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Abstract

Black holes are the most compact objects in the Universe. According
to general relativity, black holes have a horizon that hides a singularity
where Einstein’s theory breaks down. Recently, gravitational waves
opened the possibility to probe the existence of horizons and investigate
the nature of compact objects. This is of particular interest given some
quantum-gravity models which predict the presence of horizonless and
singularity-free compact objects. Such exotic compact objects can emit
a different gravitational-wave signal relative to the black hole case. In
this thesis, we analyze the stability of horizonless compact objects, and
derive a generic framework to compute their characteristic oscillation
frequencies. We provide an analytical, physically-motivated template to
search for the gravitational-wave echoes emitted by these objects in the
late-time postmerger signal. Finally, we infer how extreme mass-ratio
inspirals observable by future gravitational-wave detectors will allow
for model-independent tests of the black hole paradigm.
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a covariant derivative.
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amatrix. (n) and J(n) are the real and the imaginary part of a number,

respectively.
Abbreviations
BH Black Hole

ECO Exotic Compact Object

EMRI  Extreme Mass-Ratio Inspiral

ISCO Innermost Stable Circular Orbit

LIGO  Large Interferomenter Gravitational-wave Observatory

LISA Laser Interferometer Space Antenna
GR General Relativity

GW Gravitational Wave

NS Neutron Star

PN Post-Newtonian

QNM  Quasi-Normal Mode

SNR Signal-to-Noise Ratio

TH Tidal Heating

ZAMO  Zero Angular Momentum Observer

15






Introduction

The landmark detection of gravitational waves (GWs) provides the
unique opportunity to test gravity in the strong-field regime and infer
the nature of astrophysical sources. So far, the ground-based detectors
LIGO and Virgo have detected ninety GW events from the coalescence of
compact binaries [9, 14, 15, 16]. These detections allowed us to observe
for the first time the coalescence of two black holes (BHs) and revealed
that their masses can be heavier than the ones observed in the electro-
magnetic spectrum [5, 14]. Recent important discoveries include the first
multi-messenger observation of a binary neutron star (NS) merger [7, 8]
and the observation of the formation of an intermediate-mass BH [11].

Furthermore, GWs provide a new channel for probing Einstein’s
theory of gravity in a regime inaccessible to traditional astronomical
observations, namely the strong-field and highly dynamical one. Several
consistency tests of the GW data with the predictions of general relativity
(GR) have been performed. No evidence for new physics has been
reported within current measurement accuracies [5,2,18,19].

The GW signal emitted by compact binary coalescences is character-
ized by three main stages: the inspiral phase, when the two bodies orbit
around each other and the emission of GWs makes the orbit shrink, the
merger phase, when the two bodies coalesce, and the ringdown when
the final remnant relaxes to an equilibrium solution. The study of the
different stages of the GW signal allows us to infer the properties of the
compact objects and understand their nature.

Several extensions of GR predict the existence of regular and horizon-
less compact objects, also known as exotic compact objects (ECOs) [144,
85]. Indeed, the presence of the horizon poses some theoretical prob-
lems, the most notable ones being the existence of a singularity in the
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black-hole interior and the Hawking information loss paradox [214].

ECOs can mimic the features of BHs through electromagnetic obser-
vations since they can be as compact as BHs [23]. Indeed, the super-
massive object at the center of the M87 galaxy observed by the Event
Horizon Telescope poorly constrains few models of ECOs [27]. Fur-
thermore, current GW observations do not exclude ECOs that could
potentially explain events in the mass gap between NSs and BHs and
due to pair-instability supernova processes [11, 74, 12].

One way to distinguish ECOs from BHs is by analyzing the ringdown
stage of a compact binary coalescence. The ringdown is dominated
by the complex characteristic frequencies — the so-called quasi-normal
modes (QNMs) — of the remnant, that differ dramatically if the latter is
a BH or an ECO [81]. By inferring the QNMs of the remnant, we can
test whether they are compatible with the predicted spectrum for a BH.

Current observations of the fundamental QNM in the ringdown
of binary coalescences are compatible with remnant BHs as predicted
by GR [2, 18, 19]; however, the characterization of the remnant is still
an open problem. The no-hair theorems establish that BHs in GR are
determined uniquely by two parameters, i.e., their mass and angular
momentum [88,259]. Therefore, the measurement of one complex QNM
allows us only to estimate the parameters of the BH. A test of the BH
paradigm would require the identification of at least two complex QNM
frequencies. Louder GW events, to be collected as detector sensitivity
improves, and more sophisticated parametrized waveforms will allow
us to extract more information about the remnant.

If the remnant of a merger is an ECO that is almost as compact as
a BH, the prompt ringdown signal would be nearly indistinguishable
from that of a BH [81]. A characteristic fingerprint of ECOs would be
the appearance of a modulated train of GW echoes at late times due to
the absence of the horizon [81, 203]. Tentative evidence for GW echoes
in LIGO/Virgo data has been reported in the last few years [22], but
recent independent searches argued that the statistical significance for
GW echoes is consistent with noise [297, 18, 19].

Besides ECO fingerprints in the GW emission, in this thesis we ana-
lyze the astrophysical viability of ECOs as BH alternatives. Indeed, spin-
ning horizonless compact objects are prone to the so-called ergoregion
instability when spinning sufficiently fast [130, 301, 179]. The endpoint
of the instability could be a slowly-spinning ECO [77, 65] or dissipa-
tion within the object could lead to a stable remnant [201, 200, 296]. If
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confirmed, the ergoregion instability could provide a strong theoreti-
cal argument in favor of the BH paradigm for which rapidly spinning
compact objects must have a horizon.

The prospect for detectability of new physics will improve in the
future with the next-generation detectors like the ground-based obser-
vatories Einstein Telescope [253] and Cosmic Explorer [258], and the
space-based Laser Interferometer Space Antenna (LISA) [31]. In particu-
lar, LISA is an extremely promising observatory of fundamental physics.
Planned for launch in 2034, LISA will detect GWs in a lower frequency
band than ground-based detectors. LISA will observe a plethora of
astrophysical sources, particularly extreme mass-ratio inspirals (EMRIs)
in which a stellar-mass object orbits around the supermassive object at
the center of a galaxy [134].

EMRIs are unique probes of the nature of supermassive compact
objects. Since LISA will observe inspirals that can last for years, the
phase shift of the waveform will be tracked with high precision and
deviations from GR will be measured accurately. During the inspiral
around a horizonless supermassive object, extra resonances would be
excited leaving a characteristic imprint in the waveform [78, 204]. Any
evidence of partial reflectivity at the surface of the object would also
indicate a departure from the classical BH picture [110, 204].

Within this broad and flourishing context, this thesis aims to inves-
tigate the nature of compact objects and test the existence of horizons
with GWs. This work is organized as follows.

Chapter 1 is dedicated to the tests of the BH paradigm that have been
currently performed using GWs. A review of the recent GW observations
is presented, and the stages of the gravitational waveform are analyzed.
In particular, the consistency tests of GR and the parametrized tests of
deviations from GR are described. Finally, the prospects of detecting
deviations from GR with next-generation detectors are assessed.

Chapter 2 illustrates the theoretical motivations for studying hori-
zonless compact objects. A parametrized classification of horizonless
compact objects is presented depending on their deviations from the
standard BH picture. Some remarkable models of ECOs are reviewed,
and their phenomenology is compared to the BH case.

Chapter 3 derives the GW signatures of static horizonless compact
objects, particularly their QNM spectrum in the ringdown. The system
is described by perturbation theory. The imposition of the boundary con-
ditions that describe the response of the compact object to perturbations
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requires careful analysis. A numerical procedure for the derivation of
the QNMs is illustrated. The QNM:s of horizonless compact objects are
derived both for remnants almost as compact as BHs and with smaller
compactness. In the former case, the presence of characteristic low fre-
quencies in the QNM spectrum is highlighted. In the latter case, an
extended version of the BH membrane paradigm is applied to derive
model-independent deviations from the BH QNM spectrum. Finally,
current constraints on horizonless compact objects and prospects of
detectability are assessed.

Chapter 4 analyzes spinning horizonless compact objects that are
prone to the ergoregion instability above a critical threshold of the spin.
The QNMs of spinning horizonless compact objects are derived. From
the analysis of the imaginary part of the QNMs, the conditions for which
horizonless compact objects are unstable are identified. An analytical
description of the QNMs in terms of superradiance is detailed, and ways
of quenching the ergoregion instability are provided.

Chapter 5 describes the GW echoes that would be emitted after the
prompt ringdown in the case of a horizonless merger remnant. An
analytical, physically-motivated template for GW echoes is provided
that can be implemented to perform a matched-filter-based search for
echoes. Finally, the properties of GW echoes are analyzed, and the
prospects of detection with current and future detectors are assessed.

Chapter 6 is devoted to the analysis of EMRIs with a central horizon-
less compact object. During the inspiral, extra resonances are excited
when the orbital frequency matches the characteristic frequencies of the
central ECO. The impact of the resonances in the GW dephasing with
respect to the BH case is assessed. This analysis shows that LISA will
be able to probe the reflectivity of compact objects with unprecedented
accuracy.



1. Tests of the black hole paradigm

Si, ma dapprincipio non lo si sapeva, - preciso Qfwfq, - ossia, uno poteva anche
prevederlo, ma cosi, un po’ a naso, tirando a indovinare. lo, non per vantarmi,
fin da principio scommisi che I’'universo ci sarebbe stato, e I'azzeccai, e anche

sul come sarebbe stato vinsi parecchie scommesse, col Decano (k)yK.

Italo Calvino, Le Cosmicomiche

Astrophysical BHs are the end result of gravitational collapse and
hierarchical mergers. The no-hair theorems in GR establish that rotating
BHs are well described by the Kerr geometry [88, 259]. Kerr BHs are
determined uniquely by two parameters, i.e., their mass M and angular
momentum ] defined through the dimensionless spin parameter x =
J/M?. As such, every property of BHs is characterized only by two
parameters, i.e., the mass and the spin. Observations of deviations from
the properties of Kerr BHs would be an indication of departure from
GR.

In this chapter, the tests of the BH paradigm that have been performed
with current GW observations are reviewed. Moreover, the prospects
of detection of deviations from GR with next-generation detectors are
assessed.

1.1. Gravitational waves from compact binary mergers

1.1.1. Review of current observations

On September 14, 2015, the first GW emitted by the coalescence of a
compact binary was detected [3]. The signal, GW150914, is compatible
with the inspiral of two BHs as predicted by GR [5]. The remnant BH
has final mass M = 6273 M, and spin x = 0.671005, where ~ 3.0Mc?
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were radiated in GWs.

During the first observing run (O1), which ran from September 12,
2015 to January 19, 2016, the two Advanced LIGO detectors [4] observed
a total of three GW events from the coalescence of binary BHs [9]. The
second observing run (O2), which ran from November 30, 2016 to Au-
gust 25, 2017, was joined by the Advanced Virgo detector [24] in the last
month of data taking, enabling the first three-detector observations of
GWs.

On August 17, 2017, the detectors made their first observation of
a binary NS inspiral [7]. The signal, GW170817, was detected with
a combined signal-to-noise ratio (SNR) of 32.4, which is the highest
SNR in both the O1 and O2 datasets. GW170817 is the most precisely
localized event and allowed for the first multi-messenger observation
in the electromagnetic spectrum [8]. Indeed, a short y-ray burst was
associated with the NS merger, followed by a transient kilonova coun-
terpart across the electromagnetic spectrum in the same sky location. In
addition to GW170817, during O2, a total of seven binary BH mergers
were detected [9].

During the first half of the third observing run (O3a), which ran from
April 1, 2019 to October 1, 2019, forty-four GW events were detected [14,
15]. For the first time, the observations include binary systems with
asymmetric mass ratios [12, 10] and an intermediate-mass BH with
142f%gM® [11]. The event, GW190521, is consistent with the merger of
two BHs whose primary component lies in the mass gap produced by
pulsational pair-instability supernova processes. Indeed, it is predicted
that stars with a helium core are subject to an instability which leaves
the remnants with mass less than 65M, [40]. BHs with mass larger
than this value might form via hierarchical mergers of smaller BHs.
Recent studies showed that the event GW190521 is also consistent with
the head-on collision of two horizonless vector boson stars forming a
remnant BH [74].

During O3a, the event GW190814 [12] was also detected, whose
secondary mass lies in the lower mass gap of 2.5 — 5M, between known
NSs and BHs [230]. Some ECOs such as boson stars and gravastars can
potentially support masses beyond 2.5M¢. The nature of GW190814 is
unknown, and the hypothesis of an exotic secondary is not excluded.

In the second half of the third observing run (O3b), which ran from
November 1, 2019 to March 27, 2020, thirty-five GW events were detected
including the first observations of NS-BH coalescences [17, 16].



1. Tests of the black hole paradigm

T T T T
Inspiral Merger Ring-
o

05k

(1077

0.0 I\
0.5

Strain

-1.0 = Numerical relativity
[ Reconstructed (template)
T T

- T T T gg‘
L£0.6 44 &
> 0.5 | — Black hole separation -3 S
;‘é: 0:4 7—Black hole relative velocity : i g
> 03FE | I I T )} )
0.30 0.35 0.40 045

Time (s)

Fig. 1.1. Top: The stages of a compact binary coalescence. Estimated GW strain amplitude
from the event GW150914 compared to the numerical waveform of a binary BH coalescence.
Bottom: The Keplerian effective separation in units of Schwarzschild radii (Rg = 2M)
and the effective relative velocity of the binary system. [3]

1.1.2. Stages of the waveform
The signal emitted by a compact binary coalescence is characterized

by three main stages, as shown in Fig. 1.1.

@

(ii)

(iii)

The inspiral is a phase during which the two compact objects spiral
in towards each other as they lose energy to gravitational radiation.
At this stage, the two compact objects have large separations and
small velocities. The gravitational waveform is well approximated
by the post-Newtonian (PN) theory [57, 58,175,106, 33]. The latter
is a perturbative approach to solve the Einstein field equations
in which an expansion in terms of the velocity parameter v/c is
performed.

The merger is a rapid phase in which the two compact objects
coalesce to form a final remnant. This stage can be described only
by numerical simulations that take into account the nonlinearities
of the dynamics.

The ringdown is a final phase in which the remnant settles down to
its stationary state. This stage is described by perturbation theory.

23
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Fig. 1.2. 90% credible regions in the joint posterior distributions for the mass My and spin
ay of the merger remnant as determined from the inspiral and postinspiral signals, and
a full inspiral-merger-ringdown analysis. The posterior distributions have a significant
region of overlap. [5]

The ringdown is dominated by the complex characteristic frequen-
cies of the remnant, the so-called quasi-normal modes (QNMs),
which describe the response of the compact object to a perturba-
tion [277, 251, 274, 93, 187, 180, 51]. The BH ringdown signal can
be modeled as a superposition of exponentially damped sinusoids

h= Z Apmn (r)e—t/Témn Sin<wé‘mnt + ¢€mn) —2Sim (9/ 4’) ’ (1'1)
mn

where wyy,,, are the characteristic frequencies of the remnant, 7,
are the damping times, Ay, (r) o 1/r is the amplitude of the
signal at a distance 7, ¢, is the phase, and S, (6, ¢) « €™
are the spin-weighted spheroidal harmonics which depend on the
location of the observer to the source. Each mode is described by
three integers, namely the angular number (¢ > 0), the azimuthal
number m (such that |m| < £), and the overtone number (n > 0).
From the detection of the ringdown it is possible to infer the QNMs
of the remnant and understand the nature of the compact object.

1.2. Inspiral-merger-rindown consistency test

One way of testing that a gravitational waveform is consistent with
the predictions of GR for a binary BH is the inspiral-merger-ringdown
test [137]. The test consists in comparing the estimates of the mass and



1. Tests of the black hole paradigm

the spin of the remnant obtained from the inspiral (low-frequency) and
postinspiral (high-frequency) parts of the waveform. If GR describes
well both the adiabatic and the nonlinear regimes, the estimates on the
parameters from the two phases are consistent with each other within
the statistical uncertainties.

The inspiral-merger-ringdown consistency test was performed in the
first GW event, GW150914 [5]. Fig. 1.2 shows the 90% credible contours
in the estimates of the remnant mass My and spin ay = x My from the
inspiral and the postinspiral stages. The two posterior distributions have
a significant region of overlap. Moreover, they agree with the estimate
performed using full inspiral-merger-ringdown waveforms.

To constrain possible departures from GR, the following parameters
are defined

ins ostins:
M P _ MP P

AM
—L = 2 {ns fostins ¢ (1.2)
M f Mf L M? P
insp postinsp
Ax Ap T
— oY . 1.3)
Xf X}nsp + X;ostmsp (

that quantify the fractional difference between the estimates of the rem-
nant mass and dimensionless spin from the inspiral and postinspiral
stages. In GW150914, the joint posterior distribution of the parameters
is compatible with the (0, 0) result expected in GR [5].

The inspiral-merger-ringdown test has also been applied to the events
in the third LIGO-Virgo GW transient catalog with SNR > 6 both in the
inspiral and postinspiral regions. The measurement constraints are

AMy _ 0.03+0-14 Axr _
M f —0.137 Xf

which are consistent with the expectations of GR [19].

—0.05"937, (1.4)

1.3. Parametrized tests

Several parametrized tests have been performed to quantify generic
deviations from GR. These tests introduce parametrized modifications
to the GR waveform to constrain the degree to which the data agree with
GR predictions. The following sections analyze generic deviations from
inspiral-merger-ringdown waveforms, the BH spin-induced quadrupole
moment, the BH QNMs, and review some searches for GW echoes.

25
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Fig. 1.3. Combined results for parametrized deviations from GR obtained from the binary
BH events in the second GW transient catalog, for each deviation parameter. Phenom
(SEOB) results were obtained with IMRPuENOMPv2 (SEOBNRv4_ROM) and are shown in
blue (red). The error bars denote symmetric 90%-credible intervals, and the white dashed
line marks the median. The dashed horizontal line at 6p; = 0 highlights the expected GR
value. [18]

1.3.1. Constraints on generic deviations in the waveform

Deviations from GR can be introduced via parametric deformations
of the inspiral-merger-ringdown waveform predicted by GR, without re-
lying on any specific alternative theory of gravity. In this framework [191,
25], the deviations from GR are modeled as fractional changes dp; in the
parameters p; that parametrize the GW phase as p; — (1+ 6p;) p;. The
fractional changes are parameters that are introduced to be constrained
by the data and check the consistency with the GR values.

The parameters p; denote collectively all the inspiral {¢; } and postin-
spiral {a;, B;} parameters. In particular, the early-inspiral stage is known
analytically up to the order (v/ 0)7 and is parametrized in terms of the
PN coefficients P with j = 0,...,7 and the logarithmic terms ?jl with
j =5,6. In addition, the coefficient at j = —2 is included corresponding
to an effective -1PN term that, in some circumstances, can be interpreted
as arising from the emission of dipolar radiation. The transition be-
tween the inspiral and the merger-ringdown phase is parametrized in
terms of the phenomenological coefficients ; with j = 2,3. Finally, the
merger-ringdown phase is parametrized in terms of the phenomenolog-
ical coefficients & with j = 2,3,4. Parameters that are degenerate with
either the reference time or the reference phase are not considered.

It is possible to perform two kinds of tests: a single-parameter analysis,
in which only one of the parameters is allowed to vary freely while the
remaining ones are fixed to their GR value, and a multiple-parameter
analysis, in which all the parameters are allowed to vary simultaneously.
The multiple-parameter analysis accounts for correlations between the
parameters and provides a more conservative estimate on the agreement
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between a single GW event and GR.

Fig. 1.3 shows the combination of the parametric deviations of GR
from a single-parameter analysis for the binary BH coalescences in the
second GW transient catalog [18]. From left to right, the plot shows
increasingly high-frequency regimes: the early-inspiral stage is from
OPN to 3.5PN, whereas the parameters §; and «; correspond to the in-
termediate and merger-ringdown stages, respectively. Phenom (SEOB)
results were obtained with IMRPueENoMPv2 (SEOBNRv4_ROM) wave-
form model. The error bars are symmetric 90%-credible intervals, and
the white dashed line is the median. The dashed horizontal line at
6p; = 0 highlights the expected GR value.

The parameter that is constrained most tightly by the combined
analysis is 6¢_» = —0.057952 x 1073, within 90% credibility [19]. The
OPN term is the second best constrained parameter with |6¢g| < 4.4 ¥
1072 [18]. However, the latter constraint is weaker than the bound in-
ferred from the double pulsar J0737-3039 by a factor ~ 3 due to the long
observation time [298]. All the other PN orders are constrained signifi-
cantly more tightly with GW observations rather than electromagnetic
observations.

The results of the parametrized analysis can be used to place con-
straints on specific theories of gravity by building a theory-dependent
mapping [302, 303].

1.3.2. The spin-induced quadrupole moment

The oblateness of a compact object due to its spin creates a deforma-
tion in the surrounding gravitational field, which is measured by the
spin-induced quadrupole-moment [247]. The effect of the quadrupole
moment on the orbital motion of a binary system is imprinted in the
gravitational waveform at specific PN orders with a 2PN leading-order
effect.

For a compact object with mass M and spin ), the spin-induced
quadrupole moment can be parametrized as

Q = _KXZMSI (1.5)

where « is the spin-induced quadrupole moment coefficient that de-
pends on the mass, spin, and internal composition of the compact object.
Due to the no-hair theorems, « is unity for BHs in GR [88, 150]. For
spinning NSs, x can vary between ~ 2 and ~ 14 depending on the
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Fig. 1.4. Combined measurement of the spin-induced quadrupole moment parameter Jx;
for all the events in the third GW transient catalog [19]. The blue curve is the posterior
obtained without assuming a unique value of Jx; in all the events, whereas the red curve
is the posterior obtained by restricting Jx; to take the same value for all the events. The
dotted lines bound symmetric 90%-credible intervals. The Kerr BH value (dxs = 0) is
marked by a dashed line. [19]

equation of state [243, 153], whereas for slowly spinning boson stars,
can vary between ~ 10 and ~ 150 [262, 158].

The measurement of the spin-induced quadrupole moment coef-
ficients of the binary components, x; and «», is challenging given the
strong correlations between the binary parameters [183]. For this reason,
the individual deviations from unity are defined, dx; and Jx;, and the
symmetric and anti-symmetric combinations of the individual deviation
parameters are [18]

OKks = ((57(1 + (51(2) /2, (1.6)
Oxg = (K1 — Ox2) /2. (1.7)

For simplicity, the analysis is restricted to éx; = 0, requiring that the
binary components are of the same nature. Nevertheless, the measure-
ment of Jx; from individual GW events is poorly constrained. Fig. 1.4
shows the distributions on dxs obtained by combining all the events
in the third GW transient catalog [19]. The blue curve represents the
posterior obtained without assuming a unique value of dx; in all the
events, whereas the red curve is the posterior obtained by restricting dx;
to take the same value for all the events. Under the latter assumption,
the following contraint is estimated dx; = —16.022;? [19].
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Fig. 1.5. 90% credible regions in the joint posterior distributions for the QNM frequency
and decay time, for several values of the starting time of the ringdown after the merger.
The solid black line shows the 90% credible region for the frequency and decay time of
the least-damped (£ = m = 2,n = 0) QNM, as derived from the posterior distributions of
the remnant mass and spin from inspiral-merger-ringdown waveforms. [5]

1.3.3. Tests of the remnant properties

From the analysis of the postmerger signal of a compact binary coales-
cence, it is possible to infer the nature of the compact remnant. Due to the
no-hair theorems [88, 259], the QNM spectrum of a BH in GR depends
only on the mass and spin of the remnant. Therefore, the measurement
of one complex QNM allows us only to infer the mass and the spin of
the remnant. Conversely, the measurement of more than one QNMs
would allow us to perform independent tests of the Kerr metric. This
set of analyses is referred to as BH spectroscopy [116, 149, 63, 89, 165, 53].

One test of the remnant properties consists in checking the consis-
tency of the data with the least-damped QNM predicted for a remnant
BH. The posterior estimates for the QNM frequency and decay time
are a function of the unknown starting time of the ringdown after the
merger. Fig. 1.5 shows the 90% credible contours for the QNM frequency
and decay time as a function of the ringdown time offset for the event
GW150914 [5]. The solid black line shows the 90% credible region of
the least-damped QNM as derived from the posterior distributions of
the remnant mass and spin from full inspiral-merger-ringdown wave-
forms. The 90% posteriors overlap with the GR prediction starting from
to = 3 ms, which is the offset time when the description of the ringdown
in terms of QNMs is valid.

To test the BH paradigm, one would need to detect at least two QNMs
in the ringdown. One test consists in incorporating the first overtone
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Fig. 1.6. The 90% credible region of the joint posterior distribution of the fractional
deviations of the frequency and the damping time for the ¢ = m = 2,n = 1 mode. The
measurement of the fractional deviation of the frequency is consistent with GR. The
fractional deviation of the damping time is mostly unconstrained. [18]

(¢ =m =2,n =1) in the ringdown template in time domain [89, 165].
The starting time of the ringdown is chosen based on an estimate of
the peak of the strain from the full inspiral-merger-ringdown analyses.
The data show evidence for the presence of overtones only for loud
signals. Fig. 1.6 shows the joint posterior distributions for the fractional
deviations in the frequency and damping time to their GR predictions
for the first overtone, where

for = for (1+5f221) , (1.8)
Tl = Tzcéli{ (1 +5f221) , (19)

and the “GR” superscript indicates the Kerr value corresponding to a
remnant with a given mass and spin [18]. A hierarchical analysis of
the events in the third GW transient catalog constrains the frequency
deviations to & fo; = 0.01 fg%, whereas the damping time is essentially
unconstrained [19]. Recently, the observation of the { = m =3,n =0
mode has been claimed in the event GW190521 [75].

The fractional deviations in the frequency and the damping time
of the least-damped QNM are ¢ fzzo = 0.0ng:ég and 0ty = 0.10Jj8:§3,
which are obtained by combining the information from different events
using a hierarchical approach [136]. The event GW150914 gives the
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single-event most-stringent constraint with & fzzo = 0.0ngié% and 0ty =
0.07f8:é; [136], corresponding to a maximum allowed deviation from
the least-damped QNM of a Kerr BH of ~ 16% and ~ 33% for the real
and the imaginary part of the QNM, respectively.

The bounds for the fractional deviations for the modes can be used to
put constraints on possible deviations in the ringdown spectrum caused
by horizonless remnant objects, as detailed in Secs. 3.3.4 and 3.3.5.

1.3.4. Searches for gravitational-wave echoes

If the remnant of a compact binary coalescence is a horizonless com-
pact object, a train of modulated pulses — known as GW echoes — is
emitted in the late postmerger stage in addition to the ringdown ex-
pected from BHs [85, 21]. The detection of the GW echoes would be
clear evidence of the existence of horizonless objects whose compactness
is similar to the BH one (see Sec. 5.1 for details).

Several matched-filtered searches have been performed to search for
GW echoes. A waveform template in the time domain is based on the
standard inspiral-merger-ringdown template in GR, M (t), with five
additional parameters, i.e., [22]

=re

h(t) =A (*1)i+17iM(t + tmerger + techo — IAtechor tO) ’ (1~10)

i=0

where M (t,ty) = O(t, tp) M(t) and O(t, ty) is a smooth cut-off function.
The five free parameters are: the time-interval in between successive
echoes, Afqho; the time of arrival of the first echo, teuo, that can be
affected by the non-linear dynamics near the merger; the cut-off time, tg,
which quantifies the part of the GR template that produce the subsequent
echoes; the damping factor of successive echoes, ; the overall amplitude
of the echo template, A. The (—1) term represents the phase inversion
of the waveform in each pulse. Extensions of the original template have
been developed in Refs. [222, 295].

A phenomenological template in the time domain is based on the
superposition of sine-Gaussians with several free parameters [211]. Fur-
thermore, some templates in the frequency domain depend explicitly
on the physical parameters of the horizonless compact object, i.e., its
compactness and reflectivity [208, 273, 203].

Some unmodeled searches have also been performed. Several anal-
yses are based on the superposition of generalized wavelets adapted
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from burst searches [281, 280]. Moreover, searches with Fourier win-
dows [102, 101] use the fact that the echoes should pile up at specific
frequencies.

Tentative evidence for GW echoes in LIGO/Virgo O1 and O2 events
has been reported [22, 102, 20], although independent searches argued
that the statistical significance for GW echoes is low and consistent
with noise [297, 224]. Recently, some negative searches have been per-
formed [282, 280, 194]. Furthermore, a dedicated search for GW echoes
has been performed by the LIGO/Virgo Collaboration in the events of
the second and third GW transient catalogs, finding no evidence for GW
echoes [18, 19].

1.4. Prospects with next-generation detectors

Next-generation detectors are planned to observe GWs in a different
frequency range than current detectors and with improved sensitivity,
opening up the possibility of observing new GW sources [160]. The
ground-based observatories Einstein Telescope [253] and Cosmic Ex-
plorer [258] will observe GWs in the 5 — 4000 Hz band with a sensitivity
of a factor of 10 better than current detectors.

The future space-based interferometer LISA [31] will detect GWs in
the 10~* — 1 Hz frequency band from a variety of astrophysical sources.
For instance, massive BHs (with masses ranging from 10° M to 10° M)
are hosted in the center of galaxies and are expected to coalesce in bigger
systems. The inspiral, merger, and ringdown phases are predicted to be
in the LISA frequency band of observation with SNR ~ 1000 [177].

EMRIs are one of the target sources of LISA [134]. EMRIs are binary
systems in which a stellar-mass object (with mass ranging 10 — 100M,)
orbits around a supermassive object at the center of a galaxy. EMRIs
occur over long timescales since the stellar-mass compact object spends
103 — 10° orbits in the close vicinity of the central object. A large number
of orbital cycles allows for precise measurements of the parameters of
the binary. Moreover, and to put GR to the most stringent tests.

EMRIs are unique probes of the nature of the central supermassive
object. The mass quadrupole moment of the central object and possible
deviations from the Kerr metric will be probed by LISA with large
accuracy [37, 145]. In Sec. 6, the prospects of detection of LISA for the
reflectivity of compact objects are assessed.
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Per voi cadere é sbattersi it magari dal ventesimo piano d'un grattacielo, o da
un aeroplano che si guasta in volo: precipitare a testa sotto, annaspare un po’
nell’aria, ed ecco che la terra é subito i, e ci si piglia una gran botta.

Italo Calvino, Le Cosmicomiche

2.1. Motivation

BHs are the most compact objects in the Universe. According to GR,
stationary BHs have an event horizon surrounding a curvature singu-
larity where Einstein’s theory breaks down. On the astrophysical side,
the existence of BHs with masses ranging from a few to hundred solar
masses has been confirmed by GW observations [9, 14, 16]. Moreover,
supermassive BHs at the center of galaxies have been observed with
stellar orbits [135] and the electromagnetic emission from accretion
disks [26]. All the observations are compatible with BHs as predicted
by GR and support the Kerr hypothesis for which any compact object
heavier than a few solar masses is well described by the Kerr metric.
Indeed, the Carter-Robinson uniqueness theorem establishes that the
Kerr geometry is the only physically acceptable stationary solution to
the Einstein vacuum field equations [88, 259].

Given the observational robustness of BHs, it is natural to question
the motivation for further tests of the nature of compact objects. It is
worth remarking that the evidence for BHs is the observation of dark,
compact, and massive objects. The Kerr geometry has been probed
in the exterior spacetime approximately until the location of the light
ring [26] which is the innermost stable circular orbit (ISCO) of photons.
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Investigations of the spacetime in the vicinity of the event horizon have
not been performed with current measurement accuracies. For this
reason, it is relevant to quantify the evidence for BHs by constraining the
compactness and darkness of the objects observed so far via gravitational
and electromagnetic channels.

On the theoretical side, Kerr BHs have singularities and are patholog-
ical in their interior. In particular, the existence of a curvature singularity
with infinite tidal forces shows a breakdown of the Einstein equations.
Moreover, the spacetime within the BH horizon can contain closed time-
like curves which violate causality. Some attempts to regularize the BH
solution predict that quantum fluctuations might prevent the formation
of the horizon and the singularity therein [215, 212].

In the semiclassical approximation, when a massless scalar field such
as that of the photon is quantized in the Schwarzschild background, one
finds that the BH radiates a thermal spectrum at the Hawking tempera-
ture Ty = 1/ (8tkgM) [155]. The inverse dependence of the Hawking
temperature on the mass implies that a BH in thermal equilibrium with
its Hawking radiation has negative specific heat, hence is thermodynam-
ically unstable [156]. Energy conservation plus the thermal radiation
spectrum also imply that the BH has enormous entropy [43] which is
far over a typical stellar progenitor.

Finally, one of the main open problems in BH physics is the information-
loss paradox [214] which is related to loss of unitarity at the end of the
BH evaporation due to Hawking’s radiation. Several attempts to address
this issue involve the formulation of a consistent quantum gravity theory
that predicts modifications at the horizon relative to the classical picture
(e.g., nonlocal theories [139, 140, 141] and string theories [196, 216, 212,
213]) and new ways to compute the entropy [119, 29, 209].

ECOs are horizonless objects that are predicted in quantum gravity
extensions of GR [223, 46, 142, 182, 21] and in the context of GR in the
presence of exotic matter fields [192, 64, 144]. These ideas have inspired a
plethora of models including gravastars [215,216], boson stars [124, 174,
261,265], wormholes [118,219, 108], fuzzballs [212,213], and others [61,
143, 67,162, 73]. Some models are solutions to consistent field theories
coupled to gravity [192, 216], whereas some phenomenological models
do not arise from specific theories and are simple toy models to test
deviations from the classical BH picture [108, 235].

ECOs without a classical horizon can nonetheless mimic the fea-
tures of BHs through electromagnetic observations since they can be as
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Fig. 2.1. Schematic representation of the parameter space of ECOs. The closeness param-
eter € (horizontal axis) is related to the effective radius of the object by rg = r+(1+¢€),
where r is the horizon of a Kerr BH with the same mass and spin. The reflectivity R
(vertical axis) is related to the object’s interior and is generically complex and frequency-
dependent. [202]

compact as BHs [23]. For this reason, ECOs are also generically called
“BH mimickers” [86, 190]. In most models, the dynamical formation
of ECOs has not been explored consistently, with some notable excep-
tions [266, 192].

From a more phenomenological standpoint, BHs and NSs might be
just two species of a larger zoo of compact objects. New species can
be used to devise precision tests on the nature of compact objects. In
particular, GW events that fall in the mass gap forbidden by standard
stellar evolution (i.e., GW190814 [12] and GW190521 [11, 13]) could be
interpreted as mergers of exotic objects [74].

In summary, ECOs are a tool that allows us to quantify the observa-
tional evidence for BHs and search for signatures of alternative proposals
in GW and electromagnetic data.

2.2. A parametrized classification
Horizonless compact objects deviate from BHs for two parameters
(see Fig. 2.1):

o their compactness, i.e., the inverse of their effective radius in units of
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the total mass M. It is customary to define a closeness parameter
€ from the horizon of a BH such that the effective radius of the
horizonless compact object is located at

ro=r+(l+e€), (2.1)

where ry = M+ VM? —a?, and a is the spin of the compact
object. The closeness parameter is related to the compactness of
the horizonless object via

M M

=7 (2.2)

C = ,
ro  re(l+4e)

where 0.5 < C < 1 fora Kerr BHwith0 < g < M. In this
framework, the BH limit corresponds to € — 0;

o their reflectivity R at the effective radius of the compact object. The
properties of the interior of a horizonless compact object can be
parametrized in terms of its surface reflectivity, which is generi-
cally complex and frequency-dependent. In this framework, the
R = 0 case describes a totally absorbing object that reduces to
the standard BH case when € — 0. The |R|? = 1 case describes a
perfectly reflecting object for perturbations moving towards the
compact object. This is the case, for example, of NSs where the
most efficient absorption mechanism is due to viscosity. However,
the absorption of the incoming radiation is negligible as detailed
in Sec. 4.5, therefore the radiation passes unperturbed across the
NS from a three-dimensional perspective. Intermediate values of
‘R describe partially absorbing compact objects through viscosity,
dissipation, fluid mode excitations, nonlinear effects, etc.

Depending on their compactness, two categories of ECOs are [83]:
horizonless objects with small compactness, whose effective radius
is comparable with the light ring of BHs with e = O0(0.1 — 1); and
ultracompact objects, where Planckian corrections at the horizon as
70 & 7+ + Iplanck correspond to € = O(107% — 10749) for supermassive
to stellar objects depending on their mass. Several models of ultra-
compact horizonless objects are conceived by assuming that quantum
fluctuations might prevent the formation of the horizon [215]. These
models are so compact that the round-trip time of the light between
the light ring and the radius of the object is longer than the instability
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timescale of the photon orbits.

If the remnant of a merger is a compact object with small compact-
ness, the ringdown signal differs from the BH ringdown at early stages,
as detailed in Sec. 5.4. Conversely, if the remnant of a merger is an
ultracompact horizonless object, the prompt ringdown is nearly indis-
tinguishable from that of a BH since it is excited at the light ring which
is at the same location both in the BH and the horizonless case [81].
The details of the object’s interior appear at late times in the form of a
modulated train of GW echoes, as detailed in Sec. 5.1.

Another mention-worthy property used to classify ECOs is their
softness, which is associated with the spacetime curvature at their surface.
When the underlying theory of an ECO model has a new length scale
L < M, the curvature (e.g., the Kretschmann scalar K) at the surface
can be much larger than the curvature at the horizon, i.e., K > 1/ M*.
On the other hand, models of ECOs that are not motivated by length
scales other than M cannot sustain large curvatures at their surfaces.
The former case is referred to as “hard” ECOs, whereas the latter case is
denoted by “soft” ECOs [256].

2.2.1. The Buchdhal theorem

A useful compass to navigate through the ECO atlas is provided by
the Buchdhal theorem [69] which states that, under certain assumptions,
the maximum compactness of a self-gravitating object is M /rg = 4/9
(i.e., € > 1/8). This theorem prevents the existence of ECOs with com-
pactness arbitrarily close to that of a BH. In particular, the assumptions
of the Buchdhal theorem are:

e GRis the theory of gravity;
o the solution is spherically symmetric;
e the interior matter is a single perfect fluid;

e the fluid is at most mildly anisotropic, i.e., the radial pressure is
larger than the tangential one, pr 2 pi;

o the radial pressure and the energy density are positive, i.e., p, > 0
and p > 0;

e the energy density decreases by moving outwards, i.e., dp/dr < 0.
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Relaxing some of these assumptions provides a way to circumvent the
theorem and suggests a route to classify ECOs [284, 85]. For example,
the assumption of GR is violated in any modified-gravity theory, i.e.,
in fuzzballs in string theory [212, 213] and nonlocal stars in infinite
derivative gravity [182, 73].

A common property of ECOs is the presence of an anisotropic pres-
sure. Indeed, strong tangential stresses are necessary to support compact
self-gravitating configurations. This is the case, for instance, of ultra-
compact anisotropic stars [62, 255].

Several models of ECOs are spherically symmetric solutions of GR
supported by an exotic distribution of matter violating the energy con-
ditions. This is the case of gravastars [215, 216, 221] with a dark energy
interior, and wormholes [219, 291, 108] with a thin shell of exotic matter
at the throat.

2.3. Review of some remarkable models

2.3.1. Boson stars

Boson stars are self-gravitating compact solutions formed by massive
bosonic fields which are coupled minimally to GR [168, 264, 192]. The
action of the Einstein-Klein-Gordon theory is [294]

s—/<£T+LM> g d*x, (23)

where R is the Ricci scalar of the spacetime with metric g;,, and deter-
minant \/—g, and the term £, describes the matter of the scalar field
o,
1 .
Ly=—3 [gWqu) V@ +V (\q>|2)} , (2.4)

where ®* is the complex conjugate of the scalar field and V (|®|?) is
the bosonic potential. By varying the action in Eq. (2.3) with respect
to the metric ¢g*”, the Einstein field equations are obtained; whereas by
varying the action with respect to the scalar field ®, the Klein-Gordon
equation is derived.

If the scalar field is complex, the boson star is a static and spherically
symmetric geometry with an oscillating field [174, 261]

O(r, t) = Do(r)e!, (2.5)

where @ (r) is the profile of the star and w is the angular frequency of the
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phase of the field. On the other hand, real scalar fields give rise to long-
term stable oscillating geometries with a non-trivial time-dependent
stress-energy tensor, called oscillatons [265]. Both solutions arise nat-
urally as the end-state of the gravitational collapse in the presence of
bosonic fields [266, 225].

Boson stars are the most robust model of ECOs since their formation,
stability, and binary coalescence have been analyzed in detail numeri-
cally [231, 232, 263]. Boson stars are natural candidates for dark matter.
They are not meant to replace all the BHs in the Universe since their
compactness is lower than the BH one. Indeed, boson stars have proper-
ties similar to NSs, e.g., having a maximum mass above which they are
unstable against gravitational collapse.

There are several models of boson stars depending on the bosonic
potential and the classes of self-interactions, namely:

e mini boson stars which are characterized by a non-interacting scalar
field where [189]

v (lo?) = P, (2.6)

where y is the bare mass of the field theory. The maximum boson

star mass is Mmax ~ 0.633M%,lanck / . Their mass-radius diagram
is qualitatively similar to the one of static NSs;

e massive boson stars which are characterized by a scalar field with a
quartic self-interaction potential [99]

A
v (Io]) = w2l + Zlef, (27)

where A is a dimensionless coupling constant. The maximum
mass can be of the order of the Chandrasekhar mass or larger,
Mumax ~ 0.062 A1/ 2M13’1an o/ ‘uz. This effect is caused by the self-
interaction of the potential that provides an extra pressure against
the gravitational collapse;

e solitonic boson stars which are characterized by a potential with an
attractive term [129, 188]

2
1% (|<1>\2) = 11%|D? (1 - 2%') , (2.8)

where 07 is a constant that is generically assumed to be of the
same order as . The maximum mass of the boson star is Mmax ~
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M3/ (10p)?. Stationary, soliton-like configurations have also
been found for complex and massive Proca fields [64].

2.3.2. Gravastars

Gravitational-vacuum stars or gravastars are configurations sup-
ported by a negative pressure in their interior [216, 292, 217]. The region
with negative pressure forces the gravastar to violate some energy con-
ditions and evade the Buchdhal theorem. The model is singularity-free,
thermodynamically stable and has no information paradox.

Gravastars can have an arbitrary compactness depending on the
model to describe the pressure. The original formulation of the gravastar
has a five-layer construction with a de Sitter core, a thin shell connect-
ing to a perfect-fluid region, and another thin shell connecting to the
Schwarzschild exterior. A simpler model is the thin-shell gravastar [292]
that is constructed with a de Sitter core connected to the Schwarzschild
exterior by a thin shell of perfect-fluid matter.

The formation of a gravastar can occur at the endpoint of a gravita-
tional collapse when quantum gravitational vacuum phase transition
could intervene before the event horizon can form [215]. However, the
dynamical formation of a non-singular gravastar is still an open issue.

2.3.3. Wormholes

Wormbholes were introduced originally by Einstein and Rosen [118]
in the attempt to build a geometrical model of an elementary particle
in GR. Wormbholes are constructed by taking two copies of a static and
spherically symmetric metric with an asymptotically flat region. The
two regions are connected by a wormhole whose throat occurs at the
radius rp. This procedure is called Schwarzschild surgery [219, 291].

The spacetime is everywhere vacuum except at the throat, where the
surgery requires a thin shell of matter. The Einstein field equations yield
an exotic distribution of matter that has a negative energy density and
violates the weak and the dominant energy conditions.

Wormholes can be constructed with arbitrary mass and compactness,
therefore they can mimic the observational features of BHs [108]. Worm-
holes solutions have also been constructed in more generic gravity theo-
ries, some of which do not violate energy conditions [169]. Nevertheless,
their formation mechanism is not well understood, and wormbholes are
unstable under linear perturbations [148, 66].
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2.3.4. Fuzzballs

The fuzzball models are conceived in string theory to solve the loss
of unitarity in the BH evaporation and the huge Bekenstein-Hawking
entropy of BHs [195, 196, 212, 213]. A classical BH is interpreted as an
ensemble of regular, horizonless geometries that describes its quantum
microstates [46, 36, 47]. These geometries are solutions to string theory
and have the same mass and charge of the corresponding BH. In this
description, quantum gravity effects are not confined close to the BH
horizon, but the BH interior is formed by fluctuating geometries. For
this reason, this picture is referred to as the “fuzzball” description of
BHs.

The construction of the microstates has been achieved only under spe-
cific assumptions, i.e., in higher-dimensional or in non-asymptotically-
flat spacetimes. None of the geometries that can be constructed in
four-dimensional spacetimes could represent astrophysical BHs since
these solutions are typically non-rotating, charged, and extremal. A
general class of extremal and charged solutions in four dimensions is
described by the metric [46, 138, 41]

3
ds® = U (dt +w)* + e 21 dx}, (2.9)

i=
where U is a function of eight harmonic functions associated with the
electric and the magnetic charges [54, 55]. The fuzzballs are constructed
by distributing the charges of the eight harmonic functions among N
centers. The geometry is regular and characterized by the absence of

horizons and closed timelike curves.

2.3.5. Anisotropic stars

Anisotropic stars are compact objects which are supported by large
anisotropic stresses [42, 113, 205, 32] that arise at high densities, in
superfluidity, solid cores, etc. Anisotropic stars have been studied
in GR, mostly in the context of static and spherically symmetric so-
lutions [114, 159, 115, 269, 300]. Depending on the anisotropy scale,
the compactness of anisotropic stars can be arbitrarily close to the BH
one [255]. Furthermore, anisotropic stars can cover a wide range of
masses, hence they can mimic both stellar BHs and the supermassive
BHs at the center of galaxies.

41



PROBING THE HORIZON OF BLACK HOLES WITH GRAVITATIONAL WAVES

2.3.6. Firewalls, nonlocal stars, and superspinars

Firewalls are horizonless compact objects with a BH exterior space-
time and some “hard” structure localized close to the horizon due to
quantum origin [30, 171]. Furthermore, a classical BH with modified
dispersion relations for the graviton could effectively appear as having
a hard surface [306, 228].

Nonlocal stars emerge in theories with infinite derivatives in which
the nonlocality of the gravitational interaction can smear out the curva-
ture singularity and avoid the presence of a horizon [131, 182,72, 73]. A
nonlocal star is a self-gravitational bound system of gravitons interacting
nonlocally. Outside the nonlocal star, the spacetime is well described by
the Schwarzschild metric, whereas inside there is a nonvacuum space-
time that is conformally flat at the origin.

Superspinars are string-inspired Kerr geometries spinning above the
Kerr bound [143, 235, 246]. Indeed, in GR the angular momentum | of
a Kerr BH is bounded by | < M?2. When the Kerr bound is violated,
the geometry does not possess an event horizon. Furthermore, some
unknown quantum effects need to be invoked to create an effective
surface to avoid naked singularities and closed timelike curves.

2.4. Phenomenology of exotic compact objects

2.4.1. Tests of the multipolar structure

Uniqueness theorems in GR predict that the outcome of the grav-
itational collapse is a Kerr BH which is determined uniquely by two
parameters, i.e., its mass M and angular momentum ] [88, 259]. The
multipolar structure of Kerr BHs can be written as [150]

MBH L iSBH — M (i), (2.10)

where M, and S, are the mass and current multiple moments, respec-
tively, M = M is the mass, xy =]/ M?2 is the dimensionless spin, and
] = & is the angular momentum. In addition, Kerr BHs have vanishing
mass (current) multiple moments when £ is odd (even) since the metric
is axially and equatorially symmetric. The BH multipole moments do
not depend on the azimuthal number m given the axisymmetry of the
metric.

For ECOs, the tower of multipole moments is, in general, richer
due to the presence of moments that break the equatorial symmetry
or the axisymmetry, as in the case of multipolar boson stars [157] and
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fuzzball microstate geometries [44, 54, 55, 45]. The deformation of the
multipoles depends on the specific ECO model and vanishes in the
high-compactness limit approaching the Kerr value [234, 256, 254]. The
multipole moments of an ECO can be parametrized as

MECO = MBH L 5 M, SECO = SPH 158, (2.11)

m m

where My, and 0S5y, are model-dependent corrections to the mass
and current multipole moments.

“Soft” ECOs motivated by new physics effects whose length scale is
comparable to the mass cannot have arbitrarily large deviations from
the BH multipole moments. In the BH limit, the multipole moment
deviations must vanish sufficiently fast. For axisymmetric spacetimes,
spin-induced moments must vanish logarithmically (or faster), whereas
non-spin induced moments vanish linearly (or faster) [256], i.e.,

M X!
M[Jrl Zloge

+ bee, (2.12)

and equivalently for the current multipole moments, where a, and b,
are constants.

The multipolar structure of an object leaves a footprint in the GW
signal emitted by a compact binary coalescence, modifying the PN struc-
ture of the waveform at different orders. The lowest order contribution
is the quadrupole moment which enters at 2PN order [172] as detailed
in Sec. 1.3.2. Current constraints on the parametrized PN deviations
with GW observations [2, 18] can be mapped into constraints on M.
However, such tests are challenging given the correlations between the
binary component spins and the quadrupole moment where the former
have not been measured accurately.

EMRISs are expected to put stronger bounds on the multipolar struc-
ture of the central supermassive object, due to a large number of cycles
before the merger. The future space mission LISA is expected to provide
accurate measurements of the spin-induced quadrupole and a large set
of high-order multipole moments [37, 34, 173].

2.4.2. Tests of the tidal heating

If the components of a binary system are dissipative objects, energy
and angular momentum are dissipated in their interior in addition to
the GW emission to infinity. This is the case of BHs in which energy and
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angular momentum are absorbed by the horizon. This effect is known
as tidal heating (TH) and can contribute to thousands of radians of
accumulated orbital phase for EMRIs in the LISA band [154, 163, 164].

If at least one component of the binary system is an ECO, the dis-
sipation in their interior would be smaller than in the BH case. In-
deed, exotic matter is expected to interact weakly with GWs leading
to a suppressed contribution to the GW accumulated phase from TH.
This effect would allow distinguishing binary BHs from binary systems
involving ECOs [210]. For EMRIs in the LISA band, the absence of
TH could be used to put a stringent upper bound on the reflectivity of
ECOs [110, 204].

2.4.3. Measurements of the tidal deformability

In the coalescence of a compact binary system, the gravitational
field of each component acts as a tidal field on its companion, inducing
some multipolar deformation in the spacetime. Tidal effects change the
orbital phase and in turn the GW emission [249]. This effect can be
quantified in terms of the “tidal-induced multipole moments”. Indeed,
a weak tidal field can be decomposed into electric (or polar) tidal field
moments, &£,,, and magnetic (or axial) tidal field moments, By,,. In the
nonrotating case, the ratio between the multipole moments and the tidal
field moments that induce them defines the tidal deformability of the

body, i.e.,
M £) Sg
A0 = Dl Z 0 Ol 2.13
E SEm B Bfm ( )
The dimensionless tidal Love numbers can be defined as
/\(5) /\(5)
E B
kf = Constﬁ ’ k[ = COnstﬁ ’ (214)

that depend on the internal composition of the central object.

A remarkable result in GR is that the tidal Love numbers of BHs
are null. This was demonstrated for nonrotating BHs [56, 107], then
extended to slowly rotating BHs [248, 184, 241] and recently to Kerr
BHs [95, 185, 186]. Conversely, the tidal Love numbers of ECOs are
generically different from zero and can provide a smoking-gun test
of the nature of compact objects [80]. The tidal Love numbers were
computed for several models of ECOs such as boson stars [80, 267, 218],
gravastars [234, 80, 283] and anisotropic stars [255].

In the case of “hard” ECOs, the tidal Love numbers vanish logarith-
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mically in the BH limit [80]

24

kECO
S +dyloge’

€e—0, (2.15)
where axial and polar Love numbers coincide in the BH limit. Con-
versely, “soft” ECOs — such as anisotropic stars in certain regimes — have
a polynomial vanishing behavior in the BH limit [255]

O () (2.16)
where 7 is a parameter that depends on the specific model.

The effect of tidal deformability alters the GW signal emitted by
a compact binary coalescence at 5PN order. Current and future GW
detectors will be able to measure the tidal Love numbers of compact
objects to distinguish ECOs from BHs [80, 210, 267].

2.4.4. Ringdown tests

The postmerger phase of a compact binary coalescence is dominated
by the QNMs of the remnant. In the case of a horizonless compact
remnant, the QNM spectrum deviates from the one predicted for a BH
in GR. The estimation of the fractional deviations from the GR modes in
the GW events allows us to constrain possible deviations in the spectrum
due to a horizonless remnant, as detailed in Sec. 1.3.3.

The vibration spectra of ECOs have been computed in a wide class
of models: boson stars [49, 197], gravastars [97, 236, 96, 293], worm-
holes [81, 181, 70], and quantum structures [79, 120, 82, 39, 68, 296].
Typically, the QNMs of ECOs differ from the BH QNMs due to the pres-
ence of an effective radius instead of the horizon, the excitation of the
internal oscillation modes [125, 240, 147], and the excitation of extra
degrees of freedom in modified-gravity theories [226, 59, 272].

The isospectrality of axial and polar modes of BHs in GR [93] is
broken in ECOs, which are expected to emit a characteristic mode doublet.
The detection of such doublet would be an irrevocable signature of new
physics, whose prospects of detection are detailed in Sec. 3.3.5.

The formation of an ECO can also be constrained by looking for GW
echoes in the postmerger signal of a compact binary coalescence. GW
echoes are an additional signal that would be emitted after the prompt
ringdown if the remnant is an ultracompact ECO. In Sec. 1.3.4 we re-
viewed the searches for GW echoes that have been currently performed.
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Third-generation detectors are expected to detect the ringdown sig-
nal of massive binaries with a large SNR, which would allow putting
strong constraints on the compactness and the reflectivity of the compact
objects [273, 203].
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Esatto, quel tempo la ci impiega, mica meno, - disse Qfwfq, - io una volta
passando feci un segno in un punto dello spazio, apposta per poterlo ritrovare
duecento milioni d’anni dopo, quando saremmo ripassati di Ii al prossimo giro.

Italo Calvino, Le Cosmicomiche

3.1. A static model

Let us analyze a static and spherically symmetric horizonless compact
object. We assume that GR is a reliable approximation outside the radius
of the compact object and some modifications appear at the horizon scale
as in some quantum-gravity models. Owing to the Birkhoff theorem,
the exterior spacetime of a static and spherically symmetric compact
object is described by the Schwarzschild metric

b
f(r)

where (t,7,0, ¢) are the Boyer-Lindquist coordinates, f(r) =1—2M/r
and M is the total mass of the object.

ds? = —f(r)df? + -~ dr? + r2(d6> +sin?0dg?),  (3.1)

The radius of the horizonless compact object is as in Eq. (2.1), where
r+ = 2M is the would-be horizon of a Schwarzschild BH with the same
mass. Ultracompact horizonless objects (¢ < 1) have a compactness
that is almost the same as the one of a Schwarzschild BH, i.e., C ~ 0.5,
whereas horizonless objects with a small compactness [e = O(0.1 — 1)]
have C ~ 0.45 — 0.25. In the following, we shall not assume a specific
model for the interior of the compact object that is parametrized in terms
of the reflectivity at the effective radius.
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In Sec. 3.2, we shall derive the QNM spectrum of ultracompact ob-
jects, whereas in Sec. 3.3, we shall derive a model-independent frame-
work for the QNMs of horizonless compact objects using the membrane
paradigm.

3.2. Ringdown spectrum of ultracompact objects

Horizonless compact objects are characterized by a completely dif-
ferent QNM spectrum with respect to the BH case. In this section, we
derive the QNM spectrum of a static ultracompact object (¢ < 1) with
surface reflectivity R(w).

3.2.1. Linear perturbations in Schwarzschild background

Let us perturb the background geometry in Eq. (3.1) with a spin-
s perturbation, where s = 0, %1, £2 for scalar, electromagnetic and
gravitational perturbations, respectively. The perturbation can be de-
composed as

Foltr,0,9) = [ dae T T S0 (6) pun(r),  (32)
- Im

where $S;,,(0)e™? are the spin-weighted spherical harmonics, ¢ is the
angular number (¢ > 0) and m is the azimuthal number (—¢ < m < ¢)
of the perturbation. In the following, we shall omit the s, £, m subscripts
for brevity. The radial component of the perturbation is governed by a
Schrédinger-like equation [257, 305]

d*y(r) 2 _
it [w? = V()] w(r) =0, (3.3)
where the tortoise coordinate is defined such that dr../dr = 1/f(r), ie.,
r
7« =t +2Mlog (m — 1) . (3.4)

Let us notice that the tortoise coordinate allows us to explore a region
in close proximity to the horizon of a BH since the tortoise coordinate
is finite at the effective radius, i.e., r«(rg) = const = rS, and diverges at
the would-be horizon, i.e., 7+ (2M) — —co0.
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Fig. 3.1. Effective potential as a function of the tortoise coordinate of a Schwarzschild
BH (top panel) and a static horizonless compact object with radius rg = 2M(1 + €) and
€ = 10® (bottom panel), for axial (continuous line) and polar (dashed line) ¢ = 2
gravitational perturbations. The effective potentials have a maximum approximately
at the photon sphere, r = 3M. In the horizonless case, the effective potential features a
characteristic cavity between the radius of the object and the photon sphere [81, 82, 85,202].

The effective potential in Eq. (3.3) is [257, 305]

Vo = 0| E a2

, (3.5)

2 3 2 A [42 2
_ g°(q + 1)1’ + 3¢*°Mr? + IM?(gr + M)
Vpolar - 2f(7‘> l: r3(qr+3M)2 4 (3'6)

where g = (¢ —1)(£ +2) /2. The potential in Eq. (3.5) describes scalar,
electromagnetic and axial gravitational perturbations, whereas the po-
tential in Eq. (3.6) describes polar gravitational perturbations. The
tensor spherical harmonics can be classified according to their behavior
under parity change,

P (ssgm(e)efmfl’) — Sym (T — B)eM(THO) (3.7)

In particular, we refer to axial perturbations as those with parity (—1)‘*1,
whereas we refer to polar perturbations as those with parity (—1)*. The
former are described by the Regge-Wheeler wave function [257], while
the latter by the Zerilli wave function [305]. Fig. 3.1 shows the effective
potential as a function of the tortoise coordinate for axial and polar
gravitational perturbations for a Schwarzschild BH (top panel) and for
a static horizonless compact object (bottom panel) with € = 10~8.
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Let us notice that the effective potential of a Schwarzschild BH tends
to zero asymptotically both at infinity (r, — +00) and the horizon (7, —
—00). As a consequence, the solution of the perturbation equation in
Eq. (3.3) is a wave of frequency w at the asymptotics both at infinity and
the horizon. Furthermore, the effective potential displays a maximum
located approximately at the photon sphere, r ~ 3M, that is the unstable
circular orbit of photons around a Schwarzschild BH.

In the case of a horizonless ultracompact object (¢ < 1), the effective
potential coincides with the one of a BH except for the presence of a
radius at a constant 7. The effective potential features a characteristic
cavity between the radius of the object and the photon sphere. The cavity
can support quasi-trapped modes that are responsible for a completely
different QNM spectrum with respect to the BH case.

Let us emphasize that this description is valid when ¢ <« 1 and
the effective potential is vanishing at the radius of the object, thus the
solution of Eq. (3.3) is a superposition of ingoing and outgoing waves
at the radius of the object. Conversely, when € >~ 0.1 — 1 (thus rg < 3M)
the effective potential is not vanishing at the radius of the object and
does not have an asymptotic trend, hence the solution of Eq. (3.3) is not
a generic superposition of waves. We shall investigate the latter case in
detail in Sec. 3.3.

3.2.2. Boundary conditions

The QNMs are the complex eigenvalues, w = wg + iwy, of the system
given by Eq. (3.3) with two suitable boundary conditions. In our con-
vention, a stable mode has w; < 0 and corresponds to an exponentially
damped sinusoidal signal with frequency f = wg/(277) and damping
time Tyamp = —1/w;. Conversely, an unstable mode has w; > 0 with
instability timescale Tingt = 1/ wy.

As aboundary condition, we impose that the perturbation is a purely
outgoing wave at infinity, i.e.,

P~ e, asr, — 400, (3.8)

In the BH case, the horizon would require that the perturbation is a
purely ingoing wave as r, — —oo. In the case of a horizonless ultra-
compact object, the regularity at the center of the object implies the
imposition of a boundary condition at the effective radius of the object.
The perturbation can be decomposed a superposition of ingoing and
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outgoing waves at the radius of the object, i.e.,
P ~ Cine ™9™ 4 Couee™ ™, asr, — 19, (3.9)
where we define the surface reflectivity of the object as [201]
C .
R(w) = —2ut p2iwry (3.10)

Cin

Let us notice that, for a given wave function, | R (w)|? defines the fraction
of the reflected energy flux in units of the incident one at the radius of
the object. Indeed, for € < 1 the imaginary part of the QNMSs vanishes
sufficiently fast that |62i“”9 > ~ 1and |R(w)]®> = |Cout|*/|Cin|>. The
BH boundary condition is recovered for R = 0 and in the limit of
€ — 0. Conversely, a perfectly reflecting compact object is described by
|R(w)|? = 1 where the outgoing energy flux at the effective radius of
the object is equal to the incident one.

In the case of electromagnetic perturbations, a perfectly reflecting
object can be modeled as a perfect conductor in which the electric and
magnetic fields satisfy Eq(rg) = E(r9) = 0 and B,(rg) = 0. The former
conditions translate into

P(r9) = 0 Dirichleton axial, (3.11)
dy(rg)/dr., = 0 Neumann on polar, (3.12)

where the Dirichlet boundary condition describes waves that are re-
flected with inverted phase (R(w) = —1), whereas the Neumann
boundary condition describes waves that are reflected in phase (R (w) =
1). The details of the derivation are given in Appendix 3.4.

An analogous description of a perfectly reflecting compact object
under gravitational perturbations is not available. We assume that the
results of electromagnetic perturbations can be applied to gravitational
perturbations, in which case Dirichlet and Neumann boundary condi-
tions are imposed on axial and polar gravitational perturbations, respec-
tively.

3.2.3. Numerical procedure

Equation (3.3) with boundary conditions at infinity in Eq. (3.8) and
at the radius of the compact object in Eq. (3.11) or (3.12) can be solved
numerically with a direct integration shooting method [233]. The method
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starts with an analytical high-order series expansion of the solution at
large distances. We use the ansatz

P(r) = e“r i ﬁ (3.13)

iz "
where the coefficients Rl(l’ll)f
Eq. (3.3) in the large distance limit order by order, and the coefficients
Rl(;)f are functions of Ri(gf). For simplicity, we set Ri(gf) = 1. A high
truncation order of the series expansion (i 2 10) is needed for the

with i = 1,..., 00 are computed by solving

numerical stability of the solution.

Eq. (3.3) is integrated with the boundary condition in Eq. (3.13) from
infinity inwards up to r = rq. The integration is repeated for different
values of the complex frequency starting from an initial guess until
the boundary condition at the radius of the object (either Eq. (3.11)
or Eq. (3.12)) is satisfied. The resulting QNM should not depend on
the numerical parameters of the method, i.e., the numerical value that
stands for the infinity and the truncation order of the series expansion
at infinity. The direct integration shooting method is robust when the
imaginary part of the mode is sufficiently small with respect to the
real part of the mode. Typically, this method allows us to compute the
fundamental mode and possibly the first few overtones.

An alternative method is based on the continued fraction technique,
where the eigenfunction is written as a series whose coefficients sat-
isfy a finite-term recurrence relation [187]. The QNMs are the roots
of n implicit equations f,(w) = 0, where # is the inversion index of
the continued fraction. For a given n, the method gives some spurious
roots apart from the physical QNMs. The spurious roots can be ruled
out since they are not present by changing the numerical parameters
of the method, i.e., the inversion index of the continued fraction. This
method was derived by Leaver to compute the QNMs of Kerr BHs [187].
Appendix 3.5 contains a generalization of the method to compact ob-
jects. The continued-fraction method is also robust for overtones with a
large imaginary part of the frequency for which the direct integration
fails. When they both are applicable, the two methods are in excellent
agreement within the numerical accuracy that is chosen to find the
QONMs.
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Fig. 3.2. QNM spectrum of a perfectly reflecting ECO with radius 7o = 2M(1+¢) and e €
(10’10, 10’2), compared to the fundamental ¢ = 2 gravitational QNM of a Schwarzschild
BH. Axial and polar modes are not isospectral at variance with the BH case. As e — 0, the
ECO QNMs are low-frequencies and long-lived [81, 202].

3.2.4. Black hole vs horizonless compact object spectrum

When normalized by the mass, the QNMs of the system depend on
two continuous, dimensionless parameters: the closeness parameter
from the horizon of a Schwarzschild BH, ¢, and the surface reflectivity
of the object, R(w). Furthermore, the QNMs depend on some integer
numbers, namely the spin s, the angular number ¢ and the overtone
number 7 of the perturbation. In the following, we shall focus on the
gravitational (s = —2) ¢ = 2 fundamental mode (n = 0) that corre-
sponds to the mode with the smallest imaginary part, i.e., with the
largest damping time.

Fig. 3.2 shows the QNM spectrum of a perfectly reflecting ECO com-
pared to the fundamental £ = 2 QNM of a Schwarzschild BH, i.e.,

MCUBH = M(CUR,BH + iwI,BH) = 0.37367 — i0.088962 . (314)

The QNM spectrum of the ECO is derived by imposing the boundary
conditions in Egs. (3.11) and (3.12) on axial and polar perturbations,
respectively. The radius of the compact object is located as in Eq. (2.1),
where € € (10719,1072) from the left to the right of the plot. As shown
in Fig. 3.2, an important feature of ECOs is the breaking of isospectrality
between axial and polar modes unlike BHs in GR. Indeed, Schwarzschild
BHs have a unique QNM spectrum despite the Regge-Wheeler potential
for axial perturbations in Eq. (3.5) is different from the Zerilli potential
for polar perturbations in Eq. (3.6). The isospectrality can be demon-
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strated by showing that the Regge-Wheeler and Zerilli wave functions
are related by a Darboux transformation [91, 93, 92, 146]

dipz

Yrw = A drs

+ B(r)yz, (3.15)

where
1 -1
A = —-M in+§q(q+1) , (3.16)
q(g +1)(gr +3M)r? + 9IM?(r — 2M)
r2(qr +3M)[q(q + 1) + 3iwM]

B(r) (3.17)
At the BH horizon, both the Regge-Wheeler and the Zerilli wave func-
tions are purely ingoing. Conversely, at the effective radius of the hori-
zonless compact object, the boundary conditions are mapped differently
from Eq. (3.15) since the Regge-Wheeler and the Zerilli wave functions
are a superposition of waves as in Eq. (3.9).

Fig. 3.2 also shows that in the BH limit (¢ — 0) the deviations from
the BH QNM are arbitrarily large and the QNMs are low frequencies,
ie., Mwr < Mwg pn, and long-lived, i.e., Tgamp > 1 [81]. For example,
for € = 10719 the fundamental ¢/ = 2 QNMs of a perfectly reflecting
ECO are

Mw,yia = 0.074698 — i2.2992 x 107, (3.18)
Mwpolar = 0.037914 — i2.7385 x 10711 (3.19)

Low-frequency QNMs are a peculiar feature of horizonless compact
objects whose compactness is similar to the BH one. These modes can
be understood in terms of quasi-trapped modes between the effective
radius of the object and the photon sphere barrier, as shown in Fig. 3.1.
The real part of the QNMs scales as the width of the cavity of the effective
potential, i.e., wr ~ 1/17; whereas the imaginary part of the QNMs is
given by the modes that tunnel through the potential barrier and reach
infinity, i.e., w; ~ |A[?/r? where | A|? is the tunneling probability. For
€ < 1, the QNMs can be derived analytically in the low-frequency
regime as [200, 85]

T

w ~ —
R 217 [’9 *

s(s+1)
2

} ~ |loge| ™, (3.20)

4 4 _
wy =~ —€§| (2Mwg)* % ~ —|loge| =+, (3.21)
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BLACK HOLE

Fig. 3.3. Schematic representation of the BH membrane paradigm [105, 279]. A static
observer outside the horizon can replace the interior of a perturbed BH (left panel)
with a perturbed fictitious membrane located at the horizon (right panel). The fictitious
membrane is a viscous fluid whose properties (density, pressure, viscosity) are such that
the BH phenomenology, particularly the QNM spectrum, is reproduced. [199]

where /Bs = % and p is a positive odd (even) integer for
polar (axial) modes. A detailed derivation of Egs. (3.20) and (3.21) is

given in Appendix 4.8 for their generalization to the spinning case.

3.3. Membrane paradigm for compact objects

In Sec. 3.2, we derived the QNM spectrum of static ultracompact ob-
jects whose effective radius is located at rg = 2M(1 + €) withe < 1. To
derive the QNM spectrum of horizonless objects with different compact-
ness and interior solutions, we make use of the BH membrane paradigm
and generalize it to the case of horizonless objects. The membrane
paradigm allows us to describe any compact object with a Schwarzschild
exterior where no specific model is assumed for the object interior. GR
is assumed to work sufficiently well at the radius of the compact ob-
ject. This assumption is also justified in theories of gravity with higher-
curvature/high-energy corrections to GR. In this case, the corrections
to the metric are suppressed by powers of Ip/ry < 1, where ry is the
object radius, and Ip is the Planck length or the scale of new physics. The
membrane paradigm allows us to derive the QNMs of gravastars, worm-
holes, nonlocal stars, anisotropic stars, etc., after fixing the (possibly
frequency-dependent) viscosity of the fictitious membrane according to
the model.
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3.3.1. Setup

According to the BH membrane paradigm, a static observer outside
the horizon can replace the interior of a perturbed BH by a perturbed
fictitious membrane located at the horizon [105, 252, 279] (see Fig. 3.3).
The features of the interior spacetime are mapped into the properties
of the membrane that are fixed by the Israel-Darmois junction condi-
tions [109, 166]

[[Kuh - Khab]] = =87y, [[hub]] =0, (3.22)

where [[...]] = (...)" — (...)” denotes the jump of a quantity across the
membrane, M and M~ are the exterior and the interior spacetimes to
the membrane, h,, is the induced metric on the membrane, K, is the
extrinsic curvature, K = K;h®, and T, is the stress-energy tensor of
the membrane.

The fictitious membrane is such that the extrinsic curvature of the
interior spacetime vanishes, i.e., K, = 0 [279]. As a consequence, the
junction conditions impose that the fictitious membrane is a viscous
fluid with stress-energy tensor

Top = puaty + (P - €®)7ab —210gp, (3.23)

where 77 and { are the shear and bulk viscosities of the fluid, p, p and
u, are the density, pressure and 3-velocity of the fluid, ® = u{, is the
expansion, oy = & (Uae§ + UpeYs — OYap) is the shear tensor, 7, =
hay + uauy is the projector tensor, and the semicolon is the covariant
derivative compatible with the induced metric, respectively.

The BH membrane paradigm allows us to describe the interior of a
perturbed BH in terms of the shear and the bulk viscosities of a fictitious
viscous fluid located at the horizon, where

1

1
BH = 1o’ (BH = T (3.24)

The generalization of the BH membrane paradigm to horizonless com-
pact objects allows us to describe several models of ECOs with dif-
ferent interior solutions with an exterior Schwarzschild spacetime in
terms of the properties of a fictitious membrane located at the ECO ra-
dius [21, 199]. The details on the calculations are given in Appendix 3.6.
The shear and the bulk viscosities of the fluid are generically complex
and frequency-dependent and are related to the reflective properties
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of the ECO. For each model of ECO, the shear and the bulk viscosities
are uniquely determined. In the following, we shall focus on the case
in which 7 and ( are real and constant since the energy dissipation is
absent when (1) = R({) = 0.

3.3.2. Boundary conditions

Gravitational perturbations in the exterior Schwarzschild spacetime
are governed by the Schrodinger-like equation in Eq. (3.3), where the
effective potential is in Egs. (3.5) and (3.6) for axial and polar perturba-
tions, respectively.

By imposing boundary conditions at infinity and the radius of the
compact object, Eq. (3.3) defines the complex QNMs of the system.
We impose that the perturbation is a purely outgoing wave at infinity,
whereas the condition on the inner boundary would depend on the
properties of the object. We rely on the membrane paradigm to derive
the boundary condition at the radius of the compact object without
assuming any specific model of ECO. As detailed in Appendix 3.6, the
boundary conditions at the ECO radius are [199]

dip(ro)/dre  _ iw 13 Vaxial (70) )
(0] = 16707~ 2(ro —3M) ’ axial, (3.25)
dy(ro)/dr.

—léminw + G(ro,w,n,{), polar, (3.26)

¥(ro)
where G(ry,w,n,{) is a cumbersome function given in Appendix 3.6.
Let us notice that in the BH limit (rg — 2M) the boundary conditions in
Egs. (3.25) and (3.26) reduce to the BH boundary condition of a purely
ingoing wave at the horizon as 7 — npy. This result agrees with the
standard BH membrane.

The boundary conditions in Egs. (3.25) and (3.26) allow us to de-
scribe several models of ECOs in terms of the shear and bulk viscosities
of the fictitious membrane located at the radius of the object. For ex-
ample, ultracompact thin-shell wormholes with Dirichlet (Neumann)
boundary conditions [81] are described by # = 0 (7 — c0). Whereas,
ultracompact thin-shell gravastars [236] are described by a complex
and frequency-dependent shear viscosity that is expressed in terms of
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hypergeometric functions
1 i€
T = Yo hnMw
+ (14+£4+42iMw) (24 ¢+ 2iMw)
oFi (13 -+ €+ 2iM0w), 4+ €+ 2iMw); + 1)
2 (%(1 +€+2iMw),%(2+€+2iMw);g—i—&l)}
+ 0@, (3.27)

[8 —20% + 2iMw

X

In particular, the axial sector depends only on the shear viscosity
of the membrane, whereas the polar sector depends also on the bulk
viscosity of the fictitious fluid. In the BH limit, the dependence on
the bulk viscosity disappears (G(2M) = 0) therefore the parameter for
the bulk viscosity is not fixed by the linear perturbation analysis (see
Appendix 3.6 for details).

3.3.3. Effective reflectivity of compact objects
According to the membrane paradigm, the effective reflectivity of
compact objects is mapped into the shear and bulk viscosities of the
fictitious fluid located at the radius of the object. To illustrate their
relation, we compute the effective reflectivity of the spacetime through
the scattering of a wave coming from infinity and being partially reflected
after being subjected to the boundary conditions in Egs. (3.25) and (3.26)
atr =rg, i.e.,
P~ eI LR, 0, (3.28)

Let us notice that the effective reflectivity at infinity defined in Eq. (3.28)
is different from the surface reflectivity defined in Eq. (3.10) at the radius
of ultracompact objects.

In the large-frequency limit (Mw >> 1), the potential in Eq. (3.3) can
be neglected and the effective reflectivity reads

2 1—’7/’7BH>2

Eq. (3.29) shows that a compact object is a perfect absorber of high-
frequency waves (|R|?> = 0) when 7 = 5y, whereas it is a perfect
reflector of high-frequency waves (|R|?> = 1) when either 7 = 0 or
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Fig. 3.4. Effective reflectivity of compact objects for axial (left panel) and polar (right
panel) gravitational perturbations as a function of the frequency. The radius of the compact
object is located at rg = 2M(1 + €), and the shear and bulk viscosities of the membrane are
n = npu and { = {py, respectively. In both panels, the vertical dashed line corresponds to
the fundamental QNM frequency of a Schwarzschild BH, i.e.,, Mwg g ~ 0.37367. [199]

In the case of horizonless ultracompact objects with € <« 1, the ef-
fective reflectivity at infinity in Eq. (3.29) coincides with the surface
reflectivity of the object when the latter does not have an explicit depen-
dence on the frequency, i.e., |R|> = |R|2. For # = 0, the ultracompact
object is perfectly reflecting (|R|> = 1) and the boundary conditions in
Egs. (3.25) and (3.26) reduce to Dirichlet and Neumann boundary con-
ditions on axial and polar modes in Egs. (3.11) and (3.12), respectively.
Also for 7 — oo, the ultracompact object is perfectly reflecting.

Although 7 is formally a free parameter, we expect the most interest-
ing range to be 7 € [0, #py]. Indeed, from Eq. (3.29) negative values of
17 would correspond to |R|? > 1 that would lead to superradiant insta-
bilities [65]. Similarly, for # > ypy the effective reflectivity is a growing
function of the shear viscosity, which is unphysical. For this reason,
partially absorbing ultracompact objects are analyzed by considering
ne (0/ ”BH)‘

We compute the effective reflectivity in Eq. (3.28) for generic fre-
quencies numerically. Fig. 3.4 shows the effective reflectivity of compact
objects with different radii compared to the BH reflectivity as a function
of the frequency. The left (right) panel shows the effective reflectivity for
axial (polar) gravitational perturbations with shear and bulk viscosities
7 = npyg and { = (ppy, respectively.

Interestingly, as the ECO radius approaches the photon sphere (¢ —
1/2) the effective reflectivity tends to unity in the axial sector for any
frequency. This distinctive feature can be understood by noticing that the
axial boundary condition in Eq. (3.25) reduces to ¢(ry) = 0 as ry — 3M
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Fig. 3.5. Real (left panel) and imaginary (right panel) part of the QNMs of an ECO de-
scribed by a fictitious fluid with shear viscosity 17 = 1y and compared to the fundamental
{ = 2 gravitational QNM of a Schwarzschild BH, as a function of the closeness parameter
€ where the ECO radius is located at oy = 2M(1 + €). The highlighted region corresponds
to the maximum deviation (with 90% credibility) for the least-damped QNM in the event
GW150914 to the Kerr BH case [136]. Horizonless compact objects with e < 0.1 are
compatible with current measurement accuracies.

for any complex 7. As a consequence, any ECO with ry = 3M is a perfect
reflector of axial GWs regardless of the interior structure!. The same
universality does not occur in the polar sector.

Let us also notice that the effective reflectivity at intermediate fre-
quencies (Mw = O(0.1 — 1)) can be larger than the BH reflectivity. For
example, at the fundamental QNM frequency of a Schwarzschild BH
Muwg gy ~ 0.37367, shown in Fig. 3.4 as a dashed vertical line, the effec-
tive reflectivity is about unity for e = 0.4 in the axial sector. This effect
has relevant consequences in the QNM spectrum of compact objects
with respect to the BH QNM spectrum, as we shall discuss in Sec. 3.3.4.

3.3.4. Quasi-normal mode spectrum

Equation (3.3) with boundary conditions at infinity in Eq. (3.8) and
at the radius of the compact object in Egs. (3.25) and (3.26) for the axial
and polar sector, respectively, can be solved numerically to derive the
QNM spectrum of a static horizonless compact object. When normal-
ized by the mass, the QNMs of the object depend on three integers, i.e.,
the spin s, the angular number ¢, and the overtone number 1 of the
perturbation. The QNM spectrum also depends on some continuous
parameters that are related to the properties of the system, i.e., its com-
pactness through the parameter € as in Eq. (2.2). In the axial sector, the

1 The only exception is when 7 — — 136% (ro —3M) as 19 — 3M, in which case the

divergence in Eq. (3.25) cancels out. This peculiar case corresponds to thin-shell
gravastars [292].
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QNMs depend on the shear viscosity of the membrane 7, whereas in
the polar sector there is an additional dependence on the bulk viscosity
of the membrane (.

We compute the QNM spectrum with two numerical methods: a
direct integration shooting method, as described in Sec. 3.2.3, and a
method based on continued fractions, as described in Appendix 3.5. The
continued fraction method is more robust than the direct integration
for overtones with a large imaginary part of the frequency. When they
both are applicable, we checked that the two methods are in excellent
agreement.

Let us first analyze the QNM spectrum of a horizonless compact
object with # = npy. Fig. 3.5 shows the ratio of the real (left panel)
and imaginary (right panel) part of the ECO QNMs to the fundamental
¢ = 2 QNM of a Schwarzschild BH, as a function of €. As ¢ — 0, the hori-
zonless compact object has the same QNM spectrum of a Schwarzschild
BH. This is because, as € — 0, the compct object has the same reflective
properties of a BH for 77 = #pyy. For larger values of €, the compactness
of the object decreases and the QNMs start deviating from the BH QNM.
Let us notice that the isospectrality of axial and polar modes in BHs
is broken for finite values of €. In the case of horizonless objects, the
fundamental ¢ = 2 modes form a characteristic doublet. Polar modes
show a mild dependence on the bulk viscosity of the membrane. In the
large- limit, the QNM spectrum is independent of the bulk viscosity,
as shown by the ¢ = +10 curves in Fig. 3.5.

The highlighted regions in Fig. 3.5 correspond to the maximum al-
lowed deviation (with 90% credibility) for the least-damped QNM in
the event GW150914, and correspond to ~ 16% and ~ 33% for the real
and imaginary part of the QNM, respectively [136]. Remarkably, Fig. 3.5
shows that horizonless compact objects with € < 0.1 are compatible with
current measurement accuracies. Future ringdown detections would
allow us to set more stringent constraints on the radius of compact
objects.

Let us now change the reflective properties of the compact object via
the parameter 7. Fig. 3.6 shows the complex QNM plane of a horizonless
compact object under axial perturbations for several values of €. Each
curve is parametrized by the shear viscosity of the membrane where 7 €
[1074,100]. As a reference, the fundamental QNM of a Schwarzschild
BH is marked by a black dot corresponding to 7 = 1pyy and € = 0. As
the location of the radius of the object approaches the photon sphere
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Fig. 3.6. The complex QNM plane of a horizonless compact object for axial perturbations.
Each curve is the QNM spectrum of a compact object with a given radius rg = 2M(1 +€)
parametrized by the shear viscosity of the membrane, 7 € [107#,100]. As the radius of
the object approaches the photon sphere (¢ — 1/2), the curves converge to a universal
QNM (marked with an empty black circle) regardless of the value of 7. As a reference,
the fundamental QNM of a Schwarzschild BH is marked by a black dot. [199]

(e — 1/2), the axial QNMs become independent of 1. Indeed, the
QNMs tend to a universal mode (marked by an empty black circle in
Fig. 3.6) which, for ¢ = 2, reads

Maw,yia ~ 03601 —i0.2149, € —1/2, (3.30)

As previously discussed, in this limit the object is a perfect reflector of
axial GWs, regardless of the value of 5. This remarkable universality
does not apply to the case of polar perturbations.

Let us analyze the transition from fundamental modes to overtones
as a function of the shear viscosity of the membrane for € < 1. Indeed,
in the € — 0 limit, the parameter 7 interpolates between the BH case
(7 = npu) and the perfectly reflecting case ( = 0). Fig. 3.7 shows the
tracking of the fundamental mode (blue curve) and the first overtone
(red curve) of a Schwarzschild BH by changing the shear viscosity of
the membrane. We notice that the change in the imaginary part of the
QONMs is drastic even for small variations of the shear viscosity with
respect to the BH case. Fig. 3.7 displays a crossing point after which
the BH overtone has a smaller imaginary part than the BH fundamental
mode and becomes more relevant in the ringdown stage. This trend is
general and BH higher overtones become long-lived in the 7 — 0 limit.
This transition could explain the presence of low-frequency QNMs in
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Fig. 3.7. Imaginary part of the axial QNMs of a compact object with radius ro = 2M(1 +€)
and € = 10717 as a function of the shear viscosity of the membrane. The fundamental
mode (blue curve) and the first overtone (red curve) of a Schwarzschild BH are tracked
from 1 = npy (leftmost part of the plot) to the limit of a perfectly reflecting object, # = 0
(rightmost part). The figure shows a crossing point after which the imaginary part of the
BH overtone becomes smaller than the one of the BH fundamental mode. [203]

the case of perfectly reflecting objects, as discussed in Sec. 3.2.4.

We notice that the tracking of higher overtones as a function of the
shear viscosity is numerically challenging. Indeed, the BH QNM spec-
trum is unstable against small deformations of the eigenvalue prob-
lem [167]. In our numerical analysis, we have seen hints of this instabil-
ity (which is more severe for high-order overtones) due to finite-€ effects
and the slightly different boundary conditions when approaching the
BH limit.

3.3.5. Current constraints and prospects of detectability
Current measurement accuracies impose strong constraints on the
compactness and reflectivity of horizonless compact objects. Fig. 3.8
shows the relative percentage difference between the BH QNM and the
QNMs of a compact object with radius rg = 2M(1 + €) as a function
of the closeness parameter € and the shear viscosity 7 € [0, 7pp]. The
left (right) panels show the relative percentage difference of the real
(imaginary) part of the QNMs under axial and polar perturbations in
the top and bottom panels, respectively. The contour lines correspond
to the accuracy within which the least-damped QNM of the remnant
of GW150914 has been measured [136]. Indeed, GW150914 gives the
single-event most-stringent constraints with a maximum allowed devia-
tion from the least-damped QNM of a Kerr BH of ~ 16% and ~ 33% for
the real and imaginary part of the QNM, respectively. The dashed areas

63



64

PROBING THE HORIZON OF BLACK HOLES WITH GRAVITATIONAL WAVES

(wr—wrpn)/wrpn % (w—wrpn)/wren %
Axial 20 Axial 150
s

(777
0 o_mo//,

0.005 |

i

0.010 100

0.005

0.001 0.001

Sx10° 5%107

110 it E:
005 0.10 30

€ € '
(wr—wrpn)/wrpn % (w—win)/wren %
Polar, (=i Polar, {={pn

et , ///W//

o

0.010 0.010 -\~

0.005 0.008

0.001 0 0.001

5x10-4 5x107

1107 . 1x107
0.01 0.05 0.10 050 1 0.01 0.05 0.10 78

€ €

Fig. 3.8. Relative percentage difference of the real (left panels) and imaginary (right
panels) part of the QNMs of a horizonless compact object to the fundamental QNM of a
Schwarzschild BH under axial (top panels) and polar (bottom panels) perturbations. The
QNMs of the compact object are parametrized by the compactness of the object through
the parameter € € [0.01,1] and the shear viscosity 7 € [0, 7pu]. The dashed areas are
the regions that would be excluded by individual measurements of the real (left) and
imaginary (right) part of the QNMs with the same accuracy as in GW150914 [136]. The
dark shaded region is the area that would not be excluded by a simultaneous measurement
of the frequency and the damping time with current measurement accuracies. [199]

are the regions of the (¢, 77) parameter space that would be excluded by
the individual measurement of the real and imaginary part of the fun-
damental QNM. The dark shaded areas are the regions that would not
be excluded by a simultaneous measurement of the real and imaginary
part of the QNM in the axial (top panels) and polar (bottom panels)
sectors.

Interestingly, already with the current LIGO/Virgo accuracy we can
potentially place strong constraints on the parameter space of horizon-
less compact objects. By combining the information from the real and
imaginary part of the QNMs, Fig. 3.8 shows that only a small region of
the parameter space with e < 0.1 and n ~ ypy (dark shaded area) is
compatible with current constraints in the axial sector. For polar per-
turbations, a wider region in the parameter space with ¢ 2 0.1 and
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Fig. 3.9. Same as Fig. 3.8. The dashed areas are the regions that would be excluded by
individual measurements of the real and imaginary part of the QNMs by next-generation
detectors, assuming an order of magnitude improvement in the ringdown measurements
relative to current detectors. The dark shaded region that would be compatible with
a simultaneous measurement of the frequency and the damping time is absent. Next-
generation detectors will allow us to constraint the whole region of the (¢, ) parameter
space shown in the diagrams [198].

0 < n < ypy is compatible with current constraints. We assess that
current measurement accuracies impose a strong lower bound on the
compactness of the merger remnant, which cannot be smaller than 90%
the BH compactness.

Next-generation detectors, i.e., the Einstein Telescope [160] and
LISA [31], will have an overall improvement of the SNR by an order of
magnitude. The sensitivity of the detectors will allow us to resolve the
fundamental QNM at percent level. As shown in Fig. 3.9, almost the
whole region of the (e, ) parameter space would be constrained.

Another signature of new physics is given by the presence of the
mode doublet in the axial and polar sectors, as discussed in Sec. 3.3.4.
A necessary condition to resolve the doublet is based on the Rayleigh
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Fig. 3.10. Minimum SNR required for the resolvability of the axial-polar QNM doublet
according to the Rayleigh criterion. [199]

resolvability criterion [52]

maX[(Tfl,U'fz] < |f1—f2|, (3.31)
max|og, 00,] < |Q1 — Qal, (332)

where f; = wg) /2m and Q; = 7f;T; are the frequency and the quality
factor of the i-th mode, T; is the damping factor of the i-th mode, and
oy is the uncertainty associated to a quantity X. The uncertainties on
the parameters are computed with a Fisher analysis assuming that the
amplitude ratio between the axial and polar modes is 1/10 (see Ap-
pendix 3.7 for details). Fig. 3.10 shows the minimum SNR required to
resolve the doublet, pres, according to the Rayleigh resolvability criterion.
In the ;7 = yjpy region, pres > 103 and it can be smaller for 7 < 77py. A
comparison between Fig. 3.8 and Fig. 3.10 shows that the resolution of
the doublet requires a larger SNR than the detection of the deviations
from the BH QNM.

3.4. Appendix: Boundary condition for static objects

Let us derive the boundary conditions that describe a static and
perfectly reflecting ultracompact object under electromagnetic perturba-
tions [65]. The background geometry is the Schwarzschild metric, and
the radius of the compact object is located as in Eq. (2.1) where e < 1.



3. Spectroscopy of horizonless compact objects

The background geometry is perturbed by a test electromagnetic field
that is governed by the Maxwell equations

F" =0 (3.33)

where F,, = Ay, — Ay, is the Maxwell tensor, A, is the electromagnetic
four-potential, the comma stands for an ordinary derivative and the semi-
colon stands for a covariant derivative. The spherical symmetry of the
background allows us to expand the electromagnetic four-potential as

0 £ (7)Y (6, @)

Au(t,7,0,9) =Y 0 + [ BT Y (8,9) | |
Lo aém(trr)SIm(Glgv) k[m(t,I’)ng(B,(P)

(3.34)

where the vector spherical harmonics are given by

1 .
Sin(@9) = (gdeVonl6,0), sV (6,9)) , (339)
Yiu(0,9) = (3Yen(0,9),05Yim(6,9)) , (3:36)

where Yy, (6, p) are the scalar spherical harmonics. The first term in
the right-hand side of Eq. (3.34) has parity (—1)‘*! and corresponds to
axial modes, whereas the second term in the right-hand side of Eq. (3.34)
has parity (—1)¢ and corresponds to polar modes. By defining

YO (t,r) = T [a hOm (tr) — 0, Fm (¢ r)} (3.37)

’ g( E + 1) t ’ r 7 ’ -

and by assuming the time dependence a‘™, Y/ o e =/t Eq. (3.33) trans-
lates into a a Schrodinger-like equation as in Eq. (3.3), where

, (3.38)

w(r) = a'™(r)  for axial modes
Y (r)  for polar modes

and the effective potential is in Eq. (3.5) with s = —1.

We model the perfectly reflecting compact object as a perfect conduc-
tor at r = rp, where the electric field has vanishing tangential compo-
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nents and the magnetic field has a vanishing parallel component

Eg(ro) X th(ro) = 0, (339)
Ey(ro) o Fyi(rg) = 0, (3.40)
By (ro) « Fpe(ro) = 0. (3.41)
Egs. (3.39)-(3.41) yield to

a™(t,rg) = 0, (3.42)
Fi(t ) — k™ (t,rg) = 0, (3.43)

and the Maxwell equations (3.33) imply
Fim(t o) — 0k (t,70) = —f(r0)rY(t, 7o) - (3.44)

Egs. (3.42) and (3.43) correspond to Dirichlet (¢(rp) = 0) and Neumann
(0rp(rg) = 0) boundary conditions on axial and polar perturbations,
respectively, as detailed in Egs. (3.11) and (3.12).

3.5. Appendix: Continued fractions method

The continued fraction method allows us to compute the QNMs of
compact objects as roots of implicit equations [187]. The eigenfunction
can be written as a series whose coefficients satisfy a finite-term recur-
rence relation. To optimize the recurrence relation, it is important to
choose a suitable ansatz for the eigenfunction. We analyze the case of
a horizonless compact object under gravitational perturbations that is
governed by Eq. (3.3) with effective potentials in Egs. (3.5) and (3.6)
and s = —2. Let us first focus on axial perturbations, where the solution
of Eq. (3.3) can be written as [236]

P(r) = (r —2M)*Mweicrap(z), (3.45)

where (r) is the Regge-Wheeler wave function, z = 1 — Rp/r, and
Ry 2 1o is located outside the radius of the compact object. The function
¢(z) satisfies the differential equation

a2 d
(co + 1z 4 02 + C323) d—;f + (do +diz+ dzzz) £ +(eo+e1z)p =0,
(3.46)
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where
2M 6M 6M 2M
=1-— =—-2 =1—-—,03=— 47
co R, VTR, 2@ R, PT Ry (3.47)
6M 6M 6M
dg =2iwRy+ — -2, d1=2(1—— | ,dy = —
0 1wy + R2 s 41 ( RZ ) ;s U2 R2 ’
6M 6M
_— = 1 -
ey = R L(l+1),e R,
Let us perform a series expansion of ¢(z) as
=) a2, (3.48)
n=0
By substituting Eq. (3.48) in Eq. (3.46), we derive a four-term recurrence
relation for the expansion coefficients a,,:
x1a + ﬁlal + 7180 = 0, n=1, (349)
Xnlpi1 + Pnln + Yndp—1 +0ndp2=0, n=>2,
where
oy = n(n+1l)cy, n>1, (3.50)
Bn (n—1)ncy + ndy, >1,
T = (m=2)n—1)cx+(mn—1dy+e¢, n>1,
oy = (m=3)n—2)c3+(n—2)dy+e, n>2.

The four-term recurrence relation (3.49) can be reduced to a three-term
recurrence relation a via Gaussian elimination by defining [187]

~ -~ a
Rg=-1, Po= é (351)

The term a; /ag is determined by imposing the continuity of the solu-
tion (3.45) and its derivative at r = Ry, namely

ﬂ o RZ dlp(R2) _ iw
o PR | dr ARy YR (3:52)

where the values of (R;) and d¢(R;)/dr are computed numerically

by integrating Eq. (3.3) from r = ry up to ¥ = R; with a suitable bound-
ary condition at . The remaining coefficients can be determined by
recursion from Eq. (3.49). In the case of polar perturbations, we inte-
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grate Eq. (3.3) numerically with the effective potential in Eq. (3.6) from
r = ry up to r = Rp. We obtain the values of the Zerilli function ¢z (Ry)
and its derivative diz(R;)/dr from which we derive the value of the
Regge-Wheeler function in Eq. (3.52) using the relation in Eq. (3.15).

Finally, by defining

Wy = oy, Bn = Bn, Yn="n, n=1,

(3.53)
_ ~ Rp16n Bu16n <
“n:“n/ﬁn:ﬁn— Zln/’)’n:'Yn— ﬁln/(snzoz n>2,
Tn—-1 Tn—-1
(3.54)

the four-term recurrence relation (3.49) reduces to the following three-
term relation
Xy i1+ Bnn + Ynan—1 =0, (3.55)

that can be recast in

NN N AN~

r XpY1 X172 X273
pr1— Pa— B3—

Using the inversion properties of the continued fractions, Eq. (3.56) can
be inverted n times to yield

,B\n—l - ,/B\VHZ_ ,B\O_
bin'?nﬂ ali+1'?n+2 ari+2'?n+3 (3'57)
ﬁﬂ+1_ IBn+2_ IBn+3_
wheren = 1,2, ... The roots of Egs. (3.56) and (3.57) are the QNMs of the
system. Since the functions f, (w) have different convergence properties,

=~ Qp19n Bp—2Yn—1 Ro7y
0= fu(w) = PBu— n—17n ®n—2Yn-1 %0Y1

each of them is best suited to find the QNMs in a given region of the
parameter space. Searching for roots with n = 0 is usually sufficient,
but when the QNMs have a large imaginary part there could be stable
numerical solutions forn = 1 and n = 2.

Opverall, the solution is convergent if we choose R, such that R, >
2M and Ry/2 < rp < Ry [237]. By defining ro = 2M(1 + ¢) and
Ry = 2M(1 + Ry ), we derive that the integration should be performed
fromr = rgup tor = Ry with e < Rpg < 1+ 2€ to ensure numerical
stability.
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3.6. Appendix: Membrane paradigm

In this Appendix, we provide details on the derivation of the bound-
ary conditions in Egs. (3.25) and (3.26) describing horizonless com-
pact objects with a Schwarzschild exterior and a radius located at 7y =
2M(1+ €). The membrane paradigm allows us to map the interior of
several models of ECOs in terms of the properties of a fictitious mem-
brane located at the radius of the object. Being M the whole spacetime
manifold, we define M™T and M~ as the exterior and the interior re-
gions to the 3-dimensional membrane (or shell) that are described by
the metrics g, (x*) and g, (x~), respectively, with coordinates

xTH = (tT,r7,07,07), xF=(0",r,0,¢). (3.58)

We assume that the exterior spacetime is described by the Schwarzschild
metric in Boyer-Lindquist coordinates as in Eq. (3.1) and that GR works
sufficiently well near the radius of the compact object, whereas the
interior spacetime can be described by any theory of gravity.

The coordinates of the membrane are x5, = (t,79,6, @) so that the
intrinsic 3-dimensional coordinates on the shell are

y'=(t0,9). (3.59)
The induced metric on the membrane is defined as
hap = e?e};gw, , (3.60)

where the basis of three independent generators for the shell can be
chosen as

dxt
Ho_
e = By (3.61)
The extrinsic curvature on the membrane is defined as
Kop = EZEZV},VIV , (3.62)

where n* is the normal vector to the membrane and V, = d/dx*. Since
the membrane is a time-like surface, we impose that the normal vector
to the membrane is space-like, i.e., n,n" = 1. The trace of the extrinsic
curvature is derived as K = h*’K_,.

To embed the membrane in the manifold M we impose the Israel-
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Darmois junction conditions [109, 166]:
bl =h =hy, (3.63)

and
(K*hgp — K) — (K hgy — Ko,) = 87Ty, (3.64)

where i, (h,) and K, (K, ) are the induced metric and extrinsic curva-

ture defined in the exterior (interior) spacetime to the shell, respectively,
and T, is the stress-energy tensor of the matter distribution located on
the membrane.

According to the original formulation of the membrane paradigm,
the matter is fictitious and is such that the extrinsic curvature in the
interior spacetime vanishes [279]

K, =0, (3.65)
so that the junction condition in Eq. (3.64) reduces to
Khab — Kab = 87TTab P (366)

where, for simplicity, we define K, = K, and the coordinates of the
exterior spacetime as x* = (f,7,0,¢). Let us notice that it is always
possible to find a metric for the interior spacetime g,,, (x~) that satis-
fies the junction conditions in Egs. (3.63) and (3.64) together with the
assumption in Eq. (3.65).

By imposing the condition in Eq. (3.65), the membrane paradigm
allows us to map the information on the interior spacetime into the
stress-energy tensor of the fictitious membrane. The junction conditions
in Egs. (3.63) and (3.64) are compatible with a membrane described by
the stress-energy tensor of a viscous fluid

Tap = puquy + (P - €®)7uh - 2’7(74117 ’ (3'67)

where p and p are the density and pressure, # and { are the shear
and bulk viscosities, u, is the 3-velocity of the fluid defined in terms
of its 4-velocity U, as u, = el Uy, ® = uf, is the expansion, oy, =
% (uu;c'yg + Upe¥§ — Oyp) is the shear tensor, y,, = hgp, + Ugity is the
projector tensor, and uy,, is the 3-dimensional covariant derivative com-
patible with the induced metric h,;, [178, 283].
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Unperturbed background
Let us first analyze the background spacetime as in Eq. (3.1). In this
case, the induced metric on the membrane reads
h P9 2
hie = —f(ro), hep=—5-=13. (3.68)

The normal vector to the membrane is determined by imposing the four
conditions e,’; ny =0 and n”ny = 1; its components read

n =0, n =

0 , ng=0, ny=0. (3.69)

The extrinsic curvature is diagonal,

Ky = —% f(?’())fI(rO)/ Koo = K(P(P = rO\/ﬁf (370)

sin? 6

where the prime denotes partial derivative with respect to the argument.

The stress-energy tensor of the matter distribution reduces to the one

of a perfect fluid since the expansion and the shear tensor are null.

Indeed, the only nonvanishing component of the fluid 4-velocity U" =
(ut,ur,ul, u)isu* = 1/+/f(ro). This yields to the the fluid 3-velocity

ut = (fl%),o,o> . (3.71)

At the background level, the nonvanishing components of the junction
condition in Eq. (3.66) are

t —%fm(ro) = 87f(ro)po,
00 ro [2f (o) + rof’ (r)]

24/ f(ro)
rosin0 [2f (rg) + rof’ (r0)]
24/ f(ro)

The (tt) component gives the unperturbed density of the membrane [21]

2
= 8mrypo,

Q@ : = 87tr3sin®fpy . (3.72)

po(ro) = — 4];(:5) ; (3.73)
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whereas the angular components give the unperturbed pressure of the

membrane

_ 2f(ro) +rof (ro)
po(ro) = oo VFG0) (3.74)

Egs. (3.73) and (3.74) fix a barotropic equation of state p = p(p). In the
BH limit (rg — 2M), the density vanishes and the pressure diverges as
the redshift factor e ~1/2. The speed of sound is

_ Jopo |1+ 2e+4e?
=\ \8e(i/2—¢)’ (3.75)

that diverges both in the BH limit (¢ — 0) and the photon-sphere limit
(e = 1/2), and is complex for € > 1/2. Let us notice that the properties
of the fluid do not need to be physical since the membrane is fictitious.

Gravitational perturbations

Let us work in the Regge-Wheeler gauge and analyze separately
the axial and polar sectors of the gravitational perturbation [257]. The
perturbed metric can be cast in the following form

g]’“/ = ggl/(r) + (58}!1/(7'1 91 t) 7 (376)

where, without loss of generality, the perturbation g, does not de-
pend on the azimuthal angle ¢ owing to the spherical symmetry of the
background g,

Because of the metric perturbations, the dissipative components of
the stress-energy tensor are switched on, and both the density and the
pressure of the membrane are perturbed as follows

p = po+dp(t0), (3.77)
p o= pot+op(t0). (3.78)

The location of the membrane is also affected by the perturbation, and
the deviation is parametrized as

rm(t,0) =19+ 6r(t,0). (3.79)
The 4-dimensional coordinates of the membrane are

xl = (t,r0 + 6r(t,0),0,9) , (3.80)
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and the perturbed tangential vectors e} introduced in Eq. (3.61) are

el = (1,0:7(t,0),0,0),
ey = (0,006r(t6),1,0),
ey = (0,0,0,1). (3.81)

Let us notice that dp(t,0), 5p(t,0) and dr(t, 0) are scalar quantities un-
der rotations, therefore they are only affected by the polar perturbations
and can be decomposed as

op(t,0) = ep1Py(cos)e !,

op(t,0)
or(t,0) = edrgPy(cosh)e™ ™t (3.82)

ep1Py(cos B)e !,

where p1, p1, 6rg depend only on the unperturbed radius ry, Py(cos6)
are the Legendre polynomials, and the parameter ¢ is the perturbation
order, so that all the contributions of order O(e?) are negligible. In the
following, we shall analyze the axial and polar sectors separately.

Axial sector

The nonvanishing components of the axial metric perturbations in
the Regge-Wheeler gauge are [257]

68ty = ge_i“’tho(r)sin989Pg(c059),
6grp = e ny(r)sinBdgP;(cosb) . (3.83)

It follows that the only nonvanishing component of the induced metric
perturbation is

Ohty = e~y (o) sin 3¢ Py(cosB) . (3.84)

In the axial case, the normal vector to the membrane is given by Eq. (3.69)
up to the first order in the perturbation. As a consequence, the nonvan-
ishing components of the extrinsic curvature perturbation are

1 .
6Kip = ie’“"ts\/]7 (iwhy + hy) sin 69 Py(cos6),

6Kpp = —%e‘i“’ts\/fhl (— cos 09y + sin eag) Py(cos6).(3.85)

Concerning the fluid velocity, the components Uf, U" and U° are not

75



76

PROBING THE HORIZON OF BLACK HOLES WITH GRAVITATIONAL WAVES

affected by axial perturbations, whereas Ju? # 0 and its expression can
be found by solving the t¢ component of the junction condition, i.e.,

Ee_i(Utang(COS 6) [hof/ — f (iwhy + hé)]

ou?t = 3.86
rosind/f (2f — Rf") (3.86)
The perturbed components of the stress-energy tensor are
0Ty = —ee ! oohg sin 0y Py (cos 0)
—r%\/fsinz 0(po + po)ou®(t,0),
6Tpy = —nrgsin®00gou?(t,0). (3.87)
The 8¢ component of the junction condition then reduces to
8 hof' — f (iwhy + h
L = - myro [hof” — f (iw : +hy)] (3.88)
2 VI @f—rof’)

In vacuum, the Regge-Wheeler functions are related to each other by [257]

_ _fnad
ho(r) = == =2 f(r)(r)] . (3.89)
We use this relation to write iy and hj, in terms of hq, h} and K. Fur-
thermore, we replace h; and its derivatives by introducing the Regge-
Wheeler function [257]

Prw (1) = Mhl(r), (3.90)

that satisfies Eq. (3.3) with the effective potential given in Eq. (3.5).
Finally, Eq. (3.88) yields to

wy(rg) = 16irty (j;i

_ 10Vaxiat(ro)
o 2 (r) rof (ro) ¥ 0)) . (391)

that coincides with the boundary condition in Eq. (3.25).
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3.6.0.1. Polar sector

The nonvanishing components of the polar metric perturbation are

ogi = ee “'Py(cos)f(r)H(r),

L H(r)
_ iwt N7
0gw = e "“'Py(cosh) oK
ogir = ee “Py(cosB)Hq(r),
5 ‘
Sg00 = $<g¢ = e Py(cos 0)r*K(r), (3.92)
sin“6

where the location of the membrane is perturbed as in Egs. (3.79) and (3.82).
By projecting on the 3-dimensional membrane, the nonvanishing com-
ponents of the induced metric perturbation are

Shy = e (fH — f'6rg) Py(cos f)eiwt,

h .
Shey = L —¢ (rgic+zr05ro) Py(cos@)e it (3.93)
sin“f

The perturbed components of the normal vector to the membrane up to
the first order in the perturbation are

eiwe 't Py(cos 0)drg

(Snt = s
f(r)
P et Py (cos 0)H(r)
r - 7
2V f(r)
—iwt
bng = _ee 99 Py(cos 0)drg ' (3.94)
f(r)
Concerning the perturbed fluid velocity, in the polar sector sU* can be
uniquely determined from the condition of unit norm U, U* = -1, i.e.,
e(fH— (57’0 ! i
sut = sut = ng(cos f)e '@t (3.95)

Moreover, SU? = 6u? = 0 and 6U" = —el' iwe ! P;(cos ), while
su? = 6u? is nonvanishing and can be determined by solving the t6
component of the junction condition in Eq. (3.66), as we shown below.

The extrinsic curvature has the following nonvanishing components
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up to first order in ¢

ﬂ'uitp
5Ky = & Pulcost) [&0 <4w2— f’2>

4Vf
+f (=26rof" +3Hf +diwHq) +2 fZ’H’] ,

Sefiwt
6Kgg — [f (25r0 — roH + 2K + 21’0]C>

27

+6rg (rof' - 285) } Py(cos®),

.2 —iwt
esin” fe~ ' [ 9
0Kpy = ——|f (2070 —roH + 73K + 210K
(47 2\/]7 ( )
+6rg (rof' — 2 cotBdy) } Py(cosb),
Se—iwt
6Kip = ———=0pPy(cos)(fH1 — 2idrow) . (3.96)

27

The nonvanishing components of the perturbation to the stress-energy

tensor are

6Ty = ee “'Py(cosO) [pof'dro+ f (o1 — poH)] ,
6Top = Lof{ - \/770 {(54— iy)agdue +(C—7) cot@éue}

N

+ee ' Py(cos B) [\//7 (poroK +2podro + p1ro)

+iwl (rok + 2§ro)} }

.2
0Tyy = Ll 9{ —V/fro {(C —1)9g0u’ + (L +7) cotG(Su"]

VF

.+ et Py(cos B) [\/f (poroK + 2podro + piro)
Fiwl (rk + 25ro)} } )
6Ty = —13/f(po+ po)ou’. (3.97)
From the tt, 00, and ¢ components of the junction conditions we ob-

tain analytical (albeit cumbersome) expressions for p; and p;, and the
deviation of the membrane location

167tyrofHq
2f —rof' — 32myiwry’

bro = (3.98)
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whereas from the t6 component we derive

e~ Wt9gPy(cos 0)ror/fHa
2f —rof —32myiwry

ou? = (3.99)

In vacuum, the metric perturbations, H (), H1(r) and KC(7), are re-
lated by the following algebraic equation [305, 304]:

1 w?rt r—3M
") = qr+3M{[qr_r—2M+Mr—2M}K(r)

+ [iwrz - (HUM] ”Hl(r)} , (3.100)

wr

where g = (£ —1)(€ + 2)/2. The relation in Eq. (3.100) allows us to
eliminate, say, (7). Moreover, we can rewrite H1(r) and K(r) in terms
of the Zerilli wave function 7z (r) that satisfies Eq. (3.3) with the effective
potential given in Eq. (3.6). Indeed, [305, 304]

Hi(r) = wh(r)pz(r) + wk(r) dll{;zr(r) , (3.101)
K = grgalr) + W20 (3102)
where
. 3qMr —qr? +3M?
hr) "r—2M)(qr + 3M)
2
I T
2 2
g(r) = q(qﬂr);(qjjq;\&r)+ oM™ (3.103)

The last condition that closes the system of equations and determines
uniquely the boundary conditions for the polar metric perturbation is
found from the barotropic equation of state p = p(p) at the first order
in the perturbation that gives

op = c2op, (3.104)
where the sound speed c; is given in Eq. (3.75).

By substituting the above algebraic equations, we obtain the follow-
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ing boundary condition

dTPZ (7’0) /dr.

= —l16mniw + G(rg,w,n,7), 3.105
) i+ Glro,w,,8),  (3105)
where G = A/B and
A = (y-2){9]-3 30 +w?y* - d8imwy’C +y(2+ 96imwi) |

Py (<3 + iy + 167Twy217)2 +3q [ =9+ 3y*(1+ 64imrw)
—32imtwy® (37 + 21) + wy* (—3w + 16imy) + w?y’
(12567202 ) | + g2y | — 18+ 632 (1 + 16i7w0(C — 21)))
+256T2w?y> % + 32wyt (i + 24mwny) — iy3
(—i+48m0( +1)] }, (3.106)
B = 3+ qy){3 [ —3 3wy’ + wyt — 48wy’ +y
(2+96imwg)] + [ — 9+ 9y + WPy + yA(~3 + 192imw()
+13(1 = 32imw (3¢ — 1)) —wy* (3w + 16i7117)} + 7%y {3 — 3y
161wy (¢ +17) + (1 + R2imw( +1)| |, (3.107)

and we define the dimensionless quantities y = ro/ M, w = Mw. Let us
notice that in the BH limit G(2M) = 0, and the BH boundary condition is
recovered for 1 = ygy. Our computations show that, in the BH limit, the
boundary condition is independent of the bulk viscosity, as discussed
in the main text.

3.7. Appendix: Fisher information matrix

The Fisher information matrix of a template /(f) in the frequency
domain for a detector with noise spectral density S, (f) is defined as

T;j = (9ih|oh), (3.108)

where i, j =1, ..., N, N is the number of the parameters in the template,
and the inner product between two waveforms (h; and hy) is defined as

© Jiihk
(i |h2) 543%/0 chdf, (3.109)

(f)
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where the tilde stands for the Fourier transform of the waveform. The
SNR p of a signal is defined as

0 = (h|h). (3.110)

The covariance matrix of the errors on the parameters of the template is
defined as the inverse of the Fisher information matrix, i.e.,

=Tt (3.111)
Finally, the statistical error associated with the measurement of i-th

parameter is derived as
O =/ Zii . (3112)
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4. Ergoregion instability

Una nuova popolazione cresceva sulla terra, nemica a noi. Ci davano addosso
da tutte le parti, non ce ne andava bene una. Adesso qualcuno dice che il gusto
di tramontare, la passione d’essere distrutti facessero parte dello spirito di noi.

Italo Calvino, Le Cosmicomiche

4.1. A spinning model

Let us analyze a spinning horizonless compact object whose exterior
spacetime is described by the Kerr metric. The absence of the Birkhoff
theorem in axisymmetry implies that the vacuum region outside a spin-
ning object can be described by geometries other than Kerr. However,
in the case of a horizonless compact object with large compactness,
any deviation from the multipolar structure of a Kerr BH dies off suffi-
ciently fast within GR or in modified theories of gravity whose effects
are confined near the radius of the compact object [256, 54, 35]. This
assumption is justified for gravity theories in which putative extra de-
grees of freedom are heavy. In this case, the corrections to the metric
and field equations are suppressed by powers of Ip/ry < 1, where rg is
the radius of the object, and Ip is the Planck length or the scale of new
physics. In Boyer-Lindquist coordinates, the exterior spacetime reads

2Mr X 4Mr
2 _ _ 2 2 _ L2
ds <1 > >dt +Adr < asin Od pdt

4+ Xde? + {(r2+u2)sin29+zzmazsin49 dg?, (4.1)
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where ¥ = 1% + 4% cos? 6, A = r?> — 2Mr + a%, with M and ] = aM the
total mass and angular momentum of the object, respectively.

Motivated by models of microscopical corrections at the horizon
scale, the radius of the compact object is located as in Eq. (2.1) where
€ < 1. The properties of the object’s interior are parametrized in terms
of a complex and frequency-dependent surface reflectivity R(w).

4.2. The ergoregion

The Kerr metric in Eq. (4.1) admits two horizons at

rr=M+VM2-—a2, (4.2)

where the BH spin is bounded by —M < a < M!. The horizons are null
hypersurfaces that separate regions of the spacetime where r = const
are timelike hypersurfaces from regions where r = const are spacelike
hypersurfaces. In the Kerr spacetime, the horizons do not coincide with
the infinite redshift surfaces located at

M2 — a2 cos?0, (4.3)

which are the hypersurfaces where the Killing vector field ¢# = (1,0,0,0)
becomes spacelike. The horizons and the infinite redshift surfaces are
such thatrs_ <r_ <ry <rg,: for 0 =0, 7T, the horizons coincide with
the infinite redshift surfaces, i.e., rs, = r+; whereas on the equatorial
plane, rs, = 2M > ry and rs_ = 0. Consequently, there exists a
region outside the outer horizon where the Killing vector field becomes
spacelike, i.e.,

ry <r<rs,, (44)

that is called ergoregion. Its outer boundary, i.e., r = rg_, is called
ergosphere.

A characteristic feature of the Kerr spacetime is that a static observer
cannot exist inside the ergoregion but is forced to corotate with the
compact object. A static observer is defined as a timelike curve whose
tangent vector field is proportional to the Killing vector ¢# = (1,0,0,0)
and whose (r, 8, ¢) coordinates are constant along its worldline. Such an
observer is not allowed in the ergoregion since ¢# is spacelike there. We

1 Compact objects violating the Kerr bound, i.e., with a > M, are referred to as super-

spinars as detailed in Sec. 2.3.6.
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Ly >0

r

d
FE1 > Fy

Fig. 4.1. Energy extraction from a Kerr BH via the Penrose process [244]. A particle with
energy Eg decays in two particles inside the ergoregion. One particle has a negative energy
(Ez < 0) and falls into the BH, whereas the second particle has an energy larger than the
initial value (E; > Ep) and escapes at infinity. [65]

can define a zero angular momentum observer (ZAMO) whose angular
velocity has the same sign of the angular momentum of the compact
object [294].

When a particle starts its motion at infinity, the constant of motion
coincides with the energy of the particle as measured by a static observer
at infinity. The requirement that the energy is positive implies that the
constant of motion is positive. However, when a particle starts its motion
in the ergoregion, its energy cannot be measured by a static observer
since the latter is not allowed in the ergoregion. The particle energy can
be measured, for example, by the ZAMO and does not coincide with
the constant of motion. The requirement that the energy as measured
by the ZAMO is positive implies that the constant of motion can be
negative for counterrotating particles inside the ergoregion. This result
has important consequences on the possibility of extracting energy from
Kerr BHs, as described in the next section.

4.3. The Penrose process

In Kerr spacetimes, it is possible to extract energy and angular mo-
mentum from BHs since the energy of a particle within the ergoregion
as measured by an observer at infinity can be negative. This scenario
was first discovered by Penrose [244] and is shown schematically in
Fig. 4.1. Let us consider a particle with energy at infinity Ey decaying
in two particles inside the ergoregion. One of the two particles can
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have negative energy as measured at infinity, i.e., E; < 0, and the other
particle must have energy larger than the initial value, i.e., E; > Ej. The
horizon forces the negative-energy particle to fall into the BH, whereas
the positive-energy particle can escape at infinity and extract energy
from the BH. Indeed, the final mass of the BH is smaller than its initial
value, i.e., Mg, = M + E; < M. The same scenario holds for the BH
angular momentum. Consequently, the ergoregion allows particles to
acquire energy and angular momentum at the expense of the BH.

If the compact object has an ergoregion but does not have a horizon,
the physical process is different. In the case of a perfectly reflecting hori-
zonless compact object, the negative-energy states cannot be absorbed by
the object and remain in orbital motion inside the ergoregion. It is there-
fore energetically favorable to cascade towards more negative-energy
states leading to a runaway instability. This process is called ergoregion
instability [130]. The only way to prevent such an infinite cascade is by
absorbing the negative-energy states efficiently. Indeed, Kerr BHs are
stable against the ergoregion instability since they can absorb the radia-
tion at the horizon. In the following section, we shall assess the impact
of the ergoregion instability on the astrophysical viability of horizonless
compact objects.

4.4. Ergoregion instability in horizonless compact objects

The ergoregion instability was proved by Friedmann in ultracompact
stars under scalar and electromagnetic perturbations [130] and analyzed
in uniform-density stars [100, 301, 179, 65, 220], gravastars [98], boson
stars [86], and superspinars [235]. In Kerr-like horizonless objects, the
ergoregion instability is explained by the existence of long-lived modes
in the potential cavity between the effective radius of the object and the
photon sphere. As shown in Fig. 3.2, the imaginary part of the QNM:s of
a static horizonless object tends to zero in the limit of large compactness,
i.e.,, € — 0. In the rotating case, these modes can turn unstable? due to
the Zeeman splitting of the frequencies as a function of the azimuthal
number of the perturbation. Indeed, in the small-spin limit, the QNMs

We remind the reader that, in our convention, a stable mode has a negative imaginary
part of the frequency and corresponds to an exponentially damped sinusoidal sig-
nal, whereas an unstable mode has a positive imaginary part of the frequency and
corresponds to an exponential growth.



4. Ergoregion instability
can be expanded as [239]
0 1
WR = w%; + mxw%} +0(x?), (4.5)

(0)

where x = a/M is the dimensionless spin, wy, ; are the real and imag-

inary parts of the QNM:s in the static case, and wg% are the first order
corrections to the QNMs in the spin. In the large compactness limit,

)

imaginary part of the frequency to be positive depending on the az-

wgo — 0 and the first order term in Eq. (4.5) can turn the sign of the
imuthal number. The ergoregion instability affects horizonless compact
objects regardless of the azimuthal number of the perturbation due to
the symmetries of the Teukolsky wave function

m——m, w——-w, A — sAl_,, (4.6)

as detailed in Sec. 4.4.1. Let us derive the QNM spectrum of a spinning
horizonless object and analyze the region of the parameter space in
which the object is affected by the ergoregion instability.

4.4.1. Linear perturbations in the Kerr background

Let us perturb the background geometry in Eq. (4.1) with a spin-
s perturbation, where s = 0,+1,+£2 for scalar, electromagnetic and
gravitational perturbations, respectively. The perturbation can be de-
composed as in Eq. (3.2) where the radial and the angular functions are
governed by the Teukolsky master equations [276, 278, 274

d dsR
—s " s+14sNfm
A dr (A dr )

[KZ —2is(r — M)K
+ A

+ 4diswr — )\} sRem =10, (4.7)

{(1 - xZ) SSM,,X} R + [(awx)z — 2awsx +s

(m + sx)?

TeAm =T

} sSem =0, (4.8)
where S;,,(0)e™? are the spin-weighted spheroidal harmonics, x =
cosf, K = (r2 + az)w — am, and the separation constants A and Ay,
are related by A = Ay, + a’w? — 2amw. When a = 0, the angular
eigenvalues are A = (¢ —s)(¢ + s+ 1), whereas when a # 0 the angular
eigenvalues can be computed either numerically or with approximated
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analytical expansions (see Sec. 4.4.3 for more details).
It is convenient to introduce the Detweiler function [112]
1/2 d.R
Ko = 872 (1 + a?) {zx SRy + BATTTEZM L (4.9)
dr
where & and 8 are radial functions that are given in Appendix 4.6. By
defining the tortoise coordinate such that dr, /dr = (r*> +a?) /A, Eq. (4.7)
becomes a Schrodinger-like equation

d;;):%fm —V(r,w)sXpm =0, (4.10)
where the effective potential is
V(r,w) = (rzliiz)ﬁc;%ji, (4.11)
where
G = St=M) _ rA (4.12)

r2+a2 (12 +a2)?’
20/ + (B'ASTY

u = V
s+ BAS ,

(4.13)
1
Vs = -4 [K2—isa'K+aQisK ~ )], (4.14)

and the prime denotes a derivative with respect to r. In the following,
we shall define Rs = Ry, Xs = sXyp, and omit the ¢, m subscripts for
brevity.

The radial functions & and § are such that the effective potential in
Eq. (4.11) is purely real (see Appendix 4.6 for a derivation). Let us notice
that the Detweiler effective potential has the following asymptotics

—w?  asr. — +oo

V(r,w) ~ , (4.15)

-k asr, — —

where k = w — mQpy and Qy = a/(2Mr.) is the angular velocity of a
Kerr BH at the horizon. Consequently, the two independent solutions
of Eq. (4.10) have the asymptotic behavior

iwr as 1y — +oo

e
XS~ . . . (416)
’ {Bout(w)6+1kr* + Bin(w)e ™ * " asr, — —co



4. Ergoregion instability

Aout(w)e“‘”* + Ain(w)e*i“’r* as ry — 400

X~ ! , (4.17)
’ e tkr asry — —oo
where the Wronskian of the solutions is
axt  _ ax:- .
WgH = Trixs - Xj dri = 2ikBout - (4.18)

Since the effective potential in Eq. (4.11) is real, X;* and their complex
conjugates X;* are independent solutions to the same equation which
satisfy complex conjugated boundary conditions. Via the Wronskian
relationships, the asymptotic coefficients satisfy the relations [90, 290]

|Bout‘2 - ‘Bin|2 =w/k,

|Ain|2 - |Aout‘2 =k/w,
wAin = kBout, (UAzut = —kBiy . (4.19)

4.4.2. Boundary conditions

The QNMs of a Kerr-like horizonless object are derived by adding
to Eq. (4.10) two suitable boundary conditions. At infinity, we impose
that the perturbation is a purely outgoing wave

Xs ~ €T, asr, — 400. (4.20)

The regularity at the center of the object implies the imposition of a
boundary condition at the effective radius of the object. For e < 1, the
effective potential in the Detweiler equation is constant at the radius of
the object, V ~ —k?, so that the perturbation can be decomposed as a
superposition of ingoing and outgoing waves, i.e.,

Xs ~ Cine 4+ Couee™™, asry — . (4.21)

where we define the surface reflectivity of the object as

R(w) = %ezi’ﬂi’ . (4.22)
m

A perfectly reflecting object, where the outgoing energy flux at the
effective radius is equal to the incident one, has |R(w)|> = 1. Two
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notable examples of perfectly reflecting boundary conditions are

Xs(rp) = 0 Dirichlet on axial (4.23)
dXs(ro)/dr. = 0 Neumann on polar (4.24)

where the Dirichlet boundary condition describes waves that are totally
reflected with inverted phase (R(w) = —1), whereas the Neumann
boundary condition describes waves that are totally reflected in phase
(R(w) = 1). In general, a partially absorbing object is described by the
boundary condition

dXs/dr.| . 1-R(>)
Xs o 1+ R(—>) !

L]

(4.25)

that reduces to the BH boundary condition of a purely ingoing wave
when R = 0. In the following, we shall derive the QNMs of a perfectly
reflecting ultracompact object.

In the case of electromagnetic perturbations, a perfectly reflecting
object can be modeled as a perfect conductor. In Appendix 4.7, we show
that this condition translates into Dirichlet and Neumann boundary con-
ditions on axial and polar modes, respectively. An analogous description
of a perfectly reflecting compact object under gravitational perturba-
tions is not available. We assume that the results of electromagnetic
perturbations can also be applied to gravitational perturbations.

4.4.3. Numerical procedure

Equation (4.10) with boundary conditions at infinity in Eq. (4.20)
and the radius of the object in Eqs. (4.23) and (4.24) can be solved
numerically with a direct integration shooting method. We start with an
analytical high-order series expansion of the solution at infinity and we
integrate Eq. (4.10) from infinity to the radius of the object. We repeat
the integration for different values of the complex frequency until the
boundary condition in Eq. (4.23) or (4.24) is satisfied.

The angular eigenvalues are computed numerically using continued
fractions [50]. For aw < 1, the eigenvalues can also be expanded
analytically as

A=Y f (aw)?, (4.26)
p=0
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where f, S(f rzl are known expansion coefficients [50]

(0)

fskm = (E_S)(g"i_s"i'l)/ (4.27)
1 2ms?
fsem - _m , (4.28)
O = h(t+1)—h(0) -1, (4.29)
and
[62 = (max(|m], |SD)2} {62 N (max(Trfz\ SI))Z] (2 —5%)
h(f) = ' . (4.30)

2(6—%)63(£+%)

We verified that the analytical approximation up to the second order
is in agreement with the numerical computation: the approximation
differs from the exact eigenvalue of < 2% in the electromagnetic QNMs
and < 4% in the gravitational QNMs for a compact object with high
spin.

4.4.4. Instability in the quasi-normal mode spectrum

The QNM spectrum of the system depends on two continuous di-
mensionless parameters, i.e., the spin of the object x and its compact-
ness through the parameter €. We focus on perfectly reflecting com-
pact objects that are described by the boundary conditions in Eq. (4.23)
and (4.24).

Furthermore, the QNMs depend on four integers, i.e., the spin s, the
angular number /, the azimuthal number m, and the overtone number
n of the perturbation. We focus on fundamental modes (n = 0) with
¢ = m =1 for scalar and electromagnetic perturbations, and £ = m = 2
for gravitational perturbations that, in the unstable case, correspond
to the modes with the largest imaginary part and thus the shortest
instability timescale. The symmetries of the Teukolsky wave function
guarantee that we can focus on the modes with m > 0 without loss of
generality.

Fig. 4.2 shows the scalar QNMs of a perfectly reflecting compact
object a a function of the spin, where the radius of the object is located
atrg = r4(1+¢€) and € = 1071 The real part of the QNM has a
zero crossing at a critical value of the spin that depends on Dirichlet or
Neumann boundary condition. Most importantly, the imaginary part of
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Fig. 4.2. Real (left panel) and imaginary (right panel) part of the scalar and electromag-
netic QNMs (¢ = m = 1, n = 0) of an ECO as a function of the spin. The radius of the
object is located at rg = . (1 + €), where € = 1071°. The cusps in the imaginary part of
the frequency correspond to the threshold of the ergoregion instability above which the
QNDMs are unstable. The scalar QNMs with Dirichlet (Neumann) boundary conditions
are isospectral to the electromagnetic axial (polar) QNMs. [201, 200]

the QNM changes sign for the same critical value of the spin, turning
the object from stable to unstable.

Above the threshold of the ergoregion instability, the imaginary part
of the QNMs is positive and the modes are unstable. An interesting
feature is that the threshold of the instability is the same both for scalar
and electromagnetic perturbations with Dirichlet (Neumann) boundary
conditions on electromagnetic axial (polar) modes. This feature is be-
cause, in the zero-frequency limit, the scalar and electromagnetic wave
functions are related by a Darboux transformation [200], i.e.,

iA
R_1=Ro+ ﬁRé , (4.31)
or equivalently
iam iam
Ry=———+ R —R_ 4.32
0 f((—‘rl)(l_'_A 1)/ (3)

where the prime denotes a derivative with respect to r. In the gravita-
tional case, the threshold of the ergoregion instability is slightly shifted,
as shown in Fig. 4.3 for axial and polar perturbations, respectively. For
€ < 1, the QNMs can be derived analytically in the low-frequency
regime [200, 85]

~ T s(s+1)
wR 27 {p+ > }+mQH, (4.33)
2Mr
“rs _ﬁzé <r+:_> [orry = r ) (con = mOu) (439
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Fig. 4.3. Real (left panel) and imaginary (right panel) part of the gravitational QNMs
({ =m =2,n = 0) of an ECO as a function of the spin. The radius of the object is located
atrg = r4(1+€), where € = 10710, The cusps in the imaginary part of the frequency
correspond to the threshold of the ergoregion instability above which the QNMs are
unstable. The QNMs computed numerically (dashed curves) agree with the QNMs
computed analytically (continuous curves) using Eqs. (4.33) and (4.34) that are valid
when Mw < 1 [200].

where /By = Wﬁf})‘” p is a positive odd (even) integer for Neu-
mann (Dirichlet) boundary conditions on scalar perturbations and polar
(axial) modes in electromagnetic and gravitational perturbations. A
detailed derivation of Egs. (3.20) and (3.21) is given in Appendix 4.8.
As shown in Fig. 4.3, the analytical QNMs agree with the numerical
QNMs in the regime of validity of the approximation, i.e., Mw < 1.
Furthermore, the critical value of the spin can be computed analyti-
cally from Egs. (4.33) and (4.34) that are accurate when wr ~ wj ~ 0.

The ergoregion instability occurs for x > x.rit where [200, 85]

T s(s+1)
XNerit = m|loge| |:P+ 5 ] . (4.35)

Fig. 4.4 shows the threshold of the ergoregion instability for gravitational
¢ = m = 2 perturbations as a function of the compactness of the object.
For example, an ECO with Planckian corrections at the horizon scale
(e ~ 10740) is unstable if spinning above Xit ~ 0.03,0.05 for axial
and polar perturbations, respectively. We conclude that even slowly



94

PROBING THE HORIZON OF BLACK HOLES WITH GRAVITATIONAL WAVES

—— Axial
fffff Polar

Ergoregion instability

—40 -35 =30 =25 -20 -15 -10 -5

Log;o(€)

Fig. 4.4. Critical value of the spin above which a Kerr-like horizonless object is affected by
the ergoregion instability as a function of the compactness of the object. The threshold is
computed as in Eq. (4.35) for axial and polar gravitational ¢ = m = 2 perturbations. [200,
85]

spinning Kerr-like horizonless objects are unstable due to the ergoregion
instability.

The timescale of the instability is defined as Tinst = 1/w;. From
Fig. 4.3, for an ECO with € = 1071? and spin y = 0.7, the instability
timescale of the ¢ = m = 2 mode is

Tinst S (5/ 7) < (436)

M
10M@) S
where the lower (upper) bound is for polar (axial) gravitational per-
turbations. Let us notice that the low-frequency approximation of wy
in Eq. (4.34) is not accurate for the unstable modes with large spin, as
shown in Fig. 4.3 from the disagreement between the numerical and
the analytical curves. For this reason, we use the numerical values of
the imaginary part of the QNMs for the calculation of the instability
timescales.

The ergoregion instability acts on a timescale which is short compared
to the accretion timescale of astrophysical BHs, i.e., Tsaipeter ~ 4 X 107 yr.
However, the instability timescale is longer than the decay time of the
BH ringdown, i.e., Tringdown ~ 0.5 ms for a 10M, compact object. If the
remnant of a compact binary coalescence was an ECO, the ergoregion
instability would spin down the remnant over a timescale Ting until
the condition for the stability, x = Xrit, is satisfied [65] via the emis-
sion of GWs. The incoherent superposition of the GW signals from the
unresolved sources in the population would produce a stochastic GW
background due to spin loss [123, 117]. The absence of such background
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in the first observing run of Advanced LIGO already puts strong con-
straints on perfectly reflecting ECOs that can be a small percentage of
the astrophysical population [38].

4.5. How to quench the ergoregion instability

The case of a horizonless compact object with a perfectly reflecting
surface is an idealization. In reality, we expect a compact object to
absorb part of the ingoing radiation through viscosity, dissipation, fluid
mode excitation, nonlinear effects, etc. Given that Kerr BHs can absorb
radiation efficiently and are stable against the ergoregion instability, it
is relevant to ask whether some absorption at the surface of Kerr-like
compact objects can quench the ergoregion instability.

Let us define the reflection and transmission coefficients of a wave
coming from the left of the photon-sphere barrier with unitary amplitude
as

Bin 1

RpH = , TeH =

. 4.37
Bout ( )

Bout
After each bounce in the cavity between the ECO radius and the photon
sphere the perturbation acquires a factor R Rpy, where R is the ECO
surface reflectivity and Rpy is defined in Eq. (4.37). Due to the conser-
vation of the Wronskian, |Rpy| = |Aout/ Ain| where A, and Ayt are
the coefficients of the incident and reflected wave, respectively, at the
photon sphere for a left-moving wave originating at infinity. It follows
that the amplification factor in the cavity is the same as the amplification
factor of BHs which is defined as

2

Aowt\" _ 4 (4.38)

Ain

Zsém = ’

The condition for the energy in the cavity to grow indefinitely is | R Rpp |
1 which implies that the object is unstable for the ergoregion instability
if

1
1+ Zspm .

By definition, the surface reflectivity is |R|?> < 1, therefore Eq. (4.39)
implies that the ergoregion instability occurs when the real part of the

IRI? > (4.39)

ONM is in the superradiant regime, i.e., Zsy,, > 0. In order to quench
the ergoregion instability at any frequencies, the surface absorption,
1 — |R|?, needs to be larger than the maximum amplification factor of
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Fig. 4.5. Superradiant amplification factor of a BH as a function of the frequency for
(¢ = m = 1) scalar, electromagnetic and ({ = m = 2) gravitational perturbations.
The analytical approximation valid at low-frequency (black dashed lines) is compared
to the exact numerical result. The minimum absorption rate to have a stable Kerr-like
horizonless object for any type of perturbation is 0.3% (6%) for a remnant with spin
x =07 (x=0.9).[200]

superradiance, namely
1— R Z Zumax- (4.40)

Figure 4.5 shows the amplification factor of a BH as a function of the
frequency under scalar, electromagnetic and gravitational perturbations
and for several values of the BH spin. In order to have a stable Kerr-like
horizonless object under any type of perturbation, the surface absorption
needs to be at least 0.3% (6%) for an ECO with x = 0.7 (x = 0.9). Let
us notice that the maximum amplification factor of an extremal BH is
~ 138% for ¢ = m = 2 gravitational perturbations [65, 274], therefore
an absorption rate of ~ 60% would allow for stable Kerr-like horizonless
objects with any spin.

A natural question is whether this level of absorption is achievable
by standard matter in compact objects. The reflective properties of
compact objects depend on the specific model, but should generically be
more extreme than those of an ordinary NS. For NSs, the most efficient
absorption mechanism is due to viscosity. A rough estimate of the
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kinematic viscosity yields [104]

) 5/4 oo\ -2
~1077 | —F£ : 441
vt (1014g/cm3> (108K) ° (4

where p and T are the typical density and temperature of a NS, respec-
tively. As a response to some external perturbation, a viscous fluid can

dissipate radiation. The fraction of gravitational energy converted into
mechanical energy in a viscous and compressible fluid was estimated in
Refs. [121, 242], finding that dissipation occurs through sound waves
that propagate in the interior of the fluid and through shear waves that
heat the surface. In the limit vw < 1, which is valid in the entire param-
eter space of interest, and after an angle average, the fraction of absorbed
energy in the flat spacetime approximation reads [121]

64
1= [RP ~ 2 (wn)??
27/4 3 13 4
~ 0004 (M 10°K 0.01 20Ms (4.42)
70 T wM M

where we have normalized the physical quantities by their typical values
expected for an ECO in the BH limit, namely a density similar to that
of a fastly spinning Kerr BH, rp ~ M, and a low temperature. As a
reference, the local temperature of an isolated gravastar is of the order
of the Hawking temperature Ty; ~ 10~7 K for M ~ 20 Mg, [215]. This
temperature is negligible in astrophysical scenarios and the object would
be in thermal equilibrium with the hotter environment. The temperature
of the interstellar medium typically ranges between 10K and 10*K, so
the normalization T ~ 10°K adopted above is a conservative upper
bound. The estimate in Eq. (4.42) is only indicative and shows that
absorption at percent level can be naturally achieved by ECOs.

Some models of quantum BHs have a frequency-dependent reflec-
tivity R(w) = e~ K/2Ti) that allows for stable solutions against the
ergoregion instability for any spin [229]. This model of horizonless
compact object is analyzed in Sec. 6.7.

4.6. Appendix: The Detweiler transformation

In this appendix, we derive the transformation that brings the Teukol-
sky equation (4.7) in the Schrédinger-like form in Eq. (4.10) with real
effective potential. In doing so, we revisit and extend the original calcula-

97



98 PROBING THE HORIZON OF BLACK HOLES WITH GRAVITATIONAL WAVES

tions by Detweiler [112]. In particular, we refer the reader to the original
work in Ref. [112] for the explicit transformations in the electromagnetic
case. In in the gravitational case, instead, we correct several mistakes in
Egs. (B3)—(B14) in Ref. [112] and provide explicit expressions of &« and
B extending the calculations in Ref. [111] to gravitational perturbations.

The Starobinsky identity for gravitational perturbations is [274]

iRz = 999IR_,, (4.43)

where 2 = 9, — iK/A. According to Eq. (4.43), we can write
b dR_,

Ry =aR 5+ — 4.44
2 =0aR_p+ A dr (4.44)
where
a = (a1 +iay), (4.45)
b = iby, (4.46)
and
8K* 8K? (M2 —a? 4wk, 5 )
12r2w? + A(A +2
+ AZ( )} , (4.47)
24wrK?> 1 [4A(r — M)K
a = 4 {_A3 + A2 (A +4wrA + 12wM)} (4.48)
8K3 4K [2(M? —a?) 8w 9
by = 4 [Az s (AA) - (Mr—a )} . (4.49)

The radial functions « and  that define the Detweiler function in Eq. (4.9)
are

kaA? + |x|?
§ = i — (4.50)
V2[x| [a1A2 4 R(x)]
- 2
B - iKby A (451)

V2|x| a1 A2 + %)) /2
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where

xk = 4 [)\2(/\ +2)% + 144a%w? (m — aw)?* — a*w?(40A% — 487)

1/2
+ awm(40A2 + 48)\)} +48iwM, (4.52)
R(k) = 4 [AZ(A +2)% + 144a2w0% (m — aw)? — a?w?(40A% — 48))
2 1/2
+ awm(40A% + 48)\)} , (4.53)

el
[

{16 [AZ(A +2)? + 1440%w? (m — aw)? — a2w?(40A% — 48))
2 2172

+awm(40A% +481)] + (48wM)”} . (4.54)

With this choice of the parameters, « and 8 satisfy the following relation

0(2 _ D(/IBAS+1 + DC‘B/AS+1 _ ‘BZA25+1VS =x, (455)

which guarantees that the Detweiler function defined in Eq. (4.9) sat-
isfies the Schrodinger-like equation in Eq. (4.10). Eq. (4.11) gives the
following expression of the effective potential

 —KZ4+AA | A(bp'A) , dG
Vir,w) = a0 + (2 + 2)2op G+ i (4.56)
where i
p=1Ixl {2 [a1A2 + m(x)} P (4.57)

The effective potential in Eq. (4.56) is purely real and has the following
asymptotics: at infinity V(r — +o00,w) — —w?, and at the horizon
V(r—ry,w) — —k2

Finally, the conserved energy flux is the same if computed by the two
independent solutions of the Teukolsky equation [Eq. (4.7)] or the two
independent solutions of the Detweiler equation [Eq. (4.10)] [111]. This
is an important consistency check since the energy flux is a measurable
quantity and cannot depend on the transformation of the perturbation
variable.

4.7. Appendix: Boundary condition for spinning objects

In this Appendix, we derive the boundary conditions that describe
a perflectly reflecting Kerr-like object under electromagnetic perturba-
tions [65]. The horizonless object can be modeled as a perfect conductor,
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whose electric and magnetic fields satisfy Eq(ro) = E,(r9) = 0 and
B,(ro) = 0. In the Newman-Penrose formalism, the previous conditions
can be written in terms of the three complex scalars of the electromag-
netic field ¢, ¢1, ¢ in the frame of a ZAMO [176]

Eo - [ A2 + ) )(4;0_4>z>+c.c.

V20 AV/2(r2 4 a2 cos? 6 02A
aAl/Z )
— i sin03(gn), (4.58)
(4.59)
A1/2 A

E, ! < ) tec, (4.60)

asinf R % 4 a?
B, = W <4’2_Ap24;0> tec| 2 EE 172 J(¢1)(4.61)

wherep = —(r —iacos8) ™!, A = (r2 +4a%)? — a?Asin’ 0, and c.c. stands
for the complex conjugate of the previous term. The conditions of a
perfect conductor translate into

o 2
|Do|? = |A22| , 3(¢1) =0, (4.62)

where @) = ¢ and &, = 20~ 2¢. We use the decomposition
o) = / dwe™ Y " e™? (S, (0) sRym(r), (4.63)
m
®, — / dwe @ Y M0 S, (0) Rp(r),  (4.64)
m

and omit the £, m subscripts for brevity. The radial and the angular
functions are related by the Starobinky identities [274, 270]

PIR_ =BRy, L.LAS =BS 1, (4.65)

where B = VA2 + 4maw — 4a2w?, 9 = 9, —iK/A, and &, = 0y +
mcsc — aw sin 6 + n cot 0. By substituting Eqs. (4.63), (4.64) and (4.65)
in the condition for a perfect conductor in Eq. (4.62), we obtain the
boundary condition for a perflectly reflecting compact object on the
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Teuksolsky wave function

iK i .
orR_1 = XK (A £ B+ 2iwr)| R_q, (4.66)
where the plus and minus signs refer to polar and axial perturbations,
respectively. In the following, we show that the boundary conditions
in Eq. (4.66) are equivalent to Dirichlet and Neumann boundary condi-
tions on the Detweiler wave function for axial and polar perturbations,

respectively, as in Eqs. (4.23) and (4.24).

Near the radius of an ultracompact object (¢ < 1), the Teuksolsky
wave function has the following asymptotics [274]

R 1 ~ AAe kr« 4 Betikre s oo, 4.67
1

where A = Ay +17 A1 +..and B = By + B + .., withy = r —r.
Since A ~ (r4 — r— )y near the surface, we consider in Eq. (4.67) A = A
and B = By + 181 where [90]
21/2(,2 4 42)1/2
B, = 2 (rita) Tk (4.68)
B
iB
AO = —m BO Bin/Boutr (4'69)

and Ky = K(r4+), R = iKy + (r+ —r_)/2, and By, and Byt are the
asymptotic amplitudes defined in Eq. (4.16). By inserting Eq. (4.67) in
the Teukolsky equation (4.7), we find

iam 2wry — 1/\) By (4.70)

Bi= (M(m —r) + 4Mrik

Equation (4.67) with Egs. (4.68), (4.69) and (4.70) defines the asymp-
totic expansion of the Teukolsky wave function R_; near the horizon at
the first order in . By inserting Eq. (4.67) in the boundary condition
(4.66), we get the following expression

Boute™™ T Bipe % =0, (4.71)

for the two signs of Eq. (4.66) that correspond to polar (—) and axial
(+) modes, respectively. Eq. (4.71) takes the same form of Egs. (4.23)
and (4.24), therefore the perfect-conductor boundary conditions imply
Dirichlet and Neumann boundary conditions on the Detweiler wave
function for axial and polar modes, respectively. Let us emphasize that
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the boundary conditions are derived when the radius of the compact
object is at microscopical distance from the would-be horizon, i.e., € < 1.

4.8. Appendix: Analytical quasi-normal modes

In this appendix, we derive the QNMs of a Kerr-like horizonless
object analytically in the small-frequency regime. We focus on an ul-
tracompact object whose radius is located as in Eq. (2.1) withe < 1,
and whose surface is perfectly reflecting. We use a matched asymptotic
expansion according to which the radial domain of the exterior space-
time is split into two regions: the near-region, i.e., v —r; < 1/w, and
the far-region, i.e., ¥ — 71 > M. We solve the radial Teukolsky equa-
tion (4.7) in each region and we match the inner and outer solutions in
the overlapping region where M < r —r, < 1/w. Finally, we impose
the perfectly reflecting boundary conditions as in Eqs. (4.23) and (4.24)
and we derive the characteristic frequencies of the object.

In the region near the radius of the compact object, the radial wave
equation (4.7) reduces to [270]

z(z+1))"° az{[z(z+1)]s+last}

+ Q2 +iQs(1+22) - Az(z +1)| R = 0,(472)
wherez = (r—ry)/(ry —r-), Q = (rA +a®)(mQy —w)/(r+ —r-),
and A = (£ —s)({ +s+1). Eq. (4.72) is valid when Mw < 1 and it is
derived by neglecting the terms proportional to w in Eq. (4.7) except

for the ones which enter into Q. The general solution of Eq. (4.72) is a
linear combination of hypergeometric functions, i.e.,

Ry = (1+2)@ {Clz’iQ 2B (—l4s,0+1+51—Q+s;—2)

+Coz QS R (L4 QL+ 1+ Q1+ Q —s; —z)} , (473)
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where Q = 2iQ. The large-r behavior of the solution is

roo\" Cir(1—Q+s)
Re ~ (r+—r> F(2€+1){ Fl+1-Q)T(¢+1+s)

C F( Q ) v —(—1-s (_1)E+1+s
T OT J*(rr ) 2T(20+2)
[ CiT €+1—s) (1-Q+s) , GI(L+149)r (1+Q—s)}

~Q) [(—0+Q) '
(4.74)

where the ratio of the coefficients C; /C; is fixed by the boundary condi-
tion at the radius of the compact object.

At infinity, the radial wave equation (4.7) reduces to [87]
12 fs +2 (L 4+ 1 —iwr)d,fs —2i (£ +1—s)wfs =0, (4.75)

where f; = ¢/“’r~{*R,. The general solution of Eq. (4.75) is a linear
combination of a confluent hypergeometric function and a Laguerre
polynomial, i.e.,

R, — e—iwryl—s [c3u (6+1— 5,204 2,2iwr) + CuL¥ Y, | (Ziwr)} ,
(4.76)
where Cy = (—1)/"5C3T(—£ + s) by imposing purely outgoing waves
at infinity. The small-r behavior of the solution is

N s (DT +s) g o1 T(2041)
G {r ortv2) @iw)  Fr 1=
(4.77)

The matching of Eqgs. (4.74) and (4.77) in the intermediate region
where M < r —ry < 1/w yields

&:_r(£+1+5) R++i(*1)€(w(7’+*L))ZZHL&_ (4.78)
CZ F(E—i—l—s) R—“!‘Z(—l)( (CU(T’+—}’7))2Z+1 LS. , .
where
g = T020F9  _T0£079)
TTOTU+1£Q) R TI(-£Q)
o [2re+ 149 +1-9)]
b= 2{ T(20+ 1) (20 +2) (4.79)
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Electromagnetic perturbations

For s = —1, theratio C; / C; is derived by imposing the boundary con-
ditions (4.23) and (4.24) in the near-horizon expansion of the solution
in the near-region. At the radius of the object, we obtain

% = FB1Q:8. (4.80)
where zg = z(rp), and the minus and plus signs refer to polar and axial
perturbations, respectively. By equating Eq. (4.78) with Eq. (4.80), we
obtain an algebraic equation for the real part of the QNM frequencies.
An approximate solution can be found in the small-spin and small-
frequency regime for which Q < 1. In this regime, Eq. (4.78) reduces to
C1/Cy = Q/ [€(£+1)], whereas B ~ £({ + 1) in Eq. (4.80). It follows

2,29 = 1. (4.81)

By using the tortoise coordinate where log(zo) ~ r9(r —r_)/(r% +a?),
Eq. (4.81) yields
e 2QrR(r =)/ (F4a?) — (4.82)

which is analogous to Eq. (A18) in Ref. [87] in the case of scalar pertur-
bations. The solution of Eq. (4.82) is

p
vited

WR = — +mQpg, (4.83)
where p is a positive odd (even) integer for polar (axial) modes. Equa-
tion (4.83) is also valid for scalar perturbations where p is a positive
odd (even) integer for the modes with Neumann (Dirichlet) boundary
condition.

Gravitational perturbations

For s = —2, the ratio C;/C; is derived by imposing the boundary
conditions (4.23) and (4.24) in the near-horizon expansion of the solu-
tion in the near-region. When Q < 1, we obtain at the radius of the
object

Cl _ 2 B Q_
G (C+2)(0+1)e(£—1) Qzy (4.84)

where the minus and plus signs refer to polar and axial perturbations,
respectively. For Q <« 1, Eq. (4.78) reduces to C1/C, = —2Q/[(¢ +
2)(£+1)£(¢£ —1)]. By equating the latter equation with Eq. (4.84), it
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follows
779 = 41, (4.85)
whose solution is
WR = —w +mQyp, (4.86)

where p is a positive odd (even) integer for polar (axial) modes. By
comparing Eq. (4.83) with Eq. (4.86), we notice that the gravitational
QNM frequencies have a 7t phase shift with respect to the scalar and
electromagnetic ones.

The analytic expression of the real part of the QNM:s for a generic
spin-s perturbation is given in Eq. (4.33).

Imaginary part of the quasi-normal mode frequencies

To compute the imaginary part of the QNMs analytically, we impose
the boundary conditions in Eq. (4.23) and (4.24) on the near-horizon
asymptotics of the Detweiler wave function in Eq. (4.16). The computa-
tion yields

in

w= (pn—i—d)—iln

) +mQy, (4.87)

209 Bout

where @ is a phase that depends on the spin-s of the perturbation and it
is derived with the matching asymptotic expansion described above.

According to the Wronskian relations in Eq. (4.19), |Bin/Bout| =
| Aout/ Ain| therefore the amplification factor of perturbations in the
cavity between the radius of the object and the photon sphere is related
to the amplification factor of BHs. For a perturbation of spin s, the
amplification factor of BHs is defined as

2
~1, (4.88)

Aout
Z =
slm ’ A

that has the following form in the low-frequency regime as computed
by Starobinsky [270]

_ N . 4Q? 26+l
Zskm = Dskm - 4Q;BSZ H 1+ K2 [w(u r*)] . (4'89)
k=1

In our calculations, we impose Zg,,, = —R(Dygyy,,) since w; < wg. By
inserting Eq. (4.89) in Eq. (4.88) and using the Wroskian relations, we
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derive
2

B.
N 1= —R(Dyy) .- (4.90)

Bout

Eqgs. (4.87) and (4.90) yield to the analytical expression of the imaginary
part of the QNM frequencies in the low-frequency regime
R ( Dy )
wy o~ — s (4.91)
412

that coincides with Eq. (4.34). Let us notice that Zy,, > 0 (i.e., w; > 0)
in the superradiant regime, where wg(wr — mQ) < 0. Consequently,
the unstable modes of a perfectly-reflecting Kerr-like object can be under-
stood in terms of waves amplified in the ergoregion and being reflected
at the boundary.



5. Gravitational-wave echoes

Una notte osservavo come al solito il cielo col mio telescopio. Notai che da una
galassia lontana cento milioni d’anni-luce sporgeva un cartello. C’era scritto:
TI HO VISTO. [...] Proprio duecento milioni d’anni prima, né un giorno di
pitt né un giorno di meno, m’era successo qualcosa che avevo sempre cercato di
nascondere.

Italo Calvino, Le Cosmicomiche

5.1. Schematic picture

GW echoes are an additional signal that would be emitted in the
postmerger phase of a compact binary coalescence when the remnant is a
horizonless ultracompact object. Possible sources of GW echoes are near-
horizon quantum structures [81, 82, 296], ultracompact NSs [125, 240],
and BHs in modified theories of gravity in which the graviton reflects
effectively on a hard wall [306, 228]. The key feature of the sources of
GW echoes is the existence of a cavity in the effective potential of the
perturbed object between the photon sphere and the effective radius of
the object, as shown in Fig. 5.1. If the object is sufficiently compact, the
cavity can support quasi-trapped modes that leak out of the potential
barrier through tunneling effects and are responsible for the emission
of GW echoes.

To describe the dynamical emission of GW echoes, we analyze the
scattering of a Gaussian pulse starting from infinity and going towards
the compact object. As shown in Fig. 5.1, when the pulse crosses the
photon-sphere barrier and perturbs it, a prompt ringdown signal is
emitted at infinity [290, 22, 85]. The prompt ringdown emitted by an
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Fig. 5.1. Schematic diagram of the propagation of a perturbation in the background
geometry of a horizonless compact object [290, 22, 85]. When the perturbation excites the
photon sphere, a prompt ringdown signal is emitted at infinity. Subsequent bounces of
the perturbation in the cavity between the radius of the object and the photon sphere are
responsible for the emission of GW echoes. [202]

ultracompact horizonless object is almost indistinguishable from the BH
ringdown since the photon sphere is approximately at the same location
and has a similar shape [81]. Afterward, the perturbation travels inside
the photon-sphere barrier and is reflected by the surface of the compact
object. A fraction of the radiation is absorbed by the compact object
depending on its reflective properties [200, 229].

After each interaction with the photon sphere, a GW echo is emitted
at infinity with a progressively smaller amplitude. The amplitude of
the GW echoes depends on the surface reflectivity of the object R and
the reflection (Rpy) and transmission (7gy) coefficients of the wave
coming from the left of the photon sphere. After each bounce in the
cavity between the ECO radius and the photon sphere, the perturbation
acquires a factor R Rpy.

The photon-sphere barrier acts as a frequency-dependent high-pass
filter. The characteristic frequencies governing the prompt ringdown are
approximately the BH QNM frequencies despite the latter are not part of
the QNM spectrum of horizonless compact objects. Each subsequent GW
echo has a lower frequency content, and at late times the GW signal is
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dominated by the low-frequency QNM:s of horizonless compact objects.

The delay time between subsequent GW echoes is proportional to
the width of the cavity, therefore, the compactness of the object. The
delay time can be computed as the round-trip time of the radiation from
the photon sphere to the boundary. In the non-spinning case [81, 82]

Tocho = 2M [1 — 2e — 2log(2¢)] , (5.1)

where the logarithmic dependence on € would allow detecting even
Planckian corrections (€ ~ Ipjanck/ M) at the horizon scale few ms after
the merger of a compact binary coalescence with a remnant of M ~
10Me.

5.2. Analytical template

In this Section, we shall derive an analytical template for the ring-
down and the GW echoes emitted by a spinning horizonless compact
object. The waveform is parametrized by the standard ringdown param-
eters plus two quantities related to the properties of the exotic remnant.
The template can be easily implemented to perform matched-filter-based
searches for GW echoes and constrain models of horizonless compact
objects.

5.2.1. Transfer function

We analyze a spinning horizonless compact object whose exterior
spacetime is described by the Kerr metric, as detailed in Sec. 4.1. The
radius of the object is located as in Eq. (2.1), where we focus on ultra-
compact models with € < 1. We require the location of the surface to
be at a proper length § << M from the would-be horizon, where

o
5= / dr /Zrlo—o (5.2)
T+
and the relation between the proper length é and € is given by
2 8
~ /1 —x2—. 5.3
€ ey (5.3)

Let us perturb the background geometry with a spin-s perturbation.
The radial component of the perturbation is governed by the inhomoge-
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neous equation

—V(r,w)Xs =8, (5.4)

where X; is the Detweiler function defined in Eq. (4.9), V(r, w) is the
effective potential in Eq. (4.11), and S is a source term. At asymptotic
infinity, we require the solution of Eq. (5.4) to be a purely outgoing
wave, Xs(w, 7. — 00) = Z (w)el“’.

In the frequency domain, the GW signal emitted by a horizonless
compact object can be written in terms of the GW signal that would be
emitted by a BH and reprocessed by a transfer function [208], i.e.,

7 (w) = ZgH(w) + IC(w)ZgH(w) , (5.5)
where ZétH are the responses of a Kerr BH (at infinity and near the
horizon, for the plus and minus signs, respectively) to the source S ie.,

7 :L/mdr SxF (5.6)

BH WBH o * s 7 .
where X7 are the two independent solutions of the homogeneous equa-
tion associated to Eq. (5.4) with asymptotics in Egs. (4.16) and (4.17),
and Wgy is the Wronskian defined in Eq. (4.18). The details of the hori-
zonless compact object are all contained in the transfer function that is
defined as [208]

K(e) = TR (@)e 2"

1 RppR(w)e 2k’ 5.7)

where Rpy and Ty are the reflection and transmission coefficients of
a wave coming from the left of the photon-sphere barrier defined in
Eq. (4.37), and R(w) is the surface reflectivity of the object defined in
Eq. (4.22).

According to Eq. (5.5), the GW signal emitted at infinity by a hori-
zonless compact object is the same as the one emitted by a BH at infinity
with an extra GW emission that depends on the reflectivity and compact-
ness of the object. To get an insight of the additional GW emission, let us
expand the transfer function in Eq. (5.7) as a geometric series [208, 103]

(e8]

K(w) = TouR(w)e 28 Y [RpuR(w)) " e 2082 (58)

j=1
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Given Eq. (5.8), the GW signal takes the form of a series of pulses where
the index j stands for the signal emitted by the j-th echo. The phase
factor 2ikr? corresponds to the time delay between two pulses due to
the round-trip time of the perturbation between the photon sphere and
the radius of the object. Subsequent echoes can have a phase inversion
to each other when the factor RgyR (w) has a negative sign.

Eq. (5.5) allows us to construct an analytical template for the GW
signal emitted by a horizonless compact object. In the following sec-
tions, we provide an analytical approximation of each term in Eq. (5.5),
namely the BH reflection coefficient and the BH responses at infinity
and the horizon. In this way, the analytical template depends only on
the BH ringdown parameters and the parameters of the ECO, i.e,, its
compactness and reflectivity.

5.2.2. Black hole reflection coefficient in the low-frequency ap-
proximation

The low-frequency regime is the most interesting regime for GW
echoes since the latter are obtained by the reprocessing of the ring-
down signal, whose frequency content is initially dominated by the BH
fundamental QNM and subsequently decreases in time. Hence, the
low-frequency approximation becomes increasingly more accurate at
late times. The analytical approximation of the BH reflection coefficient
in the small-frequency regime is computed in Appendix 4.8 through a
matched asymptotic expansion. In particular, the BH reflection coeffi-
cient is defined in Eq. (4.37) as the ratio of the ingoing and outgoing
coefficients in the near-horizon asymptotics of the Detweiler function
in Eq. (4.16). The latter coefficients are related to the coefficients in the
near-horizon expansion of the Teukolsky function derived in the small-
frequency regime in Eq. (4.78). For ¢ = 2, the BH reflection coefficient
reads

- e _ _ ¢r-1)

RI];% = —8Mke§(w+1)2Mlzry _Z(Y)Z 1) [ M('z 1)6} X
[16k2M2 1} I[(—=24+r(-1-¢)
(1) T(—2-{)r(3-7)
1800i0(—2 — §) + (wM(y = 1)§)°T(3 Q) ) (5.9)

1800iT(—2 + ) + (wM(y — 1)&)°T(3+ )
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wherey =r_/r, i =1+/1—x%{=iRQuM—m/7)(y+1)¢/(y—
1), and L is an arbitrary constant with the dimension of a length. The low-
frequency expression of Rppy for generic values of the angular number
¢ is provided in a publicly available MatrEMATICA® notebook [1].

In the high-frequency regime, Rgy ~ e 2mw/*n where kpy = % (rsy —
r_)/(r% + a?) is the surface gravity of a Kerr BH [151]. We use a Fermi-
Dirac interpolating function to connect the two regimes in frequency

exp ( 2”“”‘) +1
exp (27T(\¢;\H WR ) 1 ’

where wgy, is the real part of the fundamental QNM of a Kerr BH with
spin x. For |w| < wp the reflection coefficient reduces to RLY;, whereas
it is exponentially suppressed when |w| >> wg.

domain:

Reu = Riy (5.10)

5.2.3. Modeling the black hole response at infinity

We model the BH response at infinity using the fundamental £ = m =
2 QNM. We consider a generic linear combination of two independent
polarizations, namely [52, 71]

Zi(t) ~ O(t — to) [Ay cos(wrt + ¢4) + iAx sin(wrt + ¢x )] e /T,

(5.11)
where R(Zg;;) and J(Z};) are the two ringdown polarizations /. (t)
and h (t), respectively. In the above relation, ©(¢) is the Heaviside
function, t; is the starting time of the ringdown, A, « € Rand ¢ x € R
are the amplitudes and the phases of the two polarizations, respectively,
and T = —1/wy is the damping time. Let us notice that Eq. (5.11) is
the most generic expression for the ringdown with the fundamental
¢ = m = 2mode and assumes that A » and ¢ x are four independent
parameters. The most relevant case of a binary BH ringdown is that of
circularly polarized waves [71], that can be obtained from Eq. (5.11) by
setting Ay = Ay and ¢; = ¢«.

Given the BH response in the time domain, the waveform in the
frequency-domain is obtained through a Fourier transform

—+o0
/ \/di ZE (e, (5.12)
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where the response at infinity is

- iwfo _ _
ZQH(W e (“1+~A+ “1><»A><_|_“2+~A+ “2><-A><> . (5.13)

~Y
27/27T W — WQNM w+w6NM
where WQONM = WR + iwy, X1y, x = i€7i<¢+'X+t0wQNM>, and ay; « =
1+,x°

5.2.4. Modeling the black hole response at the horizon

The BH response at the horizon, defined in Eq. (5.6), has the same
poles in the complex frequency plane as the BH response at infinity.
Therefore, the near-horizon response at intermediate times can be writ-
ten as in Eq. (5.13) with different amplitudes and phases. Let us assume
that the source has support in the interior of the object, i.e., on the left
of the effective potential barrier, where V (r, w) ~ —k?. This is a reason-
able assumption since the source in the exterior can hardly perturb the
spacetime within the cavity [296, 229]. In this case, it is easy to show
that R 1 oo

Zy = o T+ o [ droset. (5.14)
Using Eq. (5.6) and the fact that S has support only where V (r, w) ~
—k?, the above equation can be written as

5 _ RBHZ];FH + Z];H

o z (5.15)

where Zf, is the BH response at infinity to an effective source S(w, x) =
S(w, x)e?** within the cavity. As such, the ringdown part of Zg; can
also be generically written as in Eq. (5.13) with different amplitudes
and phases. Two interesting features of Eq. (5.15) are noteworthy. First,
the final response of the horizonless compact object (in Eq. (5.5)) does
not depend on the BH transmission coefficient, since the term 7gyy in the
denominator of Eq. (5.15) cancels out with that in the transfer function
in Eq. (5.7). Second, the first term on the right-hand side of Eq. (5.15)
can be computed analytically using the low-frequency approximation
of the BH reflection coefficient in Eq. (5.10) and the BH response at
infinity in Eq. (5.11). For this reason, in the following, we focus only on
the first term of the right-hand side of Eq. (5.15). A discussion on the
expressions of Z5;; for several sources is given in Appendix 5.6.
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€ compactness of the ECO

R(w) reflection coefficient at the surface of the ECO

M total mass

X spin

A4« amplitudes of the polarizations of the BH ringdown
¢+,x  phases of the polarizations of the BH ringdown

to starting time of the BH ringdown

Tab. 5.1. Parameters of the ringdown+echo template in Ref. [203]. The parameters € and
R(w) characterize the horizonless compact object, whereas the remaining 7 parameters
characterize the BH ringdown.

5.2.5. Parameters and validity of the template

In the frequency domain, the ringdown+echo template is given
by [203]

—2ikr9
~ RBHR((U)E‘ ) ) (516)

ZH(w) = Z& (w) [ 1+ -
N

where the BH response at infinity is in Eq. (5.13) and the low-frequency
approximation of the BH reflection coefficient is in Eq. (5.10). For R = 0,
we recover the template of a BH ringdown emitted at infinity. The
additional term in Eq. (5.16) is associated with the GW echoes that are
emitted in the case of horizonless compact objects. Overall, the final
template depends on the 7 parameters of a standard BH ringdown (i.e.,
mass and spin of the remnant, amplitudes and phases of the plus and
cross polarizations of the signal, and starting time of the ringdown)
plus two parameters that are related to the properties of the horizonless
compact object (i.e., its compactness and reflectivity), see Table 5.1.
For circularly polarized waves (A1 = Ay and ¢ = ¢x) or linearly
polarized waves (A = 0), the number of the BH ringdown parameters
reduces to 5.

Fig. 5.2 shows the agreement at low frequency of the analytical tem-
plate with the result of a numerical integration of the Teukolsky equa-
tions. The left panels show the validity of the analytical approximation
of the BH reflection coefficient in the low-frequency regime, both for
a non-spinning and a spinning remnant. The right panels of Fig. 5.2
show the quantity that is responsible for the emission of GW echoes as
a function of the frequency, i.e., KZg;; normalized by the BH response
Z3z- The peaks in the GW response are due to the excitation of the
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Fig. 5.2. Comparison between the analytical template (thick curves) and the result of
a numerical integration of the Teukolsky equation (thin curves) for x = 0 and x = 0.7.
Left panels: the complex BH reflection coefficient. Right panels: the absolute value (top)
and the imaginary part (bottom) of the response of GW echoes KZg; / Zg; as a function
of the frequency. In all the panels, { = m = 2 and, in the right panels, 6 = 10~19M and
R =1.[203]

low-frequency QNMs that characterize horizonless compact objects (see
a related discussion in Sec. 3.2.4). The agreement between the analytical
template and the numerical integration is very good at low frequencies
(both in the absolute value and imaginary part), whereas deviations
are present in the transition region where Mw ~ 0.1. Crucially, the
low-frequency resonances — which dominate the response at infinity —
are properly reproduced.

To quantify the validity of the template, we compute the overlap

L (5.17)

between the analytical signal /14 and the numerical one /iy in frequency
domain, where the inner product is defined in Eq. (3.109) in Appendix 3.7.
When |R| ~ 1, the presence of very high and narrow resonances makes
a quantitative comparison challenging since a slight displacement of the
resonances (due for instance to finite-w truncation errors) deteriorates
the overlap. For example, for the representative case shown in Fig. 5.2
(6 =10"9M, x = 0.7, and R = 1), the overlap is excellent (O > 0.999)
when the integration is performed before the first resonance, however it
reduces quickly to zero after that. To overcome this issue, we compute
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the overlap in the case in which the resonances are less pronounced,
i, |R|?> < 1. Let us consider a remnant with M = 30 M, x = 0.7,
5 = 1071°M, and the aLIGO noise spectral density [268]. For R = 0.9
and in the frequency range f € (20,100) Hz (whose upper end corre-
sponds to the threshold wM ~ 0.1 beyond which the low-frequency
approximation is not accurate), the overlap is O = 0.48. This small value
is mostly due to a small displacement of the resonances. Indeed, by
shifting the mass of the analytical waveform by only 1.6%, the overlap
increases significantly, O = 0.995. For R = 0.8 and in the same con-
ditions, the overlap is O ~ 0.8 without the mass shift and O 2 0.999
with the same mass shift as above. Let us notice that the agreement
between the analytical template and the numerics improves as § — 0. In
this limit, the ECO QNMs appear at lower frequency and the resonant
frequencies are better reproduced by the analytical framework.

5.3. Properties of gravitational-wave echoes

The GW signal emitted by a horizonless compact object in the time do-
main is computed through an inverse Fourier transform of the analytical
template in Eq. (5.16), i.e.,

h(t) = \/% [ +: dwZ* (w)e !, (5.18)

where R [h(t)] and T [h(t)] are the plus and cross polarizations of the
GW signal, respectively. Fig. 5.3 shows the ringdown+echo waveform
as a function of time for a remnant with § = 10~7M and several values
of the surface reflectivity and spin. For simplicity, we focus on a purely
plus-polarized ringdown signal, i.e.,, Ax = 0, and each waveform is
normalized to the peak of | [h(t)] | in the ringdown (the peak is not
shown in the range of the y axis to visualize the GW echoes better).

The time delay between subsequent echoes is constant and depends
on the compactness and spin of the object. The time delay is computed
as the round-trip time of the perturbation from the photon sphere to the
radius of the object. In the spinning case [22, 84]

Techo ~ 2M |14 (1= x*)"V2| | loge] . (5.19)

The logarithmic dependence on the compactness of the object allows
the GW echoes to appear on a short timescale after the ringdown even
for Planckian corrections at the horizon scale (€ ~ Ipjanc/M).
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Fig. 5.3. Examples of the gravitational ringdown--echo template in the time domain for a
horizonless compact object with 6/ M = 1077 and different values of the surface reflectivity
R(w) = const and the spin x. The real (blue curve) and the imaginary (orange curve)
part of the waveform are the plus and cross polarization of the signal, respectively. For
simplicity, the ringdown signal is purely plus-polarized. Each waveform is normalized to
the peak of |93[h(t)]| in the ringdown. Additional waveforms are provided online [1, 203].

The amplitude of the absolute value of the signal decreases mono-
tonically and it is proportional to the product RRpy, i.e., it depends
on the combined action of the reflection at the ECO surface and the
photon-sphere barrier. Let us notice that the spin of the object and the
phase of the surface reflectivity introduce novel effects compared to
previous studies [208, 273] such as a nontrivial amplitude modulation
of subsequent echoes in each polarization of the GW signal. This is
evident, for example, in the panels of Fig. 5.3 corresponding to x = 0.7,
Rzland)(:O,R:ei”/3.

5.3.1. Mixing of polarizations

An interesting feature of the GW echoes is that the signal can contain
both the plus and cross polarizations even if the initial ringdown is
purely plus polarized (i.e., Ax = 0). This feature occurs in the cases
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of a spinning remnant or a complex surface reflectivity, as shown in
Fig. 5.3. This property can be explained as follows. In the non-spinning
case, and provided

Ry—o(w) = Ry—o(—w"), (5.20)
the transfer function satisfies the symmetry property
ICXZO(w) = IC)*(:O(—w*). (5.21)

The time domain echo waveforms are real (imaginary) if the ringdown
waveform is real (imaginary). Therefore, in the non-spinning case, the
echo signal contains the same polarization of the BH ringdown and the
two polarizations do not mix. Remarkably, this property is broken in
the following cases:

1. when R is complex and does not satisfy Eq. (5.20), as shown in
the second row of Fig. 5.3;

2. in the spinning case, even when R is real or satisfies Eq. (5.20), as
shown in the second and third columns of Fig. 5.3.

In either cases, a mixing of the polarizations occurs. In particular, in
the spinning case and when R is real, the transfer function satisfies an
extended version of Eq. (5.21)

K(w,m) = K*(—w*,—m), (5.22)

that does not prevent the mixing of the polarizations due to the m — —m
transformation.

As shown in Fig. 5.3, if the BH ringdown is a purely plus-polarized
wave, it can acquire a cross-polarization component upon reflection by
the photon-sphere barrier (when x # 0) or by the surface (when R is
complex and does not satisfy Eq. (5.20) ). The mixing of the polarizations
can explain the involved echo pattern shown in some panels of Fig. 5.3.
For example, for Y = 0 and R = ¢/3 each echo is multiplied by a factor
¢™/3 relative to the previous one. As a consequence, every three echoes

the imaginary part of the signal (i.e., the cross polarization) is null.

5.3.2. Phase inversion
The phase of each subsequent echo depends on the term RRgpH,
i.e., on the combined action of the reflection at the surface of the object
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and the photon-sphere barrier. The phase inversion occurs whenever
RRpu ~ —1 for low frequencies. In Fig. 5.3, the first, the second, and
fourth row all correspond to perfect reflectivity, |R| = 1, however their
echo structure is different. This is because a phase term in the surface
reflectivity introduces a nontrivial echo pattern.

It is worth mentioning that there exist several definitions of the radial
wave function describing the perturbations of a Kerr metric; these are
all related to each other by a linear transformation similar to Eq. (4.9).
The BH reflection coefficients that are defined for each function differ
by a phase, while the quantity |Rpy|* (that is related to the energy
damping/amplification) is invariant [92].

The transfer function in Eq. (5.7) contains both the absolute value
and the phase of Rpy. Therefore, one might wonder whether the ambi-
guity in the phase could affect the ECO response. For a given model, it
should be noted that the surface reflectivity R is affected by the same
phase ambiguity, in accordance with the perturbation variable chosen to
describe the problem. Since the transfer function depends on the combi-
nation RRpy, the phase ambiguity in R cancels out with that in Rpy.
This ensures that the transfer function is invariant under the choice of the
radial perturbation function, as expected for any measurable quantity.

For example, at small frequencies the BH reflection coefficient de-
rived from the asymptotics of the Regge-Wheeler function at x — —oo
has a phase difference of 7t compared to the BH reflection coefficient de-
rived from the Detweiler function with y = 0. Consistently, the surface
reflectivity associated to the former differs by a phase 7t to the latter, i.e.,
if R = 1 for the Regge-Wheeler function then R = —1 for the Detweiler
function in the same model. All the choices of the radial wave functions
are equivalent and — in the same ECO model - the surface reflectivity R
should be different for each of them. This fact is particularly important
in light of the mixing of the polarizations. As shown in the second row
of Fig. 5.3, a phase in R introduces a mixing of the polarizations for any
spin that results in a more involved pattern for the GW echoes.

The phase of the surface reflectivity R depends on the specific model
of horizonless compact object. In the analyses of Sec. 5.5, we parametrize
the surface reflectivity in a model-agnostic way as

R =|R|e!?. (5.23)

In principle, both the absolute value and the phase are generically



120 PROBING THE HORIZON OF BLACK HOLES WITH GRAVITATIONAL WAVES

— x=0,R>0 x=0.7R>0 {T
77777 x=0.R<0 1 x=0.7,R<0
N\ —— x=0.5,R>0 —— ¥=0.9,R>0 |
AN x=0.5R<0 ----- x=0.9.R<0 T

e ——

0.001 0.010 0.100
1R

— L

-1. -0.8-0.6-04-0.2 0. 0.2 04 06 0.8 1.
R

Fig. 5.4. Total energy emitted in the ringdown+-echo signal normalized by the one of the
BH ringdown as a function of the surface reflectivity R and for several values of the spin
X- The total energy is much larger than the BH ringdown energy in the limit R — 1. We
set & = 107°M and consider only one ringdown polarization with ¢, = 0; the result is
independent of ¢ in the 6 < M limit. [203]

frequency-dependent; for simplicity, we choose them to be constants.
Hence, we parametrize the template by |R| and ¢, different choices of
which correspond to different models of horizonless compact objects.

5.3.3. Energy emission and superradiant instability

The energy emitted in the ringdown+-echo signal is shown in Fig. 5.4,
where the energy

Eo</ dw |27 2 (5.24)

is normalized by the one corresponding to the ringdown alone, i.e.,
Erp = E(R = 0), and it is a function of the surface reflectivity R. We
use the prescription of Ref. [126] to compute the ringdown energy, i.e.,
Zi; is the full response in the frequency domain obtained by a Fourier
transform of

Z3a(t) ~ Ay cos(wgrt + ¢y )e /T, (5.25)

where the absolute value of ¢ is at variance with Eq. (5.11). This prescrip-
tion circumvents the problem associated with the Heaviside function
in Eq. (5.11) that produces a spurious high-frequency behavior in the
energy flux, leading to an infinite energy in the ringdown signal. With
the above prescription, the energy defined in Eq. (5.24) is finite and
reduces to the energy of the BH ringdown in Ref. [126] when R = 0.
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The energy emitted by a horizonless compact object can be much
larger than the BH ringdown, as shown in Fig. 5.4 when R ~ 1. This
feature is due to the reflection and the amplification of waves in the
cavity between the photon-sphere barrier and the radius of the compact
object. The energy contained in the echo part of the signal grows fast
as |R| — 1 reaching a maximum value that depends on the spin and
can be larger than the energy of the BH ringdown. This feature is due
to the excitation of the resonances corresponding to the low-frequency
QNMs of the compact object. However, it is worth noticing that the
low-frequency resonances are excited only at late times, therefore the
first few echoes contain a small fraction of the total energy of the sig-
nal. Conversely, when R is significantly smaller than unity, subsequent
echoes are suppressed and their total energy is modest compared to the
one of the BH ringdown.

Let us notice that when |R| ~ 1 the total energy is expected to diverge
due to the ergoregion instability, as discussed in Sec. 4. This feature
is not captured by the inverse Fourier transform of Z*(w) since the
time-domain signal is not integrable when ¢ 2> Tingt. Since the instability
timescale is much longer than the echo delay time, the time interval of
validity of the waveform includes a large number of echoes. In partic-
ular, the ergoregion instability does not affect the first N ~ |log /M|
echoes [85]. Atlate times, the signal grows when |RRgy| > 1,i.e. when
the combined action of the reflection by the surface and the BH barrier
yields an amplification factor larger than unity. When |R| ~ 1, this
requires |Rpy| > 1 which occurs when the condition for superradiance,
w < mQy, is satisfied.

5.3.4. Frequency content

The photon-sphere barrier acts as a high-pass filter; therefore, each
GW echo has a lower frequency content than the previous one. This
expectation is confirmed by Fig. 5.5, where we display the first four
echoes that are shifted in time and rescaled in amplitude so that their
global maxima are aligned, for a horizonless compact object with § =
1077M,R =1,and x = 0.

The frequency content of the signal starts roughly at the BH QNM
frequency even if the latter is not part of the QNM spectrum of a hori-
zonless compact object. The frequency content of each subsequent
echo decreases until the signal is dominated by the low-frequency ECO
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Fig. 5.5. The first four echoes in the time-domain waveform for a horizonless compact
object with xy =0, R =1,6/M = 10~7. The waveform has been shifted in time and

rescaled in amplitude so that the global maxima of each echo are aligned. Note that each
subsequent echo has a lower frequency content than the previous one. [203]

QNMs at late times. In the example shown in Fig. 5.5, the frequencies
of the first four echoes are approximately Mw ~ 0.34,0.32,0.3,0.29,
whereas the real part of the fundamental QNM of a Schwarzschild BH
is Mwg ~ 0.37367. Therefore, the frequency content between the first
and the fourth echo decreases by ~ 17%.

Let us notice that the case shown in Fig. 5.5 is the one that provides
the simplest echo pattern since y = 0 and R is real. The spinning case
X 7 0 or a complex choice of the surface reflectivity would provide a
more involved echo pattern and polarization mixing.

Our results show that two different situations can occur:

A) the reflectivity R of the object is small enough so that the ampli-
tude of subsequent echoes is suppressed. In this case, most of the
SNR is contained in the first few echoes with a frequency slightly
smaller than the fundamental BH QNM.

B) the reflectivity R is close to unity so that subsequent echoes are rel-
evant and contribute to the total SNR significantly. In this case, the
frequency content becomes much smaller than the fundamental
BH QNM at late times.

Clearly, the low-frequency approximation used to derive the analytical
template is expected to be accurate in case B) and less accurate in case
A).
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Fig. 5.6. Ringdown of a horizonless compact object with radius rg = 2M(1 + €) and
effective shear viscosity 7. We consider axial perturbations and an initial Gaussian profile.
Top panel: when e < 0.01, GW echoes appear for several values of 7 related to the
reflectivity of the object. Bottom panel: a selection of ringdown waveforms for € > 0.01.
In this case, the prompt ringdown is modified and GW echoes are absent. [199]

5.4. Modifications to the prompt ringdown

The prompt ringdown is associated with the scattering of a wave
packet off the photon-sphere barrier. If € is sufficiently small, the follow-
ing causality argument shows that the boundary conditions at the radius
of the object cannot affect the prompt ringdown. The decay timescale
of the prompt ringdown is associated with the instability timescale of
the photon orbits at the light ring, or equivalently to the decay time
of the BH fundamental QNM. Thus, the boundary condition at the ra-
dius of the compact object does not affect the prompt ringdown if the
round-trip time of the radiation from the photon sphere to the boundary
is much longer than the decay time of the BH fundamental QNM. In
the Schwarzschild case, the round-trip time of the radiation in the cav-
ity is in Eq. (5.1), whereas the decay time of the fundamental QNM is
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Tdamp = —1/wj ~ 10M. Consequently, when e < O(0.01) the prompt
ringdown is not modified and late-time GW echoes are emitted. On the
other hand, if € 2 O0(0.01) the object’s interior should affect the prompt
ringdown.

These expectations are confirmed by the ringdown waveforms shown
in Fig. 5.6, that are obtained by solving the linearized problem for ax-
ial perturbations in the Schwarzschild background. The boundary
condition at the radius of the compact object is obtained as the in-
verse Fourier transform of the boundary condition in Eq. (3.25). The
perturbation has an initial Gaussian profile where ¢(r,,0) = 0 and
01(r,0) = exp[—(r« —7)?]. The integration is performed using a
fourth-order Runge-Kutta finite-difference scheme. The top panel of
Fig. 5.6 shows the case in which ¢ < 0(0.01). Confirming previous
results, the prompt ringdown is universal and the details of the ob-
ject’s interior appear as GW echoes after the initial ringdown. The time
delay is given in Eq. (5.1), and their phase and frequency content are
modulated by the boundary conditions and the tunneling through the
potential barrier. The amplitude of the GW echoes depends on the shear
viscosity # of the fictitious fluid located at the radius of the compact
object, as described in Sec. 3.3.3. In particular, # ~ 0 corresponds to
|R|? ~ 1 for which the amplitudes of the subsequent echoes are only
mildly damped, whereas the absorption is maximized as # ~ #pg. In
the latter case, the linear response is identical to that of a BH, since the
boundary conditions are the same in the limit # — g and € — 0.

The bottom panel of Fig. 5.6 focuses on the case € 2 0(0.01), where
the prompt ringdown is modified and no subsequent echoes appear.
The changes to the prompt ringdown can be understood by considering
that the part of the wave packet that initially tunnels through the barrier
has enough time to be reflected at the radius of the object and tunnel to
infinity. This process results in a superposition of the two pulses (the
one directly reflected by the potential barrier and the one reflected by
the object), which can interfere in an involved pattern. When the two
pulses sum in phase, the interference can produce high peaks in the
prompt ringdown. At late time, the prompt ringdown is dominated
by the fundamental QNM of the object, that is not the mode of the
universal prompt ringdown in the BH case. Indeed, by fitting the time-
domain waveform at late times with a damped sinusoid, we can verify
that the prompt ringdown is governed by the fundamental QNM of the
horizonless object shown in Fig. 3.5.
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Finally, one might wonder why there are no echoes for € 22 O0(0.01).
The reason is that only waves with frequency V(rg) < w? < Viax can
be trapped between the radius of the object and the potential barrier.
Therefore, when the compactness decreases, the resulting cavity is small.
Furthermore, the transmission coefficient of the potential barrier is large
when w? < Viax which implies that these frequencies cannot be trapped
efficiently. In practice, for € 2 ©(0.01) one only sees the interference
between the prompt ringdown and the first echo, while subsequent
reflections are strongly suppressed or absent, as in the bottom panel of
Fig. 5.6.

5.5. Prospects of detection

In this section, we use the template derived in Sec. 5.2 for a prelim-
inary error estimation of the ECO properties with current and future
GW detectors.

The ringdown+-echo signal in the frequency domain displays reso-
nances that originate from the long-lived QNMs of horizonless compact
objects, as shown in the right panel of Fig. 5.2. The relative amplitude of
each resonance depends on the source and the dominant modes are not
necessarily the fundamental harmonics [208, 70]. Moreover, the ampli-
tude of the echo signal depends strongly on the surface reflectivity of
the object, especially when |R| = 1. This suggests that the detectability
of (or the constraints on) the echoes depends strongly on the surface
reflectivity and would be more feasible when |R| ~ 1. In the follow-
ing, we quantify this expectation using a Fisher matrix analysis that is
accurate at large SNR [285]. The analysis is performed as in Ref. [273],
additionally including the spin of the object and allowing for a complex
reflection coefficient.

We compute the Fisher matrix with the template i(f) = Z*(f),
using the sensitivity curves of aLIGO with the design-sensitivity
ZERO_DET_high_P [268] and two configurations for the third-generation
instruments: Cosmic Explorer in the narrow band variant [6, 122], and
Einstein Telescope in its ET-D configuration [160]. We also consider
the noise spectral density of LISA proposed in Ref. [31]. Details on the
Fisher information matrix are given in Appendix 3.7. We focus on the
most relevant case of £ = m = 2 gravitational perturbations we consider
a remnant with M = 30 M, (M = 10° M) for ground (space) based
detectors.
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Fig. 5.7. Left panel: relative percentage error on the reflection coefficient, A|R|/|R|
multiplied by the SNR, as a function of |R| for different values of the spin. The inset
shows the same quantity as a function of 1 — |R|? in a logarithmic scale. From top to
bottom: x = (0.9,0.8,0.7,0.6,0.5,0.4,0.3,0.2,0.1). Middle panel: same as in the left panel
but for the absolute percentage error on the phase ¢ of the reflection coefficient, i.e.,
pA¢. Right panel: same as in the left panel but for the compactness parameter 6 /M, i.e.,
A(6/M)/(6/M). We assume § = 1077 M, where the errors are independent of § when
6 < M. We set ¢ = 0 (i.e., we consider a real and positive R ), but other choices give
similar results. [203]

As discussed in Sec. 5.2.5, the most generic BH ringdown template
contains 7 parameters (mass, spin, two amplitudes, two phases, and
starting time). For simplicity, we focus on a linearly polarized ringdown,
and we do not include the parameters A, and ¢. This implies that the
Fisher analysis has 5 standard ringdown parameters. Furthermore, the
template depends on two ECO quantities, i.e., the surface reflectivity and
the compactness of the ECO. We parametrize the surface reflectivity as
in Eq. (5.23), where | R | and ¢ are assumed to be frequency independent
for simplicity. This yields three ECO dimensionless parameters: 6/ M,
|R|, and ¢.

We analyze two cases: (i) a conservative case, in which the errors on
the 5 4+ 3 parameters are extracted in a Fisher matrix framework, and
(ii) a more optimistic case, in which the standard ringdown parameters
can be measured independently in the prompt ringdown and we are
left with the measurement errors on the 3 ECO parameters.

5.5.1. Conservative case: 5 ringdown+3 ECO parameters

The main results for the statistical errors on the ECO parameters
are shown in Fig. 5.7. In the large SNR limit, the errors scale as 1/p,
where p is defined in Eq. (3.110) in Appendix 3.7. Hence, Fig. 5.7
shows the quantities pA|R|/|R| (left panel), pA¢ (middle panel), and
pA(6/M)/(6/M) (right panel) as a function of the surface reflectivity
for several values of the spin.
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For a given SNR, the relative errors are almost independent of the
sensitivity curve of the detector, at least for the signals that are located
near the minimum of each sensitivity curve. Moreover, the statistical
errors are almost independent of the compactness of the object when
0/M < 1. Fig. 5.7 shows that the statistical errors depend strongly on
the surface reflectivity of the object. The reason for this can be traced
back to the presence of resonances as R = 1. This feature confirms that
it should be relatively straightforward to rule out or detect models with
|R| ~ 1, whereas it is increasingly more difficult to constrain models
with smaller values of |R|.

We also notice that the value of the spin of the remnant affects the
errors on |R| mildly, whereas it has a stronger impact on the phase of
R (probably due to the aforementioned mixing of the polarizations)
and a moderate impact on the errors on 6 / M. Overall, the specific value
of ¢ does not affect the errors significantly, although it is important to
include it as an independent parameter to not underestimate the errors.

5.5.2. Optimistic case: 3 ECO parameters

Let us now assume that the standard ringdown parameters (mass,
spin, amplitude, phase, and starting time) can be measured indepen-
dently in the prompt ringdown signal, that is identical for BHs and ECOs
with §/M < 1. In this case, the remaining three ECO parameters (|R|,
¢, and 6/ M) can be measured a posteriori, assuming that the standard
ringdown parameters are known.

A representative example for this optimistic scenario is shown in
Fig. 5.8. As expected, the errors are significantly smaller, especially the
ones on the phase of the reflectivity. The errors on the surface reflectivity
are only mildly affected, and the projected constraints on | R | at different
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Fig. 5.9. Projected exclusion plot for the ECO reflectivity |R| as a function of the SNR
in the ringdown phase. The shaded areas are the regions that can be excluded at a
given confidence level (20, 30, 40, 50). Vertical bands are the typical SNRs achievable
by aLIGO/Virgo, third-generation ground-based detectors, and LISA in the ringdown
phase; the horizontal band is the region excluded by the ergoregion instability [201, 200].
We assume x = 0.7 for the spin of the remnant, and the result depends mildly on the
spin. [203]

confidence levels are similar to the ones shown in Fig. 5.9.

5.5.3. Constraints on the reflectivity

Let us calculate the SNR that is necessary to discriminate a partially-
absorbing horizonless compact object from a BH on the basis of a mea-
surement of the surface reflectivity at some confidence level. Clearly,
if A|R|/|R| > 100%, any measurement would be compatible with the
BH case (R = 0). On the other hand, relative errors A|R|/|R| <
(4.5,0.27,0.007,0.00006) % suggest that it is possible to detect or rule out
a given model at (2,3,4,5)0 confidence level, respectively. The result
of this analysis is shown in Fig. 5.9 that represents the exclusion plot
for the parameter |R| as a function of the SNR in the ringdown phase,
Pringdown- The shaded areas are the regions that can be excluded at some
given confidence level. Large SNRs would allow us to probe values of
the surface reflectivity close to the BH limit, R ~ 0.

The extent of the constraints depends strongly on the confidence level.
For example, pringdown A 100 would allow us to distinguish horizonless
compact objects with |R|? > 0.1 from BHs at 2¢ confidence level, but a
3¢ detection would be possible if [R|> > 0.8.

Our analysis suggests that horizonless models with |R|? ~ 1 can be
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detected or ruled out with aLIGO/Virgo (for events with pringdown < 8)
at 50 confidence level. These events could also allow us to probe values of
the reflectivity as small as | R|> ~ 0.8 at 20" confidence level. Horizonless
compact objects with | R|? = 1 are already ruled out by the ergoregion
instability [201, 200], the absence of a GW stochastic background in the
LIGO O1 run due to spin loss [38], and the negative searches for GW
echoes [18].

Excluding or detecting echoes for models with smaller values of the
reflectivity (for which the ergoregion instability is absent) requires SNRs
in the postmerger phase of @(100). This will be achievable only with
third-generation detectors (Einstein Telescope and Cosmic Explorer)
and with the space-based mission LISA. Our preliminary analysis con-
firms that very stringent constraints on (or detection of) ultracompact
horizonless objects can be obtained with current (and especially future)
interferometers.

5.6. Appendix: Black hole response to sources

In this appendix, we provide the expressions for the BH response at
the horizon for some specific toy models of the source. In the following,
we assume that the source is localized within the cavity.

The simplest case is that of a Gaussian source localized in space in
which the frequency dependence can be factored out

_ 5)2
$(rv, w) = C(w) exp (-W) , (5.26)
where 73 is the location of the source in the tortoise coordinate, and
|rs| < M. Itis easy to show that
Zn =M 2y (527)

The latter equation, together with Eq. (5.15), yields

2ikrs
o~ e + Rpy \ »

Remarkably, the above relation is independent of the width ¢ of the

Gaussian source and the function C(w) characterizing the source.
Inspired by Eq. (5.27), we can also parametrize the BH response ZgH

in a model-agnostic way with a generically complex proportionality
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factor
Zha=ne" 25y, (5.29)

where 1 and v are (real) parameters of the template. Since the BH
response at intermediate times is dominated by the QNM frequencies, a
model in which Zg;; = F(w)Zg}; can be reduced effectively to Zg; =
F(wr)Zgy- In such case, the term F (wg) = 57¢’V can be interpreted as
a generic parametrization of a complex number.

Finally, another possible model for the source is a plane-wave source
that travels towards r, — 400, where

S(ry, w) = /dtei“’tS(r*,t) = /dtei“’tS(O,t¥r*) = 5(0,w)et

(5.30)
Using Eq. (5.6), we obtain
N y [F2dr X et
Zd (W) = Zy (w) 222 —, 5.31
BH( ) BH( )fjozodr*X;'eiWU ( )
or, more explicitly,
Zgp(w) = Zgy(w) [ / A X+ / (Aoute™"™ + Ain)dr.
Ty
+ / dr*eimﬂr*} / [/ dr*Xereiwr* +/ eZiwr*dr*
—0 r5~0
+ / (Bout€2iwr* —imQry + BineimQr*)dr*] , (5'32)

where r, ~ 01is the region where the potential is non-zero and we consid-
ered the case of a plane wave traveling to r. — oo for ease of notation.
Since Zg;;(w) has poles at wonm = wr + iwy, we also expect Zg (w)
to have the same poles. Given that w; < 0, the terms f e dr, dominate
the numerator and the denominator of Eq. (5.32) for w ~ wgnm and
yield

~ R *
+ o~ BH —
Zoy = — (7§H) Zpiy - (5.33)
The case of a plane wave traveling towards r, — —oco gives the same
relation.
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Com’era il nostro gioco? E presto detto. Lo spazio essendo curvo, attorno alla
sua curva facevamo correre gli atomi, come delle biglie, e chi mandava piil
avanti il suo atomo vinceva. Nel dare il colpo all’atomo bisognava calcolar bene
gli effetti, le traiettorie, saper sfruttare i campi magnetici e i campi di
gravitazione, se no la pallina finiva fuori pista ed era eliminata dalla gara.

Italo Calvino, Le Cosmicomiche

EMRIs are binary systems in which a stellar-mass compact object
orbits around a supermassive compact object at the center of a galaxy.
EMRIs are one of the main target sources of the space-based interferom-
eter LISA, and are unique probes of the nature of supermassive compact
objects. The defining feature of a classical BH is to be a perfect absorber
since its event horizon is a one-way hypersurface. Thus, any evidence
of partial reflectivity would indicate a departure from the classical BH
picture. In this chapter, we shall show that LISA would be able to probe
the reflectivity of compact objects with unprecedented accuracy.

6.1. A model for the central compact object

We analyze a central horizonless compact object whose exterior space-
time is described by the Kerr metric, as detailed in Sec. 4.1. The radius of
the compact object is located as in Eq. (2.1) where € <« 1. For example,
if the radius of the object is at 7y = 7 + Ipjanck, then € ~ 107 for a
supermassive compact object with mass M = 10° M, and spin x = 0.9.

The properties of the interior structure are modeled in terms of a
complex and frequency-dependent reflectivity coefficient R (w) at the
surface of the object. Spinning horizonless compact objects with a per-
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fectly reflecting surface (|R|> = 1) are affected by an ergoregion in-
stability when spinning sufficiently fast. In the following, we focus on
stable spinning models with partial absorption (|R|?> < 1), as detailed
in Sec. 4.5. We also analyze a model of quantum BH with Boltzmann
reflectivity (|R(w)|? = e~ Kl/Ti, where k is the corotating frequency and
Ty is the Hawking temperature), that is stable against the ergoregion
instability for any spin [229].

6.2. Linear perturbations from a point particle

We analyze a pointlike source orbiting around a central compact
object which is either a Kerr BH or a Kerr-like horizonless object. The
pointlike source moves along circular equatorial orbits from large dis-
tances to the ISCO. In line with the discussion in Sec. 4.1, we assume that
the gravitational perturbations in the exterior spacetime are described
as in the Kerr case. According to the Newman-Penrose formalism, the
Weyl scalar ¥4 can be expanded as

lY4 = ﬁ4 Z/dWRfmw(r)—Zsémw (e)ei(m(pfwt) ’ (6~1)
Im

where p = (r —iacos 8)~!, and the sum runs over £ > 2 and —¢ <
m < {. The radial wave function Ry, () obeys to the Teukolsky master
equation [275, 277, 274]

2 d <1ngmw> [K2+4i(r—M)K

dr \ A dr A —8iwr — A Romw = 7zmw ’

(6.2)
and the spin-weighted spheroidal harmonics _5Sy,,., (0)e™? satisfy Eq. (4.8)
with s = —2. The polar part of the spin-weighted spheroidal harmonics

is normalized such that
1
/ ) | —2S e (cos 9)|2 dcosf =1. (6.3)

The source term 7y, is constructed by projecting the stress-energy
tensor T*f of a pointlike source with respect to the Newman-Penrose
tetrad, where [133]

op utubf
18— S-S @ -0l —pl) ,  (64)
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with p being the mass of the small orbiting body, u* = dz*/dt, z* =
(t,7(1),0(f), (1)) is the geodesic trajectory, and T is the particle proper
time. The mass ratio of the system is defined as g = u/ M.

In the case of circular equatorial orbits, 8(¢) = 7r/2. In corotating
orbits, the orbital radius is related to the orbital angular frequency by

Q=vVM/(avVM+r¥?). (6.5)

6.2.1. Central black hole

Let us first review the standard BH case. Owing to the presence of
the horizon, the two independent homogeneous solutions of Eq. (6.2)
have the following asymptotic behavior

BtransAZ —ikrs as 1y — —00

’ (6'6)
asry — +oo

in
Imw _ _
3Bref iwry 4y lec iwrs

tmw®
e [CRe e s

{mw i 4
rCirans iwrs asr, — +oo

(6.7)

where k = w —mQp, and Qy = a/(2Mr) is the angular velocity at the
horizon of the Kerr BH. The inhomogeneous solution of the Teukolsky
equation (6.2) is constructed as [133]

o ]. /nmw( )lerr\nw( )
Rémw - g d
Wimew mw AZ( )
T ( R (1)
;T bmw 14
+ R}, (7 / dr A2 ;”w , (6.8)
where Wy, is the Wronskian given by
o AR}Y dRin
Wimo = A ! < lfr;nw# 7R?1§1w df;nu})
= 2iwCiasBye . (6.9)
The inhomogeneous solution in Eq. (6.8) has the following asymptotic
behavior
zH AZe ke asr, —» —co
Ryme ~ fmeo 3 ' ’ (6.10)
Zp ot e asry — +oo
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where
Temeo (") Ry, (1)
ZH = cfmw/ ! e, (6.11)
Rln
7o = c[mw/ d’n’”“’(z) (") (6.12)
A2(r')
and Btrans
CH = Cmw oo L (6.13)

tmw trans pinc tmw 1nc
2iwCeBEs 2iwBe

The amplitudes Z}! and Z%°  determine the gravitational energy
fluxes emitted at infinity and through the horizon [274, 163]:

E® = ZM (6.14)
~ 471(mQ)?’ '
~H a€m|Z€mw|2
= —— Aa
E % 47t(mQ)? ’ (6.15)
where
256(2Mr )°k(k? + 40?) (k* + 160%) (mQ))3
= M K 4 42 QP e
|Cfm|
where @ = VM2 — 42 /(4Mr, ) and
leoml? = [(A+2)? + dma(mQ) — 4a*(mQ)?]
X [A2 4 36ma(mQ) — 36a%(mQ)?]
4+ (21 +3)[96a2(m0)? — 48ma(mQY)]
+  144(mQ)*(M?* — a?). (6.17)

For circular equatorial orbits, the angular momentum fluxes are related
to the energy fluxes, at infinity and the horizon, by j*H = E*H /().

In the case of a central BH, the total energy flux emitted by a point
particle in a circular equatorial orbit with orbital angular frequency QQ is

E(Q) = E*(Q) + E7(Q), (6.18)

where E®(Q) and EH (Q) are defined in Egs. (6.14) and (6.15), respec-
tively.
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6.2.2. Central horizonless compact object

Let us analyze the case of a horizonless compact object whose cor-
rections to the Kerr case are incorporated in the boundary condition at
the radius of the object. A gravitational perturbation can be written as a
superposition of ingoing and outgoing waves at the radius of the object
as in Eq. (4.21), where the surface reflectivity of the object is defined in
Eq. (4.22). For a generically complex and frequency-dependent reflectiv-
ity, a horizonless compact object is described by the boundary condition
in Eq. (4.25) that reduces to the BH boundary condition when R = 0.

In the horizonless case, the solutions of the homogeneous Teukolsky
equation are such that the ‘up” modes have the same asymptotics as in
Eq. (6.7), whereas the ‘in” modes have the following asymptotics

. B/transAZ —ikr + C’UP ikr as 1y — 7’2 619
Imw 3B/ref iwry + po1pgline ,—iwr. ’ (6.19)
Ema} asry — 4o
where
B = B4, (620)
/up _ up
Cfmw = Clcgmw , (6.21)
Iref _ ref trans
Bﬁmw - Bfmw + C1C€mw ’ (6.22)
/inc _ inc
Bémw - Bémw ’ (6'23)

and the coefficient c is determined by imposing the boundary condition
in Eq. (4.25) where

Rimw = Ry, + aR}Y (6.24)

Imw *

The inhomogeneous solution of the Teukolsky function is derived as in
Eq. (6.8), with RI* asin Eq. (6.19) and R,” asin Eq. (6.7), and it has

tmw
the following asymptotic behavior

Imw

o o
zH A%e ikre 4 Zgnwe’kr* as ry — 10

Rpmeo ~ , , (6.25)
mw Z/zmwr’jezwm as s — +oo
where
H H~ Czup H
_ _ mw
Zﬁmw Zﬂmw ’ Zémw - thrans Zimw : (6-26)
mw

To determine the energy emitted by the particle in the horizonless case,
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we note that — by assumption — the gravitational perturbations in the
neighbourhood of the particle are exactly those of a Kerr background,
albeit with unusual boundary conditions. We can, therefore, determine
the emitted energy by appealing to the energy balance law in the Kerr
background. The energy flux to infinity is formally given by the same
formula as in the BH case, Eq. (6.14). The energy flux to the ECO side
is determined by extending Ry, analytically to the horizon of the Kerr
background and measuring the flux there. Thus, the internal energy
flux on the ECO side E™™ is given by

Eint — pHT _ pH™ (6.27)

where EF" and EF are the energy fluxes across the future and past
horizon, respectively. The energy flux across the future horizon is given
in Eq. (6.15) as in the BH case, whereas the energy flux coming in across
the past horizon is [274]

“H- w
B =L 47tk(2Mr )3 (k2 + 40?)

{m

|Z el (6.28)

In the case of R = 0, Eq. (6.27) reduces to E™ = EH" . When |R(w)[? =
1, the outgoing flux is equal to the ingoing flux at the radius of the object
and E™ = 0, as expected from perfectly reflecting boundary conditions.

In the ECO case, the total energy flux emitted by a point particle in a
circular equatorial orbit is

E(Q) = E*®(Q) + EM(Q), (6.29)

where E*(Q) and E™(Q)) are defined in Egs. (6.14) and (6.27), respec-
tively.

6.3. Numerical procedure

We study the dynamics of a point particle in circular equatorial orbits
around a Kerr-like horizonless object by adapting the frequency-domain
Teukolsky code originally developed in Refs. [286, 289, 287, 288]. In
particular, the solutions to the homogeneous Teukolsky equation are
calculated via the numerical Mano-Suzuki-Takasugi method [206, 207,
133, 132]. We have modified the boundary conditions at the radius of
the compact object in terms of R(w) and € as discussed in Sec. 6.2.2,
and computed the energy and angular-momentum fluxes at infinity and
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through the object’s surface.
Our algorithm is as follows:

1. Choose the intrinsic parameters of the binary, namely the central
mass M, the mass ratio 4 < 1, the primary spin yx, the reflectivity
R(w), and the compactness of the central object via €.

2. For a given ¢ = m mode, produce the data for a bound orbit with
orbital radius » and compute the energy fluxes in the cases of a
central BH and a central horizonless compact object, respectively.

3. Loop on the orbital radii with an equally spaced (radial) grid
starting from the ISCO radius to r = 10M.

4. Find the local maxima and minima in the energy fluxes at infinity
for a central horizonless compact object. If present, these extrema
bracket resonances in the flux that should be resolved by increasing
the grid resolution. Let us notice that the initial equally-spaced
grid in the orbital radii needs to be dense enough to find local
maxima and minima in the energy fluxes. For this reason, we set
the initial discretization in the orbital radii to be 0.003M.

5. Refine the grid on the orbital radii around the local maxima and
minima through the bisection method until a target accuracy is
reached. The refinement of the grid stops either when the differ-
ence between two subsequent orbital radii is < 107°M or when
the difference in the energy fluxes of two subsequent points is
< 10742

6. For a given ¢ and each m = ¢ —1,...,1 loop on the orbital radii
with an equally spaced grid from the ISCO radius. The loop on
the orbital radii stops when the total energy flux in the case of a
central BH (defined in Eq. (6.18)) in a given ¢, m mode is 10~°
times smaller than the total energy flux in the dominant mode
with £ = m.

7. For a given { and each m = ¢ — 1, ..., 1 repeat steps 4 and 5.
8. For the harmonic index £ = 2, ..., {max = 12 repeat the steps 2 to 7.

9. For each ¢, m mode, interpolate the total energy flux as a function
of the orbital angular frequency.
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10. Sum over the modes and perform an integration to compute the
orbital phase both in the BH and in the horizonless cases. The
initial condition on the orbital angular frequency is Qp = Q(r =
10M) and the integration stops at the inspiral-plunge transition
frequency Q(tmax) = Q(r = risco + 4¢%/3) [227].

We compute the gravitational waveform where for the modes with
negative m we make use of the following symmetries

22 = (D' (Zho)" (6:30)
—ZSﬁfmw(e) (fly —ZSfmw(n - 6) . (6'31)

For each ¢, m mode the asymptotic amplitudes at infinity and the spin-
weighted spheroidal harmonics are interpolated functions of the time-
dependent orbital angular frequency. The waveform is constructed
by summing over the modes with ¢ < 4and —¢ < m < /. In the
case of small reflectivity (|R|*> < 107°) the waveform is constructed
by summing over the ¢,m modes until £ = 5 since one needs higher
accuracy to keep the truncation errors smaller than the ECO corrections.
We checked that the mismatch between the BH and ECO waveforms
does not change quantitatively by including modes with higher ¢ in the
waveforms.

We tested our code by reproducing the standard results for the Kerr
BH case [164, 48, 271, 152]. Furthermore, we reproduced the results of
Ref. [110], where the horizonless case is obtained from the BH case by
artificially imposing that only a fraction (1 — |R|?) of the radiation is
absorbed at the surface.

The fractional truncation error of the code in the dephasing is esti-
mated as A" = 1— A¢y, . 1(tr)/ Ay, (tr), where the energy fluxes
are truncated at fmax = 12 and ¢ ris the time in which the orbital radius
reaches r = ri5co + 44%/3. For a reference compact object with y = 0.9,
IRI2=09,e=10"1,and g = 3 x 1075, we find A" =2 x 1075,

6.4. Energy fluxes and excitation of resonances

Horizonless compact objects contain low-frequency modes in their
spectrum that are associated with long-lived states confined within
the photon sphere, as described in Sec. 3.2.4. At variance with the BH
case, these low-frequency modes can be excited during the inspiral
when the orbital frequency matches the QNM frequencies, leading to
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resonances in the fluxes [238, 197, 128]. The role of the resonances in the
EMRI dynamics was studied in Ref. [78] for a perfectly reflecting and
non-spinning horizonless object in the low-frequency approximation.
The analysis of Ref. [78] assessed that the impact of such excitations is
negligible since the resonances are very narrow and are crossed quickly
during the inspiral. In the following, we shall extend the analysis of
Ref. [78] to the case of a partially absorbing compact object with generic
spin. As we shall show, differently from the analysis in Ref. [78], in
more generic cases the presence of resonances provides an important
contribution to the EMRI dynamics.

Another relevant feature of horizonless compact objects is the pres-
ence of partial reflectivity at the surface. In Ref. [110] a phenomenolog-
ical approach was adopted to parametrize the energy flux emitted by
a point particle around a horizonless and partially absorbing compact
object. In particular, the energy flux at infinity is modeled as the one in
the BH case, whereas the energy flux on the ECO side is modeled by
removing a (|R|?) fraction of TH from the BH energy flux through the
horizon, i.e., [110]

E(Q) = Egu(Q) + (1- |R1) Ef(0). (6.32)

The TH is associated with the energy and angular-momentum absorp-
tion by the compact object and results in an increase of the mass and an-
gular momentum of the latter, unless superradiance occurs [65]. Let us
notice that Eq. (6.32) does not include the excitation of the low-frequency
resonances in the energy fluxes both at infinity and on the ECO side.
Moreover, Eq. (6.32) does not fix a specific location of the radius of the
compact object. According to the analysis in Ref. [110], EMRIs could
provide constraints on the reflectivity of compact objects at the level
of |R|?> < 107*. We shall show that, by taking a consistent model of
horizonless compact object, the bounds derived by Ref. [110] can be
further improved by several orders of magnitude.

Let us analyze the energy flux emitted by a point particle in quasicir-
cular equatorial orbits around a spinning horizonless compact object, as
detailed in Sec. 6.2.2. The energy flux is computed as in Eq. (6.29) that
takes into account both the excitation of the low-frequency resonances
and the reflective properties of the compact object. As a representative
example, Fig. 6.1 shows the ¢ = m = 2 component of the energy flux
as a function of the orbital frequency for a horizonless compact object
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Fig. 6.1. Total energy flux of the £ = m = 2 mode as a function of the orbital angular
frequency for a point particle in quasicircular equatorial orbits from r = 10M (low
frequency) to r = rigco (high frequency). The energy flux emitted in the case of a central
BH with spin x = 0.9 is compared to the case of a central horizonless compact object with a
perfectly reflecting surface (|R|?> = 1), spin x = 0.9, and € = 1071°. In the latter case, the
energy flux is resonantly excited when the orbital frequency matches the low-frequency
QNMs of the ECO [204].

with e = 10710, x = 0.9, and two choices of perfectly reflecting bound-
ary conditions (Dirichlet and Neumann for the lower and upper case,
respectively, R = £1). As expected, the flux is resonantly excited when
the orbital frequency matches the low-frequency QNMs of the central
object, i.e.,
WR

Q= o (6.33)
where wg, is the real part of the QNM and m is the azimuthal number
of the perturbation. This is a striking difference with respect to the
BH case in which the QNMs have higher frequencies and cannot be
resonantly excited by quasicircular inspirals. In the small-€ limit, the
Dirichlet and Neumann modes are described by Eqs. (4.33) and (4.34)
with s = —2. As shown in Fig. 6.1, for a compact object with a given
spin and compactness, the modes are equispaced by

s
ACUR: 0

—— ~ |loge| 7}, (6.34)
Iel
whereas consecutive Dirichlet and Neumann mode frequencies are sepa-
rated by half this width. The difference between consecutive resonances
scales as | log e| 1. Tt follows that the resonances are denser in the € — 0
limit.
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Interestingly, the resonances appear at the same frequencies in all
the individual fluxes: E®, EH+, and EF" . This is because the QNMs are
associated with the poles of the Wronskian appearing in the solutions
of the Teukolsky equation (as in Eq. (6.8)). However, when |R|*> = 1,
the fluxes EH" and EH are exactly equal to each other since E'™* = 0.
Consequently, for perfectly reflecting compact objects the resonances
appear only in the energy flux at infinity.

Equation (4.34) shows that w; < wg, which implies that the res-
onances are typically very narrow and hard to resolve [238, 78, 128].
To assess the relation between the width of the resonances and the
imaginary part of the QNMs, we make use of the harmonic oscillator
model [250]. According to the latter, a compact object which resonates
at a QNM frequency can be modeled as a forced harmonic oscillator
that satisfies [250]

& —2wié + (wlzz + w%) & = bwPe @, (6.35)

where ¢ is the amplitude of the GW emitted at infinity normalized by a
reference amplitude, e.g., the amplitude of the GW emitted at infinity
when the central object is a BH, and the orbiting point particle acts as a

driving force. The solution is &(t) = &(w)e ™!, where
—bw?
) PE— (6:36)

2 _ _ i ’
w* — wy — wi — 2iwjw

Near the resonance, the amplitude of the GW is the sum of two contri-
butions, one due to the orbital motion and one due to the resonance to
the QNM. The normalized energy flux across a single resonance is well
fitted by the model [250]

. 2
IRV (L i S T
EPH (w? — wk — w%)z + Qww)?

where E is the total energy flux as computed in Eq. (6.18) and Eq. (6.29)
for the BH and ECO cases, respectively, b = 1 — (Qmax/ Qmm)z, and
Omax and Onin are the orbital angular frequencies of the maximum
and the minimum of each resonance. The width of each resonance in
the orbital frequency scales as Q) ~ wy [78], where w; ~ w%“z from
Eq. (4.34). It follows that the width of the resonances increases with the
orbital angular frequency, as it is shown in Fig. 6.1.
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Fig. 6.2. Energy fluxes that are emitted on the ECO side and at infinity by a point particle
around a central ECO with y = 0.9, ¢ = 10719, and R = /0.9 for the £ = m = 2 mode.
The fluxes are compared with those of Ref. [110] in which the effect of the ECO was
accounted for by removing a fraction of the tidal heating (TH) from the standard Kerr
flux. [204]

In the non-spinning and perfectly reflecting case, we recover the
results of Ref. [78], namely that low-frequency resonances do not con-
tribute significantly to the GW phase due to their narrow width. How-
ever, for highly spinning compact objects, the ISCO frequency occurs
at higher frequencies to the non-spinning case. Consequently, the reso-
nances with larger width can be excited and contribute to a significant
dephasing to the BH case (as shown in Sec. 6.5).

The system shown in Fig. 6.1 is purely indicative since a horizonless
compact object with a perfectly reflecting surface is unstable due to the
ergoregion instability and would spin down on short timescales (see
Secs. 4.4.4 and 4.5 for a related discussion). Stable models of horizonless
compact objects require either small values of the spin or partial absorp-
tion [201, 200]. In both cases, the resonances are less evident, as shown
in Fig. 6.2 for a partially absorbing compact object with |R|*> = 0.9, a
value that guarantees stability for a central object with spin x = 0.9.

Fig. 6.2 shows that, also for reflectivities smaller than unity, the reso-
nances are excited both in the energy flux at infinity (E®) and on the
ECO side (E'™). The resonances are less peaked than in the perfectly
reflecting case but, as shown below, can still have a sufficiently large
width to be efficiently excited. Overall, the energy flux on the ECO side
is several orders of magnitude smaller than the energy flux at infin-
ity. However near the ISCO frequency, E™ is comparable to E* and
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contributes significantly to the GW phase.

Finally, Fig. 6.2 also shows the energy fluxes at infinity and on the
ECO side computed in Ref. [110] by removing a fraction of TH from the
BH energy flux as in Eq. (6.32). In this case, the energy flux at infinity
is similar to the exact result except for the presence of the resonances
that are absent in the model of Ref. [110]. On the other hand, the energy
flux of the ECO side can change significantly. Due to the presence of the
resonances, £t computed in Ref. [110] is a sort of averaged value of
the exact result. The latter is modulated by the presence of resonances
that can be as high as the flux at infinity.

In Fig. 6.3 we show the difference between the total energy flux of
the £ = m = 2 mode in the horizonless case with respect to the BH case,
both in our consistent model and in the phenomenological approach
of Ref. [110]. In particular, the top panel shows the absolute value of
the difference between the ECO and BH fluxes on a logarithmic scale,
to appreciate the relatively small numbers involved. The bottom panel,
instead, shows the difference between the energy fluxes on a linear scale,
to appreciate the change of sign during the oscillations, for several values
of the reflectivity.

For |R|? ~ 1 the differences between the consistent model and the
model of Ref. [110] are due to two factors: the excitation of the res-
onances and the (subleading) effect that the flux computation in the
consistent model accounts for the fraction of the GWs that are reflected
by the object and make their way to infinity rather than being reabsorbed
by the particle, as implicitly assumed in Ref. [110]. For small values of
the reflectivity, the difference between the consistent model and the phe-
nomenological one is even more important. In this case, the resonances
are suppressed in amplitude but still appear in the total energy flux with
a larger width, as shown in the top panel of Fig. 6.3. The bottom panel
grid in Fig. 6.3 shows the oscillatory trend of the total energy flux in
the horizonless case compared to the energy flux in Ref. [110] for small
reflectivities. The amplitude of the oscillations increases with the orbital
angular frequency and decreases with the reflectivity. The oscillations
are related to the resonances and, as we shall see in Sec. 6.5, they can
contribute significantly to the GW phase also for small values of the
reflectivity.

Interestingly, when the superradiance condition is met, () < Qp, the
flux on the ECO side can be negative due to the energy and angular-
momentum extraction from the central object [65]. Since E™ and E*®
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have the opposite sign, it is interesting to check whether they can com-
pensate each other at some given frequency, giving rise to a total zero
flux and hence to “floating” orbits [170, 76]. As clear from Fig. 6.2, in
the case of a single mode (e.g., { = m = 2) such orbits would exist
near the high-frequency resonances, where £ (which is typically sub-
dominant) can be as large as E® in absolute value. When including the
contribution of multipoles, we find that the total flux at infinity is larger
than the flux on the ECO side because modes with different (¢,m) are
resonantly excited at different frequencies. The net result is that the
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total flux, E® + E™ is overall positive and the orbit shrinks during the
adiabatic evolution.

6.5. Adiabatic evolution and dephasing

In EMRISs, the radiation-reaction timescale is much longer than the
orbital period. For this reason, at the first order in the mass ratio the
orbital parameters can be evolved using an adiabatic expansion [161].
For a particle in a circular, equatorial and corotating orbit, the evolution
of the orbital angular frequency (2 and the orbital phase ¢ are governed
by

a0
b = Q, (6.39)

O = (dEb>lE(Q), (6.38)

where Ej is the binding energy of the system

1—20% + xo°
Ep = 1 ) (6.40)
V1 =302+ 2x03
where v = \/M/r, r is the orbital radius that is related to the orbital
angular frequency through Eq. (6.5), and E(Q) is the total energy flux
defined in Egs. (6.18) and (6.29) in the BH and the ECO case, respec-
tively.

Equations (6.38) and (6.39) can be solved by adding two initial con-
ditions, namely

O

t=0) = O, (6.41)
4)(t 0

) = o0, (6.42)

without loss of generality. The GW phase of the dominant mode is re-
lated to the orbital phase by pcw = 2¢. We compute the GW dephasing
accumulated up to a certain time between the cases of a central BH and
a central horizonless compact object as [110]

Ap(t) = pEN (1) — P (£) - (6.43)

6.5.1. Non-spinning central object

Let us analyze the case of a central compact object which is non-
spinning. Fig. 6.4 shows the dephasing in the case of a perfectly reflect-
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Fig. 6.4. Dephasing as a function of time in the case of a non-spinning and perfectly
reflecting ECO relative to the Schwarzschild BH case for different values of the compactness
parameter € and ¢ = 3 x 107>. The resonances in the energy flux do not contribute to
the dephasing which is well approximated by the phenomenological model in Ref. [110]
marked as TH. [204]

ing ECO relative to the Schwarzschild BH, for different values of the
compactness parameter €. As shown in Fig. 6.4, the dephasing does not
depend on € and is not affected by the resonances, that are too narrow
to be efficiently excited in the non-spinning case. For this reason, the
dephasing is well approximated by the model adopted in Ref. [110]
that removes a fraction of TH from the BH energy flux. Overall, the
results in Fig. 6.4 are compatible with the analytical estimates in Ref. [78]
which assessed that the impact of resonances is negligible in the case of
a non-spinning and perfectly reflecting compact object.

6.5.2. Spinning central object

Let us analyze the dephasing between a spinning horizonless com-
pact object and the standard Kerr case. This is shown in Fig. 6.5 for
a fiducial binary with primary mass M = 10°M, secondary mass
# = 30Ms, and a central object with spin y = 0.8 and ¢ = 10710, We
analyze different values of the reflectivity and for each of them, we
compare our exact result with the one of the model in Ref. [110].

The dephasing increases monotonically in time and also as a func-
tion of the reflectivity. When |R|? ~ 1, the difference to the model
in Ref. [110] is small until the inspiral moves across a resonance. In
particular, for |R|> = 0.9, the dephasing in the horizonless case devi-
ates from the dephasing due to the absence of TH at t = 9.47 months
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Fig. 6.5. GW dephasing between the BH and the ECO case as a function of time for a
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several values of the reflectivity. The dashed lines show the dephasing due to the absence
of TH relative to the BH case as in Ref. [110]. The vertical dashed line corresponds to the
time in which a resonant orbital frequency is excited. The horizontal line is a reference
value A¢ = 0.1rad for the resolvability of the dephasing by LISA. [204]

(marked in Fig. 6.5 by a dashed vertical line) due to the presence of a
¢ = m = 2 resonance with MQ = 0.0473 and Mw; = —4.22 x 105.
Subsequent resonances are excited at later times and are responsible for
the deviations of the dephasing from the model adopted in Ref. [110].

Interestingly, the phenomenological model of Ref. [110] and the exact
result differ significantly for small reflectivities even if the resonances are
less evident. This is due to several factors: the energy fluxes at infinity
and on the ECO side display some differences in the two models since a
fraction of the energy is reflected by the object and leaves the system;
moreover, both fluxes (at infinity and on the ECO side) can be resonantly
excited only in our model and these resonances contribute significantly
to the GW phase even for intermediate values of R. The dephasing in
the consistent model is always larger than the dephasing with TH only.
For small values of R, the two models differ from each other but both
produce a small dephasing to the Kerr case.

For a signal with SNR ~ 30, a dephasing A¢ = 0.1 rad is consid-
ered to be resolvable by LISA [193, 60]. Fig. 6.5 shows that the phase
difference is above this threshold only after half a month of observation
for a horizonless compact object with |R|? = 0.9. After twelve months
of inspiral, values of the reflectivity as small as |R|?> = 108 would be
detectable by LISA. In Sec. 6.6, we shall assess the measurability of the
reflectivity with a more robust method based on the computation of the
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overlap between the waveforms.

6.5.3. The role of the compactness

In this section, we analyze the role of the compactness in the energy
fluxes emitted by an EMRI with a central horizonless compact object.
The top panel of Fig. 6.6 shows the difference between the ECO and BH
energy fluxes for several values of € as a function of time. We note that for
€ — 0, more resonances appear and they also appear at lower frequen-
cies. The first low-frequency resonances could give a large contribution
to the GW phase since the orbital evolution is slower at low frequency
and the particle can spend more time across the resonance. On the other
hand, the width of each resonance is proportional to the imaginary part
of the QNMs where w; ~ w%f“, therefore low-frequency resonances
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are also more narrow. The two effects are competitive and the actual
contribution of a resonance on the GW phase depends on the specific
parameters of the configuration.

The bottom panel of Fig. 6.6 shows the dephasing between the ECO
and the BH case for several values of the reflectivity and compactness.
The dependence on € is mild, except for the excitation of the resonances
whose impact depends on the specific values of x, € and R.

6.6. Waveform and overlap

The waveform emitted by an EMRI is computed from the Weyl scalar
in Eq. (6.1) at infinity and reads [164, 245]

, 2 i Zho®) (o '
he —ihy = — i mw elm( (#)rs q)(t)) S, 0, t)em?
+ X mD gm [mQ(t)]2 mw( )
(6.44)
where D is the luminosity distance of the source from the detector,

D =r.(D),and (6, ¢) identify the direction of the detector in a reference

frame centered at the source in Boyer-Lindquist coordinates. Since the
initial phase is degenerate with the azimuthal direction, we rescale the
initial phase as ¢ = ¢(t = 0).

Although the dephasing A¢ between two waveforms (/11 and h;) is a
useful and quick measure to estimate the measurability of any deviation
from a reference signal, a more reliable and robust measure is given by
the overlap:

(I |h2)
(i) (haffz)”

where the inner product is defined in Eq. (3.109) od Appendix 3.7. For

O(h1|h2) = (6.45)

the power spectral density, we adopt the LISA curve of Ref. [260] adding
the contribution of the confusion noise from the unresolved Galactic
binaries for a one-year mission lifetime. Since the waveforms are defined
up to an arbitrary time and phase shift, it is also necessary to maximize
the overlap in Eq. (6.45) over these quantities. This can be done by
computing [28]

4 1| b
O(hi|hy) = —————max |F ! 2| (¢

( 1‘ 2) <h1|h]> <h2|h2> o ’ [Sn(f)] (0)

where F1[g(f)](t) = fj;o g(f)e 2™t df is the inverse Fourier trans-

form. The overlap is defined such that O = 1 indicates a perfect agree-

. (646)
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Fig. 6.7. Mismatch between the plus polarization of the waveforms with a central ECO
and a central BH as a function of time, for a binary with mass ratio 4 = 3 x 10~° and a
central object with spin y = 0.8 and several values of the reflectivity and the compactness.
The horizontal line is a reference value M ~ 1073 for the resolvability by LISA. [204]

ment between two waveforms. It is also customary to define the mis-
matchas M =1-O.

In Fig. 6.7 we show the mismatch between the waveforms in the ECO
case and in the Kerr case with the same mass and spin for various values
of the reflectivity and two choices of €. Let us notice that the compactness
does not affect the mismatch significantly when € < 1. Consistently with
dephasing presented in Sec. 6.5, the mismatch is larger in the consistent
model than in the phenomenological approach of Ref. [110], especially
at small reflectivity.

As a useful rule of thumb, two waveforms are indistinguishable for
parameter estimation purposes if [127, 193]

M <1/(20%), (6.47)

where p is the SNR of the true signal. For an EMRI with p ~ 20 (p ~ 100)
one has M <1073 (M < 5 x 1075). In Fig. 6.7, the more conservative
threshold M = 1073 is denoted with a dashed horizontal line. Ex-
ceeding this threshold is a necessary but not sufficient condition for a
deviation to be detectable. This level of mismatch is quickly exceeded
after less than one year of data even for small values of the reflectiv-
ity. For example, for the fiducial case considered in Fig. 6.7 (x = 0.8,
M = 10°Mg and u = 30Mg), and assuming p = 20, the threshold is
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with Boltzmann reflectivity [in Eq. (6.49)], where g = 3 x 1075, ¢ = 10717 as a function
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quantum BH horizon with Boltzmann reflectivity and a standard BH as a function of time
for several values of the spin. [204]

exceeded after roughly one year unless
IRI2 <1078, (6.48)

This result is in agreement with the estimation based on the dephasing
in Sec. 6.5. It shows that EMRIs could place stringent constraints on the
reflectivity of supermassive compact objects at the remarkable level of
O(107°)%. Let us notice that the bound in Eq. (6.48) is solely based on
the mismatch calculation and does not take into account, e.g., correla-
tions with the waveform parameters. Rigorous parameter estimation is
necessary to derive an accurate projected upper bound in the case of no
detection.
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6.7. A case study: Boltzmann reflectivity

The surface reflectivity of a horizonless compact object can be a
complex function of the parameters of the model and the frequency.
In this section, we consider a case study for the ECO reflectivity. In
particular, we analyze a model recently proposed to describe quantum
BH horizons that gives rise to the “Boltzmann” reflectivity [229, 296]

R(w)=e ", (6.49)
re—r_
47(r2 +a2)
model, the reflectivity depends explicitly on the frequency and the spin

where Ty = is the Hawking temperature of a Kerr BH. In this
of the compact object. The reflectivity in Eq. (6.49) provides sufficient
absorption to quench the ergoregion instability and have a stable hori-
zonless compact object with any spin [229]. Let us notice that Eq. (6.49)
can also contain a phase term, that depends on the specific model and the
perturbation function on which the corresponding boundary condition
is imposed [229, 296, 299]. Recently, Refs. [94, 299] proposed a model of
the reflectivity that is related to the tidal response of the ECO to external
curvature perturbations. In this model, the reflectivity contains extra
terms that multiply the Boltzmann factor. For simplicity, we neglect
such phase terms, which would not affect our analysis significantly.

Figure 6.8 shows the dephasing (top panel) and the overlap (bottom
panel) obtained in the Boltzmann reflectivity model as compared to the
classical BH case. An interesting feature of this model is that there is no
free parameter that continuously connects the model to the classical Kerr
case, so there is a concrete chance to rule it out with observations or to
provide evidence for it. Interestingly, owing to its spin dependence, the
Boltzmann reflectivity is much smaller at the relevant orbital frequencies
when the central object is highly spinning. Consequently, the dephasing
and the mismatch to the standard Kerr BH case are very small when
X 2 0.8 as shown in Fig. 6.8. The oscillatory trend in the dephasing in
the top panel is due to the contribution of high-frequency resonances
appearing at late times.



Conclusions and future prospects

According to the BH paradigm, any compact object heavier than
a few solar masses is described by the Kerr metric. In this thesis, we
considered the possibility that the compact objects in the Universe are
horizonless and singularity-free. This hypothesis is supported by several
models of ECOs that have been conceived in extensions of GR [144, 85].
ECOs are a tool that allows us to quantify the existence of horizons in
astrophysical sources.

In this thesis, we derived the characteristic frequencies of horizonless
compact objects in the ringdown [201, 199]. We developed a model-
independent framework relying on the membrane paradigm to quantify
the deviations from the BH spectrum [199]. We assessed that current
measurement accuracies impose a strong lower bound on the compact-
ness of the merger remnant of 90% of the BH compactness.

Spinning horizonless compact objects might be affected by an ergore-
gion instability when rotating sufficiently fast [130]. In this thesis, we
assessed the astrophysical viability of spinning horizonless compact
objects under linear perturbations. From the analysis of the QNM fre-
quencies, we determined the conditions for which horizonless compact
objects are unstable [201, 200]. Finally, we found a mechanism that al-
lows for stable solutions, i.e., energy absorption within the object [201].
We showed that a surface absorption of 60% ensures the stability of
horizonless compact objects for any spin [200].

In this thesis, we also explored the fingerprints of horizonless com-
pact sources in the appearance of a modulated train of GW echoes at
late times in the ringdown [81]. We provided an analytical template
for the GW echoes that relates the key parameters of ECOs with the
gravitational waveform [203]. This template would allow us to constrain
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the parameters of exotic sources or perform model selection in the case
of detection of GW echoes.

We also assessed how the future space-based interferometer LISA
will allow us to perform tests of the BH paradigm, especially with new
sources like EMRIs [52]. We derived the gravitational waveform emitted
by a stellar-mass object in orbital motion around a supermassive horizon-
less compact object. During the inspiral, we assessed the impact of extra
resonances that would be excited when the orbital frequency matches
the characteristic frequencies of the central ECO [78, 204]. Finally, we es-
timated that EMRIs could potentially place the most stringent constraint
on the reflectivity of supermassive compact objects at the remarkable
level of O(1076)% [204].

A possible future research direction would be the development of
data analysis techniques to infer the properties of compact sources from
GW observations. Current constraints on the deviations from GR can be
converted into constraints on the parameters of astrophysical sources.
The mapping between the two descriptions needs to be developed and
would be relevant to understand the nature of compact sources.

Moreover, full inspiral-merger-ringdown waveforms in various mod-
ified theories of gravity and alternative sources need to be developed.
The accurate modeling of the gravitational waveform in alternative sce-
narios is crucial to look for new physics with current and future GW
detections. The comparison of the echo templates obtained within per-
turbation theory with the postmerger signal of an ECO coalescence is
an open problem. Numerical simulations of these systems are currently
unavailable.

Furthermore, the extension of the membrane paradigm to spinning
horizonless compact objects is left for future work. The membrane
paradigm would allow us to describe several models of spinning ECOs
with different interior solutions. The ECO phenomenology would be
parametrized in terms of the properties of a fictitious rotating membrane
located at the effective radius of the object.

Concerning EMRIs detectable by LISA, a natural extension concerns
the generalization to eccentric and inclined orbits. The bounds on the
reflectivity of compact objects estimated in our work are based on the
overlap calculation, and therefore neglect possible correlations among
the waveform parameters. An interesting research line would be to
perform accurate data analyses with exact waveforms either using the
Fisher-information matrix or Bayesian inference.
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