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Abstract

Extreme Mass Ratio Inspirals (EMRIs) are asymmetric binary systems. They are
composed of a massive black hole and a stellar mass compact object, which inspirals
until the plunge, emitting gravitational waves (GWs) potentially observable by future
space based detectors, such as the Laser Interferometer Space Antenna (LISA). In the
final year before the plunge, EMRIs complete thousands of cycles in the strong-field
region around the massive black hole. Tracking such large number of orbits would
allow to measure the source parameters with exquisite accuracy, and to perform
precise strong-field tests of gravity. Following such quest and exploiting the scientific
potential of asymmetric binaries require accurate waveforms in modified theories of
gravity, to compare against General Relativity (GR) predictions. Such models are
currently missing, due to the complexity of calculations beyond GR.

In this thesis we provide a key step forward, and discuss the modelling of EMRIs
when the gravitational interaction is mediated by additional fundamental fields.
We develop a new theoretical framework able to describe the EMRI dynamical
evolution in a vast class of modified theories of gravity with extra massless and
massive scalar fields. Exploiting decoupling of scales we show how, at leading order
in the binary mass ratio, deviations from GR for the massive BH can be neglected
such that the background spacetime can be described by the Kerr metric. In this
approach all information about the underlying gravity theory is encoded by the
scalar charge of the inspiralling lighter body, and by the mass of the scalar field.
These two parameters fully capture the imprint of the scalar field on the emitted
gravitational waves. We perform an extensive data-analysis of mock GW signals
emitted by asymmetric binaries, forecasting LISA ability to constrain the scalar
field parameters. Our results show that EMRIs provide golden sources to probe the
existence of new fundamental fields in the Universe.
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List of publications

This doctoral thesis is the outcome of three years of studies at the Sapienza
University of Rome, from November 2020 to October 2023. During these three years,
two scientific visits were performed at the University of Nottingham, one of which
was funded by the COST Action CA16104 within the Short Term Scientific Mission
(STSM) program, to collaborate with Prof. Thomas P. Sotiriou.

As a result of my doctoral studies, different scientific papers have been published,
focused on the theoretical modelling of asymmetric binaries, and in particular of
Extreme Mass Ratio Inspirals (EMRIs), in gravity theories with additional scalar
fields:

1. A. Maselli, N. Franchini, L. Gualtieri, T. P. Sotiriou, S. Barsanti, and P. Pani,
“Detecting fundamental fields with LISA observations of gravitational waves
from extreme mass-ratio inspirals”, Nature Astron., vol. 6, no. 4, pp. 464-470,
2022. arXiv: 2106.11325 [gr-qc];

2. S. Barsanti, N. Franchini, L. Gualtieri, A. Maselli, and T. P. Sotiriou, “Ex-
treme mass-ratio inspirals as probes of scalar fields: Eccentric equatorial orbits
around Kerr black holes”, Phys. Rev. D, vol. 106, no. 4, p. 044 029, 2022.
arXiv: 2203.05003 [gr-qcl;

3. S. Barsanti, A. Maselli, T. P. Sotiriou, and L. Gualtieri, “Detecting Massive
Scalar Fields with Extreme Mass-Ratio Inspirals”, Phys. Rev. Lett., vol. 131,
no. 5, p. 051 401, 2023. arXiv: 2212.03888 [gr-qc].

The results of (1) are presented in Chapters 6 and 8, those of (2) are discussed
in Chapter 7. Finally, the outcome of (3) is analysed in Chapter 9. Moreover, two
papers are currently in preparation:

4. M. Della Rocca, S. Barsanti, et al., “Extreme mass-ratio inspirals as probes of
scalar fields: Inclined circular orbits around Kerr black holes”, in preparation ;

5. L. Speri, S. Barsanti, et al., “Fast EMRI Waveform to test General Relativity”,
i preparation.

The first one improves the adiabatic EMRI model by including the orbital
inclination in the inspiral description, and focuses on circular inclined orbits around
rotating black holes. The second one performs a fully Bayesian analysis on equatorial
eccentric EMRIs around Kerr black holes and provides constraints for the detection
of scalar fields.
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Finally, a study concerning the detectability of subsolar-mass primordial black
holes in EMRIs has been accomplished during a visit of Dr. Valerio De Luca at
Sapienza University:

6. S. Barsanti, V. De Luca, A. Maselli, and P. Pani, “Detecting Subsolar-Mass
Primordial Black Holes in Extreme Mass-Ratio Inspirals with LISA and Ein-
stein Telescope”, Phys. Rev. Lett., vol. 128, no. 11, p. 111 104, 2022. arXiv:
2109.02170 [gr-qc].

Since the focus of this thesis builds around the modeling of EMRIs in beyond-GR
and beyond-SM scenarios, this work is not discussed here. However, we stress that
the analysis carried out in (6) was performed, in a pure-GR context, exploiting the
tools developed to modeling EMRIs with additional scalar fields. The results of (6)
suggest that, if the EMRI secondary is a subsolar-mass object, its mass could be
measured with a subpercent accuracy by future interferometers like LISA and the
Einstein Telescope. This would allow to detect a subsolar-mass black hole with high
statistical confidence, providing a smoking-gun signature of its primordial origin.

Conventions

In these thesis we use geometric units in which G = 1 = ¢, where G is the
gravitational constant and c is the speed of light.



Introduction

Gravitational Waves (GWs) are spacetime perturbations which propagate at the
speed of light and are predicted by General Relativity (GR), which provides so far
the best description of gravitational phenomena. Gravitational waves interact weakly
with ordinary matter, and their observation is naturally enhanced in astrophysical
events evolving in the so called strong field gravity regime, as the coalescences of
black holes (BHs) and neutron stars (NSs).

The first direct detection of GWs was performed in September 2015 by the ground
based interferometer LIGO [1], and opened a new era of astronomical observations
which now allows to investigate our Universe in synergy with electromagnetic probes.
Tests of the Einstein theory in the most extreme regime of gravity stand as one of
the most exciting opportunities offered by this new window.

Currently, direct detection of GWs is performed by the ground-based inferferom-
eters LIGO-Virgo-KAGRA, which are sensitive to signals falling in the 1Hz-KHz
band [2-7]. While such instruments are reaching their designed sensitivity, a 3rd
generation of ground-detectors, such as the Einstein Telescope (ET) and Cosmic
Explorer (CE), is under investigation, promising an improvement in the sensitivity
of current instruments of more than an order of magnitude [8,9]. To detect signals
of lower frequencies, the future space mission Laser Interferometer Space Antenna
(LISA) will be launched in the mid-2030s [10]. LISA will detect signals in the
(10~% — 1)Hz frequency range, which will allow to explore an entire new class of
systems. Indeed, while ground-based detectors are able to detect objects from few
to hundreds of solar masses, LISA will be sensible to larger masses, including among
its targets sources as supermassive black hole binaries and asymmetric binary systems.

By analyzing the emission of GWs from BHs and NSs, such compact objects
can be turned into cosmic laboratories to probe physics under extreme conditions,
allowing for tests of the nature of gravity and of the rich phenomenology exhibited
by fundamental fields and particles, and for search of new physics beyond GR and
the Standard Model of Particle Physics (SM). Indeed, searches for new fundamental
physics feature very prominently among the objectives of current and future detectors
[11-13].

The opportunity offered by the quality of data expected from such astrophysical
observatories, together with a series of long lasting problems like the existence of
spacetime singularities, of dark matter and dark energy, and the non renomarmaliza-
tion of GR in quantum field theory, has motivated the quest for alternative theories
of gravity, which can be tested against General Relativity [14].

One of the easiest and most common ways to go beyond our current description
of gravity (and of particle physics) consists in the addition of new fundamental
scalar fields, that are ubiquitous in extensions of the Standard Model and General
Relativity [15-17].



Contents 5

However, the detection of scalar fields by means of black holes carries some
issues which deal with no-hair theorems. Indeed, not only no-hair theorems hold for
stationary and asymptotically flat black holes in GR [18], dictating that the black
hole’s spacetime only depends on the three parameters given by the black hole’s
mass, spin and the (astrophysically negligible) electrical charge, but they can also
hold for theories with additional scalar fields. No-scalar-hair theorems have been
proven for most scalar-tensor theories, which means that the scalar must be trivial
and that the black hole’s spacetime is described by the Kerr metric [19-23]. Evading
the no-hair theorems to obtain black hole solutions with scalar hair, i.e. black holes
endowed with a non-trivial scalar profile so that they can be thought as carrying a
scalar charge, requires coupling the scalar to higher-order curvature reforms [24-27].
The nature of these couplings then implies that the scalar charge per unit mass of a
BH is inversely proportional to its mass to some positive power, so that the more
massive a BH is, the more weakly charged it is [24-34]. This provides a powerful
restriction for using, for example, observations of massive BHs by LISA and 3g
detectors, to probe the existence of such new fields coupled to the gravity sector.

Given this general framework, a possibility to employ black holes for the detection
of new scalar fields, circumventing the issues carried by no-hair theorems, is given
by Extreme Mass Ratio Inspirals (EMRIs).

EMRIs are asymmetric binary systems in which a stellar mass compact object
(SCO) inspirals into a massive black hole (MBH) until the plunge. In the final year
before the plunge, the little object completes thousands of orbits in the strong-field
region around the massive black hole. By moving on the background spacetime given
by the central object, the SCO perturbs it giving rise to gravitational waves falling in
the mHz frequency band, which will be explored by the future space based detector
LISA. By tracking the continuously emitted waves with LISA, it will be eventually
possible to build a precise map of the binary spacetime, recovering with exquisite
accuracy the source parameters and in particular the MBH properties, allowing to
test its Kerr nature. This renders EMRIs golden binaries to test deviations from
GR [35].

From a theoretical point of view, asymmetric binaries can be studied with the
well-known relativistic perturbation theory approach, considering expansions in
the mass ratio of the binary [36-39]. At leading order, the inspiralling object can
be treated as a point-particle moving on the background spacetime of the MBH,
described by the Kerr metric, and the inspiral is adiabatically built through a
sequence of geodesics. Next orders in the binary mass ratio take into account the
finite-structure of the SCO and its interaction with its own perturbations, which
lead to secular deviation in the inspiral from the adiabatic model. While first and
second post-adiabatic corrections are necessary to provide accurate waveform for
the LISA data analysis [40], their calculations provides a formidable task which has
required decades of theoretical and numerical development. The first GR waveform
model containing post-adiabatic corrections has been produced only recently [41-43].

The complexity of calculations beyond GR grows very fast, due to the introduction
of the new fields, and their couplings with the tensor modes. As a results, the
landscape of EMRI models in extended theories of gravity is almost virgin, with no
waveform model available so far.

A framework to describe EMRIs in gravity theories with additional scalar fields
have been proposed in [44]. In such work, it is shown how, to model systems with
large mass asymmetry in gravity theories with new scalar fields, the scaling of the
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scalar hair with the BH mass turns out to be a benefit. Indeed, in such systems, the
massive black hole’s scalar charge can be neglected with respect to that one of the
small inspiralling body. At leading order in the mass ratio ¢, the scalar charge of
the MBH is entirely suppressed, and the MBH spacetime can be simply described
with the Kerr metric. Moreover, all the deviations from GR are fully controlled by
the scalar charge of the SCO, which allows to model EMRIs in a theory-agnostic
manner. The presence of scalar charge of the secondary causes an extra channel of
binary’s energy loss through scalar waves, that are added to the gravitational ones
and modify the system’s dynamics with respect to the GR predictions. Analysing the
effect of the presence of the scalar charge on the EMRIs dynamics and consequently
on the emitted GW signal constitutes the key for the detection of the extra scalar
fields.

In this picture, by following the framework presented in [44], the aim of the
thesis is twofold: (i) study how the inclusion of extra scalar fields affects the EMRI
dynamics and GW emission, (ii) investigate how such changes can be detected by
LISA and the constraints that can be inferred on the scalar field features.

First, we focused on modeling the adiabatic EMRI inspiral. In real astrophysical
scenarios, EMRIs are expected to complete generic inclined, eccentric orbits around
rapidly rotating MBH. Here we present the adiabatic EMRI model with massless
scalar fields for equatorial circular and equatorial eccentric orbits around Kerr
black holes. For each type of orbit, we computed the gravitational and scalar
emission, we built the adiabatic inspirals and modeled the emitted GW signal with
the quadrupolar approximation, computing the mismatch between signals emitted
in the presence and in the absence of the scalar charge, in order to obtain a first
insight into the detectability of the new field.

Secondly, we performed parameter estimations over the binary systems. We
applied a Fisher Information Matrix (FIM) approach to equatorial circular inspirals
around rotating black holes, providing the first forecast on the LISA ability to detect
new scalar fields and measure the scalar charge carried by the secondary.

Finally, EMRIs with massive scalar fields have been investigated, performing a
FIM for equatorial circular inspirals around Kerr black holes, in order to explore the
detectability of both the scalar charge and the mass of the scalar field.

Our results suggest how Extreme Mass Ratio Inspirals represent extremely
promising sources of gravitational waves for the future Laser Interferometer Space
Antenna to probe the existence of new fundamental fields.
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The thesis is organized as follows.

Chapter 1 focuses on gravitational waves detection, with a first section dedicated
to current detections from ground-based interferometers, a second section focused to
the future space mission LISA, and the last one to one of its main target, Extreme
Mass Ratio Inspirals, presenting their astrophysical features and theoretical modeling.

In Chapter 2 we provide a brief description of the alternative theories of gravity,
focusing on gravity theories with additional scalar fields.

Chapter 3 is dedicated to the Kerr metric, which describes the background
spacetime of our EMRI model. We focus on the characterization of the geodesic
structure of such metric, dedicating the Sections 3.1.1 and 3.1.2 and to equatorial
circular and equatorial eccentric, respectively.

In Chapter 4 we present a description of the EMRI modeling in General Relativ-
ity, presenting the state-of-art achievements in such scenario, and then we present
the EMRI description in gravity theories with a new real and massless scalar field.

In Chapter 5 we discuss the linear perturbations of a point-particle on a Kerr
background. Both the scalar field and the gravitational field perturbations are
considered, for a point particle moving on the two types of orbits: equatorial circular
and equatorial eccentric.

Chapters 6 and 7 present the study of the adiabatic orbital evolution together
with the emitted gravitational waves modeling, for equatorial circular and equatorial
eccentric inspirals. In each chapter, the first section is dedicated to the gravitational
and scalar emissions, the second one to the adiabatic orbital evolution, and the last
one to the construction of the GW-templates with the computation of the mismatch
between signals with and without the scalar charge, to asses its effect on the emitted
signal.

In Chapter 8 is presented a parameter estimation with the Fisher Information
Matrix analysis applied to equatorial circular inspiral around Kerr black holes, in
order to forecast the measurability of the scalar charge carried by the secondary
object.

Finally, Chapter 9 is dedicated to EMRIs with additional massive scalar fields.
In Section 9.1, we present the theoretical framework of the model and in Section 9.2
the massive scalar linear perturbations. The results are presented in the following
sections. Section 9.3 is dedicated to the energy fluxes and Section 9.4 to the adiabatic
evolution for equatorial circular trajectories. Finally, the last two sections focus
on the gravitational waves emission, presenting the mismatch among signals in the
presence and in the absence of the new massive field, and finally performing the
fisher analysis which provides a study of the simultaneous detectability of the scalar
charge and mass.



Chapter 1

Gravitational wave detection:
sources, instruments and goals

This chapter is dedicated to the detection of gravitational waves (GWs). In the
first section, we present a brief overview of the current state of GW detection from
the ground-based instruments LIGO-Virgo-KAGRA. In the following section, we
focus on the future space based detector LISA. The last section is dedicated to one
of the main target of the future interferometer: Extreme Mass Ratio Inspirals.

1.1 Gravitational waves and ground-based detectors

Gravitational waves are ripples of space-time, perturbations of the gravitational
field which propagate at the speed of light. They are generated in a regime in which
gravity is extreme, as that one sampled by the coalescence of compact objects as
black holes and neutron stars, and predicted by General Relativity.

In order to directly detect gravitational waves, the first ground-based interfer-
ometers LIGO/Virgo were built. The first GW event was detected by LIGO in
September 2015 and is associated to the merger of a binary of black holes [1]. Such
detection opened the first Observing Run O1, which lasted from September 2015
to January 2016. From then to now, another three observing runs were performed:
02 from November 2016 to August 2017, O3a from April 2019 to October 2019 and
O3b from November 2019 to March 2020, for a total of almost a hundred of GW
detections [5—7]. The fourth Observing Run O4 started on May 2023 and is still
ongoing [45]. Starting from the third observing run O3, the Japanese ground-based
interferometer KAGRA has joined the LIGO/Virgo detectors [4].

The LIGO-Virgo-KAGRA collaboration can detect signals in the frequency range
of 1Hz-KHz. While the LIGO/Virgo detectors are reaching their full sensitivity, a
3rd generation of detectors is planned, with the Einstein Telescope and the Cosmic
Explorer, which will improve of more than an order of magnitude the sensitivity of
current interferometers within the 1Hz-KHz band [8,9].

The maximum frequency of the emitted GW is related to the masses of the binary
system by fmax ~ 1/Miot, with Mo being the sum of the two component masses.
Such relation is obtained by considering Kepler’s third law for the binary system,
faw ~ /Mo /r3 and the orbital radius of the merge of several M. Hence, for the
frequency range of 1Hz-KHz, the ground-based instruments can detect binaries with
masses from few to hundreds of solar masses.
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A footage of the binary systems detected so far is presented in Fig.1.1, commonly
known as the “Stellar Graveyard” [46], in which compact objects detected from both
gravitational waves and electromagnetic (EM) emission are shown. The LIGO-Virgo-
KAGRA detections are colored in blue/orange for the binary black holes/neutron
stars detection, while the electromagnetic signals are colored in pink/yellow.

n the Stellar Graveyard

EM Neutron Stars

e

®
°
os0eo®®

°
esoeo®
...--u---n-!t"

Figure 1.1. Sample of gravitational wave sources, detected with the LIGO-Virgo-KAGRA
collaboration, and of electromagnetic sources. Credit: [46].

The component masses of the sources range within ~ (1 — 100)Mg. An ob-
servational gap however exists in the range between ~ (2 — 5)Mg. This gap is
somehow expected since stellar formation predicts BHs masses 2 5M), with NSs
in the range < 3M. Note however that some binary events detected so far by
LIGO/Virgo/Kagra, with a low confidence level, may feature component masses
right in this window [47].

A different theoretical mass gap is expected within ~ (50 — 100)Mg due to
pair-instability supernovae mechanism, which can hamper the formation of BHs in
this range. For this reason, the recent observation of a binary merger with a remnant
mas of 150M has raised considerable interest within the gravitational wave and
astrophysical community [48,49]. Such event could also provide a first hint for the
existence of Intermediate Mass Black Holes (IMBHs).

In order to detect signals arising from more massive objects, i.e. emitting at
lower frequencies, longer arms of the interferometers are needed, together with the
avoidance of the terrestrial confusion noise. These requirements are at the base of
space-born detectors.

The following section is dedicated to one of the planned future GW satellite, the
Laser Interferometer Space Antenna.
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1.2 The Laser Interferometer Space Antenna

The Laser Interferometer Space Antenna (LISA) is the ESA space mission
planned for launch in the mid-2030s [50].

It consists in a GWs detector that will be launched in space and will follow the
Earth in its orbit around the Sun. The space interferometer will have a triangular
configuration, composed by three arms of 2.5 million kilometers and three identical
spacecrafts in each vertex. In total, six active laser links will reflect between the
three spacecrafts, inside which free falling test masses will be located and will act
as mirrors reflecting the laser beam. Such configuration will allow to exploit the
change in the time travel of the light-beam or the optical pathlenght of test masses
which are induced by the passage of gravitational waves [10].

A depiction of the LISA orbit around the Earth is shown in Fig. 1.2.

Earth 9 5 rillion KM

1 AU (150 million km)
Sun

| 1AU }\ ’

Figure 1.2. Description of the LISA orbit [10].

Flying between 50 and 65 million km from the Earth, it will scan the cosmos
obtaining both polarisations of the GWs simultaneously. The length of the arms
of the detector will allow to detect signals with frequencies in the ~ (1074,1071)
Hz range, complementary to that one of the ground based detectors. As previously
mentioned, the maximum GW frequency is related to the total mass M of the
binary system by fiax ~ 1/M;ot, so that different frequencies mean different masses
of the sources producing the waves. LISA will be the first space mission able to
investigate such low frequency range and to explore the entire Universe through
gravitational waves [51]. It will be able to detect signals from redshifts up to z ~ 20
and the loudest GWs originating from supermassive black hole binaries.

A classification of the sources that will be among the possible targets for LISA
is given by [12,52]:
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o Supermassive Black Hole Binaries (SMBHBs): systems in which the mass ratio
is larger than 107! and the total mass is in (10°,107)Mg;

o Intermediate-Mass Black Hole Binaries (IMBHBs): same as the SMBHBs but
with total mass in (102,10%) Mg;

o Extreme Mass-Ratio Inspirals (EMRIs): binary sources with mass ratios in
(1075,1073) and total masses in (103,107) Mg;

 Intermediate Mass-Ratio Inspirals (IMRIs): same as the EMRIs but with mass
ratios in (1073,1071);

o Stellar origin BH binaries: coalescences with sufficiently low total mass (e.g.
in (50,500) M) such that they could be detected both by LISA and second or
third generation ground based detectors;

o Galactic Binaries: inspirals composed by white dwarfs or neutron stars within
the Milky Way that produce nearly monochromatic signals;

e Stochastic Backgrounds: cosmological sources of GWs that produce a stochastic
background.

Each kind of binary systems will emit GWs that will be possibly detected by the
future space interferometer. A schematic representation of the characteristic strain of
the emitted GW signal expected by the potential sources, together with the expected
LISA sensitivity are reported in Fig.1.3 [10]. The grey shadowed area represents
the confusion noise of millions of binaries, which forms the galactic background, for
which the detected amplitude is modulated by the LISA motion over the year.

10716 1 : : :
\ i Galactic Background
JOILN
|\ day ;,‘,m‘ ) I MBHBs at z =
0

10-17 L s : % Verification Binaries |
o _\}) mdnth = EMRI Harmonics
-3 | \ | hous = LIGO-type BHBs
2 20181 \ AL — GW150914 |
o 10 ; s

\ vea | Gal. Bin. (SNR > 7)
Q mont
Z i
.3 \ 10° M
= -19 L ;
% 10 \\
g N
B
-2
O 1020
Observatory
Characteristic Strain
10_21 E | == = Total
10° 10 107 10 107" 10°

Frequency (Hz)

Figure 1.3. Representation of the characteristic strain of the potential LISA sources with
the expected LISA sensitivity as a function of the frequency [10].
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The detection of GWs coming from these sources will let us to investigate the most
extreme strong-gravity regimes and to test the foundations of General Relativity,
so that testing of new fundamental physics beyond GR and the Standard Model of
Particle Physics is a crucial objective of the future space mission. In the following
we report a classification of the different topics of the fundamental physics LISA
science case, which are [12,13]

o tests of General Relativity, probing the fundamental principles underlying GR
and testing the Einstein theory by means of compact objects;

e tests of the nature of black holes, which main focus is to test the Kerr hypothesis
through BHs in non-vacuum GR or Exotic Compact Objects (ECOs);

o Dark Matter and Primordial Black Holes (PBHs), focusing on two types of

dark matter, i.e. new particles as axions and/or macroscopic objects as PBHs
or ECOs;

e Dark energy and the ACDM model, focusing on cosmology test to probe the
fundamental physics underlying the standard model of the Universe ACDM,
with its extensions through dark energy and modified gravity theories;

e Other model independent tests, performing model-agnostic tests of GR;

e Astrophysical and waveform systematics, which focuses in the understanding
of the error systematics from the GW modeling and from astrophysical and
enivronmental effects.

In the next section, we will focus one of the main target sources of LISA, Extreme
Mass Ratio Inspirals, while alternative gravity theories scenarios are left to the next
chapter.

1.3 Asymmetric binaries: Extreme Mass-Ratio Inspirals

Extreme Mass Ratio Inspirals (EMRIs) are asymmetric binary systems in which
the secondary is given by a stellar mass compact object (SCO), which can be a
black hole, a neutron star or a white dwarf, and inspirals around the primary given
by a massive black hole (MBH). Typical extreme mass ratios are ¢ = 1073 — 1076,
where ¢ = my,/M with m, < M, and typical values of the component masses are
my = (1 — 10%) Mg, for the secondary and M = (10* — 107) M, for the primary.

Here we present an overview of the EMRI astrophysical characteristics and of
the theoretical modeling commonly applied to such binaries.

1.3.1 Astrophysical features

Massive black holes are believed to exist at the center of most galaxies [53]. An
evidence in this direction was recently given by the Event Horizon Telescope (EHT),
which, in 2019 and in 2022, released the first images of two supermassive black holes,
M87 and Sagittarius A*, residing respectively at the center of the M87 galaxy and
of the Milky Way [54,55]. Massive black holes are typically surrounded by a nuclear
star cluster, so that Extreme Mass Ratio Inspirals form when a stellar compact
object is captured from such cluster by the central MBH. From the capture, the
secondary starts to inspirals around the primary in inclined, eccentric orbit and
finally plunges into the MBH.
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In the last year of inspiral before the plunge, the number of orbital cycles com-
pleted by the stellar mass compact object is ~ 10* — 10°, most of which accumulate
in the strong-field region of the central massive black hole [56]. During the evolution,
the secondary perturbs the background spacetime of the MBH, giving rise to gravi-
tational waves of typical frequencies lying in the mHz band, which will be possibly
detected by the future space-based interferometer LISA. By tracking the continuously
emitted GW signals, which encode the information of the EMRI orbit, it will be
eventually possible to build a detailed map of the binary spacetime, recovering with
exquisite accuracy the intrinsic source parameters, primarly determined by the GW
phase. The intrinsic source parameters and their expected precision are [35]:

o redshifted component masses M, = (1 + z)M, with z being the redshift, with
precision ~ 1076 — 1074,

« dimensionless spin of the primary with precision ~ 1076 — 1073,

The extrinsic parameters (luminosity distance and sky localisation) are primarily
determined through the signal amplitude rather then the GW phase, and hence
the large number of cycles completed by an EMRI does not translate to very high-
precision measurements. Extrinsic source parameters and their expected precision
are:

o luminosity distance with better than ~ 10% precision;

o sky localization with precision < 10 deg?, which could significantly improve
with the detection of the electromagnetic counterpart due to the interaction of
the inspiralling body with the accretion disk of the MBH [57,58].

The EMRI inspiral can accumulate signal-to-noise (SNR) ratio over several
months or years, making extreme mass ratio inspirals detectable out to redshifts
z ~ 3 —4 [56]. A conservative SNR value for EMRIs detection is considered
30 [35,59,60].

Event rates for EMRIs are very uncertain [35,59-63]. Depending on the as-
trophysical scenarios, a range from few to thousands EMRIs per year have been
estimated by [35]. Such uncertainty is mostly due to the current uncertainties in
EMRISs astrophysics, such as the population of MBHs, the distribution of the stellar
cluster around them and the range of EMRIs orbits [61]. EMRIs event rate is
predicted to be dominated by highly-eccentric orbits. Moreover, thanks to both
evolutionary and selection effects, it is plausible that MBHs falling in the LISA band
will be rapidly spinning, with a ~ 0.9M or possibly even larger [35,64].

1.3.2 Theoretical modeling

From a theoretical point of view, several methods have been developed for the
modeling of binary systems of compact objects. The typical theoretical models
commonly used for binary systems varies accordingly to the mass ratio of the
binary and the orbital separation of its components, as shown in the schematic
picture of Fig.1.4 [39]. For nearly comparable mass systems, as those sampled by
the ground-based detectors, the early stages of the inspiral can be modeled with
post-Newtonian (PN) and post-Minkowskian methods [65], appropriate for the low-
velocity, weak-field regime, or the parametrized post-Einsteinian (ppE) approach [66].
These methods become more and more inaccurate with the decreasing of the orbital
separation, so that i) numerical relativity methods are used for the late inspiral
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and the merger of nearly comparable mass binaries, while ii) perturbation theory
approaches and self-force methods come in hand with the increasing of the binary
mass ratio, representing the most accurate theoretical modeling for Extreme Mass
Ratio Inspirals [39,67].

Fig. 1.5 shows an artistic representation of the two different binary systems: on
the left, nearly comparable mass binaries during the (early) inspiral, while EMRIs
are pictured on the right. The bottom panel of each image shows an artistic repre-
sentation of typical GW signals emitted from the relative source, highlighting the
modulation of the EMRI GW amplitude due to the orbital plane precession.

o0
T post-Newtonian &
post-Minkowskian methods _ oS
% v
S ]
1) 1
Q 1
] 1
/7] 1
[}
[}
[}
| Perturbation theory,
Numerical Relativity : self-force
O 1
1 Mass ratio —» o0

Figure 1.4. Schematic representation of the theoretical tools used to model different binary
systems, depending on their orbital separation and mass ratios [39].

Figure 1.5. Artistic representations of comparable mass inspirals (left) and of EMRIs
(right). The bottom panels of both images pictures the representative shape of the
corresponding emitted GW signal. Credit:NASA and [51].

Within the framework of perturbation theory, the EMRI system is modeled
considering expansions order by order in the extreme mass ratio ¢ of the binary.
During the inspiral, the secondary moves on the background spacetime of the
primary, perturbing it and giving rise to gravitational waves. The energy and
angular momentum loss through GWs drives the binary evolution.
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At first order in the binary mass ratio, the little object is treated as a point-
particle and the inspiral is built adiabatically through a sequence of geodesics orbits of
the spacetime background. Within General Relativity, such background is described
by the Kerr metric, which represents the vacuum solution of non-static, rotating,
stationary, asymptotally flat black hole (discussed in Chapter 3). A schematic
description of the complex geodesics orbits of the Kerr spacetime is shown in the left
picture of Fig. 1.6, while the right pictures are relative to special resonant orbits [39].
Several works have been done which provide a model of adiabatic EMRI inspiral in
GR, from simpler to more complex and fully generic orbits [68-71].

Figure 1.6. Left: Typical geodesic orbit around a Kerr black hole. The orbit ergodically
fills the interior of the outlined torus-shaped region. Right: The special case of a resonant
orbit, for which the motion is no longer ergodic. For clarity, the rightmost figure expands
the central region of the resonant orbit. [39]

Improvements in the modeling consist in considering the next orders in the mass
ratio, by taking into account the structure of the secondary object and its interaction
with its own gravitational perturbations. This process, called self — force, leads to a
secular deviation from the adiabatic inspiral. Although small, the correction induced
by the self-force piles up due to the large number of orbits composing the inspiral,
leading to important corrections to the orbital evolution [39,67,72].

In order to build accurate waveforms for the future LISA data analysis, the
GW phase needs to be modeled by including all the terms (at least) up to O(q), so
that it is necessary to include the first and second post-adiabatic corrections, which
contributes to the GW phase at O(¢") and O(q), respectively, while the leading
adiabatic terms contributes to the emitted GW phase at O(q ') [40,73]. In addition,
transient resonances of the Kerr spacetime contribute to the phase at O(¢~/?) and
need to be taken into account [74]. Significant progress has been made in this
within the confine of GR, with the first waveforms containing the first post-adiabatic
correction being a recent breakthrough [41-43].

As a toy model, self-force computations on a scalar charge inspiralling on the
Kerr background have been performed in [75-77].

All these features are further discussed in Chapter 4, which provide the EMRIs
theoretical description both in General Relativity and in alternative theories of
gravity. Such theories are presented in the next chapter.



16

Chapter 2

Alternative theories of gravity

Modified gravity theories have been formulated with the aim of solving open
problems of fundamental physics and to test General Relativity in the strong-field
regime, providing new models to be compared with the predictions of the Einstein
theory. In this chapter we present a brief description of the modified gravity scenarios,
focusing on theories with extra scalar fields and how the presence of such fields affect
black hole solutions.

2.1 Gravity theories with scalar fields

General Relativity is governed by the Einstein field equations

G +Ag = 87T}, (2.1)

where G, is the Einstein tensor, defined as G, = Ry — %g,wR, where g, is the
metric tensor and I, and R are the Ricci tensor and the Ricci scalar, respectively.
Ag, is the cosmological term, where A is the cosmological constant, and T}, is
the stress-energy tensor describing the source-term. The Einstein equations can be
obtained from the variational principle by varying the action

Slg, V] = Spu [g] + Sum [g, V] , (2.2)

with respect to the metric tensor g, where Sy is the Einstein-Hilbert action given
by

SE H = d4 R 2.3
/ v 16m ’ ( )
and 57\4 is the action Of the matter ﬁelds v,

Such equations arise as unique from the “uniqueness theorem” given by the
Lovelock’s theorem which states that [78,79]:

In four spacetime dimensions the only divergence-free symmetric rank-2 tensor
constructed solely from the metric g, and its derivatives up to second differential
order, and preserving diffeomorphism invariance, is the Einstein tensor plus a cos-
mological term.

Alternative gravity theories can be formulated abandoning one or more assump-
tions on which the Lovelock’s theorem is based, and which build General Relativity,
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so that the theorem is typically used to classify alternative theories of gravity, de-
pending on which assumptions of the theorem they violate. Four different ways to
circumvent such theories as identified in [14] are: i) addition of extra (scalar, vector
and/or tensor) fields, ii) violation of the Weak Equivalent Principle (WEP), iii)
violation of diffeomorphism, which leads to Lorentz violating theories and massive
gravity theories, iv) inclusion of higher dimensions (> 4). A particular alternative
gravity theory can belong to one or more of these classes.

However, it has been shown how the majority of the modified gravity theories
can be reformulated as General Relativity with additional fundamental fields. In this
scenario, looking for deviations from GR is equivalent to looking for new fundamental
fields [13,80].

This thesis focuses on extra scalar fields, considering both massless and massive
scalars, which provide the most simple beyond-GR and beyond-SM scenarios with
additional fields. In the following we present particular modified gravity theories with
extra scalar fields, focusing on: scalar-tensor theories, f(R) theories and quadratic
gravity theories. In the next section, we discuss how the presence of new scalar fields
in the gravity theory affect black holes, stressing how they can be used to test GR.

Scalar-tensor gravity

In scalar-tensor theories, the gravitational sector is non-minimally coupled to
one or more scalar fields, so that the Ricci scalar in the Einstein-Hilbert action is
multiplied by a function of the scalar fields [80-83].

A prototype of such theories is given by the Brans-Dicke theory, described by
the action

WBD
5= [ate¥ 2 [or - 2229 0,00,6 + V(9)] + SulW.gu) . (24)
in which wpp is the Brans-Dicke constant. The general form of scalar-tensor theories
is given by considering such constant as a function of the scalar field, i.e. wpp — w(¢).
The action is then given by

S = / S T [¢R - (f)g””@mam + v<¢)} +Su(Wgw),  (25)
which is the most general action in which one scalar field is non-minimally coupled
to gravity and which is second order in the derivatives of the scalar [84,85]. This
action is referred to as the Jordan-frame action. With a conformal transformation

9w = 99w and the scalar field redefinition 4/modp = \/2w(P) + 3d, it is possible
to move from such frame to the Einstein-frame, in which the scalar field minimally

couples to gravity and non minimally couples to matter:
S = / d*x 9
167

where U(p) = V(¢)/¢?.

* 1 —1 %
B - 30,00+ Ulo)| + Su(To7'gn) . (20)

The most general action that can lead to second order (in time) field equations
for the metric and the scalar is Horndeski gravity [86].
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f(R) theories

This class of theories includes that ones in which the Einstein-Hilbert action
is modified replacing the Ricci scalar with a function of it, so that the action
becomes [87]

5= [ s ¥ L5 (B) + Sul¥.gu) (2.7)
Such theories have been explored as prototypical infrared modifications to General
Relativity, proposing infrared corrections of gravity as an explanation for the cosmic
acceleration, alternative to the standard ACDM model. However, f(R) theories are
dynamically equivalent to scalar-tensor theories [80]. Indeed, considering the action

5= ok [y 517(0) + 0B~ )] + Su (. g0) 28

and varying it with respect to ¢ one gets ¢ = R. Replacing such equation in the
action leads to f(R) theories. Moreover, by varying the action (2.8) with respect to
¢ one obtains ¢ = f’(¢), which leads to the dynamically equivalent action

= 161&'G /d4x\/jg [eR —V(p)] + SM(\ijg;w) (2.9)

with V() = f(¢) —¢f'(4) and it falls within the Brans-Dicke theories with wpp = 0.

Quadratic gravity

Quadratic gravity theories includes quadratic curvature terms in the action in
order to make the theory formally renormalizable within the standard quantum
field theory approach [88], in the framework of Effective Field Theory (EFT). In the
following we show two examples of such theories.

1) Scalar Gauss Bonnet (sGB):

Scalar Gauss-Bonnet theories are described by the action

O N/ —
5= 50+ 8 [ata Y0 ()G + Su(¥.g) (210)

4 167

where G is the scalar-Gauss Bonnet reform
G = R*> — AR, R" + R,apRM™" (2.11)

with R, being the Ricci tensor and R,,qg the Riemann invariant, and f(y) is a
scalar function of the scalar field. Such a function describes the coupling of the
scalar field to the Gauss Bonnet invariant. Of particular interest are two cases:

i) f(p) = e® of Einstein dilaton Gauss Bonnet gravity (EAGB);
ii) f(p) = ¢ of shift-symmetric gravity.
2) Dynamical Chern Simons gravity (dCS):

The dynamical Chern-Simons theory, a Chern-Simons theory with the kinetic
term of the scalar field, is described by the action [89]
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1
S = 1org | A'7V7IIR ~2V,0V"0 ~ V() + aose "RE]+ Su(¥.g,) , (2:12)
where *RR is the Pontryagin scalar defined as *RR = %Rw,pge” AR RP %

2.2 Black holes and scalar fields

In General Relativity, stationary and asymptotically flat black holes satisfy the
no-hair theorem, dictating that a stationary black hole’s spacetime in 3 + 1 dimen-
sions is described only by three parameters: its mass M, its angular momentum
J = aM, where qa is the black hole’s spin, and its electrical charge ), which, for
astrophysical black holes, can be neglected [18]. Thus, the most general metric
describing such solutions is given by the Kerr metric.

Modifying the gravity theory by adding fundamental scalar fields can, in general,
lead to black hole solutions endowed with a scalar profile, so that they can be thought
of as carrying a scalar charge. In this sense, the black hole is said to carry scalar
hair and the theory to evade the no-hair theorem.

However, no-scalar-hair theorems for stationary black holes have been proven for
most scalar-tensor theories, which means that the scalar must be trivial (constant)
and that the black hole’s spacetime is described by the Kerr metric [19-23,90,91].
In order to evade no-hair theorem and actually obtain black holes with non-trivial
scalar profiles, the coupling between the scalar and higher order curvature invariants
is required [24-27,92,93].

In particular, no-hair theorems have been proven for shift-symmetric scalar
tensor theories [23], which are those in which the scalar enjoys symmetry under the
transformation ¢ — ¢ + constant which is expected to be respected by massless
scalars. Shift-symmetry prevents static, spherically symmetric and asymptotically
flat black holes from acquiring scalar hair, unless a linear coupling between the scalar
field and the Gauss-Bonnet invariant is considered [92,93].

The nature of these couplings then implies that the scalar charge per unit mass
of a BH is inversely proportional to its mass to some positive power, so that the
BH is said to have hair of “second type”. The power depends on the specific theory
but the general trend is that the more massive a BH is, the more weakly charged it
is [24-34].

Massive scalars, which are not covered by shift-symmetry, are essential in certain
scenarios such as superradiance-induced clouds [94] or scalarization [25,26,95-97],
which rely on the presence of a mass or of interactions that violate shift symmetry
to generate scalar charge.

In this framework, EMRIs result powerful candidates to test gravity. Indeed,
in such system the massive black hole is expected to be negligibly charged, while
the inspiralling body is expected to carry a significant scalar charge, causing an
emission in the corresponding polarisation. The extra scalar emission represents the
key ingredient to investigate deviations from GR, because it leaves an imprint on
the emitted GW signal by modifying the binary’s dynamics.
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Chapter 3

The Kerr metric

In this chapter, we present the Kerr metric with its properties, which describe
the background spacetime of our EMRI model.

The Kerr metric describes the solution of a rotating, non static, stationary,
axially symmetric and asymptotically flat black hole. In the Boyer — Lindquist
coordinates = = (t,7,0, ¢), the Kerr metric is given by [98]

2Mr 4a M sin6 by

2 2 2
=—(1- -

ds ( > > dt > dtdp + —dr
2Ma’rsin® 4

+ 2d6? + <r2+a2+ S

) sin?0de¢?, (3.1)

where A(r) = r2 — 2Mr + a? and X(r,0) = 72 + a® cos? §. The metric depends on
two parameters, the mass of the black hole, M, and the spin of the black hole, a, so
that J = aM is the black hole angular momentum.

This solution describes the spacetime generated by a curvature singularity con-
cealed by a horizon. The curvature singularity is given by ¥ = 0, in which the
curvature invariants are singular. The metric is also singular for A = 0, but in this
case the curvature invariants are regular. A = 0 is then a coordinate singularity and
its solutions are

ry =M=+ VM?—a?. (3.2)

The solution with the “ — 7 sign gives the radius of the inner horizon, while that one
with the “ + 7 sign gives the radius of the outer horizon, hereafter considered as the
horizon of the black hole. Moreover, we will consider only —M < a < M, since a
solution with spin outside this range represents a naked singularity (not covered by
an event horizon) and is considered unphysical.

3.1 The geodesic structure of the Kerr metric

To model the EMRI’s dynamics we need to study geodesics of the Kerr back-
ground. The geodesics equations can be found by following the Hamilton — Jacobi
approach. The derivative of the space-time coordinates of the inspiralling particle
with respect to its proper time are given by:
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2 2
<ZT> E(r* +a?) — aL} - A [7“2 + (L —aFE)? + Q} ; (3.3)
d 2
<d> —cot? L% — a® cos* (1 — E?) , (3.4)
-
2 2 2
2( ):cchHL—i—aE(T Z“ —1)—“AL, (3.5)
dty (r2+a®? 5 72 + a?
E(dT)_E R ¢ sin“f| +al [1— A . (3.6)

The quantities £, L and @) are the constants of motion of the particle. £ and L are
respectively the energy and the angular momentum per unit mass of the particle,
measured at infinity, and they are associated to a spacetime symmetry, since in the
Boyer — Lindquist coordinate the Kerr metric is independent of t and ¢. @ is the
Carter constant, which is zero for an equatorial orbit [99].

In the following we will focus on two types of orbits: i) equatorial circular and ii)
equatorial eccentric.

3.1.1 Equatorial circular geodesics

While for the Schwarzschild metric a geodesic which starts in the equatorial
plane (identified by # = 7/2) remains in the equatorial plane at later times, for the
Kerr metric in general df/dr # 0.

For equatorial and circular orbits 6 = 7 /2, r(t) = ro, Q@ = 0 and the geodesic
equations become

dr
= 0, (3.7)
do
=0, (3.8)
do\ r? 4+ a? a?
E(Ch_)—aE< A _1>+<1_A L, (3.9)
dt (r? + a?)? r? 4+ a?

The value of E and L, depends on whether the orbit is prograde, which means
that the particle’s rotation is in the same direction of the black hole’s spin, or
retrograde, with the rotation of the particle opposite to that one of the black hole.
The expressions of EP™ and LP™ for a prograde orbit and E™ and L™ for a
retrograde orbit are:
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1 — 202 + qv?
pro _
B = 1—3v2+2q03 (3.11)
1o — py L 200+ 00 (3.12)
/1= 302 2q03 '
1— 202 — qv?
ret __
B = 1—302 —2qu3 "’ (3.13)
1 9 3 2,4
[ret = _pp L2 F Y (3.14)

rv )
V1 =302 —2qu3

The functions v and ¢ are defined as v = /M /r and ¢ = a/M, where 0 < a < M
and whether the orbit is prograde or retrograde is set by the signs in the equations.

Since we are considering equatorial circular orbits, we can define the angular
velocity of the particle as

L ¢ _ do/dr _ M1/2
Poodt o dtfdr T 32 £ aML/?
where the + sign holds for the prograde orbits and the — sign for the retrograde ones.

A circular orbit of particular interest is the equatorial innermost stable circular orbit
(ISCO), which in the Kerr metric is given by [100]

(3.15)

Risco :M(3+Z2j:\/(B—Zl)(3+Z1+2Zg)>. (3.16)

The positive (negative) sign is relative to retrograde (prograde) orbits. The terms
Z1 and Zy are given by the expressions

Zi =1+ \3/1—x2(\3/1+x+\?’/1—a:> , (3.17)

Zoy=/322+ 72, (3.18)

with 2 = a/M. When x = 0 the radius of the ISCO is Rysco = 6M, as expected for
a Schwarzschild black hole. For a prograde orbit the increase of a causes a decreasing
of Rrsco until its minimun value Rysco = M, obtained for a/M = 1. Thus, for a
prograde orbit in the Kerr metric, the particle can orbits closer to the central BH
compared to the non-rotating case.

In our EMRI model we restricted our analysis to prograde orbits, which are
expected to dominate [101,102].

3.1.2 Equatorial eccentric geodesics

For equatorial eccentric orbits, § = 7/2 and @ = 0. The geodesic equations are
given by [68]
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dr
2 _ 1/2 _ _ _
P = (V) = +/T2 — A[r? + (L - aE)?] , (3.19)
do aT
27 = = — —_ —_—
e Vs (aE — L)+ A (3.20)
dt (r*+ad*)T
27 = = — —_ B ——
L Vi a(aFE — L) + A , (3.21)

where T = E (r? + a*) — aL. E and L are the constant of motion, the energy
and the angular momentum per unit mass of the point particle, respectively. In the
following we consider bound orbits, for which 0 < F < 1.

The motion in the radial coordinate is periodic. The coordinate can be parametrised
as [70]
p

= £ 3.23
1+ecosy ’ (3.23)

r(x)

where (p, e) are the semilatus rectum and the eccentricity of the orbit, respectively,
and x varies monotonically from x = 0 at the periastron r, to x = 7 at the apastron

Tq, given by
p p

C1+4e’ e =1 e
The apastron and the periastron of the orbits are two turning points, i.e. such
that V,.(rp) = Vi(rq) = 0. The coordinate time taken from the secondary to pass
through two consecutive periastron passages defines the radial period 7., so that
T, =t(x = 2m) = 2t(x = 7). A geodesic can be uniquely determined by the set of
the two parameters (F, L) or equivalently by (p, e).

The energy E and the angular momentum L are then given by [70]

2 1/2
E = [1 — <A;> (1—¢?) (1 - 272(1 - 62)” , (3.25)

Tp (3.24)

L=x+aF (3.26)
where o
—N —sign(a)VN? — 4FC /
x = , (3.27)
2F
and the functions F, N, C are given by:
1
F(p,e) = [p> —2M (3 + 2)p?* + M*(3 + *)?p — 4Ma*(1 — €*)?] ,  (3.28)
2
N(p,e) 25{ {M2(3 + %) — (12} p— Mp® — Ma*(1+ 3¢}, (3.29)
C(p) =(a® — Mp)* . (330)

The functions ¢(r) and ¢(r) can be obtained by integrating the geodesics equa-

tions:
rdt fdr\ 7t
= =(= 31
Hr) /MdT(dT) dr | (3.31)

o) = [ 2 (j:)_l dr . (3.32)
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However, these integrals are divergent at the turning points of the orbit. To avoid
this divergence, we can perform the integrals over the parameter x:

X V(X5 pse)
o(x) = / dx’ - , (3.33)
o T Jpe)Ve(Xp.e)
X Vi(xX',p,e
t(x) = / X—— Ges] ? , (3.34)
o T J,pe)Vr(Xpse)
where the functions sz(ﬁ and J are defined as
% 2, 2 2Mx”
Vi(x,p,€e) = 2° + a” + 2azE — . (3+ecosy) , (3.35)
- 2M
V¢(X7p7e) =z +alb - Tx(1+eCOSX) ’ (336)
- 2aMx Ep?
2
=a'F — 1 —_ .
V%(X7p) 6) a P ( +€COSX)+ (1—|—€COSX>2 ’ (3 37)
2M 2
J(X,p,e):1—?(1+ecosx)+;%(1+ecosx)2 , (3.38)

where x is given in Eq.(3.27).
From the radial period T;. and the variation of ¢ in such period, the orbital
frequencies €2, and Q4 are defined as

Q =2, Qy=—-". (3.39)

The phase of the emitted gravitational wave signal is related to (€2,,€2) through
the frequency wpn:

Wmn = Mg + 1k, (3.40)
with (m,n) € Z, as explained in Chapter 5.

All bound equatorial orbits have p? > 22(1 + ¢)(3 — e). Given a certain value of
the spin a and of the eccentricity e, the curve

pi=2*(14+¢)(3—e) (3.41)

defines the separatrix in the e — p plane. If e = 0, the separatrix reduces to the
ISCO in the Kerr spacetime.
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Chapter 4

Extreme Mass Ratio Inspirals in
General Relativity and beyond

The Kerr metric presented in the previous chapter provides the description of the
background spacetime for Extreme Mass Ratio Inspirals. The primary is modeled as
an isolated Kerr black hole, which is perturbed by the secondary’s inspiral. In this
chapter we show the EMRI description in GR, with the basis of the perturbation
theory approach and of the self-force program. The last section is dedicated to
the theoretical modeling of EMRIs in beyond-GR theories with additional real and
massless scalar fields, while the massive scenario is left to Chapter 9.

4.1 EMRIs in General Relativity

General Relativity is described by the action

Slg, V] = Sgu [g] + Sum [, Y] , (4.1)

where g is the metric tensor, Sjs is the action of the matter fields ¥ and Sgp is the
FEinstein-Hilbert action given by

SEH = /d4l‘ 16_7TgR’ (4.2)

with R being the Ricci scalar. By varying the action with respect to the metric
tensor, the Einstein fields equation are obtained:

G = 8nly,, (4.3)

where G, and T}, are the Einstein tensor and the stress-energy tensor, respectively.
The L.H.S of the equations contain the metric tensor g, and its derivative, while
the stress-energy tensor contains information on the matter sources.

For Extreme Mass Ratio Inspirals, asymmetric binary systems with mass ratio
q < 1, the Einstein fields equation can be solved perturbatively in ¢ in the framework
of black hole perturbation theory [39,67,72]. With such approach, the metric is

expanded order by order considering perturbations of a background metric g,(LOV),

guw = 919 + qhl) + *h2) + 0(q?) . (4.4)

Inserting this expansion in the Einstein tensor we obtain
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Gylg] = Goul9] + 4 6Gu[hV) + ¢ (5Gu 0] + 82Gu [0V]) + O(¢*) , (45)

where 0G,, [R)] is linear in h,(f,z and §2G,, [h] includes 8h,@8h&% + h,(z@?hgﬁ);. For
a background metric which is given as the solution of the vacuum Einstein equations
at zeroth order in ¢, the stress-energy tensor is expanded as

Ty = qT\0) + T2 + O(¢%) (4.6)
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and the zeroth order in ¢ gives the vacuum equations

Gulg®] = 0. (4.7)

The solution of these equations, for the case of an axially symmetric, rotating,
asymptotically flat black hole, is given by the Kerr metric. At order by order in g,
we obtain different sets of differential equations.

The equations at the first order in the binary mass ratio are the linearized
Einstein equations

6G W] = 87T (L) . (4.8)

Once hV) is obtained from the first order equations, h(?) is obtained from the
second order equations, i.e.

0Guw[h?] = 87T\2) — 62Gu (K] (4.9)

and so on.

Given a general metric g, describing a spacetime, an object freely moving in
it follows geodesics of such metric. If we consider the motion with respect to a
background metric g;(g,), the object motion can be modeled as a geodesics motion with
respect to the background plus additional corrections due to the metric perturbations.
With this interpretation, the object can be thought as experiencing an external
“force”, which appear in the equation of motion expanded in g as

Dzt I 1 2 pp 3
5 = Jloy tafy + ¢ fiy + 0@, (4.10)

where z#(7) is the perturbed worldline, 7 the proper time with respect to the
background metric, D22#/dr? the covariant acceleration and f(’; ) the covariant force
driving the acceleration. The zeroth-order f(’f)) describes the geodesic motion and
takes value zero.

The first order, linearized Einstein equations (4.8) for perturbations of a Kerr
background are treated with the Newman-Penrose formalism [103] by following
the Teukolsky approach [36-38], discussed in Chapter 5. The inspiralling object is

skeletonized to a point-particle of mass m,,, so that the stress energy tensor is given
by

§@ (2 — yP(N)) dyP duP
() _mp/(“: y"(N) Wi dyy )\ (4.11)
" v—g dX dA

where yP is the wordline of the point-particle, A the proper time and g the determinant
of the background Kerr metric. Such a term can also be obtained by varying the
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action (4.1), where the action of the matter fields Sy, is given by the action of a
point particle S, with the form

dyﬂ dyzz
Sy = —/mp ds = —/mp gwd—;d—;d)\ . (4.12)
The complete adiabatic EMRIs description in General Relativity has been performed

by [68-71].

At the next orders, the secondary object cannot be treated as a point-particle,
due to divergence at the location at the particle and non-integrability issues. From
the second order, the finite-size of the secondary, inspiralling object and its in-
teraction with its own gravitational perturbations are taken into account. The
secondary object is treated as a singularity of given mass and spin, carrying the
body’s multipole moments [104].

The self-force program refers to the two timescale expansion [40, 105], which
considers the different two timescales that characterize EMRIs. One is the time of
the orbital evolution, T,, while the other one is the time of the inspiral, T;, with
T, < T;. Indeed, the time of the inspiral scales as T; ~ M/q = M?/m,, while
T, ~ M so that T,/T; ~ q [106].

In the action-angle approach, we define the angle variables [107, 108]

do = (9,9, 905 98) (4.13)

which describe the orbital motion of the secondary in suitable coordinates, and the
integrals

Ji=(E,L,,Q) , (4.14)

which correspond to the integral constants of the geodesic motion, i.e. the energy,
angular momentum and Carter constant, without the dependence of the secondary
mass. The motion of the small body around the central black hole is then described
by the two sets of equations

dqo

22— wad) +q 9al90: 4, 9) + O(¢?) .

AT (4.15)
d)\l =49 Gl(q97QT7J)+O(q2) )

with A a time variable.

The forcing terms g, and G; are due to the first order self-force and can be
separated in i) an averaged part over the 2-torus parametrized by ¢, and gy, and ii)
in an oscillatory part, so that

Gi(qo, ar,J) = (Gi(J)) + 6Gi(ap, 47, J) , (4.16)
where the averaged part is defined as
1 2 2
G = 5y [ dar [ daoGilanar, )N (4.17)
= Jo 0

and the oscillatory part is defined by Eq. (4.16). The same applies to g,. The
forcing terms lead to conservative and dissipative effects on the orbital evolution.
The phase of the emitted GW signal can be schematically written as [105]
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(I)(tl, tz) = w(t)dt
t1
= (I)diss,l(qil) + @RES(Q71/2) + q)cons,l(qo) + (I)diss,Q(qo) + q)cons,Q(Q) + O((q2) )
4.18

where in the parenthesis of each term the dependence of the extreme mas ratio ¢ is
shown. The leading, adiabatic, term contributes to the GW phase by O(qg™!).

The resonant term, indicated with ®grgg, contributes to the phase at O(q_l/ 2)
and is due to transient resonances of the Kerr spacetime. Indeed, the forcing terms
can be expanded in the Fourier series

Gi(ao,qr,J) = > Gion(J)e'Faotnar) (4.19)
kn

the averaged terms (G;(J)) vanishes unless kgp + ng, = 0. This equation is verified
if k =n =0, or in the case of a transient resonance, which is defined by ¢y and g,
being commensurate [61,74,109,110].

In the following we present the EMRI model in theories in which the gravitational
interaction is modified by an additional real and massless scalar field, stopping at
the leading order in the mass ratio description.

4.2 EMRIs with scalar fields

We consider a vast class of gravity theories in which the gravitational interaction
is modified by the addition of a new scalar field, which we assume to be real and
massless, described by the action

Sg, o, V] = So[g, ] + S [g, @] + Sm [g, ¢, Y] , (4.20)

where g is the metric tensor, ¢ is the additional scalar field, and ¥ are the matter
fields. The action Sy [g, ¢] includes the Einstein-Hilbert action for the gravitational
field and the kinetic term for the scalar field

V- 1
So = /d4x 167rg <R — 2@@6“@) . (4.21)

The term Sys [g, ¢, ¥] is the action of the matter fields ¥. Finally, S, [g, ] describes
the non minimal coupling between the scalar and gravitational fields, where « is the
fundamental coupling constant of the theory. We assume S, to be analytic in the
scalar field ¢.

Theories considered and model of the primary

We consider theories described by the action (4.20) that can belong to one of
the two cases:

i) the theory satisfies a no-hair theorem, so that stationary black holes are simply
described by the Kerr metric;
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ii) the theory evades no-hair theorems but has a dimensionful coupling constant,
[a] = mass™ with n > 2, and the black hole solutions are continuously connected
to the corresponding GR solution as o — 0. Examples of these theories are
sGB gravity and dCS gravity. Since the black hole spacetime is continuously
connected to the Kerr spacetime as o — 0, and since the only dimensionful
scale of the Kerr metric is the mass M of the black hole, any correction to GR
must depend on a dimensionless parameter ¢ defined as:

.«
C= 15 - (4.22)

If we describe EMRIs with ¢ = m,,/M < 1 in these theories, for the parameter
¢ we have

o n n
= =g¢g"— = . 4.23
¢ Mn qmg "G ( )

Bounds on « obtained from current astrophysical observations imply ¢, < 1 [111].
Hence, we obtain ¢ < 1, so that any GR correction, which must depends on (, is
suppressed by powers of the mass ratio. The primary spacetime is then adequately
described by the Kerr metric to order O(¢"(p) in the mass ratio.

We can conclude that, for both classes of theories identified, at leading order in
the mass ratio, the spacetime of the background is given by the Kerr metric, and
the EMRI can be described as the motion of a point particle in Kerr spacetime. As
shown in the following, at leading order in g, the modifications to General Relativity
affect the motion of the inspiralling particle, but do not affect the background
spacetime, given by the Kerr metric.

We remark that our approach is valid also for possible theories that do not
belong to either of the two classes, but for which in the specific EMRIs the massive
BH can be well approximated by Kerr (e.g. it just happens to carry a negligible
scalar charge). Moreover, we stress that a theory in which the primary object of an
EMRI is not described with good accuracy by the Kerr metric would exhibit larger
deviations from GR in the gravitational waveform than those found in this thesis.
Hence, our results can be considered as a conservative estimate.

Model of the secondary

In EMRIs we can identify two separate lengthscale relative to different spacetime
regions, with one given by the spacetime around the inspiralling object and the other
one of the exterior spacetime, which is the spacetime solution in the absence of the
body. The lengthscale of the inspiralling body is much smaller then the lengthscale
of the exterior spacetime. The secondary can then be modeled with the skeletonized
approach [112-115] and treated as point-particle. The action of the matter fields
Sy can be replaced by the particle action S, which is the integral of the scalar
function m(y) over the worldline of the particle y4()) (in a reference frame {y*}):

dyll dyl/
Sp = —/m(gp) ds = —/m((p) QWT)Z\) d)]\) d\ , (4.24)

where m(¢p) is a scalar function of the scalar field, to be evaluated at the location of
the particle, and accounts for the coupling of the body to its scalar field environment.
This approximation holds at linear order in the mass ratio. We remark that we do
not make any assumptions on the nature of the secondary, which can be either a
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black hole or a neutron star.

In the following, we derive the fields equations by varying the action with respect
to the fields.

4.2.1 Gravitational field equation
By varying the action (4.20) with respect to the gravitational field, we obtain

G = ngal +aTf§, +TF, (4.25)

where T' ;Cyal is obtained (together with G ) by varying Sy, and is given by

1 1 ,
T = 5 0up0up — J9u (09)° (4.26)

The term a7, is the stress-energy tensor associated to the coupling between the
scalar and the gravitational field, it is given by the variation of a.S,,

16w S,
T¢ = ——_—_=¢ 4.2
S = =g ag (4.27)

Finally, Tgﬁ is the stress-energy tensor of the point particle, obtained from the

variation of S, and given by

00 (x —y"(N) dyt, 495

P _ o
TP, = 87r/m(g0) S e OC (4.28)
We describe the EMRI system using perturbation theory with respect to the
mass ratio ¢ < 1. We expand the scalar field as ¢ = g + @1, where ¢q is the

constant background field, and ¢; is the perturbation induced by the secondary.

We can then show that both the terms Tsﬁal and oTy;, can be neglected at leading
(adiabatic) order in q, as they contribute only to higher (post-adiabatic) orders in
the small-ratio expansion. Indeed, the stress-energy tensor of the scalar field (4.26) is
quadratic in the perturbation ¢, which means that the term ij,al can be neglected.
Concerning the term T, we see that [So] = (mass)? and [S] = (mass)®>™", which
in an EMRI is evaluated on the background of the central black hole, where the only

dimensionful scale is its mass M. Hence, we expect that

Se~ M5y . (4.29)
Looking then at aT};, we see that

167 4S, _ 16maM =™ §Sy

aly, = — ~ , 4.30
K /_g 59#” /_g 59“” ( )
so that, since aM ™" = ( < 1,
OzTﬁl, ~ (G <Gy, (4.31)
and it can be neglected.
The final field equation for the gravitational field is then given by
0 (@ — yp(N)) dyy dyy
TP — / O @ = Y(AN) Wp Wy 1y 4.39
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4.2.2 Scalar field equation

The scalar field equation is obtained by varying the action (4.20) with respect to
the scalar field

1 ) (z —
Op + 6”0‘55 = 167 /m il ‘Zp(/\))dA, (4.33)

where m/(¢) = dm(p) / dgo. Even in this case, the variation of the coupling term of
the action with respect to the field can be neglected, since

16ma6S,  16maM " 35Sy
N T ~(Op < Oy, 4.34
V=g 0p V=g 0p (4.34)
so that the scalar field equation is given by

0 (z —yp(V)
Ve

The two functions m(p) and m/(p) are evaluated at the value of the scalar field
in the location of the particle, which in our case is g, and are determined uniquely
by the properties of the secondary. Considering the scalar field equation in a region
inside the world-tube of the inspiralling body but far away enough to have a metric
which can be written as a perturbation of flat spacetime, the equation (4.35) become:

Op = 167r/m' (p) (4.35)

Op=0. (4.36)

Thus, in a reference frame {Z#} centered on the body, the scalar field can be written

as:
d m?
v = %o = | (4.37)

where d is the dimensionless scalar charge of the body. Inserting the solution (4.37)
inside equation (4.35) and evaluating it at the center of the particle 7 = 0, we obtain

m;(z%) - —g . (4.38)

Furthermore, since in the weak-field limit the (¢t)-component of the particle’s stress
energy tensor, given by

T4 = smn(ip0)i o' — ) +0 (2] (4.39)

reduces to the matter density of the particle,
p=my ¥ (a — (V) . (4.40)
we obtain the relation

m(po) =my . (4.41)

Hence, replacing the relations (4.38) and (4.41) for the scalar function m(y) in
the field equations (4.32) and (4.35), we finally obtain the field equations for the
gravitational and the scalar field, given respectively by
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00 (@ — yp(V)) dy; dyy
G,u,y - Tﬁy = 87Tmp / ?gpdi;dif 5 (442)
3 (x = yp(N))
Oy = —4wdm /—pd)\. 4.43
¥ P \/jg ( )

These equations are the key ingredients of our approach, and lead to fundamental
results. The gravitational field equations, Eqgs. (4.42), coincide with those of the
GR case (see Egs. (4.8) and (4.11)). The scalar field equation (4.43), instead, has
a source term whose magnitude is controlled by the dimensionless scalar charge
carried by the secondary. Therefore, all changes in the EMRI evolution given by the
extra scalar field are uniquely and universally specified by the value of d. For many
gravity theories, the latter can be uniquely mapped to the theoretical parameters
which control deviations from GR. As we will show in the chapters relative to the
parameter estimation analyses, in such cases, future measurements of d with LISA
observations, can be translated to constraints on the fundamental parameters that
characterize beyond GR theories [116].

The presence of the source term in the scalar field equation causes the emission
of extra energy flux, which affects the EMRIs evolution. The gravitational and scalar
emissions are computed by solving both the fields in linear perturbation theory, as
explained in the next chapter.

We remark that our study considers the leading order in the binary mass ratio
only. A first investigation which extends our approach in the EMRI modeling with
scalar fields to higher corrections has been recently carried out by [117].
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Chapter 5

Linear perturbation theory

In the previous chapter we derived the fields equations for the gravitational and
scalar field,

0D (@ — yp(\)) dyp dyy
G = 8m, [ = o™ (5.1)
and
3 (@ — yp(N))
Op = —4wdm /—pd)\, 5.2
14 P \/jg ( )

respectively. In this chapter, we solve such equations in linear perturbation theory.
We follow the Teukolsky approach based on the Newman-Penrose formalism which
considers perturbations of the curvature. Starting from the Teukolsky equation for
a general perturbation with spin s, we first focus on the scalar perturbation with
s = 0, and then to the gravitational ones with s = —2.

5.1 The Teukolsky equation

A general linear field perturbation satisfies the Teukoslsky equation [37]

r? + a2)? ) o 4dalMr s a? 1 s
(A) —a’sin6?) Oy + T803¢1/)( '+ A sin6? O
_ 1 . a(r—M)  cosf
CA-59 (ALY ) _ ) _ (s)
A=59, (A By ) il (sm 00y ) 2s [ A i 92} Dt

94 [2M(r2 —a?)

5A — T — ia cos 0] Ao + (s cot 2 — s)p®) = 472 | (5.3)

where the field 1)(®) stands for the tensorial (s = —2) and scalar (s = 0) perturbation,
respectively,

Y2 = (r —iacos ) Wy | PO =¢ . (5.4)

The quantity ¥4 is known in the Newman-Penrose formalism as one of the Weyl
scalars, a contraction of the Weyl tensor (i.e. the Riemann tensor in vacuum) on
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a null tetrad [118]. Wy describes the only two radiative degrees of freedom and
contains all the information regarding the gravitational radiation.

Indeed, considering a gravitational wave on a flat space-time, far from the source,
propagating along the z-axis, so that

Lipr
ROin = —thj (5‘5)
where A1l = —hl§ = hy and A1) = Rl = hy. The superscripts indicate the

transverse traceless gauge, while the “+” and “x” indicate the plus and cross
polarization, respectively. The other components of the Riemann tensor vanish. The
Weyl scalar ¥4 then becomes

1 /.
Uy(r — 00) = 5 <h+ - zhx) . (5.6)
The source term T(®) is related to the source terms of Eqs. (5.1)-(5.2).
The Teukolsky equation is solved by separating the radial and the angular
dependence of both the field perturbation and the source term, and considering the
Fourier Transform

¢(5)(t,r,9,¢) = /dwzRﬁf}l(r,w)Sé;z(G,w)eim(be_m , (5.7)
Im
4xnT) = /deje(iz (r,w)Séz(H,w)eimd’e_m . (5.8)
Im

By inserting these expressions in the Teukolsky equation (5.3), two decoupled
equations are obtained, one for the angular and one for the radial dependence of the
perturbation. The angular one is given by

1 dy/. d 5 . 9, (m+scosf)?
[sin&d& (Sln9d9> Y sin”6 sin? 0

— 2vs5cosf + s+ 2my + sAim S(S)(Q, v) =0, (5.9)

Im

where v = aw and Ay, is the spheroidal eigenvalue. The functions Sés) are known

as the spin-weighted spheroidal harmonics, and, for real values of v, they satisfy the
following orthogonality relation

[ 800,750 60,7067 AR = b b (5.10)
The superscript “x” indicates the complex conjugate and df) = sin 8dfd¢. The radial
equation is given by

d AR K2 = 2is(r — M)K S s
A_Sa AsTE dﬁm} + [ ZSX ) + diswr — Ao RETY)L = sznz , (5.11)

where K = (r? + a?)w — ma and s\, is the spheroidal eigenvalue of Eq. (5.9). The
radial function is solved introducing the auxiliary function

Y(w,r) = A2V 4 a?R(w,r) | (5.12)
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that reduce the radial equation to a standard Schroedinger-like equation

2

d
ga¥ V@Y =y (5.13)

where the toirtoise coordinate r, is defined as

dr, r*+a?

- = 5.14

dr A ( )
and the expression for the potential is given in Eq. (5.18) and (5.48) for the scalar
and gravitational case respectively.

The spheroidal harmonics and their eigenvalue can be obtained with the Leaver
method [119]. In our works, we computed them by making use of the Black
Hole Perturbation Toolkit, which implemented such method using the software
Mathematica [120,121].

In the following sections, we will present separately first the scalar and then the
gravitational radial perturbation.

5.2 Scalar perturbations

The radial equation (5.11) for the scalar perturbation with s = 0 becomes

d AR (r,w) K? . .
ar (Adr> + (A — Xem | Rem (7, w0) = Jom, (5.15)

with K = (r? + a?)w — ma and ), the angular eigenvalue of Eq. (5.9) with s = 0.
In the following we drop the multipolar indexes (¢, m) for simplicity, unless specified
differently. In order to solve the radial equation we use the auxiliary function

Y (w,r) = V12 +a?R(w,r) , (5.16)
so that Eq. (5.15) becomes

d2
dr?

Y+ V(W)Y =Jy , (5.17)

where the potential V' (w) and the source term Jy are given by

K2-MA , dG
(r2 4+ a2)? dr, ’
- A

J(a2+r2)3/2 ’

V(w) = (5.18)

Jy = (5.19)

with G = rA/(r? 4+ a?)? and r, is the tortoise coordinate defined by (5.14).

The master equation Eq. (5.17) has the form of a Schroedinger equation with a
source term. In perturbation theory, it is solved with the Green functions method,
finding the homogeneous solutions first and then integrating them over the source
term to find the general solution. The behaviour of the homogeneous master equation
at the horizon and at infinity is given by
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2

dr?

d2

dr2

where k£ = w — mf); and Q. is the angular velocity of the horizon, i.e. Q4 = ﬁ,

with 7y = M ++vVM? — a? (see Eq. (3.2)). The homogeneous solutions Y_ /Y, which
satisfy the conditions of purely ingoing/outgoing wave at the horizon/infinity have
the following asymptotic behaviour:

Y +kY =0 forr—r,,

(5.20)

Y 4+w?Y =0 forr— oo,

Y. = et for r — ry (5.21)
Y_ = Ajpe ™™ + Agye™™  forr — 0o, '
Y, = Bine * + Boet*x for r — Ty, (5.22)
Y, = ewr+ for r — oo. '

The general solution for Y (w,r) is then obtained by integrating the former over Jy:

e Y_Jydr, +00 Y, Jydr,
Y:Y/ 7+Y_/ Rt L 5.23
+ —00 WY T WY ( )

where Wy =Y[Y_ — Y, Y’ is the Wronskian and primes denote derivatives with
respect to r,. From Eq. (5.16) we also obtain the asymptotic behavior of R_ |:

—1kry
= ¢ for r — ry
2Mry (5.24)
R_ = @eﬂ'w* + Ao e“r for r — oo,
r r
2 Bin —ikr Bout ikr
= 4 ——e"" forr —r
+ + >
2MT+ 2M’I"+ (5 25)
B PRl ’
R, = for r = oo .
r
A general solution for R can be constructed as in (5.23).
The function Y at infinity and at horizon is then given by
- oo Y. Jyd
Y(r—o0) = ew”/ Y
70100 mefy d (5.26)
Y(r—r :e*ikr*/ bt ek i
( +) Y
Finally, we define the amplitudes
_ too Y +JYdT
8Pt = / W (5.27)
—o0 Y

which will be used for the computations of the energy and angular momentum
fluxes. Before providing the expresisons for such quantities, in the following we focus
on the source terms.
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5.2.1 Source term for the scalar perturbations

The source term of the scalar field equation Eq. (5.2) is related to the right hand
side of the Teukolsky equation (5.3) and can be simplified as

47T = —47Sdm, / W I\

= —4nSdm, [ Ot — tp(N)o(r - m(A% = ONI6 — 6,0) dAy,

8(r — ry(£)5(0 — 0,(£)8(¢ — (1))
sin 6t

= —4mdm,, ,

where ¢ = dt/d) is given in Eq. (3.10) and the determinant of the Kerr metric is
g = —X2sin%0.

The functions 7,(t), 6,(t) and ¢,(t) describe the orbit of the inspiralling particle.
We consider equatorial circular and equatorial eccentric geodesics.

Circular equatorial orbit

For equatorial circular geodesics, the radial and the polar coordinate are fixed
rp(t) = 1p, 0p(t) = 7/2, and the azimuthal coordinate ¢ is given by ¢(t) = wpt,
where w, is given in Eq. (3.15). Hence, the source term becomes

d(r—rp)o(0 —7m/2)6(p — wpt)
| sin 0|t

47270 = —drdm,,

The term Jy, of Eq. (5.8) is found projecting the source term on the spheroidal
harmonics and applying the inverse Fourier transform, i.e.

3 1 o
Jom(w,r) = %// AxST©) S5 (0)e P tdQ) di

tm (7/2)0(w - mwp)8(r —rp)

; .
The term Jy can be directly obtained by replacing (5.28) onto Eq. (5.19). Substi-
tuting it into (5.27), we find the amplitudes that can be written introducing the
terms 59027’1_ as

= —4mdm,,

(5.28)

0P imes = 01y 6w —muwyp) . (5.29)

The terms 5@27710_ are then used to compute the scalar emission.

Eccentric equatorial orbit

For equatorial eccentric geodesics, 0,(t) is fixed to m/2, while r,(¢) remains a
function of the coordinate time. As done for the circular case, we obtain the terms
Jem by projecting the source term on the spheroidal harmonics and applying the
inverse fourier transform

. +o00 — .
Jom = _gd/ Mszmel[wt—m%(t)]dt ’ (5.30)

where the spheroidal harmonics S, are computed at § = w/2. We find Jy with Eq.
(5.19) and we replace it in the amplitudes (5.27) so that
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+00 .
g = / I [rp(t)] 'lt=merMlay, (5.31)
with v o o

I [rp(t)] = | 2ot =TT Dbm . 5.32

[rp(®)] Wy (a2 +r2)2 i | _ (5.32)

r=rp(t)
Finally, we define the functions

a(t)y™t = I [r(t))emmie -2t (5.33)

They are periodic in r with period 7., and thus they can be expanded as a Fourier

series as
“+o0

at)>t = Z b, et (5.34)
n=-—o0o
The frequencies §2; with i = (¢, r) are defined in Eq. (3.39) of Chapter 3. Replacing
the expression of I[ry(t)] in terms of the Fourier expansion of a(t) in Eq. (5.31) and
performing the time integral we finally obtain

8Py = Z 5 g d(w — winn) (5.35)
n=—00

where wy,, = mfy + nf2,.. The coefficients 54,527;;2 = 2ma,, are given by the integral

_ 2 :
Syt = T” a(t)emQ’“tdt . (5.36)
Substituting the expression (5.33) for «(t) and changing the integration variable
from ¢ to x (defined in Chapter 3) yields:

J(x) V}(x)
_q, / dx Vi) I i*(x) [ i[wmnt(x)—mfb(x)]_‘_e_iwmnt(X)"‘im‘z’(X)} . (5.37)
J(x)\/ Ve (x)

The amplitudes 59527;; computed through Eq. (5.37) are needed to compute the
energy and angular momentum fluxes emitted by the binary.

Due to symmetries in the Teukolsky equation (5.11), the amplitudes (5(,527’;1
satisfy the relation

where the overbar denotes the complex conjugate.
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5.2.2 Energy and angular momentum scalar fluxes

The energy flux associated to the scalar field can be derived through the effective
stress-energy tensor for ¢, as previously done e.g. in [75] and which coincides with
the Isaacson tensor in GR [122,123]. The stress-energy tensor for the scalar field is
given in Eq. (4.26) and the energy flux reads:

dE=
EE, = dstcal TA / T32dQ (5.39)

where T = (16m) ¢ 4% and the upper (lower) sign indicates the emission at
infinity (horizon).

The time derivative of ¢ = 37, @um is simply given by (em)t = —iWmnPem
(see Eq. (5.7)), while to compute the derivatives with respect to the radial coordinate
we note that, for equatorial eccentric orbits,

{Yzm = (5g0;mweiw for r — o0, (5.40)
Yim = 0, e F™ for r —ry '
therefore
(Oom)r = —iwmnso’ém for r — oo,
r? +a? (5.41)

(@Em),r = kan A SDZm for r — .

Using these relations and the orthogonality condition of the spheroidal functions
(5.10) we obtain the energy fluxes for the scalar field in the frequency domain:

scal - Z wmn‘éwﬁmn ) (542)
16 lmmn
Es(c;)l Z Wmn mn’5¢zmn| ) (5.43)
E m,n
with kmp = wmn — mQ4.
F(+
SRR Ton Z M| 8@l (5.44)
{m,n
L(_) 1 k P 2 4
scal — 16 m mn| (Pﬁmn| . (5 5)
£m,n

Expressions for equatorial circular orbits can be straightforwardly obtained
from the previous ones, replacing wy,, with mw,, kp, with & = mw, — m€, the
amplitudes §¢,, . with @, of Eq. (5.29).

5.3 Gravitational perturbations

The radial equation (5.11) for the gravitational perturbation with s = —2
becomes

d (1 dRyn K2+ 4i(r — M)K i
AZE (A er ) + ( + Z(g ) — Siwr — )\> Rgmw(r) = Iémw(T) , (5.46)
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with K = (r?2 + a?)w — ma and ) is the angular eigenvalue of Eq.(5.9) with s = —2.
The source term Iy, corresponds to Jy, of Eq. (5.11) and it is treated in Section
5.3.1.

As done for the scalar case, we define the auxiliary function

Y =A"YWr2+a2R, (5.47)

so that the homogeneous radial equation takes the form of the Schroedinger-like
equation
d? K? 4+ 4i(r — M)K — A(8iwr + \)

—Y Y=0 5.48
a T T Ty -G —dGjar ’ (5.48)
where G is defined as 2( ) A
—9r — M r
= 4
G ,,a2 + CL2 (7"2 + a2)2’ (5 9)

and r, is defined in (5.14).

The homogeneous solutions Y_, which satisfies the condition of purely ingoing
wave at the horizon, and Y, , which satisfies the condition of purely outgoing wave
at infinity, have the following asymptotic behaviour:

Y = Bhole po—ikr. for v 7y
gin L (5.50)
Y = 7@“" e W 1 Bg#lijr e forr — oo,
r
Y, = Dé’fWAe_ikr* + DgﬁfwAeikr* for r —ry (5.51)
Y, = Dg°, el for r — oo,

where k = w — mQ, and Q4 = a/(2Mry). From the relation (5.47) between R and
Y we obtain the boundary condition for the homogeneous solutions:

R, = Bole A2k forr —ry
- Bin . . (5.52)
R, . = 74:“" e s 4 BOUL 13T for 1 — 00 |
Rz_mw = DZ?Luqueiikr* + Dgﬁltweikr* for r — T+ (5 53)
R} = Dg rier for r — oo .

where Bhole — Bhole jopry ) Dirout) — pirou) jopry ). Finally, the general
solution for Ry, is given by Rem,(r) = Z,  (r)RS (r)+ Z, (r)R, _(r) where,

Imw
following [68],

_ 1 r RZ (r") Lo (1)
Zoms 1) = 3B D /r+ N F. (5:54)
mw mw
1 o RE () o ()
Z = —/ dp! —lmw e . 5.99
fmw(r) 2ZWBEZLMDE§LLU . r A(,,J)Q ( )
Defining 7, == Z, (r — o), Z}; = Z} (r — ry), the asymptotic radial

solutions read:

R (r — 00) = Z, D3 p3eirs 5.56
Imw "~ tmw
Ripe(r = 14) = Z(Z"mwB?ﬁf)AZe*ik” ) (5.57)
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i‘}cl ii convenient to absorb the factors D7’ =~ and Béfll:; into Z,,, , and Z;mw, such
at:
_ 1 v Ry (1) I (1)
A _ . dy! —tmw mw 5.58
émw(T) QZWBénmw K+ T A(T’)Q ) ( )
Z (1) = B / * gt R ()T 1) (5.59)
fme 2iwB{" D Jy A(r')? ’
and
Rimeo (1 — 00) = Z, e (5.60)
Romu(r — ry) = Z A% (5.61)

The coefficients Z[n;:; are needed to calculate the energy flux at horizon and at
infinity. However, since in Eq. (5.52) the outgoing solution grows with a coefficient
r4 relative to the ingoing coefficient, the ingoing solution is completely swamped,
and obtaining B}", is extremely challenging. The reason for this difficulty is that
the potential V(r) in Eq. (5.46) of the Teukolsky equation is long ranged. Sasaki &
Nakamura [124] found a solution to this problem by transforming the Teukolsky
equation into an equation featuring a short-ranged potential. Other possible methods
to solve the Teukolsky equation are the Mano-Suzuki-Takasugi method [125] and an
approach that makes use of a hyperboloidal foliation [126,127].

5.3.1 Source term for the gravitational perturbations

The source term for the gravitational perturbations is given by

» o
i () = 4 / At (B} + B Sy (0)e~ M0, (5.62)

B [t ) - 5

L4 [074/72J+ (PJ/TQAfleﬁ)} ;
(5.63)

By — _A2P85J+ [,o’4p_2A*1L_1 (p72/572Tnfn)} B A24pSﬁJ+ [p*4j+ (pfzﬁTmm)] 7
(5.64)

and p=1/(r—iacos®), p=1/(r+iacosf). The two operators J; and L, together
with its hermitian conjugate Ll, are defined as:

| K
Jo =0+ " A(T), (5.65)
Ly =0p+mcsch —awsinf + scot 0, (5.66)
Ll =8y —mcesch + awsin @ + scot 6. (5.67)

The functions Bj and Bj* depend on the stress-energy tensor of the inspiralling
particle, which is given in (4.11). Integrating it in d¢, it becomes
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urd 5[0 — ()]0 5.68

= Y —r(t —0(t — ot .
My sl ()01~ 0l — 0], (5.69)
where £ is given in (3.6). The components T}, Tnm and Tiy present in the eq.
(5.63) and (5.64) are obtained by projecting the stress-energy tensor T onto the

Newman-Penrose null tetrad legs n, m: T}, = T} nang, etc. The components of
the null tetrad legs are given by [118]:

T (r, 0, ¢,t)

1A alsin? 0
%_2<E¢m—§:>, (5.69)
Ma = g (z’a sin#,0, 3, —i(r? + a?)sin 0) . (5.70)

Hence, the components of the projected stress-energy tensor are given by:

= S 51 (1))610 — 0(1)1616 — 0(0), (5.71)

sin 6

Tab

where the coefficients Cy;, are

m 2
Chn = 4 gt {E(TQ + a2) - aLz} ) (572)
o mpp 2 2y .. o LZ ﬁ
Cm = Wil {E(r +a%) aLz} [l sin ¢ (aE sin29> —|—Ed7_] ,  (5.73)
2
mpp” [. . L, dH}
i, = . 0aE — X—| . 74
¢ 2%t [Z S (a sin? 9) + dr (5:74)

As written, the sign of df/dr, which square is given in Eq.(3.4), is ambiguous,
depending on whether 6 is increasing or decreasing. However, in the following we
will focus on equatorial orbits only, for which df/dr = 0.

In the following, we consider the three different types of orbits and we present
the analytic form of the source term in the three cases.

Circular equatorial orbit

For the equatorial circular case ry,(t) = rp, 0,(t) = 7/2, and ¢(t) = wyt, where
wp is given in Eq.(3.15). Hence, the source term becomes
Lo (T) = /th2ei[wt_mwp} [[AnnO + Apmo + Arm‘no] 5(T - Tp)—F
O ([Awit + At (1 = 1)) + 02 [Agumz 3(r = 7], (5.75)

with
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Apno = —WLI (p*4L£(p3Sem)) , (5.76)
Anino = _M;Cnm Kzi( +p+ p) LTng — <IA() asin0Sp,(p—p)| , (5.77)
Ao = —Stmp™35Cr [— (f)Q + 20y — 0, (i)] 7 (5.78)
Ay = 2pr [LTSém + tapsinf(p — p)ng} , (5.79)
Amm1 = =28ump > pCrmm (p + f) : (5.80)
Amm2 = =Stmp > pCrmm » (5.81)

and the C coefficients are given in Egs. (5.72)-(5.74) with 6 = /2 and df/dr = 0.
By inserting the expression of Iy, in (5.59) and (5.58) and integrating in the
radial and the time coordinate, we obtain the final form of the amplitudes Z Z_n;+ for

equatorial circular orbits:

Slw —
L = ﬂw—w [Rfmw (Anno + Anmo + Ammo)
WBemk
dR; d’°R;,
_$ (Anml + Amml) + dr ZQmw Amm2‘| 5 (5.82)
gt = MW M) o ot Ao)
Imw — 4Z'w3dgm3é% Omw nn0 nm0 mm0
dR} d’R
—% (Apm1 + Amm1) + df;WAmm] . (5.83)

Here the functions Rl;’f and their derivatives are calculated at r = rp,.

Eccentric equatorial orbit

For equatorial eccentric geodesics 8, (t) = m/2. Hence, the source term becomes
[70]

s = szBm / dte™t =m0 1, Tle(t), 0] (5.84)

where
I;rr’Lz - [ ZLan{ATmO + AmnO + AmmO}

dRZTl ,up

T Ymw
dr {Amnl + Amml}

d2 Rzn ,up
=+ Lo Aman

e (5.85)

r=r(t),0=0(t)
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Introducing u as the inverse of the orbital radius, so that u(y,p,e) = (14 ecosx)/p,
the coefficients A are given by

_ o 2 Cm 2 3 . 2 .
Amno(u)_ﬁu(l—QMu+a2u2)2 [2(1 u’ + [ia(aw — m) — 4M]u —|—2u+zw}

a8
N %(7'('/2) + (aw — m)Szm(W/2)] ;

A =
o(u) V2r u?(1 — 2Mu + a?u?)?

{ — 2ia®(aw — m)u® + alaw — m){6iM

+a(aw — m)yut — dia(aw — m)u® + 2w{iM + a(aw — m)}u? — 2iwu + w2} ,

2 Cw, oS
A (1) = {ae(w/z) + (aw — m)S(w/Q)] ,
Ammi1(u) = — 72ru2(1cim;]\§f-/k2;2u2) {azu?’ + {ia(aw — m) — 2M}u® + u + z’w} ,
Al = — \/lz?Cmi(w/Q) 7
2 Chn . ([0S
Apno(u) = — \/;(1 oM+ aZa?)? { — 2ia (80(77/2) + (aw — m)S(7r/2)) u
2
4 02 (/2) + 2o — ) 00 (/2) + {a — m)? 2}s<7r/2>} ,
(5.86)
where
_ J(X,p, e) 21 2 . ) 2
Cnlp,0) = et PE = a1+ ecosn)? + epsiny/Ti(upee) |
Crimn (X, p,€) = 2\/1;];2(%’(?(’ ;) o (1 + ecosy) poE —ax(1 +ecosx)*+
epsin X/ V;(x, p, 6)1 ,
z? e
Crm (X, ps €) = 700 pe) (1+ecosx)” .

2p2Vi(x, p, €)

The terms J(x,p, €), Vi(x,p,e) and V,(x, p,e) are given in Chapter 3, Eq. (3.38).
Finally, we note that recasting Eq. (5.84) in term of the variable x, the integral can
be written as

£mn 2,L'wman Imw(+

g+ _ LQT dx& [I+’_ (T(X))einnt(X)*imﬂx)_F
0 J( )

I;n’l;(i)(T(X))e_i“’m”t(X)Hmd)(X)} , (5.87)
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where the subscripts (+) imply the substitution sin y — =4 sin y in the functions I, Zr’w
Due to symmetries in the Teukolsky equation (5.11), the amplitudes Z, > satisfy

the relation
z5

l,—m,—n

= (-2},

lm,n

(5.88)

where the overbar denotes the complex conjugate.

5.3.2 Energy and angular momentum gravitational fluxes

The gravitational energy flux can be computed in terms of the Isaacson stress-
energy tensor [128], and is given by

2 rad 2 2
) e
dAdt 167 ot ot
r—00
where the brackets (...) denote an average over a region of spacetime large compered
with the wavelenght of the radiation, and the plus and cross polarizations hy and
hy are obtained from the evaluation of the Weyl scalar W, at infinity, see Eq. (5.6).
The expression for ¥, is found combining Eqgs. (5.4) and (5.7), with Ry, in the
limit » — oo is given in Eq. (5.60).
The final expressions for the energy and angular momentum fluxes at infinity
are then given by

dE rad [mn
(%)= Z i, (5:90)
dL\ " m|Z,Z
<dt>w—;n et @91

The frequencies wyy,, are written in Eq. (3.40) and the amplitude Z~ in Eq.(5.87).

The fluxes at the horizon can be calculated by measuring the rate at which the
event horizon’s area increases as radiation falls into it, following the prescription
of [129] as described in [37]. The result reads:

dE)Tad |Z;mn|2
= =3 gy bl (5.92)
( dt r—ri g%% " 47rw72rm
dL rad m Z+ 2
(dt ) -y agmni tnn| (5.93)
T4 tmn TWimn

where the coefficients ay,,, are given by

256(2M 14 ) ko (k2,,, + 4€2) (K2, + 16€*)w3,,

= 5.94
Apmn ’CZmn |2 ’ ( )
with kmp = Wmn — mQy,
M2 — g2
= - 5.95
T TaMr, (5.95)

and
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1Comnl? =[(\ + 2)? + dawmn, — 4a*w?,,|(\ + 36mawm, — 36a°w?2,,)
+ (2X + 3)(96a°w?,,, — 48mawn,,) + 144w?,, (M?* — a?) . (5.96)

The total energy and angular momentum fluxes are given by the sum of the
gravitational and scalar terms at horizon (—) and at infinity (+):

CGW = Z [Cg(?av + Cs(f:zal} = Ugrav + Cscal ) (5-97)
i=+,—
where C' € [E, L], Cyray = Cli + CSie ) Coear = €+ ¢) and the dot indicat
s M)y “grav — “grav grav 5, Uscal = Ygeal sca]l a1l € dot 1mdicates
the time derivative.
Finally, because of the linear dependence of the source term from the scalar
charge, it is worth to remark that the total scalar flux for a given scalar charge
simply scales with d as

Cscal = dQC_’scal )
where é’scal only depends on (p, e, a).

With the approach of linear perturbation theory, we showed how to compute
the emission through gravitational and scalar waves which arise from the motion
of the inspiralling object on the Kerr background. The following two chapters are
dedicated to the numerical computation of the fluxes and their use to build the
EMRI adiabatic orbital evolution and the emitted GW signals, for equatorial circular
and eccentric inspirals.
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Chapter 6

EMRIs with massless scalar
fields: Circular equatorial orbits

Here, we present a model of EMRIs with massless scalar field in circular orbits
around Kerr black holes. We compute the energy emission through gravitational
and scalar waves, which is presented in the first section. In the second one, we
build the adiabatic EMRI’s orbital evolution, and we asses how the presence of the
scalar charge affects the binary dynamics. Finally, in the last section, we model
the gravitational wave templates and we compute the the mismatch from signals
emitted with and without the scalar charge, in order to estimate the LISA capability
to detect the new scalar field.

6.1 Energy emission

Both the gravitational and scalar energy fluxes for circular orbits have been
computed with the software Mathematica [121] by making use of the Black Hole
Perturbation Toolkit [120], which allows to rapidly generate fluxes with high accuracy.
The total energy emission is given by the sum of the gravitational and the scalar
flux at the horizon (—) and at infinity (+):

EGW = Z [Eg-)av + Es(zle] = Egrav + Escal ) (61)
i=+,—

where, Egrav = Eg;)v + Eg(;)v and Escal = ES(:;)I + ES(C_a)1 We stress that both the
gravitational and the scalar fluxes of the EMRI with mass ratio g scale as 7.

Moreover, we define Fyea) such that
Fyal = d*Eycq (6.2)
so that Escal only depends on (r/M,a/M).
The results are shown in Figs. 6.1 and 6.2.
The top panel of Fig. 6.1 shows the behaviour of the total scalar energy flux,
normalized with the mass ratio, as a function of the circular orbit’s radius for different

values of the scalar charge d and for a primary spin a = 0.9M. The behavior of Ey,
is qualitatively similar to that shown in [44], where the central BH is non-spinning.
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As for the gravitational emission, the scalar flux increases monotonically with the
shrinking of the orbit.

The bottom panel of Fig. 6.1 shows the ratio between the scalar and gravitational
components of the GW flux, for the same binary configurations of the top picture.
The ratio decreases as the orbital radius shrinks, with the gravitational contribution
growing in time faster than the scalar contribution, at small separation.

Figure 6.1 also shows that for d > 0.01 the scalar flux Fyc, ranges between 0.1%
and 1% of the gravitational flux Fgy,,. Therefore, we expect the scalar charge to
induce a significant contribution on the EMRI evolution when integrated over the
all inspiral phase, which is investigated in the next section.

Fig. 6.2 shows the ratio Escal / Egrav, rescaled by d?, as a function of the primary
BH spin, and the absolute value of Escal. It is interesting to note that while for a
fixed radius /M, larger a/M lead to slightly smaller values of the scalar flux (this
is also true for the gravitational component), the overall emission increases due to
the larger range of frequencies spanned by the binary. Indeed, for higher spins, the
inspiralling body can reach values of the orbital radius closer to the MBH’s horizon
before plunging. From the bottom panel of the figure we also observe that for a
fixed orbital radius, the ratio between the scalar and the gravitational flux slightly
increases with the increasing of the MBH’s spin.
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Figure 6.1. (Top) Scalar energy flux, normalized with the mass-ratio, as a function of
the orbital radius, for different values of the scalar charge. The spin of the primary is
a/M = 0.9. (Bottom) Ratio of the scalar and gravitational energy flux as a function of
the orbital radius for different values of the scalar charge, and a/M = 0.9.
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Figure 6.2. Same as Fig. 6.1 for different values of the primary spin a/M.

6.2 Orbital evolution

At leading order in the mass ratio (adiabatic order), the inspiral is driven by the
energy emission through gravitational and scalar waves. For the integral of motion
F relative to each geodesic we can impose the balance law:

E=—Eaw. (6.3)
The time and phase field equation are then given by:
dr . dr dd
Z - _E i 6.4
dt dByy | dt P (6-4)

where E,y, is the orbital energy of the particle, given by Eq. (3.11), and wy, is
the frequency of the particle related to the orbital radius and MBH’s spin from
Eq.(3.15). By integrating such equations, we obtain the time evolution of (r(t), ¢(t)).
The presence of the scalar charge affects such evolution accelerating the EMRI
coalescence due to the extra scalar energy emission.

The emitted GW signal is related to the orbital phase evolution, which means
that the presence of a scalar charge will then introduce a dephasing of the GW-
template, which could be possibly detected by the space interferometers if it is above
a certain threshold. By following [130] and [131], such threshold is given by,

D—1
AWy, Y (6.5)

where D is the number of intrinsic parameter of the binary source, and p the signal to
noise ratio (SNR) of the signal. The intrinsic parameters for our EMRI systems are
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g = {M,myp,a/M,dy,0s, ¢s,0L, 0,70, Po,d}, where (rg, ¢pp) are the initial radius
and phase, dy, is the luminosity distance of the binary source, (0s, ¢g,0r, ¢1) are
angles which identify the source location and the angular momentum of the secondary,
as further explained in the next section. The number of intrinsic parameters is then
D ~ 10'. For D ~ 10 and p = 30, which is a conservative SNR value for EMRIs
detection [35,59], we can reasonably and indicatively consider AWy, = 0.1 rad.

The dephasing represents a preliminary assessment of the detectability of the
scalar charge. A more quantitative analysis is provided by the faithfulness among
GW signals, a quantity indicating how much two signals differ, as discussed in
Section 6.3.2. Finally, in order to determine the actual constraints on the scalar
charge, a more sophisticated study is required, based on the Fisher matrix approach.
Such study is presented in Chapter 8.

Having fixed a certain time of observation Tihs, we define the accumulated
dephasing between inspirals with and without the scalar charge as

Tobs
AW, =2 / AQudt (6.6)
0

where

AQy = wl — wi=0. (6.7)

Hence, for a fixed binary configuration, we compared the EMRI evolution obtained
with and without the scalar charge. A single inspiral is built by fixing

o the binary parameters (M, my,a/M,d) ;
o the initial position of the secondary (r¢, ¢o);

e the time of observation Tys.

For each inspiral, we fixed ¢9 = 0 and r¢ such that the secondary object reaches
the plunge after T,s, where we defined the position of the plunge as

T'plunge = TISCO + or 5 (68)

and we adopted the conservative choice of §r = 0.1M, which is more conservative
than the transition region between the inspiral and the plunge as described elsewhere
[132,133].

To model the EMRI evolution, we wrote a Mathematica notebook which inte-
grates the equations Eqgs (6.4).

6.2.1 Results

The results are summarized in the four density plot of Fig. 6.3, where the white
dashed line indicates the threshold of phase resolution of 0.1 rad.

In the top two panels the dephasing is shown for different values of the scalar
charge and of the observation time before the plunge, (d, Tons) = (0.01,6 months)
and (d, Tops) = (0.005, 12 months), as a function of the binary component masses.
All binaries with M < 3 x 105M, lead to a dephasing larger than the detectabil-
ity threshold of 0.1 radians, with the values of the dephasing AW, being almost

IThe “~” sign is due to the presence or the absence of the scalar charge. Moreover, by considering
equatorial eccentric inspirals the initial eccentricity is also added to the set of parameters.
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insensitive to the mass of the secondary. In both cases, with further six months
of observation time (i.e., Tops = 6 months for d = 0.01 and T,ps = 12 months for
d = 0.005) all the binary configurations up to M ~ 10" M and my ~ 100 M are
above the threshold.

In the left bottom panel we study how the dephasing changes as a function of the
scalar charge and of the mass of the primary, for m, = 10M¢), Tohs = 12 months and
a/M = 0.9. The plot shows that the accumulated phase difference can be significant,
especially for binaries with a massive BH of M < 106Mg, for which AU, can be
larger than 103 radians.

Finally, the last (right bottom) panel of Figure 6.3 shows how AW, changes by
varying the spin of the primary and the scalar charge of the secondary. The masses
of the binary are (M,m,) = (10%,10)Mg and the time of observation is Tpps = 12
months. For a fixed scalar charge, the dephasing increases with the increasing of the
primary spin. For a/M = 0.1(0.9), AW is larger then the threshold of 0.1 radians
for d 2 0.0033(0.0023), respectively. This result is consistent with those of Ref. [134],
where the increase of the dephasing with the spin of the primary was discussed.
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Figure 6.3. Quadrupolar gravitational wave dephasing AWy, i.e difference in the GW
phase evolution of EMRIs with and without scalar charge. First and second panels
show AWy as a function of the binary component masses and refer to EMRIs with
(d, Tops) = (0.01,6 months) and (d, Tops) = (0.005, 12 months), respectively, for a/M =
0.9. Third and fourth panels show the dephasing as a function of (M, d) and of (d,a/M),
respectively, for Tops = 12 months of observation and m;,, = 10M. The dashed white
line in each plot identifies the detectability threshold of 0.1 radian for a GW event with
SNR of 30 observed by LISA.

6.3 Gravitational wave signals

From the EMRIs evolution it is possible to build the GW signals.

In the linear perturbation theory approach, the GW model is given by the fully
relativistic Teukolsky waveforms [68-71]. However, such waveforms result to be
computationally expensive. Other several templates have been implemented for
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the EMRI modeling, which result in easier computations and can be generated
quickly, but which still capture the main features of true waveforms. Among these
models there are the Analytical Kludge (AK) [135], which refers to the quadrupolar
approximation and is built considering a Post-Newtonian (PN) inspiral, the Nu-
merical Kludge (NK), which builds the trajectory numerically and also consider
higher multipoles then the quadrupole [136], and Augmented Analytical Kludges
(AAK) [137,138]. Recently, a collection of tools named Fast EMRI Waveforms
(FEW) [139, 140] have been implemented to build EMRI GW signals combining
the speed of the kludge models with the accuracy of self-force models [41-43].
For now, FEW is available for fully-relativistic EMRI waveforms for eccentric in-
spiral around Schwarzschild black holes and improved AAK for generic Kerr inspirals.

Here we adopt the Analytic Kludge, shown below, adapting the template to
the fully-relativistic inspirals. Finally, in Section 6.3.2 we compute the faithfulness
among GW signals with and without the scalar charge carried by the secondary and
we show the obtained results.

6.3.1 The analytic template

We refer to the analytic template presented in [135], which builds GW signals
within the quadrupolar approximation and in which the evolution between geodesics
is driven by PN formulas. Here, we improve such template by adapting it to our
fully-relativistic EMRI inspirals.

In the transverse-traceless gauge, the metric perturbation h;S-T far from the source
is given by

2
dr,
where df, is the source luminosity distance, P;; = d;; —n;n; is the projection operator
onto the wave unit direction n;, where ¢;; is the Kronecker delta. The second

1 ..
hi’I}T = (P”ij - 2P1]le> Ilm 5 (69)

time derivative of the mass quadrupole moment I;;, is given in terms of the source
stress-energy tensor

I = / PaTH (b, a)aia! = my2 (8 (¢) (6.10)

where T (t, 2%) = m,0®) (z' — 2(t)), 2* are Cartesian spatial coordinates, and 2*(t)
is the worldline of the secondary object in these coordinates [136]. The strain h(t)
produced by the GW and measured by the detector is obtained by combining the
plus and cross polarisation and the detector pattern functions. For LISA, a detector
of three arms composing an equilateral triangle, the strain is given by [141]

_ V3
2

where the factor v/3/2 is due to the 60° angle between the arms of the interferometer
and

B(t) = 2 [ (D F () + o (8) P (2)] (6.11)

1y . . )
hy = D) (111 - Igg) (1 + cos L) = Acos[2®(t) + 2P) (1 + cos L) , (6.12)
hy = 215 cost = —2Asin[2®(t) + 2®¢] cose , (6.13)
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A =2m, [M w(t)]2/ 3 /d;, and ¢ is the inclination angle between the binary orbital
angular momentum and the line of sight. The functions F yx are the detector
pattern functions. The triangle configuration of LISA can be effectively described as
a network of two L-shaped detectors, with the second detector rotated by 45° with
respect to the first one, so that the pattern functions 1*"{3’1X are given by [141]

1 20

FIJr :—i—c% cos 2¢ cos 21 — cos @ sin 2¢ sin 29
1 20

F _1hcos? cos 2¢ sin 2¢p + cos 0 sin 2¢ cos 29 ,

Fp™ =F (0,6 — /4,9) , (6.14)

where the subscripts I and II refer to the single L-shaped detector.

The angles (6, ¢, 1) are all defined in the detector reference frame, and vary in
time due to the LISA motion. The first two describe the location of the binary in
the sky, while v is the polarization angle. These angles can be expressed in terms of
(s, ®g) and (01, ®r), which identify respectively the source location and the angular

momentum L of the secondary, both in an ecliptic-based system. The expressions
for (0(t), ¢(t)) are given by [141,142]:

cosf(t) = %cos Os — \ég sin Og cos[¢r — ¢s]

1 | V3 cos s + sin Os cos[p; — ¢s]
2sin Og sin[¢; — Pg] ’
where ¢y = ¢o + 2n(t/T), T = 1 year and (g, ag) specify the orbital and rotational

phase of the detector when ¢ = 0, and are set to zero. The polarization angle can be
expressed as

o(t) = ag + ¢y + tan™ (6.15)

L-2—(L-N):-N
(t) = tan—t L2 (E-NE-N) (6.16)
N-(Lx3)
with 2 - N = cos fs and
L - N = cosfy, cosfg + sin 01, sin O cos[pr, — ds] (6.17)
A 1
L-z= 5 cos Or, — \ég sin 0, cos[¢r — ¢r] , (6.18)
N-(LxZ%)= 5 sin 01, sin Og sin[¢pr, — ¢s] — 5 cos ¢y [cos 01, sin g sin g — cos g

3
sin 0y, sin ¢ | — \g sin ¢ [cos g sin O, cos ¢1, — cos O, sin Og cos ¢g] .
(6.19)
Here we choose (6g, ¢s,0r,¢1) = (7/2,7/2,7/4,7/4).
Finally, the gravitational wave signal also acquires a modulation due to the

LISA orbital motion [136]. We correct for this effect by modifying the phase of the
waveform as

B(t) — B(t) + ' (t)Rav sin(s) cos(2rt/T — ¢,) , (6.20)

where Ry is the astronomical unit and T = 1 year.
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6.3.2 Faithfullness analysis

Given two GW signals hy and hg, we can compute the faithfulness F[hy, hs]
among them, a quantity that can be used to estimate how much the two signals
differ [143-145]. The faithfulness is defined as the noise-weighted inner product of
the two signals, normalized with the SNR of the two signals and maximised over
time and phase offsets (t., ¢.) between them, i.e.

(h1lh2)
Flhi, hs] = max
[ ! 2] {tc,¢c} <h1|h1><h2|h2>

(6.21)

with (h1|hg) being the noise-weighted inner product of the two signals in the frequency
domain,

Foa iy ()15 (f)
fmin Sn(f)
where l~z( f) indicates the Fourier transform of the signal h and S,, the power spectral
density (PSD) of LISA detector. The signal to noise ratio (SNR) of a signal h is

defined as p = v/(h]h). The minimum integration frequency is set to fmin = 10™*Hz,
while finax = fny, with fxy being the Nyquist frequency.

(hilha) = 4R df (6.22)

Two signals result to be distinguishable by LISA if F < Fiyy, which means that
the two waveforms are significantly different and don’t provide a faithful description
of one another. The value of Fiy, is given by [145]

D-1

202
where D is the number of parameters. We computed the faithfulness between
templates with and without the scalar charge, so that, for a circular inspiral, D ~ 10

and, by assuming an SNR p = 30, the two signals result to be distinguishable by
LISA if F < 0.988.

Fore =1 — (6.23)

The LISA power spectral density

The noise spectral density for LISA is obtained from Cornish & Robson [146],
who provide an accurate analytic fit for the detector noise. The PSD consists of two
parts: the instrumental and the confusion noise produced by unresolved galactic
binaries, i.e.

Su(f) = SES(f) + SYPN(f) . (6.24)

where

2
SS(f) = A <POMS+2[1+0082(f/f*)](2]j;"}c)4) <1+6f2> 7

Ay = 3%, L =25Gm, f, =19.09mHz, while

2mHz\ 4
Pows = (1.5 x 101 m? [1 n ( H} Z) ] Hz !,

0.4mHZ> 21

Prcc = (3 x 107" ms™?)? l1 + < 7

1+ (SH{HZ>4‘| Hz ! .
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Figure 6.4. Noise spectral density for LISA as a function of the frequency, with and without
the confusion noise produced by unresolved galactic white dwarf binaries (WDN).

For the white dwarf contribution
SXVDN = A2f77/3e*fa+ﬁfsm(”f)[1 + tanh(y(fx — f))] Hz ',

with the amplitude Ay = 9 x 1074, and the coefficients (o, 3, &, 7, fi) = (0.171, 292,
1020, 1680, 0.00215). The analytic fit is plotted in Fig. 6.4 as a function of frequency.

6.3.3 Results

The results of the faithfulness analysis are reported in Fig. 6.5, which shows
the faithfulness F between the plus polarization of two GW signals emitted by
binaries with and without the charge, as a function of the scalar charge. Two
different time of observation, 6 and 12 months, are considered. The horizontal
continuous line in the figure represents the threshold value beyond which the two
signals can be distinguished, Fip, = 0.988 for p = 30. For 12 months of observation,
the faithfulness is below the threshold set by p = 30 for d 2 0.01, while, by reducing
Tobs to 6 months, two signals with p = 30 result distinguishable by LISA for d = 0.05.

The analysis carried out so far highlights two important aspects: (i) the scalar
charge provides a significant shift in the phase of the GW signal emitted by EMRISs,
(ii) the dephasing induces a mismatch in the template with respect to the zero-charge
case, which can potentially lead to a severe loss of events and to a bias in the
estimation of the waveform parameters [144]. This suggests that one year of LISA
observations of EMRIs may be able to reveal the presence of a scalar charge as small
as d ~ 0.05 — 0.01.

Given these very promising results, we improved the EMRI model by considering
equatorial eccentric inspirals, making it closer to real astrophysical scenarios (next
chapter) and we performed a parameter estimation over the binary system by making
use of the Fisher Information Matrix analysis (Chapter 8).
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the scalar charge, with d = 0 and d # 0, as a function of the latter and for different
signal durations. The signal duration is measured in months (6 or 12) before the plunge.
The horizontal line identifies the threshold of distinguishability, 7 < 0.988, set up by
SNR of 30.
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Chapter 7

EMRIs with massless scalar
fields: Eccentric equatorial
orbits

This chapter presents the study of the EMRI evolution considering equatorial
eccentric adiabatic inspirals. The analysis is analogous to that one presented in
Chapter 6 for circular orbits. In Section 7.1 we present the energy and angular
momentum emission which drives the adiabatic orbital evolution, which is presented
in the next section. Finally, in Section 7.3 we build the EMRI template and compute
the faithfulness among the signals.

7.1 Energy and angular momentum emission

The energy and angular momentum fluxes for equatorial eccentric orbits are
computed from Egs. (5.91) - (5.93) by building a Mathematica code for both the
gravitational and scalar emission. The expression for the total emission is given in
(5.97):

Caw = > [CH +CEL] = Crar + Cucar
i=+,—

where C S [E, L], Cgrav = éj_a)v + Cé_a)v ) Cscal = C(+) + CS(_) and C.(scal = dQéscal-

scal cal

7.1.1 Numerical implementation

For the fluxes computation, we have exploited some of the numerical routines
implemented in the Black Hole Perturbation Toolkit (BHPT) [120], and in particular
the Teukolsky package to calculate the homogeneous solutions of the Teukolsky
equation. At the time of our study, the BHPT was implemented to obtain fluxes
for circular orbits only, so that we built an independent Mathematica code for
the integration over the source terms for the eccentricity-dependent perturbations
and the corresponding fluxes. We have checked that for e = 0 our code repro-
duces the fluxes obtained by the BHPT with great accuracy. Comparisons with
previous results for eccentric EMRIs in GR are discussed in Appendix A. We also
used the KerrGeodesics package of the BHPT for the orbital frequencies computation.

We have computed (E(i),L(i)) for different values of (e,p) and assuming
a=0.2M and a = 0.9M for the primary spin. Note that it is plausible that MBHs
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falling in the LISA band will be rapidly spinning, with a ~ 0.9M or possibly even
larger [35]. We have sampled the eccentricity between 0.1 < e < 0.5 in steps of
Ae = 0.1. These choices lead to an eccentricity at the plunge in agreement with stan-
dard expectation, a flat distribution in e € [0,0.2] [35]. To make the grid in p denser
close to the separatrix, where orbital parameters vary more rapidly, for the semi-latus
we have taken 41 points uniformly spaced in the new variable u = (p — O.9ps)_1/ 2,
within [u(Pmin), %(Pmax)], where pmax = Pmin + 10M and pmin = ps + 0.03M, with ps
being the value of p at the separatrix as a function of e (see Eq. (3.41)). Then, from
the inverse relation p(u), we have obtained a non-uniform grid for the semi-latus
rectum. In this way, if one considers the grid in (e,p — ps), the initial and the
final values of p — ps are the same for each values of the eccentricity, i.e. 0.03M
and 10.03M, respectively. This is optimal for a two dimensional interpolation with
Mathematica, which can be performed only on a structured grid.

For each point in the (e,p) plane we have computed the total flux by summing
over the three indexes (¢,m,n)':

lnax m=-+4 Nmax
=Y Cm =3 S (oemo 238 @mn) | (71)

fmn linin m=—~ n=1

where C' € [E, L] and the ¢ = 0,1 components are due to the scalar flux only,
while both scalar and gravitational fluxes contribute to the ¢ > 2 components. The
factor 2 in Eq. (7.1) accounts for a symmetry in the fluxes, for which the flux with
(I,—m, —n) is the same as the flux with (I, m,n), see Egs. (5.38) and (5.88).

In our code we have chosen fp,x = (8,10) respectively for s = (0,—2). These
values are such that, for a primary spin of a = 0.9M and eccentricity e = 0.5, the
relative difference in the flux between fpax and fmax — 1 is less than 2% for the
innermost p of the grid, while for the outermost is less than 0.01%. For e = 0.1 the
relative difference is less than 1% for the innermost p and less than 0.001% for the
outermost.

The value for npyay is chosen such that the fractional change in the sum (7.1) is
smaller than 10~ for three consecutive values of n. This choice is motivated by the
behavior of the energy flux spectrum as a function of (e,n). Indeed, we observe that
for low eccentricities the flux has a peak at small values of n, rapidly decreasing
afterwards. On the other hand, for larger values of e the spectrum shows relative
maxima before reaching the absolute peak, located at higher n compared to the

low-eccentricity case. This behaviour is shown in Fig. 7.1 where we plot Elf;L as a
function of n for different values of the eccentricity and for the £ = m = 2 (top raw)
and { =m =5 (bottom raw) modes. The flux at the horizon and the gravitational

fluxes show the same qualitative behaviour.

After computing the fluxes for each point of the grid, we have performed an
interpolation using a built-in Mathematica function over the grid in the two param-
eters (e,p — ps). In order to estimate the errors introduced by the interpolation,
we computed also the fluxes in points outside the grid, and estimated the relative
difference between the interpolated and the computed fluxes. The relative difference
between them turns out to be < 0.2% for points fluxes closer to the separatrix and
it grows for larger values of p, up to ~ 6 — 7% for the furthermost points. Numerical
values for the fluxes obtained for different points outside our grid are listed in Tables

"We remind that the index n is associated to the radial motion, with period T}, see Chapter 3.
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Figure 7.1. Harmonic components of the scalar energy flux at infinity as a function of
n, for orbital configurations with p/M = 7, e = 0.2 (left column) and e = 0.7 (right
column). Top and bottom panels show the £ = m = 2 and £ = m = 5 components of the
flux, respectively. The MBH spin is a/M = 0.9.
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A.1 and A.2 of Appendix A.

7.1.2 Results

The results of the total energy and angular momentum fluxes are summarized in
Fig. 7.3, which shows the behaviour of the ratio between the scalar and gravitational
emission for the energy (top raw) and angular momentum (bottom raw) fluxes, as a
function of the semilatus rectum p/M. The left column shows the fluxes relative to
a primary spin a/M = 0.2, while the right column to a/M = 0.9. The inset in each
panel provides the absolute value of Escal and Lscal.

As was the case for circular orbits discussed in the previous chapter, for a
given value of the eccentricity the ratio between the scalar and the gravitational
components decreases for smaller p, due to the faster growth of Egay and Lgpay. This
behavior is also confirmed by the analyses of the harmonic components shown in
Fig. 7.2 for e # 0. Moreover, for fixed p, while the absolute value of g, grows with
the eccentricity, the relative difference with respect to the gravitational flux becomes
smaller. Note that the value of the separatrix increases for higher eccentricity.
However, the periastron of the last stable orbit decreases for higher eccentricity, so
that a more eccentric orbit can lead the particle closer to the MBH horizon.

As shown in Fig. 7.2, for large orbital separation, the dipole £ = m = 1 scalar
mode approaches the quadrupolar ¢ = m = 2 (scalar) component, with the latter
increasing steeply for smaller separations. The monopole component £ = m = 0
is excited only for eccentric orbits and shows a similar steep increase, although it
remains subdominant and starts decreasing before the plunge.

10-3L e=0.5] [ e=0 |
-4 1L ]
10 Eoon (2,2)scal
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Figure 7.2. Harmonic components of the gravitational and scalar energy flux, normalized
with the mass-ratio, with d = 0.1 as a function of the semi-latus rectum, for eccentric
(left panel) and circular (right panel) orbits. The MBH’s spin is a/M = 0.9. We only
show the dominant modes, i.e. the £ = (0,1, 2) coefficients and, for the eccentric orbit,
we sum over the index n. In the gravitational sector only ¢ > 2 modes are present, while
in the scalar sector the dipole contribution is excited. The monopole contribution of the
scalar sector is only excited in the eccentric case.
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Figure 7.3. Ratio between the scalar and gravitational energy (top panels) and angular
momentum (bottom panels) fluxes as a function of the semi-latus rectum p, for different
values of the eccentricity and a fixed spin of a = 0.2M (left panels) and a = 0.9M (right
panels). The inset within each plot shows the absolute value of the scalar component,
normalized with the mass ratio. We assume d = 1 for all the configurations.
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7.2 Orbital evolution

Having computed the fluxes, we proceeded by building the binary evolution. The
The adiabatic orbital evolution is built by imposing the balance law

C=-Caw, (7.2)

with C' = (E,L). The rate of change in time of the integrals of motion (F, L) is
related to the rate of change of of change of the eccentricity and of the semi-latus
rectum (e, p) by [70]

E=Ep+Ec , L=Lyp+Leé, (7.3)
so that
p=(L.E—-E.L)/H , ¢=(FE,L—L,F)/H, (7.4)
with H = E,L.— E.L,.

To solve the differential equations we built a Mathematica code, obtaining the
time evolution of (e, p) and that on of the orbital frequencies related to each geodesics,
Q;(e(t),p(t)), with i = ¢, 7. We then define the phases associated to each frequencies,

Tobs .
v, = /0 Vdt (i = byr), (7.5)

and the quadrupolar dephasing obtained by comparing evolutions with and without
the scalar charge:

Tobs
AT, = 2 / At i=¢r (7.6)
0

where
AQ; = Qf — Qd=0, (7.7)

A single inspiral is built by fixing
o the binary parameters (M, my,,a/M,d) ;
o the initial position of the secondary (po, e, \I/gl, yin);

o the time of observation Tyg.

For each inspiral considered, we fixed \Ilin = 0 with ¢ = ¢, r, the apastron to
rq = 11M and we considered different choices of the initial periastron r,. The initial
semi-latus rectum and eccentricity (pg,eg) are then obtained by the initial apastron
and periastron. Each inspiral is then evolved until the plunge, where we defined the
position of the plunge as

Pfin = Pmin(€in) , Where
Pmin(€fin) = ps(€fn) + 0.11M (7.8)

and pg is the semi-latus rectum of the separatrix.
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7.2.1 Results

The results of the accumulated dephasing are shown in Fig. 7.4. In the top panel,
the qudrupolar dephasing corrisponding to the W4 phase is plotted as a function of
the time of observation for several inspirals with the same initial apastron r, = 11M
and different choices of the periastron 7,, up to the plunge. The scalar charge has
been fixed to d = 0.01. The initial and final values of the periastron and eccentricity
of each inspiral with d = 0.01 are provided in Table 7.1. The bottom panel is
analogous to the upper one, but for the ¥, phase.

We observe that, by increasing the initial periastron, i.e. by reducing the initial
eccentricity, the time it takes for the secondary to reach the plunge grows, leading to
larger values of the accumulated dephasing. However, for a given time of observation,
AW, is larger for inspirals with higher e;,.

In order to assess the detectability by LISA, we plot the AV4 = 0.1rad threshold,
corresponding to the minimum phase potentially resolvable by the detector for a
binary observed with a SNR of 30 (note that AW, <« AWy and thus gives a negligible
contribution to the dephasing), see Eq. (6.5).

After 4-6 months of observation all the considered inspirals lead to a dephasing
larger then the threshold. Values of the scalar charge > 0.01 will also lead to
larger dephasing. We provide some reference values of the latter after 12 months of
evolution for different choices of d in Table 7.1. The steep variation in AWV, at the
end of the evolution appears to be due the orbital eccentricity, whose time derivative
changes signs close to the plunge. That eccentricity grows as one approaches the
plunge has already been pointed out in the literature, see e.g. [70]. While e(t)
increases, the change of ¥, (defined in Eq. (7.5)) for d # 0 becomes smaller then
the one for d = 0, AV, acquires a negative sign and ends up counterbalancing the
dephasing accumulated until the turning-point.

While after several months of observation the difference in the phase evolution
between inspirals computed both with and without the scalar field’s influence leads
to accumulated dephasings larger then the LISA threshold, the EMRI trajectories
in the (p, e) plane relative to such inspirals do not show significant differences, for
the small values of d considered in our work. A more quantitative analysis on the
scalar charge detectability is provided in the next section, in which an estimate of
the mismatch among GW templates computed with and without the scalar charge
is provided.

r]i)“ /M €in 1"2“ /M €fin
3.667 0.49997 2.18606 0.18945

4 0.47 2.19251 0.18185
9.5 0.33 2.19721 0.17846
7 0.22 2.19756 0.17812

7.5 0.19 2.19759 0.17809
7.9 0.16 2.19761 0.17807
11 0 2.789 0

Table 7.1. Values of the initial and final periastron and eccentricity for the inspirals of
Fig. 7.4
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€in d A\If¢ A\I’T
0.22 0.01 0.88 0.5
0.05 21 12
0.1 88 48
0.33 0.01 4 1.5
0.05 105 38
0.1 423 151

Table 7.2. Values of the accumulated dephasings after 12 months of evolution for three
different values of the scalar charge d = (0.01,0.05,0.1), for a primary spin a/M = 0.9.
The initial apastron is fixed to r, = 11M, as for the plots in Fig. 7.4.
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Figure 7.4. Azimuthal (top) and radial (bottom) quadrupolar dephasing as a function
of the observation time, assuming spin a = 0.9M. The curves refer to inspirals with
initial apastron r, = 11 M and different values of the initial periastron, which correspond
to initial eccentricities within e ~ [0,0.5]. We fix the scalar charge to d = 0.01. The
horizontal line in the top panel identifies the threshold for phase resolution by LISA for
a binary observed with signal to SNR of 30 [131]. Although this is not visible in the
semi-logarithmic scale, the first two curves in the bottom panel reach negative values.
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7.3 Gravitational waves templates

As done for the circular inspiral, we build the gravitational wave template by
adapting the analytical kludge of [135], which is based on the quadrupolar waveforms
derived by Peters and Mathews [147] and include the effects of pericenter precession,
Lense-Thirring precession, and inspiral from radiation reaction computed with Post
Newtonian formulae, to the fully-relativistic equatorial eccentric evolution. Then,
we compute the faithfulness among signals produced by EMRIs with and without
the scalar charge.

7.3.1 The analytic template

The strain amplitude for LISA can be written as a sum of harmonics
=Y han(t) , a=(LII), (7.9)
n

where the index o runs on the two independent LISA detectors, as explained in the
previous chapter, an the n-th harmonic can be written as
V3
han(t) = o {
where F.* are the LISA pattern function, given in Eqs. (6.14) of Chapter 6, and
A are the amplitudes, relative to the plus (+) and cross (x) polarization, whose
expressions are given by

«

F (AT (1) + FX (AL )] (7.10)

Ay =— [+ (L - N)?[an cos(2y) — busin(2y)] + [1 = (L - N)?e, (7.11)
AX =2(L - N)[by cos(2y) + an sin(27)] . (7.12)

The angle 7(t) measures the direction of pericenter with respect to & = [—]\7 + ﬁ(ﬁ .
M))/[1 = (L - N)"2. In our case, in which we consider only equatorial orbits, we
relate v to W, by cos (v) = cos (y9) cos (¥,.), where 9 measures the direction of the
initial position of the pericenter with respect to &, and W, is the angle in the orbital
plane defined in (7.5). We chose 79 = 7/4. Peters and Mathews [147] showed that
the coefficients (ay, by, ¢,) are given by

an = — nA[J,—2(ne) — ZeJn 1(ne) + (2/n)Jn(ne) + 2ed,41(ne)

— Jnt2(ne)] cos[n®(t (7.13)
b, =—nA(l—e )1/2[Jn_2(ne) — 2J,(ne) + Jpia(ne)] sinn®@(t)] , (7.14)
cn =2AJy(ne) cosin®(t)] , (7.15)

where J, is the Bessel function of the first kind, A = (2rvM)*3u/dy, with
2mv = d®/dt and dy, being the source luminosity distance. In this work we fix
® = Wy, such that 27 = Q.

The waveform templates have been implemented summing over the harmonics
with £ = 2 and different values of n:

:im@. (7.16)

n=1
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Each term is a sum over m = —2,...,2. We consider contributions up to n = 10.
We have checked that the relative difference between the faithfulness computed with
this setup, and including a further component, i.e. with n = 11 is < 0.1%.

The GW signals were computed for EMRIs evolution of 1 year before the plunge,
with both in the presence and in the absence of the scalar charge of the secondary.
The plunge is defined as in Eqgs. (7.8) of the previous section. We then computed
the faithfulness between the two plus polarization of the two signals, for different
values of the scalar charge, and considering a circular and an equatorial eccentric
evolution.

7.3.2 Results

The results are shown in Fig. 7.5, in which the faithfulness is plotted as a function
of d. The dark green triangles are relative to eccentric inspirals with eg, = 0.18,
such that the plunge is located at (pgn/M,eqn) ~ (2.59,0.18). In particular, for
d = 0 the initial position is given by (pin/M, ein) ~ (7.071,0.492). The light green
dots are relative to the circular ones.

The horizontal red dashed line represent the threshold of detectability for LISA.
As explained in Chapter 6, Section 6.3.2, such threshold can be computed as
Fir = 1 — (D — 1)/(2p?), with D being the numbers of intrinsic parameters of
the binary system and p the SNR of the emitted GW signals. For the equatorial
eccentric case, D ~ 11, so that, for GW signals with p = 30, we obtain Fin, = 0.994.

For d 2 0.01 the faithfulness for both the circular and the eccentric inspiral is
well below the threshold, while for lower values of the scalar charge the faithfulness
increases reaching the threshold. Moreover, for eccentric inspirals the latter the
distinguishability increases, leading to a smaller mismatch between the the templates.

While more sophisticated analysis is required to determine the actual constraints
on d that can be inferred by EMRI on eccentric orbits, the dephasing and faithfulness
results provide a strong indication that LISA should be able to constrain or detect
even small values of the scalar charge. Moreover, Fig. 7.5 suggests that the inclusion
of the eccentricity in the analysis improves the distinguishability of the scalar charge,
at least for d 2 0.01.

Our results are consistent with [148], which also performed a Fisher analysis on
equatorial eccentric EMRIs.
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Figure 7.5. Faithfulness between the plus polarization of two GW waveforms computed
with d = 0 and d # 0, as a function of the scalar charge, for a circular (dark triangles)
and an eccentric (light dots) inspiral. The MBH’s spin is a/M = 0.9, while the time of
observation is fixed to 12 months. The dashed line corresponds to the threshold below
which the two templates are distinguished by LISA for a binary observed with SNR, of
30 [145].
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Chapter 8

Fisher Information Matrix

analysis for equatorial circular
EMRIs

The Fisher Information Matrix formalism (FIM) is a method of parameter
estimation for gravitational waves [149-151]. In this chapter, we present FIM
analysis over EMRI prototypes with massless scalar fields in which the secondary
performs 1 year of evolution in circular equatorial orbits around a rotating massive
black hole, before plunging into it. A parameter estimation with the FIM methods
was also performed for massive scalar fields and circular EMRIs. Such results are
presented in Chapter 9.

8.1 FIM methods

The EMRI binaries taken into consideration are described by a set of parameters
0= {M,my,a/M,dy,0s, ¢s,0L,d1,70, o, d}, where: (M, my,) are the masses of the
primary and secondary object, respectively, (rg, ¢g) are the initial radius and phase,
dy, is the luminosity distance of the binary source, (0s, ¢s, 01, ¢r) are angles which
identify the source location and the angular momentum of the secondary, d is the
scalar charge carried by the inspiralling body.

In the limit of large signal-to-noise ratio p, the posterior probability distribution

of the source parameters, assuming flat or Gaussian priors on 6, given a certain
observation o(t), can be approximated by a multivariate Gaussian distribution
centred around the true values with covariance given by the inverse of the Fisher
Information matrix I';; [149-151]:

—

1
log p(f]s) o< log po(6) — iAiFijAj , (8.1)

where py is the parameter’s prior distribution, A? = 6% — §¢ is the shift between the
measured and the true values 0;, and the Fisher Information Matrix I';; is defined as

Oh | Oh
Fij - <89Z &oj>9:é . (8‘2)

The (...) brackets indicate the inner product, defined in Eq. (6.22), while h is the
gravitational wave template.
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By defining the inverse of the Fisher matrix ¥ = I'"!, the diagonal and off-
diagonal components provide the statistical errors on 6 and correlation coefficients
among parameters, respectively, i.e.:

g; = Eii s Cgigj = Egj/Q/(O'giagj) . (83)

Given the two-interferometer configuration for the LISA detector (see Chapter 6),
we can define a total SNR p = 4/ plz + p%I, and a total covariance matrix of the binary

parameters obtained by inverting the sum of the Fisher matrices agi =Ty +Tm); L

8.2 Numerical implementation

We performed the fisher analysis for circular inspiral with 1 year of evolution
before the plunge, defined in Eq. (6.8). We considered EMRI prototypes composed
by a central MBH with a mass M = 10°M, and spin a/M = 0.9, and by a secondary
object with m, = 10M and different values of the scalar charge. The source angles
were fixed to 0g = ¢pg = 7/2 and 0, = ¢ = 7 /4.

The sensitivity to small changes during the inspiral, along with the long and
computationally expensive waveforms, render parameter estimation of EMRIs a chal-
lenging task that requires high precision methods [152]. In the following we present
the numerical implementation of the analysis, performed with Mathematica [121].

8.2.1 Fluxes and GW templates

We make use of the Black Hole Perturbation Toolkit [120] for the computation
of the tensor and scalar energy fluxes. In both cases we have summed multipole
contributions up to £ = 10 (see Chapter 5). Fluxes have been sampled as a function
of the orbital radius on a grid of 100 equally spaced points within r € [8,2.4]M,
with 300 digits of input precision. Moreover, in order to perform spin derivatives
we have computed E sampling 11 points of a/M in uniform steps of Aa/M =
0.02 symmetrically around a/M = 0.9. Given that the dependence on the scalar
charge can be factored out analytically from the fluxes the overall gravitational
wave luminosity which sources the EMRI phase evolution, needs to be numerically
interpolated only along the radial coordinate and the spin, namely

E(r,a/M,d) = Fgray(r,a/M) + d* Egear (r,a/M) . (8.4)

The waveform h(t) has been sampled in the time domain fixing the step At =
Tops/ (2N — 1) such that 1/At = 2fmay, where the observation time is Thps = 1
year and fipax corresponds to the ISCO frequency of a test body in the Kerr
background. For the EMRI configurations considered, with M = 10°M,, u = 10M,
and a/M = 0.9, this yields fpax ~ 0.01457Hz with At ~ 30 seconds, and a Nyquist
frequency of fny = 1/(2At) ~ 0.01663Hz. Before applying the Fourier transform to
h(t = nAt) for n =0,... N — 1, we have tapered the waveform with a Tukey window
wn] to avoid boundary effects:

: nr 12 )
wln] =141 (N

n— s 2
sin [CE=m ] (N - 1)1 -
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The parameter 7 which controls the magnitude of the sinusoidal lobes has been
fixed to 7 = 0.05. We have performed the Fisher matrix analysis without the Tukey
window as well and this has led to a mild improvement of a factor ~ 2 for the errors
of the waveform parameters.

8.2.2 Waveform derivatives

Since waveforms are generated fully numerically in the time domain, derivatives
appearing in the Fisher matrix are also numerical. We used a centered 11- and
9-point stencil for (M, my,a/M,d,ro) and (0s, ¢s, 61, ¢1) [153,154], while for the
luminosity distance dy, and the initial phase ¢g analytical expressions of Oh/06; can
be computed. In our 11 x 11 parameter space, inversion of the Fisher matrices may
depend on the value of the numerical displacement chosen to compute finite difference
of h(t) for a specific parameter, due to numerical instability. Indeed, Fisher matrices
for EMRIs are known to feature large condition numbers k£ = max(\;)/min(}\;),
i.e. the ratio between the largest and the smallest eigenvalues [152]. We computed
I';; using high-precision numerics with fluxes with 300 digits of input precision,
which lead to Fisher matrices of ~ 185 digits of final precision, and x ~ O(10').
Calculations of I' and its inverse are extremely stable leading to discrepancies among
Fisher matrices derived with different numerical shifts < 0.1%. Differences on the
source parameters and on the correlations coefficients are also very small, < 1%.
Further details regarding checks on the fisher matrices are provided in Appendix B.

The numerical derivatives for the waveform parameters § = (In M, In my,a/M,d,ro)

and 0 = (0s, bs,0L,¢r), computed with a centered 11-point and 9-point stencil
respectively, are given by

7 1 oy =
00 1(,0) = ag0q, " - D1 + O6Y)
1 g =
O0.h(1,0) = grog0, 7"+ DY+ OE6D) (8.5)

where

—

« PO =(3,-32,168,—672,0,672, —168,32, —3) ,

PO = (—1,25/2, —75,300, —1050, 1050, —300, 75, —25/2,1) ,

° 5(8) — (hi—47 hi—?n ey h@'+37 hi+4) )
. 5(11) = (h@'75, hi—ay. .. hita, hi+5) ’

and hi:tn = h(fs, inndez) For (92 7& 0 (91 = O) we set (591 = 01'62' ((591 = 62'), with the
numerical coefficients ¢; < 1. The difference in the derivative order is due to the ex-
treme stability of angular parameters which can be treated with a lower order method.

Derivatives with respect to the initial phase and the luminosity distance have an
analytic expression since 0, ph(f) = —h(f) and since dg, can be directly applied
to the time domain waveform:

dayh(t,0) = —V3AF, sin[20(t) + 28] (1 + cos® 1) — 2v/3AF, cos[2®(t) + 2®] cos ¢ .
(8.6)
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We have computed Eq. (8.5) varying the spacings ¢; in order to explore the behavior
of the derivatives. The choice of ¢; is also relevant for the inversion of the Fisher
matrix. Further detailes are provided in Appendix B.

Integration over the LISA noise spectral density has been performed using a
composite Boole method [155]. We have checked that choosing a lower-order method
for the derivatives, or a different method for the frequency integral, do not change
our final results.

8.3 Results

We present here the results of the fisher analysis for circular EMRIs with massless
scalar fields around rotating black holes. First, we show the errors obtained for
the EMRI parameters focusing in particular on the scalar charge carried by the
secondary. Finally, we focus on the specific case of shift-symmetric scalar Gauss
Bonnet theories, recovering constraints on the fundamental coupling constant of the
theory.

8.3.1 Errors on the EMRI parameters

The results of the parameter estimation are summarized in Fig. 8.1 and Fig. 8.2.

Figure 8.1 shows the probability distribution for the component masses, the spin
of the primary, and the scalar charge of the secondary, for EMRIs observed one year
before the plunge with d = 0.05 and SNR of 150.

This analysis shows that a single detection can provide a measurement of the
scalar charge with a relative error smaller than 10%, with a probability distribution
that does not have any support on d = 0 at more than 3 — . Off-diagonal panels,
yielding 68% and 98% joint probability confidence intervals between the source
parameters, also show that the charge is highly correlated with the secondary mass
and anti-correlated with the spin parameter and the mass of the primary.
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Figure 8.1. Corner plot for the probability distribution of the masses (M, i), primary spin
X = a/M and secondary charge d, inferred after one year of observation with LISA. The
mass of the secondary object is indicated here with . We considered a binary system
with d = 0.05 and SNR of 150. Diagonal (off-diagonal) boxes refer to marginalized
(joint) distributions. Vertical lines show the 1-o interval for each waveform parameters.
Colored contours within the joint distributions correspond to 68% and 95% probability
confidence intervals. In the off-diagonal panels we also show the correlation coefficient
between the parameters.
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Figure 8.2 shows the error in the scalar charge as a function of the scalar charge
itself, for EMRIs detected by LISA with SNR ranging from 30 to 150. The errors
on d can also be accurately fitted with a simple law of the form ogy = 3/d, where
B ~2.09 x 1073(4.18 x 10~%) for SNR of 30 (150). In the top panel we show the
relative error o4/d and the analytical fit; in the bottom panel we show the 3 — oy
intervals around the injected values of the scalar charge.
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Figure 8.2. Uncertainties on the scalar charge for prototype EMRIs observed with different
SNR after one year of observation by LISA. (Top panel) Relative error on the scalar
charge as a function of d for EMRIs SNR of 30 and 150. (Bottom panel) 3-0 interval
around the true values of the scalar charge inferred from LISA observations with the
two values of the SNR also considered in the top panel. Dashed curves in the top panel
refer to the analytic fit 04 = 3/d with 8 ~ 4.18 x 10~* and 8 ~ 2.09 x 10~* for SNR. of
150 and 30, respectively.

Our analysis shows that one year of EMRI observation can pinpoint a scalar
charge smaller than ~ 0.3 with percent accuracy. For an SNR of 30 a charge
d ~ 0.1 could be constrained to consistently exclude the value d = 0. For the louder
signals we consider, LISA could constrain a scalar charge as small as d ~ 0.05 to be
inconsistent with zero at 3 — o confidence level.

8.3.2 Constraints on a specific modified gravity theory

Detecting and measuring the scalar charge of a compact object would be of
enormous importance, as first evidence of new physics, regardless of the origin of the
charge or the nature of the compact object. Indeed, so far our analysis and results
have been theory-agnostic. However, it is worth pointing out that in many cases the
scalar charge is uniquely determined by theoretical parameters that mark deviations
from GR or the Standard Model. In such cases, a measurement of the scalar charge
can be used to measure these parameters. LISA will provide impressive precision for
that.
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We demonstrate this point using a simple but characteristic example. We
assume that the secondary body is a black hole and the scalar field is massless
(shift-symmetric). No-hair theorems then dictate that there cannot be a scalar
charge unless the scalar field couples to the Gauss—Bonnet invariant, Rgp =
R? — 4R, R + RyyapRM aB as follows, a@RgR, where a is the new coupling
constant [92]. In this case, the relation between « and the scalar charge d of a BH
has the simple form a ~ 2du® — 73d3p? /240 [156].

To study the constraints on « from LISA observations, we draw N = 10° samples
of (u,d)i=1,. .~ from the joint probability distribution of the secondary mass and
scalar charge obtained from the Fisher analysis. We then compute N values of «
building the corresponding probability density functions. Figure 8.3 shows P(y/a)
for our prototype EMRIs, for d = 0.05 and d = 0.2. Vertical lines in each panel
identify the 90% confidence intervals of the coupling constant. Even for d = 0.05 the
probability distribution does not have support on a« = 0. This analysis demonstrates
that, in theories where the scalar charge is determined by theoretical parameters,
EMRI observations by LISA can be used to measure these parameters with unprece-
dented accuracy.
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Figure 8.3. Probability distribution of the dimensionful coupling constant of shift-symmetric
Gauss Bonnet gravity inferred from constraints made by LISA. Results refer to EMRIs
with d = (0.05,0.2) and SNR of 150. Vertical lines identify 90% intervals around the
injected values of the scalar charge, v/a = 4.6715 25 km and /o = 9.31175-078 km for
d = 0.05 and d = 0.2, respectively (our normalization for « is different from the one
used in some of the literature [157,158]). The height of the P(y/a) distribution has been
rescaled to unity.
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Current upper bounds on ,/agp are ~ 1 km, where agp indicates the Gauss-
Bonnet coupling constant with the normalization used in some literature [111,157—
164], and it is related to the constant « of our analysis by o = 167 /2a¢g, so that
Vo~ 5.33,/agp. From the orbital decay of the black hole low-mass X-ray binary
A0620-00, Ref. [159] obtained /agp < 1.9 km. Such constraint is more than six
orders of magnitude stronger than the solar system bound [165]. From the mass
measurement of the pulsar J0740+6620, Ref. [163] found /agp < 1.29 km. Other
bounds were obtained from GW events, in which the GR wavefrom is modified
by taking into account the scalar dipole radiation. From binary black hole (BBH)
GW events, Refs. [111], [160], [161], [157], and [162] found /agp < 5.6,1.85,4.3,1.7
and 4.5 km, respectively. The work of [160] also considered Einstein dilaton Gauss
Bonnet theory with a massive scalar field, considering that current detectors are
sensitive to the activation of dipolar radiation from massive fields for masses of the
scalar in the range between ~ 10~ and 10! eV, and obtaining Vvags S 2.47 km
for any mass of the field less than 6 x 1074 eV and Vvagp S 1.85 km in the massless
limit. Finally, Ref. [164] found \/agp < 1.33 km from the GW event GW200115
associated to a NSBH binary, and /agp < 1.18 km by combining NSBHs and BBHs
events. Refs. [111,157,164,166] also looked at constraining dynamical Chern-Simons
gravity, without finding meaningful bounds. An upper bound for such theory was
found by Ref. [167] from multimessanger NS observations, \/agcs < 8.5 km.

We will investigate upper bounds on the scalar charge carried by the secondary
in a fully Bayesian analysis, currently in preparation [168].

In summary, our results demonstrate that EMRI observations by LISA will be
able to detect and potentially measure scalar charges to exquisite accuracy. Our
analysis and results are independent of the origin of the charge and are hence theory-
agnostic. We have also shown that a further analysis can allow one to measure the
coupling parameters for specific theories.
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Chapter 9

EMRIs with massive scalar fields

So far, our analysis focused on massless scalar fields. In this chapter, we model
EMRI with massive scalar fields and we show how, under certain assumptions, at
leading order in the binary mass ratio, all the changes on the emitted gravitational
waves are fully captured by two parameters: the scalar charge of the secondary
body and the mass of the scalar field. These results are presented in Section 9.1, in
which we derive the decoupled field equations for the gravitational and the scalar
field. In Section 9.2 we present the solution of the massive scalar field equation
in linear perturbation theory, and we compute the scalar energy fluxes for circular
inspirals. The energy emission drives the EMRI’s orbital evolution, discussed in
Section 9.4. Finally, the last section is dedicated to the emitted GWs. First, we
compute the faithfulness among GW signals arising in different scenarios, and in the
end we perform a parameter estimation with the Fisher Information Matrix analysis
to investigate the detectability of both the scalar charge and mass from LISA.

9.1 Theoretical framework

Massive scalars appear in cosmological models of dark energy and/or dark matter
in extension of the Standard Model or General Relativity.

Massive scalars are expected to leave an observable imprint on compact objects
only if their Compton wavelength, the inverse of their mass, is comparable to the
wavelength of the emitted GW, i.e. to the length-scale of the source [169]. In
geometrical (G = ¢ = 1) units, if M is the length-scale of the source (e.g., for a
BH system, the BH mass) and ush is the scalar field mass, the condition is roughly
pusM < 1. We note that [94]

1 [€V] ~ <“5M) : (1034@) 10766V . (9.1)

0.75

Hence, the scalars that GW observations can currently probe would have masses
smaller than ~ 10716 eV (ultra-light scalar fields, see e.g. [170] and references
therein).

Nonetheless, the assumption of a strictly vanishing mass and of shift symme-
try, as for the previous studies, can be too restrictive. Certain scenarios, such a
superradiance-induced clouds [94] or scalarization [25,26,96,97,171] rely of the
presence of a mass or of interactions that violate shift symmetry to generate scalar
charge. Measuring the mass of an ultra-light scalar is in itself an exciting prospect.
Indeed, significant effort has already been put in constraining the mass of scalar
fields using pulsar or LVK observations, e.g. [160,169,170,172].
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Here we show how EMRIs result to be very promising sources to set constraints
on both the scalar charge and the scalar field mass. Before proceeding, we define
here the dimensionless mass of the scalar field as

fis = psM (9.2)

which is used in the following for simplicity.

9.1.1 Set up

We consider theories described by the action:

Slg, p, V] = So[g, o] + aSc g, ¢] + Mg, ¢, V] , (9.3)
where
_ (V=9 (p_ 1 p,_ Lo 2)
So —/d T Ton (R 50up0" 0 = Suse” | (9.4)

with R being the Ricci scalar and s the mass of the scalar field. The term S,
describes the coupling between the scalar and the gravitational field, and Sy is
the action of the matter fields. By following the skeletonized approach [112] Sy is
replaced by the action of a point-particle

dyg dyy
Sp == [ m(e)\/gas g2 Poar, (9.5)

where m(y) is a scalar function of the massive scalar field. By varying the action
(9.4) with respect to the fields g and ¢, we obtain the fields equations, respectively

16ma 6.5,

G = — g og T 8T + 87 Th,, (9.6)
and
(O—p2)p = —\8/7%(;% + 16#2‘23 : (9.7)
Tj‘f,al is the scalar-field stress-energy tensor,
T = 1= [ausoauso — %guu (9p)* - % G 132" | (9-8)

and T7, is the stress-energy tensor for Sp,

4 P p D
mF/me“yMwwmw- (9:9)
V=9 d\ dA
We assume that o has negative mass dimensions in units where ¢ = A =1 (i.e. it
suppresses irrelevant operators), or positive length dimensions in the G =c=h =1
geometric units that we use here. Then we can relate a to ¢ as done for massless
fields in Chapter 4, a/M™ = (a/my)q", where n is a positive integer.

Moreover, since we focus on scalar masses that satisfy usM < 1, as heavier
scalars are not expected to leave any imprint on EMRIs, we have p1sm, < 1 and the
scalar is far from being confined at scales m,. The fact that it has not been already
detected by observation of black holes of a few solar masses or in weak field [111]
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implies that o/ my, is not much larger than 1. The a = 0 case in particular is covered
by no-hair theorems [20,22] and hence the primary would be a Kerr black hole with
p=0.

Combining all of the above, one can treat the deviations from the Kerr metric
and the EMRI dynamics perturbatively, with ¢ as a single book-keeping parameter.
When psM < 1, the mass of the scalar can be neglected and one recovers the results
of the massless case, while when pusM becomes O(1) it is essential to include its
contribution, as we do below.

We will only consider quantities to leading order in the mass ratio. Hence T;,C/al
and 0S./d¢, which are quadratic in g, can be neglected, and we obtain

« 5(4) =Yy A dya dyB

(D_Mi)SO:lGﬂ'/m,(gp)é(Ll)(l;/;_Zp()\))

The relation between m(y), its derivative and the mass and scalar charge of the
secondary object are then obtained by proceeding as in the massless case (see
Chapter 4). In a buffer region close to the secondary, small enough to be inside its
world-tube, but far away such that the metric can be considered as a perturbation
of flat spacetime, Eq. (9.11) reduces to

dX . (9.11)

(O —p2)p1=0, (9.12)
whose solution, in a reference frame {Z,} centered on the particle, has the form
d . m2d> .
o= M 4 g ( > ) , 913)
T T

where d is the dimensionless scalar charge.
By inserting the solution (9.13) in the left hand side of (9.11) and evaluating it
in # = 0 in the buffer region, we obtain

myd

<V2 - ,uz) (fe“s’:> = —47rmpd5(3) (x —yp) (9.14)
T

Matching this solution with the right hand side of the scalar field equation (9.11)
we then obtain m/(0) = —mpd/4. Finally, by considering the weak-field limit the
(tt)-component of the particle’s stress-energy tensor reduces to the matter density

of the particle p = m,d® (z — y,()\)) we obtain m(0) = m,. The final matching
conditions are then given by:

m(0) =m, , (9.15)
_my d

4

m’(0) = (9.16)

The field equations are finally given by:
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0 (@ — yp(N)) dyy dyy
af _ p(N)) YYp Yp 1
G 87Tmp/ e o (9.17)
0 (z —yp(V)
2y p
(D - ,us) ©= 47Tdmp/ = dA . (9.18)

The field equation (9.17) for the gravitational field is the same that we have in
General Relativity, while the scalar field equation (9.18) is a scalar wave equation
with a source term controlled by the scalar charge of the secondary body.

9.2 Massive scalar perturbations

The field equations can be solved in perturbation theory. That one for the
gravitational field, Eq. (9.17), is the same of the GR one, and the perturbations were
presented in Chapter 5. In this section, we present the perturbations for the massive
scalar field. Following [36,173], we decouple the radial and the angular dependence
of the scalar field by decomposing it in the zero-spin spheroidal harmonics S, (0, w)
as (the sum over the multipoles ¢ and m is implicit)

o(t,r,0,0) = /d Rem ) Spm (0, w)eMPe (9.19)

Substituting it in Eq. (9.18), we obtain two decoupled equations, one for the radial
and one for the angular dependence of the field, Ry, and Sp,,(0,w), respectively.

The equation for the zero-spin spheroidal harmonic is

1 d d 9 m2
[Sin@d& <sm9 ) —a?*(w? — p?)sin® 6 — 2o + Xem | Sem =0, (9.20)

where g, is the eigenvalue. The equation for Ry, is

d’Ryy,

dr2 + VRgm = Jm , (9.21)

where the tortoise coordinate r, is defined in (5.14) and the effective potential Vj is
given by

2

A Hs
-3 [)\gmp4 +2M73 + a®(A — 2Mr) + R (9.22)

with p? = 12 4 a2, A = Ao + 2ma/w? — p2 — 2maw.
The source term Jy,,, for a particle moving on a circular orbit with radius rj,
and (prograde) angular frequency 2, = = M'Y2/(r, 32 4 aM'/?), is

drmp A S) (7/2)

m — —d
Jo 22

3(r —1rp)d(w —mQyp). (9.23)
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where u! is the time component of the particle four-velocity, dt/dr given in Eq. (3.10).

The equation for Ry, is solved using the method of the Green functions. The ho-
mogeneous solutions R,/ ij which satisfy the condition of purely ingoing/outgoing
wave at the horizon/infinity have the following asymptotic behaviour:

R, = Ape ™+ 1 A et for r— o0 '
Rékm _ Bine—ik‘f’l‘* + Bouteikfr* for r — 4, (9 25)
R;m = for r — 0. '

with ky = w? — p2, k- =w —mQ,, Q4 =a/(2Mry), ry = M + vV M? — a?.

The general solution for Ry, (w,r) is then obtained by integrating the former

over Jyp,:
~ =4 Tx Re_mjgde* = oo Rz_szde*
Ry, = Rzm/ W + Rgm/ W (9.26)

*

where W = R;;;R[m — RZmR/@; is the Wronskian and primes denote derivatives with
respect to .. We define the amplitudes ngn = Rym(re — +00) so that

0 Ry Jomdr,

2y = R, (re — qEOO)/ o (9.27)
—00
The energy flux at the horizon (—) and at infinity (+) are then given by
) 1 &> J4
Efa=—=>_ Y wk:|Z] |, (9.28)
16m i =2,

with w = mQ,.
Moreover, we observe that since R} (r, — +00) = e "™ ©(m), — p1s) with ©
Heaviside function, we have

2

2 0 R Jpnd
z5| = ‘/_OO Zem o 6 (mQy — ) (9.29)

w

9.3 Energy fluxes: implementation and results

The energy fluxes for circular orbits around rotating central black holes, have
been computed by implementing a code using the software Mathematica [121].

9.3.1 Numerical implementation

The spheroidal harmonics and their eigenvalues have been computed with the
use of the Black Hole Perturbation Toolkit [120], using the package “Spheroidal
Harmonics”.

To find the general radial solution, we first obtained the homogeneous solution
satisfying the boundary conditions of purely ingoing wave at the horizon and purely
outgoing wave at infinity, i.e.
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np
RH(’I”) = Z €_ikir*(r)an(r - ’rh)n ; <930)
n=0
- inZM b
Ro(r) = ihyri(r) o yfw2—p2 O 9.31
(r) ng)e r e (9.31)

The coefficients (ay, by,) are obtained by solving the homogeneous equation at
each order in (r — r) and 1/r, with a9 = by = 1. The higher order is set to
Np = Noo = Nmax = 4, which guarantees accurate boundary conditions. Indeed, the
relative difference in the dominant £ = m = 1 mode of the scalar flux computed with
Nmax = 3 and Npax = 418 < 10719% within the integration domain 2.4M <r < 15M
and 0.01 < fis < 1. The dimensionless scalar field mass fi; is defined in Eq. (9.2) as
fis = psM.

We integrate the field’s equations from 71 = 7, + 2¢, with € = 107, to a value at
infinity, ro, which is either fixed to (i) 72 = 1000/Abs|w] if w > s or (ii) such that
Roo(rg) ~ 1079 if w < ts. The last condition is chosen to avoid accuracy problems
due to the exponential decay of Roo(r2) for wavelengths smaller than the scalar field
Compton mass.

The total gravitational and scalar emissions have been computed by summing
over the modes (¢,m), with £y, < £ < lhpax and —¢ < m < . For the gravita-
tional (scalar) perturbations, fpin = 2 (bpin = 1). We chose fiax = 10 both for
the gravitational and the scalar computations. For the gravitational emission, the
relative difference between the fluxes with £.x = 9 and with £ax = 10 is ~ 0.1% for
r =2.5M and ~ 107* % for r = 8 M. For the scalar emission, the relative differences
for different values of the scalar field mass are reported in Table 9.1. We observe
that the relative difference is < 1% for r = 2.5M and < 1072 % for r = 8M, with
scalar field mass in the range 0.001 < s < 0.1. For larger values of the scalar mass,
its ~ 1, the relative difference for r = 2.5M is larger.

is r/M  Ely=10 Elma=9 Rel. Diff.

0.001 2.5 7.56 x 1077 753 x 1074 < 1%
8 1.54 x 1075 154 x 107° < 1073%

0.01 25 7.55 x 1072 7.52 x 1074 < 1%
8 1.44 x 1075 144 x107° < 1073%

0.1 2.5 6.40 x 107 6.37 x 1072 < 1%
8 —4.04%x 1077 —4.04x1077 <1072%

1 25 —315x10% —354x10°° ~ 10%

8  —498x1071 —498x1078 <1077 %

Table 9.1. Relative difference between scalar energy flux computed up to £ = 10 and values
computed up to £ = 9. The primary spin is a/M = 0.9.

Finally, in order to derive the EMRI phase evolution, we interpolate the GW
fluxes over the radial coordinate using a built-in function of Mathematica. For a
fixed primary spin and scalar field mass, we compute the fluxes over a grid of 251
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points uniformly spaced in u = (r — 0.9 r5c0)? within [t(rmin), 4(Tmax)], Where

Tmax = Tmin + 13M and ryi,m = risco + 0.1M, with rigco being the value of the
radial coordinate at the ISCO as a function of the primary spin a.

In order to have an estimate of the error brought by the interpolation, we
computed the scalar fluxes for some orbital radii which don’t lie on the grid defined
above, and compared them with those obtained through the grid interpolation. The
results are given in Table 9.2. The relative difference is < 1073 for s < 0.1. For
higher values of the scalar field mass, the relative difference increases, since the flux
at infinity vanishes for the modes with lower m and the total flux experiences large

variations between close points on the grid.

s r/M  Elmy=l0 pint Rel. Diff.
0.001 2.5 7.56 x 1074 756 x 1077 <10 %
8 1.54 x 1075 154 x107° <103 %
0.01 25 7.55 x 1074 755 x107% <10 %
8 1.44 x 1075 144 x107° <103 %
0.1 2.5 6.40 x 10~* 6.399 x 107 <10 %%
8 —4.04x 1077 —281x 1077 ~ 30%
1 25 —315x10% —1.20x10°° ~ 60%
8 —498x10718 —362x1078 ~30%

Table 9.2. Relative difference between scalar energy flux computed up to ¢ = 10 and the
interpolated values, identified by the superscript “int”. The primary spin is a/M = 0.9.

In the following we present the results of our computations.

9.3.2 Results

The massive scalar energy fluxes feature particular characteristics, which regard
the emission at the infinity and the emission at the horizon.

Indeed, the flux at infinity identically vanishes for frequencies smaller than the
scalar field mass, w < us, see Eq. (9.29). This is a typical behaviour for massive
scalar fields (see e.g. [172,174,175]). Therefore, for every combination of (¢, m) a
specific radius ry exists such that for r > rg the energy flux at infinity vanishes. This
suppression may lead to non-detectable imprints in the GW emission, as we discuss
in the faithfulness analysis.

Unlike the emission at infinity, the flux at horizon is present for each value of
the orbital frequency, and contributes to the binary’s orbital evolution throughout
the entire inspiral. Moreover it shows a new important feature, the appearence of
resonances, which are not present if the scalar field is massless.

Resonances occur when the binary orbital frequencies are comparable with those
of the scalar quasi-normal modes of the BH background spacetime. In this case
the energy emission grows towards a peak which can be either positive or negative
depending on the BH spin and on the superradiance condition w < mf{),, where
Q4 is the horizon angular velocity, Q4 = a/(2Mr,), and 4 the radius of the BH
horizon, ry = M + vV M? —a? (see Eq. (3.2)). If the peak is negative the scalar
radiation can be strong enough to counterbalance the gravitational emission, giv-
ing rise to floating orbits [176-178]. Determining whether floating orbits persist
at post-adiabatic level or how quickly the secondary moves through a resonance
requires self-force calculations [178]. Hereafter, we neglect resonances, which is a
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rather conservative approach. Taking them into account is expected to make the
waveform more distinguishable from a EMRI waveform in GR and hence improve
parameter estimation and our ability to detect a new scalar.

The results of the energy fluxes computations are shown in Fig.9.1, where the
total scalar energy flux is plotted as a function of the orbital radius, for different
values of the scalar field mass. The inset shows a zoom of the same plot, to highlight
the behavior of the flux for s = 0.7 and i = 1. The continuous light-blue line is
relative to the massless case, ji; = 0. For a fixed 7, by increasing the value of the
scalar field mass, the energy flux decreases. Moreover, for high values of ps, s =
0.7 and 0.9, the total flux becomes negative for r larger then a certain value, due to
the suppression of the flux at infinity.
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Figure 9.1. Total massive scalar flux up to £ = 10 as a function of the orbital radius 7p,
for different values of the scalar field mass. Resonances are excluded. The inset shows

the fluxes for ji; = (0.7,1). The primary spin is fixed to a/M = 0.9. The continuous
line is relative to the massless case.

9.4 Orbital Evolution of EMRIs with massive scalar
fields

The energy emission through gravitational and scalar waves drives the EMRI
evolution. The adiabatic inspiral is built considering the balance law E = — Egy and
integrating the differential equations (6.4) to obtain the radial and phase evolution,
as explained for the massless case in Chapter 6. From the orbital evolution, we
computed the accumulated dephasing of Eq. (6.6) in 1 year of observation before the
plung, for inspirals with and without the scalar charge, for several values of the scalar
field mass. The plunge is defined in Eq. (7.8) as 7plunge = r1500 +07, With dr = 0.1M.
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The results are presented in Fig. 9.2, which shows the accumulated dephasing
as a function of the observing time, for different values of the scalar field mass and
d = 0.1. The top panel considers a primary with M = 105M), while the bottom
panel with M = 2.3 x 105Mg. The primary spin is a/M = 0.9. The mass of the
secondary is m, = 10Mg in each inspiral. The horizontal dashed line at A¢ = £0.1
rad indicates the threshold of LISA’s phase resolution for signals with SNR = 30,
see Eq. (6.5). The markers indicates the orbital radius reached by the inspiral with
d = 0 for the corresponding time of observation.

We focused on values of the scalar field mass 0.1 < 15 < 1, as for lighter values
we expect a qualitative behaviour similar to the massless case. Such values are
considered in the next analysis concerning the GW signals.

For each fis, regardless of M, A¢ decreases during the evolution before increasing
in the last few months of the inspiral. This behavior is due to the presence of
the scalar flux at infinity, which shifts the total scalar emission from negative to
positive values, thus accelerating the inspirals with (d, jis) # 0. For M = 10°M,
the crossing between negative and positive values of the dephasing occurs for
fs <03 (s < 4 x10717eV), while for M = 2.3 x 10°M, it happens for jis < 0.1
(us < 6 x 10717eV). This analysis shows that light fields, with s < 1, lead in
general to differences in the phase evolution which in modulo are larger than the
detectability threshold, thus potentially measurable by LISA. The actual constraints
on the scalar field properties require though to fully take into account correlations
between the waveform parameters, as discussed in Section 9.6.
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Figure 9.2. (Top) Dephasing accumulated in one year before the plunge, plotted as a
function of the time of observation for a binary system with M = 10Mg, a/M = 0.9
and m, = 10M, for different values of the scalar field mass. The difference in the phase
evolution is computed between an inspiral with d = 0 and one with d = 0.1. (Bottom)
Same as top panel but for a primary mass of M = 2.3 x 105M,. Different values of the
scalar field mass are considered.
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9.5 Faithfulness among gravitational waves signals

The GW templates have been built by following the Analytic Kludge of [135]
presented in Chapter 6. We adapted the template to inspirals driven by the fully-
relativistic energy fluxes, computed as previously explained.

We computed the faithfulness among the GW signals emitted in different sce-
narios, in order to estimate the LISA ability to distinguish among them. With
respect to the circular massless case discussed in Chapters 6 and 8, the new pa-
rameter jis is added to the set of parameters which describe EMRIs, i.e. 6 =
{M,myp,a/M,dy,0s, ¢s,0L, ¢rL,70, Po,d, jis}. The value of the threshold under which
two signals are considered distinguishable is assumed Fip, = 0.994, for signals with
SNR p = 30 [145].

9.5.1 Results

The results of the faithfulness computations are summarized in Fig. 9.3.

First, we studied the distinguishability between the baseline GR model, i.e.
assuming (d, ii5) = (0,0), and waveforms with non-vanishing values of the charge and
of the scalar field mass. The top panel of Fig. 9.3 shows the faithfulness between the
‘plus’ polarization h, computed in these two scenarios, for EMRIs with secondary
mass of one and ten solar masses, as a function of d and ji5. As previously discussed,
large values of jis tend to suppress the GW flux at infinity, and hence the overall
dissipative contribution of the scalar sector, as the energy emission at the horizon is
subdominant.

Indeed, the faithfulness deteriorates rapidly as the scalar field mass decreases. For
0.05 < d < 0.1, it lies below Fiy, for g < 0.3 for the binaries we considered. Larger
values of the scalar charge (d = 0.3) allow the two waveforms to be distinguishable
for more massive scalar configurations, with jis = 0.7. For a lighter secondary the
faithfulness appears to reach Fip, at a larger jis.

However, the d = 0.3 case is an outlier in this respect and also exhibits some
additional peaks and troughs for larger values of ji5, which persists for larger values
of d. The corresponding fluxes do not exhibit any remarkable difference from those
corresponding to lower values of d or fis, so it is not clear what causes these changes
in the faithfulness for larger values of d and ;. Numerical errors were analysed
by varying the precision p of the fluxes which serve as input parameters for the
faithfullness computations. Results are listed in Table 9.3 for different values of
input precision and EMRI configurations. Our analysis shows that the results are
stable under large the increase of the flux precision, from p = 40 to p = 60.

mp/Me —d  fs  Fp=ao Fp=50 Fp=55 Fp=60
10 0.1 0.1 0.356456 0.356472 0.356461 0.356462
0.3 0.4 0420629 0.420662 0.420632 0.420632
1 0.1 0.1 0.359169 0.359168 0.359168 0.359166
0.3 0.4 0.466751 0.466753 0.466751 0.466750

Table 9.3. Values of the faithfullness computed with different input precision. The precision
p of the fluxes ranges between 40 and 60 digits.

We also note that for iz < 0.03 (us < 4-107eV) the GR and the scalar
waveforms are clearly distinguishable, with F < 0.4, regardless of the charge. Such



9.5 Faithfulness among gravitational waves signals 86

estimates are complementary to other bounds which are expected to provide informa-
tion on the existence of scalar fields in the gravity sector from future astrophysical
probes. As an example, in both panels of Fig. 9.3 we drew as shaded regions the
parameter space which can be potentially ruled out by superradiance constraints
inferred from observations of massive BH binaries [94]. Our results suggest that,
depending on d, EMRIs provide a new powerful channel to constrain both light and
heavy fields, which do not fall within the superradiance window.

As a step forward in this analysis we exploited the faithfulness to assess the
minimum fis which can be distinguished from the massless case. The bottom panel of
Fig. 9.3 shows indeed the values of F computed between the gravitational waveform
with ‘plus’ polarization with either jis = 0 or s # 0, and fixed scalar charge. We
considered the same binaries analysed in the top panel.

Our results show that, for charges as small as d ~ 0.05, LISA could be able to
distinguish fields with jis > 0.01 (us ~ 10718eV) from their massless counterpart.
This bound is larger by almost an order of magnitude if d = 0.3.

Us [eV]
10718 1077 1071
¥ LA LA | ¥ T LA ¥ M
1.0k = e—e -
L ]
oﬁ i Amp:lMG I: T ’ ; E
#m 08 e mi”zloMG II :} ’
[35 - 1 lf’[ 1
FU + I’ I, -
< 0.6F L4=03 Do
T = d=0.1 L alF
Ey o = d=0.05 [ /
< + - .
fff:':?:ﬁ:—?—:rf:f:j‘: :4

% o NN ‘
+ \ N
ﬁ—f{ 0.6+ \ :\ ]

(=) 'S
i 04f - ¥ 4
o + 3 S =3
r& \‘»,:§I£c—o«c—«w
(N
0.001 0.01 0.1 1.0

Figure 9.3. (Top) Faithfulness between a GW signal with ‘plus’ polarisation with d = 0
and one with d # 0, s # 0 for 12 months of observation before the plunge. We
fix the primary mass and spin to M = 10°My and a/M = 0.9, respectively, while
considering different values m, and d. The shaded region corresponds to the range of
scalar field masses which could be excluded by superradiance bounds (courtesy of R.
Brito). (Bottom) Faithfulness between two signals with the same value of d # 0, one
having s = 0 and the other with zis # 0. The horizontal dashed line corresponds to the
threshold value Fi,. We consider the same EMRI configurations as in the top panel.
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9.6 Parameter estimation with the Fisher Information
Matrix Analysis

Here we present the FIM analysis for massive scalar fields. First we show its
numerical implementation and then the obtained results.

9.6.1 Numerical implementation

We applied the fisher analysis to LISA observations of prototype EMRIs injecting
M =10Mg, a/M = 0.9, 0s = ¢5 = 7/2, 0, = ¢1, = 7/4, d = 0.1 and considering
four values of m, = (1.4,4.6,10,15) M, and two values of ji, = (0.018,0.036), which
lie outside the superradiance window highlighted in Fig. 9.3, and for which the flux
at infinity is significant throughout the entire inspiral.

Unlike the faithfulness analysis, we performed the fisher computations by consid-
ering only the fundamental mode of the scalar flux, i.e. assuming £y,,x = 1 in the
sum (9.28). This choice was dictated by the computational cost needed to invert
the Fisher matrix, whose stability requires very accurate fluxes, computed on the
grid (r/M,a/M, is) with 205 digits of input precision.

Derivatives of the analytic template with respect to the binary parameters are
fully numerical, obtained by using a 11-points stencil. To compute finite differences
we have sampled the spin parameter between 0.89 < a/M < 0.91 in steps of
Aa/M = 0.01, and the scalar field mass in an interval of 11, equally spaced points,
in steps of Apis = 0.002 (centered around the two injected values we considered, i.e.
fis = 0.018 and j1s = 0.036). Finite differences require a careful choice of a step-size
which controls the shift for each of the twelve parameters of the waveform, and
which is discussed in Appendix B.2.

9.6.2 Results

The results of the FIM computations are summarized in Fig 9.1, in which the
left and right columns shows the joint and marginal posterior distributions on fis
and d, respectively. The upper raw is relative to s = 0.036, while the bottom raw
to s = 0.018.

A summary of the 1-o uncertainties inferred for ji5 and d is reported in Table 9.4,
together with their correlation coefficients, which show how jis and d are strongly
(anti-) correlated.

my Mo | fs o4/d Ofis /B Cdps
14 0.018 345% 2364%  0.997
0.036 363% 391% 0.992
4.6 0.018 92%  243%  0.995
0.036 9% 8% —0.485
10 0.018 49% 53% 0.984
0.036  45% 24%  —0.990
15 0.018 38% 22% 0.938
0.036  26% 21% —0.986

Table 9.4. 1-o relative uncertainties and correlation coefficients on the charge and on the
scalar field mass for the configurations shown in Fig. 9.4. We assume d = 0.1 for all the
binaries.
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Errors on d decrease as the mass ratio m,/M increases, for both values of
fis. Binaries with m, 2 10Mg are able to exclude the d = 0 case at more than
90% credible level. For the EMRI configuration with m, = 4.6M, errors slightly
deteriorate, with the null scenario ruled out at one sigma.

Constraints on fi; show more variability. For the lowest injected value, s = 0.018,
errors follow the same hierarchy observed for the scalar charge, with the measure-
ment accuracy improving for heavier secondaries. In this setup however, jis remains
unconstrained for the EMRI with m, = 4.6M. This picture changes completely
for the s = 0.036 case, in which the strongest bound is led by the lightest sec-
ondary. Binaries with m, = 10My and m, = 15M; provide larger, and almost
identical, errors. The dependence on such results on the secondary mass is mostly
dictated by two ingredients: (i) correlations among the scalar charge and the field’s
mass, (ii) the EMRI orbital configuration within the observational window we
have considered, which spans one year of evolution until the plunge. Very light
secondaries start their inspiral at smaller initial radii, where the scalar flux has a
smaller relative contribution compared to the dominant quadrupolar mode, and
the signal features a very slow evolution with little variation in the frequency content.

In comparison with the massless case, where the relative error on the scalar
charge for the binary with m, = 10Mg is ~ 4%, here it is larger: 04/d ~ 45% and
49% for s = 0.036 and j1; = 0.018 respectively. This is expected due to correlations
with s which enters now as an additional parameter. Nevertheless, in all cases in
which the probability distribution of jis is constrained by the data, we are able to
exclude the massless scenario at more than 90% credible level.
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Figure 9.4. (Left column) Credible intervals at 68% and 90% for the joint posterior
distribution of the charge d and the scalar field mass ;. We consider EMRIs with
injected parameters d = 0.1, M = 10Mg, a = 0.9M, different values of the secondary
mass, fis = 0.036 (top row), and s = 0.018 (bottom row). (Right column) Marginal
distributions for d and ji;. The white area between shaded regions provides 90% of
the probability distribution. The vertical dashed lines identify the GR scenario with
d=js=0.

Finally, to quantify the bias that could arise in the error analysis by neglecting
multipoles larger than £ = 1 for the scalar flux, we have performed a Fisher analysis
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for a configuration with s = 0.018, by also including the ¢ = 2 and the ¢ = 3 modes
within the sum (9.28). The probability distributions for the charge and for the scalar
field mass obtained by adding the ¢ = 2 component are presented in Fig. 9.5. Dashed
and solid curves correspond to assuming either £y, = 1, or £pax = 2. As expected,
constraints on both fi; and d improve by adding the quadrupole contribution, making
our choice rather conservative in terms of the constraints that LISA would be able
to infer from EMRI observations. Table 9.5 shows a comparison of the relative
errors obtained by also adding the ¢ = 3 mode. For the binary configurations we
considered, our results suggest that the uncertainties on both the parameters tend
to saturate already with the inclusion of the third multipole.

mpMo] o3 /d o) /d oV )d o) iy o /i ol [

4.6 92% 75% 78% 243% 198% 190%
10 49% 42% 44% 53% 44% 41%
15 38% 33% 35% 22% 18% 17%

Table 9.5. Relative percentage errors on the parameters (d, i) for m, = (4.6,10,15) Mg
assuming different £, in the scalar energy flux sum (9.28). The value of £y is

indicated in parenthesis in the superscripts, i.e. U((il) = Uflm":l. The injected values are

d=0.1 and ps = 0.018.

Pd)
P(H)

v
*,

Figure 9.5. Marginal distributions for d (left plot) and ps (right plot). Dashed and
continuous curves are relative to inspirals in which the scalar flux takes into account
only the f.c = 1 or up to fnax = 2, respectively. The vertical lines identify the GR
scenario with d = s = 0.
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Chapter 10

Conclusions and future
prospects

The study carried out in this thesis show that Extreme Mass Ratio Inspirals
represent a golden class of sources to test General Relativity in the strong field regime,
and to search for new fundamental fields coupled to gravity. The peculiar orbital
configuration expected for EMRIs entering the LISA band would allow to track
their evolution by following tens of thousand cycles before the plunge. Continuous
observations of GWs emitted during this long inspiral will eventually provide a
detailed map of the binary spacetime, leading to accurate measurements of the
source parameters, able to pinpoint even small departures from General Relativity.
Historically, this has promoted EMRIs as a tool to probe Kerr deviations from the
primary BH.

In this thesis we have discussed a new theoretical approach to model EMRIs in
alternative gravity theories with additional fundamental scalar fields. This framework
builds on a decoupling of scales which allows to disentangle GR deviations between
the primary and the secondary component of the binary, with those of the massive
BH being subdominant. This pushes for a change of perspective in the understanding
of EMRIs beyond GR. Rather than working on GR deviations from the massive
component of the binary, which can be safely described (at the leading order) by
the Kerr metric, we focused on the imprint left by the extra field on the secondary,
which carries a scalar charge able to affect the EMRIs dynamics and hence its GW
emission.

We provided the first direct analysis of the capability of the space interferometer
LISA to constrain the features of massless and ultra-light fields from EMRI observa-
tions, forecasting LISA measurements for the scalar charge of the secondary and for
the scalar field mass.

We modeled EMRIs in a vast family of modified gravity theories belonging to
two classes, depending on whether: (i) BHs satisfy no-hair theorems, such that their
stationary solutions are described by the Kerr metric or, (ii) BHs are endowed with
a scalar profile, i.e. they carry a scalar charge. For class (ii) we considered theories
with dimensionful coupling constants «, such that (in geometrical units G = ¢ = 1)
[a] = (mass)™ with n positive integer. In this case, deviations from GR are fully
controlled by the dimensionless parameter ¢ = a/mass”, given by the ratio of the
coupling and the BH mass.

We showed that for asymmetric binaries in both classes of theories the spacetime
of the primary can be adequately described by the Kerr metric. Indeed, while case
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(i) is trivial, for case (ii) the scalar charge of the primary is suppressed with respect
to the one carried by the secondary at order O(q), with ¢ being the binary mass
ratio. This provides large simplification for the EMRI modeling, and allows to
consider realistic astrophysical setups with (fast) rotating black holes. The secondary
component of the binary can instead be treated as a point-particle with a given
mass, carrying a non-negligible scalar charge.

Our formalism is valid for shift-symmetric theories, i.e. for massless scalars, and
for more general models with massive scalars, so long we assume usM < 1, where
s and M are the scalar field and the primary BH mass, respectively.

In this framework we have developed a coherent formalism, valid at the leading
order in ¢, which leads to a decoupled set of field’s equations for the gravitational and
the scalar sector. Equations for the metric tensor are identical to GR, while those for
the scalar field reduce to a wave equation with a source term controlled by the scalar
charge carried by the secondary. For shift-symmetric models the charge encloses all
the details of the underlying theory of gravity, and universally captures deviations
from GR in the EMRI dynamics, allowing to model the system in a theory-agnostic
fashion. In the case of massive scalars, GR changes are also controlled by the field
mass, which enters the scalar wave equation.

Moving in the background spacetime of the primary MBH, the small compact
object produces gravitational and scalar perturbations, which carry energy and
angular momentum away from the binary. In our approach the scalar emission adds
linearly to the gravitational contribution, and acts as additional radiation-reaction
term in the usual GR adiabatic scheme, driving the EMRI evolution to a faster
plunge.

The extra emission leaves an imprint on the emitted gravitational waves. However,
since gravitational perturbations are identical to GR, the simplifications introduced
by our approach also allow to use the same waveform models derived for EMRIs in
Einstein gravity, but assuming that the adiabatic evolution of the orbital elements
includes the extra contribution given by the scalar fluxes. This leads to ready-to-use
agnostic templates, only dependent on the scalar charge and on the scalar field mass
(together with the usual binary parameters), which we have exploited for different
data analysis science cases.

Hereafter we discuss the main results of each model taken into consideration.

Equatorial circular EMRIs with a massless scalar field

As a first science case we have investigated circular equatorial EMRIs around
rotating black holes, assuming massless scalar fields.

Our analysis shows that the spin of the primary has a strong influence on the GW
emission of the binary. Indeed, increasing the MBH rotation rate, the radius at which
the secondary plunges shrinks, allowing the inspiral to reach larger frequencies, and
boosting the overall energy loss. In addition, we have shown that for a fixed orbital
distance the ratio between the scalar and the gravitational fluxes also increases with
the spin. Assuming a/M = 0.9, the value of Fy./d? can be as large as ~ 11% of
Egrav when the secondary sits at r/M ~ 8, decreasing to ~ 3% for closer distances.
The spin affects all GW observables, as the accumulated phase, which also increases
with a/M.

The difference in the phase evolution between EMRIs modelled with and without
scalar charge suggests that LISA could be able to detect values of the scalar charge
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d as small as d ~ 1073 for a/M = 0.9, which would correspond to a difference of
103 radians in 1 year of observation before the plunge. While such numbers are
significant, the dephasing analysis only provides a preliminary figure of merit to
investigate whether the scalar emission can lead to detectable effects.

We have carried out a more quantitative investigation by taking account correla-
tions among the different parameters entering the GW signal. Analyses based on the
faithfulness between GW templates computed with and without the scalar charge
lowered previous bounds, showing that LISA can be able to detect d ~ 0.005 — 0.01
in 1 year of evolution before the merger.

Finally, we have performed a full parameter estimation using a Fisher matrix
approach, which yield constraints on the scalar charge with a percentage accuracy.
For a prototype EMRI with (10° — 10)M, a/M = 0.9 and SNR = 150 we obtained
relative errors < 10% for d 2 0.1, and ~ 20% for d = 0.05.

Our theory-agnostic approach allows to translate agnostic constraints on the
charge, to bounds on the coupling of a specific theory. We have considered as
an example the shift-symmetric scalar Gauss Bonnet gravity. In this case, if the
secondary object is a black hole, the relationship d(«) between the scalar charge and
the Gauss Bonnet coupling constant is given by a ~ 2dm? —73d*m. /240 [156], where

m,, is the mass of the secondary. For d = 0.05 (d = 0.2) this yields y/oo = 4.67029
km (y/a = 9.31175078 km) at 90% confidence level.

Overall such results suggest that a single LISA detection may provide measure-
ments of the scalar charge with an unprecedented level of accuracy.

Equatorial eccentric EMRIs with a massless scalar field

We have improved our model by adding astrophysical ingredients to the EMRI
evolution. We first focused on the eccentricity, which is expected to play a key role
in the dynamics of such systems.

Along with the gravitational/scalar energy and angular momentum fluxes, we
have recomputed some of the figures of merit considered for the circular case, i.e.
the difference in the accumulated phase and the faithfulness. We have explored a
variety of binary configurations, with initial apastron fixed to r, = 11M and different
values of the initial periastron, so that the initial eccentricity varies from ey, = 0 to
ein =~ 0.5. The scalar charge has been fixed to d = 0.01. Our analysis shows that
after 4 — 6 months of observation, EMRI inspirals can accumulate a dephasing larger
than the detectability threshold. For a given time of observation such dephasing
increases for larger values of the initial eccentricity.

Furthermore, we have investigated the distinguishability between GW signals
emitted by eccentric EMRIs carrying a non-vanishing scalar charge, for different
values of d. We confirmed the results found for the circular orbits, finding that the
eccentricity further reduces the overlap with GR templates. One year of observation
in the LISA band would be enough to distinguish signals with a scalar charge as
small as d ~ 0.01.

As a take home message, eccentricity appears to enhance the effect of the scalar
emission, and its impact on the EMRI evolution.
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Equatorial circular EMRIs with a massive scalar field

As a complementary study, we have investigated a more complex theoretical
model, in which EMRIs evolve in the presence of a massive scalar field. As a first
case study we considered circular equatorial orbits with a spinning primary.

For a fixed orbital configuration our numerical calculations show that the total
scalar energy flux decreases as the mass of the field grows. Moreover, at variance
with the massless case, new features emerge during the inspiral. Indeed, the scalar
emission at infinity is suppressed for frequencies smaller then the field mass. More
interestingly, we observed the appearance of scalar resonances, which can in principle
lead to floating orbits, i.e. to configurations in which the binary stalls, dramatically
changing its inspiral phase. Given that a full treatment of this phenomenom requires
next to leading order calculations, we have neglected their effect on the EMRI
dynamics. Therefore, our results can be considered conservative.

We have carried a dephasing analysis on an extended sample of EMRI parame-
ters, which hints that one year of evolution can potentially lead to a simultaneous
measurement of both the scalar charge and of the scalar mass. The suppression
of the flux at infinity above a certain frequency leads to a rich phenomenology,
with the dephasing that changes sign, namely the binary accelerates or decelerates,
depending on the EMRI orbital radius. Studies based on the faithfulness confirms
the phase analysis, yielding GW signals distignuishbale from GR for ps < 0.01,
within a range of charges d = (0.05,0.1,0.3). For larger values of the scalar field
mass, the suppression of the scalar emission at infinity is such to render the signal
undistinguishable from its GR counterpart.

In order to investigate the simultaneous measurability of the scalar charge and the
mass of the field, we have performed a Fisher study assuming EMRIs with various
source parameters. We considered secondaries with m, = (1.4,4.6,10,15)Mg,
carrying a scalar charge d = 0.01 and inspiralling around a primary with mass
M = 10°M and spin a/M = 0.9. We focused on ultra-light scalar fields, i.e.
fis = 0.018 (~ 2.4 x 10718¢V) and jis = 0.036 (~ 4.8 x 10~ *8eV). This analysis
shows that LISA will be potentially able to measure the charge and the scalar mass
for binaries with m, 2 10M at more than 90% confidence level, with relative
errors ranging between ~ 50% and ~ 20% for both us and d. Interestingly, lighter
secondaries, with m, = 1.4Mg, lead both quantities to be unconstrained. As
discussed above this constraints could change, and possibily improve, with the
inclusion of scalar resonances.

Future prospects

The EMRI models discussed in this thesis can be improved in several directions,
with the twofold goal of having a general description of (very) asymmetric sources on
a wide range of orbital configurations, and to treat the largest class of GR extensions.

From an astrophysical point of view, EMRI secondaries are expected to complete
eccentric and inclined orbits around the primary. Therefore, the inclusion of non-
equatorial configurations is mandatory to characterise realistic binaries on generic
inspirals. In this regard we are currently working on a new project which focuses to

study circular inclined trajectories with a rotating primary, and a massless scalar
field [179] .
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Moreover, compact binaries do not evolve in vacuum, but rather in environments
polluted by any form of matter and fields. The astrophysical arena in which EMRIs
coalesce can modify the GW signal through a variety of effects, as gravitational
drag, accretion and tidal resonances. While a coherent description of such effects
in the EMRI modelling in GR is currently missing, they could provide a possible
source of degeneracy with the scalar emission, which can hamper our ability to
distinctively reconstruct the scalar field parameters [58,110,131,180-186]. For this
reason it would be desiderable to extend the model we investigated by includinge
one or multiple environmental effects.

From a theoretical point of view, our adiabatic framework could be improved
by considering fully-relativistic Teukolsky waveforms. However, in order to provide
accurate waveforms for LISA searches and parameter estimation, the GW phase
needs to be modeled by going beyond the adiabatic order, including at least all
the terms up to O(q), which then require self-force calculations. A recent work
with post-adiabatic corrections has been provided in [117], which presented the
first- and second-order perturbative fields equations and the equations of motion
for the secondary object, treated as a non-spinning point particle. The case of a
spinning particle have been studied in GR by [127,187] and in scalar tensor theories
by [188]. Orbital resonances, which contribute to the phase at O(g~/?), should also
be investigated. Moreover, for ultra-light scalar fields, the appearance of additional
resonances due to the scalar field mass should also be taken into account.

On the data analysis side, a fully Bayesian analysis based on Markov Chain
Monte Carlo simulations, is currently under preparation [168]. Such an analysis
is expected to provide further information on the degeneracies between the source
parameters, and to clarify the LISA capablity to constrain the scalar field properties.

Finally, our formalism could be extended to multiple fields, couplings, and to
different fields such as vector fields. The straightforward case which considers a
minimal coupling with vector fields have been investigated in [189, 190].

The achievement of each future line of research presented here would represent
a further step in the description of asymmetric binary system in scenarios beyond
the Einstein theory and the Standard Model of Particle Physics, allowing to use
asymmetric binary systems to unveil or constrain the existence of new fundamental
fields that may be present in our Universe.
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Appendix A

Tests on the equatorial eccentric
fluxes

In this Appendix we present different checks done for the equatorial eccentric
energy and angular momentum fluxes, showing the errors brought by the interpolation
methods and providing comparisons between our computations and known results
published in literature.

A.1 Error estimates for the interpolation method

We have tested the the method used to interpolate energy and angular momentum
fluxes, by comparing values of (Egrav,scal, Lgrav,scal) oOutside the numerical grid with
those predicted by the interpolation. The percentage relative differences § between

these two quantities are shown in Table A.1 and A.2, for some orbital configurations.

e p/M|  En, Bgoo 0% EY Eical 5%

0.1 4 [3625x1073 3.631x103 0.2 1.785x10~%* 1.785 x 10~* 0.008
10 [ 5433 x107° 5.132x107° 6 6.865x107% 6.722 x 1076 2

04 4 [4.838x1073 4848 x 1073 0.2 1.964 x 10°* 1.964 x 10~* 0.002
10 [ 6.576 x 107° 6.164 x 107> 7 6.705x 107% 6.528 x 1076 3

Table A.1. Relative percentage difference between interpolated fluxes and values computed
outside the grid of interpolation. The spin of the primary is fixed to a/M = 0.9. The

superscript “int” identifies the interpolated values.

e p/M[ L, Ly 0% Ly Lyca 6%

0.1 4 [3.164x107%2 3.169x 1072 0.2 6.266 x 107> 6.267 x 102  0.001
10 | 1659 %103 1.635x102 1 8679x10* 8647x10~* 0.4

04 4 [3377x107% 3383x107%2 0.2 5.752x 1072 5.752 x 102 0.0006
10 | 1576 x 1073 1.547x 1073 2 7.227x107* 7.189x10* 0.6

Table A.2. Same as Table A.1 but for the angular momentum fluxes.
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A.2 Comparison with previous results

The numerical output of our code have been tested by comparing the energy and
angular momentum fluxes for the scalar and gravitational sector against known results
published in literature [75,76,191]. In Table A.3 we provide a comparison showing
the relative difference  between the calculations of Escal,grav and of Lscal,grav for
different EMRI orbital set up. Moreover, in Table A.4 we also show the comparison
of our results for the scalar emission on eccentric orbits with a/M = 0, p = 8M and
e = 0.1, with an independent computation (courtesy of N. Warburton computed
using the code of [76]). For all configurations considered, our results provide a
remarkable agreement with previous computations.

sector a D e E 0% L 0%
scal - (tot) 0.9 10 0.2 2.686e-5 3e-5 8.35%9e-4  3e-b
scal - (tot) 0.9 10 0.5 2.468e-5 Te-1 6.296e-4 3e-4
scal - (tot) 0 10 0.2 3.213e-5  4e-5  9.626e-4  3e-5
scal - (tot) 0 10 0.5 3.329e-5  le-3 7.845e-4  Ge-4
scal - (tot) 0.2  6.15 0.4 3.427e-4  3e-2  3.926e-3  2e-2
grav - (+) 0.9 12152 0.3731 2.737e5 14
grav - (+) 0.5 6 0.1 7.106e-4 2e-3  1.055e-2 2e-3
grav - (+) 0.5 6 0.2 7.785e¢-4  3e-4 1.085e-2  6e-5
grav - (+) 0.5 6 0.5 1.195e-3  8e-2 1.229e-2  Te-2
grav - (—) 0.5 6 0.1 -1.274e-6  le-1 -1.882e-5 2e-3
grav - (—) 0.5 6 0.2 -1.430e-6 5e-1 -1.973e-5 2e-3
grav - (—) 0.5 6 0.5 -1.126e-6 8 -1.657e-5  3e-2

Table A.3. Comparison between the total (tot), horizon (—) and infinity (4) scalar and
gravitational fluxes from previous works. The scalar fluxes are compared with [76], while
the gravitational ones with [70]. For each quantity and binary configuration specified
by the primary spin, the orbital eccentricity and the semi-latus rectum, we show the
numerical result obtained with our code and the relative percentage difference with the
literature value (when available). Note that fluxes from Ref. [76] have a global factor 4
of difference compared to our values, due to a different normalization of the scalar field.
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{ m n EG) 0% E®) 0%

0 O 1 1.138e-8 le-5 2.060e-8 2e-4
0 O 5 1.527e-16 4e-7 1.926e-17 2e-6
1 1 1 1.857e-8 3e-10 3.256e-7 le-11
1 -1 1 1.073e-10 4e-10 1.981e-9 4e-12
1 1 5 1.007e-14 2e-9 5.299e-15  3e-8
1 -1 5 4.461le-22 1le-6 1.993e-18 5e-7
2 2 2  1.285e-10 1le-10 2.440e-8 1e-12
2 -2 2 3.955e-14 9e-10 2.391e-10 4e-12
2 2 10 1.755e-23 5He-b 1.842e¢-23 4e-4
2 -2 10 4.697e-35 4e-1 6.366e-30 2e-1
& 8 10 5.882e-26 bHe-10 6.868e-18 8e-8

Table A.4. Values of the scalar energy flux at the horizon and at infinity that we obtained
for different mode combinations, for a primary BH with spin a/M = 0, and a secondary
on eccentric orbits with p = 8 M and e = 0.1. For each quantity we show the relative
errors with respect to the values obtained by an independent code (Courtesy of Niels
Warburton, and derived with the code developed in [76]).
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Appendix B

Checks on the Fisher matrices

This Appendix provides the checks we did on the Fisher matrices for both the
analysis on massless and ultra-light scalar fields. The Fisher construction require
the computations of the template derivatives with respect to the EMRI parameters.
We computed fully numerical derivatives through finite differences which require
a careful choice of a step-size ¢, which controls the shift for each of the waveform
parameters, as explained in detail in Chapter 8.

B.1 Massless scalar field

We have performed various checks in order to assess the stability and convergence
of our numerical calculations. The correlation matrix in Figure B.1 shows the maxi-
mum relative error, |y, (€;)/Tkn(€;) — 1| x 100, between Fisher matrices computed for
different values of the spacing, where €;—1, 5 = (1075,5x 1075,1076,5 x 1077,1077)
for the scalar charge and €;,—1,. 5 = (1077,5x1078,1078,5x 1079, 107?) for the other
parameters. Values refer to EMRIs with d = 0.2, although the other configurations
discussed in the paper yield similar results. The Fisher matrices computed with
various ¢; differ less than one part over 10°.

max |I'(&)/T (€;)-1] %

1 T T 1 1
1k 0 0.000640 0.000640 0.000640 0.000640 —
2 |- 0.000640 0 0.000125 0.000141 0.000154 -
U.Jﬁ 3 |- 0.000640 0.000125 0 0.0000157 0.0000282 —
4 |~0.000640 0.000141 0.0000157 0 0.0000125 —
5 =0.000640 0.000154 0.0000282 0.0000125 0 -

1 1 1 1 1

1 2 3 4 5

€

Figure B.1. Maximum relative (percentage) errors between Fisher matrices computed
assuming different values of the spacing used for the numerical derivatives. The Fisher
matrices have been computed for EMRIs with d = 0.2.
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In the case of EMRIs, it is well known that computations of the Fisher matrix may
lead to ill-conditioned problems, and be plagued by numerical instabilities [192,193].
The intrinsic high sensitivity of EMRIs to small perturbations of the system reflects
their ability to provide exquisite constraints on the waveform parameters and hence
it is a blessing in disguise. This large amount of information is reflected on the
magnitude of the elements of the Fisher matrix, although not all of them have
the same size. For all the EMRI configurations analysed, the components of T’
corresponding to (M, u,a/M,ro,d) are always predominant with respect to the rest
of the waveform parameters, with differences of several orders of magnitude. These
differences lead to large condition numbers, i.e., the ratios between the largest to
the smallest of the Fisher eigenvalues A\;—; 11, which in our case are of the order
k = max();)/min()\;) ~ O(10'). Nonetheless, the high precision computation
we perform leads to stable inversion of the Fisher matrices, independent of the
numerical shift. The correlation matrix in Figure B.2 shows the maximum relative
error between the square root of the diagonal components of the covariance matrices,
i.e., the parameter errors, computed by inverting the Fisher matrix derived with
different ¢;, for the d = 0.2 case. We see from this analysis that a large fraction of
errors agree with each other to well below the 1% level, and the few remaining cases
feature differences of at most 1%. Correlation coefficients are also very stable, with
differences smaller than 1%.

max [T V2 (6)/ Tk R (€5) 11 %
1 1 1 1 1

1 o 0.917 0.918 0.918 0918
2 0908 0 0.000993 0.000993 0.000993 —
O° 3 0909  0.000993 0 1.77 x107% 3.89 x 1078

41 0.909 0.000993 1.77 x 1078 0 2.20 x 107

5 0909 0.000993 389x10°220x10°% 0

1 2 3 4 5

Figure B.2. Maximum relative (percentage) errors between (square root of) the diagonal
components of the covariance matrices, i.e., the parameter errors, obtained with different
values of the shifts considered for the numerical derivatives. We consider the same EMRI
configurations shown in Figure B.1.

For the sake of completeness we show in Figure B.3 the errors on masses, spins,
initial phase and radius, and on the charge, for two EMRI configurations with
d = 0.05 and d = 0.2. The various panels demonstrate again the stability of our error
calculations. The constraints inferred for (M, pu, a/M,rg, ®g) are also consistent with
previous results on LISA parameter estimation, performed with different approaches
and GW templates [127,194,195].
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Figure B.3. Errors on the EMRI parameters as a function of the numerical shift used for
partial derivatives of the Fisher matrix. We consider binaries with d = 0.05 (left panel)
and d = 0.2 (right panel) with SNR of 150 as observed by LISA one year before the

plunge.
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B.1 Massless scalar field

We have further checked the stability of our calculations perturbing the Fisher
matrices and studied the results of the inversion. Following previous work [182],
we build a matrix R with the same dimensionality as I', with entries randomly
drawn from a uniform distribution U € [~1073,1073]. We then compute the inverse
(T'+R)~! and determine the maximum relative error with respect to the unperturbed
configuration, AT'gr = max(I'+R)~!/I'"! —I). This procedure has been iterated 100
times, in order to build up statistics for the maximum error. Figure B.4 shows the
cumulative distribution of AT'g for two EMRIs with different values of the charge,
as a function of the derivative spacing. The picture suggests that the calculations
are very stable, as in the majority of cases more than 90% of the population has

ATR < 0.1%. We find similar results for all the other binaries analysed.
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Figure B.4. Cumulative distribution for the maximum relative error between unperturbed
and perturbed Fisher matrices with elements shifted by random numbers drawn from a
uniform distribution. Colored curves refer to I' computed with a different choice of the

numerical derivative spacing. The uniform distribution is defined within [-1073,1072].

B.1.1 Singular values decomposition
Beside direct inversion of the Fisher matrix, we have derived the covariance on g

also applying a truncated singular value (SVD) decomposition approach [151,196,197]

on I'. Any matrix A € R™ " can be written in terms of its SVD as
(B.1)

A =UsSV"T
where U and V, with columns called singular vectors, are orthonormal matrices
(B.2)

UUT=UTU=VTV=VVT =1, and
S = diag(si, s2,...5n) ,
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where o; > 0 are the singular values. From the SVD computing the inverse of A is

also straightforward, since
At =vs luT. (B.3)

The singular vectors define the dimensions of the variance of the data, ordered in
magnitude such that the first one is the largest, while the rank r of the initial matrix
correspond to the number of non-zero ;. Given the form of S we can also recast A
as

A=USV'=> ouv, , (B.4)
=1

which tells that the original matrix can be decomposed into a sum of rank-1 layers
with the first contributing the most. Note that before applying the SVD, we
normalize the Fisher matrices to the variance of their components, namely I'/IN,
where N = diag(I") ® diag(T"), to remove differences between the parameters given by
their physical scales. Although, as discussed above, the accuracy of our calculations
guarantee an extremely stable inversion, we have also applied the SVD to obtain the
covariance on the source parameters. In particular we have removed the singular
pieces of the Fisher by zeroing values of S™! which are very large, i.e., corresponding
to small s;. Figure B.5 shows a scree plot of the d; normalised to the first one, for a
binary with d = 0.05 and d = 0.2 (other configurations feature the same behavior,
regardless of the choice of ¢; as well).
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Figure B.5. Singular values normalised to their largest component for Fisher matrices
with different values of the scalar charge and secondary mass. Calculations have been
performed assuming € = 107° for d; and € = 1077 for the rest of the derivatives, although
varying the spacing does not lead to significant changes in this figure.

The trend of the singular values exhibits a clear drop around the last component
where a steep decrease in the magnitude of the s; appears. Here we compute
I'! zeroing the last term of S™!. This procedure improves in general the errors,
as it removes unmeasurable linear combinations of parameters from the Fisher
matrix [151]. Indeed, as shown in Figure B.6 in which we compare relative errors
on the scalar charge using direct inversion and the SVD approach, the latter yields
a significant reduction of the errors. In the results shown in the main part of the
paper we have reported the more conservative, direct inversion results, but the SVD
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analysis suggests that LISA might be able to measure scalar charge with even higher
precision.
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Figure B.6. Relative error on the scalar charge in the cases of direct inversion and singular
value decomposition. Filled and empty dots refer to errors computed to direct inversion
or truncated SVD approach. Dashed lines identify analytic fit for the errors o4 = 3/d,
with 8~ 4.18 x 1074, and 8 ~ 1.74 x 10~* for the two methods considered to invert the
Fisher matrices.

B.2 Massive scalar field

A summary of the stability analysis for the fisher matrices computed for ultra-
light scalar fields is displayed in Fig. B.7, which shows the errors on some parameters
as functions of the step-size e. Moreover, to further assess the overall stability of
the Fisher matrices we have studied how the errors on the parameters change under
small perturbations. To this aim we have built a matrix R with entries randomly
drawn from a uniform distribution U € [-1073,1073]. We have then computed the
inverse (I' + R)~! and the maximum relative error with respect to the unperturbed
configuration, AT'g = max[(+R)~'/[["' —I]. We have iterated this procedure 100
times, to build up statistics for the maximum error. The cumulative distribution of
AT'g for some of the EMRI configurations we considered is shown in Fig. B.8, proving
that our calculations are extremely stable with more than 90% of the population
having AT'g < 0.1%. Similar results hold for all the binaries we focused on.
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Figure B.7. Errors on the binary parameter as a function of the shift. Injected parameters
are M = 105M), myp = 10Mg, a/M = 0.9, d = 0.1, and s = 0.036, 0.018 for the left
and right column, respectively.
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