH spin, for different values of
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the homogeneous plasma frequency. The black dots, for comparison, represent the
modes of a Proca field with mass Awyp). Interestingly, despite the fact that Eq.
deviates from the axial Proca equation at first order, the two spectra almost coincide;
the difference between an EM and a Proca mode at fixed wy, is always less than
2%. When the superradiant condition wgr < mfy is met, the imaginary part
changes sign and the modes become superradiantly unstable. Since wr ~ wp and
Qu ~ a/(4M?) + O(a3) for a quasibound mode with Mwp,) < 1, the superradiant
condition is met at a ~ 4Mwy,, in good agreement with the crossing points in Fig.
Note that, since 2y = O(a), the superradiant condition requires wp M = O(a) or
smaller, making it difficult to solve the equations numerically. Indeed, strictly
speaking the superradiantly unstable modes require O(a?) corrections (see Ref. [76]
for a discussion), although first-order results are already sufficiently accurate [30].
When Mwp < 1, the real part of the modes depends only very weakly on the BH
angular momentum and is very well approximated by the hydrogenic relation ,
just as for Proca fields [76].

Bondi Accretion Model

We now analyze the spectrum for a Bondi accretion model, where the plasma
frequency acquires a dependence on the radius wp; — wpl () as described by Eq. .
The modes can be obtained by solving Eq. taking into account the radial
dependence of the effective mass.

Figure shows the (absolute value of the) imaginary part of the fundamental
axial mode with [ = m = 1 as a function of the spin parameter a for different
values of wp in the case ws = 0.05/M. For these modes wr/ws ~ 1, therefore
the superradiant condition wr < m$y becomes 4Mw, < @, in agreement with the
crossing points in Fig. Consequently, for sufficiently low plasma densities at the
horizon, the system admits plasma-driven superradiant modes, with much larger
timescales than in the wp = const. case. As shown in Fig. as wpg increases the
timescale of the mode also increases, and can become comparable to the Salpeter
time. For such weakly-unstable modes, accretion must be taken into account; in
particular, our formalism becomes inaccurate in this regime, as we assumed the
plasma to be static.

As shown in Ref. [II5] (by using a Klein-Gordon toy model) and in [3.2] if
the density at the horizon grows above a critical value, the spectrum is completely
quenched, making the plasma-driven instability very fragile in realistic configurations.

3.4 The nonlinear death of plasma-driven superradiant
instabilities

The analysis of the last section disclosed that the photon field can be naturally
confined by plasma in the vicinity of the BH via the effective mass, forming qua-
sibound states that turn unstable if the BH spins. Nevertheless, a crucial issue
was unveiled in [I37], where it was argued that, during the superradiant phase,
nonlinear modifications to the plasma frequency turn an initially opaque plasma into
transparent, hence quenching the confining mechanism and the instability itself. In
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Figure 3.9. Superradiant axial modes with [ = 1 = m in a Bondi accretion model [see
Eq. ] with plasma asymptotic frequency we, = 0.05/M, for different values of the
plasma frequency at the horizon, wp; =~ wg. The imaginary part of the modes is some
orders of magnitude smaller than in the wy, = const. case, and can become comparable
to the Salpeter time (marked as a dashed line for the case of M = 10Mg).

the nonlinear regime, a transverse, circularly polarized electromagnetic (EM) wave
with frequency w and amplitude F modifies the plasma frequency of a homogeneous
plasma as [150]

(3.63)

where the extra term is the Lorentz factor of the electrons. In other words, as the
field grows, the electrons turn relativistic and their relativistic mass growth quenches
the plasma frequency. As argued in Ref. [I37], the threshold of this modification
lies in the very early stages of the exponential growth, before the field can extract a
significant amount of energy from the BH.

While in this specific configuration the quenching of the instability is evident, this
argument suffers for a number of limitations. In particular, circularly polarized plane
waves in a homogeneous plasma are the only solutions that are purely transverse, as
the nonlinear @ x B Lorentz force vanishes (here ¥ is the velocity of the electron,
while B is the magnetic field). In this case, the plasma density is not modified
by the travelling wave and even a low-frequency wave with large amplitude can
simply propagate in the plasma, without inducing a nonlinear backreaction. In
every other configuration instead (including an inhomogeneous plasma, different
polarization, or breaking of the planar symmetry, all expected for setups around
BHs), longitudinal and transverse modes are coupled, and therefore the plasma
density can be dramatically modified by the propagating field. This backreaction
effect leads to a richer phenomenology as high-amplitude waves can push away
electrons from some regions of the plasma, thus creating both a strong pile-up of
the electron density in some regions and a plasma depletion in other regions. For
example, in the case of a circularly polarized wave scattered off an inhomogeneous
plasma, the backreaction on the density increases the threshold for relativistic
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transparency, as electrons are piled up in a narrow region, thus increasing the local
density and making nonlinear transparency harder [I51]. However, in the case of
a coherent long-timescale phenomenon such as superradiant instability, one might
expect that, if the plasma is significantly pushed away by a strong EM field, the
instability is quenched a priori, regardless of the transparency. Overall, the idealized
configuration of Ref. [I50] never applies in the superradiant system, and the nonlinear
plasma-photon interaction is much more involved.

The goal of this section is to introduce a more complete description of the relevant
plasma physics needed to understand plasma-photon interactions in superradiant
instabilities. To this purpose, we shall perform 3 + 1 nonlinear numerical simulations
of the full Maxwell’s equations.

3.4.1 3+ 1 decomposition of the field equations

Generic spacetime

In the following, we will decompose the set of equations (3.3)-(3.6) at a fully non-
linear level by adopting a 341 formalism. Let us introduce a foliation of the spacetime
into spacelike hypersurfaces Y;, orthogonal to the 4-velocity of the Eulerian observer
n*. We then express the line element as

ds® = —(a® — BiB") dt* + 2 B; da’ dt + v da* da?, (3.64)

where « is the lapse, 3! is the shift vector, and 7;; is the spatial 3-metric. We can
define the electric and the magnetic fields as [152]

Et = —n,F"F, Bt = —n, F*"F, (3.65)

where F*H = —%e’“’”’ F), is the dual of F*¥. The EM tensor can be decomposed as
FM = ptEY —p?EM 4+ G evop (3.66)

where (3t =y eM¥7 is the Levi-Civita tensor of the spacelike hypersurface %;.

Note that E* and B* are orthogonal to n* and are spacelike vectors on the 3-surfaces
Et.

We can define the charge density as p = n,J#, and the 3-current as @) g1 = ht,Jv,
where h*, is the projection operator onto ¥;. Finally, we can write the Maxwell
equations as [152]

D;E" = p,
D;B' =0,
HE' = LEE' + aKE' + [D x (aB)]' + a®J,
&B' = L3B' + aKB' — [D x (aE)|’,
where D; is the covariant derivative with respect to the 3-metric 7;;, and K;; is the
extrinsic curvature. Here the first equation is the Gauss’ law, the second equation is

equivalent to the absence of magnetic monopoles, and the last two are the evolution
equations for the electric and magnetic fields, respectively. The EM 4-current is
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given by ions and electrons J* = Jgons)

the fact that m < myjoys), S0 that J(‘fons) = P(ions)™". For electrons instead we have

J(“e) = —enecut. Let us decompose u# into a component along n#, I' = —n*u,, and a

+ J(’é). We assume ions to be at rest, due to

component on the spatial hypersurfaces, ut = h*, u”. The 4-velocity of the fluid
can be written as
w' =T + Gyt = D" + UM, (3.71)

where we defined ®u# = TU*. The above expression allows us to write p = nyJH =
Plions) T P(e) = Plions) T €npr, where ng, = I'n. is the electron density as seen by
the Eulerian observer. The density of ions is constant in time, and will be fixed
when constructing the initial dataﬂ As JE is orthogonal to 3, the 3-current

ions)
() J1 receives only contributions from electrons, and we have @) gn = —en JJUF =
—eng U*. Thus, the source terms that appear in Eqgs. (3.67))-(3.69) are
P = Pions) T €NpL, @) gt = —eny UM, (3.72)

Let us now move to Eq. (3.4). Projecting it on n* and ¥; we obtain respectively
(see Appendix |C| for the explicit computation):

ol = Ol — ald'O;T + ol Ky ;U'U?
—TUda + %aE’Ui : (3.73)
U = LU — U 9;8" — aad’ — o' K iU’

+ 2 (UBU + B+ D By

+ 20K, U +U'U 800 — ol DU’ (3.74)
Finally, we can write the continuity equation as

Onp, = BOmp, + aKng, — ' Omp, — ang, VU (3.75)

While the above decomposition is valid for a generic background metric, from now
on we will focus on a flat spacetime.

Flat spacetime

We use Cartesian coordinates, so that g,, = 1, = diag{—1,1,1,1}. As a conse-
quence, we have that for any 3-vector Byi = (3)Vi, and

a=1, B =0, Ki; = 0. (3.76)
In these coordinates we can write the equations for the EM field as
OE" = P(ions) T €NpL;
0;B' =0,
OHE" = [5>< E]Z — enp U,
8B = —[d x EJ,

4Note that with the conventions we used, electrons carry positive charge, while ions carry negative
charge.
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the evolution equations for I and U* as

ar = —U'dT + < Eu;, (3.81)
m
. . 1 o , I
U = —UIAU + fi [~U EU; + B+ (U < By, (3.82)
m
and the continuity equation as
Ongr = _uiainEL - nELaiui' (3'83)
Moreover, from the normalization condition that u#u, = —1 we can obtain a
constraint for I and U*: A
(1 —U'ly) = 1. (3.84)

3.4.2 Numerical Setup

In this section we discuss our numerical setup, describing the integration scheme
and the initialization procedure.

Integration scheme

We evolve E, B, T', U, and ny,, with Egs. (3.79)-(3.83]), using the constraints ([3.77))
and (3.84) to evaluate the convergence of the code. The profile of p(ions) is kept

constant, consistently with the approximation that ions are at rest. For the numerical
integration we used the fourth-order accurate Runge-Kutta algorithm, computing the
spatial derivatives with the fourth-order accurate centered finite differences scheme.
For simplicity we shall simulate the propagation of plane EM wave packets along the
z direction, and therefore we will obtain field configurations that are homogeneous
along the x and y directions. This feature allows us to impose periodic boundary
conditions in the x and y directions, as they preserve the homogeneity of the solution
without introducing numerical instabilities. We impose periodic boundary conditions
also on the z axis and, in order to avoid the spurious interference of the EM wave
packet with itself, we choose grids with extension along z large enough to avoid
interaction with spurious reflected waves during the simulations.

Initialization procedure

When constructing the initial data for the simulations we first set the profile of the
plasma. We start by setting I'(¢t = 0,%) = 1 and ﬁ(t = 0,%) = 0, so that the plasma
is initially at rest. Then, we initialize the profile of ny;, with barrier-like shape of
the following form:

np(t = 0,Z) = 2npkg — Nmax
+ (nmax - nbkg)
X [a(z; Wi, z1) 4+ o(z; —Wa, 22)}, (3.85)

Where o(z; W, 29) = (1 + e W(E=20))=1 is a sigmoid function. The qualitative
behavior of Eq. (3.85) is shown in Fig. where we can see that npk, is the
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Figure 3.10. Qualitative behavior of the barrier-shaped initial profile for the plasma,
Eq. . Nmax and npie are the values of the plasma density inside the barrier and
on the background, while the parameters z; 2 and Wi 2 determine the position and the
steepness of the boundaries of the barrier, respectively.

background value of the plasma density and np.x is the plasma density at the
top of the barrier. The parameters 212 determine the location and width of the
barrier, while the parameters W o control its steepness. Note that this profile was
chosen to reproduce a very crude toy model of a matter-density profile around a
BH [153], where the accretion flow peaks near the innermost stable circular orbit and
is depleted between the latter and the BH horizon. In our context this configuration
is particularly relevant because EM waves can be superradiantly amplified near the
BH and plasma confinement can trigger an instability [108], 114} 115, [1T6]. Finally,
the constant profile of p(jons) is determined by imposing that the plasma is initially
neutral, so that p(ions)(t = 0,%) = —eng,(t = 0,7). Once the profile of the plasma
has been assigned we proceed to initialize the EM field. We consider a circularly
polarized wave packet moving forward in the z-direction:

B coslk.(z — zo)] (o202

E =Ag |sinfk,(z —20)] | e 22 (3.86)
0

B (- sinlk,(z — zo)] en?

B = AE; coslky(z — z0)] | e 22, (3.87)

0

where Ag is the amplitude of the wave packet, o is its width, zg its central position, w

2
is the frequency, and k, = ,/w? — wgl, where wp) = 1/ en% is the plasma frequency

computed using npkg, as the wave packet is initially located outside the barrier (i.e.,
o< 21— 20).
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3.4.3 Results

Here we present the results of our numerical simulations of nonlinear plasma-photon
interactions in different configurations. We shall consider a low-frequency, circularly
polarized wave packet propagating along the z direction and scattering off the plasma
barrier with the initial density profile given by Eq. .

Linear regime

As a consistency check of our code, we tested that for sufficiently low amplitude
waves our simulations are in agreement with the predictions of linear theory. We
set units such that e = m = 1 and consider an initial wave packet of the electric
field centered at zy = 0, with a characteristic width o = 5. We also set w = 0.5 and
Ag =1075, so that the evolution can be described by the linear theory. The plasma
barrier was situated between z; = 40 and zo = 100, and we set W; = Wy = 1. The
background density of the plasma was npk, = 0.01 so that wgfkg) = 0.1 and all the
frequency content of the EM wave is above the plasma frequency of the background.
We run 6 simulations with nmax = {nbkg, 0.25,0.5,0.75,1,1.25}, that correspond to

plasma frequencies at the top of the barrier wgnax) ={0.1,0.5,0.707,0.866, 1, 1.12},

respectively, and fall in different parts of the frequency spectrum of the EM wave
packet. In the linear regime, we expect that the frequency components above wr()rlnax)
will propagate through the plasma barrier, while the others will be reflected, and
this setup allows us to clearly appreciate how this mechanism takes place. In all
these simulations we used a grid that extends in [—1,1] x [—1,1] x [—450, 450],
with a grid step Az = Ay = Az = 0.2 and a time step At = 0.1, so that the
Courant-Friedrichs-Lewy factor is CFL = 0.5 The final time of integration was set
to T' = 400. Figure shows some snapshots of the numerical results at different
times for different values of wlgrlnax). It is evident that the analytical predictions
of linear theory are confirmed: as the plasma frequency of the barrier increases,
less and less components are able to propagate through it and reach the other side.
In particular, when wl(;flax) 2 0.9 the wave is almost entirely reflected, and the
transmitted component becomes negligible. Furthermore, in the linear regime the
backreaction on the density is effectively negligible, as the barrier remains constant
over the entire simulation (in fact, we observed a maximum variation of ny;, of the
order of 107!, which is clearly not appreciable on the scale of Fig. [3.11]).

To better quantify the frequency components that are propagated and the
agreement between the simulations and the analytic expectation in the linear regime,
we computed the (discrete) Fourier transform of the time evolution of E* in two
points along the z axis: z = —50 and z = 150, which are located before and after
the plasma barrier, respectively. Figure [3.12] shows the absolute value of the Fourier
transform for the different values of the plasma frequency in the barrier, which are
represented as vertical dotted lines. As we can see from the Fourier transform at
z = 150, the transmitted waves have only components with frequency w > wl(;flax), in
agreement with the fact that only modes above this threshold can propagate. Hence,
the barrier perfectly acts as a high-pass filter, with a critical threshold given by the

plasma frequency.
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Figure 3.11. Propagation of an EM wave packet on a barrier of plasma in the linear
regime. Here we show some snapshots of the evolution of E* for different values of the
plasma density in the barrier, ny.x, and we represent the initial profile of n, with a

gray dashed line. When the plasma frequency in the barrier w

rlnax) becomes larger than

w, the wave packet is mostly reflected by the barrier, while the transmitted component
is suppressed. The corresponding animations are available online [154].
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Figure 3.12. Absolute value of the discrete Fourier transform of E* extracted before
(upper panel) and after (lower panel) the plasma barrier. The different colors refer to
the different values of the plasma density inside the barrier, and hence to different values

P()rlnax), indicated with vertical dotted lines. We can clearly
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Nonlinear regime

We can now proceed to increase the amplitude of the field until linear theory breaks
down and the interaction becomes fully nonlinear. As anticipated, we shall show
that the evolution is more involved than in the idealized model described in [150].
Indeed, even from a first qualitative analysis, it is evident from the z-component of
the momentum equation that in the nonlinear regime electrons will experience
an acceleration along the z axis due to the nonlinear Lorentz term (U4 x B)?. The
formation of a current along the z directions implies a modification of the density
profile because of the continuity equation, and also the formation of a longitudinal
electric field that tries to balance and preserve charge neutrality. In the following,
we will support this qualitative analysis with the results of the numerical simulations
and show that nonlinear effects can have a dramatic impact on the system dynamics.

In this set of simulations, we set unitsﬂ such that e = 1 and m = 1000, and
we consider an initial wave packet of the electric field centered at zyp = —150, with
a Widthlﬂ o = 100 and w = 0.001. We vary the amplitude of the EM in a range
0.1 < Ag <1000. As for the plasma profile, we adopt a similar geometric model
to the linear case, with the barrier placed between z; = 100 and zo = 650, with
W1 = Wa = 0.1. We consider a background density npis = 5 % 1076, and a maximum

barrier density npax = 0.5, that corresponds to a plasma frequency of wgnax) = 0.022.
We use a numerical grid that extends in [—2,2] x [-2,2] x [-750, 850], with a grid
spacing Ax = Ay = Az = 0.2, and a time step At = 0.1, so that CFL = 0.5. The
final time of integration was set to 7" = 500.

The parameters are chosen such that the frequency of the wave packet is always
much larger than wg)kg), but a significant component of the spectrum, namely
~ 97.5%, is below the plasma frequency of the barrier, and should therefore be
reflected if one assumes linear theory. First of all, we quantify the value of the electric
field which gives rise to nonlinearities. A crucial parameter that characterizes the
threshold of nonlinearities in laser-plasma interactions is the peak amplitude of the
normalized vector potential, defined as ap = eA/m (see e.g. [I55} [I56]). Specifically,
when ag 2 1, electrons acquire a relativistic transverse velocity, and therefore the
interactions become nonlinear. Given our units, and estimating A ~ F/w, we obtain
a critical electric field Eqy 2 mw/e ~ 1.

We performed a set of simulations choosing different values of the initial amplitude
of the EM wave packet in the range 0.1 < Ap < 1000. Figure shows snapshots
of the numerical simulations for some selected choices of Ag. It is possible to
observe that in the case Ap = 1 (top panel) the density profile of plasma is not
altered throghout all the simulation, as in the linear case discussed in the previous
section. Moreover, at sufficiently long times, the wavepacket is reflected by the
barrier, in agreement with linear theory predictions. From the second panel on (i.e.

5Note that, in rationalized Heaviside units, changing m (and hence the classical electron radius)
simply accounts for rescaling lengths, times, and masses in the simulations. Lengths and times are
rescaled by [m] ™!, while the electric field amplitude scales as [m]?. Hence, the results of this section
can be obtained in the case m = 1 by rescaling the other quantities accordingly.

5While formally the initial profile of the EM field, Eq. , represents a circularly polarized
wave packet, the chosen value of the parameter o reduces the y component of the electric field,
making the polarization effectively elliptic.
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Figure 3.13. Snapshots of the evolution of E® (solid line) and ny, (dashed lines) for the
simulations of the propagation of an EM wave packet inside a plasma barrier in the
nonlinear regime. The initial profile of ny, is not varied across the simulations, and
the different panels refer to different choices of the initial amplitude of the wave packet.
The backreaction effects of the EM field onto the plasma density increase with Ag, and
for Ag = 50 wave packet “transports” electrons along the z axis, eventually creating a
plasma-depleted region (blowout regime). The corresponding animations are available

online [154].
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as Ag 2 10), instead, the wavepacket induces a nonnegligible backreaction on the
plasma density. This effect increases significantly for higher amplitudes, and it is due
to the nonlinear couplings between transverse and longitudinal polarizations: the
nonlinear Lorentz term (U X B)? in the longitudinal component of the momentum
equation induces a radiation pressure on the plasma, and hence a longitudinal
velocity U?; as electrons travel along the z direction and ions remain at rest, a large
longitudinal field due to charge separation is created, which tries to balance the effect
of the Lorentz force and restore charge neutrality. This phenomenology resembles
the one of plasma-based accelerators, where super-intense laser pulses are used to
create large longitudinal fields that can be used to accelerate electrons [I57].

To quantify the collective motion induced by nonlinearities we computed the
velocity dispersion of electrons as

o = [febena it (359

Since the field are constant along the transverse directions[l, then ng(z,y,2) =
np.(2) and U (x,y,2) = U'(z). This allows us to evaluate the above integral as

2z densn(2) Us(2)U ()
Uz = = denea(?) : (3.89)

where 21, are the boundaries of the z domain and we compute the integral using
the trapezoidal rule. In the upper panel of Fig. [3.14] we plot the behavior of the
velocity dispersion with respect to the initial amplitude Ag for different times. As
we can see the nonlinearities start becoming relevant in the range 1 < Ap < 10,
where electrons start to acquire a collective motion. This is also confirmed by the
middle panel, where the solid and dashed lines denote the maximum of \L_f | and U*,
respectively. While these quantities do not represent the collective behavior of the
system, they have the advantage of not containing the contribution given by the
portion of the plasma barrier that has not been reached yet by the EM wave. From
this plot we can observe that in the range 1 < Ag < 10, the electrons start acquiring
a relativistic velocity with a large component on the transverse plane.

As already mentioned, the longitudinal motion of electrons generate a longitudinal
field. Nevertheless, plasmas can sustain longitudinal fields only up to a certain
threshold, usually called wave-breaking (WB) limit, above which plasma is not able
to shield and sustain anymore electric fields, and the fluid description breaks down.
This phenomenon was pioneered in [I58] for the case of nonlinear, nonrelativistic
cold plasmas, where the critical longitudinal field for WB was found to be Egz =
mwpi/e, and later generalized for pulses with relativistic phase velocities [I59]. This
threshold field represents the limit after which the plasma response loses coherence
as neighbouring electrons start crossing each other within one plasma frequency
period. Therefore, above this critical electric field the plasma is not anymore able
to coherently act as a system of coupled oscillators, and the fluid model based on
collective effects breaks down. This leads to the formation of a spike in ng,, which

“In Appendix we show how the homogeneity of the fields along the transverse plane is
preserved during the evolution.
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Figure 3.14. Collective behavior of plasma in the nonlinear regime as a function of
the initial amplitude Ag of the EM wavepacket. The upper panel shows the velocity
dispersion /{U?), the middle panel shows the maximum value of [/ (solid lines) and of
the longitudinal velocity U* (dashed lines), while the lower panel shows the collective
longitudinal velocity (U/*). The nonlinearities start becoming relevant in the range
1 < Ag < 10, where the velocity dispersion increases and the motion of electrons
has a large component on the transverse plane. For Ag 2 10 the plasma enters in

the blowout regime, where electrons are “transported” by the EM field, and acquire a
positive collective longitudinal velocity.
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eventually diverges, and to a steepening of the longitudinal component of the electric
field. Full particle-in-cell numerical simulations are required after the breakdown (see,
e.g., [160}, 161]). In our simulations, we observe the WB phenomenon at late time
for large values of the electric field, in which cases we can only extract information
before the breakdown of the model.

In order to better appreciate how the WB takes place, we repeated the simulation
with Ap = 1 for a longer integration time and a larger grid. In the upper panel of
Fig. we show the evolution of E* (solid lines) throughout all the simulation,
where we can clearly see that the incoming wave packet is reflected by the plasma
barrier. However, for ¢t &~ 700, the longitudinal component of U leads to an evolution
of the plasma density. In this stage the plasma loses coherence and ng, develops
local spikes that increase in height and becomes sharper with time. When one of
these spikes becomes excessively narrow, the fluid description of the system breaks
down and the simulation crashes. This can be observed from the bottom panel of
Fig. where we show the longitudinal component of E together with the plasma
density profile. Note that WB occurs as soon as the nonlinearities come into play
(we observed it already for Ag = 1), and the fluid description in the nonlinear regime
cannot be used for long-term numerical simulations. However the good convergence
of the code even slightly before WB takes place (see Appendix ensures the
reliability of the results up to this point.

Overall, Figs. and show that for Ag ~ 1 the system becomes weakly
nonlinear, in agreement with the previously mentioned analytical estimates.

Going back to the snapshots of the evolutions in Fig. [3.13] we now wish to
analyze the behavior of the system for larger electric fields, where the backreaction
is macroscopic. We can see that in this case, i.e. for Ag 2 50, all the electrons in
the plasma barrier are “transported” in the z direction and piled up within a plasma
wake whose density grows over time. This corresponds to a blowout regime induced
by radiation pressure. In order to better describe how the system reaches this phase,
we can compute the longitudinal component of the collective electron velocity as

B fV BPxng, U? - fzzt,o dznp(2) U?(2)

U*) = = = 3.90
) Jv Bzng; [ deng(z) (3.90)

where, again, we took advantage of the homogeneity of the system along the transverse
direction to reduce the dimensionality of the domain of integration. The results
are shown in the lower panel of Fig. where we can see that for Ag < 10, the
longitudinal momentum remains low and is not influenced by the wavepacket. For
Ag 2 10 instead, (U*) starts to increase in time, indicating that the system is in
the blowout regime, as electrons are collectively moving forward in the z direction.

Overall, the above analysis shows that when the idealized situation studied
in [I50] cannot be applied and the nonlinear Lorentz term does not vanish, the
general physical picture is drastically different and that penetration occurs in this
setup due to radiation-pressure acceleration rather than transparency.

3.4.4 Implication for the instability and conclusions

Motivated by exploring the plasma-driven superradiant instability of accreting BHs
at the full nonlinear level, we have performed 3 + 1 numerical simulations of a plane
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Figure 3.15. Evolution of the electric field and plasma density in the case of Ap = 1.
Upper panel: snapshots of E* (solid lines) and ny; (dotted lines) of the full evolution,
where we can see that the wave packet is mostly reflected by the plasma barrier. Lower
panel: snapshots of the longitudinal component E* (solid lines) and ny, (dotted lines)
focusing on the last stages of evolution. Here we can clearly see the WB phenomenon
taking place, with the plasma density developing spikes in regions where the longitudinal
component of the electric field increases steeply.
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wave of very large amplitude but small frequency scattered off an inhomogeneous
plasma barrier. Although nonlinear plasma-photon interactions are well studied in
plasma-physics applications, to the best of our knowledge this is the first analysis
aimed at exploring numerically this interesting setup in generic settings.

One of our main findings is the absence of the relativistic transparency effect
in our simulations. As already mentioned, the analysis performed in [I50] showed
that, above a critical electric field, plasma turns from opaque to transparent, thus
enabling the propagation of EM waves with frequency below the plasma one. From

Eq. (3.63), such critical electric field for transparency is Ee*P = . /wg1 — w2,

In our simulations, we considered electric fields well above this threshold, yet we
were not able to observe this effect. On the contrary, in the nonlinear regime the
plasma strongly interacts with the EM field in a complex way. The role of relativistic
transparency in more realistic situations than the one described in [I50] was rarely
considered in the literature and is still an open problem [162]. Nevertheless, some
subsequent analysis found a number of interesting features, and revealed that its
phenomenology in realistic setups is more complex.

In Ref. [I5I] an analytical investigation of a similar setup was performed by
considering the scattering between a laser wavepacket and a sharp boundary plasma.
The conclusion of the analysis is that, when plasma is inhomogeneous, nonlinearities
tend to create a strong peaking of the plasma electron density (and hence of the
effective plasma frequency), suppressing the laser penetration and enhancing the
critical threshold needed for transparency. Subsequently, Refs. [163] [164] confirmed
this prediction numerically, and showed that in a more realistic scenario transparency
can occur but the phenomenology is drastically different from the one predicted
in [I50]. For nearly-critical plasmas, transparency arises due to the propagation
of solitons, while for higher densities the penetration effect holds only for finite
length scales. Nevertheless, these simulations were performed by considering a
simplified momentum equation due to the assumption of a null-vorticity plasma,
which is typically suitable for unidimensional problems, but likely fails to describe
complex-geometry problems as the one of superradiant fields. Using particle-in-cell
simulations, it was then realized that radiation-pressure can push and accelerate the
fluid to relativistic regimes, similarly to our results, and produce interesting effects
such as hole-boring, ion acceleration, and light-sail [165] [166].

While the complicated interplay between relativistic transparency and radiation-
pressure acceleration is still an open problem [162] [167], we argue that the latter,
which arises in generic situations with very overdense plasmas and high amplitude
electric fields, is sufficient to dramatically quench the plasma-driven superradiant
instability. To enforce this conclusion, we provide a rough estimate of the total
energy extracted from the BH before nonlinear effects take place [I37]. In order for
the instability to be efficient on astrophysical timescales, w < wp = O(1/(GM)),
where G is Newton’s constant and M is the BH mass [ITI5]. This gives a critical
electric field

mw V /Mg
Eerit = — ~4x 10°— (=~ 3.91
ertt e 8 cm< M ) (3:91)
The associated total energy can be estimated as U = E2;, L3, where L is the size

of the condensate formed by the superradiant instability, and corresponds to the
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location of the plasma barrier. This gives

(M L \3
U ~ 10 J(M—Q) (W) (3.92)
where we assumed that the peak of the plasma barrier roughly corresponds to the
location of the peak density of an accretion disk, L ~ 6M. On the other hand, the
total rotational energy of the BH is given by K = M R?*Q?, where R and € are the
radius and the angular velocity of the horizon, respectively. To efficiently satisfy the
superradiant condition, Q 2wy ~ O(1/(GM)), so that

M ) . (3.93)

1043
K~ 10 J(M—®
Therefore, when the electric field reaches the threshold for nonlinearities, the total
energy extracted from the BH is tiny, U/K ~ 10736,

Another argument supporting this conclusion is that, for the superradiant insta-
bility to be sustainable, the maximum energy leakage of the confining mechanism
cannot exceed the superradiant amplification factor of the BH. For EM waves, the
maximum amplification factor (for nearly extremal BHs and fine-tuned frequency)
does not exceed ~ 4% and is typically much smaller [30]. Therefore, the instability
is not quenched only if the plasma is able to confine more than 96% of the EM field
energy. Our simulations shows that in the nonlinear regime the situation is quite
the opposite: almost the entirety of the EM field is not confined by the plasma,
thus destroying its capability to ignite the instability. We expect this argument to
be valid also when wp > w, in which case plasma depletion through blowout is
negligible, but the EM field can still transfer energy into longitudinal plasma motion.

Note that the arguments above are extremely conservative, since are based on a
number of optimistic assumptions that would maximize the instability. First of all,
realistic accretion flows around BHs are not spherical nor stationary, especially around
spinning BHs. This would generically introduce mode-mixing and decoherence,
rendering the instability less efficient. More importantly, even in the linear regime
a disk-shape accretion geometry can (partially) confine modes that are mostly
distributed along the equatorial plane, but would naturally provide energy leakage
along off-equatorial directions [168| [116]. Finally, a sufficiently high plasma density
in the corona could quench photon propagation in the first place [I15], at least at
the linear level during the early stages of the instability.
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Chapter 4

Dark Photon Superradiance
quenched by dark matter

Summary

Black-hole superradiance has been used to place very strong bounds on a variety of
models of ultralight bosons such as axions, new light scalars, and dark photons. It is
common lore to believe that superradiance bounds are broadly model independent
and therefore pretty robust. In this section we show however that superradiance
bounds on dark photons can be challenged by simple, compelling extensions of the
minimal model. In particular, if the dark photon populates a larger dark sector and
couples to dark fermions playing the role of dark matter, then superradiance bounds
can easily be circumvented, depending on the mass and (dark) charge of the dark
matter.

4.1 Dark photon superradiance in an extended dark
sector

Until recently, studies of the superradiant instability assumed that the superradiant
field was free from interactions, as expected for a field only minimally coupled to
gravity. However, as number densities can reach extreme values in the process, the
effect of interactions can be crucial, even for very weakly interacting fields. Recent
studies have considered the effect of self-interactions, both for scalar and vector
fields [169, [170], axion-photon couplings [I71], [I72], interactions with astrophysical
plasmas [108], 107, 138, 115, 173} 174, 116], and models of DPs kinetically mixed
with Standard Model photons [I75, [176].

In this section, we consider the interaction of a (vector) superradiant field with
other (fermionic) fields in the dark sector, which constitute the entirety or just a
fraction of the dark matter (DM). In other words, we consider an extended dark
sector, populated not only by a massive DP, but also by dark fermions.

The new dark fermions constitute a dark plasma, which can alter the dispersion
relation of the DP and possibly affect its superradiant instability. Intuitively, in
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analogy to the already discussed SM case (see chapter , the presence of a dark
fermion should generate a gap in the dispersion relation of the DPs, effectively
endowing it with a plasma mass

Ao, py\ 1/2
X XFX
= (—5) (4.1)
X

where p, is the energy density of the dark fermions, m, its mass, and o, = qi /(4m)
the fine structure constant within the dark sector.

We assess the effect of an extended dark sector on the superradiant instability
by studying quasibound states around nonspinning BHs. We solve numerically for
the (linear) quasibound states of a DP in the presence of a dark plasma and we
find — as expected — that the interaction with a (sufficiently dense) dark plasma
can significantly alter the lifetime of quasibound states. Extrapolated to spinning
BHs, our results indicate that superradiant bounds on DPs can be completely
invalidated in motivated models granting a DM candidate. In the following, we will
show that simple models of ~ TeV self-interacting DM (SIDM) [26], can generate
wgl ~ 10713 — 107 eV around the BH and make the superradiance timescale
much longer than other astrophysical timescales, such as the accretion one, thus
invalidating some of the current DP bounds. Note that, because the superradiance
instability is quenched by the presence of the dark plasma, backreaction due to the
cloud can be safely neglected, justifying our linear analysis.

4.2 Setup

In the following, we will consider a massive spin-1 field coupled to a dark fermion
current. The dark sector is then described by the Lagrangian

1 1
L=—FuF" - §u2VMV“ — JVH, (4.2)

where V¥ is the DP field, F*¥ = V#VY — VYV*# is the field strength, p is the DP
mass and J* is the dark sector current. We assume that the dark sector is secluded
from the Standard Model. For instance, we assume that the kinetic mixing between
dark and ordinary photons is sufficiently small that we can neglect it.

Varying the action leads to a Proca equation sourced by the dark current:

VF 4+ 12V = g + JY (4.3)

where n is the density of the fermions, g, is their dark charge, u* is their four-velocity,
and J¥ is the current of a second species which we assume to be present to neutralize
the plasma. Note that deriving Eq. and using the conservation of the currents
leads to the Lorenz condition V,V# = 0. The Proca equation must be solved jointly
with the momentum equation describing the motion of the dark fermions

wh = Xy, (4.4)
L%
where m, is the fermion mass. The conservation of the current also implies the
continuity equation
Vyu(nut) =0. (4.5)
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We will solve the system perturbatively by considering small perturbations for the
DP field, the density and four velocity of the dark plasma (i.e. F},, = F, l‘fSCkgmund—i—Fm,
and the same for n and u*). In order to simplify the problem, we neglect the
perturbations in the second, oppositely charged species, Jo!' =0, in analogy to the
standard case of an electron-ion plasma. The presence of a second fermion would
only shift the (dark) plasma frequency, with the exact amount depending on its
mass and background density. Given the uncertainties in other parameters, we
can re-absorb this shift in the following definition of the plasma frequency for one
speciesE We will also neglect higher order perturbations and the backreaction of
the field on the metric, as they are negligible, at least during the first stages of the
superradiant instability. The perturbed equations of motion are

V F 4+ 12V = g + qenil” (4.6)
WV + Ul i = 2 iy, 4 DX peng, (4.7)
My My
iy, =0, (4.8)
vV, VE=0.

As in the SM case, following the procedure outlined in Refs. [129], this set of
equations can be reassembled into a third-order, differential master equation. We
report the details of this procedure applied to our system in Appendix[E] The master
equation for the linear perturbations of the DP field in the presence of a moving,
magnetised (or not) plasma reads

hfauuvu(vgﬁ’aa + H2‘~/o¢)

(65, + WSy + 005, + Wt (Ve F + 12V9)

+ DB (Vo FO7 4 p2T%) = X2 F (4.10)
my

where wgl is the dark plasma frequency defined in Eq. , while E“,w%ﬁ ,wo‘ﬁ
and %8 are the background electric field, Larmor tensor, vorticity and deformation
defined in analogy to the previous section. As anticipated, both the bare DP mass
and the “effective" plasma mass appear in this equation. It is straightforward
but important to verify that

e in the W;(l — 0 limit, Eq. (4.10]) reduces to the vacuum Proca equation,
Vo Fo% = 12V e (4.11)

e in the u — 0 limit, Eq. matches the one for the Standard Model photon
in a cold plasmic medium on an arbitrary spacetime background [129] and
introduced in the previous section (3.11]), once we identify the field and the
plasma with the Standard Model ones.

'For the vanilla DM model we will discuss in Section the situation is actually very similar
to that of an electron-positron plasma, with the two species of opposite charges having the same
mass [26]. In this case the change in the dark plasma frequency should roughly be a factor

~ V2 [IT77).
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Also, it is important to notice that Eq. (4.10) is a third-order differential equation,
at variance with the vacuum Proca case, and that it depends on the background
plasma configuration.

4.3 Equations a in Schwarzschild spacetime

We now specialize to the Schwarzschild background. As in the previous chapter,
assuming that the background plasma is also spherically symmetric, it is convenient
perform a multipolar expansion of the dark EM field as

Vi(r,t,0,0) = ZZCZ’U,(Z (t,r) lm(9 ®), (4.12)

i=11lm

where Z;(f)lm are the vector spherical harmonics (3.14)-(3.17).

The behavior of the DP perturbations depends on the plasma profile through the
dark plasma frequency w;‘l. In the following, we consider two different configurations:
a static plasma, and a plasma in free fall. A static plasma is not a realistic
configuration, especially in the vicinity of the BH horizon, but its perturbation
equations take a simple form, allowing us to understand the interplay between bare
and effective masses analytically. Studying two plasma configurations will also allow
us to explore the dependence of the quasibound states on the background plasma
four-velocity.

Static plasma

Using the decomposition (4 and working in the frequency domain, u( )(t r)=
ul(?)l(r)e*i“t
nents of Eq. . Using the Lorenz condition, it is possible to close the system
and rewrite the field equations in a more straightforward way. We give here the
final form of the perturbation equations, and a detailed derivation in Appendix

By analogy with the previous section, we can introduce the differential operator
D=L 12— f( (Hl) + > so that the equations read

— dr?

, we obtain a set of three equations from the radial and angular compo-

D ug) =Mf((2(—3M +r)w? (4.13)
+ f6M +7r(=2+1(1+1) +r?p?))w X2) wg)

+2(3M —7)(w? — fw;<12)u(3 f27"2w§12u'3)

/
D ug) =5 (~1(1+ 1)(2” — fuw)ug (4.14)
+ (2w = fU(+ 1)ug) + FI0+ D)rufy),
= fu ) (4.15)

2Note that here the operator D contains the bare DP mass and not the plasma frequency, unlike
in the previous section.
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As in the SM photon case, owing to the spherical symmetry of the background, the
axial sector (u(4)) is decoupled from the polar sector (u(g), u(g)), the equations do
not depend on the azimuthal number m, and there is no mixing between modes with
different quantum number /. In the limit ng — 0, Eqgs. — reduce to the
standard equations for a noninteracting Proca field in a Schwarzschild spacetime [75].

From Egs. —, it is immediate to see that the interplay between the
bare mass and the plasma frequency is nontrivial. Naively, one might expect the
perturbations to depends on a total mass (squared) given by the squared sum of
the bare and effective masses, at least for transverse modes. However, this is true
only for the axial sector, see Eq. . For the polar sector, the interplay is less
straightforward.

In the limit of flat spacetime, Eqgs. (4.14)-(4.15]) read
d2
(ﬁ + OJ2 — MZ)U(:;A) = W§12U(3’4) s (416)

leading, in momentum space, to the dispersion relation
w? =k + (1® + wX’) (4.17)

of transverse massive modes in a plasma, where the bare and effective masses are
squared-summed. For the radial component of the field we instead obtain

d? WX12
6pl<d7}% +w? - MQ)U(Q) = %;ﬁu(z) , (4.18)

where we introduced the plasma dielectric tensor e; = 1 — wfff Jw?. From this
equation we can verify that our formalism recovers the expected phenomenology in
two important limits:

o if 4 — 0, the right-hand side vanishes and the only solution is €, = 0, i.e. w? =

wgf. In the absence of a mass, this degree of freedom does therefore become
electrostatic. In fact, a massless spin-1 particle in a cold plasmic medium only
propagates two degrees of freedom, while the third one is electrostatic [I1].

o if wgl — 0, €p1 — 1 we recover the dispersion relation of a propagating Proca
degree of freedom in vacuum w? = k? + 2. For realistic plasma density profiles
that vanish at spatial infinity — as the one we will consider in this work (see
Sec. — this degree of freedom behaves as a propagating Proca degree of
freedom at large r.

Free-fall plasma

Up to now we have modelled the plasma surrounding the BH as static. We now
want to relax this approximation, by considering a more realistic free-falling plasma.
A freely-falling massive particle follows the geodesics of the Schwarzschild spacetime,
and its four velocity reads

w' = (1 —2M/r)~t, —\/2M/r,0,0). (4.19)
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As its motion is purely radial, this plasma configuration does not break the spherical
symmetry and therefore, when the field is decomposed in spherical harmonics, it
does not generate couplings between different [, m modes and the axial and polar
sectors decouple as in the static-plasma case. Moreover, as the plasma four-velocity
does not depend on time, the system is still stationary (at least at the linearized level
when backreaction is neglected). Therefore, even in the case of a free-falling plasma,
we can work in the frequency domain and perform the same multipolar expansion
as in Eq. with the assumption of a harmonic time dependence ~ e~**. The
corresponding field equations are much more involved than in the static plasma case,
and are reported in Appendix

In the case of a static plasma, the field equations reduce to second order differential
equations. In the case of free-fall, the perturbation equations remain instead of third
order, and thus require three boundary conditions, as we will see. In the following,
owing to the complexity of the equations, we will focus on the axial sector to explore
the impact of the background plasma velocity field.

Schematically, the third-order equation governing the axial sector in the case of
free-fall plasma reads

Arugy(r) + Agu’(4)(r) + Agu'('4) (r)+ A4u'(’i) (r)y=0 (4.20)

where the coefficients A; are given in Appendix [F.2] It is interesting to study the
above equation in the limit of vanishing plasma frequency,

AMDugg) + (2MDuay — r(Dugay)'u(yy) =0, (4.21)

where the D operator was introduced in the previous section. From Eq. , we
know that in this limit we must recover the vacuum Proca equation, Duyy(r) = 0 [73],
which is indeed a solution to Eq. . As we shall discuss in the next section, this
is also the only solution compatible with the boundary conditions of the problem.

Finally, as the free-fall velocity vanishes at large distances, the field equations
have the same asymptotic behavior at spatial infinity as in the case of an everywhere
static plasma.

Plasma density profile and plasma frequency

The density of a plasma in free-fall can be obtained by solving the continuity
equation (4.5) with four-velocity (4.19). This leads to a density profile of the
form [17§] ‘
r) M 1
r)=—m———,
N e
where M is a constant mass flux. This profile features an increasing density at the

horizon, and vanishes at spatial infinity. We can then express the plasma frequency
as

(4.22)

) M\ 3/2
w;fl :w%[( ) ) (4.23)

where wy is the plasma frequency at the horizon, which in the following we will
treat as a free parameter.
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Figure 4.1. (Upper panels) Imaginary (left) and real (right) part of the axial [ = 1,5 =0
mode as a function of wy /u for different values of p and for a static plasma. As the dark
plasma frequency at the horizon increases, it effectively unbounds the modes: the binding
energy wr/p — 1 and the imaginary part wy both go to zero, leading to larger timescales.
(Lower panels) Same as in the upper panels but for the [ = 1,5 = —1 dominant polar
mode. Here and in the following S = (—1,0,1) denotes the spin projection of the
mode [75], with S = 0 for axial modes and S = +1 for the two polarizations of polar
modes.

To better compare perturbations in static and free-falling plasmas, we shall
assume that the plasma frequency takes the form also in the static case (where
the continuity equation is satisfied for any time-independent p).

Note that the radial infall of the dark particles is not affected by dark interactions.
This is because the plasma is neutral [20], so the net force acting on the particles is
Zero.

4.4 Quasibound spectrum of a Proca field in a plasma

4.4.1 Numerical method and boundary conditions

In the following, we will solve the perturbation equations numerically using the direct
integration shooting method, as in the previous chapter (see . Nevertheless,
while in the static case the system is composed of second-order differential equations,
in the free-fall case the field equations are of third differential order. Hence, while in

the former we can apply the standard boundary conditions (3.30) and (3.31)), in
the latter we will need an extra one.



4.4 Quasibound spectrum of a Proca field in a plasma 67

At infinity, we can impose the same asymptotic conditions as in the static case.
This is because the two configurations coincide in this limit, where the free-fall
radial velocity vanishes. On the other hand, by expanding the axial field equation
at leading order at the horizon, we obtain

2 2

CZ“,%UM) + bdi* (wQU(4) + CZ’EU(ZL)) + w2u(4) =0, (4.24)
where b is a constant. We can still impose that, at the leading order, the near-horizon
solution is an ingoing wave, u4)(r) ~ b(4)0€_iwr*, where again by is an arbitrary
coefficient (see eq. ) However, in this case it is not possible to compute
all the next-to-leading-order coefficients b(;),, solely in terms of by by solving
the field equations recursively as in the static-plasma case, since one coefficient is
left unconstrained. To obtain the full solution near the horizon, we need a third,
physically motivated, boundary condition. In particular, we must impose that the
velocity perturbation of the fermions vanishes asymptotically at the horizon,

iy = O(r — 2M). (4.25)

Indeed, in a free-fall plasma massive particles reach a background radial velocity
equal to the speed of light at the horizon (as can be seen from Eq. ), SO any
nonvanishing perturbation at the horizon would violate causality. This condition is
automatically satisfied in the static case, where even in the vicinity of the BH horizon
the plasma is static. As can be seen from Eq. in Appendix [E| the extra
boundary condition translates into a requirement on the component of the
field orthogonal to the background four-velocity at the horizon. This third boundary
condition provides the missing relation to obtain the asymptotic solution in
terms of a single arbitrary coefficient b(;) .

4.4.2 Spectrum of quasibound modes

Figure shows the dependence of the axial (upper panels) and polar (lower panels)
spectrum on the ratio wy /p between the dark plasma frequency at the horizon and
the bare DP mass for different values of y in a static plasmaP} The two sectors show
the same behavior: as wy — 0, the plasma density goes to zero and we recover the
results of Ref. [75] describing the quasibound states of a noninteracting Proca field
in a Schwarzschild spacetime. As wpgy becomes larger, the real part of the mode
frequency increases rapidly toward the value of the bare mass, and therefore the
binding energy of the modes, wr/p — 1, vanishes. Meanwhile, the imaginary part
decreases dramatically, leading to much larger timescales. Hence, the modes become
more and more unbound. This behavior is due to the fact that as the effective mass
increases at the horizon, the minimum in the effective potential flattens and therefore
the formation of quasibound states is strongly hampered. The same phenomenology
was recovered in a similar system in [I15].

When the effective mass is sufficiently large (which roughly occurs when y/w% + p2M >
0.1), we find an exponential decay of the imaginary part, as in the case of large

3For the axial sector, we are able to solve for the dominant mode for larger values of wg /p and
with higher precision, owing to the simplicity of the axial equation.
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bare mass [56]. In this case the modes become extremely long lived and of less
astrophysical interest. Importantly, this would also affect the superradiant timescale
over which the BH spin is dissipated, which is typically comparable to that of the
quasibound states in the (stable) nonspinning limit [30].

In the upper left panel of Fig. we show the values (dashed horizontal lines)
of the (inverse) timescale Ty = 0.1 Talpeter, Where Tsalpeter = 4.5 X 107 years is the
Salpeter timescale. This is the characteristic timescale of accretion of an astrophysical
BH, and is the relevant one to compare with the superradiant timescale when deriving
bounds from the superradiant instability [30} 79, [76], 83 91, 179] (see Sec. for
more details on experimental limits). In particular, if the superradiant timescale
1/|wy| is much longer than 7py the superradiant instability is ineffective.

As a rule of thumb, when 1/|wy| > Ty, plasma effects are likely to completely
invalidate superradiant bounds, since they destroy the quasibound states in the first
place. In Fig. uwe show two examples, for M = 106M, = Mg and M = 10M,, =
M;; in both cases if wy = 2—4 pu the mode lifetimes are longer than the BH accretion
timescale. The same happens for the polar mode (lower panels of Fig. , although
in this case it is numerically more challenging to push the modes towards large
values of wy /i, and therefore we do not show gy in that plot. Nevertheless, it is
clear that also in the polar case the imaginary part of the modes becomes extremely
small when wg 2 2—4 i, as in the axial case.

We conclude that the presence of a dark plasma, if sufficiently dense, can
completely quench the quasibound spectrum of a DP and cause a dramatic increase
of the mode lifetime. This would correspond to a severe weakening of the superradiant
instability around a spinning BH.
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Figure 4.2. Imaginary and real part of the axial [ = 1,5 = 0 mode as functions of the
ratio wy /pu with mass Mu = 0.2 for the static (dotted blue) and free-fall (red) case. For
Mwpg = 0, i.e. in the absence of plasma, the two configurations coincide to the vacuum
Proca axial mode. As wy/u increases, the real part of the mode is very similar for the
two configurations, while the imaginary part of the mode decreases faster in the free-fall
case. Overall, the two configurations exhibit a similar behavior.

Figure [4.2] shows a comparison between the dominant axial mode in the static
and free-fall configurations for My = 0.2. For wgy/p = 0, i.e. in the absence of
plasma, the two modes coincide with the vacuum Proca axial mode. This is because,
in the absence of plasma (when the dark plasma frequency goes to zero) the solution
is trivially given by a vacuum Proca equation, see Eq. . Interestingly, as wg /u
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increases, the real part of the mode is essentially unaffected by the plasma motion,
while the imaginary part decreases faster in the free-fall configuration. Overall, the
free-fall configuration has the same phenomenology as the static one: as the dark
plasma frequency increases, the binding energy goes to zero and the timescales are
severely stretched. In the free-fall case, the drop in the imaginary part is slightly
more severe. One can thus expect the superradiant instability to be even more
severely weakened in this case.

In principle, one might wonder about backreaction effects of the dark electro-
magnetic field onto the plasma. These might include breaking of the spherical
symmetry of the plasma, effects on the motion of the plasma particles, or relativistic
transparency effects [137]. However, these effects can only become relevant for suffi-
ciently large DP field amplitudes. As we have argued, the presence of a sufficiently
dense dark plasma prevents the superradiant instability from growing the DP field
efficiently. As the quenching mechanism arises already at the linear level, the field
remains at all times as small as the initial perturbation, and its backreaction effects
are thus negligible.

4.5 DM models

In the previous sections we have shown that a dark plasma frequency comparable to,
or larger than, the bare DP mass can greatly alter the quasibound states, possibly
suppressing the DP superradiant growth. Here we sketch a simple DM model that
can generate a sizable plasma frequency around a BH. The numerical conclusions of
the previous sections are of course independent of the mechanism generating the
fermionic relic abundance, and we could simply assume the existence of a UV model
generating the correct density at low redshift. Nevertheless, we find it useful to write
down an illustrative model, which is not intended to be exhaustive of all possibilities.
We hope our work motivates research into other alternatives in this direction.

Bounds on Self Interactions
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Figure 4.3. Parameter space of interest for a simple secluded DM model. The blue shaded
region is excluded because of the self-interactions bound from dwarf galaxies [I80], while
the solid black line indicates the parameters for which the correct relic abundance is
obtained via freeze-out. The horizontal dotted lines indicates the value of o, correspond-
ing to two different plasma frequencies, assuming Bondi-Hoyle accretion around the BH
horizon and the full DM density at “infinite” distance from it.
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Let us consider a fermion x with mass m, coupled to our DPs with fine structure
constant «,. We consider x to be a DM candidate and set its abundance via
freeze-out. For simplicity, we study a “secluded" scenario, so that couplings to the
Standard Model thermal bath are not important for thermal freezeout [181] 26] and
the relic abundance is set by the process xx <> VV (where V schematically denotes
the DP), which in the limit @ < m, has a cross section

@ 4.26
(ov)xxevy e (4.26)

> N

The DM relic abundance is obtained when the annihilation cross section is of the

order
1

<0—U>)2X<—>VV ~ W, (427)

where we took Ty, ~ m, /10 for the freezeout temperature and assumed typical
values for the relativistic degrees of freedom in the early universe [I82].

The dark fermions in this model will exhibit self-interactions due to the exchange
of a DP. Self-interactions are especially enhanced in the limit of small DP mass, as
the cross section presents a forward scattering enhancement. In fact, in the Born
limit the transfer cross section for a DM particle of velocity v, reads

2 2,2

8ra miuv
~ X XX, 4.28
Oself mivi Il( 112 ) ( )

Limits on DM self-interactions (SIDM) from observations of galaxy clusters, galaxies,
and dwarf-galaxy halos [180, [I80] [183] [26] restrict this cross section to be roughly
Oseit/my S 0.1 — 100 cm?/g.

Comparing the couplings needed to set the relic abundance, one can see easily
that the SIDM constraint excludes thermal freezeout for DM masses smaller than
my ~ TeV. This is shown in Fig. The blue shaded area indicates the region
excluded by measurements of dwarf galaxies [I80], which limit the cross section
to be ogear/my < 10 — 100 cm?/g for DM velocities vy, ~ 107% (here we also fixed
p = 10"*eV, but the dependence on the DP mass is very weak). The solid black
line indicates the parameters for which the correct relic abundance is obtained via
freeze-out. The horizontal dotted lines indicates the value of a, corresponding to
two different plasma frequencies, defined as usual as

wgl = (47['51’%(0[’()1/2 ~ 1.8 X 10_13eV(105G§{</W)1/2((0)i)1/2, (4.29)

where in the last step we used Eqgs. (4.26) and (4.27) to relate m, to O‘xﬁ The
normalization of p, is estimated by assuming Bondi-Hoyle accretion, which gives

the following density close to the BH horizon

E)3, (4.30)

rh) ~ 2.4 x 10°p>°
Px(rH) PR (vrel

4Notice that the second line of Eq. ([#29) is valid only if the freeze-out happens via Eq. (4.26).
If other interactions, independent of a,, set the relic abundance, then the full expression of the
plasma frequency (with no a priori relation between a, and m, ) should be used.
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where vy¢ is the relative BH-DM velocity far from the BH and p;’(o ~ 0.4GeV/ em?® is
the DM ambient density far away from the horizon.

From Fig. [4.3| we see that, within this minimal model, dark fermions can naturally
dress the DP with a plasma mass, but the available parameter space is small and
confined to generate a plasma frequency of roughly ~ 10713 eV, if we require the
dark fermion to be in the perturbative regime (o, < 1), have the correct relic
abundance, and avoid SIDM bounds. However, as already mentioned, this simple,
minimal model is easily extendable to widen the allowed parameter space. This can
be achieve by: i) relaxing self-interaction bounds, or/and ii) producing the DM relic
abundance through a different interaction. One possibility to relax SIDM bounds is
to have a large splitting for the Dirac fermion, which kinematically suppresses self-
interactions [I84] [I85]. A simple extension to evade the relic abundance requirement
is described in Ref. [26], where the DM fermion is also charged under SU(2)y,. In
this case, the relic abundance can be set at early times by freeze-out via the weak
interaction. At late times, the weak cross section remains small, while the long-range
cross section mediated by the DP comes to dominate as the DM cools and slows,
reducing to the vanilla model described here. In this way, it can be possible to
extend to lower DM masses, increasing the allowed plasma frequency.

Another possibility occurs if the DP is produced gravitationally during inflation
and DM thermalizes through interactions in the dark sector and not with standard-
model particles [I86]. In this respect it would be interesting to extend the analysis
of [186] to smaller DP masses which are relevant for plasma-triggered BH superradiant
instabilities.

Finally, the DM density around the BH may be much larger than the value set
by Bondi-Hoyle accretion, possibly leading to even larger plasma frequencies. This
would be the case, for example, if DM spikes are present around the BH [I87] [188].

4.6 Impact of DP-DM coupling on current DP bounds
from BH superradiance

Probing ultralight DPs is an extremely challenging task, as lab-based experiments
become impractical for very long wavelengths [I89]. Most of the constraints on
DP masses smaller than z ~ 1071 eV then come from astrophysics and cosmology,
typically assuming a kinetic mixing between the DP and the ordinary photon [190]
191), 192]. In this regard, superradiance represents a unique possibility to probe very
light DPs even without assuming a kinetic mixing to the SM photon.

In the past years, many authors have put tight constraints on DPs using the BH
mass-spin distribution (see, e.g., Refs. [89, [79, [76] [83] 100, 90, 9T, 193, 194} 179] and
[30] for a recent summary of the constraints). The basic physics in all these cases is
the same: if a DP with the correct mass is present in the spectrum of the theory,
a superradiant growth can be triggered on short-enough timescales and extract
angular momentum and energy from astrophysical BHs, making the measured spins
inconsistent with the DP itself, and also leading to peculiar gravitational-wave
signatures [30]. In particular, current stellar-origin BH mass-spin measurements
in X-ray binariesﬂ exclude DP masses between 1 ~ 5 x 10714-2 x 107! ¢V, while

5Note that constraints from X-ray binaries might be affected by systematic errors in the
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supermassive BH spin measurements exclude lighter masses, pt ~ 6 x 10720-2 x
10~17eV [79, [76] 83, 91, 179] and p ~ 8.5 x 10722-4.6 x 10~2'eV [196]. These bounds
are reported in Fig. [£.4] where the red bands refer to highly-spinning supermassive
BHs, while the blue ones to stellar-mass BHs (see Ref. [83] for a similar plot).

In order for these bounds to apply, the superradiant rate should be fast enough
to grow a maximally-filled cloud within the relevant BH timescale, 7g;. Our present
analysis shows that, in motivated DM models, it may be very easy to make the
superradiant timescale larger than ;. In particular, within the simple class of DM
models described in the previous section, we have shown that it is possible to obtain
plasma frequencies of the order w;fl ~ 10713 eV, or greater. Our numerical results
from Sec. [4.4] indicate that the dark plasma can quench the superradiance instability
any time W;(l 2 1 (see, e.g., the upper left panel of Fig. . This means that DPs a
factor of few lighter than = 10713 eV are easily rescued thanks to plasma effects,
in a minimal SIDM model. This corresponds to the gray region in Fig. [£.4] where
the vertical line is drawn using the reference value in Eq. , divided by a factor
of 2 to account for the onset of the effect observed in Fig. [4.1]

As outlined in Sec. it seems also likely that simple extensions of this model
could rescue even larger DP masses, corresponding to the green region in Fig. [4.4]

Finally, we stress that our argument can invalidate superradiance bounds while
leaving unchanged constrains of different nature in the same mass range. For example,
cosmological constrains typically rely on resonant effects on large scales [190], where
the dark plasma density is several orders of magnitude smaller than around a BH.
Such constrains are reported, e.g. in [189]. Another relevant example in this mass
range are recent constrains on the couplings of dark photons with baryons, imposed
using LIGO/VIRGO data [197].

determination of the BH spin, see discussion in Ref. [195].
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Figure 4.4. Constraints on DP masses derived from highly-spinning supermassive (red
bands) and stellar-mass (blue bands) BHs as computed in Ref. [83]. The gray region
indicates the masses for which the simple SIDM model of Sec. can introduce strong
plasma effects which invalidate the bounds. The green region indicates masses for which
extensions of the simplest model are required in order to generate a sizable enough w;‘l
without overproducing DM and without violating SIDM bounds.
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4.7 Conclusions

In this work, we have studied for the first time the quasibound states of a DP field
in the presence of a (dark) plasma. The latter dresses the DP with an additional
density-dependent mass, which can significantly alter the quasibound spectrum. In
particular, we showed that if the generated plasma frequency is 2 2—4 times the
DP bare mass, then the state lifetime increases dramatically and (extrapolating to
spinning BHs) the superradiant instability is effectively quenched, similarly to the
case of bosons with a large bare mass (M >> 1 [56]) which is of limited astrophysical
interest. This has important implications for observational bounds on DPs. We
outlined a simple, motivated particle physics model that naturally provides a sizable
plasma frequency, possibly bearing a way out from current superradiance bounds
from BH mass-spin measurements.

Interestingly, our analysis also shows that if current or future detectors will
discover gravitational-wave signatures of a new light vector particle through BH
superradiance [79, [76], 83, O1], [105], 104] this could be used to set relevant constraints
on the DP scenario in various motivated DM models.
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Chapter 5

Axionic Superradiance and
Plasma Effects

Summary

Superradiant fields around BHs can couple naturally —although very feebly— with
SM particles. Couplings between superradiant fields and the SM are pivotal to
describe properly the evolution of the system. In this chapter, we study these
couplings using numerical relativity. We first focus on the coupled axion-Maxwell
system evolving on a black hole background. By taking into account the effect of the
coupling concurrently with the growth of the axionic cloud, we observe for the first
time that a new stage emerges: that of a stationary state where a constant flux of
electromagnetic waves is fed by superradiance, for which we find accurate analytical
estimates. Moreover, we show that the existence of electromagnetic instabilities in
the presence of plasma is entirely controlled by the axionic coupling; even for dense
plasmas, an instability is triggered for high enough couplings.

5.1 Bursts of light from axions?

The QCD axion is one of the most promising DM candidate that could potentially
be probed via BH superradiance. As already discussed, the precise development
of the instability is well understood in vacuum and in the absence of couplings
to the Standard Model [24] 89, [87), 30, 88]. Nevertheless, axions admit a number
of possible couplings: among them, notable examples are self-interacting theories
and couplings to the SM photon. In the following, we are going to consider the
latter scenario in the contest of BH superradiance. In previous works, it was argued
analytically and with numerical simulations, that such couplings to the Maxwell
sector might trigger parametric instabilities, whereby the scalar cloud transfers
energy to electromagnetic (EM) radiation [198, 199, [172) 171]. In other words, any
EM fluctuation in the axionic condensate might be parametrically amplified, giving
rise to powerful bursts of EM radiation, sometimes called BLASTs (Black hole Lasers
powered by Axionic SuperradianT Instabilities). This process is based on the decay
of the axions into a pair of photons with opposite helicity a — . Nevertheless, it
was suggested that the presence of a surrounding plasma may quench the parametric
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Figure 5.1. Schematic illustration of our setup. Starting from a spinning BH of mass M
(left), a SR cloud of mass M, is formed in the dominant (dipolar) growing mode (center).
For sufficiently large couplings to the Maxwell sector, the configuration is unstable: any
small EM fluctuation will trigger emission of EM radiation (black lines, right panel).
Some of these waves recombine to create axion waves (green lines). The blue background
indicates the presence of a plasma.

instability due to the high energy (large “effective mass”) of typical astrophysical
environments [I137, [174], [138]: that is to say, as photons in a plasma are dressed with
an effective mass, the decay of the axion may be prohibited by kinematic reasons if
the photons are too heavy.

The previous works left important gaps: (i) the parametric instability was shown to
give rise to periodic bursts of light, but its period and amplitude were not studied.
In fact, the effect of a SR growing cloud was also not understood properlyE] (ii) The
role of plasmas in the development of EM instabilities is known poorly, but could
have a drastic effect (see e.g. recent works on dark photon SR [I75] [I76]), since the
plasma frequency is rather large in most astrophysical circumstances.

5.2 The theory and general framework

We consider a real, massive (pseudo)scalar field ¥ with axionic couplings to the EM
field. In addition, the EM field is coupled to a cold, collisionless electron-ion plasma.
In this setup, the Lagrangian takes on the following form:

R 1 1 TR

= — — —F, " — -V, UV — U
160 4" g VitV 2 (5.1)
ka '

5 U FMF + AV jy + Lo

The mass of the scalar field ¥ is given by m, = ph, A, is the vector potential,
F,, =V,A, —V,A, is the Maxwell tensor and *F* = %e‘“’p"Fpo. is its dual. We
use the definition e*P? = ﬁE“W’U, where E*P7 is the totally anti-symmetric

Levi-Civita symbol with £'23 = 1. We define the Lagrangian for the plasma as Ly,

while k, quantifies the axionic coupling which we take to be constant. There exists

! As we show here, bursts will in general not occur, but give way to a stationary emission of light.
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a wide variety of theories predicting axions and axion-like particles, and generically
k, is independent of the boson mass. Therefore, we take k, to be an additional free
parameter of the theory. Notice that we do not consider self-interactions, which
could appear as an expansion of the axion’s periodic potential. This corresponds to
a region k, fa > O(1) predicted in models such as clockwork axions [200, 201] and
magnetic monopoles in the anomaly loop [202, 203], where f, is the decay constant
of the axionE] In principle, a similar analysis could be performed for scalar couplings
(L D ks WFHF,,), at least when the coupling strength is weak [172].

Finally, j, is the plasma current, and captures both the contributions of the
electrons and the much heavier ions. In this work, we adopt a two-fluid formalism
model for the plasma, where electrons and ions are treated as two different fluids,
coupled through the Maxwell equations. Hence, the plasma current is given by
J* =3, gsnsuf, where the index s represents the sum over the two different species,
electrons and ions, and ¢s, ns, u” are the charge, number density and four velocity
of the fluids, respectively.

An axion cloud produced from SR can grow to be < 10% of the BH mass [81],
207, 87]. We will consider the cloud’s backreaction on the geometry to be small
and thus evolve the system on a fixed background. The gravitational coupling puM
determines the strength of the interaction between the BH and the axion and is
a crucial quantity. In order for SR to be efficient on astrophysical timescales, the
gravitational coupling must be O(1). For uM < 0.1, the exponential growth is
too slow, while the instability is exponentially suppressed for pM > 1 [56) 208].
Consequently, we will perform simulations in the range yM ~ 0.1 — 0.3.

From the Lagrangian of our theory (5.1)), we obtain the equations of motion for
the scalar and EM field. In order to close the system, we also need to consider the
continuity and momentum equation of the fluids, which come from the conserva-
tion of the energy-momentum tensor for the Maxwell-plasma sector. Ignoring the
backreaction of the fields in the spacetime, we obtain:

(V“Vu—ﬁ)l’:%*FWFW,

V,F¥ = j# — 2k, *"FF'V T ,
v Jq B v (5.2)
v S v
ug Vyulhi = m—sF"Vus ,
v#(nsug) =0,

where the index s denotes again the particular fluid species. Finally, we impose the
Lorenz condition on the vector field

VAR =0, (5.3)

thereby fixing our gauge freedom.

5.2.1 Modeling superradiance

Even though we are interested in an axion cloud that grows through SR, and thus
requires a spinning BH described by the Kerr metric, we will instead mimic SR growth

2The strong self-interaction regime was discussed in e.g. [204], 169 [205], [206], where transitions
to various cloud modes and distortion of bound state wavefunctions are expected.
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without the need of a spinning BH. The reason is of a practical nature: timescales
to superradiantly grow an axion cloud are larger than ~ 106\ [209] 69, 208], a
prohibitively large timescale for our purposes. Therefore, we mimic SR growth
following Zel’dovich [47, [48| 210], by adding a simple Lorentz-invariance violating
term to the Klein-Gordon equation,
ov k
“w 2 S Rl Ma sy

(V'Y — ) w O+ 5 P . (5.4)
Here, C' is a constant, which in the absence of the axionic coupling gives rise to a
linear instability on a timescale of the order 1/C, where we can tune C' to be within
our numerical limits. For further details, we refer to Appendix [G.2]

5.2.2 Modeling plasma

As already discussed in previous chapters, the plasma frequency acts as an effective
mass for the transverse polarizations of the photons. This effect is crucial to take
into account when studying parametric instabilities as the axion decay into photons
could be suppressed in a dense plasma, i.e., when wp > p. Throughout this work,
we work under the following assumptions regarding the plasma.

1. We drop non-linear terms in the axion-photon-plasma system. That is to say,
as long as the EM field is small, it is sufficient to consider only the linear
response of the medium. Consequently, the backreaction of the EM field onto
the axion field is not included.

2. We ignore the oscillations of the ions due to the EM field. Whenever the
plasma is non-relativistic, this assumption is justified due to the larger inertia
of the ions compared to the electrons and we can treat them as a neutralizing
background. In the relativistic regime however, there is a critical threshold for
which this approximation is no longer valid, defined as I'¢ > mjon/me [120],
where I', is the Lorentz factor of the electrons.

3. For simplicity, we consider as initial data a locally quasi-neutral plasma,
i.e., Znjon = Ne, where Z is the atomic number, such that we have a vanishing
charge density. As plasma is globally neutral, this approximation is valid at
large enough length-scales for our setup. In particular, it holds in systems
where typical length-scales are much larger than the Debye length (see .

4. We assume a cold and collisionless plasma. In principle, our formalism can be
extended straightforwardly to include both thermal and collisional effects by
adding a few terms in the momentum equation, as already shown in Sec.
In particular, thermal effects can be included by considering a non-negligible
pressure for the fluid and an equation of state, while electron-ion collisions can
be modeled using a term proportional to the relative velocity of the two fluid
species.

5. We neglect the evolution of the fluid’s four velocity with respect to an Fulerian
observer due to gravity. The 3+1 decomposition of the momentum equa-
tion ([[.6.25)), shows how after linearization the evolution is dictated both by a
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gravitational term a; and an EM term FE;. In a Schwarzschild BH background,
the only non-vanishing component of the gravitational term is a” = M/r?,
which assumes the well known form of gravitational acceleration by a spherical
objectP| Since we are interested in the effect of plasma in a localized region
of spacetime, i.e., the axion cloud, which is situated around the Bohr radius,
an easy estimate shows that the effect of gravity is sufficiently small in the
timescales of interest. For example, let us consider a cloud with uM = 0.1, lo-
cated around r = 200M. In this case, we have that a” = 2.5 x 107°M ~!. Thus
for an initially zero velocity fluid, this term only gives significant modifications
on a timescale t ~ 10°M, which is much longer than the growth timescales
of the EM field. Furthermore, note that the gravitational term is suppressed
with respect to the EM term by a factor of me/qe ~ 10722, Neglecting the
evolution of the velocity due to gravity has two consequences for our system
of evolution equations.

First of all, while the momentum equation for the electrons still has the EM
term, we neglect this term for the ions according to assumption (ii). Therefore,
the ionic momentum equation becomes trivial. In fact, it means that ions with
initially zero velocity, do not evolve. Consequently, we can consider them as a
stationary, neutralizing background without evolving the fluid.

Secondly, by neglecting the gravitational term, the constraint of the electron
momentum equation reduces at the linear level to ©v”0,I" = 0. Since
I' =1 linearly due to its quadratic dependence on the velocity, the constraint
equation is trivially satisfied. Hence, dropping the gravitational term allows
for a great simplification of our evolution scheme.

5.2.3 Numerical procedure

To evolve the system, we solve numerically the equations of motion around a
Schwarzschild BH with mass M. We denote the spatial part of the Maxwell field
A;, the electric field E?, the magnetic field B?, an auxiliary field Z, and finally the
conjugate momentum II of the scalar field. Using these variables and applying the
341 decomposition to the equations of motion, we obtain the evolution equations
for the scalar field, EM field, and the plasma. A detailed account of the formulation
of our system as a Cauchy problem can be found in Appendix [[}

Besides the evolution equations, the 3+1 decomposition also provides us with a
set of constraint equations, which are shown explicitly in ([.1.10]). The initial data
we construct should satisfy these equations. For the electric field, we assume the
following profile:

E"=E'=A; =0,
rerg)? (5.5)
E* = Eye (%) M,
where E* = F Z"‘nu (i =7,60,¢), with n, defined as the normal vector of the spacetime
foliation. Here, £¥ can be an arbitrary function of » and 8. We choose a Gaussian
profile with Fy, g, and o the typical amplitude, radius and width of the Gaussian,
respectively. The EM pulse is initialized in all our simulations at rg = 40M with

3In fact, this term corresponds to the surface gravity when evaluated at the horizon.
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Run || k.Vg | pM | 103CM | 10°EqM /¥
T 0.0 0.3 0.0 8.1
T, | 0.0295 | 0.3 0.0 8.1
T3 0.147 | 0.3 0.0 8.1
Ji | 0.0737 | 0.2 4.0 100.0
J> | 0.0737 | 0.2 4.0 1.0
J3 | 0.0737 | 0.2 4.0 0.01
Js | 00737 | 0.2 4.0 0.0001
Js | 0.0737 | 0.2 4.0 8.1
Js | 0.0563 | 0.2 4.0 8.1
J- | 0.0328 | 0.2 4.0 8.1
Js | 0.00737 | 0.2 4.0 8.1
Jo | 00737 | 0.2 | 0.08 8.1
Jo || 0.0737 | 0.2 0.2 8.1
Ji1 || 0.0737 | 0.2 0.8 8.1
Jiz || 0.0737 | 0.2 1.0 8.1
Jis || 0.0737 | 0.2 2.0 8.1
Jia || 0.0737 | 0.2 8.0 8.1
wpl M
K1 0.147 | 0.3 0.0 0.01
Ky || 0147 | 0.3 0.0 0.1
Kz || 0.147 | 0.3 0.0 0.15
K4 || 0147 | 0.3 0.0 0.2
Ks || 0.147 | 0.3 0.0 0.3
K¢ || 0.147 | 0.3 0.0 0.4
K7 || 0295 | 0.3 0.0 0.2
Ks || 0.590 | 0.3 0.0 0.2
Ko || 0.0737 | 0.1 2.0 0.02
Kio || 0.0737 | 0.1 2.0 0.07

Table 5.1. Summary of the simulations discussed in the main text. Z; simulations do not
include plasma nor SR growth. J; simulations do include SR growth yet are still without
plasma, while /C; simulations do include the plasma. We denote the axionic coupling
k., Vg, the mass coupling pM, the artificial SR parameter C', and the ratio between the
initial amplitude of the electric field Fy and the scalar field ¥ . In the
simulations that include the plasma (K;), we report the plasma frequency wy as well,
while the initial EM amplitude is 104E0]VI/\IIO = 8.1, which is not shown in the table
due to space limitations. In all our simulations, we initialize the EM pulse at rq = 40M
with 0 = 5M.
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o = 5M. Moreover, we have tested that our results do not depend on these factors,
thus confirming their generality. For the initial data of the scalar field, we use a
quasi-bound state which is constructed through Leaver’s method (see Appendix.
We consider the cloud to occupy the dominant (dipolar) growing mode with an
amplitude ¥y, whose normalization is defined in (G.1.5). Finally, the constraint
equation for the plasma is trivially satisfied as we explain in Appendix [[.4] and for
simplicity we take a constant density plasma as initial data.

To keep track of the scalar and EM field during the time evolution, we perform
a multipolar decomposition. In the scalar case, we directly project the field ¥ onto
spheres of constant coordinate radius using the spherical harmonics with spin weight
sw = 0 to obtain Uy, . In the EM case, we track the evolution of the field
using the Newman-Penrose scalar ®5, which captures the outgoing EM radiation
at infinity (see Appendix . Analogous to the scalar case, we project these using
spherical harmonics, yet now using spin weight sy, = —1 to obtain (®2)s, .

In our figures, we show [(®2)em| = /(®2)},,(P2)em- Since this captures massless

waves, |(®2)pn| o< 1/r at large spatial distances.

Throughout this work, we will discuss various simulations. In Table 5.1} the spe-
cific parameters of these simulations are listed. Furthermore, a schematic illustration
of our setup can be seen in Fig. [5.1

5.3 Superradiance turned off

An axion cloud coupled to the Maxwell sector can give rise to a burst of EM
radiation. The initial explanation of this phenomenon was outlined in [198], while
the full numerical exercise followed in [I72] [I71]. In this section, our goal is to
carefully perform a further analysis and, as we will see, find some new features of the
system. Throughout this section, we assume SR growth to be absent, as in [172} [I71].
Even though this is clearly an artificial assumption, as it means that the cloud was
allowed to grow without being coupled to the Maxwell sector, it allows us to isolate
and understand better some of the phenomena. The full case will be dealt with
afterwards.

As shown analytically on a flat spacetime, but also numerically in a Kerr
background [172, [171], upon growing the cloud to some predetermined value, an EM
instability is triggered depending on the quantity k,Wg. In particular, there exist two
regimes, a subcritical regime and a supercritical regime. In the former, no instability
is triggered and some initial EM fluctuation does not experience exponential growth.
Conversely, in the supercritical regime, an instability is triggered and the axion field
“feeds” the EM field, which grows exponentially, resulting in a burst of radiation.
The boundary between these regimes is set by two competing effects; the parametric
production rate of the photon, «x uk,Wq, and their escape rate from the cloud,
o p?M. The latter is approximated by the inverse of the cloud size. Similarly
to previous works, we find the boundary to be on the order k, ¥y ~ 0.1 — 0.4 for
uM ~ 0.2 —0.3.
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Figure 5.2. Top Panel: The time evolution of the (real part of the) dipolar, £ =m =1,
bound state component of an axion cloud around a Schwarzschild BH in two scenarios:
coupling is subcritical (dashed red, Z3) or supercritical (green, Z3). As a consistency
check, we also evolve with a vanishing coupling to the Maxwell sector (Z;), which we
find to be almost indistinguishable from the subcritical case. Bottom Panel: The time
evolution of the absolute value of the £ = m = 1 component of the Newman-Penrose
scalar @5 for a subcritical and supercritical coupling. The blue dashdotted line shows

the growth rate, A = 0.0054, as estimated from equation (77) of [I72]. In both panels,
the field is extracted at rex = 20M and pM = 0.3.

81
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Figure 5.3. Top Panel: The dipolar component |(®3)11] of the EM field in the supercritical
regime with pM = 0.3, for simulation Z3. The alignment of the waveforms shows that
we are dealing with EM radiation. High-frequency oscillations are set by the mass scale
i, whereas “beatings” (circumscribed by vertical dashed lines) are controlled by 1/u?.
Bottom Panel: Fourier transform of the signal, taken on the entire time domain,
showing the dominant frequencies in the problem. The gray and brown dashed lines show
N(wp/2) for N = 1, 3, respectively, where wy ~ y is the frequency of the fundamental
mode.

5.3.1 The process at large

In the following, we explore these two regimes by evolving the coupled system
describing a SR cloud of axions coupled to the Maxwell sector, while we initialize it
with a small vector fluctuation Ej.

Figure [5.2| summarizes well the possible outcomes, which depend on the strength
of the coupling k, V. For small enough couplings to the Maxwell sector, the axion
field is left unaffected, and remains in a bound state of (near) constant amplitude
around the BH. For large couplings however, in what we term the supercritical regime,
the amplitude of the axion field decreases. This transition signals a parametric
instability whereby axions are quickly converted into photons.

The bottom panel of Fig. 5.2 shows the behavior of the EM radiation during this
process (we show only the dipolar component £ = m = 1 of the Newman-Penrose
scalar, but we find that higher modes are also excited to important amplitudes, see
Appendix . In the subcritical regime, any initial EM fluctuation decays on short
timescales. However, in the supercritical regime a burst is initiated; these are the
photons that are created by the axion cloud. Furthermore, we find the growth rate
to follow estimates from earlier work [I72]. Specifically, it is approximated by taking
the production rate of the photons and subtracting the rate at which photons leave
the cloud: A ~ Ay — Aege, Where Ay ~ %uka% and Aesc ~ 1/d, where d is the size of
the cloud. This estimate is indicated by the blue dashdotted line in Fig. 5.2

At late times, the system settles to a final, stationary state. In the subcritical
regime, this final state is almost the same as its initial state since the axion cloud is
barely affected by the EM perturbation. Conversely, in the supercritical regime, the
parametric instability has driven the axion field to decrease to a subcritical value.
Therefore, in the absence of SR growth, no further instability can be triggered and
the axion cloud settles on a final state with a lower amplitude than its initial value
while the created photons travel outwards.
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5.3.2 Axion and photon emission

Although the axion is massive, EM waves are massless and allowed to travel freely
once outside the cloud. To study EM wave propagation, we monitor the system at
large radii. The top panel of Fig. [5.3] summarizes our findings for EM radiation,
where we align waveforms in time. Some features are worth noting: (i) we find that
®5 decays like the inverse of the distance to the BH, as might be expected for EM
waves; (ii) the pattern of the waveform is not changing as it propagates, typical of
massless fields. The radiation travels at the speed of light, as it should.

Additionally, we observe an interesting morphology in the EM burst. It has a
high-frequency component slowly modulated by a beating pattern. While the high-
frequency component is set by the boson mass u, with oscillation period ~2m/(1/2),
the beating frequency scales with 1/u? as its origin lies with the presence of the cloud.
Specifically, when the photons are produced inside the cloud, they travel through
it allowing for further interactions. These photon “echoes” exhibit a symmetric
frequency distribution with respect to the primary photons, lying around p/2. This
can be seen in the Fourier transform in the bottom panel of Fig.[5.3] The frequency
difference between these peaks, Aw, corresponds to the observed beating timescale,
~ 27 /Aw, indicated by the dashed lines in the top panel of Fig. . In addition
to the bulk of photon frequencies near half the axion mass, there are other peaks
in the frequency domain, namely two around Mw ~ 0.45. We believe these higher
order peaks do not originate from a parametric resonance, as one would expect
peaks for each integer N at Nu/2, while we find the peaks at even N to be absent.
Furthermore, the bandwidth of higher order parametric resonances is extremely
small, making it hard to trigger those. We rather believe these additional peaks to be
a result from photon “echoes” as well, generated at later times, i.e., photons produced
by the parametric mechanism that are up-scattered by the axion cloud. These results
are different from a homogeneous axion background, where only echoes with the
same frequency are produced. The discrepancy is due to the large momentum tail
of the axion cloud.

Besides the expected EM radiation, the reverse process — two photons combining
to create an axion — may also provide a non-negligible contribution. In fact, this
process has been explored in the context of axion clusters [211], where energetic
axions are created that can not be stimulated anymore, hence they escape the cluster
(so-called “sterile axions”). Projecting this scenario in the context of SR instabilities
translates into the creation of unbound axion states, with frequencies w > p, that
are thus able to escape to infinity. Such axion waves are indeed produced in our
setup, as can be seen in Fig. [5.4] The large scalar field contribution far away from
the cloud is only present the supercritical regime. Since these are massive waves, the
dependence with time and distance from the source is less simple due to dispersion.
As components with different frequencies travel with different velocities, the wave
changes morphology when traveling to infinity, which is apparent in the top panel of
Fig.

The Fourier transform of the axion waves is shown in the bottom panel of
Fig. It indeed contains components with frequency w > u, showing that the
field is energetic enough to travel away from the source. The frequencies of the
peaks correspond to a group velocity v = /1 — u?/w? = 0.036 and v = 0.18 for
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Figure 5.4. Top Panel: The dipolar component of the axion field in the supercritical
regime (simulation Z3). When extracted at large radii, the non-zero value of ¥y is only
present in the supercritical regime and explained by the production of axion waves. Due
to dispersion, the morphology of the wave changes while traveling outwards. Bottom
Panel: The Fourier transform of the dipolar component, taken on the entire time domain
shown in the top panel. The gray dashed line shows the frequency of the fundamental
mode of the bound state, while the coloured dashed lines indicate the frequency of the
peak of each curve situated at w > u, confirming these are axion waves.

Tex = 400M and 7oy = 1000M, respectively. Note that this Fourier transform is
taken over the full time domain and thus dominated by the late signal of the axion
waves, consisting of larger amplitude, non-relativistic waves. This also explains why
the peak for the rox = 1000M curve is at higher frequency; the slower waves did
not have time to arrive yet at this larger radius. If we instead calculate the Fourier
transform on only the first part of the signal, we capture the (more) relativistic
components. These emitted axion waves can in principle be detected by terrestrial
axion detectors if the BH is close enough to Earth.

Besides the dipole component, also higher order scalar multipoles are created by
the photons. In fact, from our initial data, only scalar multipoles with odd £ can be
produced. This selection rule is detailed in Appendix [[] The higher multipoles for
both the axion and photon radiation are shown in Appendix where it can also
be seen that excited photons can recombine to create axion waves with twice the
axion mass.

5.4 Superradiance turned on

The formation of an EM burst is determined by whether the photon production from
the parametric instability is dominant over the escape rate from the cloud or vice versa.
The initialization of the system in a supercritical state however, is artificial. Instead,
it starts in the subcritical regime and potentially grows supercritical through SR.
Previous works claimed that this process developed through a burst-quiet sequence: a
burst of EM and axion waves would deplete the cloud, which would then grow on
a SR timescale before another burst occurred [I71]. We argue that in fact bursts
do not occur, and that the process is smoother than thought. As we will show, the
presence of SR introduces two important differences: (i) the growth rate of the EM
field is modified and (ii) the system is forced into a stationary phase.
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Figure 5.5. Top Panel: The time evolution of the dipolar component of the EM field
including SR growth for different strengths of the initial EM pulse (see Table . The
field is extracted at rox = 20M and pM = 0.2. Bottom Panel: Same as above, but
while varying the initial coupling strength k,Wy. Notice how a stationary state is reached
instead of a burst of EM waves. Moreover, the final EM value is independent of initial
conditions, even though the timescale required to reach saturation does depend on how
the fields were initialized.

5.4.1 Numerical results

We numerically evolve the coupled axion-photon system under the influence of a SR
growing cloud. In these simulations, we start the system in the subcritical regime,
and let it evolve to supercriticality via (artificial) SR, since now C # 0.

Figure [5.5 illustrates the behaviour of the system. We evolve different initial
conditions, corresponding to different seed EM fields Ey/¥ and different couplings
k. Wy, and we see a saturation of the EM field, to a value which is independent on
the initial conditionsﬁ This stability is simply achieved by turning on SR growth
like in equation . In contrast to the previous section where the bound state
solely loses energy, the supplement to the axion cloud is dominant at first, resulting
in exponential growth. As the cloud approaches the critical value, parametric decay
to the EM field begins to compensate for the energy gain from the BH, ultimately
reaching a phase where energy gain and loss are balanced. As a result, the entire
system consisting of the axion cloud and the EM field is constantly pumped by SR

4As could be anticipated, the timescale to reach saturation does depend on initial conditions: lower
field values or lower couplings require larger timescales.
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Figure 5.6. Top Panel: The dipolar component of EM radiation with SR turned on. The
field is extracted at rox = 400M and pM = 0.2. The blue, black and brown dashed
lines show the growth rate predicted by the standard Mathieu equation, the SR Mathieu
equation and its first order expansion (5.10)), respectively. The value of C is varied
for simulations 7;, see Table[5.1] Note the rescaling on both the horizontal and vertical
axis with \/5, where we scale all simulations onto J14. Thus, our results indicate a
clear, simple dependence on the SR rate, which we investigate analytically below in
Section and Bottom Panel: Same as above, but for the scalar dipolar
component extracted at ro, = 20M.

growth, with a steady emission of EM waves traveling outwards.

The saturation value of the EM field does depend on the SR parameter C'. This is
simply due to the fact that the more axions that are created by SR, the more photons
that can be produced through the parametric mechanism. We find the saturation
value to be proportional to v/C, shown in the top panel of Fig. This result is
also supported by analytical estimates in Section in particular equation ([5.15)).
Additionally, our results demonstrate that the timescale required to reach saturation
(at fixed initial field values), scales with v/C as well. This behaviour is explained in
the following section.

These simulations provide us with robust evidence that the saturation phase is (i)
independent of the initial data, and (ii) occurring for all tested values of C' which
span 2 orders of magnitude, allowing for universal predictions. In the following, we
discuss various features related to the saturation phase.

FEvolution of the cloud’s morphology — When the system has just reached the
critical boundary, the EM field starts growing (super-)exponentially until it reaches
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Figure 5.7. Snapshots of the axion profile during the evolution of the axion-photon system.
Upper row shows the system in the supercritical regime (simulation Z3), but without SR
growth. The cloud starts in its initial dipole state, and gets disrupted by the parametric
instability. Afterwards the configuration settles down while axion waves propagate to
infinity. On the bottom row, we show an initially subcritical cloud, yet with SR growth
turned on, C' = 1073M ~! (simulation Ji2). Again, the cloud starts in its dipole mode,
yet now it grows in amplitude due to SR. Afterwards, the cloud is disrupted due to the
EM instability, eventually settling down to a saturation phase wherein axion waves are
continuously produced.

the saturation value. When this happens, the non-linear backreaction in the Klein-
Gordon equation becomes important. In absence of SR, the EM field quickly decays
in time after reaching its maximum and with that its backreaction onto the axion
field, allowing the cloud to settle back to a stable configuration at late times (see
Fig. . Conversely, in presence of SR, the EM field settles to a large and constant
value that continuously backreacts onto the axion field. Consequently, it starts
to exhibit strong deviations from the initial pure bound state configuration as
overtones are triggered, i.e., it acquires a beating-like pattern. This can be seen in
Fig. where around t ~ T00v/C M 3/2 the saturation phase ensues and there is no
relaxation to the pure quasi-bound state. We show a series of snapshots from the
cloud’s evolution in the two distinct scenarios in Fig.

Angular structure of outgoing EM waves — During the saturation phase, there
is a nearly constant emission of EM waves. For observational purposes, we probe
the angular structure of the outgoing radiation. We do this through the multipole
components of ®o, while up to now only the dipole was considered. A subset of these
multipoles is shown Fig. [5.8] From the differences in amplitude between different
modes, we conclude that the radiation is not isotropic. In fact, we find that the
dominant radiation is on the equatorial plane (see inset of Fig. , where the
density of the axion cloud is highest. To strengthen this result, we also compute
analytically the excitation coefficients of these multipoles given our initial data. We
report them in Appendix [[J
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Figure 5.8. A subset of the multipoles of the EM field for simulation [Jis, extracted at
rex = 400M. Every multipole up to ¢ < 6 has approximately a similar contribution.
The inset shows the angular structure of the outgoing EM waves in the saturation phase
(where all multipoles up to ¢ < 8 are taken into account). The y axis is reported in
arbitrary units (a.u.). The dominant production of the photons is on the equatorial
plane where the cloud’s density is highest.

5.4.2 Growth rate

In previous work [I72], it was shown that in absence of SR, the growth rate of
the EM field can be approximated by a simple, analytical expression. This is a
consequence of the fact that when the background spacetime is Minkowski and the
background axion field is a coherently oscillating, homogeneous condensate, the
Maxwell equations can be rearranged in the form of a Mathieu equation [172] 212].
The growth rate is then found by taking the production rate of the photons (~ the
Floquet exponent of the dominant, unstable mode of the Mathieu equation) and
subtracting the escape rate of the photons from the cloud (~ inverse of the cloud
size). However, while this approach yields accurate predictions in absence of SR (see
Fig. , it does not in presence of SR (blue dashed line in Fig. |5.6). Remarkably, as
we will show, a simple adjustment to the Minkowski toy model restores its validity.
Additional details are provided in Appendix K1}

Let us consider the Maxwell equations in flat spacetime. We adopt Cartesian
coordinates and assume the following ansatz for the EM field,

ALt @) = o (t, p)ePE—et) (5.6)

where p'is the wave vector which we assume to be aligned in the 2 direction without
loss of generality, i.e., = (0,0, p,). To mimic the amplification of the axion field via
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SR, we consider a homogeneous condensate which exponentially grows in time asﬂ
1 —iut * ipty Ot
U= 5(1/106 HE 4 qhgett)e™" . (5.7)

Adopting the field redefinition y, = e*“’ay, rescaling the time as T = ut and
projecting along a circular polarization basis e+ such that y = y,e+, we obtain a
“superradiant” Mathieu-like (SM) equation:

1 or
a%yw—kﬁ (pz + 2pze(i‘T Yoka(C cos T — pusin T))yw =0. (5.8)

Unsurprisingly, for C' = 0, this equation reduces to the original Mathieu equationﬁ
From (5.8]), we find two new features; an extra oscillating term ~ C cosT', and, most

importantly, an exponentially growing factor ~ e%. By solving numerically, we
find that, similar to the standard Mathieu equation, this equation admits instability
bands, albeit with a larger growth rate. Fitting the exponent of the numerical
solution, we conclude that the solution to the superradiant Mathieu equation is well
described by a super-exponential expression g, ~ e\ with

Ay = gkawoeCt/Q. (5.9)

In Appendix [K.I] we show the comparison between this expression and the numerical
solutions as well as an analytic derivation of using a multiple-scale method.

We confront the growth rate of the EM field when considering the full axion-
photon system in a Schwarzschild background with the growth rate from our toy
model in Fig. Here, the standard Mathieu growth rate (blue dashed line),
the full solution and first order expansion in C' (black and brown dashed lines,
respectively) can be seen, where the latter is defined by

Ct?
-5
In all of the curves, the time it takes for photons to leave the cloud has been
taken into account. Furthermore, we use the critical value for the coupling k, V.
Remarkably, the SM growth rate matches the numerical results closely. Moreover,
the Ct? term from that appears at first order naturally explains why the
timescale to reach saturation scales as v/C.

Hence, when considering the axion-photon system under the influence of SR,
a simple extension to Mathieu equation allows for elegant, analytic predictions of
our numerical results. Note that the true value for SR is many orders of magnitude
lower than the one considered in this work and thus we expect the correction to
be subdominant (unlike here). Finally, this prediction neglected the backreaction
onto the axion cloud. Hence, it naturally breaks down when the rate of energy loss
due to conversion to photons becomes comparable the SR growth, i.e., when the
saturation phase ensues.

Asuit &2 %kawo(t + 2. (5.10)

5We adopt a different notation to distinguish the amplitude of the homogeneous axion field in
this toy model, 1o, with the one of the axion cloud around the BH, Wy.

50ur result includes a sine instead of the cosine found in [I72], which originates from a small
sign mistake in their derivation, see equation (19). This has no consequences for the physics, as it
only induces a 7/2 phase shift.
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5.4.3 Saturation phase

As can be seen in Figs. and turning on SR growth forces the system into a
stationary configuration. Here, the energy loss of the cloud due to the parametric
instability balances the SR pump sourced by the rotational energy of the BH. A
description of this phase is remarkably simple as we will show below. A similar
conclusion was found in [198].

For the photons to reach an equilibrium phase, it is required that the parametric
decay rate, Apq, equals the escape rate of the photon, Aesc. Assuming that the
former can be approximated by the decay rate in the homogeneous condensate
case [172] 212], we have

Ao ~ ka\I';atM ~ é ~ Ao | (5.11)
where Wy, is the average amplitude of the scalar field within the cloud at saturation.
In the non-relativistic regime, we can approximate the size of the cloud by the
standard deviation of the radius d = (r) ~ 2v/3r. = 4v/3/(u?>M). This yields a
relation for which the cloud reaches saturation, namely

~ MM
kaWgat ~ Nk (5.12)
This is indeed what we find in the bottom panel of Fig. since kyWeat =~
0.2/(2v/3) ~ 0.06.

Additionally, we consider the equilibrium condition of the axion cloud. It is
sourced by the SR rate I'sg, yet loses energy due to the parametric instability, I'pr.
In our setup, these two rates are

C
FSR = 5 and FPI ~ 2F\I/~>'y'yf77 (513)

where T'y , ., = hk2u3/(167) is the perturbative decay width of the axion-to-photon
conversion and f, is the photon occupation number. When the dominant production
is in a narrow band around p, = p/2, we have [213]

242
87r3n7 2T AV

_ 9) — ~ 5.14
f’Y(pW U/ ) 47Tp,2yAp7 hka\I}satUQ ’ ( )

where Ap, ~ 2k, W, p is the photon dispersion bandwidth, approximated to be the
resonant bandwidth at p, = p/2. Moreover, A, is the photon amplitude, which
relates to our measure of the EM field ®; as A, ~ 2®;/w, where w ~ p is the
frequency of the axion field. Finally, n, = 2p/(hw) is the photon number density,
with p = A%wz /2 the energy density. Substituting these relations into , we
find that inside the cloud

A2 2C C

~ ~ , 5.15
W2 TkaWsat  These ( )

were we used again (5.11)). Hence, this simple analytical estimate shows that the EM
field stabilizes to a value proportional to v/C. This result is in excellent agreement
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with our simulations (see Fig. and it allows us to consider a case in which C
coincides with the SR growth timescale.
The total energy flux of the photons with frequency /2 is defined as [198]

dE  h

i #nw)\esc erj , (5.16)
where x7? is the volume of the cloud. Here, Y is a numerical factor where in the
non-relativistic regime, x =~ (9(102)E| Assuming the SR rate I'sg to be equal to the
decay rate I'p; in the saturation phase (5.13)), we get that

dE % 2.5 x 10°M
— = T. 10% () _—
a = 16107 100 .
) ( 0.2 )2 10-13Gev—1\" )
Y, . erg/s,

where 7, = C~!. To probe the SR regime, we tune C to match the well-known SR
growth rate in the dominant growing mode [73]

(5.17)

ajy (MM )9
24 M

where a; is the spin of the BH. Using this in (5.17]), we obtain

dFE X ajy
— ~ 8.1 x10% () —
at % 100) M

y (uM)7 10-BGev-1\" erg/

0.2 K 8/8-
Note how lower couplings lead to higher fluxes. Although this may sound counter-
intuitive, it is explained by the fact that for lower couplings, the axion field saturates
at higher values. As the EM flux is proportional to the axion field value, this leads to
a higher flux. |§| As a consequence, the saturation phase opens a channel to constrain
axionic couplings “from below”. Finally, the divergence of and at small
couplings indicates when our model breaks down. In particular, the equilibrium
condition suggests a minimum value for the coupling for which the cloud’s
mass becomes larger than its maximum of M. = 0.1M. For example, for uM = 0.2,
the minimum coupling for which our description holds is k, > 3.8 x 1078 GeV .

Lower couplings then this yield an unphysical situation and thus a breakdown of
our description.

s ~ when puM <1, (5.18)

(5.19)

"To obtain x, we introduce a threshold value € for the absolute value of the scalar field, and

define -
x=/ drr2/d§29(|\ll\fe),
0

where O is the Heaviside step function and € ~ 0.5 max (¥). We checked that the order of x does
not strongly depend on e.

8A similar behaviour was found in the context of dark photons with kinetic mixings to the
Standard Model photon [I75].
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5.4.4 Implications for superradiance

Using the scaling relation , we can probe the system in the regime of SR and
thereby test the validity of with our numerical simulations. Before doing so,
however, we must argue why we are able to extend our results beyond the probed
regime for C.

Either end of the tested parameter space for C is accompanied by numerically
challenges. For high C, there is an extreme growth on short timescales which
makes the code diverge. For low C, the evolution timescale of the system becomes
prohibitively large. Besides the simulations shown in Fig. [5.6] we did two additional
simulations, Jy (low C') and J14 (high C), on each end of the spectrum. Regarding
the latter, we find indications that the saturation phase is ruined as the EM field
starts to grow from its saturation value after spending some time in the saturation
phase. Physically, this is to be expected. In the case of extreme SR growth, the
balance between the production and escape rate of the photons is distorted; the
photons simply do not have time to escape the cloud while plenty of axions are
produced. In this scenario, a more burst-like radiation pattern could be possibleﬂ
Since we are interested in SR in this work, we do not probe this regime further.

The regime of low C' is of interest as the SR rate is at significantly lower values
than what we can probe numerically . From the lowest C' we probe, Jy, we
find that even though there is an apparent decrease after the super-exponential
growth, the v/C scaling is respected at late times. Physically, the perseverance of the
saturation phase makes sense. When the growth rate is small, the system becomes
adiabatic; as the axions are slowly produced, the system steadily approaches the
critical value at which the system is in equilibrium and a saturation phase ensues.

To extract the energy flux from our simulations, we exploit the properties of the
Newman-Penrose scalar. In particular, we can define

d’E r?
—— = lim —|®y|? 5.20

qan ~ A or Pl (5:20)
where dQ2 = sinf#dfdyp. Decomposing (5.20]) in terms of spin-weighted spherical
harmonics, we obtain

dE 1
— = dQ — (D) s —1Yem|? . 21
B =2 [ 105 @ i (5.21)

where ®3 = ®5 /7. From our simulations, we extract (®2)m ¢im for a certain Cyiy, at
large radii (r = rex) by averaging over a sufficient period in the saturation phase.
Then, we scale these multipoles to match their saturation value in the case of SR

according to
(@2>€m sim
(P2)emsr R —eee——,
" V Csim/(2FSR)
where I's is defined in (5.18]). We do this for each multipole and sum them according

to ((5.21) to obtain the total flux. As the contribution to the energy flux becomes
smaller for higher multipoles, we sum each multipole until the increment is less

(5.22)

?Such a scenario could be realized in the case of a Bosenova [204], where the axion density
sharply rises on short timescales.
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than 5%. In practice, this means summing the first ~ 8 values of £. Following this
procedure, we find the following estimate from our simulations for the total, nearly
constant, energy flux in the saturation phase:

dE 1018 Gev 1)
=010 10% <0k(}e\/> erg/s, (5.23)

where we assumed pM = 0.2 and the BH to be maximally spinning. This matches
closely the theoretical prediction from .

Besides the photon production, the parametric instability also affects the axion
cloud. As we showed in equation , the axion amplitude at saturation is
independent of C'. By translating the amplitude of the axion field to the mass of the
cloud, the impact of coupling axions to photons becomes much more apparent [87].
It is well-established that, in the purely gravitational case, the cloud is able to obtain
a maximum mass of M. < 0.1M. As can be seen in Fig. through the coupling to
the Maxwell sector, the cloud’s mass can saturate significantly below this maximum.
Note that in this estimate, we assume the profile of the cloud to be hydrogen-like
which is only strictly true in the no-coupling case. Consequently, when the cloud is
disrupted due to the strong backreaction onto the axion field in the saturation phase,
this approximation is not expected to hold. Nevertheless, for the (much) lower SR
growth rate, the EM flux is less strong and thus the cloud less disrupted.

Figure has severe implications for current constraints on the mass of ultralight
bosons that are set through either GW searches [214, 101], 215], 216l 217] or spin
measurements of BHs [89, 218, 87, 90, 1], 219, 220, 193} [196], 221], 194]. Due to the
reduced cloud mass, the backreaction to the spin down of the BH could be negligible,
which means current constraints no longer apply, as they assume no interactions for
the axion. Furthermore, the environmental effect of the SR cloud on the gravitational
waveform in BH binaries becomes less relevant [92] 93], [94) 222 [95], 223, [224], 225], 97].

5.5 Surrounding plasma

The presence of plasma affects the axion-to-photon conversion in the parametric
instability mechanism, as the transverse polarizations of the photon are dressed with
an effective mass, i.e., the plasma frequency wy). Therefore, when wy > /2, the
process ¥ — ~ 4 v becomes kinematically forbidden. Even though it is common
lore to approximate the photon-plasma system with a Proca toy model, the full
physics is more involved: as already shown in sec. already in the simplest case
of a cold, collisionless plasma, the longitudinal degrees of freedom are electrostatic,
unlike the Proca case (for details see [173] 174]). In curved space, these transverse
and longitudinal modes are coupled and thus the Proca model cannot assumed to
be correct a priori. Moreover, non-linearities provide additional couplings between
the modes, and also the inclusion of collisions or thermal corrections create strong
deviations from a Proca theory. Hence, a consistent approach from first principles
is imperative. In this section, we take a first step in that direction by studying a
linearized axion-photon-plasma system.
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Figure 5.9. Contour plot of the mass of the cloud (M.) at saturation depending on the
axionic and mass coupling, k, Vg4 and uM, respectively. The dark blue area at the
bottom denotes the maximum mass of 10% that the cloud can achieve in the purely
gravitational case.

5.5.1 Without superradiance

We start by studying the axion-photon-plasma system in absence of SR, and initialize
the axion cloud in a supercritical state with k, ¥y < 1. We evolve the system on a
BH background for different values of the plasma frequency (see Table . Note
that there is no backreaction onto the axion field in our linearized setup.

Figure summarizes the main results. When wp < p/2, the plasma has
little impact on the system and the parametric instability ensues. When wp > /2
instead, a suppression of the photon production is seen. We find the growth rate
estimated in equation (19) of [I99] to fit our simulations well, when taking into
account the finite-size effect of the cloud as Aesc ~ 1/d, i.e.,

2 2 2
Py e — Aw
Ao P W e (5.24)

2u? — 4wl2)1

Finally, the beating pattern in the EM radiation at larger radii (see bottom panel of
Fig. is explained by the photons having to travel through the cloud, thereby
scattering of the axions.

Additionally, we show the Fourier decomposition of the signal in Fig. As we
concluded from Fig. for low wp, the parametric instability is barely hindered
and a clear peak arises at half the boson mass. However, when wy > 1/2, we
observe the presence of modes with a frequency very close to wp. We find good
agreement between these peaks and the plasma-driven quasi-bound states computed
in a similar setup [I73]. Note however, that these bound states are extremely fragile
and geometry dependent, and may disappear if more realistic plasma models are
considered [I15]. We conjecture the origin of the two additional peaks at wp £ p to
be up and down-scattering from the quasi-bound state photons with the axion cloud.
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Figure 5.10. Top Panel: Time evolution of the dipolar component |(®2);11] of the EM field,
extracted at rox = 20M for uM = 0.3, in the presence of plasma. The plasma frequency
wpl is progressively larger for simulations K —Ks, see Table@ The exponential growth
rate (dashed lines) is determined from . Bottom Panel: Same as above but now
the field is extracted at rox = 400M. The modulations arise from scattering of photons
with the axion cloud, similar to Fig. [5.3]
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Figure 5.11. Fourier transform of (®3)1; extracted at rex = 20M for simulations Ko
(wpr < 1/2) and K¢ (wpr > p/2) with pM = 0.3. The y axis is shown in arbitrary units
such that both are visible on the same figure. The gray dashed line denotes half the
boson mass, while the other dashed line shows the plasma-driven quasi-bound state
frequency for wp = 0.4, located at Mw = 0.3887 — 0.00163.

Due to the fact that modes with frequency wp) — p are decaying, their amplitude is
highly suppressed compared to the up-converted ones.

We now focus on the high axionic coupling regime. In the toy model considered
in [199], it was shown that even when wp > /2, an EM instability could be triggered
for high enough k,¥. In Fig. we confirm this prediction numerically and show,
for the first time, the presence of an instability in dense plasmas. This might seem
in tension with the kinematic argument that for wy > /2 the axion decay into two
photons is forbidden. However, as we show in the inset of Fig. [5.12] the frequency
centers at w = p instead of the usual w = p/2. This suggests the photon production
to be dominated by a different process, namely W 4 ¥ — v 4 ~.

To support this hypothesis, we study again the connection with the Mathieu
equation (see e.g. [226]). As we detail in Appendix [K.1] in flat spacetime, the
Maxwell equations in presence of a plasma can indeed be recasted into a Mathieu
equation which admits instability bands whenever w? = p? + wgl = n? 2 /4, with
n € N. Therefore, when wp > /2, the first instability band (n = 1) at w = p/2 can
indeed not be triggered, yet it is still possible to trigger the second band at n = 2,
where w = p. This matches exactly the phenomenology observed in Fig. [5.12] and
thus we conclude the EM instability to correspond to the second instability band of
the Mathieu equation, which indeed is triggered by the process ¥ + ¥ — v + v (and
kinematically viable even for wp > p/2) [212]. This analysis can be continued for
even higher branches. However, since these get progressively narrower, (extremely)
high values of the axionic coupling could be necessary to trigger instabilities in
higher bands.



5.5 Surrounding plasma 97

Mw

107°F W

1077

0 100 300 1200
t/M

Figure 5.12. Time evolution of |(®2)11] extracted at rex = 20M for simulations K and Kg
with pM = 0.3. Even though in both simulations wp = 0.2 > 0.15 = /2, the instability
can be restored when k, W, is high enough. The inset shows the Fourier transform of
both curves, with the gray line indicating the plasma frequency. The red dashed line
shows the frequency of the peak for g, which is at Mw = 0.3, indicating that the second
instability band of the Mathieu solution is triggered.

5.5.2 With superradiance

We now probe the axion-photon-plasma system starting from a subcritical regime,
yet letting it evolve to supercritical values via SR. Based on the previous section, we
expect the system to turn unstable at some point, as the axionic coupling k, Vg grows
indefinitely. Due the longer timescales associated with this process, we anticipate
assumption (v), regarding the neglecting of the gravitational term, to be violated
for the same parameter choices as before. Therefore, we evolve the system with
uM = 0.1, such that all the assumptions are still justified.

In Fig. we show two simulations, Ky (wp1 < p/2) and Kig (wp1 > p©/2),
which capture well the two distinct outcomes. In the former, the usual instability
with w = 11/2 ensues when the system has reached the supercritical threshold, yet in
the latter, the time to reach this threshold is longer as the axionic coupling must grow
sufficiently to trigger the second instability band. Note that, similar to the previous
section, there is no backreaction onto the axion field, which therefore merely acts as
a big reservoir for the EM field. This naturally explains the absence of a saturation
phase. Should the backreaction be included however, there is no physical reason
to expect that the saturation phase is ruined by the presence of plasma as it does
not interfere with the balance between the energy inflow from the BH and energy
outflow from the emitted photons. We therefore expect that the general outcome
from the analysis in Section still holds, aside from minor modiﬁcationsm

By allowing the axionic coupling to take on arbitrarily high values, an instability
is thus always triggered, regardless of the plasma frequency. In practice however, it
is bounded by constraints on the coupling constant k, and the mass of the cloud

10For example, the presence of a plasma affects the escape rate, as photons will travel more slowly
through it, i.e., vy <c.
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(which relates to ¥o) when SR growth is saturated. We can estimate this maximum
axionic coupling, and therefore the maximum plasma frequency (= electron density)
for which an instability occurs. We do this using the flat space toy model detailed in

Appendix From (K.2.9), it is immediate to see that the critical value to trigger
an instability in the presence of an overdense plasma (when wp 2 p.) is given by

2 2
wpptp: W

ko 2 =5 =~ M—pl (5.25)
z

This condition corresponds to the requirement that the harmonic term in the
Mathieu-like equation dominates over the non-oscillatory one (cf. ) We have
confirmed that this flat spacetime model closely matches the simulations in curved
spacetime. Therefore, we can safely use the (flat spacetime) relation between the
axion amplitude and the mass of the cloud [30] to obtain

2 1/2 2
w 0.1 0.2
ka 2 8 102<pl> () () . 5.26
a0 2 )\ WM (5.26)
Note that when wy,) ~ p, this condition reduces to the one derived in [I71], while in

the case wp) > pu, stronger constrains on the coupling are imposed. We can translate
this into the following condition for when an instability is triggered

10713 GevV!
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103 cm3> (MC/M>1/ 2
Ne 0.1

<(5) (5)
M 02/ °
Since current constraints on the coupling constant are around 10~ GeV~! [227],
this means a plasmic environment can at least be a few orders of magnitude higher

than the interstellar medium (n. € (1073,1) ecm~2) and still an EM instability would
be triggered.

<8x 105<
(5.27)

5.6 Observational prospects

Based on the previous section, there are two distinct outcomes for parametric photon
production in presence of plasma; (i) the dominant instability for wp < p/2, and (ii)
higher band instabilities in the regime of large axionic couplings, for wp > /2. In
situation (i), the plasma frequency establishes a threshold for the frequency of the
emitted photons. In the case of the interstellar medium, characterized by an electron
density of approximately 1 cm~3 [228], the value of wy) is estimated to be around
1071 ev/n , corresponding to a frequency of 7.6 kHz. This should be compared
to e.g. a BH with mass 5Mg, which can effectively (uM = 0.4) accumulate an axion
cloud with the same frequency, i.e., 4 ~ 107! eV. In this case, the axion cloud
would decay into pairs of photons with a frequency of approximately 3.8 kHz, which
is close to the threshold value required for observation. For higher u, the mass of the
plasma can be considered negligible, and we anticipate that the primary photon flux
will exhibit a nearly monochromatic energy of p/2 within the radio-frequency band.
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Figure 5.13. The dipolar component of EM radiation extracted at rexy = 20M for
simulations Cg (wp1 = 0.02) and 1o (wp1 = 0.07) with uM = 0.1. Although initially
subcritical, SR drives the axionic coupling high enough such that an instability can
occur, even when wp = 0.07 > 0.05 = p/2.

Note however, that for higher u, we need to invoke subsolar-mass BHs to grow the
cloud on astrophysically relevant timescales. Besides the total photon flux derived
analytically and extracted from our simulations , we also demonstrate,
for the first time, the anisotropic emission morphology in the frame of the BH, see
Fig. Consequently, one expects varying observer inclination angles to result in
quantitatively distinct signals.

Situation (ii) presents an opportunity to observe photons produced by axion
clouds beyond stellar-mass BHs. Still, the typical frequency of these photons
fall below the MHz band, and thus poses a challenge for current Earth-based
radio observations. However, the forthcoming moon-based radio observatories can
potentially detect these signals [229]. Moreover, in the case of a rapidly spinning BHs
resulting from binary mergers, one can anticipate that the radio signals will follow
strong gravitational wave emissions with a delay determined by the SR timescale.
Consequently, by employing multi-messenger observations between gravitational wave
detectors and lunar radio telescopes, constraints can be imposed on the axion-photon
coupling.

Finally, the projected saturated value of k,Wg, can induce a rotation in the
linear polarization emitted in the vicinity of BHs [230], 231]. This phenomenon has
been investigated in the context of supermassive BHs [232), 233], 234]. It should
be noted however that due to the significant hierarchy between the ultra-low SR
mass window and the plasma mass generated by a dense environment, higher-order
instabilities are not expected to occur in supermassive BHs. Consequently, the axion
cloud outside an supermassive BH remains robust against axion-photon couplings.
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5.7 Conclusions

In this chapter, we performed a detailed numerical study of the dynamics of boson
clouds around BHs with axionic couplings to the Maxwell sector. We demonstrate
the existence of an EM instability, thereby confirming previous studies. However,
while those works assumed that the cloud is allowed to grow before turning on the
coupling, we relax this assumption and study the axionic coupling simultaneously
with the growth of the cloud, conform to the SR mechanism. We find that, in
this setup, a stationary state emerges, wherein every produced axion by SR is
converted into photons that escape the cloud at a steady rate. This leads to strong
observational signatures, as the nearly monochromatic and constant EM signal
could have a luminosity comparable with some of the bright- est sources in our
universe. Moreover, the depletion of the axion cloud impacts current constraints on
the boson mass. Additionally, we study the influence of a surrounding plasma on
the EM instability. In the regime of small axionic couplings, we find the expected
suppression of the instability when the plasma frequency exceeds half the boson
mass. Surprisingly however, the instability can be restored for high enough couplings.
We show how the Maxwell equations in presence of plasma reduce to a Mathieu
equation, which naturally explains how the restoring of the instability is associated
with higher-order instability bands. With this interpretation in mind, we conclude
that (very) dense plasmas do not necessarily quench the parametric instability; it
solely depends on the value of the axionic coupling.
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Chapter 6

Superradiant Instabilities by
accretion disks in Scalar-Tensor
Theories

Summary

We study the superradiant instability in scalar-tensor theories of gravitation, where
matter outside a black hole provides an effective mass to the scalar degree of freedom
of the gravitational sector. We discuss this effect for arbitrarily spinning black
holes and for realistic models of truncated thin and thick accretion disks (where the
perturbation equations are nonseparable), paying particular attention to the role of
hot coronal flows in the vicinity of the black hole. The system qualitatively resembles
the phenomenology of plasma-driven superradiant instabilities in General Relativity.
Nevertheless, we show that the obstacles hampering the efficiency of plasma-driven
superradiant instabilities in General Relativity can be circumvented in scalar-tensor
theories. We find a wide range of parameter space where superradiant instabilities
can be triggered in realistic scenarios, and discuss the constraints on scalar-tensor
theories imposed by this effect. In particular, we argue that the existence of highly
spinning accreting black holes is in tension with some scalar-tensor alternatives to
the dark energy, e.g. symmetron models with screening.

6.1 Superradiant instabilities triggered by accretion
disks

Scalar-tensor theories are among the most interesting and well-studied extensions of
General Relativity (GR). In this class of theories, the gravitational sector includes
one or more scalar fields which are nonminimally coupled to the standard metric. A
quite general action of scalar-tensor theories with one scalar field reads [36]:

1
167G

where R is the Ricci scalar, g, is the metric, ¢ is a scalar field, and the last term
denotes the action of matter fields minimally coupled to the metric. Depending

S=1o-c | AoVTIF @R~ Z(0)g" 0,00,0 ~ ~U(G)] + Strmsg) - (6.1)
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on the expressions of the functions F, Z, and U, it is possible to recover different
theories. For example, for F = ¢, Z « ¢!, and U = 0, Eq. represents
Brans-Dicke theory. Actions with scalar fields nonminimally coupled to gravity
also arise from string theory, Kaluza-Klein-like theories, and braneworld scenarios.
These theories have been intensively investigated in cosmology [37, 235]. Likewise,
astrophysical implications of scalar-tensor theories for compact objects have been
explored in detail [17].

A crucial requirement for these theories is that their weak-field limit, i.e. length
scales between the micrometer and the astronomical unit, must be consistent with
GR, which in this regime has been tested with extreme precision [34] [I7]. Typically,
scalar-tensor theories with interesting cosmological phenomenology must feature
some screening mechanism, hiding the scalar field on local scales [9, 10]. It is thus
relevant to study the phenomenology of these theories in the strong gravity regime,
where deviations from GR might be more dramatic. In this section, we perform a
detailed analysis of matter-triggered superradiant instabilities for spinning black
holes (BHs) in scalar-tensor theories (see [30] for an overview on BH superradiance).
This effect was unveiled in [236], [114], where it was shown that the presence of matter
outside BHs can trigger either spontaneous scalarization or a superradiant instability
in the system, due to the scalar field acquiring an effective mass squared proportional
to the trace of the stress-energy tensor of the surrounding matter. The scope of this
work is to investigate whether this superradiant instabilities can arise if one considers
realistic models of accreting BHs. A similar analysis was recently performed in [115]
in the context of plasma-driven [I08] [I07] superradiant instabilities of photons in
GR for BHs accreting a tenuous plasma, using a spin-0 toy model (see also [116] for
an extension to the Proca case, and [173], [I74] for a recent analysis of photon-plasma
interactions in curved spacetime). It was shown in [IT5] that the complex geometry
of accretion disks and the high values of plasma density near the BH can significantly
quench the instability.

Nevertheless, we show that this problem can be circumvented in scalar-tensor
theories for realistic accretion-disk configurations, because the effective mass depends
also on the scalar-tensor coupling. For a cold, collisionless plasma the effective photon
mass corresponds to the plasma frequency [108], 107}, 173, [174] . As already
discussed, the plasma effective mass lies in a range able to trigger superradiant
instabilities if n, ~ 1072 — 1072cm™3, i.e. for plasma densities typical of the
interstellar medium [107]. The plasma density near an accreting BH is several orders
of magnitude bigger [IT15]. In this case, the effective mass is too large to induce an
instability on a sufficiently short time scale.

However, as we shall later discuss, in scalar-tensor theories the effective mass
squared is [236), [114]

p2e = —2aT ~ 2ap, (6.2)

where T is the trace of the stress-energy tensor, p = muyn, is the matter-energy
density of the gas (with nucleon mass my), « is a free parameter related to the
nonminimal coupling of the scalar field, and the last step above is valid for a
nonrelativistic disk (see details below). Thus, in the scalar-tensor case the effective
mass depends on né/ % as in the standard photon-plasma case but, crucially, also on
a free effective coupling «. As we shall discuss, depending on the value of «, the
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effective mass can be in the optimal range to trigger a superradiant instabilities for
realistic plasma configurations around BHs.

Another effect that can drastically quench plasma-driven BH superradiant insta-
bilities are nonlinearities [137] (see [3.4). Nevertheless, as we shall later discuss, the
situation is radically different in the case of scalar-tensor theory, at least for the case
of relativistic transparency. Indeed, while also in this case the backreaction induces
a change in the plasma four-velocity, because the effective mass depends only on the
trace of the stress-energy tensor, it is not suppressed by a Lorentz factor.

6.2 General equations and framework

The action in Eq. (6.1]) is in the so-called Jordan frame, where the scalar field is
nonminimally coupled to the metric. By performing a conformal transformation of
the metric and a field redefinition for the scalar field,

G = F (D) Gy » (6.3)

1/2
3F (0 | 12(6)
~ i / l 7+ 2?(@] ’
A®) = F12(9),

U(9)
V() = ,
=7
it is possible to describe the system in the so-called Einstein frame, where the action
takes the form:

E
5= [ —g(R—Qmﬂ@W —Zfﬂ+swm A@PgE). (64

In the Einstein frame, the scalar field is minimally coupled to the gravity sector,
but matter fields are coupled to the effective metric A(@)ngl,, so that the weak
equivalence principle is preserved while its strong version is violated. In this frame,
we assume a generic analytic behavior for the potentials around a GR solution with
a constant value ®(©) of the scalar ﬁel

V=3 V,(&-2O), (6.5)
n=0

A=A (@ —2O)n, (6.6)
n=0

Then, by expanding the field equations for ¢ = & — d) « 1, it is possible to
rearrange the field equation for the scalar field in a GR background as (see [236}, [114]
for details)

[0 — kg (r,0)]p = 0, (6.7)

!We consider the field equations in the Einstein frame but laboratory clocks and rods refer to
the Jordan-field metric g,., = AQQEZ,. Physical asymptotic quantities related to the metric (e.g.,
masses and angular momementa) are obtained from their Einstein-frame counterpart by rescaling
the latter with suitable powers of A(é(o)). In practice, recovering GR in the weak-field regime
requires A(®®) & 1 so the distinction between Einstein- and Jordan-frame asymptotic quantities
is negligible for our purposes.
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with an effective mass squared term

,U'gﬁ“(n 6) = E - QQTE(T, 0) s (6.8)

8T
where o = Ay /A¢ Following [114] we focus on asymptotically-flat spacetimes (which
requires Vy = V3 = 0) and on theories admitting GR vacuum solutions (which
requires A; = 0). For the rest of this analysis we will also assume Vo = 0. This
term is related to a standard bare mass, and neglecting it corresponds to assuming
a massless field.

We are therefore left with a Klein-Gordon equation with an effective mass squared
proportional to the trace of the stress-energy tensor of the surrounding matter. Since
the matter backreaction on the metric is typically negligible, and owing to BH no-hair
theorems in this class of theories [237], the background is described by the Kerr
solution. The sign of the parameter « has a crucial impact on the phenomenology
of the system [236], [114]. If a < 0 the effective mass squared in Eq. is negative,
and leads to a possible tachyonic instability and to a scalarization of the BH. If
instead a > 0, the effective mass squared is positive and the system can undergo
a superradiant instability. In this chapter, we will focus on the latter case. In
particular, from eq. , it is immediate to notice a strong similarity with the
previously discussed plasma-driven superradiant instability [3] as also in this case
the dynamics is governed by a spatially-varying effective mass. Therefore, one can
imagine also in this case (at least at a linear level) a superradiant instability "a 1a
BH-bomb" (see [2.2.5).

6.2.1 Effective mass
Stress-energy tensor of accretion disks

As previously discussed the effective mass-squared term depends on the trace of
the stress-energy tensor of the matter fields surrounding the BH. In this section we
characterize this term for realistic accretion disk profiles.

We consider different types of effective mass. In general, the stress energy-tensor
of an accretion disk can be fully described by four different components [32]:

T = (T )rLu + (T )vis + (TH)max + (TF)rap (6.9)

which are, respectively, the fluid component, the viscosity component, the elec-
tromagnetic component, and the radiation one. Most models of accretion disks
assume a particular form of the stress energy-tensor. For example, thick accretion
disk models rely on a perfect fluid approximation, which states that (T} )yis =
(TF)max = (TH)rap = 0. Throughout this work, we will consider this assumption,
in which the stress energy-tensor reads

where p, W, P are respectively the mass-energy density, enthalpy, and pressure. By
neglecting the internal energy density of the fluid, the stress-energy tensor trace
reads T'= —p 4+ 3P. Note that while the perfect fluid approximation holds for thick
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disks, in our case we can use the same approximation also for thin disks. Thin
disks have a nonvanishing stress part, which for example in the Shakura-Sunyev
model can be described using a nearly-linear viscosity approximation [31]. However,
the stress part can be written as (T#)vis « o, where o is the shear tensor of
the four-velocity of the fluid. Since the shear tensor is by definition traceless, the
effective mass is independent of the viscosity.

In what follows we will also neglect the effect of pressure, as it is subdominant.
Indeed, if one for example assumes the equation of state of an ideal gas, then P = ¢2p,
where ¢, is the speed of sound of the fluid. Since for accretion disks ¢ is at least two
orders of magnitude smaller than the speed of light, we are in the nonrelativistic
regime, P < p, and we can safely neglect pressure corrections to the effective mass.
Thus, the trace of the stress-energy tensor in our models is simply T ~ —p.

Accretion disks features: truncation, typical densities, and coronae

In the following, we will be interested in accretion environments that exhibit a sharp
cut-off sufficiently far away from the BH horizon. In these models the disk creates a
cavity that can potentially trap scalar modes leading to an instability. A system
that satisfies this requirement is the truncated disk accretion model. Truncated
disk models are commonly used in BH accretion physics and, depending on the
accretion rate, the location of the truncation can be close to the Innermost Stable
Circular Orbit (ISCO) (high/soft state) or very far from it, even at 200 — 400M or
more (low/hard state). Whenever this happens, in the region within the truncation
radius and down to the vicinity of the BH, only a hot coronal flow can exist (see
e.g. [109, 110, ITT), 112}, 113]). The Comptonization of hot electrons in the coronal
medium is believed to explain the hard, X-ray tail that follows the black-body like
emission spectrum of the disk. For this reason, the truncated disk + corona model
succeeds in explaining features in the emission spectrum [I10].

Another ideal configuration producing sufficiently wide cavities in the density
profile near the BH are counter-rotating disks that extend all the way to the ISCO.
In this case, the ISCO is sufficiently far away from the horizon (6 < rigco/M <9
depending on the BH spin) so that the cavity is able to trap modes. Finally,
another interesting possibility are magnetically-arrested disks, where a strong poloidal
magnetic field disrupts the disk at a relatively large radius, creating a cavity. Also
this model supports the presence, inside the cavity, of a hot, low-density coronal
flow [238]. In general, these flows are always very tenuous and quasispherical, and
their density is lower than the disk’s one by some orders of magnitude (see [239]
for an estimate or, e.g., [240, 241] for GR magneto-hydrodynamics simulations). In
what follows, we shall therefore describe truncated thin and thick disks by taking
into account an additional coronal structure.

Plasma profiles

We consider different models of density profiles, discussed below. In all models,
since the time scales of interest are much shorter than the typical BH accretion time
scales [I74], we shall neglect the time dependence of the matter fields. Moreover,
we shall restrict to axisymmetric configurations in which p = p(r, ) (that of course
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Figure 6.1. Radial profile of the effective mass in Model I with apcM? = 0.9, apgM? = 20
and rg = 8M (solid blue) and Model IIT with 8 = 500 (dashed orange). The profiles
are similar, but in Model III the sharp cutoff is smoothed out. For convenience, we
have chosen unrealistic values to better highlight the three fundamental parameters
(ro, apc, app) that govern the salient features of the geometry.

reduce to spherical configurations for purely radial profiles).
Model I describes a thick disk+corona system where the corona is described by
a constant asymptotic term. The full profile reads

pe(r,0) = a [PH@<T — 7o) (1 - 7;?) (T)g +pc| (6.11)

where O(z) is the Heaviside step function. When the scalar coupling o« = 1, this
model coincides with the one studied in [I15] with a suitable choice of the parameters
pi, pc, and rg. In order to investigate the role of the mass at spatial infinity, in
Model IT we truncate the corona at rq:

L)

pegn(r,0) = o [PH@(T ) <1 - :?) <r>§ + pcO(ro — 7“)} : (6.12)

In Model III we investigate the effects of the sharp cut-off produced by the Heaviside
function in Models I and II by replacing it with a sigmoid-like function:

3

2 QPH o To\?2

te,mmr(r,0) = o |1 — <> : (6.13)
¢ 1+€ 2(1” T0) T(l_i_%) r

Figure [6.1] shows that, with a suitable choice of 3, Model III is very similar to
Model I, except that the effective mass does not display a sharp cutoff.

Model IV describes a realistic scenario for a standard, truncated thin disk with
an additional structure made by an ADAF-type corona which extends in the inner
zones where the disk evaporates [242], 243]. We therefore model the disk using the
Shakura-Sunyev solution and the corona by the self-consistent solution described
in [244]. In our analysis, we vary the coronal density by several orders of magnitude
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to investigate its effect on the instability. Furthermore, in thin disks the thickness is
H/R < 1. To try to capture this effect we multiply the radial Shakura-Sunyev profile
by a sin? § [I15]. As a matter of fact, even more thinner profiles can be considered,
but they would require higher angular resolution when computing the spectrum
(see Sec. . As for the ADAF-type corona, the geometry is quasispherical so we
can safely neglect deviations from spherical symmetry. Therefore, in Model IV we
consider the following effective mass:

11 15 3
== =2 1 5
paO(r — o) <1 - TO) ? <r0> ® % sin20 + pc <r) 2} . (6.14)

2
r,0) =«
Meff,lv( ) r r

Finally, to explore the difference between the radial geometry of a thin and
a thick disk, in Model V we also consider a radial profile typical of a thick-disk
axisymmetric model with the same corona as in Model IV:

3 3
T o\ 2 1\2
ugmv(r, ) = « [pH@(T —70) (1 - :) (:) sin?f + 'OC(T) } . (6.15)
Note that the salient features of these models can be qualitatively captured by
three parameters, which, on physical grounds, should produce the following effects
(see also Fig. [6.1):

o Parameter py represents the height of the barrier. If this value is high enough,
it can naturally confine the scalar modes into a cavity. The higher the pg the
more efficient the confinement. As pp represents a potential barrier rather
than a bare mass (at variance with the standard superradiant instability from
massive bosons), increasing py should not stabilize the modes, but only confine
them better.

e Parameter rq is the width of the cavity. If it is large enough, the barrier can
efficiently confine the modes. In particular, a necessary requirement is that
the width of the cavity must be greater than (or at least comparable to) the
Compton wavelength of the modes [245]. In the following we consider two
representative truncation values: rg = 8 M and r¢g = 14M.

o Parameter po, instead, represents an offset that introduces an effective asymp-
totic mass to the scalar field, thus contributing to stabilizing the modes. Note
also that, if the barrier is high enough and the modes are strongly confined in
it, pc should be relevant only inside the cavity, because the part of the scalar
field transmitted outside should be negligible. This effect will be explored by
comparing Model I with Model II.

In particular, as we shall later discuss, in the disk pegM ~ /apgM should
be sufficiently large for the barrier to confine the mode efficiently, whereas in the
corona fieg M ~ (/apcM corresponds to the gravitational coupling that governs the
effective mass of the field inside the cavity. As such, \/apcM < O(0.1) for the
instability not to be quenched.
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6.3 Numerical Methods for Non-Separable Equations
in Arbitrarily Spinning Spacetime

In this section we present the numerical methods used to compute the spectrum of
accreting spinning BHs in scalar-tensor theories. We assume a stationary background
and a e~ time dependence for the perturbation, where w = wr+iwy is the (complex)
eigenfrequency. Unstable modes correspond to solutions having w; > 0, which
exponentially grow in time. In the specific case of superradiant instabilities, this
exponential growth is triggered if the mode satisfies the superradiant condition [30],
ie. 0 <wp <mQy = %, where aM is the BH angular momentum, r is the
radius of its event horizon, and m is the azimuthal number of the mode.

We use a procedure consisting in two different numerical methods, both in the
frequency domain. We first use a direct shooting method for finding solutions
of Eq. in the case of spherical symmetry, i.e. for nonspinning BHs and when
the effective mass profile depends only on the radial coordinate. Imposing suitable
boundary conditions at the horizon and at infinity, the shooting method allows
us to solve the eigenvalue problem. Then, the wavefunctions and eigenfrequencies
are used as starting guess solutions for computing the spinning case, by applying
a numerical method suitable for nonseparable differential equations. In particular,
following [72], we express Eq. as a nonlinear eigenvalue problem which we solve
with the nonlinear inverse iteration algorithm [246] (see below for details). Starting
with the spherical symmetric case, we can iteratively solve the problem by gradually
increasing the spin until we obtain the desired spinning configuration. With this
method we can study also quasiextremal BHs and generic nonseparable equations.

For the case of effective mass profiles having a 6-dependence through sin? 6, the
field equations are nonseparable even for a nonspinning BH. In this case we introduce
an extra iterative cycle in the procedure. We express the generic effective mass of
any of the previous models as

125(r,0) = p2(r)(1 = kcos®0) + 3 (r) (6.16)

where lim, _,« p(r) = 0, we introduced the fictitious parameter k connecting purely
radial profiles (k = 0) with §-depending profiles (k = 1), whereas p(r) comes from
the BH corona. The extra cycle consists in applying the nonlinear inverse iteration
to finding the mode of a nonspinning BH with a nonspherical density profile (k = 1),
using solutions with k = 0 as starting guess: at each iteration we gradually increase
k and use the previous result as a guess, until we obtain the desired configuration
with £ = 1 and zero BH spin. Finally, we use the latter solution as a starting guess
to find the modes of a spinning BHs with k& = 1, as previously explained. Details of
the latter numerical method outlined above are given in the next subsection.

Nonseparable perturbations: Ceby$év interpolation and nonlinear eigen-
value problem

Let us consider the case of nonseparable perturbations, which is relevant for both
spinning BHs and even for nonspinning BHs if the effective mass depends on the
angular coordinate 6.
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We assume an axisymmetric (Kerr) background so that perturbations have a
definite azimuthal number m. We rewrite Eq. [6.7]in the following form:

{ Air) [£2 + a2 cos? 0(ue(r, 6) — )] — Atr)a‘i NG

p? P2 _
o BB A A
(r—ry)?2 (r—r-)2 r—ry r—r_
B B_
2 +
0)|1 — t,r,0 =0 6.17
+a(r0) (14 2= = = ) bettr0.0) = 0. (617
2, p2 2 2\ 2
where Ay = :F2w2M—|—P++P_T+(8_]:‘C o’ , By = 2%2;‘1 +M,rp =MEVM?—qa?
2w M .
Py = 7’”“” e L2 = snlqe% (sm@%) 51111296¢>2> and A(r) = (r —ry)(r —r_).

Note that the dependence on k is contained inside p2;(r,6) in the above equation.
At the horizon we must have ingoing waves,

o~ (r =1y, (6.18)
whereas, as previously discussed, we impose that there are no waves coming from
infinity,

1 ]\/I(2w2—pgo)

QT R eler (6.19)
We apply the following ansatz for the scalar field [72]:

(t Ty 9 (b ZBlm lm(e ¢) _ZWt (620)

where

_ Py Al(sz—ugo)
F(r)(r ”) (r—r ) R e (rmr) (6.21)

r—r_
captures the asymptotic behaviors of the solution. Henceforth for simplicity we drop
the index m from By,,. In the numerical results presented in the next section we will
always consider the case m = 1. In the above ansatz B;({(r)) are radial functions
depending on the auxiliary radial coordinate ¢ € (—1,1), defined by the following
mapping

= ro(r—r- r?
r) = \/4 + )+ (6.22)

r—r_—

Cdrp+ro (¢t -1)
A

By performing a spherical harmonics decomposition of Eq. we obtain an infinite
cascade of coupled radial equations:

(6.23)

2
O ey e®

5 Z (¢ =0,  (6.24)

¢ =,
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where we have the following expressions for the couplings

By

T(C) — T+
kc§ 2a22(r(C))
REERINGS)

@y {aQ[ﬁ(r(c))w%(r(c))—oﬂ]
)

, (6.25)

with the Clebsch-Gordan coefficients:

1 2 129+1
i = (t.mleos®01j.m) = 20y + 23| S (3.2.m, 0] Lm) (7,2,0,0[ 1,0) . (6.26)

1 4 2541,

8 [2j+1
20+ 1

(7,4,m,0[ I,m) (j,4,0,0] 1,0) , (6.27)

and the following expressions for the remaining functions

W 1 1 1 L 2F'(r(Q) | ¢"(r(Q)
() = <r(() —ry + r(¢) — 7"_> ¢'(r(€)) * ¢'(r(Q)) F(r(¢)) i CQ(T(CE% ’28)

B. B_ ]

r(Q) —ry  T(C) -7
AL A_ PERERY
rQ—rs Q- T T AFQ)

The couplings cl(lj) are nonzero for j € {l,l £ 2}, while cl(zj) are nonzero for

j € {l,1+£2,1+4}, thus each l-mode is coupled with 4 other differing ones. In
order to find solutions we truncate the infinite tower to some L (i.e. we neglect
perturbations with { > L) and transform the remaining (finite) set of radial equations
into a matrix form. The radial coordinate is then discretized through a Cebysév
interpolation, which is defined by the following polynomials

Hq;én(C - Cq) o p(C)wn

} . (6.29)

pn(C) = TG =G~ € (6.30)
N
p(¢) =TI ~¢), (6.31)

q=0

k2 (0)) |1+ -
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with Ceby$év nodes

7r(2n—|—1)> ’ (6.32)

Gn :COS(2(N+1)

and corresponding weights [72] 247, 248]

Ll g (120D
o= ey = 0 (3 ) (6:53)

where N + 1 is the number of interpolation points and n € [0, N]. The radial
functions B; are hence described by a set of (L 4 1)(IN + 1) coefficients B;((x), that
define a (L + 1)(N + 1)-dimensional array B, while the radial equations take the
form

[ BilGy) + L (GIpy (G BiG)] + CP (G BiG)+ (6:34)

M- L=

C2(G)B;(Ca) = 0

J

By exploiting the second barycentric form of the Lagrange polynomials, we can get
numerically robust differentiation matrices [72), 247, 248]:

e n#q
Pg(Gn) = N (6.35)
- Z pg(Cn) n=4q
b,b#n

20p(Gn) (PhlG) — 522)  m#a

Pq(Gn) = (6.36)

N 2! (Cn
2P (G) + 3 G g
b,b#n

At the end of this procedure we obtain a nonlinear eigenvalue problem in w and B,
A(w)B=0, (6.37)

to be solved through nonlinear inverse iteration [246].

6.4 Results

6.4.1 Models I: key ingredients for the instability

We start by studying the first three models with the same density profiles considered
in [I15], to show that the obstacles existing in plasma-driven superradiant instabilities
can be circumvented in scalar-tensor theories. Figure shows the modes of Model I
with pg = 4/M?, pc = 0.09/M?, ro = 8 M, and different values of a.. For o = 1 we
recover the results obtained in [IT5]. In this case, superradiance does not appear
before a/M = 0.99. However, if we consider lower values of « the effective mass
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Figure 6.2. Real (left panel) and imaginary (right panel) part of the modes in Model I
as a function of the BH spin for different values of the coupling «. For lower values of
this parameter, wr decreases and the modes become superradiantly unstable for smaller
values of the BH spin.

of the scalar field (and hence the superradiant mode frequency) decreases and the
superradiant condition is fulfilled for smaller values of the spin. This is evident
by looking at the real part of the mode frequency in the left panel of Fig. [6.2 As
the coupling o decreases, the real part becomes smaller, eventually entering the
superradiance condition. Therefore, while in plasma-driven superradiant instabilities
in GR a small increase of the coronal mass is sufficient to quench the instability [I15],
in scalar-tensor theories decreasing « is sufficient to circumvent this obstacle and
recover an efficient superradiant regime, as also discussed more in detail below.

Nevertheless, by decreasing o too much, the potential barrier becomes too low
and is not able to confine the modes. For the case of Model I, we numerically
find that when o < 0.15 the eigenfunctions start having a nonnegligible amplitude
even after the potential barrier, suggesting that the confinement starts becoming
inefficient.

Assuming a high spinning BH, the superradiant instability can therefore be
quenched in the following cases:

o If the density of the corona is high enough to stabilize the system. In Model I
and for the chosen parameters, this happens when ,/apcM > 0.42.

o If the barrier is not high enough to confine modes. This starts happening when
vapgM < 0.76.

e If the width of the cavity is not sufficiently large as to support quasibound
states inside it. Indeed, when the effective mass within the cavity is negligible
(ie., JapcM < 0.1), this system resembles the original BH bomb, where the
frequencies scale as the inverse of the width of the cavity, wg ~ 1/r¢ [245]. In
Fig. we show that we recover the same scaling in our system.

Reversing the argument, if the barrier is high enough and the cavity wide enough,
modes can be confined efficiently. If in addition the coronal density is tenuous
enough not to provide modes in the cavity with a too large effective mass, then an
efficient superradiant instability can develop around an accreting spinning BH. We
shall come back to this point in Sec.
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Figure 6.3. Real part of the mode frequencies in Model I as a function of rq for apy M? = 4,
apcM? =0, and a = 0. The real part decreases linearly with 1/7g, as can be observed
by comparing the numerical result with a linear fit.

For the time being we wish to stress that the main difference with respect to [115]
is the free parameter « appearing in scalar-tensor theories. In [IT5], it was shown
that, even though the disk can create a cavity where superradiant modes can develop,
an extremely tenuous plasma inside this cavity (of the order of n, ~ 1072cm™—3
for M = 10My,) is sufficient to quench the instability. Given that realistic coronal
densities are orders of magnitude higher, the instability is strongly suppressed. On
the other hand, as discussed in detail in Sec. [6.5 below, in our system there are large
unconstrained ranges of « in which the effective mass due to the corona is negligible
and, yet, the disk barrier is sufficiently high.

6.4.2 Models IT and III: truncation of the corona and smoothness
of the profiles

Model IT aims to quantitatively verify that only the coronal density inside the cavity
is relevant for providing an additional effective mass. For this reason, we truncate
the corona at rg, where the disk begins. We obtain numerical results which almost
coincide with those of Model I, confirming that what is really relevant to increase
the effective mass — and hence to possibly quench the instability — is only the density
inside the cavity.

Finally, in Model III we replace the step function of the inner edge by a sigmoid,
in order to show that the corners in both the real and imaginary parts shown in
Fig.[6.2] are an artifact of the Heaviside function used in modelling the density profile.
In Fig. [6.4] we show that when the barrier is instead described by a smooth sigmoid,
the corners disappear, and the resulting modes are also smooth functions of the
model parameters.

6.4.3 Models IV and V: role of the corona density

In these models, we study the impact of different coronal density by parametrizing
pc = vypy and varying the parameter v in the realistic range 107¢ — 107! (see
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Figure 6.4. Real and imaginary parts of modes respectively from Model I (blue) and
Model III (orange). By replacing the step function with a sigmoid, the profile becomes
more regular and the corners disappear.

e.g. [239, 240, 242]). Figure show the imaginary part of the solutions for
v =107% rg = 14M, py = 4/M? obtained by varying the parameter a in Model IV
and Model V. By varying « across two orders of magnitude the instability is preserved
with qualitatively similar features: this is because the coronal density is so low that
it remains negligible, while the disk density is sufficiently high to confine the modes
in this range of a. Thus, if the coronal density is strongly suppressed with respect
to the disk one, it is possible to have an instability in a wide range of the coupling c.
Also note that assuming a larger truncation radius yields a smaller spin threshold
for the instability. This is because, akin to the original BH bomb phenomenon, the
real part of the frequency decreases with the truncation radius wgr ~ 1/rg [245] (see
Fig.[6.3)).

Finally, Fig. shows the imaginary part of the modes as a function of « for
different density ratios v in Model V with py = 4/M? and r9 = 8M. Note that, for
certain values of o (e.g. o = 1 for the parameters chosen in Fig. the modes
are independent of + in the v < 1 limit. This is because the coronal density in
this regime is subdominant and does not affect the mode. On the other hand, as
the « parameter grows, the coronal effective mass eventually becomes relevant and
quenches the instability. In particular, for the chosen parameters the instability is
suppressed when ay > O(1071).



6.5 Constraints on scalar-tensor theories from spinning BH observations 115

0.260 “uparadant regme
0.255|
0.250] 0.25]

s
S 0.245 Z w
 0.240 @ 024

0.235 M o

0.230 —/—\/\/\/

0.0000

0.0000 instability
-0.0005 —a=10 ~
P 0.0005 ot
—a=10
% -0.0010 % ~0.0010 — a=100
13
~ -0.0015 £ 00015
00000
o000z
-0.0020 000004 -0.0020
B —o0000s
0.0025 0.0025 B o
00 02 04 06 08 0.0 02 04 06 08
a/M M

Figure 6.5. Superradiant modes of Model IV (left) and Model V (right) for ro = 14M
and v = 1079 as functions of the dimensionless spin parameter for different values of a.
Even by varying a across two orders of magnitude, the instability is preserved.

6.5 Constraints on scalar-tensor theories from spinning
BH observations

After having explored the parameter space of our models and having identified
the key features of the plasma-triggered superradiant instability in scalar-tensor
theories, we are now in a position to draw a general picture and use it to identify
the parameter space of scalar-tensor theories in which the instability is effective.

The first key ingredient is a sufficiently dense disk that extends down to the BH
up to some truncation radius ro > O(few)M, as predicted in various models. The
requirement that the disk can effectively confine scalar modes implies

VvoapaM Z 1. (6.38)
For a standard thin disk the typical outer density is [31], 33]:
e
01\" -z
() Mg kg/m?, (6.39)

11
20 o 2
pr169—Edd (1 /2
(r/M)F r) \ P

where r( is the truncation radius, 8 is the viscosity parameter, fgqq = M / Mgqq is
the mass accretion Eddington ratio, and we defined Mg = M/(10°M). Using the
above normalization, Eq. (6.38)) yields a lower bound on the scalar coupling,

1

gl=

a2 o= ———2 3 x 1000 P10 (6.40)
PH
so that supermassive BHs would yield a smaller lower bound.
The above condition is necessary but not sufficient. In the presence of a corona
with characteristic density pc = vpgr, one should also require that the effective mass

inside the cavity be not too large, namely,

VoapeM S 1. (6.41)
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Figure 6.6. Imaginary part as a function of a in Model V for different values of the density
ratio v between the corona and the disk for a spinning BH with a = 0.97M. When
ay 2 O(1071), the instability is suppressed. Hence, the lower 7, the more efficient the
instability is across several orders of magnitudes in a.

This condition can be written as a upper bound on the scalar coupling,
3 _
a<2n 2 w100 B0, (6.42)
v
Since the corona is much less dense than the disk, v < 1 and condition [6.38] has
always some overlap with condition In particular, provided the disk truncation

is not too close to the BH horizon, the superradiant instability can occur when

1074
3xm6§aM§“°§3<>1wW (6.43)
y

where we have normalized the typical coronal density such that v = po/py = 1074
Remarkably, different classes of BHs could constrain different ranges of «, ex-
tending roughly from o ~ O(100) for M ~ 107 M, up to a ~ O(10'7) for M ~ 5M,.
Furthermore, as shown in the previous section the instability time scale, 7 = 1/wry,
is typically very short compared to astrophysical time scales. The instability can
therefore be effective to change the dynamics of the system (see [87, B0] for the
phenomenology of the BH superradiant instability in various systems).

This implies that, providing the accretion flow can be accurately modelled,
constraints on scalar-tensor theories coming from the observation of highly-spinning
accreting BHs can rule out scalar-tensor theories with positive couplings in a very
wide range. Interestingly, while there exists stringent constraints on o < 0 coming
from spontaneous scalarization and the absence of dipolar radiation in binary
pulsars [236], [114], 249], the regime where o > 0 is essentially unconstrained and is
relevant for cosmology.

The a > 1 regime is particularly interesting for certain scalar-tensor theories. For
example, in the symmetron model [9] the conformal factor readf] A(¢) = 1+ ap?/2
and requiring the Milky Way to be screened imposes o > 10° — 10 [252] 25T), 253],

2The bare mass term and scalar self-interactions of this cosmological model are negligible for
astrophysical BHs [250} 251], so the approximations assumed in Sec. apply.
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which perfectly lies in the range that can be potentially excluded by accretion-driven
BH superradiance.

6.6 On the role of nonlinearities for plasma-driven su-
perradiant instability in scalar-tensor theories

As previously discussed, we find a wide range of parameter space prone to trigger
matter-driven BH superradiant instabilities in scalar-tensor theories. Since during
the instability the amplitude of the scalar field grows exponentially in a short
timescale, linear theory eventually breaks down. It is therefore crucial to understand
the modifications that nonlinearities will introduce in the system. This can be done
by analysing the backreaction of the superradiantly growing scalar field on to the
plasma. In the Jordan frame, plasma particles follow geodesics, as it can be easily
seen by the conservation of the matter stress energy tensor:

vV, T =0 — Dt =u"V,ut =0, (6.44)

Dr

where u* is the plasma four velocity in the Jordan frame. Switching to the Einstein
frame, this equation can be rewritten as (see e.g. [30]):

Duly,
Dtg

= fuupuly — fl(upup), (6.45)

where vy, = da# /drg and Tg are the four velocity and proper time in the Einstein
frame, respectively, whereas f, = —9, In A(®) and fh = ¢% f,. By expanding the
conformal factor around ® ~ ®(©) as before, this equation can be rewritten to the
leading order as

“w
Du,

B = —a(cpaysOU%U% - g%%(?a@(UEVUEu))- (6.46)

From this equation it is possible to observe that the acceleration of the plasma
particles in the Einstein frame depends on nonlinear terms in the scalar field ¢,
with coupling constant «. By solving this equation it is then possible to relate
the backreaction on the four velocity with the backreaction on the density via
the continuity equation of the fluid. Hence, as in the previously studied photon-
plasma case nonlinear effects can modify the density of the fluid, which evolves
dynamically. The details on the evolution depend on the specific models and on
higher-order scalar interactions in the scalar-tensor theories. In principle, one could
expect that in some models a plasma blow-up scenario akin to the photon-plasma
case may be possible.

Nevertheless, and most crucially, this system is safe from another nonlinear effect,
the relativistic transparency, which severely hampers plasma-driven superradiant
instabilities in GR [I37]. Due to this nonlinear correction, the effective photon
mass in a plasma is modified in the relativistic regime as in [150, 254, 137].
As already discussed, this effect can be interpreted as a relativistic increase of the
relativistic electron mass-energy, and it is therefore a completely different effect
from the field backreaction on the density distribution. We will now show that in
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scalar-tensor theories the effective mass does not suffer from a similar suppression.
Indeed, in this system the effective mass is the trace of the stress-energy tensor,
T = putu”. The crucial point is that, no matter what the fluid four-velocity is,
the trace of this tensor is always the rest-mass density, given that u,u” = —1 is
a relativistic invariant. Therefore, even if the plasma is accelerated to relativistic
velocities, the expression of the effective mass does not change (although the density
becomes a dynamical quantity as discussed before). This follows from the fact that
the trace of a tensor is a scalar quantity, which is invariant under Lorentz boosts.
Hence, no Lorentz boost factor enters in the effective scalar mass in the relativistic
nonlinear regime, at variance with the standard case of plasma-photon interactions,
so that the system does not suffer from relativistic transparency effects. Nevertheless,
one could still expect a plasma blow-up scenario as in thus, further non-linear
studies are imperative to understand the non-linear behavior of the system.

6.7 Conclusions

We have studied in detail the phenomenon of matter-driven BH superradiant in-
stabilities in scalar-tensor theories. We have considered arbitrarily spinning BHs
and realistic models of truncated thin and thick accretion disks. In general the
linearized scalar equation is nonseparable, and we have discussed in detail an efficient
numerical method to find the unstable modes for this system.

We found two interesting results: i) although the qualitative features of the
instability are akin to the case of plasma-driven electromagnetic superradiant in-
stabilities within GR, the obstacles preventing the latter (namely suppression due
to the corona [I15] and nonlinearities [I37]) can be circumvented in scalar-tensor
theories; ii) Remarkably, there exists a very wide range of (positive and large) scalar
couplings where BH superradiant instabilities can be triggered in realistic scenarios.
This range is unconstrained by observations and it actually includes the regime
where certain scalar-tensor alternatives to the dark energy, e.g. symmetron models
with screening, can evade solar system constraints while remaining cosmologically
viable. Our results suggest that such theories could be ruled out as dark-energy
alternatives by the observation of highly spinning BHs, using the same technique
adopted to constrain ultralight bosons from BH mass-spin observations [24 [89] [30].
However, at variance with the ultralight boson case, here an accurate modelling of
the accretion flow around the BH is needed in order to quantitatively characterize
the instability.

Furthermore, the possibility of circumventing nonlinear damping effects suggests
that the models proposed for ordinary plasma-driven instabilities (e.g. as a possible
explanation for fast radio bursts [I07] or for constraints on primordial BHs [108])
could actually work in the context of scalar-tensor theories.

Although the quantitative features of the instability depend on the geometry of
the accretion flow near a BH, the key ingredients are naturally predicted in various
models: i) a sufficiently dense disk with a sharp transition from a low-density to
a high-density region in the vicinity of the ISCO; ii) A sufficiently tenuous corona
in the low-density region, such that its density is much smaller than the one of the
disk; iii) a BH spinning sufficiently fast to make the quasibound modes unstable
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against the superradiant instability.

The numerical method implemented to compute the unstable modes in the
absence of separable equations is general and robust, and could find applications in
other contexts.

Another interesting finding is the fact that the unstable modes of this system
resemble a quasibound state in the vicinity of the BH but are in fact propagating
waves far from it. Therefore, one could imagine situations in which (perhaps during
the superradiant growth) the quasibound states are not efficiently trapped and could
propagate to infinity, possibly after several reflections within the cavity. The scalar
modes in the Einstein frame correspond to a (breathing) scalar polarization of the
gravitational waves in the Jordan frame. Therefore, the phenomenology of this effect
would be similar to the gravitational-wave echoes predicted for matter fields [255],
near-horizon structures [256], and exotic compact objects [257]. A more detailed
study of this interesting phenomenon, that we leave to the future, will probably
require a time-domain analysis.

Finally, an important follow-up of our work is to study backreaction effects on
the plasma and the full dynamics of the system at the nonlinear level.
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Chapter 7

Relativistic perturbation theory
for black-hole boson clouds

Summary

Linear perturbations around black hole spacetimes can be quasinormal, quasibound,
or even superradiantly unstable, the latter leading to the formation of macroscopic
boson clouds. In this chapter, we develop a relativistic perturbation theory for boson
clouds around rotating black holes that supersedes the non-relativistic “gravitational
atom” approximation and brings close agreement with numerical relativity. We first
introduce a relativistic product and corresponding orthogonality relation between
(massive) scalar modes, which extends a recent result for gravitational perturbations,
and forms the basis for our framework. We then derive the analog of time-dependent
perturbation theory in quantum mechanics. As a demonstration, we apply these
techniques to calculate the self-gravitational frequency shift of a Kerr superradiant
mode, improving the error by a factor of four (from 28% to 7%) for the largest
masses considered. We thereby provide a conceptually new approach to calculate
black-hole mode dynamics, with practical application for precision gravitational-wave
astronomy.

7.1 Motivations

In black hole (BH) physics, the analysis of mode solutions of bosonic fields was
initiated by Regge and Wheeler [258], Zerilli [259], and Teukolsky [260, 261]. It is now
well known that the response of a BH to the perturbation of a massless field consists
of a series of damped sinusoids called quasi-normal modes (QNMs) [208] 262]. Unlike
normal modes, which exist for conservative systems and have purely real spectrum,
QNMs appear in dissipative systems and have complex frequencies w = wr + iwr,
with the imaginary part setting their decay time. For BHs, dissipation arises due to
radiation of the field through the horizon and away to infinity.

As discussed in the previous chapters, massive fields around BHs admit an additional
class of solutions known as quasi-bound states (QBSs). Whereas QNMs are radiative
solutions, with frequency |w| > p, where p is the field mass, QBSs are spatially
confined by the Yukawa suppression and have |w| < . Thus, QBSs do not radiate
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at infinity, although they still dissipate through the horizon. Via the superradiant
instability, the formation of a macroscopic boson cloud and the spin-down of the BH
translates into potentially observable signatures, such as gaps in the BH spin-mass
(Regge) plane, gravitational wave emission from the condensate, or signatures in
binary systems [83, 96, [102, 90, 100, 104, ’5, 79, 02, 93, ©5, 223, 105, 103, 222].
Superradiant instabilities, therefore, represent a powerful probe of ultralight bosons
beyond the Standard Model, such as axions or dark photons.

Given these (and other) prospects for deviations from linear mode evolution,
there is considerable interest in calculating nonlinear perturbative effects involving
QBSs or QNMs [96] 263, 264, 265], 266]. However, due to the non-Hermiticity of the
system, the spectral theorem does not guarantee the orthogonality or completeness
of these modes—which moreover often diverge at the BH horizon or infinity—so it
is not clear a priori how to incorporate them into a perturbative framework.

For QBSs, the problem can be simplified using the “gravitational atom” or
“hydrogenic” approximation. Indeed, at leading order in the gravitational coupling
o = pM, where M is the BH mass, and beyond the field’s Compton length, r > p~!,
QBSs reduce to eigenfunctions of the hydrogen atom Hamiltonian. In this limit,
the ingoing condition at the BH horizon is replaced by a regularity condition at
the origin [73}, [74, [76, 92]. Thus, a hydrogenic inner product (-|-) g can be defined,
in analogy to quantum mechanics, and mode orthogonality is guaranteed by the
spectral theorem in the absence of dissipative boundariesE]

The hydrogenic approximation (and its relativistic corrections [92]) has been
widely used to compute various perturbative corrections to the linear problem [92]
169|, 94, 222] 267, 263]. For instance, to leading order, a potential term 6V arising
from, e.g., a binary companion, or a quartic self-interaction, gives rise to level mixing
through the matrix element (ném|dV|n'¢'m') gy [92]. The self-gravity of the state
also gives rise to a shift in the mode frequency, proportional to the matrix element
(ntm|oV|ntm) g [83, 169]. However, this approximation has two drawbacks: it
breaks down for higher values of «, and it does not take into account the dissipative
nature of the problem. To accurately model the phenomenology of massive fields
around black holes, we require a relativistic perturbative framework, based on an
appropriate notion of orthogonality between the modes.

In this chapter, we introduce a bilinear form for massive scalar fields in Kerr
to take the place of the hydrogenic inner product in fully relativistic calculations.
Under this bilinear form, which is a natural extension of the gravitational bilinear
form of Ref. [268], Kerr QNMs and QBSs are truly orthogonal—for all values of
a. The product reduces to the hydrogenic inner product in the limit a — 0, but
it is also applicable in the relativistic regime, and forms the basis for a relativistic
perturbation theory in terms of modes.

Using the relativistic product, we derive the anolog of time-dependent perturba-
tion theory in quantum mechanics for the scalar field. As an application, we calculate
the leading relativistic frequency shift due to the self-gravity of a superradiant mode,
and we find a significant improvement over the hydrogenic approximation when
comparing to previously-published numerical-relativity results [104], improving the
agreement by a factor of 4 even at « = 0.4. Our product therefore opens a new path

!The same is not true for QNMs, which still radiate to infinity.
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to accurate nonlinear mode calculations.

7.2 Bilinear form for massive scalars

We first extend the bilinear form of [268] to scalar massive perturbations of Kerr
and prove the orthogonality of scalar modes with both quasinormal and quasibound
asymptotic conditions.

The Kerr line element for a black hole of mass M and spin parameter a is given

by

.
ds? = — (1 . QA;T) de® — @dtdcﬁ + %er +3d6% + %snﬂ 0de?, (7.1)
in Boyer-Lindquist coordinates, where A = 72 4+ a?> — 2Mr, ¥ = 72 + a®cos? 6,
A = (r? +a?)? — Aa®sin? §. We denote the event horizon (the greater root r4 of A)
by r+ and define the tortoise coordinate, dr/dr, = A/3.

The Klein-Gordon equation on a Kerr background (which coincides with the
Teukolsky equation for a spin s = 0 massive field [261]) reads

0d=(0-pHd =0, (7.2)

where p is the mass of the scalar field ®. A product between two solutions of the
Klein-Gordon equation can be built as follows. Start from a “base” product (related
to the symplectic form),

Mg [y, &y] = /EdEa@lV“fbg — DV D), (7.3)

where Y is a co-dimension 1 sub-manifold. One can easily verify that, if ®;, ®, are
solutions, the product is conserved (i.e., independent of ) and that it is C-linear in
both entries, or bilinear.

Reference [268] showed that one can build, from this base product, an infinite
number of conserved quantities by inserting symmetry operators of the equation of
motion. In Kerr, one can make use of the symmetry operators associated with the
time-translation and ¢ rotation isometries, L; and Ly, as well as with the Killing
tensor of the spacetime. One can also use the symmetry operator associated with
the t—¢ spacetime symmetry, J, whose action on a scalar field simply takes t — —t
and ¢ — —¢. Note that the Teukolsky operator and the t—¢ reflection operator
commute on s = 0 Weyl scalars, O = JO.

The product relevant for the orthogonality relation can be built from the t—¢
reflection operator [268]. For scalar massive (or massless) perturbations with compact
support it is given by

(D1, @2)) = IIs[T Py, o] . (7.4)
In Boyer-Lindquist coordinates, the bilinear form reads
Vi 2M 5 2Mra?
((®1, D)) = /d"”/dQ[ Am (T P10y Py — P20, T P1) + A (7“2 +a? + Em sin? 9)
T+

X (T P10;Poy — ©20,.T 1) }, (7.5)
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where df) = sin 0dfd¢. In addition to being bilinear and conserved, one can easily
prove, in analogy to Ref. [268], that

1. the bilinear form is symmetric, ((®1, P2)) = ((P2, P1)); and

2. the time-translation symmetry operator is symmetric with respect to the
bilinear form, ((L;®;, ®2)) = ((P1, L;P2)).

7.3 Extension to mode solutions

Quasinormal and quasibound states are mode solutions of the Teukolsky equa-
tion, ®ppew = e WO R, (1) S (0), where Sp,, are the s = 0 spin-weighted
spheroidal harmonics with angular numbers ¢, m [261] and the radial solution can
be defined in terms of an asymptotic series involving a three-term recursion rela-
tion [269, 270]. The modes are required to be regular at the horizon, ® ~ e~ ka7
as 1« — —00, where kg = w — mQ g and Qp is the angular frequency of the outer
horizon Qp = a/(2Mr,). At infinity, the two families satisfy

P ~ pLetkre re — 00 (QNMs), (7.6)
D ~ et re — oo (QBSs),
where k = Jw? — u2.
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Figure 7.1. The relativistic product between two { = m = 1 QBSs in Schwarzschild, as a
function of the counter-term regularization point ¢ = 7/r, — 1, for different scalar field
masses. The red curve is a power-law fit, showing convergence to zero. In the top-left
corner, we show the absolute value of the radial mode-functions around the BH. Modes
are normalized to have ((n,n)) = 1 in the regularization limit.

Because the radial solutions have non-compact support, and for w; < 0 actually
diverge as r, — —oo (QNMs and QBSs) and as 7, — +o0o (QNMs), we must find a
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suitable, finite extension of the bilinear form . In analogy with Ref. [268], we
extend the definition of the bilinear form to a complex radial integration contour C,
such that the radial integral is absolutely convergent. We define the bilinear form
over a pair of QNMs or QBSs with complex frequencies wi, ws by integrating over a
complex 7, contour such that

argry +arg(wy +ws) = —m/2, 1. — —00, (7.8)

and running along the real axis elsewhere. If the product is over one or two QNMs,
we also take
argry +arg(+ky + ko) =m/2, 1o — 00, (7.9)

where the plus (minus) sign holds for QNMs (QBSs).
Explicitly, the bilinear form on modes reads

(@182} hmotes = Bmae ) [ ar LK (BB (110)

where
K(r) = a12(r® + a®)*(wa + w1) — 2Mraaiz(my +ma) — yi2(we +wi)a®A, (7.11)
a1 = 27 /0 " d05in 65,55, (7.12)

Yip = 27 / dfsin3 08, S5. (7.13)
0

Note that, as demonstrated for Kerr QNMs in Ref. [268], this product can be
used to project initial data onto modes, resulting in the known mode excitation
coefficients [271], 272], 273]. In the hydrogenic limit, this reduces to the familiar inner
product on the (real) hydrogenic mode functions,

<<‘I’1,(I)2>> — 5m1m2/ d?‘/ do 7’2 sin 9R1R25152 = <(I)1‘(I)2>H, (7.14)
0 0

up to an overall factor. In this limit, no regularization is required.

7.3.1 The counter-term subtraction method

For QBSs in Schwarzschild, it is convenient to adopt an alternative regularization
involving counter-term subtraction [274]. This is particularly useful when mode
solutions are only known numerically. Consider for simplicity the bilinear form
in Schwarzschild. It is immediate to see that in this case the integrals in r and
0 factorize, with the latter reducing to the orthogonality condition for spherical
harmonics,

0o 2
<<(I>1, (I)2>> = i5m1m251112 (w1 + (.UQ)/ d?‘TTRlRQ, (7.15)
T4

where f =1—2M/r. It is convenient to define the scalar function R(r) = X (r)/r,
so that the radial integral becomes simply

(D, By)) ~ /drf‘leXg :/dr*Xng. (7.16)
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In the near-horizon limit, the solution X can be described by the series expansion

+00 “+o0o
X(r) ~ Z Xy~ Z e (r —ry)"by(w). (7.17)
n=0 n=0

At leading order, the mode behaves as
X,9+ (r) ~ e " ~ (r — ry ) YL (7.18)

When the mode is stable (w; < 0) this term diverges at the horizon. To regularize
this divergence, we simply subtract the near-horizon integral of the leading order
term,

)
<<(I)17 (I)2>>Schwarzschild QBS = iémlmgélllg (wl + w2) _ lim |:/ dT*Xl (T;)XQ(T{;«)
Tx

Tx—>—00
)
w1 + wa

X1(74) X2(7%) + (higher orders)} : (7.19)

Note that this method is suitable to regularize the horizon divergence of both
(massless or massive) QNMs and QBSs, as their leading-order behavior in the
near-horizon expansion coincides.

This method can be extended to regularize the divergence of any order N = ni+ns

in the horizon expansion (7.17)),
X2 o (=) V(= e o), (7.20)

The N-th term in the expansion is regular if rywyr; + riwrs + N > 0. However,
QBSs with interesting (i.e., potentially detectable) phenomenology are long lived
modes, M|wr| < 1. In this limit, all terms beyond the leading order are regular,
and the subtraction of the leading order divergence is sufficient.

The complex contour and the counter-term subtraction method give equivalent
definitions of the mode product. To see this, we separate the integral into

+00
<<(I)1, (I)2>> ~ / dr X1 X9 = dr.X1Xs —|—/ dr.X1Xs. (721)
C T

Cr

where C : 7, = 7, + pe’® and f8 is an angle in the complex plane chosen to satisfy
condition (7.8]). Assuming the modes are very bound M |w;| < 1 and in the limit of
7+ — —o0, we find that the first integral is equal to

i

—i(w1tw2)Tx 1 O -1
e 106

0 .
e—i(w1+w2)ﬁeiﬂ/ dp e—i(w1+w2)pe"5 |:1 _‘_O(p—l)} _
00
1
w1 + wsa

Xi(7) Xa(r) [14 0@ 1) (7.22)

This is precisely the counter term defined in ([7.19).
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7.4 Mode orthogonality

With the finite bilinear form in hand, from property [2| we obtain
(w1 — wa){(P1, P2)) =0 (7.23)

for a pair of QNMs or QBSs with frequencies wq, wa. Then, either ((®;, P2)) = 0 or
w1 = wo, proving that QNMs and QBSs are orthogonal. In particular, modes of the
two families are also mutually orthogonal.

We now numerically compute the product between two QBSs in Schwarzschild
with different radial numbersE| n. We do so in the hydrogenic (¢« = Mpu < 1) and
relativistic (a ~ 1) regimes. To compute the QB frequencies and radial solutions,
we use the Leaver continued fraction method [269]. We perform product integrals
(7.19)) numerically using MATHEMATICA.

Figure shows the product between the ¢/ = m = 1 fundamental mode and the
first overtone as a function of the integral regulator ¢ = 7/r; — 1. Different panels
span the hydrogenic regime and the relativistic regime. The product between the
two modes goes to zero as a power-law as € — 0 in all cases, confirming numerically
the orthogonality to a precision of order 10~7. For higher values of «, we are able
to probe the integral for smaller r due to better convergence resulting from milder
divergences at the horizon. We obtain similar results also for higher radial overtones.

7.5 Relativistic perturbation theory

We now describe our relativistic approach to compute transitions between modes in
the presence of a potential 6V,

0D+ VO =0. (7.24)

We begin with an ansatz for the scalar field in terms of a superposition of modes
with time-dependent amplitudes,

D= cylt) g, (7.25)

where the usual time dependence of @, is left implicit. This ansatz does not fully
capture the solution because QB and QN modes, while being orthogonal, do not
form a complete basis [271]. However, it should be valid at intermediate times, after
the prompt emission from the initial perturbation and before the effect of scattering
off the BH potential becomes dominant. The duration of this intermediate regime
is set by the amplitudes and decay rates of the modes, and is therefore longer for
long-lived modes, which are most relevant for observations.

Substituting the mode decomposition in and using the bilinear form to
project onto a mode n, we obtain

> (@, Ocq(t)g)) + (P, cq(1)V Dg)) = 0. (7.26)

2The product between states with different ¢,m numbers is trivial, as their orthogonality in
Schwarzschild follows from the orthogonality of the spherical harmonics. The orthogonality between
different ¢ modes becomes non trivial in Kerr [268], due to the spin-weighted spheroidal harmonics.
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We now use the fact that the Teukolsky operator vanishes on mode solutions, and
that modes are orthogonal and have frequency w,. Because the bilinear form
contains derivatives with respect to the Boyer-Lindquist time, we need to take care
in taking the excitation coefficients out of the product. We assume derivatives of
the excitation coefficients to be of the same order as the external potential, ¢ ~ 6V,
¢ ~ 6V?2, etc., so we drop all derivatives above the first to keep only the leading
order in dV.
Our equation for the coefficients ¢, then reads,

it Cn (P, Pp)) + O(6V?) =D cq((Pn, VD). (7.27)

Therefore, just like in quantum mechanics,lﬂ we find that perturbations can induce
mode mixing through the matrix element ((®,,V ®,)), where ((-,-)) now stands for
the bilinear form ([7.5)), augmented with suitable regularization.

7.6 Frequency shift

We apply our relativistic perturbative framework to calculate the frequency shift of a
superradiant mode in Kerr due to its self-gravity. For simplicity, and following [263],
we take a semi-Newtonian approximation for the gravitational potential of a mode,

1 o Tt
SV (r) = —242 [r / BT+ / d%’ﬂ, (7.28)

T+

where T is the (relativistic) stress-energy tensor of the (unperturbed) scalar field
and the integration is carried out over flat space [

To estimate the correction dw, to the mode frequency, we restrict the ansatz
to a single mode, and take the coefficient ¢, (t) o e~"*n?, Rearranging ,

we find
(P, SV D,,))

_2wn(<‘1>n, P,))’

This approach is similar in spirit to that outlined in Refs. [276], 277, 278] 266]. In
the nonrelativistic limit, this formula reduces to that found in Refs. [I69] 263]. Note
that superradiantly unstable QBSs, which have w; > 0 and decay at infinity, have
no divergence at the horizon and therefore require no regularization.

We now calculate numerically the frequency shift for superradiant modes
with £ = m = 1. For a given coupling «, we set the BH spin to be close to the
superradiant bound mQ gy 2 wg, the same setup as [263]. For this application, we
use the Black Hole Perturbation Toolkit to compute the modes’ spin-weighted
spheroidal harmonics [279).

dwy, = (7.29)

3In the nonrelativistic limit, our equation reduces to the standard formula in quantum mechanics
(including the quantum mechanics inner product), modulo a factor of 2w, ~ 2u due to our definition
of the potential (see, e.g., [275]).

*We note that simply introducing the relativistic volume element in this integration leads to
additional divergences. However, a fully relativistic calculation of the self-gravity for this example is
beyond the scope of this work. As we show numerically, such corrections are subleading compared
to those that come from the bilinear form.
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Figure 7.2. Frequency shift due to the self-gravity of a superradiant mode in Kerr
(¢ =m =1, n=0). We compare our result based on the relativistic product with the
hydrogenic approximation, and with the fully relativistic (numerical) frequency shift
from Ref. [263]. For the analytic results, we plot dw/Moud, which should be a good
approximation of the derivative for small cloud masses.

In Fig. we compare for several a our perturbative calculation of dw/Mcioud
against the numerical relativity estimate of dw/0Mcjouq from [263]. We find excellent
agreement, including significant improvement over the hydrogenic approximation,
which begins to fail around a ~ 0.3. For a = 0.4, the error is reduced from 28%
to 7%. The remaining disagreement is likely due to the approximation that dw
is linear in the cloud mass (Ow/OMeiouq =~ 0w/Meouq) and to our semi-Newtonian
approximation for the potential.

7.7 Application to tidal potential

As another example, we consider the tidal, Newtonian potential arising from a
non-spinning binary companion to a (Schwarzschild) black hole endowed with a QB
state. In the hydrogenic approximation, this was shown to give rise to transitions
between modes of the QB spectrum [92], 267].

A binary companion induces a perturbation in the background metric g** =
gb” + 6g"". This leads to a shift in the potential of the scalar field (at leading order)
OV ~ gy ~ ngmp TZPngmp, where the subscript distinguishes the angular numbers
of the perturbation [QZ]H We neglect the time dependence of the potential due
to the companion’s motion. This could be introduced after the calculation of the
matrix element in an adiabatic approximation [92], or taken fully into account in
the relativistic matrix element.

We compute the level mixing due to this external potential between modes
with ¢ = 1, m = 1,—1, and n = 0,1 (or |211) and |31 —1) in the hydrogenic
notatiorﬁ). Note that this transition is allowed in the case of tidal quadrupolar

5In our formalism, it is possible to consistently include relativistic corrections to the tidal
potential. However, a full description of the binary system is beyond the scope of this work.
5Tn this notation, states are labelled by the three quantum numbers |ném), where i =€ +n+1
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Figure 7.3. Relative difference in the matrix element of the companion’s tidal potential,
computed with our bilinear form and in the hydrogenic approximation. The discrepancy
increases with «a, as the hydrogenic approximation breaks down.

perturbations ¢, = 2 by the angular selection rules due to the angular dependence of
the perturbed potential [92]. These selection rules survive in the relativistic limit (at
least in Schwarzschild) as the bilinear form reduces to the standard inner product
for spherical harmonics. We will therefore focus on the radial part of the matrix
element.
In the hydrogenic approximation, the matrix elements of §V read
oo
<77L1€1M1’5V|17L2€27TL2>H ~ /0 d?" 7“4R{{ R;}Z@mg, (730)

firl1my

where ngm are the hydrogenic wavefunctions,

REf (1) —\/(2/;&)3 ?&;;;ﬁ (26{“7’)2‘%@@{1 (2’{%) . (7.31)

n

Notice that the hydrogenic wavefunctions are everywhere regular and are integrated
from the origin, as already discussed.
The matrix element appearing in the fully relativistic perturbative expansion

(7.27), on the other hand, reads

00 -2
(<n1€1m1, 5Vn2€2m2>> N/ dr r2f(r)X1 (T,)XQ(T,) + LXl(R)XQ(R) ,
71 (14€) w1 + w2
(7.32)

Notice that the potential modifies the boundary regularization term at the horizon.
In the nonrelativistic limit, the full radial solutions X become real and tend to the
hydrogenic approximation: RZ, (1) ~ Re(X,em (1)) /7

We evaluate the relativistic matrix element on numerical Klein-Gordon
solutions. We find that this converges to a finite nonzero value as we take the

is the principal quantum number.
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integral regulator e — 0, confirming that the tidal potential gives rise to level-mixing
between the two modes under consideration.

In Fig. we show the relative difference between the hydrogenic matrix element
appearing in Ref. [92] and our fully relativistic treatment , for a range of
scalar masses «. While the matrix elements obtained with the two methods are
overall comparable, the relative error clearly increases for higher «, as the hydrogenic
approximation starts to loose accuracy.

Interestingly, whilst the relative error is below 1% for o ~ 0.05, it can be as high
as 10% already for values of o ~ 0.2, where the radial solutions are still relatively
accurate (within at most 5%). This suggests that relativistic corrections to the
mode product itself—included in our fully relativistic bilinear form, but not in the
quantum-mechanics inner product—contribute significantly to the matrix element.
Previous work on mode mixing focused on relativistic corrections to the decay width
of the modes [97], or resorted to fully numerical methods [96].

7.8 Conclusions

In this chapter, we introduced a bilinear form for massive scalar-field perturbations of
Kerr and showed that modes are orthogonal with respect to this product. Our bilinear
form replaces the standard quantum mechanics inner product—often employed
in a hydrogenic approximation—making no assumption on the strength of the
gravitational coupling a. We also introduced an approach to compute perturbative
corrections to mode evolution due to an applied potential, and applied this to recover
frequency shifts due to the self-gravity of a superradiant state. For large values of «,
accurate results were previously only obtainable using numerical relativity.

Our bilinear form and perturbative framework have both conceptual and practical
importance.

Other applications could be to compute corrections due to self-interaction terms
such as quartic potentials [169], or in the sine-Klein-Gordon equation for the QCD
axion [204]. In future work, we also hope to explore transitions between QN and QB
modes, and to rigorously derive angular selection rules for massive perturbations in
Kerr using the bilinear form.

Another natural extension would be to generalize our product to massive spin-1
fields. This scenario presents a number of difficulties as the Proca equation is not
separable using the standard Teukolsky formalism. Nevertheless, an ansatz yielding
separability of the Proca equation in Kerr spacetime was recently discovered [280, [82],
and could allow for a generalization of the bilinear form.

Finally, in the context of BH binaries, the gravitational product [268] could
be used with the second-order Teukolsky equation [281], 282] to estimate nonlinear
corrections to the BH ringdown. This could be used to inform waveform development
and address recent questions on nonlinear effects during the ringdown [283] 284 [285),
264, 265).
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Part 11
Tests of General Relativity using
gravitational waves
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Chapter 8

Testing GR: an introduction

In 1916, after linearizing the field equations in the weak-field limit, Einstein showed
that a natural prediction of GR was the existence of transverse GWs travelling at
the speed of light. A century after, on September 2015, the LIGO-VIRGO collabo-
ration reported for the first time a direct detection of a GW signal produced by a
binary BH system [13]. This historical event marked the birth of GW astronomy,
and provided for the first time access to the strong-field, highly-relativistic regime.
Nowadays, the collaboration released three catalogue of events [2806, 287, 288], cor-
responding to nearly 100 coalescences composed of BHs and NSs binaries. These
events already allowed to perform sensitive tests of GR in the strong field regime
(see e.g. [14] 15 16, 17, I8]). Up to now, none of the tests showed clear evidence in
support of physics beyond GR. Nevertheless, the new generation detectors Einstein
Telescope [289, 290] and Cosmic Explorer [291], together with the future space-based
Laser Interferometer Space Antenna (LISA) [292], will allow to reach unprece-
dented sensitivities, and therefore to test even extremely more feeble deviations
[293), 294], 295, 296, 297].

Moreover, just a few months ago in June 2023, several Pulsar Timing Array
collaborations— NANOGrav, EPTA, PPTA, CPTA — released observational data
showing clear evidence of a stochastic GW background at nHz frequencies, most
likely originating from supermassive BH binaries [298] 299, [300], 30T}, 302, 303, 304,
305, 306].

Therefore, the plethora of present and future GW observations offer a unique op-
portunity to probe the nature of gravity in different highly dynamical systems—
ranging from stellar mass binaries to EMRIs and supermassive BH binaries— with
an unrivalled precision. Most crucially, while previous tests were based on weak-
gravity and quasi-stationary assumptions [34] [35], where the relevant velocities are
non-relativistic and the gravitational field is weak with respect to the energy of the
system, GWs allow to probe the strong gravity regime, where deviations from GR
may be more prominent.

The evolution of a BH binary can be divided into three stages. During the inspiral
phase, the two BHs evolve adiabatically, and get closer to each other due to the
continuous emission of GWs. During this phase, the orbital velocities of the two
bodies are only mildly relativistic, and the evolution can be therefore described by
adopting a post-Newtonian (PN) approach. Afterwards, during the merger phase a
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common horizon is formed. In this regime, the system turns highly dynamical and
non-linear, and the PN formalism breaks down. Hence, fully numerical simulations
are necessary to describe this stage. After the merger, the system is composed of a
highly perturbed remnant, that afterwards relaxes to a Kerr BH during the final
stage, known as ringdown.

When considering modifications to GR, depending on the details of the underlying
theory, deviations might be more easily detectable in particular types of systems.
For example, systems at high redshift may be way more suitable with respect to
low-redshift ones to probe theories that modify the propagation features of GWs .
The former are ideal targets of future space-based interferometers and future third-
generation ground-based detectorsEl Another notable example comes from quadratic
gravity theories [308, 309], where higher order curvature terms in the action are
naturally suppressed by the inverse of the curvature radius (see e.g. [310, BI1]).
Hence, stellar-mass objects may be more suitable to detect deviations rather then
supermassive BHs, where the curvature radius is much larger.

Moreover, different detectors are sensible to different stages of the GW waveform.
In particular, while ground-base detectors are extremely sensible to the late-inspiral
and merger, space-based interferometers are unique to probe thousands of cycles in
the sensitivity band during an extreme mass-ratio inspiral. Because of this, even the
smallest deviation to the rate of change of the binding energy during the inspiral —
e.g. because of the presence of an extra channel of emission besides GWs — could
be more feasibly detected using EMRIs (see e.g. [312), 313, [314]). Finally, PTAs
are sensible to extremely low frequency waves obtainable only during the early
inspiral of supermassive BHs, but cannot probe the late inspiral or the merger phase.
Consequently, they are able to probe GR at large separation and low frequencies,
but cannot probe theories that deviate from GR only in the latest stages. For these
reasons, different detectors and sources offer complementary ways to test GR in
different ways [315] [17].

As a final remark, in order to perform competitive tests of GR using binary
black holes, a detailed understanding of the binary parameters (e.g. eccentricity and
precession) and the impact of the surrounding environment is imperative. Indeed,
these effects may mimic or mask modifications to GR, jeopardizing possible tests. In
particular, unlike in the NS binaries case, BHs in binaries are likely to possess a high
spin and strongly precess. While this entails a richer phenomenology, it also makes it
more difficult to perform GR test. Hence, accurate waveform models accounting for
these effects are crucial [316], [317, [318, (319, [320]. Together with intrinsic parameters,
also environmental effects can potentially jeopardize the robustness of GR test. For
example, the presence of accretion disks around BHs can induce dynamical friction,
accretion or planetary migration during the inspiral phase. While these effects are
not expected to be relevant for most EMRIs detectable with LISA [33], they are
instead expected to play a crucial role in supermassive BH binaries detectable with
PTAs [321), 1322, (323, (324, (325, 1326, (327, (328, [329]. A more detailed discussion of
this aspect will follow in chapter [10,

L Notably, the latter can potentially reach z ~ 100 for binaries with total mass M ~ 10 — 30Mg
at a signal-to-noise ratio ~ 8 [307]. Conversely, current ground-based detectors are limited to z ~ 1.
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In this thesis, we will focus on tests of GR during the inspiral phase, both in the
case of EMRIs and supermassive BH binaries. Moreover, we will focus on null tests
of GR, by adopting a model-agnostic approach and search for generic deviations,
without assuming specific beyond GR theories. In the following, we begin with a
brief description of the typical features of the systems of interest.

8.1 Extreme mass-ratio inspirals

In EMRIS, a stellar mass compact object (1 — 10Mg)) spirals around a supermassive
BH (10° — 10°M), such that the mass ratio ¢ is extremely small ¢ ~ 1074 —
108, Such supermassive BHs are expected to reside at the center of most large
galaxies. Indeed, from a precise observation of stellar kinematics, we know that
most neighboring galaxies host one. Also in our very own galaxy, stellar dynamics
provide evidence for a BH with a mass ~ 4 x 106Mg, called Sgr A* [330]. Therefore,
EMRIs are expected to form whenever stellar-mass objects are captured from the
nuclear star cluster surrounding the massive BH. After the capture, the dynamics
is expected to initially be described by very eccentric orbits accompanied by the
emission of bursts of GWs (when the small object is near the pericenter), and then
into the evolution to a more circular inspiral [331]. In this latter phase, the system
emits continuously GWs in the mHz range, making EMRIs ideal targets for LISA.
Moreover, EMRIs represent probably the most promising systems to test with
exquisite precision the nature of spacetime in a strong gravity regime. Indeed, due
to the extreme mass-ratio, GW emission in the early inspiral phase affect the orbit
in a much longer timescale than the orbital one, i.e. Tj,spirar gt >> Torvital-
Hence, the evolution of the system is remarkably adiabatic, and the secondary object
is expected to perform an incredible number of orbits (proportional to ¢g~') while
emitting GWs in the LISA band. In particular, even at the very end of the inspiral,
the secondary spends two years in the vicinity of the Innermost Stabel Circular Orbit
(ISCO), emitting ~ 105 GW cycles [332]. Thus, the signal encodes an extremely
detailed map of the spacetime features, and will allow to probe the mass and spin of
the primary (and therefore its "Kerrness") with unrivalled accuracy [333, 334, 331].
Remarkably, while EMRIs can probe deviations from GR with extreme accuracy by
probing the primary objects, they can also potentially unveil these modifications
from the motion of the secondary. This feature is extremely important because,
as already mentioned, some theories such as quadratic gravity ones induce a more
prominent deviation on stellar mass objects rather than supermassive ones.

As a notable example, in a recent series of paper it was shown how, if the secondary
carries a scalar charge, the extra emission of scalar radiation in addition to GWs
cause a dephasing in the orbit which leaves a clear imprint in the waveform observable
by LISA [335] 312, BT, B13] 814 [336] [337]. These studies were performed both for
specific beyond GR theories and in a model-agnostic approach, by encapsulating a
large class of theories. Such works have subsequently been generalized to the vector
case [338] [339]. In the following chapter, we will extend this analysis to the case of
a dipole setup rather than a monopole charge, and highlights the main differences in
the phenomenology.

Last but not least, if the primary is endowed with a specific environment, EMRIs
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can test its features with accuracy. For example, in the case of a superradiant cloud,
the emitted signal is characterized by specific features which are observable by LISA
[92, 93], 222), 97, [96], 95, 266] (see also chapter (7| for related work). Another notable
(and less exotic) example comes from LISA-based probes of accretion physics, up to
now only accessible with EM observations [340), 341, 33 [342].

EMRIs are therefore ideal target to test both physics beyond GR and the SM
[297, 292).

8.2 Supermassive BH binaries and pulsar timing arrays

A neutron star is the spinning remnant of a massive star. After a supernova process,
the remnant consist of a structure of stellar mass dense material consisting mostly
of neutrons. Neutron stars are highly spinning, as during the collapse the angular
momentum wr? is conserved, and since the radius decreases dramatically, the rotation
period can become as small as ~ O(1)ms. Similarly, during the collapse the magnetic
flux is conserved, and therefore the remnant is characterized by extreme magnetic
fields ~ 102G or higher. Because of this, high-energy particles in the neutron
star magnetosphere emit powerful radiation in the radio band, moving on open
magnetic field lines over the magnetic poles. If moreover the magnetic field is not
aligned with the axis of rotation, which is typically the case, the radio beam sweeps
a circle with the rotation orbital period. Hence, an observer receives periodic short
radio signals along the line of sight, much like a lighthouse effect. Remarkably,
due to their large inertia, pulsars are extremely stable rotators, and therefore the
timing of the signals is precise enough to allow to consider them "natural clocks"
(see e.g. [343]). Nevertheless, a number of effects can induce small modifications or
modulations in the time of arrival (TOA) of the pulses: the motion of the earth,
the effect of the gravitational field of the solar system, the presence of a binary
companion and the dispersion effects induced by the interstellar plasma, that alters
the group velocity of the pulses [344] [345]. Hence, one can define a "time residual"
as the difference between the expected TOA and the measured one. Most notably,
also GWs can produce a residual in the signals by inducing a redshift. Hence, if
one take into account a correct modelling of all the other effects inducing residuals,
one can actually use signals from a system of well-timed pulsars (a "pulsar timing
array") as GW detectors [346], [347]. The residual can be simply computed as the
integral of the redshift R(t) = [j 2(t')dt'. For a GW, one obtains [315]:

R~ h/f, (8.1)

such that for residuals of ~ 100ns, GWs with frequencies f ~ 1079 — 10~8Hz and
strain h ~ 1071® would induce an observable effect. Therefore, as PTAs are sensible
to &~ 10nHz frequencies, they can be used to probe GWs emitted from the early
inspiral phase of supermassive (> 10®M) BH binaries. These binaries would emit
GWs continuously as they slowly inspiral, and the signals could be detected either
individually or as a stochastic background.

A natural question would nevertheless be how to disentangle GWs as a source of
residuals from other possible effects. Remarkably, Hellings and Downs (HD) [34§]
were able to compute the correlations between the residuals of a pair of pulsars
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caused by the stochastic GW background as a function of the angle between the
pair. Hence, the HD correlation curve is a smoking gun of GW-induced residuals
and can be used to disentangle other possible origins.

The total energy emitted in GWs by a population of supermassive BH binaries in
the universe was first computed by Phinney under the assumption of circular orbits
in the Newtonian limit at leading order [349):

dEgw 7 (GM)*/®
af — 3G(nf)\/3’

where f is the frequency of the signal and M is the chirp mass of the binary. In terms
of a different observable, this corresponds to a scaling of the GW spectrum Qagw
fdEgw/df f2/3. Nevertheless, it was soon realized that the scaling obtained by
Phinney in the vanilla model would actually be extremely modified by the effects of
the environments surrounding the binary [321],[322], 323, 324 325 [326], 327, 328, [329].
Indeed, such environment can introduce dissipative effects at negative PN orders,
which are therefore pivotal in the early inspiral. Examples include, e.g., dynamical
friction (-5.5 PN) and stellar scattering (-5 PN). In particular, these effects would
modify the spectrum by leading to a steeper scaling. Most crucially, even the
presence of eccentricity leads to a similar effect [350, B51]. Hence, a deep knowledge
of the binaries features and the environment is required to deduce solid predictions
from measurements.

(8.2)

In recent years, some PTA collaborations provided for the first time evidence for
a common spectrum of stochastic nature.

In 2020 the NANOGrav collaboration reported evidence for a stochastic spec-
trum [352], which nevertheless did not exhibit clear evidence of an HD angular
correlation.

Nevertheless, in June 2023, several PTA collaborations— NANOGrav [298], 299],
EPTA (in combination with InPTA) [300, 30T, [302], PPTA [303, 304, 305] and
CPTA [306]- found clear evidence for a stochastic background characterized by an
HD angular correlation, thereby confirming its quadrupolar nature. The scaling of
the reported spectrum, Qqw o f(1623) at 10, is in tension with the vanilla SMBH
binary scaling by 20. Nevertheless, as already mentioned environmental effects are
expected to alleviate such tension. Hence, even though different explanations of
cosmological origins for the spectrum could also faithfully reproduce the observed
data (examples are first-order phase transitions [353), B54) 355, 856, 357, 358 [359]
360, 361, 362, 363, 364, B65], cosmic strings and domain walls [366], 367, 368, 369,
370, 371, 372, 373, 374, 375, 1376, 377, 378, [379, 1380}, 3811, 382} 1383], or scalar-induced
GWs generated from primordial fluctuations [384], 385 386, [387), 388, 389, [390, 391,
392, 1393, [394] 395, 396, 397, [398, 1399, 400, 40T}, 402, 403, 404), 405, 406] ), the SMBH
scenario remains the leading explanation.

In principle, many beyond GR theories also introduce dissipative effects at negative
PN order, thereby acting on the spectrum similarly to some environmental effects.
Example include dipole radiation (-1 PN), extra-dimentions or a varying Newton’s
constant (both at -4 PN) (see e.g. |17, 18, [407]). Therefore, given that BHs in the
PTA band have extremely large orbital separations in the early-inspiral, one can
expect such corrections to play a major role in such systems. Since negative PN
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deviations may be prominent in these systems, and also lead to a steeper scaling,
PTAs measurements can potentially be used to develop novel tests of GR. In chapter
we develop a framework to map different beyond GR theories into a modified
SGWB spectrum in a model-agnostic way, and show that current data already allow
to place competitive constrains on specific theories.
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Chapter 9

EMRIs and fundamental dipoles

Summary

Even if globally neutral, in various scenarios compact objects can have a nonvanishing
dipole moment. Examples include neutron stars with magnetic dipoles, black-hole
microstates in the string-theory fuzzball scenario, and classical black holes in modified
theories of gravity with spin-induced scalarization or Lorentz-violating terms. A
fundamental dipole moment would give rise to rich phenomenology, for example
to intrinsic precession and extra emission channels in binary systems. We show
that extreme mass-ratio inspirals (EMRIs) detectable by future gravitational-wave
interferometers allow us to study a fundamental dipole on the secondary object in
a model-agnostic fashion. By developing a general model for a fundamental scalar
dipole, we compute the extra flux associated with it. This effect is suppressed by
the square of the mass ratio relative to the case of fundamental charges, making its
detection with EMRIs very challenging for the typical dipole moments predicted
in various models. On the other hand, for the same reason the impact of an extra
dipole for constraints on extra fundamental charges is likely negligible, making the
latter constraints more robust.

9.1 Compact objects and fundamental dipoles

The famous no-hair theorems predict that, in a large class of theories, black
holes (BHs) are described by the Kerr-Newman solution and do not have any
extra charge other than the electromagnetic one. Circumventing these no-go theo-
rems has motivated both theoretical work — aimed at finding theories in which BHs
can have hair — and phenomenological work — aimed at finding the consequences
of this extra hair (see, e.g., [I7, 408]). The most natural and best studied case is
when BHs are endowed with extra fundamental charges, which give rise to dipo-
lar radiation in binary systems and can be probed with binary pulsar timing and
gravitational-wave (GW) inspirals (see [I7] for a review).

The absence of dipolar emission in binary pulsars [249] and in GW events [407, [16]
already puts stringent constraints on the existence of fundamental charges in various
contexts.

In the future, extreme mass-ratio inspirals (EMRIs) — one of the main targets
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of future space detectors such as LISA [409] — will provide a unique probe to
search for extra fundamental charges [297), [410], either in the context of specific
modified theories of gravity [335], B12, B11] or in a model-agnostic fashion, as recently
shown [313], 314 [336], 337] for scalar fields (see Refs. [338, 339] for extensions to the
vector case).

In addition to new fundamental charges, there is strong theoretical and phe-
nomenological motivation for models in which compact objects are globally neutral
(hence evading standard dipole-emission constraints) but can nevertheless have higher
multipole moments. The most natural example are magnetars, which are endowed
with strong magnetic dipole moments (see [411] for a review). Furthermore, in the
context of modified gravity theories, BHs could have a fundamental dipole moment
in Lorentz-violating theories [412], in dynamical Chern-Simons gravity [309, [413],
and in theories featuring spin-induced spontaneous scalarization [414, 415, [416), [417]
(see [418] for a recent review). Finally, in the context of BH microstates emerging
in the string-theory fuzzball scenario [419, [420], 421], a long-lasting problem is to
find consistent solutions which are globally neutral. Remarkably, this was recently
achieved with topological solitons [422] [423], which are globally neutral but have an
intrinsic dipole moment.

Motivated by the above scenarios in various contexts, in this chapter we wish to
study the impact of fundamental dipoles for GW tests of fundamental physics with
EMRIs.

9.2 Setup

9.2.1 Theoretical framework

Let us consider the following generic action [313]
Slg, @, ¢] = So[g, O] + aSc[g, @] + Smlg, 2, ¢, (9-1)

where ® is a massless scalar field,

Solg, ] = / d%{ﬁf(R - %aucpa%), 9.2)
S is the action of the matter fields ¢, while the action S. describes a generic
non-minimal coupling between gravity and the scalar field, whose coupling constant
is a. As in Refs. [313] 314 336}, 337], we will assume that the theory is continuously
connected to GR in the o — 0 limit and that either « has dimensions [o] = (mass)”
with n > 1 or that the theory is such that no-hair theorems hold. Note that this
assumption encapsulates a large number of theories: while in most scalar-tensor
theories of gravity the no-hair theorem holds (e.g. Brans-Dicke, see [{24, [257]), a
notable example of a theory that evades this constrain but is still described by this
framework is scalar Gauss-Bonnet gravity, where n=2.

An EMRI is a binary system in which a small compact object with mass mgco =
2 is spiraling around a supermassive BH with mass M > u. Owing to the small
mass ratio, ¢ = u/M < 1, one can model the secondary using the "skeletonized
approach" [425] 426, 427], in which the secondary object is treated as a point particle.
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Nevertheless, as we want to describe an object endowed with a dipolar field, we will
use the skeletonized approach to model the secondary as an elementary dipole made
by two point particles with mass p displaced by a constant separation dy*, which
we assume to be small with respect to the length scale of the exterior spacetime,
~ M. Therefore, the action of the matter fields reduces to

dyt' dy
Sz @ =— 3 / A (@) g i (9.3)
P \/ 8

where the two worldlines of the particles are given by yfg()\) =yH(\) £ %51/” with
y*(\) world-line of the center of mass of the dipole.

From the action, we can now derive the field equations and solve them by
perturbatively expanding the fields at the leading order in the mass ratio. The
Einstein equations for the gravitational field read

1

G = Ry — 58 R = T4 + Tl + 17, (9.4)

where Tl(j,) is the stress energy tensor of the scalar field, T;SZC,) is the term arising from

the variation of the non-minimal coupling term S¢, while 77, is the stress-energy
tensor of the two-particle dipole,

@) (2 — ¢ H dyY

P Vv—g d\ dX’
Varying the action with respect to the scalar field yields
8ra .5, W (2 — y*(N)
O £ =16 dAm(® : 6

i=1,2

where the prime denotes derivative of a function with respect to its argument.

As discussed in [313, B14], due to the mass dimensions of the coupling «, GR
modifications to the background are suppressed by the mass ratio of the binary (or
absent if the no-hair theorems are satisfied). Hence, the exterior spacetime of the
primary can be approximated as (or is exactly) the Kerr metric. In these settings,
one can neglect the terms proportional to « in Egs. and , since they are
suppressed by the mass ratio. In absence of the secondary, the resulting set of
equations coincide with those of general relativity with a free scalar field, for which
the no-hair theorem applies. Therefore, the background scalar field is just a constant
Dy.

By expanding at linear order ® = ®y + ¢, we obtain the following equation
for the perturbation ¢:

0 (a# — yt(N)

Op =167 » / dAmi(®o) d : (9.7)
i=1,2 Vg

where the operator [ is evaluated on the background Kerr metric g?“,. The same

expansion leads m;(®) in Eq. (9.5) to be evaluated at ® = ®y. Thus, at the leading
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order the gravitational equations coincide with the standard ones for two
infinitely close point masses in general relativity.

Let us now discuss the physical meaning of the terms m;(®o) and m}(®y) by
generalizing the argument of Ref. [314] to the case of our two-particle system. These
functions can be evaluated in a region which is sufficiently close to the particles
(relatively to the length scale of the exterior spacetime, ~ M), but sufficiently far
away from them with respect to length scale of the particle themselves, given by their
Schwarzschild radius ~ p, so that we can evaluate the equations in the weak-field
limit. We therefore choose a reference frame {7} centered at the center of mass
of the compact object and consider Egs. and in an intermediate region,
pu < 7 << M, where 72 = #'%;. Let us first consider Eq. evaluated at ® = Py.
As in this region we are in the weak-field limit, the stress-energy tensor of a particle
reduces to its matter density and thus it follows that m;(®g) = ma(Pg) = p.

We can now turn to the study of Eq. . Expanding the latter to leading order
in the infinitesimal displacement dy* < z* in these coordinates yields

V2p = 16w A(®0)6®) (&) + 167 B(®0)65'9;6) (i), (9.8)

where A(®g) = 1 (m} (®0)+miy(®,)) and B(®0) = L(m}(®0)—miy(®,)). 1f B(®g) =0,
then the solutlon ¢ has exactly the same form as in [314], and therefore A(®g) can
be associated with the monopolar scalar charge per unit of mass of the object (we
shall denote this quantity by d). As we instead wish to describe an intrinsically
dipolar field configuration, for the moment we ignore this term. Setting A(®g) =0
we recognize the equation for the potential of a dipole, which is solved by

_ 4B(Pg)dy" :cz

= (9.9)

By direct comparison with the potential of a dipole with dipole vector P’ = uddi’,
which is ,
P'z;

= (9.10)

(p:

it is clear that we can interpret 4B(®g)d7’ as a dipole vector and therefore B(®q) =
iud, mj(Po) = —mbhH(Pg) = i,ud where, as mentioned, d is the scalar charge per unit
of mass of the secondary. Finally, the equation for the scalar field reads

Oy = 47T, (9.11)

where

5( e u_u)\_fSyJ
T:Mdl/d)\ (@ y /d)\ @ =" N =) (g9

V-8 V-8

The above discussion shows that our system can indeed be understood as a scalar
dipole made of two particles with the same mass but opposite scalar charge, whose
center of mass inspirals onto a standard supermassive (Kerr) BH. This suggests to
introduce the dipole moment tri-vector per unit of mass-squared:

4
pt = —dy". (9.13)
w
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Notice that this is a dimensionless quantity, in analogy with the dimensionless charge
d.

In the case in which A(®y) # 0, then the secondary has a nonvanishing net
charge as well as a dipole moment. While we are mostly interested in the case of
zero net charge, later on we will also consider this scenario, as our formalism allows
to analyse deviations from scalar emission from a fundamental charge due to the
presence of an extra dipole component.

9.2.2 Scalar equation via Teukolsky formalism

The inhomogeneous Klein-Gordon equation can be solved via Teukolsky for-
malism [261]. First of all, we must characterize the wordlines of the two particles,
y¥'(N), that appear on the right-hand side of Eq. . Since for an EMRI the
inspiral timescale is much longer than the orbital time scale, Tinspiral > Torbital, We
can adopt an adiabatic approximation, which allows us to consider the center of
mass of the dipole as being in nearly geodesic motion. This approximation facilitates
the evaluation of the emitted energy flux E from the inspiral at each time. For
simplicity, we will consider equatorial, circular orbits of the Kerr metric and use
Boyer-Lindquist coordinates {t,r, 6, ¢}. The geodesic of the centre of mass in this
setting is described by the following constants of motion, which describe the energy,
angular momentum, and angular velocity of the center of mass, respectively,
av'M + /ro(ro — 2M)
E. = 371 (9.14)

ro/*\J2av/M + \frgo(ro — 3M)
\/M(rg — 2a\/Mrq + a?)
rg/4\/2a\/M+ VTo(ro — 3M)’

0 = VM (9.16)

av/M + 7“3/ 2
where rg is the radial coordinate of the geodesic and Ma is the angular mo-
mentum of the Kerr BH. Hence, the wordline of the center of mass is y*(\) =
(tp(N),70,7/2,Qctp(N)). We will assume that the displacement dy* is constant, i.e. it
does not depend on the affine parameter A\. Note that in general, if the displacement
is not aligned with the spin of the primary, the interaction between the latter and the
scalar dipole will induce precession even in the case of initially circular and equatorial
orbits. Hence, for generic orientations of the dipole moment, our assumption of
a constant displacement is only valid on timescales that are much shorter than
the precession timescale, such that this effect can be neglected. The precession
timescale is shorter than, or at most comparable (for relativistic orbits) to the inspiral
timescale, but much larger than the orbital one, i.e. Tinspiral => Tprecession > Torbital,
see e.g. [42§] ﬂ Hence, while our formalism does not allow us to consistently evolve

L. (9.15)

YMore quantitatively, one can infer the orbital timescale from the angular velocity Torp ~
(r3/M)Y?. The precession and inspiral timescales on the other hand, are inversely proportional
to the mass ratio: Tprecession ~ r5/2/p]¥11/2, Tinspiral ~ 7'4/NZWQ, so that in the extreme mass-
ratio limit they are way larger than the orbital one. Furthermore, the precession timescale become
comparable to the inspiral one only for relativistic orbits around the ISCO r ~ O(M), while for
most of the evolution Tinspirai >> Tprecession -
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the binary through the entire inspiral (for generic displacements), it safely allows us
to evaluate the scalar fluxes throughout the orbital motion. Of course this limitation
is absent if the displacement dy* is orthogonal to the equatorial plane, since there is
not precession in that case.

With this in mind, we can simplify the field equation by expanding the
trace of the stress energy tensor with respect to the constant displacement between
the two particles, dy* = (dt, dr, 56, ¢). This yields

1
T >~ ——(0t0y + 010y 4+ 6009 + 090y ) (v/ —8T1}) , 9.17
where T}, has the same expression of the source of the scalar field in the setting in
which the secondary is endowed with a scalar monopolar charge:

ud s
T,==————0(r—rp)d(0 — =)d(¢p — Qet 9.18
= SO 1090~ )30 — 0. (9.18)
with £ = r?2 + a%cos? 6 and #, = dt,(\)/d)\. Finally, we can perform a Fourier
transform and expand both the scalar field and the source in spin-weighted spheroidal
harmonics

X .
o(t,r,Q) / dw Z m (1) Ty S0 w)e imeg—iwt (9.19)
An¥T = / deT,m 7, w)Soim (6, w)e™Pe” (9.20)
lym

This decomposition allows us to decouple the angular and radial dependence of the
scalar field. Indeed, we obtain the standard inhomogeneous differential equation for
the radial field Xj,,(r,w):

d2

A

+V (r2 + a2)3/2

X (r,w) = Ty (r,w), (9.21)

where V is the effective potential and can be found, for example, in [429]. We can
obtain T, as a function of T' by inverting Eq. (9.20]) using the properties of the
spheroidal harmonics:

Tim (1, w) = 2/dtd9d¢2 sin 0TSy, e mPet (9.22)

We can now substitute Eq. (9.17)) into Eq. (9.22)) and perform the integrals in 6 and
¢, through integration by parts and the properties of the § function. We finally
obtain
4dud
2]
+ (0 — Q 6t)50lm(2 mSe)imd(r —ro)| . (9.23)

5(mSe — w) [Sglm(g, m)8r8,8(r — 1) — 5@ SOlm( ,m€)808(r — 1)

Tlm:
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Note that the displacements along the t and ¢ directions are proportional to each
othelﬂ This is a consequence of the chosen equatorial circular motion. In fact, for
circular equatorial orbits, performing a displacement §¢ corresponds to moving the
particle along the orbit by an angle proportional to 2.0t and vice-versa. In particular,
for prograde orbits such that €. > 0, by considering a positive displacement d¢ = Q. 0t
the sum of these two terms is zero. This is because the angular term d¢, if positive,
shifts the particle along the circular orbit in a clockwise way. A shift dt along time
instead, corresponds to ¢ = Q.(t + 0t), i.e. ¢ — Q.0t = Q.t, so that at time ¢ the
particle is actually displaced by an angle —§2.0t = —d¢ with respect to its original
position in the counterclock direction. For retrograde orbits, the effect is clearly
reversed. In general, as these terms are proportional, we can neglect from now on
shifts along time, and simply re-absorb them as shifts along the ¢ direction.

9.3 Dipole-induced scalar fluxes

9.3.1 Analytic derivation

The solution of the inhomogeneous equation (9.21)) can be found using the stan-
dard Green function in terms of two independent solutions of the corresponding
homogeneous equation. The latter have the following asymptotic behavior:

XOO7T+ ~ eil'f'*k

sl ot as r — 00,74 (9.24)

where ky = w—mSQy, Qp being the angular velocity of the BH horizon, and ko, = w.
The solution of the inhomogeneous equation reads

T Ximew

lew(r) = 1lew/ ds Time X, lmw + W™ 1lew/ ds 32—{—@2 ’

9.25
V2 + a2 ( )
where W is the Wronskian of the two homogeneous solutions. To evaluate the fluxes

we are interested in the asymptotic behaviour of the solution (9.25)) at infinity and
at the horizon. Using Egs. ) and -, we get

Xz"n‘il = Zip,0(me — w)@”””“*, , (9.26)
Xin =27 §(mQ. — w)emSe= i, (9.27)
where
0o,r _14mpd XT+’OO(T)
Zprt =Wt (R+6 + ) lmw 2 (9.28)
mw P 5
1 vrita?| _
with
R = sglm(g, mQ)ordy, (9.29)
ds;:
b = imSSlm(g, me)6. (9.31)

2Note also that both terms are proportional to the azimuthal number m. While this is obvious
for the derivative with respect to ¢, it arises also for the time derivative because the latter brings a
factor w, and circular motion implies w = m§2..
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The fluxes at infinity and at horizon can be computed from the ¢ — r component
of the scalar field stress-energy tensor,
dE
Foop, = —2I% — lim [ dQXT®), (9.32)

dt r—00,T 4

Finally, using Eq. (9.28)), the fluxes read:

dE
Foo = —2=N"12>2 ?’m?Q? 9.33
dt ;n] lmw| m c) ( )
F dE“r T+ |2 2Q Q Q
T :%]Zlmw\ m2Qe(Qe — Q). (9.34)

In the next section, we will compute numerically the dipole-induced scalar fluxes
and highlight the differences with respect to the monopolar case. For an immediate

comparison, we report here also the quantities Zﬁ;g* characterizing the monopolar
case: .
- 4mpd v X, 2 (r)
Z2om = WL m S (S mQ,) e L : 9.35
Imw |t| 0lm(27 C) m e ( )

Even by a first qualitative analysis, a crucial difference can already be highlighted
from dimensional considerations. From Eq. , one sees that the inhomogeneous
solution, both at the horizon and at infinity, depends on the sum of three terms
proportional to the components of the dipole moment vector, drd/u, d0d/u, dé¢d/p,
respectively. First, we point out that the radial displacement is of the order of
the secondary length scale, dr = O(u). Moreover, the term features O,
which is O(M~1). As for the angular displacements, they can be roughly estimated
as 06,0¢ ~ arcsin(u/ro) ~ p/ro S p/M, from which 00,5¢ = O(q). Thus, the
terms ({9.29)), (9.30), (9.31]) are all of the order O(g). This immediately tells us that
Eq. (9.28)) scales as the mass ratio squared, ¢2, and the fluxes are proportional to ¢*.

In the case of a monopole instead, the fluxes are proportional to ¢2. Therefore,
emission from a dipole is intrinsically suppressed by a factor of ¢>.

If we instead consider a configuration where both a scalar monopole and a scalar
dipole are present (as we shall do in Sec. , the fluxes will be proportional to
the square of the sum of the two terms (9.35)) and (9.28]). Hence, due to the double
product of these two terms, the lowest order correction to the scalar monopolar
flux due to the presence of the dipole will be proportional to ¢3. This resembles
the contribution of the spin of the secondary compact object to the gravitational
fluxes [430] 431, 432], which also enters at next-to leading order in the mass-ratio.

9.3.2 Numerical results

In this section we discuss the numerical results for the fluxes in the purely dipolar
case. We consider an EMRI around a nearly-extremal Kerr BH with spin a = 0.99M .
As we shall discuss, even if this choice maximizes the effect of the dipole, the latter
is typically negligible. In all cases we compute the fluxes by summing the multipolar
contributions up to ! = 17 and for all m = -, -l +1,...,1 — 1,1.

The GW emission is studied by varying the radial coordinate ry of the center of
mass of the secondary, and therefore its tangential velocity v = 2.7, which increases
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as rg decreases. We will confront the dipole fluxes with the ones obtained in the
monopolar case in the same setting [312] [314].

Recalling that, without loss of generality, we can set dt = 0, we can focus
on the fluxes given by the three main possible orientations for the dipole, which
are p' = d(67,0,0)/p, p* = d(0,66,0)/p, and p* = d(0,0,54)/u, respectively (see
Fig. [9.1)).

| &

Tl T | x

P =—(00,54)

Figure 9.1. Schematic representation of an EMRI with a fundamental secondary dipole
moment p. We show the the three independent orientations of the dipole considered in
this work. A generic orientation can be expressed as a linear combination of these three.

Given that the mass ratio enters the fluxes as an overall factor, it is convenient
to normalize both the dipolar and monopolar fluxes normalized in a suitable way.
For a given orientation of the dipole, we can define the normalized fluxes Fp and
Fur as

Fy = (4n)2*d*Fyr,  Fp = (4m)°¢*p* Fp. (9.36)
Here Fp (F)r) is the flux obtained from Egs. (9.33)) and (9.34) using the Zj,;,, given
in Eq. (Eq. (9.37))) for the dipolar (monopolar) case. Also, p is the magnitude
of the dimensionless dipole vector, see Eq. . Using this normalization, Fp and
Fur are independent of the dipole moment, charge, and mass ratio. However, for
the purpose of a comparison one should keep in mind that, for the physical fluxes,
Fp/Fu =0(¢?) < 1.

Figure shows the behaviour of normalized dipole emission (solid curves) in
the p' = d(0, 060, 0)/u case (in which the dipole is orthogonal to the equatorial plane
and therefore precession in absent) in comparison to the normalized monopolar
emission (dashed curves). In this configuration, for any orbit, the dipole emits a
normalized flux that is always smaller than in the monopolar setup at least by one
order of magnitude, both at horizon and at infinity. This is due to the dependence

on digém (5,mf2) in the dipole emission. Indeed, it is easy to see that when the
derivative of the spheroidal harmonic is computed at § = 7/2, the (polar) m = £
contribution to the fluxes, which usually is the dominant one, is identically zero.
The first non-zero contribution comes from the axial mode m = +(I — 1), which is
typically smaller.

In Fig. we show the behaviour of normalized dipole emission (solid curves) in
the p' = d(6r,0,0)/u setting, where the dipole moment lays on the equatorial plane
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Figure 9.2. Solid curves: normalized scalar emission at infinity (black) and at horizon
(orange) for a fundamental dipole with normalized moment p’ = d(0, 66, 0)/p, namely
the case in which the dipole is parallel to the spin of the primary BH. Dashed curves:
for comparison we show the normalized scalar emission at infinity (black) and at horizon
(orange) for the case of a fundamental charge.

in radial direction. We notice that the relative importance of the dipolar flux with
respect to the monopolar one increases in regions of the spacetime with a stronger
gravitational field. The normalized flux at infinity peaks at the innermost-stable
circular orbit (ISCO), where it is larger than the normalized monopolar one by
almost two orders of magnitude.

Figure shows the normalized dipole emission (solid curves) in the p' =
d(0,0,0¢)/u setup. This trend shown in this plot is similar to the previous one.
Overall the dipolar flux in this setting is always smaller than in the case of radially
displaced dipole, but significantly larger than in the case of dipole aligned with the
BH spin (Fig. [9.2).

Note that, as expected, in all three cases the fluxes increase as the small compact
object gets closer to the ISCO since relativistic effects are amplified.

In the next section we will discuss the possible detectability of these fluxes, after
restoring the normalization factors in Eq. .

9.3.3 Estimates for the fundamental dipole in various models

In order to give a rough estimate of the actual effects of fundamental dipole moments,
we need to consider the physical fluxes in Eq. and plugging in realistic values
for the (dimensionless) scalar charge and dipole moment.

Using Eq. and the numerical results of the previous section, we now wish to
roughly estimate the minimum value of p that could possibly give detectable effects.
An order-of-magnitude estimate can be obtained by computing the ratio between
the physical dipolar and monopolar fluxes, Fp/ Fj, and extract the minimum value
of p for which the fluxes are comparable, Fp/ Fir ~ O(1).

In the monopolar case, the smallest charge that would lead to a detectable effect
for the scalar emission from a monopole is d ~ 1072. This was shown in [314] both
by computing the GW dephasing due to the scalar emission and by performing
a more rigorous parameter estimation. We can therefore estimate whether the
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Figure 9.3. Same as Fig. but for for the case of a radial dipole moment along the
equatorial plane.
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Figure 9.4. Same as Fig. but for the case of a dipole moment with dr = §6 = 0.

dipole emission is comparable to the flux generated by the monopole setup with this

minimum detectable value for the scalar charge, using realistic values of p. We also

assume a mass-ratio ¢ = 1074 in order to minimize the suppression factor between

dipole and monopole while remaining well within the extreme mass-ratio limit.
The fluxes ratio reads

Fp  Fp (pq)2 4< q >2<0.01>2]-"D )
_ =10 _1 ) = pe. 9.37
FM .FM d 1074 d fMp ( )

Near the ISCO, for nearly-extremal BHs, the maximum normalized ratio is Fp/Fs ~
102, as shown in Fig. This leads to

Fp _ g \?/0.01\?

Therefore, in order to require a dipolar flux comparable to the monopolar one,
p ~ 10.

To assess whether this value for our fundamental dipole is realistic, we consider a
few significant examples. The first one is the magnetic dipole moment of a neutron
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star. Of course in this case the dipole moment is due to the electromagnetic field,
but we will use the intuition from our scalar dipole as a proxy. The dipole moment of
a neutron star can be estimated as BR?, where B is the typical magnetic field and R
the radius of the star [433]. If we assume standard parameters for a magnetar [411],
B ~ 10G and R ~ 12 km, we obtain a dipole moment p ~ 1072, Thus, from
Eq. , even in the case of extreme magnetic fields and in the most optimistic
scenario the dipole flux is 10 times smaller than the minimum detectable monopole
flux.

The same occurs for the dipole moment of the recently constructed globally
neutral topological solitons [434]. Such solutions are constructed by two opposite
charges held at a given distance. While their dipole moment depends on the
parameter space, in our units these solutions are characterized by p < 1 [434].

Furthermore, in the context of quadratic gravity theories with scalar fields coupled
to quadratic curvature terms (which most notably include scalar Gauss-Bonnet and
dynamical Chern-Simons theories) dipole hair can grow dynamically [413]. In this
scenario the dipole moment is completely determined by the value of the monopole
hair yielding p ~ d. In Chern-Simons gravity, dipole hair is proportional to the BH
spin and is therefore bounded also in this case [413]. Likewise, fundamental dipoles
can be produced in theories with spin-induced scalarization [414] [415] 416] [417] at
the level of p ~ d.

Overall, for generic values of d, Eq. implies a very large magnitude,
p = 103d, for the dipole flux to be comparable to the monopole one for ¢ = 107%.
Furthermore, the estimate is already very optimistic, as it assumes the smallest
detectable value of a scalar charge d, a moderate mass-ratio ¢ = 10™%, and the
maximum possible normalized ratio Fp/Fys, obtained near the ISCO of a nearly
extremal central BH. If these assumptions are relaxed (i.e., for smaller mass ratios,
larger values of the charge, moderately spinning BHs, and less relativistic orbits),
the flux ratio is even more severely suppressed.

We conclude that, for typical values of the dipole moment predicted in various
models, the effect of a dipole flux is negligible.

9.3.4 Mixed case: charge+dipole

Until now, we have neglected the presence of a putative scalar charge and focused
purely on the dipole contribution, assuming a globally neutral secondary. One might
wonder if, in a scenario where both a scalar charge and a dipole are included, the
corrections to the total flux due to the dipole are more significant. Indeed, as already
mentioned, in this scenario the lowest order contribution from the dipole scales as
¢° instead of ¢*. In this section, we will therefore compute the fluxes in this mixed
case and show that, also in this case, one needs large values of the dipole moment
(p ~ 1) in order to have appreciable deviations from the purely monopolar case.
We have studied the relative difference in the same optimistic scenario of the
previous section, i.e. a = 0.99M, ¢ = 107* , d = 1072, by considering different values
of the dipole moment, namely p = 1072,0.1, 1, 10. Moreover, we have considered the
purely radial dipole case p* = d(dr,0,0)/u, since our previous analysis showed that
in this orientation the dipole contribution is maximized. Figure [9.5) shows the total
fluxes (continuous lines) and the purely monopolar ones (dashed lines) as functions
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of the orbital velocity and for increasing values of p. Below each panel we also show
the corresponding relative difference between monopole+dipole and purely monopole
cases.

It is clear that also in this mixed case the presence of a nonvanishing dipole
moment has a small impact on the total emission. For realistic values as p ~ 0.01,
the total flux is larger than the the purely monopolar case at most by ~ 0.1%. If
we assume a larger dipole moment, p &~ 1, the maximum deviation from the purely
monopolar case is at most 15%, whereas for p ~ 10 the monopolar and dipolar
contributions are of the same order. Nevertheless, as already mentioned, such values
of p are unrealistic and these corrections are obtained in the most optimistic scenario.

9.4 Conclusions

Motivated by various scenarios predicting globally neutral compact objects endowed
with a dipole moment, we have developed a model-agnostic framework to compute
the GW emission from a fundamental scalar dipole in EMRIs.

We found that the extra flux associated with the dipole moment is suppressed by
the square of the mass ratio relative to the case of fundamental charges, making its
detection with EMRIs very challenging for the typical values of the dipole predicted
in various models. Even in the most optimistic scenarios, we estimated that, as long
as the dimensionless dipole moment p < 10, its effect would be negligible for LISA.

This negative conclusion is based on a simple comparison between the dipole and
monopole fluxes. Although the strong suppression suggests that our conclusion is
solid, it would be important to confirm this expectation through a proper parameter
estimation, along the lines of [314] [339] for the case of fundamental charges. In
our case, however, this would come with the extra cost of properly taking into
account the dipole precession during the evolution. Indeed, we have found that
the only case in which precession is absent (when the dipole is parallel to the
spin of the primary) is also the one in which dipole emission is more suppressed.
For the most promising cases (any other orientation of the dipole) one needs to
consistently evolve the dynamics of the dipole moment, similarly to the case of a
secondary spin [435], 436, 437, 438]. It is also possible that precession helps make
the effects of the dipole moment more prominent, as recently found in the context
of post-Newtonian theory for comparable-mass binaries [439].

Although in our settings the effect of a fundamental dipole on the EMRI fluxes
seems pessimistically small, for the same reason we estimate that if the secondary
is endowed with both a charge and a dipole, the effect of the latter are typically
negligible for constraints on and detectability of the former. This suggests that the
estimates in [313], 314 [336), 337, 338, 339] should be robust against the inclusion of
extra dipole effects. The mixed case is less suppressed by the mass ratio and is in
fact very similar to that of an ordinary EMRIs with a spinning secondary [430), 432]
for which the secondary spin is indeed not measurable with LISA, at least when
neglecting precession [431]. In this context it would be interesting to include our
effect in a more accurate self-force model, see [440)] for very recent related work.

Finally, while the case of a fundamental scalar dipole might be interesting on its
own in the context of modified gravity and physics beyond the Standard Model, we
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have also used it as a proxy for an intrinsic electromagnetic dipole, which is of direct
astrophysical interest for magnetars. It would be very interesting to extend our work
to the vector case, generalizing [338], 339] to the case of fundamental vector dipoles.
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Figure 9.5. First and third row of panels: mixed case fluxes normalized by (47)%u2d? (solid
lines) compared to normalized monopolar fluxes (dashed lines) for increasing values of p
(p =0.01,0.1,1,10). Second and fourth row of panels: corresponding relative difference
between the fluxes at infinity for the same values of p. The spin of the BH is fixed at
a = 0.99M and the orientation of the dipole is given by p* = d(ér,0,0)/u.



153

Chapter 10

Novel tests of gravity using the
stochastic GW background

Summary

Gravity theories that modify General Relativity in the slow-motion regime can
introduce nonperturbative corrections to the stochastic gravitational-wave back-
ground (SGWB) from supermassive black-hole binaries in the nano-Hertz band,
while remaining perturbative in the highly-relativistic regime and satisfying current
post-Newtonian (PN) constraints. We present a model-agnostic formalism to map
such theories into a modified tilt for the SGWB spectrum, showing that negative
PN corrections (in particular -2PN) can alleviate the tension in the recent pulsar-
timing-array data if the detected SGWB is interpreted as arising from supermassive
binaries. Despite being preliminary, current data have already strong constrain-
ing power, for example they set a novel (conservative) upper bound on theories
with time-varying Newton’s constant (a —4PN correction) at least at the level of
G/G < 107 5yr~! for redshift z = [0.1 + 1]. We also show that NANOGrav data are
best fitted by a broken power-law interpolating between a dominant -2PN or -3PN
modification at low frequency, and the standard general-relativity scaling at high
frequency. Nonetheless, a modified gravity explanation should be confronted with
binary eccentricity, environmental effects, nonastrophysical origins of the signal, and
scrutinized against statistical uncertainties. These novel tests of gravity will soon
become more stringent when combining all pulsar-timing-array facilities and when
collecting more data.

10.1 Tests of gravity using PTAs

Pulsar timing arrays (PTAs) offer a unique way to probe gravitational-wave (GW)
astrophysics at the nano-Hertz (nHz) scale. In 2020, the NANOGrav collaboration
first reported evidence in their 12.5 year dataset [352] for a common spectrum of a
stochastic nature, which provided the first hint of a stochastic gravitational wave
background (SGWB) signature. However, in these data, there was no statistical
evidence for a quadrupolar spatial correlation (also denoted as Hellings-Down (HD)
curve), necessary to interpret the signal as a GW background consistent with
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General Relativity (GR). Remarkably, the more recent PTA data released in 2023
by the NANOGrav [298] 299], EPTA (in combination with InPTA) [300} B30T, 302],
PPTA [303}, 804, 305] and CPTA [306] collaborations, found evidence for a HD angular
correlation, typical of an homogeneous spin-2 GW background and consistent with
the quadrupolar nature of GWs in GR [348].

The latest NANOGrav 15yr (henceforth NANOGrav15) data found evidence for
a smooth power law, Qaw f(1‘6’2'3) at 1o. It is well known that a SGWB sourced
by supermassive black hole (SMBH) binaries would be characterized by a scaling
law Qqw o f2/3 [349], which is currently disfavoured at 20 by the NANOGrav15
data [326], 327]. Nevertheless, environmental and statistical effects may play a relevant
role, and lead to a steeper scaling [3211 322 323, 324, [325], [326), 327, 328, 329]. Even
though with current data it is not possible to rule out a cosmological origin for the
observed signal — such as coming from first-order phase transitions [353], 354] [355], 350,
357, 1358, 1359, [360, 361, 362, 363, 364] [365], cosmic strings and domain walls [366]
367, 368, 369, 370, B71), B72, 373, 874, 375, 376l 377, 378, B79, 380, 381, [382], 383], or
scalar-induced GWs generated from primordial fluctuations [384] [385] 386, 387, [388,
389, 1390, 3911, 1392, 393}, 1394), 395}, 396, (397, 398 [399], 400, 1401, 402}, (403, 404}, [405], [406]
(see also [441], 1442, 1443, [444), 445, 446, [447]) — the SMBH hypothesis remains the
leading explanation. Assuming the signal had astrophysical origin, one can greatly
constrain the scenario and the physics governing SMBH binaries.

In principle, also modifications to GR (see, e.g., [34, BI5] [17] for some reviews)
may play a crucial role and lead to a different prediction than the standard scaling
expected for SMBH binaries (including correlation patterns deviating from HD
[448, [449], 450}, [451]). Indeed, many known theories beyond GR induce new effects
at negative post-Newtonian (PN) orders. Examples include dipole radiation in
scalar-tensor theories at —1PN, or the effects of extra-dimensions or a time-varying
Newton constant, both at —4PN (see e.g. [I7, [I8, [407]). Given that BH binaries
in the PTA band have extremely large orbital separation during the early-inspiral
phase, one could expect negative PN modifications to GR in this regime to play a
much more relevant role than in the coalescence phase typically explored by ground-
and space-based detectors [16], 452, [453), 297, [410].

In this work, we analyze the impact of generic effects at negative PN orders in light
of the recent results of the PTA collaborations. We show that the recently detected
SGWRB allows for novel tests of GR. On the one hand, slow-motion modifications to
GR can alleviate the current tension in PTA data and, on the other hand, we can use
current data to place stringent upper bounds on putative negative-PN modifications,
e.g. theories predicting a time-varying Newton’s constant, G(¢), in an unconstrained
region of their parameter space [454].

10.2 SGWB spectrum in modified gravity theories
The Hamiltonian of a binary system, corresponding to the centre of mass binding
energy reads, at the Newtonian level,

E = m?/2 — Gmyma /7, (10.1)

where m1, my are the masses of the objects, r is the relative orbital separation,
v is the relative orbital velocity, and p is the reduced mass. Here we adopt a
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theory agnostic approach and consider model-independent modifications to GR. In
particular, we consider dissipative corrections to the rate of change of the binding
energy, at generic PN ordeIEI:

E = Ecr|1+ B(GTm)q} , (10.2)
where m = my + mg is the total mass and Egr = %G}ﬂwﬁr‘l is the standard
GR energy flux. This approach was widely considered in the literature in the
contest of the parametrized post-Einsteinian (ppE) framework [455] [456] 1407, 457].
Nevertheless, in the ppE formalism these corrections are always assumed to be much
smaller than the GR term, and hence treated perturbatively. Here we remove this
assumption, as we are interested in a seldom explored regime where these terms
might dominate over the GR ones at the nHz scale. To compute the impact of this

modification in the energy spectrum of GWs, we can simply express the latter as

dEaw _ Ecr
dw w

(10.3)

As we focused on purely dissipative corrections to GR, the binding energy is not
modified, and one can therefore assume the standard Kepler’s law relating the orbital
radius to the frequency at the leading order, r = (Gm/w?)'/3. Using the latter, and

combining Eqs. ((10.1) and (10.2]), we can compute the rate of change of the orbital
frequency,

.96 53 2/3 113 Gmya
W= g,uG mw [1 + B<T> } . (10.4)
Finally, the modified GW spectrum reads
dEaw o %Gz/3um2/3w—1/3 105
dw 1+ B(Gmw)2a/3 ~ '

In the B = 0 limit this equation coincides with the standard GR one, where the
only dissipation channel is ordinary GW emission, and leads to the standard scaling
Qaw o fdEgw/df ~ /3, where f = w/m is the GW frequency. On the other hand,
if

B(Gmrf)?3 > 1, (10.6)

the modified scaling reads
2
Qaw o f30179) (10.7)

Modifications of the energy flux for negative PN orders (¢ < 0) lead to a steeper
scaling, as expected. In particular, a dominant —2PN correction (¢ = —2) would give
Qaw o f2, compatible with the peak of NANOGrav15 posteriors for the tilt [298],
as we shall also discuss later on. Taking ¢ = —2 as an example, from Eq. one

has 4/3 4/3
_ m f
B>4x107" : 10.8
> (109M@> (nHz) (108)

LOne can also include a similar parametrization for the conservative corrections to the binding
energy of the binary [455] [456]. For our purposes nevertheless, it is sufficient to focus only on
dissipative corrections. Indeed, typically conservative corrections arise at higher post-Newtonian
order and are therefore subdominant in the early inspiral [407, [18].
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On the other hand, the requirement that the same correction remains perturbative
during the inspiral of a coalescing binary imposes B < (Gmwlsco)ﬁq/ 3~ 0.03 (for
q = —2 and where wigco is the reference frequency of the innermost stable circular
orbit), regardless of the binary mass. Thus, there is a wide range in which the
coupling B satisfies the inequality while introducing a small correction in the
coalescence phase. This range becomes even wider for more negative PN corrections.

Note that this general formalism includes several classes of gravity theories [18],
but also several environmental effects that provide dissipation mechanisms at negative
PN orders [33], 255], 458], leading to a steeper scaling [322, 459, [328]. Examples
include accretion and dynamical friction (¢ = —5.5), stellar scattering (¢ = —5), and
interaction with circumbinary gas (¢ = —3.5). Finally, large eccentricity (e 2 0.6)
also provides a steeper scaling [350, [351] which can be fitted by multiple power-law
phases with ¢ =~ —7.1 and ¢ =~ —2.8.

10.3 The case of varying G

Before delving into an actual confrontation with PTA data in the next section,
let us discuss the strong constraining power of current data through a heuristic
argument and considering a specific example. Alternatives to GR can violate the
strong equivalence principle and in some case break local invariance [34]. Some of
them predict a spacetime variation of the effective Newton constant, for example
mediated by a scalar field on cosmological scales [36] or in the presence of energy
leakage into small extra dimensions [460}, 461]. Here we apply our formalism to the
simplest and most studied case, promoting G to a function of time, G(t), with Gg
being its present value [462] [463]. Several constraints to the first derivative of the
Newton constant, G, have been considered at different scales. At cosmological scales,
bounds come from Big Bang nucleosynthesis [464] [465] 466] and cosmic microwave
background [467], which estimated G /Gy < 10~ 2 yr~—!, while in the solar system the
most stringent constraint comes from a detailed analysis of Mercury’s orbits, yielding
G/Go < 107" yr~! [468]. Nevertheless, the former constraint assumes a linear
scaling of G(t) throughout the entire cosmic history, while the latter is obtained
in the solar system at zero redshift. On the other hand, GWs offer a unique probe
of local variation G at intermediate epochs [463, [469], being thus complementary
to the aforementioned constraints. Depending on the specific GW source, one can
place constraints at different redshift z. In particular, PTAs are sensible to systems
at z ~ [0.1 + 1] [326], and hence they can provide complementary constraints to
the low-redshift ones which were placed using binary pulsars [462], 470} [471] and
LIGO [16]. On the other hand, the future space mission LISA will be able to provide
bounds at similar redshifts [463], 472 473, [469]. Here we show that using the recent
PTA detection of the SGWB it is possible to place competitive bounds already with
current data. The GW emission power in these theories depends on the time-varying
Newton constant,

32

= — G)f(t
S [FMG SO
where M, is the binary chirp mass. Using Eq. (10.1)) (with G — G(t)) and the
balance law, one can compute an expression for the secular variation of the GW

, (10.9)

B } 10/3
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Figure 10.1. The posterior distribution for Qgw in each frequency bin f; reported by the
NANOGrav collaboration, including HD correlations (gray violins). We also show the
best fit spectra obtained by inserting a specific PN correction in the model, i.e. assuming
a BPL spectrum with np = 2/3(1 —q) at f < f, and ny = 2/3 at f > f,. The black
dashed line shows the best fit assuming GR scaling Qqw o< f2/3.

frequency valid at all orders in G [469):

78/3 G
f= DTGB AB/3 1B (E)f (10.10)

The first term above is the standard GR one, while the second term is the modification
due to the variation of G. Using the above relations, one can straightforwardly
compute Eq. - If the first term dominates over the second one in Eq. m,
one obtains the standard scaling Qaw o f2/ 3 while in the opposite regime, i.e. if G
is large enough, one obtains the scaling

Qaw o 193 (10.11)

which corresponds to ¢ = —4, i.e. to a —4PN order effect, in agreement with the ppE
mapping of this correction in the perturbative regime [463, [I8]. Hence, theories with
a time-varying G' can be directly mapped into our generic framework. The obtained
scaling deviates more than 30 from the recent NANOGrav15 measurement,
which can in turn be used to place constraints on G. Assuming for simplicity that
all binaries have same redshift and equal masses, m; = mg = m/2, one finds that

the spectrum (|10.11)) is obtained if

8/3 5/3
* —-9__—1 f m
G/Gp> 4.6 x 10°yr <nHz> <1O9M@) , (10.12)

which is therefore excluded by PTA measurements.

10.4 Confrontation with NANOGrav 15 Dataset

After the heuristic analysis above, we now focus on the most constraining PTA
dataset, which is the one reported by the NANOGrav collaboration [298]. Assuming
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Figure 10.2. Fit of the NANOGrav1) dataset, assuming a BPL model with break frequency
at fp. For f > f, we always assume ny = 2/3 as predicted by GW-driven, circular
SMBH binaries in GR. Left: The low-frequency tilt np is left free to vary. As fj, increases,
the constraint becomes more stringent, and converges towards the single power-law
result. The colored vertical lines indicate the 20 range for np(f < f;) while the dashed
vertical lines indicate ny = 2/3 and 10/3 corresponding to GR and —4PN corrections,
respectively. Right: The low frequency tilt is fixed assuming a given negative ¢PN
correction, ny = 2/3(1 — ¢q) for ¢ = —1,...,—6. The posterior distribution for f;,
indicates the preference for negative PN corrections (i.e. steeper spectra than oc f2/3).
As a consequence, we always find lower bounds on fj,, while for ¢ < —3 upper bounds are
also obtained. The light vertical lines indicate the location of the NANOGrav frequency
bins.

the signal to be a power-law (PL), this corresponds to a fraction energy density in

GW today as [474]
om2A2f2 [ £\
Qew(f) = —7o <> ; (10.13)
3H§ fyr

where Hy is the current Hubble rate, fy, = (1 yr)~! ~ 32 nHz, whereas A and
np are the amplitude and spectral tilt, respectively. In Fig. [I0.1] we show the
posterior distribution for the SGWB abundance Qgw(f) (gray violins), obtained by
the NANOGrav collaboration fitting their data with the inclusion of HD correlations,
in the first 14 bins.

We perform a maximum likelihood analysis to derive bounds on the tilt of the
spectrum as a function of frequency, and compare this with the circular inspiral
prediction Qqw o f2/3. The full log-likelihood is computed as

nL(0) = Inpp (Qaw(/l0)) (10.14)
P

where 0 is the parameter vector characterising the models (e.g., amplitude and tilt
for the power-law model), while py is the likelihood for each frequency bin k.
First, we assume that the SGWB spectrum is described by a power law in a
certain number of the lowest frequency bins, hereafter denoted as Npi,. We show
the resulting 20 range for the spectral tilt in Table (PL case).
We can also assume the SGWB spectra to be described by a broken power-law
(BPL) where the low-frequency tilt (f < fp) is fixed assuming a given negative PN
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frequency nHz] | Ny | n3”  nP™
fa = 3.96 2 |3.029 22+28
f3=5.93 2.371T 1.9F12

3

fa=7.92 4 | 20133 2158
f5 = 9.88 5 | 21712 20754
fo=11.9 6 | 21712 22759
fr=13.9 7 21712 22708
fs = 15.8 8 | 24759 18198

0.9 0.8
fo=17.8 9 | 2209 20792

Table 10.1. We report the range of np at 20 obtained fitting the first Ny;, frequency bins
with a power-law (PL), or with a broken power-law (BPL), where we set ny = 2/3 only
at f; > fp. The first frequency bin is at f; = 1.98 nHz.

correction, np = 2/3(1 — q), while Qgw f2/3 for f > f;. In our model , this
occurs naturally: for fixed ¢ and B, f; corresponds to saturating Eq. , namely
fo = B /(xGm).

The corresponding 2-0 range for np, assuming different values of f, (correspond-
ing to the location of each NANOGrav15 bin) are also shown in Table . This
second version of the bounds are slightly more stringent, as additional information
is brought by considering all NANOGrav15 posteriors, while assuming the high
frequency range is described by the GW prediction. In Fig. [10.2] (left panel), we
show the corresponding posterior distribution for ny(f < fp), assuming the BPL
model.

One can also perform a different analysis and focus on a single PN correction (i.e.
fixing ¢) and derive the best fit parameters for the location of the break frequency
f». The posterior distribution for f; shown in the right panel of Fig. has
always significant support in the NANOGrav band, thus indicating the preference
for negative PN corrections (i.e. steeper spectra than 12/ 3). In all cases, we find
lower bounds on fj, while upper bounds are also obtained when ¢ < —3.

The constraints set on f, can be directly translated into constraints on the
parameter B using Eq. . We show this in Fig. [10.3] assuming for simplicity
that all binaries have the same total mass. The absence of support for B = 0 in
all cases with ¢ < 0 is due to the existing tension in PTA data with the standard
scenario Qagw f2/3.

For ¢ = —4 the posterior on B can be mapped into a bound on G /G, assuming
the latter to be approximately constant at the source’s redshift z ~ 0.5 dominating
the signal [326], see Fig. Even in the most conservative scenario (m = 109 M),
the bound on G /Gy is comparable to the projected bounds that LISA is expected to
place using quasi-monochromatic sources [469]. Due to the G o« m®/3 dependence,
in more optimistic scenarios (m < 10° M) the bound is only slightly less stringent
than what will be achievable in the LISA era by detecting SMBH coalescences
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Figure 10.3. Posterior distribution of B derived assuming only one PN correction is
active at the time. We left the explicit dependence on the total mass of the binaries,
conservatively normalised to the value of m = 10° M. These constraints are derived
from the BPL posteriors on f; in Fig. @
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Figure 10.4. Posterior distribution of G /G assuming two values for the binary mass,
m = 109 Mg and m = 10° M.

and extreme mass-ratio inspirals [463), 472, [473] at similar redshift (z ~ [0.1 + 1]).
Overall, the bound on G/Gy is also several orders of magnitude better than the
current bounds with LIGO/Virgo black—holeﬂ binaries [I8] [16], consistently with the
fact that a small-velocity nonperturbative modification in the nHz band can become
perturbatively small in the relativistic regime.

10.5 Conclusions and outlook

We argued that the recent groundbreaking PTA detection of a SGWB provides novel
avenues to test gravity in the slow-motion regime. The novel constraints derived
here are already competitive with those that the future LISA mission will place using
nonrelativistic binaries. More accurate and stringent constraints should be derived
by taking into account the mass distribution of SMBH binaries and its uncertainties.
Furthermore, we expect that the upcoming joint analysis involving all collaborations
within the International PTA framework will soon strengthen the constraints derived
in this work. Likewise, the PTA posteriors on the tilt will shrink in time as longer
duration datasets will be analyzed. Following the estimates provided in Ref. [476],
one may expect the uncertainty on the spectral tilt to scale with the observation

2Neutron-star binary GW170817 sets a bound G/Go < 10~ yr~' [A75], which anyway refers to
much smaller redshift, z ~ 0.01.
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time as oy, o< T, ()_192'9(5_7LT) (oc T2 %) in the intermediate (weak) signal regime, with
additional improvements given by the growing number of observed pulsars.

Depending on the specific modified gravity theory, binary pulsars [477, [17] can
provide more stringent constraints on negative PN terms than PTAs. However, a
direct comparison is challenging, since the coupling B can be source-dependent, for
example being zero for pulsars and nonzero for SMBHs, as it happens in several
theories for black-hole dipolar emission [407, 477]. As expected, PTA constraints are
more stringent for more negative PN terms. For example, even if a —1PN modification
were excluded at each frequency bin, the bounds derived from Eq. at the nHz
scale for ¢ = —1 would be at most the level of B < 6 x 10~%. This is more stringent
than those that can be obtained with LIGO at design sensitivity, but much less
stringent than the projected bounds on B with LISA sources [407, 472, [473].

In addition to placing competitive constraints on modified gravity, a more
ambitious possibility is to invoke slow-motion, beyond-GR effects to alleviate or solve
the tension in the latest PTA data if the detected SGWB is interpreted as arising from
SMBH binaries. While we showed that this is in principle possible without violating
current constraints, one should be careful with degeneracies with astrophysical
effects [321, [322) 323, 324), 325, 326, 327, 329], including large eccentricity [350,
351], and environmental modifications such as stellar scattering, interaction with
circumbinary gas, and dynamical friction [322] 459, [328]. In this context, since our
framework can accommodate both beyond-GR and environmental effects, it can
be used to disentangle these modifications (which often enter at different negative
PN order) through dedicated Bayesian inferences with more constraining future
datasets. Finally, future work can be devoted to confront our general model with
the hypothesis that the signal is due to, or contaminated by, sources of cosmological
origin [327].
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Chapter 11

General conclusions and future
prospects

In this thesis, working on two parallel tracks, I discussed some systems where
astrophysical black holes allow for a rich phenomenology beyond the SM and GR. In
the first case, I focused on the role of environmental effects and interactions in BH
superradiance. In particular, I showed how both features can dramatically change
the evolution of superradiant instabilities in different scenarios.

Plasma-driven superradiant instabilities were poorly understood, as a rigorous
application of plasma physics was never performed to describe the system. In chapter
I adopted a detailed plasma modeling that superseds the previous toy models
and showed how an efficient instability can develop at a linear level. Nevertheless, I
subsequently considered the fully non-linear system and shown how non-linearities
alter the capability of the plasma to confine EM radiation, and completely quench
the instability. The framework adopted to study linear photon-plasma effects in
curved spacetime can be adapted to a number of different studies. For example, it is
well known that plasma may hinder our ability to test BH charges using GWs, by
suppressing the EM emission in the inspiral and in the ringdown [96]. Nevertheless,
also in this case, current studies rely on toy models and lack a robust plasma
modelling using consistent plasma physics. Hence, a future extension will be to
employ the formalism outlined in section to these systems. Most crucially, while
in the SM case non-linear effects hamper the instability, in chapter [ I discussed how
a "dark" plasma can completely quench dark photon superradiant instabilities already
at a linear level. Indeed in this case, an additional dark plasma effective mass, easily
achievable in compelling dark matter models, alters the lifetime of the dark photon
modes, rendering the instability ineffective. Also in this case a natural extension
would be to generalize the analysis to the spinning case, possibly using the numerical
tools for non-separable plasma profiles developed in section [ Another outcome
of the thesis is to highlight, in chapter 5] the importance of plasma in parametric
instabilities triggered in the contest of axion superradiance. It was shown that plasma
can inhibit the decay of an axion into two photos as it dresses the photons with
an effective mass. Therefore, the presence of parametric EM instabilities induced
by axion clouds can be strongly suppressed. The development of the instability
depends on the ratio between the axionic coupling and the plasma density. Also in
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this scenario, an urgent and crucial extension would be to consider more realistic
plasma geometries and to include in the analysis the already mentioned non-linear
photon-plasma interactions. Most crucially, the presence of plasmas around an
astrophysical BH also plays a pivotal role in scalar tensor theories. In chapter [6]I
discussed how an accretion disk around a BH provides, in these theories, an effective
mass for the scalar degree of freedom of the gravitational sector, and can therefore
induce a superradiant instability. While the system resembles the plasma-driven
instabilities discussed in chapter 3] most of the obstacles hampering the latter can be
circumvented in this case. The linear analysis suggests that this effect can be used
to impose competitive constrains on these theories. Nevertheless, a fully non-linear
analysis is imperative to understand whether confinement can become ineffective in
this regime, as in the plasma-photon case discussed in section Finally, in chapter
[71 introduced a bilinear form for scalar perturbations under which quasi-bound
states are orthogonal at a fully relativistic level. This bilinear form allows to develop
a relativistic perturbation theory that supersedes the widely used non-relativistic
approximation [92]. This framework opens a number of possible studies. For example,
natural extensions would be to generalize it to spin-1 field , but also to perform a
detailed study of relativistic transitions between energy levels of a BH-boson cloud
in the presence of a binary companion [266].

In the second part of the thesis I discussed how EMRIs and supermassive BH
binaries allow for novel tests of GR. In the first case, in chapter [0 I studied an
EMRI system where the secondary object is endowed with a fundamental scalar
dipole. I showed how during the inspiral the contribution to the fluxes from
the scalar dipole is negligible, at variance with the well-known monopolar case
[335] 312 31T, B13, 314, 336], 337]. In chapter I focused instead on tests of gravity
using PTAs. I showed how the recently detected SGWB allows for novel tests of
gravity. In particular, I showed how it already allows to place stringent constrains on
some beyond GR theories. Crucially, a notable feature of the introduced framework
is the capacity to accommodate both beyond GR effects and environmental ones.
Given that the latter are expected to play a prominent role in these systems
[321], 1322 [323], 324}, 325, [326], 327, 328, [329], a natural extension of the study would
be to disentangle them from beyond GR effects using future data through robust
Bayesian inference.
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Appendix A

Polar sector in the cold plasma,
non-spinning limit

Here we derive the full potential for the photon-plasma polar sector in the different
setups considered in section We first consider a homogeneous plasma (wp) =
const) and then a generic radially-dependent density profile, i.e. wp = wpi(r).
Finally, we generalize the equation for the polar sector in the collisional case.

A.1 Homogeneous plasma case

From Eq. (3.21)), it is possible to find an expression for u,y in terms of u’(3). This

expression can be inserted in Eq. (3.22]) to get a single second order equation for the
decoupled variable wus):

; 2L+ Dw? + (f = 1) 22wy — fud (F(F+ D0+ 1) +2(f — Dr*w?) + (f = DrPw?
U(z) ~ )
fr (prl —w ) (f <l2+l+r2 ) — r2w?)
l2 l 2,2
+ug) (“2 - Al T;rr wpl)) fE=0. (A.1.1)

Eq. is still not in the form of a Schroedinger-like equation. We therefore
perform the following substitution: w3y = G(r)i(r), where G is an unknown function
such that with this transformation equation Eq. assumes the form d?¢/dr? —
V(r)y =0. We find G(r) = 7“_1\/]01”(l2 +I1+ 7"%)51) - r3w2\/r(fwgl —w?) ! and we
finally arrive at a Schrodinger-like equation in terms of the tortoise coordinate where
the potential has the following cumbersome form

d(r)
4 (w? — fwp?) (fIL+ 1)r + friwp? — r3w?)’

Vir) = (A.1.2)
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with

d(r) = —wt [ £* (320 + 1) + 7200+ r2wd ) + 2/ (< 1810+ 1) (2 + 1+ 1) r2wd
= P41+ 1) + 1) = 3610 + Drey — 200008 ) — 121 +1)?]
—w® (<1210 + 1)rt = 20fr0w ) —4rSw!0—w? 2% (<8121 4+ 1)? = 20I(1 + 1)rid)
+r (412(1 + 1220+ 1) + D)y + 48101 + 1)) + 4101+ 1)(91(1 + 1) + 5)rPwdy + Qomgl)
+ 203 (B4 1202 + 10+ Drdgy ) | — 4790+ Doy (2 41+ 4203

~2f%wl (<220 + 1) (1 + 1+ 1) wd — 61+ 1)rtwly — 20+ 1)(BU1+ 1) + Driwp — 2r%wh)

pl — pl — pl
—wO (2 (48101 + V)i + 41+ 1) (BU0+ 1) + 5)r? + 407wy ) — 30311+ 1)r? = 2f1(1 + 1)r?) .
(A.1.3)

Note that V — —w? asr—>2MandV—>w12)1—w2 as r — oo.

A.2 Non-homogeneous plasma case

The case of a generic radially-dependent plasma density proceeds in the same fashion
as the homogeneous case. We find the same expression for the function G with wp,
replaced by wpi(7). As in the previous case we then arrive to a Schrodinger-like
equation with an effective potential

d(r)

Vir)= 4 (w? — fwpi(r)?) (FUL+ 1)r + friwp(r)? — r3w?)’

(A.2.4)
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where

d(r) = w! [36 31(1+1)r% (=2f + 1P + 1+ 1) wpa(r)?+ PRI+ (F(=3F+41(1+1)+2)+1)
— 4P+ Vrep(r) ((9F = 5)r2w(r) — friwp(r))
AL+ D) () + T2+ 1) o () + 403wy (r)®]+
WP |2 fwp(r)? (S + DA(FBF — 4+ 1) = 2) = 1) + 4F90 + 1)rtaly(r)?)
— AfP (14 1) () + AP+ Drwp (r)® (207F = 3)r%w)y () — 2frwp(r))
— 48 (1 + 1) rtwp (r)® — 2311+ V)2 (F(=29f + 181(1 + 1) +10) + 1wy (r)*
—4f31(L + Vrep(r) (f2 (l—l—l)rw”( )+ 2fU(1 + Dy (r)) = 20fr%wp(r)?]
— 2% ()" (6101 + Dr —2f P41 (—f+ P +141))
+uS ( A8F21(1 + 1)rwp (r)? 40f2r6wp1( Y4+ 2£11+ 1)r2(F(15f — 611+ 1) — 10)+1))
47510+ D () (U= 5F)wfu(r) + frafa(r) + 12500+ Drtwp(r)®
+ 4 f(+ Drwp(r)® (P21 + Drw(r) + (f + D AU+ Depy(r)) = 4!
—AOU(A )P (A =311+ 1) = D (1) 447w (1) 040 (12£1( + 1)t + 20 fr0wp(r)?)
(A.2.5)

In this case the asymptotic behavior reads V — —w? as r — 2M and V —

w21(r — 00) —w? as 7 — oo. Obviously, the effective potential in Eq. (A.2.4) reduces

to Eq. - when wp = const.

A.3 Collisional plasma case

The polar sector in the presence of collisions on a nonspinning background depends
on the function F(r) = G(r)/H(r), where

G(r) =frw[(3f + 1) 21 +1) — 2i(f + 1)fl(l + 11w + 2i(f — 1) frirww?
—4i(f—1)r27'w3—|—4 -1 f?“ —i—21w Tw—l—z\f [2]"2 (I+1)+ (f—l)rzwﬂ
(A.3.6)

H(r)=2r {fngl —w(Tw + z\/?)} {(\/f —iTw) (fl(l +1)— r2w2> — ifrszwgJ )
(A.3.7)
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Appendix B

Field decomposition in Kerr

B.1 List of coefficients

In the following, we list the coefficients appearing in the decomposition of the plasma

equations in a Kerr background, Eqgs. (3.21)), (3.22) and ({3.23),
Ay =0, (B.1.1)

_ 2al(l+ 1) Mw?

(r(r — 2M))3/2" 4 (B-12)

m=

i 2,11
A= T2 — 20 )2 [ = 2amMr(M —r)(2M — ) u(s,
+ (2M —r)(2amM (QM(M —r)— 7’4w2> + 11+ D)rfw@M — r))u’(3)
+ 2amM (2M — r)r(2M? — 3Mr + r2)u'(2) + 2amMr3w? (r — M)us)

+ (r — 2M)(4damM (M2 — Mr— T4w2> —rhw(r — 2M) <l2 +1+ 7,2%2)1) +

et Yug), (B.1.3)
. 2aM 2 2 " 2 4,2 /
Bi= = i —aary MM = 1) (2M2 = 3Mr + 12 uly + (2M — 1) (=2M% 4+ 2Mr + r?)
+ (M =) (@M =) +12M = 7) +r*w?) ugy)] (B.1.4)
w
o = 2 A [—r(r— 2M)2u’(’3) +2M(2M — r)uy) + (r(r — 2M)2u’(2) +2M (r — 2M)) u(2)
+w <2amM - r3w) + 72 (r — 2M)w§1U(3)], (B.1.5)
2aM

G =

- 7’9/2(r — 2M)3/2 [ — I+ 1) (M —-r)2M — r)u'(3) — r4w2(2M — r)u'@) —I(l+ 1)r3w2U(3)

+ <l2 (2M2 — 3Mr + 7"2) +1 (QM2 —3Mr + r2) + r3w?(3M — 27“)) Uy,
(B.1.6)
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4daM
= oy —aapyra 1 = 2M)Puly + 2M (r = 2M)uy) (B.1.7)

+ (l2(2M —r)+12M —r)+ r3w2) Uy,

0 =

_ 4iamM 9 , 9
W= 5 — 20y [r(r — 2M)*ufs) +2M (r — 2M)u(z) — r(r — 2M ) ujy,

(
(B.1.8)

+ rPwlugg) + 2M (2M — 1)),

+ (w (QamM — rgw) + 2(r —2M) 4+ 1(r — 2M) + r*(r — 2M)wgl) Ugy] -
(B.1.9)

B=— [ —r(r —2M)?uyy + 2M (2M — r)u(y

B.2 Polar sector in Kerr

In the following, we outline the procedure to derive the polar potential from
Eqgs. , , by neglecting the terms multiplied by @ ,,, and using the expres-
sions given in Appendix Bl From Eq. , it is possible to obtain an expression
for u?Q) as a function of wuy), U(g),ul(3) and u’(’3). This expression can be then in-
serted in Eq. , obtaining an equation that only contains u), u(3), u’(g) and
u’(’3). Thus, by solving this equation, it is possible to write u() as a function of
the degree of freedom w3y and its derivatives, u)(r) = F[U(g,),u’(g), u’(’3)]. Inserting
this in Eq. allows us to obtain an equation for the decoupled variable w3,
which in general contains third-order radial derivatives. However, the latter are
O(a?) and can therefore be neglected to linear order in the BH spin. The resulting
equation is a second-order equation for the decoupled variable uz) in the form
az(r)ufy) + a1(r)ufs) + ao(r)u) = 0, where the coefficients a; are functions of r and
are at most linear in the BH spin. As in the nonspinning case, therefore, only one
degree of freedom is propagating in the polar sector.

The differential equation for u3) can also be written in a Schrédinger-like form
through a variable redefinition and in terms of the tortoise coordinate. At first order
in the spin, V — —(w? — 2mwQy) near the horizon and V — %2)1 — w? at infinity.
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Appendix C

Derivation of the 3+ 1 form of
the plasma-photon equations

Here we perform the explicit computation to obtain the field equations in the 3 + 1
form. For the EM field we avoid to rewrite the procedure and we refer directly

to [152]. We will thus consider only Egs. (3.4), (3.6]).

C.1 Decomposition of Eq. (3.4
Let us rewrite Eq. (3.4]) for clarity:
WVt = Sy, (C.1.1)
m
we have to project it separately on n* and on X;.

Projection on n*

Contracting Eq. (3.4]) with n, we obtain

nuu’Vyut = EFWanM. (C.1.2)
m

In the right hand side we have

EF“”uynu = —EE”uV - _ ‘g (3)u,,, (C.1.3)
m m m

where in the last step we used the fact that E* lies on ;. The left hand side requires
more manipulation. In particular we have that

npu’Vyutt = v’V (nut) — u'u’Von,
= —u"V,I' = u"V,n,. (C.1.4)
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Let us now consider only the second term:

Vo, = u'u’ 8N, Van, = utu? (B, — n*n,)Van,
= u"u"h N,V n, — u'nyuta,

= u”u“hAy(SUHV)\ng +Tutay,

= u”u“hAyhUMVAnU — u "W ,nn, VY an,

+Tutay,. (C.1.5)
Here we used the definition of the projection operator h*, = §*,+n*n,, the definition
of I', and defined the 4-acceleration of the Eulerian observer, a,, = n"V,n, = D, Ina.
Given that n#n, = —1 the second term in the last line vanishes. Furthermore, by

recognizing that K,, = —h)‘,/h"uv)\no, we can write the first term as — K, u*u".
Substituting all these terms in Eq. (C.1.2) we obtain

—u'V, '+ K yu'v” —Tu'D,yIna = _E pn (S)U#. (C.1.6)
m
Using now the decomposed form of u* (Eq. (3.71)) we can write

O = Bia,T — ald'd;T + aT K ;U' U — TU ;00 + %aEiui. (C.1.7)

Projection on ¥,

Let us now project Eq. (3.4) with h*:
" Vyu’ = %h"gF"”uy. (C.1.8)

In the right hand side we have
ih“UFU”uV = Eh“o(n”E” —n"E° + ®eAB)u,
m m
— S Bt £ ®aip, — Crpey STr@amApay.
m m m m

(C.1.9)

In the left hand side, instead, we start by substituting the decomposition (3.71):

P ' Vou® = hH u’V,(Cn + @u) = b u’n®V, I + Th* u¥'V,n® + b u’'V, Gu’
=Tr", (Tn” + Bu")V,n? + b _(In? + Ou)v, Oy
=T%pt a® —TK*, Ou’ + Th* n'V, By + GOy’ D, Oy,
(C.1.10)

where in the third step we used the orthogonality between n* and h*,,, while
on the fourth step we used the definition of the 4-acceleration a, and the extrinsic
curvature K. The covariant derivative D, has been introduced according to the
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definition D, ®ut = he k" N By, Let us now rewrite this equation in terms of
Uu*:
P ut NV’ =T2a" — T2K* UY + TUPn”V,T
+ 20k 0¥V ,U° +U"U'T D, T
+ TRk U DU . (C.1.11)
Now we wish to rewrite the spatial components of this equation in the form
of an evolution equation, and for this purpose we use a procedure similar to the
one in Egs. (A14) - (A20) of [I52]. First we note that for any 3-vector (V4
L, Byv = ntv, @yv (3)V“V,m”, so that
R A T S L T R
= h, L, OV —BVrRY (C.1.12)
Now, the Lie derivative can also be written in terms of partial derivatives, and
setting v = ¢ we obtain
eV, OVe = pl L, Ove - Oyikd

5]’

.
_lgepi Py ey Gy
« o J

[0 ajﬁz
~OVIKL (C.1.13)

where we made use of the explicit expressions of h#, and n*.

If we now substitute Eq. in the i-th component of Eq. , we get
R Vou’ =T%a" + TUN"V,T + U'UTD,T
+ 22 (ot — plou +uio;3')
+T2U DU’ — 2T K500 . (C.1.14)

Next, n*'V,I' = 1[0, — p'9,T'], which is given by Eq. (C.1.7). Substituting in
Eq. (C.1.14]) we obtain

W 'Vl = T2+ TU K iU — T2y 42

«
2

I i i 9.7 o i

+ E(atu — o’ + U0, ')

+ STU BU; + T2 DU — 2T K717 (C.1.15)
m

We are now ready to replace Eq. (C.1.15) and the spatial components of

Eq. (C.1.9) in the original equation (C.1.8) and isolate the evolution operator.
The result is:

oU' = BIOjU — U 9; 8" — aa’ — ol KU U
YO _UWEIUY + B+ ®dilgyy.
(B - et
+2aK5UT + UU 90 — ol DU (C.1.16)
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C.2 Continuity equation in 3 4+ 1 variables

Let us now use the variables that we have introduced to rewrite the continuity
equation Eq. (3.6). Using the decomposition u* = T'(n* + U") and the definition
of the electron density seen by the Eulerian observer, ng, = I'n., we can rewrite

Eq. as

0= VyunI(n* +U")| = Vu[ng (nt +UY)]
= n“V,ﬂLEL —i—U“VHnEL —i—nELVHn“—l—?”LELVMU“. (C217)

Expressing nV,np, in terms of Lie derivatives, Eq. (C.2.17)) can be written as an
evolution equation for ng;:

8tnEL = ﬁzaanL + OZKTLEL - OéulalnEL - OmELVMU“. (C218)
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Appendix D

Convergence and homogeneity of
non-linear photon-plasma
simulations

D.1 Convergence tests

We have evaluated the accuracy and the convergence properties of our code by
checking how the constraint violations scale with the resolution in two test setups
taken from the simulations presented in the main text.

Specifically, we considered the following quantities

CVGauss = azEl —engp + P(ions)> (D.l.l)

CVPlasma = F2(1 - Z/{zuz) - 1, (D12)

which, whenever nonzero, represent the violations of the Gauss law and of
the normalization condition in Eq. , respectively.

In order to asses the reliability of our code we show here the convergence in the
two most challenging nonlinear regimes: WB and blowout (although not shown,
the convergence of the linear regime is excellent). Starting from the former, we
repeated the simulation with Ap = 1 whose characteristic are described in Sec. [3.4.3]
using a lower resolution Ax = Ay = Az = 0.4, and increasing the grid size to
[—4,4] x [—4,4] x [-1450, 1150] in order to maintain 21 grid points along the = and
y directions. We also doubled the time step to At = 0.2, in order to keep the CFL
factor constant.

Figure shows the constraint violations C'Vigauss (left panel) and CVpiasma
(right panel) along the z axis at t = 830, slightly before WB happens (cf. lower panel
of Fig. [3.15)). In general, while for both the constraint violations there is a region
where they are dominated by noise, in the central region they show an excellent
fourth order scaling, and convergence is lost only for 65 < z < 75, where the WB
phenomenon is taking place.

We now move to consider the convergence in the blowout regime. We repeated
the simulation with A = 1000 using grid steps Ax = Ay = Az = 0.4 while
maintaining the CFL factor constant. As in the previous case we extended the
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Figure D.1. Scaling of the violations of the Gauss Law (left panel) and the condition

utu, = —1 along the z axis, for the simulation in the nonlinear regime with Ag = 1.
CVaauss and C'Vprasma are extracted at ¢ = 830, when the WB phenomenon starts taking
place. Overall the code converges extremely well, except in the region around the spike
of ng., where the constraint violation displays a peak. The insets show a magnification
of the constraint violations around this region.

grid to [—4,4] x [—4,4] x [-750,850] in order to have the same number of grid
points along the transverse directions x and y. We show the scaling of CVgauss and
C'Vplasma On the z axis at ¢ = 190 in the left and right panel of Fig. respectively.
We can see that the code converges extremely well, except in the region just behind
the peak of the plasma density (cf. lowest panel of Fig. [3.13)). However, we note
that the extension of the region where convergence is lost decreases as the resolution
increases, and that fourth-order scaling is restored in the plasma-depleted region.

10°
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T
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Figure D.2. Convergence of C'Vgauss(left panel) and CVpjasma (right panel) along the z axis

for the simulation in the nonlinear regime with Ag = 1000. The constraint violation
is computed at ¢ = 190, when the system is in the blowout regime. As we can see it
satisfies fourth-order scaling except in the region close to the “transported” plasma and
behind it, where the constraint violations have a peak. This can be better appreciated
in the inset, that contains a magnification of the constraint violation around this region.

Given the excellent convergence properties in the nonlinear regime, we conclude

that the code is reliable and produces accurate results at the resolutions used in this
work.
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Figure D.3. Profiles of E and ngy, along the transverse directions x (left) and y (right) at
z = 240 for the simulation with initial amplitude Ar = 1000. These data are extracted
at t = 180, where the system is already in the blowout regime, and in the spatial
region where the plasma density peaks. All the profiles are constant in x and y, with
values consistent between the two plots. This confirms that the homogeneity property is
conserved during the 3 4+ 1 simulations.

D.2 Homogeneity of the fields along the transverse di-
rection

Throughout all this work we used numerical grids whose extension along the trans-
verse directions x and y is significantly smaller than in the z direction. This has
the advantage of reducing considerably the computational cost, and can be done by
exploiting the planar geometry of the system under consideration. In this appendix,
we wish to show that homogeneity of the variables along the transverse directions
is preserved also at late times during the evolution, so that this grid structure is
compatible with the physical properties of the system for the entire duration of the
simulations.

For this purpose we consider the simulation in the nonlinear regime with Ap =
1000, and we extract the profiles of E*, EY, E?, and ng, along the x and y axes at
z = 240. This operation is performed at ¢ = 180 when the system is already in a
blowout state, and the value of the z coordinate is chosen to be where plasma is
concentrated at this time.

We show the results in Fig. [D.3] where the left and right panels represent the
profiles along the x and y axes, respectively. We see that all the profiles are constant
along the axes, and that the values are consistent between the two plots, confirming
that the system maintains homogeneity along the transverse direction.
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Appendix E

The master differential equation
of spin-1 fields in plasma

E.1 The master differential equation

In the following, we will rearrange the system of Eqgs. (4.6)-(4.8) into a single master
equation for the DP field. To do so, let us define the following projection operator

hoB = g 4y 2f (E.1.1)

which projects vectors onto hypersurfaces whose normal vector is the fermionic four
velocity. Then, we can decompose the derivative of the four-velocity as [130]

Vu” =0", +w”, —uuVou”, (E.1.2)

I

where the tensors #%° and w®® are the deformation and vorticity tensors, defined as
the symmetric and antisymmetric part of the tensor v** = h“ah”ﬁua; Gk

1

e;w = 5('0/1.1/ + Uuy) , (Elg)
1

Wy = i(vp,u - vl/,u,) . (E14>

Finally, we can decompose the background field strength in to an electric component
EY = F"Fy, and a magnetic one B, = hﬂah,/BFag, which leads to a definition of
the Larmor tensor for the DP: wi*¥ = —%BW.
To reassemble the system of equations into a single one, we can express the
perturbed four-velocity in terms of the DP field by projecting Eq. (4.6]),
— hp'/
axn
and insert it into Eq. (4.7)) to obtain

af (VL FF 12V, (E.1.5)

- - - - 1 - -
W (Vo FO7 4+ 12V u” + utV b (Ve FO7 4 2V — —uOun b (Vo 7 + p2ve) =
(E.1.6)

w}))<12F"wl/uuM + %Fy'uh,ua(vopaa + M2‘~/a)
X
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where we defined a plasma frequency for the oscillations induced by the DP propa-
gation in the plasma, wiff = qin Jmy.

We still want to rearrange this equation into a more convenient form, to ob-
tain Eq. . In the following, we provide a step-by-step calculation, focusing
individually on each term of Eq. . Let us start by handling the first term:
we decompose the first derivative of the four velocity in the standard way, via

Eq. (E.1.2),
(Voo 4 12V %) (gh , + wlua)V 0’ = (E.1.7)

(Vo F7 + 12V (g" , + uFug) (0” p W —uufVou”).

Next, we use the following identities: u#f,, " = utw,” = 0and (g" ,+u"uq ) (—uuufV,u”) =
0 (where the latter follows from u*u, = —1) so that the first term simply becomes

0" , + W’ ) (Ve F + 12V ). (E.1.8)
Now let us manipulate the second term of . We have
WV Y (Ve F 4+ 12V = ulh” V,(Vo F7 + p2V)
+ (Vo F 4 12Vl (u™V yu” 4+ u’'V g - (E.1.9)
As for the third term, we shall use the continuity equation to get

1 . - 1 . 8
=~ Oun B (Vo F*7 + P2V = —nV,ut B (Vo F7 + 12V (E.1.10)

o
= ghy a(vGFaU + /’1’2‘7&) )
where 0 = 0/, is the trace of the deformation tensor. As for the fourth and fifth
terms on the right side of Eq. (E.1.6)), we just leave them in their original form.
Let us now apply the operator h¢ , on every term. From D it is easy to see

that the first term becomes simply (6¢ , +w¢ ,)(Vo F7 + u2A%), as the deformation
and vorticity are orthogonal to the four-velocity. As for the second term, we can use
RS u’ =0 and hé b, = h¢ . We thus have

uh® NV (Vo F 4+ 12V + (Vo FO + 12V utunht Vi = (E.1.11)

uh (Vu(VoF + 12V + (Vo FO7 + 12V ugulVub
where we used u”V,u, = 0. By using the momentum equation on the second term
u“VMu5 we obtain

hE UV (Vo o 4 p2V) + %uaﬁﬁuﬁ(vgﬁ“ + Ve, (E.1.12)
X

As for the third term, from (E.1.10) it is simply
Oht (Vo F 4 12V, (E.1.13)
where we used h¢ ,h* , = h¢ . The fourth term simply becomes

ht l,wgfﬁl’“uu = w;‘fﬁfﬂuu + wglzugu,,pl’“uu = w%‘lQFg“uu , (E.1.14)
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where we used the anti-symmetric nature of the field strength. As for the fifth and
last term of Eq. [E.I.6] upon projection it gives

?i—th JE 0 (Vo FO7 4 279 (E.1.15)
X
Since by the definition B, = h, h,, A s and wr g = —:= Bay, we can rewrite this

term as ~ B
—wS (Ve FO7 4 2V, (E.1.16)

Assembling all terms together leads to the final Eq. (4.10)), describing the propaga-
tion of a massive spin-1 particle in a cold, collisionless plasmic medium in curved
spacetime.
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Appendix F

DP field equations in the
multipolar expantion

F.1 Static case

We assume an unmagnetised background plasma, wi,*¥ = 0. The four velocity of a
static plasma is u® = (f~1/2,0), satisfying the normalisation condition uyut = —1.
From Eq. , the electric field has then only one nonvanishing radial component
EY = (0,m,/qy Thy(u®)?,0,0), where FZB are the Christoffel’s symbols. In this case it

can be seen that the vorticity and deformation tensors are both zero, w®® = %8 = 0.
By performing the multipolar expantion and working in the frequency domain we
obtain the following set of equations:

—w( I +1) +1r2p?) = r?w? + friw)ug,
+ifr(w® - fwffl?)uu)

+fr(—ir(w?® — fwgf)ul(l) + fwulz) =0, (F.1.1)
—I(1 4 1)r(w? - fwl))‘f)u(l) — i fl(l + wug)
+irfw(fu? — w? + fwl)ug)

+ifw(l(l + Vrufy — 2Mujg) — friufy)) =0, (F.1.2)
(FUA+ P +r22) = 2w + friwf®ug
—f(2Mufyy + friufy) = 0. (F.1.3)

where uzi) = Jru(;), we have suppressed the [ superscript, and the radial depen-

dence of w;fl = wgl(r). Now we have three equations for the four wavefunctions
u(1), U(2), U(3), U4)- We can close the system with the Lorenz condition

—iTQLUU(l) — ’I"f(U(Q) — U3y + ’I“’ILI(Q)) =0. (F.1.4)

By solving the Lorenz equation for u; and plugging it in to the polar field equations

we obtain Eqs. (4.13)), (4.14).
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F.2 Free-fall case

In the free-fall configuration, plasma particles follow geodesics, i.e. the background
DP field is set to F** =0, E“ = w%ﬁ =0.

A free-fall plasma does not have vorticity, w®® = 0, but has a nonvanishing
deformation. The nonzero components are

VE(M /1) N/ NI

900: ) 0," = 99:7

2M —r " V2(r—2M)’ 327
V2M M M
9 d) — , 907' — —, 9’[‘0 = (F.2.5)
o) 7’3/2 r2 (T‘ — 2M)2

The trace of this tensor is also different from zero and therefore there are extra
terms in Eq. (4.10) with respect to the static case. Working again in the frequency
domain, we obtain the following set of equations:

A1U(4) + A2u24) + Agul(l4) + A4UI(Z) =0 (F.2.6)
BlU(Q) + BQU/(2) + B3u/(/2) —|— B4U(1) + Bg,u/(l) + B6u/(/1) + B7u/(/{) + BSU(g) + Bgul(g) + Bloul(/g) = 0
(F.2.7)

"

3 =0
(F.2.8)

Clu(g) + CQU/(Q) + Cgulé) + C4U(1) + C5u’(1) + CGU(g) + C’7u’(3) + Cgsu

These consist of a single, third-order axial equation for the wavefunction u4)(r), and
two equations for the polar wavefunctions u)(r), u)(r) and uz)(r). The system
can then be closed using the Lorenz condition given by Eq. (F.1.4]). The coefficient
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of the above equations are listed in the following:
Ay = =AM A+ r2 12w + 2072w\ + 2 (1P — w?)
+ 2iV2M3 2 (=2X + 12 (6% — 5w?)) + 4ivV/2MP2 (X — 3r2i?)

+iV2MrA(O\ + 3r2(—p? 4 w?)) + 27“11/2wfw§12) , (F.2.9)
Ay = — 2V Mr(=2V2iM? + 27 M0 + V2r2i(\ + r?(p® — w?) + r2w32)

— V2iMr(—1 42X + 2% + 2r°w)?)) (F.2.10)
Az =f2r3(2V2iM3/% + 3ivV2Mr — 2r°/%0) (F.2.11)
Ag =2V2i 3V Mr? (F.2.12)

By =6V2(M1)32 X\ — 4v/2MO2\/r X + 4V 2(Mr)° 2 % — 8iMPrw + 18iM*r%w

—iMr3(3 + 2\ + 2212w — 2V 2M3 2T (1% — 4u?)

—V2MP 22X + 120?) + irtw (N + 2 (1 — w?)) + if2r6ww§12 . (F.2.13)

= — fVMO(2V2M (N + 12 p?) + 100 M3 2\ frw — iv/ M 2w

—V2rA+ 72 (p? — 2w?))), (F.2.14)
By =2if*MrSw, (F.2.15)
By = — 16 M%r X\ 4+ 4M3 (3N — r2p?) — iV 2M 772 (=1 + X + r?p®)w

+ 2\/§iM3/2 20\ + 1212w + 1°w? + Mr?(5) — 2vV2Mriw

+r2(p? = 20%)) — fAriwy?, (F.2.16)
Bs :fr2(4M2()\ + %) — 2Mr(\ + 2r% %) — V2Mir® 2w
24 frtu)?), (F.2.17)
Bs :f%ﬁr (2M3/2 — /M7 + 2v/2ir?w) | (F.2.18)
By =2f3Mr", (F.2.19)
Bs = — i f VMr?w(2M3/? — 3v/Mr +iv/2r°%w) (F.2.20)
By =f2r%2 (=22 M3/? + V2 My — 2iM 13?0 — iwr®/? (F.2.21)
10 =V2M 328 M3 + 6Mr? — 3 — 12M3/2\/r Mr (F.2.22)
=frA(2V2M32 + 2iwr®? + V2Mr (-1 + 2r°wX?)) | (F.2.23)
Cy =r(—4vV2AM3 %1 4 V2M M2 + 4V2MP2 X + 4iM 1> ? Mo — 2ir™? \w) |
(F.2.24)
Cs = — 2V2Mr?(\r(—4M + 1) + 4M3?)\) (F.2.25)
Cy =r’Xw(ivV2M (6M — r) + 2r°/%w) — 252 Xz) (F.2.26)
Cs = — 2V2Mifriiw, (F.2.27)
Cs =r(—12vV2M°2 1% 4+ 2/ 2M3 (6% — 5w?) + 3V2Mr? (—i® + w?)
+ 4iM 2w + wffﬁ) —2irT2w(u? + w;‘lQ —w?), (F.2.28)
Cr =2fVMr(2vV2M? + 2iv/Mr®?w — V2r' (1 + w;‘lQ —w?)
+V2Mr (-1 +2r%(p® + wl?)) (F.2.29)

Cs =f2r3(2V/2M3/? + 3v2Mr + 2ir"/2w) (F.2.30)
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where for simplicity we defined A = [(I + 1).
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Appendix G

Benchmarks for evolution of
scalar fields

The purpose of this appendix is to study in some detail the time evolution of free
massive scalar fields in the vicinity of a Schwarzschild BH. Even though SR requires
a spinning BH and thus the use of the Kerr metric, timescales are prohibitively large.
Nevertheless, the main focus of our work is on physics related to the existence of
scalar clouds, more than to what caused them in the first place.

As such, we mimic SR growth without the need of a spinning BH (see Section
below) and therefore we consider a Schwarzschild spacetime for simplicity. We still
need to guarantee that, on the required timescales, a bound state exists, so that it
can mimic well the true SR clouds. Fortunately, massive scalars around non-spinning
BHs do settle on quasi-bound states which, while not unstable, have extremely large
lifetimes. Thus, we want to show first of all that our numerical framework reproduces
well such states.

G.1 Bound states

The initial data whose time evolution we will study, are the quasi-bound states of
a massive scalar field, which are solutions localised in the vicinity of the BH and
prone to become unstable in the SR regime (if the BH is allowed to spin). There
exist various methods to find such quasi-bound solutions, either by direct numerical
integration or using continued fractions [269, 209, [69] 208]. In this work, we use
Leaver’s continued fraction approach [269]. It is crucial to have accurate solutions
describing pure quasi-bound states, as deviations from such a pure state may trigger
excitations of overtones, resulting in a beating pattern [84].

In Boyer-Lindquist (BL) coordinates (tgy, sy, 01, @5L), the scalar field bound
state is given b,

\Ilem == e_'LUJtBLe_'LmSOBLSZm (GBL) Rém (TBL) 5 (G.l.l)

where Sy, (051.) are the spheroidal harmonics. In a Schwarzschild geometry, the angu-
lar dependence is fully captured by the familiar spherical harmonics Sy, (0 )e™¥BL =

'We include spin here for generality, although we evolve the scalar field in a Schwarzschild
background
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Yo (0p1, psr). The radial dependence is given by

Rém (TBL) = (TBL - TBL,+)_W (TBL - rBL.—)iO—+X_1 X
e"BLY i a (rBL - TBL,+>n (G’1'2)
n—0 " Tpr, — T'pr, - ’
where o1 ( )
TBL,+ W — We 2 2
o= , g =t/ — w2,
TBL,+ — TBL,- a
y (G.1.3)
NVt
q

Here, ry, . = M 4= /M2 — a? are the inner (-) and outer (+) horizon, w. = mQy =
may/(2Mry, ) is the critical SR frequency, a; is the spin of the BH and to obtain
quasi-bound states, one should consider the minus sign in the expression for ¢q. Since
all the terms in these expressions are known in closed form, we only need to solve
for the frequency of the mode of interest, w. This is found by solving the following

condition for w:
o a2

o pr1— Pa—
where all the coefficients can be found in e.g. [69]. In (G.1.2)), the amplitude of
the scalar field is defined arbitrarily (as long as one neglects the backreaction
of the field on the background geometry). Hence, we must choose a suitable
normalization. We will normalize the field by assigning a predetermined value
to the maximum of the radial wavefunction. In previous works [I72] [I71], the
hydrogenic approximation was used instead, where the wavefunction is defined as
U = \IIOTBLM;LQe_”BLMMQ/Q cos (g, — wrt) sin Oy, where wg is the real part of the
eigenfrequency. In order to allow for a direct comparison with those works, we relate

~0, (G.1.4)

our normalization, the maximum value of the real part of the field, (R )., tO
this parameter ¥y. They are related by
4T o\/27/3
(Rom)ppaxy = ————— (G.1.5)

(&

where the factor /27 /3 comes from the normalization of the spherical harmonics
¢ = 1 modes, and should be adapted accordingly for higher multipoles. We will
introduce relevant quantities in terms of Wy.

For numerical purposes, BL coordinates are not ideal due to the coordinate
singularity at the horizon. Therefore, we employ Kerr-Schild coordinates, which are
horizon penetrating coordinates [84]. The coordinate transformation from BL to
Kerr-Schild (KS) coordinates is given by

2Mr
dtyxs = dtg, + Jdrsu drgs = dTBLa

A 0 (G.1.6)
dbys = db, dSOKs = dSOBL + KdTBL s

where A = r2 — 2Mr + a?. Using this coordinate transformation in (G.1.1)), we can
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construct the bound state scalar field as

R
. Tks — T
Yop =e wts (TKS - TKS,+)P (TKS - TKS,—)Q (M> Yom (QKS7 (PKS) Rém(TKs) s

Tks — Tks -
(G.1.7)
%, Q= —miﬁﬁ;, R= % Unless otherwise stated,
we use KS coordinates without the subscript. In our non-spinning BH case, Q) =
R = 0. The remaining extra term instead exactly cancels the divergence of the field
at the BH horizon. We test our numerical setup by constructing the bound state
initial configurations for scalar fields with mass couplings uM = 0.1 and uM = 0.3
and evolving them in a Schwarzschild background.

In the left panel of Fig. we show the non-vanishing multipolar component of
the field for uM = 0.1 and pM = 0.3, where we only display a fraction of the time
evolution such that individual oscillations are visible. For uM = 0.1, the scalar field
is exceptionally stable on timescales longer than 5000M. For uM = 0.3, there is a
decrease in the amplitude of a few percent on those timescales, which does not have
severe consequences. In fact, this problem can be resolved by increasing the spatial
resolution.

As a last check, we show in the right panel of Fig. the Fourier transform for
both uM = 0.1 and pM = 0.3 and compare it with the real part of the eigenfrequency
of the fundamental mode. We find an excellent comparison, showing that we are not
triggering any overtones.

where P =

G.2 Artificial superradiance

Studying SR for scalars is numerically challenging, since timescales for SR growth
are very large. Fortunately, an effective SR-like instability can be introduced by
adding a simple CO¥ /0t term to the KG equation as shown in . This “trick”
was first used by Zel’dovich [47, 48, 210] and it can mimic the correct description of
many SR systems. The addition of this Lorentz-invariance violating term causes an
instability on a timescale of the order 1/C, where we can tune C to be within our
numerical limits. For reference, let us report the timescales in our problem.
“Normal SR”:

top ~ 48 (X/‘}(MM)_9> M when uM <1, (G.2.8)
“Artificial SR”:
1
tASR ~ 5M, (GQQ)
“EM instability”:
M 1/2
ten ~ 10k <M) (uM) ™3 = 5(uM)~' M, (G.2.10)

which is the EM instability timescale that was found in [I7I] and where we used
B > 2(20)V2(uM) 2 ML,

Accordingly, for a reasonable mass coupling of uM = 0.1, and while optimizing
SR growth with a maximally spinning BH, normal SR timescales are on the order
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Figure G.1. Left top Panel: The / = m = 1 component of a scalar field around a

Schwarzschild BH. Figure shows fraction of the time evolution of the initial conditions
from . The field is extracted at rox = 100M and pM = 0.1. Inset shows 60Uy,
which is the difference between the numerical output and the theoretically predicted
fundamental mode WEind ~ cos (wyt)e ™I, where wg,w; are the real and imaginary part
of the eigenfrequency, respectively. These were independently computed using Leaver’s
method. Left bottom Panel: Same for uM = 0.3 and extraction radius rex = 40M.
There is an apparent decay of the field on timescales shorter than those implied by the
quasi-bound state decay. This effect is due to finite resolution, and its magnitude is
small enough such that we can ignore it in our study. Right Panel:Fourier transform
of the dipole component of the scalar field for pM = 0.1 and uM = 0.3 when the field
is extracted at rexy = 100M and rey = 40M, respectively. Fourier transform is taken
on the entire time evolution of Figure Dashed lines indicate the (real part of the)
frequency of the fundamental mode for uM = 0.1 and uM = 0.3. Clearly, we are not
triggering any overtones.
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of tsg ~ 10'°M. This should be compared to the EM instability, which is on
tEM ~ 50M

To test whether we implemented the artificial SR growth in the correct way,
we set C' =5 x 107*M ! and evolve the scalar field. From Fig. we can see
that the artificial SR is correctly implemented in the code, as it leads to the desired
exponential evolution of the field.

—— Numerical

—_—

4000 6000
t/M

Figure G.2. The time evolution of ¥y, extracted at re, = 100M with C =5 x 10~4M !
and uM = 0.1. We show the growth of the scalar field from the initial conditions (G.1.7)),
using Zel’Dovich trick described in the main text.
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Appendix H

Wave extraction

From the simulations, we extract the radiated scalar and vector waves at some radius
r = Tex. For the scalar waves, we project the field ¥ and its conjugated momentum
IT onto spheres of constant coordinate radius using the spherical harmonics with
spin weight sy, = 0:

Tin(t) = [ AQT(2,0,0) V7 0, 0),

(H.0.1)
Mon(®) = [ AQTI(E0.0) ¥ 6. ).
To monitor the emitted EM (vector) waves, we use the Newman-Penrose formal-
ism [478)]. In this formalism, the radiative degrees of freedom are given by complex
scalars. For EM, these are defined as contractions between the Maxwell tensor
and vectors of a null tetrad (k*,¢*, m*,m*), where k*{, = —m#*m, = —1. The
null tetrad itself is constructed from the orthonormal timelike vector n* and a
Cartesian orthonormal basis {u’,v?,w'} on the spatial hypersurface. Asymptotically,
the basis vectors {ui, vi,wi} behave as the unit radial, polar and azimuthal vec-
tors, respectively. For our purposes, the quantity of interest is the gauge-invariant
Newman-Penrose scalar ®,, which captures the outgoing EM radiation at infinity
and is defined as
Py = Fp ti'm” (H.0.2)

where /#* = L (n# — ut) and mH = %(v“ — twt). Decomposing the Maxwell tensor
gives

S

Fu =nu,E, —n,E, + D, A, — D, A, (H.0.3)

where £, = F,,,n” and A, is the spatial part of the vector field A,. The real and
imaginary components of ®5 are then given by

gt — 1
2

ERy 4 iy (DiA? _ Dﬁlf”) + Elwt + wiw’ (Di,é@ — Dﬁl})} :

1
Pl ==
279

R+ uwd (DuAR — DyAR) — Bl — i (DAl — DjAg)} .
(H.0.4)
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Similar to the scalar case, we obtain the multipoles of ®5 at a certain extraction
radius rex, by projecting ®2 onto the sy, = —1 spin-weighted spherical harmonics.

(@)m(®) = [ 42| @R(6.0. ) VE0,0) + Bh(1.0. ) ¥h(0,9)]
(H.0.5)

(@)in(®) = [ A Bh(t,6.00) V(0. ) ~ DR (1.0. ) ¥ 0,0)].

Throughout this work, we will often show |(®2)sm| = 1/(®2)},,,(P2)em.-
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Appendix 1

Formulation as a Cauchy
problem

In this appendix, we formalize our equations of motion (5.2)) as an (initial value)
Cauchy problem and we discuss the initial data.

I.1 3+1 Decomposition

The equations of motion of our axion-photon-plasma system are given by (5.2)).
In this work, we will ignore the dynamics of gravity and solve the Klein-Gordon,
Maxwell and plasma equations on a fixed spacetime background. In order to evolve
the system in time, we use the standard 3+1 decomposition of the spacetime (see
e.g. [479]). The metric then takes the following generic form:

ds? = —a?dt? + 5;; (da’ + gdt) (da? + Fdt) | (L1.1)

where « is the lapse function, ¢ is the shift vector and 7i; is the 3-metric on the
spatial hypersurface. Furthermore, we introduce the scalar momentum as

= —ntV,¥, (1.1.2)

where n# is the unit normal vector to the spatial hypersurface, which takes on the
form n* = (1/a, =" /). The vector field A, can be decomposed as

Ay = Ay +nuA,, (1.1.3)

where

A =~7;4; and A, = -ntA,. (1.1.4)
We also introduce the EM fields
E'=~'jF"n, and B'=~';F"n,, (1.1.5)

which are defined with respect to an Eulerian observer. As for the plasma quantities,
we decompose the fluids’ four velocities as [480)]

ulth =Te(n” +U"), ull = Tion(nt +VH). (I.1.6)
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where UH, V# are again defined with respect to an Eulerian observer. From the
normalization of the four velocities, the Lorentz factor is then:

T 1 — 1
e =—nyut = N Tion = N (I.1.7)
Note that even though we include the ion quantities in ([.1.6) and (I.1.7) for generality,
we do not actually use them in this work as we ignore the oscillations of the ions
(assumption (ii)). Finally, we introduce the charge density as seen by an Eulerian

observer as

p=—nuj". (I.1.8)
Since j* is the sum of the currents of the two fluids, we can express (I.1.8)) also as

P = Pe + Pion-

Using the above definitions, we obtain the following evolution equations for the
full axion-photon-plasma system (for the decomposition of the momentum equation,
we refer to Appendix |C} for the EM part, see e.g. [152]):

OV = —all + LV,
Ol = o (= D*W + W + K11 — 2k, B'B;) — D'aDy¥ + LTI,
A = —a(E; + D;Ay) — ApDia+ LgA;
OE' = aKE' —aD; (DIA'~ D'A) — (D'A/ — DIA") Dja+ o (D'Z - j')
+ 2kaor (BT + € ELD;W) + L5,
O Ay = —A'Dja+ o (KA, = DiA' = Z) + LA,
O (Telh;) = (;E + €sU! B¥ — Tea; — U D; (reui)> + LaTelh;
(&}
Ope = —Di(af') + apeK + Lape
OZ = a (DB + 26, B' DY — p) — kaZ + LsZ,

(I.1.9)
where we have introduced a constraint damping variable Z to stabilize the numerical
time evolution. Furthermore, we define D; as the covariant derivative with respect to
7ij, the extrinsic curvature as K;; = i [—0ryij + DiBj + D;f;] and K as its trace.
Note that the absence of the evolution equations for the ions due to assumption (ii).

Finally, we get the following constraints:
D;B' =0,
D,E' = p — 2k, B;D'¥ , (L.1.10)
(¥ + UMYV, T = Tl U K;; — Tldia; — 2 EiLd;
Me

Upon ignoring the gravitational term in the momentum evolution equation (assump-
tion (v)), this last constraint is trivially satisfied on the linear level.

1.2 Background metric

As discussed in Appendix [G.1] we employ Kerr-Schild coordinates in our numerical
setup to avoid the coordinate singularity at the horizon. These are related to
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Cartesian coordinates by

x =rcospsind — ajsinpsing,
y =rsinpsiné + a; cos psinf , (I1.2.11)

z=rcosf.

In these coordinates, the metric takes on the following form:

ds® = (nu + 2Hl,l,)dztda” (1.2.12)
where
SM
H=—(—5,
rt + a3z
re+ayy —ayxr+ry z
l = 1 —
g ( "r24a?’ r2+4a? ’r) ’ (1.2.13)
1 1/2
7‘:{2<m2+y2+22—a?+\/(x2—|—y2—|—22)2—|—4a?z2>} ,
where we consider Schwarzschild, i.e., ay = 0. Furthermore, we define
B 1
CVi+2H'
Bi = 2HI;
' ; (1.2.14)

'Yij = 51']' + QHZJJ,
0; (Hl]) + aj (le) + 2H(l*)’“8k (Hlll])
V1+4+2H ’

which are the lapse function, shift vector, spatial metric, and the extrinsic curvature,
respectively.

Ki]‘ =

1.3 Evolution without plasma

Since the simulations with and without plasma have a slightly different structure,
we separate these clearly in the following sections. First, we consider the full set of
equations in the absence of plasma. These belong to the simulations Z; and J; from

Sections [5.3] and They are

OV = —all + L3V,
A1 = o (—D2\I/ + 120 + KT — 2kaEiBi) — D'aDyV + LI,

OA; = —a(E; + D;A,) — AyDjac+ L A;

WE' = aKE' —aD; (DVA' = D'A) - (D'AI = D'AT) Dja+aD'Z (1315

+ 2k (B + € B D, W) + LB

OA, = ~A'Dia+a (KA, — DiA' = Z) + LAy,

02 = a (DB + 2k, B' D) — kaZ + L5Z .
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Note that these are the same as considered in [172), [I71].

Initial Data — To construct the initial data for our simulations, we must solve
the constraint equations . By doing so on the initial time-slice, the Bianchi
identity will ensure they are satisfied throughout the evolution. As explained in
Appendix we use Leaver’s method to construct the scalar field bound state.
For the electric field, we use initial data analogous to [I72, [I71]. In particular, we
choose a Gaussian profile defined in .

1.4 Evolution with plasma

In the simulations with plasma, we linearize the axion-photon-plasma system due to
the complexity of the problem, and we neglect ion perturbations. We express the
perturbed quantities with a tilde, such that

A=Al +ed;, E'=FE +¢cE;, Ay,=Ap,+ed,,

Lo T - e (1.4.16)
u = Ub""d/{u Ie=1, P = Pbe T+ Pbion + EPe -

where we denote background quantities with a subscript b and where ¢ is the
arbitrarily small parameter in the perturbation scheme. For simplicity, we consider
a quasi-neutral, field-free background plasma, i.e., Eé = A]iD = Ay, = 0, and
Pbe = —Pbion- Lhe problem at hand naturally introduces two distinct reference
frames: the Eulerian observer rest frame and the plasma rest frame. The relative
velocity between the two is the background quantity 4*. We consider a plasma
co-moving with the Eulerian observer, such that the plasma is static in the spacetime
foliation. Since the background field of the electron charge density does not vanish,
according to it should evolve as

Oepp = OzpbyeK + ,Cgpbye . (1.4.17)

We are mainly interested in the evolution of this variable in a localized region
of spacetime far away from the BH, i.e., the axion cloud, and thus the evolution
of due to strong gravity terms is extremely slow compared to the linear
system. Therefore, we neglect its evolution similarly to the gravitational influence
on the evolution of the background velocity (assumption (v)).

Before proceeding, there is one other subtlety. The plasma response to the
perturbing EM field is proportional to the electron charge-to-mass ratio, which
is extremely large g./m. ~ 10?2. Nevertheless, as we are linearizing the system,
and therefore neglecting the backreaction of the EM field onto the axion field, the
amplitude of the former is arbitrary in our scheme. If we were to consider the
full problem including backreaction instead, the amplitude of the axion field would
clearly introduce a scale. Due to this freedom, we rescale the EM variables as

Fi— Qe i
me
A= &Ai, (1.4.18)
(&}
2=tz

Mme
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Then, we can write down the full set of equations including the plasma as

OV = —all + L3V,

Il = a (—DQ\I/ T 20+ KH) — D'aD;V + LIl

O A; = —a (Bi+ Didy) — AyDiav+ Lo As

OB = aKE' —aD; (DIA' = D'AT) - (D'A’ — DIAY) Dja+ a (D'Z — w2
+ 2kaa (BT + €M By D, W) + LoEY,

WAy, = —A'Dia+ a(KA, — DiA" — 2) + LA,

0,U; = aF; + [,gffi ,

Oyl = —Di(awdU') + a2 K + La07) ,

02 = (DZ-Ei + 2k, BID; U — @g) —kaZ + Lo 2,

(1.4.19)
where wgl is the plasma frequency, and ‘1’;2)1 its perturbation:
2 _ Ge
Wpl = m—pb,e,
qee (1.4.20)
o2 = e 5
pl Me Pe

Note that due to the rescaling, there is no charge-to-mass ratio of the electrons
and the field equations are written only in terms of the plasma frequency, which is
O(1/M).

As we detail in the following subsection, including a linearized fluid model in the
equations of motion, causes the system to become ill-posed upon using a
damping VariableH However, this damping variable is essential in constraining Gauss’
law and without it, the simulations diverge for large EM values. As a resolution, we
slightly adjust our equations by not including the perturbed plasma frequency, @y,
in the evolution equation of the damping variable Z, i.e.,

OZ = a (DB + 2k, B' D) — kaZ + LpZ . (1.4.21)

This is a minimal change as the perturbed plasma frequency does not enter any other
evolution equation of the system in the linearized regime, yet it does restore the
well-posedness of our setup. We justify this approach in two ways; (i) we evolve the
system with and without the damping variable for large plasma frequencies (where
the EM values remain small) and we find excellent agreement between the two, and
(ii) for small plasma frequencies, where the EM field is allowed to grow, the effects
of the plasma are negligible, and therefore ignoring @, leads to a subleading error
compared to the EM values.

Initial Data — For the plasma part, we assume quasi-neutrality (cf. assumption
(iii)), i.e., p = —ny(encul — Zenionuly,) = ene — Zenjon = 0. As shown in ,
the constraint equation for the plasma is trivially satisfied on the linear level, and

'The ill-posedness originates from the linearization of the fluid equation, whereas the full
non-linear system of equations is strongly hyperbolic and thus well-posed [481], [482]
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thus the initial data listed in the previous section solves all of our constraints. As
for the electronic density, in principle, depending on the specific environment we are
interested in, we can assume different spatial profiles [115] 116} 32], which correspond
to a space-dependent effective mass for the photon. However, the length-scale of
interest to us, i.e., the size of the axion cloud, is typically much shorter than length-
scale on which the effective mass varies. Hence, for simplicity, we assume a constant
density plasma.

1.5 Hyperbolicity of fluid model

The evolution equations are not strongly hyperbolic and therefore do not form
a well-posed system. Consequently, the existence of a unique solution that depends
continuously on the initial data is not guaranteed and any numerical approach is
bound to fail. In this appendix, we proof that our system is not strongly hyperbolic.

Based on [483], we introduce an arbitrary unit vector s* and consider the principal
part of the system, i.e., we consider only the highest derivative terms from ([[.4.19)):

HO20] ~ —ads (9,4, ) + B0,[07v],
0(05A4) ~ —adsEa + B°05(9sAn),
0®A) B°(0:A,) — ady|02Y],

OEA ~ —ads(0sA4) + B°0sE 4,

OEs ~ adsZ + B0, E; (1.5.22)
O Z ~ adsE° + B0 Z
0:Us ~ B°05Us ,

0 Ua ~ B°0sU4,

w2 ~ —aw0,U, + 003 |

where the index A denotes the component projected into the surface orthogonal to
s', and [0%1)] can be written as

[02¢] = 0 As + Z . (1.5.23)

Defining the principal symbol of ([831&],14_1@) (Z,E,), (0,A4,E,), and (Us,djgl) as
FPg, Pe, Pp, and Pr, respectively, we get:

g —a _ (P«
Pg - ( 58) ’ PC B (a 58) ’
(B _ 8% 0
PP_(—O( 68> ) P]—'—<_awr2)l /68> :

We see that the eigenvalue for Pr is degenerate with 3° and the eigenvector is (0, )7,
where b is an arbitrary value. Therefore, the principal symbol does not have a
complete set of eigenvectors, and the system is not strongly hyperbolic. If we ignore
Ngl in Z, it becomes decoupled from Maxwell’s equations, and the only relevant

(1.5.24)

variable for the ﬂuld part that remains, is the linearized four velocity U;. As is
shown in , the principal part for U; is just canonical the advection term.
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1.6 The 341 linearized momentum equation

The full computation of the 341 split of the momentum equation was already showed
in Appendix The final form of the equation is . As explained earlier
nevertheless, we now simplify the plasma to make it more suitable to our numerical
setup. By linearizing this equation, which also implies I' ~ 1, we are left with

oU; = « (T(iLEl - az') + Lal; . (1.6.25)
Finally, we also neglect gravity, which brings us to our final equation:

By = Q%Ei + Lald; . (1.6.26)
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Appendix J

Numerical convergence and
higher multipoles

J.1 Numerical convergence

In our numerical framework, we employ the method-of-lines, where spatial derivatives
are approximated by a fourth-order accurate finite-difference scheme and we integrate
using a fourth-order Runge-Kutta method. Furthermore, Kreiss-Oliger dissipation
is applied to evolved quantities in order to suppress high-frequency modes that
come from the boundaries between adjacent refinement regions. The numerical
simulations are performed using the open source Einstein Toolkit [484] 4&5].
For the evolution of the scalar and vector field, we extent the ScalarEvolve [480]
487, [488] and ProcaEvolve thorns [489, 490], respectively. We use Multipatch to
interpolate between different grids in our numerical domain [491] [492]. In particular,
to connect the central Cartesian grid with the spherical wavezone. Additionally,
Carpet communicates between refinement levels with second-order and fifth-order
accuracy in time and space, respectively. The Courant number in all our simulations
is 0.2, such that the CFL condition is satisfied. To check whether our numerical
results respect the required convergence, we evolve the same configuration with a
coarse (h¢), medium (hy,) and fine (h) resolution. The convergence factor can then
be calculated according to

Jne = frw _ e —hiy
St — fne iy — DY

where n is the expected convergence order. In our case, we take as the coarsest level
he = 1.8M, then hy, = 1.2M and hy = 1.0M. As can be seen in Fig. we obtain
a convergence order between 3 and 4. We have performed similar tests for the other
simulations in this work (with or without C' and with or without the plasma) and we
find similar conclusions.

Qn = (J.1.1)

J.2 Higher multipoles

In the main text, we have shown the dominant contribution coming from the dipole
¢ =m =1 mode (cf. Figs. 5.4). In general however, higher order multipoles
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Figure J.1. Convergence analysis of the £ = m = 1 multipole of ¥, extracted at ro, = 20M
for pM = 0.2 and C = 1073. The green line shows the expected result for third-order
convergence (@3 = 5.64), while the purple line is the expected result for fourth-order
convergence (Q4 = 7.85).

are also produced. In Figs. [J.2] and [J.3] we show a subset of those from the scalar
and vector field, respectively. In both figures, we consider simulation Z3, where SR
is turned off and we start in the supercritical regime. Three features are worth
noting; (i) only axion modes with odd ¢ can be produced from our initial data.
An explanation for this selection rule is provided in Appendix [Lj (ii) the Fourier
transform of the vector field shows additional peaks with a frequency slightly lower
than p/2 and two near 3p/2. As discussed in the main text, these should be
interpreted as “photon echos” created by outwards traveling photons that interact
with the axion cloud; (iii) in Fig. we observe that some of these up-scattered
photons can recombine with “normal” photons (w ~ 1/2) to form axion waves with
a frequency of twice the boson mass.
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Figure J.2. Top Panel: Time evolution of various multipole modes of the scalar field
in the supercritical case (simulation Z3). The field is extracted at rex = 400M and
uM = 0.3. Interestingly, even £ modes are not excited, while odd ¢ modes are, which
we explain in Appendix [[] Bottom Panel: The Fourier transform of the multipole
modes shown in the top panel, where the gray dashed line denotes the frequency of
the fundamental mode (wg). The peaks around w = 2wy (brown dashed line) seen in
the inset originate from interactions between “up-scattered” photons (w = 3wy /2) with
“normal” photons (w = wy/2).
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Figure J.3. Top Panel: Time evolution of various multipole modes of the Newman-
Penrose scalar |(®2)¢,| in the supercritical regime. Considered simulation is Z3. Field
is extracted at ro, = 400M and pM = 0.3. Bottom Panel: Fourier transform of the
multipole modes shown in the top panel. The gray and brown dashed line indicate the

frequencies at wp/2 and 3wy /2, respectively.
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Appendix K

Superradiant and Plasma
Mathieu equation

K.1 Superradiant Mathieu equation

By solving the superradiant Mathieu equation numerically for different values
of C, we are able to find a growth rate for the EM field in flat spacetime,
while assuming a homogeneous axion condensate. Remarkably, this estimate is even
accurate in describing the super-exponential growth of the EM field in presence of
SR, when considering the full setup on a Schwarzschild background (including the
finite-size effects of the cloud with Aes.). In this appendix, we show a few examples
of the numerical solutions to and we use a multiple-scale method to derive the
growth rate analytically.

Figure shows various numerical solutions to the superradiant Mathieu
equation . For C = 0, the solution is well-described by the standard Mathieu
growth rate (red dashed line). For non-zero values of C instead, the standard
Mathieu prediction becomes inaccurate and the numerical solutions are well fitted
by the super-exponential growth rate (black dashed lines).

Multiple-scale analysis — Regular perturbation theory fails to describe some
types of problems at late times. This is due to the presence of secular terms, causing
non-uniformities to appear between consecutive orders in the perturbation series. An
example of this happening is when solving the Mathieu equation, where a multiple-
scale analysis is more suitable (see e.g. [493]). In the following, we will show its
effectiveness for solving the superradiant Mathieu equation and with that, provide
an analytical explanation of the numerically fitted growth rate .

Let us consider the superradiant Mathieu equation , where we expand the
exponential as

d?y

dr?
and we assume § to be small. We can introduce two timescales, a fast timescale T,
and a slow one, T = §T, which we treat as independent variables. By assuming a
dependence on both variables, i.e., y(T) — y(T,T) and expanding all the parameters,
ie, y=yo(T,T)+ dy1(T,T) and b = by + b1, we can use the additional freedom
from treating T as a new variable to eliminate secular terms. This causes the solution

+(b+26(1+CT)cosT)y =0, (K.1.1)
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0 200 100 500 00 1000
T

Figure K.1. Numerical solutions to the superradiant Mathieu equation for different
values of C. Horizontal axis shows the rescaled time T' = ut. Red dashed line shows
the “standard” Mathieu growth rate, while black dashed lines are obtained from the
analytic growth rate and describe the numerical solutions well. Chosen parameters
are = 0.2,p, = 0.1, kyvbg = 0.1.

to hold for longer times compared to a “normal” perturbative approach. Assuming
the SR term also to be small, i.e., C' = €, we can introduce yet another timescale,
the very slow one, T = 62T. Upon expanding again b = by + b + §2by, we obtain

d?y
dr?
In the spirit of the multiple-scale method, we “promote” y to depend on all the
timescales as independent variables and then expand, i.e., y(T,7T,%) = yo(T,T,%) +
oY1 (T, T, f) + 52y2 (T, T, 3)
We can now consider order-by-order. At zeroth order, we have:

+ (b—|—5(b1+2008T)+52(bz—|—2€TCOST)) y=0. (K.1.2)

Oy + boyo = 0, (K.1.3)

where by = 1/4 at the inset of the first unstable Mathieu band. Consequently, at
this order, we obtain the solution: yo = A(T, ‘I)eiT/ 2 4 c.c. Hence, the solution at
the fast timescale T' just describes the harmonic behavior. At first-order, we have

1

O%y1 + = —20707y0 — (b1 +2cosT) yp . (K.1.4)
The right-hand side of this equation contains secular terms. However, we can use
the extra dependence of yy on the slow timescale to remove it, namely by requiring
i0TA(T, %) = =01 A(T,%) + A*(T,%). Solving this leads to the dependence of
the zeroth-order solution on the slow timescale, i.e., yo = A(T)eV L-0iTeiT/2 4 ¢ c.
Similarly, the dependence on the very slow timescale can be used to eliminate secular
terms in the second-order equationH Following this procedure, we obtain for the

zeroth-order solution: _
yo ~ eVITUT i T/2e8T | ¢ ¢, (K.1.5)

At sufficiently large times (T > 1/€), the growth rate is thus dominated by e®’* =
5CT?
e )

'As these computations become quite cumbersome, we do not report them here.
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Finally, by comparing (K.1.1]) with (5.8]), we identify 6 = p.toka/u? and p, = /2,
such that, after rescaling the physical time ¢t = T'/u, the growth rate is e\ with

M:%%%m% (K.1.6)

which is the dominant growth rate at late times we found in ([5.10) (up to a factor
of 2).

The multiple-scale method thus produces a solution with three timescales; (i) the
“fast” timescale that corresponds to the harmonic oscillations with a frequency at half
the boson mass, (ii) the “slow” timescale belonging to the standard Mathieu growth
rate, and (iii) the “very slow” timescale which originates from the super-exponential
growth induced by SR and becomes dominant at late times. In conclusion, the
Mathieu equation provides us, once again, with a simple analytical explanation to
the behavior of the full system.

K.2 Plasma Mathieu equation

In this appendix, we study the axion-photon-plasma system in flat spacetime. This
analysis closely follows [199], yet now in the context of a Mathieu-like equation.
Furthermore, we generalize their work by including a momentum equation rather
than assuming Ohm’s law.

The starting point is the equations of motion in Minkowski. Similar to
Section we assume the wave vector to be along the 2 direction, i.e., p'= (0,0, p.),
the EM ansatz , and a homogeneous axion condensate defined as

1 . )
wziwaw+%wﬂ. (K.2.7)

By linearizing , one can straightforwardly solve the momentum equation and find
the velocity of the electrons with respect to the EM field. Once again, due to their
large inertia, we neglect the perturbations of the ions and treat them as a neutralizing
background. Since the longitudinal and transverse modes in linear photon-plasma
theory in flat spacetime are decoupled, we focus on the latter, obtaining

uk = = 2& oeiFE-ut) , (K.2.8)
where k = Z, j are the transverse directions. We can now insert this expression in the
current that appears on the right-hand side of Maxwell’s equations, i.e., j* = qeneulg ,
to obtain two decoupled equations for the transverse polarizations, of. Finally,
by adopting the field redefinition v, = e“!ay, rescaling the time as T = ut and
projecting along a circular polarization basis e+ such that y = y,e+, we find the
Mathieu equation in the presence of plasma to be [212]

1 .
Oy + E(pz + wgl — Q;LpzwokasmT) Yo =0. (K.2.9)

One can readily see that in the absence of a plasma, i.e., wp, = 0, the vacuum
Mathieu equation is recovered [172].
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Figure K.2. Top Panel: Solutions of the plasma Mathieu equation for different
values of the plasma frequency. Here, we choose u = 0.2,p, = 0.1 and k9 = 0.2.
Bottom Panel: A similar setup as above, yet now the axionic coupling is varied and
wpl = 0.15 > /2. The other parameters are the same as above. As can be seen, for
large values of k.1 the instability is restored.

The top panel of Fig. [K:2] shows numerical solutions to the plasma Mathieu
equation for different values of the plasma frequency. For wp, = 0, the
solution develops an instability which is well described by the analytic solution of
the vacuum Mathieu equation (red dashed line). By increasing wpi, the growth rate
of the instability becomes smaller as the interval of the momentum corresponding to
the instability shrinks until the solution becomes stable when wy > p/2. We find
good agreement with the instability interval predicted in equation (19) from [199], by
exploring a wide region of the parameter space. Interestingly, even when wp > 11/2,
the instability band can be widened by increasing the value of k,1g, making it
possible to restore the instability even for dense plasmas. This effect can be seen in
the bottom panel of Fig. By fixing wp = 0.15 (with p = 0.2), the instability is
restored for large enough values of k,1).

Band analysis — In [199], the maximum growth rate in the low axionic coupling
regime is found where the condition p? + %2)1 = 12/4 holds. While in [199], this
result does not have an immediate interpretation, our redefinition of the system
in terms of the Mathieu equation provides a simple explanation to this condition;
from , it follows immediately that the instability bands are located where

2
P2 +w? =n’ MZ with neN. (K.2.10)
Therefore, the maximum growth rate of [199] can be interpreted as the first, dominant
instability band, i.e., where n = 1. Note that, as long as the axionic coupling
is sufficiently low, the dispersion relation of the photon is not modified by the

condensate, and thus w? ~ p? + wfﬂ, with w the frequency of the photon. Therefore,
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Figure K.3. The Fourier transforms of three numerical solutions to the plasma Mathieu
equation with ¢ = 0.3 and p, = 0.15. The peaks have been arbitrarily normalized
and we revert t = T for the Fourier transform. The considered parameters for the
plasma frequency and the axionic coupling for n = 1,2,3 are wy, = 0,0.2,0.43 and
katbo = 0.02,2, 2.8, respectively. The dashed lines indicate nu/2 and show that each of
the solutions lies in a different instability band.

similar to the vacuum case, the instability bands correspond to frequencies which
are multiples of 1/2.

For large enough wy), i.e., when wy; > 11/2, the condition can never be
satisfied for n = 1. However, crucially, it can still be satisfied for n > 1, which
corresponds to exciting higher bands and thus restoring the instabﬂityﬂ In Fig. [K.3
we show that this is indeed the case by numerically solving and taking
the Fourier transform. The dark-blue line which peaks at ;/2, has wp = 0 and
a moderate value of k 19 = 0.02, and thus behaves according to the parametric
mechanism by triggering the first band. When we consider a higher plasma frequency,
wpl = 0.2 > p/2, it is not possible to excite the first instability band anymore.
However, as we increase the axionic coupling to ka1g = 2, the instability is restored
in the second band with a frequency p (blue line). We can continue for even higher
plasma frequencies, e.g. wp = 0.43, which for an axionic coupling of k19 = 2.8,
triggers the third instability band at w = 3/2u (turquoise line). Note that the chosen
values of wp) in the three solutions approximately satisfy for n =1,2 and 3.

2Higher bands of the Mathieu equation are narrower than the first one, making the available
parameter space for an instability smaller. However, since these bands widen for large values of the
axionic coupling kato, even for n > 1 an efficient instability can be triggered.
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Appendix L

Selection rules

Using spherical harmonics, the equations of motion can be decomposed, and, as we
will show, allows us to predict which modes are excited from the axionic coupling.
This approach yields a consistency check of our simulations in the case where SR
growth is absent. Using the electric field F; and the magnetic field B;, the Maxwell
equations can be written as

WE' = aKFE' + pIo;E" — E19;8" — €% D;(aBy)
+ 2k, (eijkEij\Il + Binaaaxlf) , (L.0.1)
OB’ = p19;B" — B19;3' + aK B' + ¢9¥D;(aE},),
where 7% = —%Eijk and EYF is the totally anti-symmetric tensor with E'23 = 1.

We focus on a Schwarzschild BH which has the following metric:

ds? = —f(r)dt* + ——(r)dr? + r?44pdz*da? (L.0.2)

1
f(r)
where f(r) =1 — %, and 44pdzddz? = d6? + sin?Ade?. From the spacetime
symmetry, the electric and magnetic field can be decomposed using the scalar
spherical harmonics Yy, (6, ¢) and the vector spherical harmonics V 4 Yy, and Vi, 4 =

élj? BYim. Here, é4p is the anti-symmetric tensor with ég, = sinf. Using these
harmonics functions, we expand the electric, magnetic and scalar field as follows:

E, = Z g@m,rnm +c.c.,

Im
@A}/Zm
Ea=S" &, A e Vi 4+ cc S
4= 3 { s S Vi e |
B, = Z B@mJ«ng +c.c., (L03)
Im

ﬁAYZm
By = Bom,s ———=—= + Bim,vVem,a +c.c. ;|
4= 3| B S Vo .}

U=> Wy Yim +coc.,

m

Im
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where A = {0, ¢} and & ry Eom,s, Eem,vs Bemr, Bim,s, Bemv, and ¥y, are all
coefficients that depend on ¢t and r only. Time or space derivatives are denoted with
a dot or prime, respectively. Since both the scalar and vector spherical harmonics
are orthogonal functions, the Maxwell equations with axionic coupling can be
decomposed. We find the coefficients for the electric field to be:

. e+ ks
gfm,r - _TBZm,V - \/77‘2

4
(r,1)
Z Z C ot 01 X ()t m! 7 m?"

Om! I=1
0!

(0 +1 4 S
(Q)(f/BZm,V +2fBpny) — 2kar/E(L+1) DN ngn{glf)m/gumuX(I),emz'm'e"m" ;

Om! I=1
o

4
V.I)
2]{33 X Z Z Cfmg/m/gnmuX(I),émé’m’f”m" .
O'm! I=1
Z//m//

Etm,s = —

f,BZm,S + 2fBZm,S B
NI

Etmv = —fBemr +

(L.0.4)
Then, we proceed with the coefficients for the magnetic field:

. LL+1
Bém,r = (’1“2) m,V

; Ll+1
Bﬁmﬁ' = Q (f/g€m7V + 2f€ém,\/> ) (L05)

2
f'Ems +2fE, 5
2000 +1)

BZm,V = fgém,r -
and finally the coefficients for the scalar field:
T 2 / /
Vo = —f - + 1) Vo,

14¢4
_ fQ‘I’Zm +f <(r+21) + u2> Vo — 2ka f (L.0.6)

4
(W,1)
X Z Z Cgme/m/é//m//X(I)7€mzlm/zllm//7

Om! I=1
O

where X (1) e prme is found by

X(1)7ém£/ml£//m// = /d2Q}/K>:7L}/‘-€”m//n/m/7
Xapemirmttmr = [ POYE Y Vo
) (L.0.7)
X 3),emerm = / QY VY Vi 4.
Xayommonmr = [ PV AV Views

Upon defining the prefactor

L+ 0 +1) =" (0" +1)
2 b

Quorer = (L.0.8)



207

we find for C(™1);
Il m/ "' m! Qf”f% e VW om — T Dprmy o Werme

r,2 .
Clgmgm/z,,m” = quglggékum//"/\pg/m/ — TQB;//m”,r\IIZ’m’ s

(r.3) _ S s Ve (L.0.9)
Cfmé’m/é”m” — T e )
T )
o _ Eprr s Ve
mllm! P! — m)
for C'(5:0);
(S.1) _ I - 1%
Comtmermn = —Qeree (f Evrmn v Wy + W+1)>
B* Uy
(512) _ . , 'm! S 'm
CZmZ’m’Z”m” = _Qf”al <f5£”m//,\/\p€/m, W>
53 f
Cém[’)rn/é”m” = fgz//m//7rg’£/ml I —— (L.O.].O)

E//(gl/ _|_ 1)
X gg//m//7s\11/e,m, —+ Bgum//"/\ﬁglm/ R

(5,4) — /
Cémz/m’f”m” = fgl;k”m”m,rlllf'm' B m

X gék//m//’s\ylg/m/ =+ B;”m“,v\ilf’m’ ,
for VD).

V1 :
ngm[/)m/[//m// = —Quu fErrmy Vo + Qoo geﬂm",s‘l’/elmf - Be”m",v‘l’wm') ;

V,2 *
BZ” 17 S \II[/

gz//mujs\lflﬁlm/ — Bg//m//qlflm/) y

(V3) _
sz[/m%//m// - (fgf”m//7vqjé/m’ t E// g// + 1
B@// ” S\Ill’

V4 *
Cém[/)m/gum// = - (fgf”m",vqlé/m’ 6// o 1 )

and finally for C(¥:D):

(L.0.11)

Qw/z( Evme sBermrs,

(,1) _
Comtrmermn = FEems v By v + 2 \/OU (@ +1)(0"+1) * Eélm/’VBf"m”vV) ’

(V,2) B . Qurere Evrm sBnpn g .
Cgmelm/e//m// - fge/m/7rrB[//m//7r ,,,-.2 <\/€/€//(€/ + 1)(6/, + 1) + gflm/,VBf”m”,V P}
(0,3) 1 Byt s Eormis
Cotrmt o1t = 2 (&’m’,vwm +m5’e~m”v )
(0 ,4) 1 Bt s Eom's  ox
Comtrmterot = 73 (5“‘ Veame ) vee o)

(L.0.12)
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Figure L.1. The time evolution of various multipole modes of the Newman-Penrose scalar
®5 in the subcritical regime. The considered simulation is Zs, where the field is extracted
at rex = 20M and puM = 0.3. Each of the curves has been rescaled according to the

order found in (L.0.15)).

In our simulations, we monitor the Newman-Penrose variable ®5, and the coefficient
for spin-weighted spherical harmonics is

00 +1) Eom,s . Bem,s
Bo)om = Yoo L By + S ~Epmy + S|
(®2)e o { ( tm,v + €(€+1)) +Z< tm,V T €(£+1)>}

(L.0.13)
The non-vanishing components of our initial data (see Appendix are

Vi+1~ Vo,
(L.0.14)
&, v(t=0,7) \/>EL‘D

where E¥(r) is defined in (5.5)). Since this is a perturbative approach, we focus on
the subcritical regime and assume E¥(r) is order O(e). Using the above equations,
we can obtain the order of each mode of (®2)y,, as

(®2)1,0 ~ Oe),
(P2)1,41 ~ O(kaWoe),
(P2)2,41 ~ O(kaWoe) (L.0.15)
(®2) ((kaWo)?e),
(B2)3,43 ~ O((kaV¥o)’e) .

2,42 ~ O

In Fig. we show |(®2)s,| in the subcritical regime (Z3), and rescale all multipoles
according to . As can be seen, using the rescaling, all curves are on the same
order, demonstrating that our simulations show consistent behaviour.

As alluded to in Section from our initial data only odd ¢ scalar multipoles
can be produced. We can now proof this. From Yy, (7 — 0, + ) = (=1)*Y5,,, (0, ¢),
we find that X(l),ﬁmﬂ’m’ﬂ”m” and X(2),€m€’m’€”m” are non-zero when ¢ + v + " is an
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even number, and X3y mem ey and X (4) gmprmrerme are non-zero when £+ ¢/ 4 £"
is odd number.

Then, equations ([L.0.9))-(L.0.11|) show that the non-vanishing modes of our initial
data, Wy, and &y, v (see (L.0.14)) with odd ¢ can only excite Epp, , and Eppy, g With
even /, while it excites &, v with odd £.

Next, implies that the non-vanishing component of &, , and &, g with
even { excites By, v with even £, while the non-vanishing component of &, v with
odd ¢ excites By, and By, ¢ with odd £.

Finally, (L.0.12) shows that the non-vanishing component of &y, ., Epm,s and
Bom,v with even ¢, and &y, v, Bem,r and By, g with odd £ only excites Wy, with
odd £. Therefore, the non-vanishing components of the simulation starting from
initial data , only excite Wy, with odd £. These results are consistent with
our simulations, see Fig. [J.2]
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