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Abstract

Detection of scattering of binary black holes is incredibly hard, hence the main focus of the
community has been for several years the characterization of gravitational wave signals from binaries
in circular or eccentric motion. However by leveraging the relation that is known under the name
of bound-to-unbound mapping, it should be in principle possible to get information about bound
observables from the unbound ones at very high order in perturbation theory, potentially informing
numerical simulations and/or waveform generators. This is (one of) the main motivations behind
the interest in studying the scattering of binary black holes.

Scattering can be investigated analytically through the post-Minkwoskian (PM) approximation:
a weak field approximation that computes corrections around the flat, Minkowski, spacetime. This
is the natural ground for modeling an hyperbolic encounter that, in this approximation, could be
seen as deviation from the straight line motion in presence of a black hole. An alternative (and
independent) expansion, the post-Newtonian (PN) approximation, has been used historically to
investigate bound orbits. It can be naively defined by restricting the attention to binary systems,
where the relative velocity is small relative to the speed of light. Because of the virial theorem
in bound systems, a small relative velocity is immediately translated in a large relative distance
approximation. This means that, for bound systems, the PM and PN approximations are degenerate
while, in a scattering scenario, the two expansions can be performed independently.

Together with these approaches, a third perturbative scheme can be used to obtain analytical
results: Self Force. This approximation contains information that are exact in both PN and PM
sense, and it has been used in the past to get analytical expressions up to incredibly high orders in
PN for bound orbits.

In this Thesis, it will be discussed how to obtain analytically scattering observables by using
Self Force techniques, generalizing the usual procedure to the case of a generic, equatorial orbit.
These methodologies will be applied to study the scattering of a scalar charge off a Schwarzschild
black hole. This methodology will also be applied to compute the fluxes and the waveform for a
gravitational perturbation.

A parallel project, focused on scattering, will also be discussed at the end of this Thesis: it
will be presented how to compute the Quasi-Keplerian parameters for parametrizing the hyperbolic
orbit in Scalar Tensor theories.
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1 Introduction

1.1 Binary Systems as Sources of Gravitational Waves

The first direct detection of gravitational waves (GWs) in 2015 [1] represented a pivotal milestone in
astrophysics, highlighting the importance of accurately modeling their astrophysical sources: binary
systems. The most significant sources observed so far are binary black hole mergers. However,
detections have also been made from systems involving a neutron star—black hole binary, as well as
from binary neutron star mergers [2—4].

Inspiral Merger Ringdown

/Q (W -

el

Post — Newtonian Numerical Perturbation
Theory Relativity Theory

Figure 1.1: Image taken from [5]. This figure illustrates the three phases that characterize the
orbital evolution of a binary system, together with the techniques most commonly used to model
them.

As GWs propagate outward and reach our detectors, they carry away energy and angular
momentum, which induces a back-reaction on the binary system. This reaction alters the orbital
dynamics and drives the inspiral process. This sequence is illustrated in Fig. 1.1. The initial
and longest portion of the signal corresponds to the inspiral phase, during which the orbit decays
gradually over thousands of cycles. As the two objects approach, their velocities increase, leading
to stronger gravitational radiation. This enhanced radiation further accelerates the inspiral, creating




1.1. Binary Systems as Sources of Gravitational Waves

a feedback mechanism that results in a steadily growing waveform amplitude. Eventually, the two
bodies merge, producing a single, highly perturbed remnant. This remnant emits a final burst
of gravitational radiation as it settles into equilibrium. The corresponding waveform segment is
known as the ringdown, and is dominated by the excitation of quasi-normal modes, whose spectrum
depends solely on the mass and spin of the final object [6-9].

A particularly interesting class of binaries is that of Extreme-Mass-Ratio Inspirals (EMRIs),
where the mass ratio between the two objects is very small, m/M < 1. Despite the weak gravita-
tional influence of the smaller companion, EMRIs generate highly intricate waveforms even during
the inspiral phase, due to the complex orbital dynamics near the massive body. EMRIs are among
the key scientific targets of the future LISA mission [10, 11]. An example of a waveform produced
by this class of systems is shown in Fig. 1.2. In these particular snapshots the following orbital pa-
rameters have been chosen: { M, m, a, po, eg, dr} = {10° Mg, 30M, —0.998, 28.3,0.85, 1Gpc},
where my and ms are respectively the mass of the large and small black hole, a is the Kerr parameter
for the angular momentum of the large black hole and (po, eg) are the semilatus rectum and the
eccentricity at £ = 0, where the p is adimensional and defined with respect to the larger mass M.
The parameter dj, represents the luminosity distance between the system and the detector which
detects the waveform. It is easy to see that the signal is strongly variable during time. This is shown
in Fig. 1.3 where the geodesic that produces the signal in the early phases is shown in red. Because
of the large eccentricity, the small body spend a lot of times away from the central black hole, which
explains the separation between peaks in the left panel of Fig. 1.2. During the evolution, the system
emits GWs, leading to a gradual change in the orbital parameters. The orbits tend to circularize,
and the waveform acquires a structure that is markedly different from the initial one.'

x10-2
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Figure 1.2: Image taken from [12]. Waveform for a retrograde eccentric EMRI into a spinning
MBH in the time domain: early and late times in left and right panels, respectively. The orbital
parameters are { M, m, a, po, €g, dr,} = {10° Mg, 30M, —0.998, 28.3,0.85, 1Gpc} .

Because of the intrinsic complexity in the signals, to enable the detection and analysis of
GW signals, it is crucial to develop extensive template catalogs that densely cover the parameter
space of possible sources. In this endeavor, analytical techniques play a central role. Not only do
they provide independent results for validating numerical simulations, but they also facilitate the
matching between waveform segments computed in different regimes — such as inspiral, merger,
and ringdown — using different methods.

Notably, EMRIs do not always circularize: the eccentricity reduces but, in some specific orbital configurations, the
eccentricity can have a sudden increase.
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Figure 1.3: Image produced with the Black Hole Perturbation Toolkit [13]. Geodesic with the
orbital parameters used in Fig. 1.2.

1.2 Analytical techniques: what, how, why?

Analytical methods have proven extremely powerful in modeling gravitational waveforms across the
inspiral-merger—ringdown (IMR) phases. A range of perturbative techniques has been developed to
describe binary dynamics in specific physical regimes that could be identified by dissecting Fig. 1.1.

During the early inspiral, the bodies are widely separated. From the virial theorem, large
separation implies that the relative velocity is small, enabling a post-Newtonian (PN) expansion
[14], organized in powers of v/c < 1. This approximation yields an accurate analytical description
of the system’s dynamics in the weak-field, slow-motion regime. However, as the orbit shrinks
and the system evolves over many cycles, relativistic effects become more significant, reducing
the PN approximation’s accuracy [15—17]. In this late stage of the evolution, Numerical Relativity
(NR) becomes essential to accurately model the dynamics and gravitational wave emission [ 18-20],
especially near the merger, where nonlinear strong field effects dominate.

To construct a complete waveform, one must match the PN description of the early inspiral
with the NR results near and after the merger. This can be achieved with different models, for
instance the Effective-One-Body (EOB) formalism [21-23] or the Phenom family of models [24].
In particular, EOB provides a nice map between a two-body problem and the motion of a single
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effective particle in a deformed background. This framework bridges the gap between analytical and
numerical models, extending analytical methods up to merger and ringdown. On the other hand,
hybrid waveforms, such as the one produced with phenomenogical models, can be constructed
by directly matching PN and NR results. This list is not intended to be exhaustive, a complete
description of the various models that are used for generating a complete waveform can be found
in [10], with a strong focus on the LISA mission, or in [25] where some discussions on the open
challenges in waveform modeling are presented, in relation with a future ground-based detector,
the Einstein Telescope.

Beyond PN and EOB, other perturbative techniques are particularly useful in different physical
regimes. Among these, two stand out: the Gravitational Self-Force (GSF) formalism [26-28] and
the post-Minkowskian (PM) expansion [29-32].

The GSF approach does not assume small velocities or large separations, but instead requires a
hierarchy between the masses of the binary components: a primary black hole of mass M, and a
secondary compact object of mass m < M. This makes itideally suited for modeling EMRIs. Since
the expansion parameter is the mass ratio itself, GSF techniques contain exact information about the
orbital dynamics with respect to distance and velocity. This feature has enabled the calculation of
several gauge-invariant observables to very high PN orders, for both circular, eccentric and recently
also spherical orbits, in Schwarzschild [33—37] and Kerr spacetimes [38—42].

In contrast, the PM expansion assumes weak gravitational fields, i.e., an expansion in powers of
G < 1, while making no assumptions on the velocity. As a result, it is well suited for describing
high-speed interactions, in particular unbound scattering events. In fact, while the PN expansion is
naturally tied to bound systems and slow motion, PM is the natural choice for computing observables
in gravitational scattering scenarios. A more detailed discussion on PM and scattering is given in
the next Sections.

Finally, it is crucial to highlight that the dynamics of a binary system are governed not only by
dissipative effects (e.g., GW emission), but also — and predominantly — by conservative dynamics.
The leading-order corrections to Newtonian motion are conservative in nature, as exemplified by
the famous calculation of Mercury’s perihelion precession by Einstein. The accurate modeling of
the conservative sector is essential, as it forms the core input for both analytical and numerical
frameworks used to calculate dissipative effects. Therefore, much of the analytical effort is devoted
not directly to waveform generation, but to computing gauge-invariant observables that serve as
reliable inputs for waveform construction.

1.3 Self Force

It is worthwhile to devote a few more words to the concept of Self Force, since it constitutes one of
the two main topics of this Thesis. As already mentioned briefly, EMRI systems can be naturally
studied within the Self Force formalism, which essentially describes perturbations of the black hole
spacetime induced by a small massive body, modeled as a point particle.

The goal of the Self Force approach is to investigate perturbatively the motion of a light
body around a massive black hole, using the mass ratio between the two objects as the expansion
parameter.

At zeroth order, only geodesic motion is considered: the large black hole determines the
background geometry in which the small body moves, with geodesics providing the natural gen-
eralization of straight lines in curved spacetime. Deviations from this motion arise at the first
subleading order, where the particle’s trajectory is influenced not only by the central black hole
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but also by its own gravitational field. These corrections, which become increasingly intricate at
higher orders due to nonlinear interactions of the field with the particle and with itself, encode
the imprint of gravitational-wave emission. To model the resulting radiation-reaction effects on
the orbit of an EMRI, the gravitational field of the small object is treated as a perturbation of
the background geometry, obtained by solving a linearized version of Einstein’s equations. This
perturbation produces an effective acceleration that displaces the particle from its original geodesic,
an effect identified as the gravitational Self Force. Within this framework, the inspiral of a binary
system emitting GWs is ultimately driven by the action of the Self Force.

The point-particle approximation, however, presents a conceptual limitation: for gravitating
sources in GR it is not strictly valid, since the field of the small object cannot be exactly represented
as that of a point particle. This issue can be fully understood using a rigorous derivation involv-
ing matched asymptotic expansions, from which the point-particle result emerges as a particular
limit. However, for the purpose of this Thesis, such detail is not relevant and the point-particle
approximation will suffice.

At first order in Self-Force, the solution to the linearized Einstein equations can be written in
terms of the retarded Green’s function, which splits into a singular and a regular piece, usually
referred to as the Detweiler—Whiting decomposition [43]. The singular field diverges as ~ 1/r,
with r measuring the distance to the particle’s worldline, while the regular field remains smooth.
This decomposition is crucial to extract meaningful information and compute the deviation from
geodesic motion due to the Self Force. The divergent part can be obtained by performing a near-
particle expansion, as discussed in [44, 45]. Subtracting it from the retarded field yields the regular
part of the field.

This subtraction scheme is implemented through the mode-sum regularization method. Instead
of removing the singular field directly from the retarded solution, the procedure is carried out
at the level of the multipolar modes. There are several reasons why working mode by mode is
more convenient. First, the differential equations to be solved are already projected onto a basis
of spherical (or spheroidal) harmonics. Second, at first order in Self Force, the source is modeled
by a point particle described by a Dirac delta distribution localized at the particle’s position. This
distribution can be decomposed in spherical harmonics, and each (I, m) mode turns out to be finite;
the divergence only arises from the infinite sum over all modes. The same property holds for
the singular field: its individual harmonic modes are finite. Therefore, subtracting the singular
contribution from each mode of the retarded field involves only finite quantities.

Once the subtraction is performed at the mode level, the infinite sum over (I, m) can be carried
out consistently, yielding the regularized field, which can then be used as the fundamental input to
compute Self Force corrections to geodesic motion.

1.4 The Scattering Problem

The discussions in previous Sections have been primarily focused on bound systems. In this
Section, the scattering problem will be introduced, since it will be the central theme of this Thesis,
with a particular emphasis on scattering in the context of EMRIs. An illustration of the orbital
configuration for a scattering event is shown in Fig. 1.4.

Unlike GWs emission from bound systems, hyperbolic encounters lack a neat separation between
regimes such as inspiral, merger and ringdown. In a scattering event there is an incoming massive
object from the past infinity, characterized by its asymptotic energy £ and orbital angular momentum
L, that approaches the primary black hole up to the minimum approach distance r,;,, then escapes
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t—> + o0

Figure 1.4: A sketch of a hyperbolic encounter. The small particle is approaching from the infinite
past at a certain velocity v. The particle is on a geodesic with the radial motion expressed by the
quantity 7, (¢) parametrized with respect to the coordinate time ¢. It reaches the impact parameter
b and scatters back to infinity. The difference between the incoming and outgoing direction is
parametrized by the scattering angle .

to future infinity. This is the simplest case of a scattering event, where the "endpoints" are well-
defined. It is important to point out that, as for the bound case, the system can be completely
modeled by fixing two orbital parameters, as the semilatus rectum and eccentricity, or energy and
angular momentum. In addition, in a scattering scenario, also the impact parameter b and the
velocity at the infinite past v could be used to uniquely characterize the motion.

The scattering problem has also been investigated for systems that are not EMRIs by NR and
the EOB formalism [46-53] and, for EMRISs, by GSF techniques (though mostly limited to scalar
charges for now) [54-58].

Interestingly, if sufficient energy and angular momentum are radiated away, the trajectory can
transition from scattering to a dynamical capture [59, 60], resulting in a merger and ringdown. This
scenario has been applied to explain a particular GWs detection in [61].

From an observational viewpoint, detecting GWs from scattering events is extremely challenging
due to their short, non-periodic signals. In Figs. 1.5 and 1.6 the two polarizations of the GW signal
are presented for an hyperbolic scattering where (b, v) = (500, 0.3¢). It is clear from both images
that the sudden burst of radiation corresponds to nera ¢ = 0, i.e. when the incoming particle is
close to mmin. Even if the event is confined on the equatorial plane § = 7/2, the signal is emitted
spherically and hence, different sets of angles (6, ¢) can be selected in order to plot the waveform.
Notably, for some specific choices of the angles, for both A, and hy, the asymptotic values of
the waveforms for ¢ — 4oo are different. This is due to the gravitational linear memory effects,
see [62, 63]. These images have been produced by using the techniques described in Chapter 5
for the [ = 2 multipole and selecting different sets of 6, ¢ in order to highlight different features
of the two polarizations. Besides G = ¢ = 1, the expressions plotted are in units of M v, where
v =mM/(m + M)? is the symmetric mass ratio of the binary and m is the mass of the incoming
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particle.

The non-zero values of the waveform at past and future infinity is a well known issue, related
to the choice of the Bondi-Metzner-Sachs (BMS) frame, see [64], and there are various techniques
for solving this issue, from both analytical and numerical perspective [65, 66].

h.(t)

— 0=7/2,¢9=0
0=rm/2, ¢=r1/3
— 0=T11/2, ¢ = 11/2
— 0=11/2, ¢ =271/3
— 0=7/2, =TT

1 1 1 1 M. 1 1 1 1 1

t
—o0 -20 -10 -5 -2 2 5 10 20 )
-0.05

Figure 1.5: The “plus” polarization of a gravitational wave emitted by a scattering event obtained
analytically from the techniques of Chap. 5.

— 0=713,9=0
0=r/3, ¢=r1/3
. . . , , , Loy — 0 =711/3, @ = 17/2
R S0 N0 = 93, ¢=2713
P — 0=1/3, =TT
—0‘105—
3
-0.15

Figure 1.6: The “cross” polarization of a gravitational wave emitted by a scattering event obtained
analytically from the techniques of Chap. 5. Notably, when 6 = 7/2, hy is identically zero for any
value of ¢.

Despite observational difficulties, scattering processes offer deep theoretical insights. Notably,
analytical results for hyperbolic scattering can inform our understanding of bound motion via the




1.5. Organization of the Thesis

boundary-to-bound (B2B) map, see [67—73]. In this mapping, it is possible to relate gauge invariant
observables computed in scattering with observables for bound motion, for instance the scattering
angle and the periastron advance, but it is also possible to directly compute bound waveforms from
scattering amplitudes.

In order to use the B2B map, it is however necessary to compute observables at high order in
perturbation theory. In this view, the largest portion of analytical results obtained for hyperbolic
encounters have been derived mainly via EOB Hamiltonians [74—80] and using modern effective
field theory and scattering amplitude methods from particle physics [31, 32, 81-90].

In particular, by using world-line quantum field theory techniques (WQFT) [91], it was possible
to reach an almost complete analytical knowledge of the SPM order [92, 93] for both the conservative
and dissipative sector, with resummed information on the velocity, i.e. to all order in the PN
expansion, that was also recently used for checking results obtained in several works, such as
[75, 76, 94-96], and also getting new analytical information, see [97].

Despite the large number of results, it should also be pointed out that there are several open
problems. The most pressing one is indeed related to the B2B mapping which, at the present
time, does not work for a particular sector of the dynamics, called non-local. This sector contains
information about the whole past history of the gravitational source. At the present time, there is
no B2B prescription that works for the full dynamics. However, there are strong suggestions that
this prescription should exist, in particular from the recent work [98].

The second problem is that the calculations are unbelievably hard. The SPM results mentioned
above reached the present computational threshold of the community: by using the WQFT approach,
it was necessary to compute 363 Feynman diagram for the conservative and 426 in the dissipative
sector, in order to reach SPM accuracy at the first order in the Self Force expansion. This number
of diagrams required then 300k core hours of computations for each sector only for setting up
the problem. This represents a very stringent computational challenge. Together with it, also the
presence of new functions that were never observed in High Energy Physics computations, see [93],
pose the question if these techniques can be pushed to higher precision.

Some preliminary works in SF are now trying to obtain analytical information at very high
PM-PN orders by using a Self Force expansion on top, for instance [64, 99—101]. The discussion
about these techniques is postponed and it will be the core of this Thesis.

1.5 Organization of the Thesis

The main goal of this Thesis is to generalize techniques from the GSF program to include sources
on hyperbolic orbits. The general formalism presented in Chapter 2 and 3 is valid in the general
case of a rotating black hole. However, the applications will be of the successive Chapter will
restrict the attention to the non-rotating case, which is also used in the first Chapters to highlight
the analytical features of the derived expressions, which appears less convoluted in the non-rotating
case and hence, more explicative. The Chapters are organized as follows.

In Chapter 2 it will be provided a short review on Black Hole Perturbation Theory, how to
formulate the SF problem via the Teukolsky formalism and how to solve the homogeneous problem.

In Chapter 3 it will be presented how to solve the inhomogeneous problem with a source that is
in hyperbolic motion. It order to do so, the formalism adopted in previous analytical SF calculations
will be extended in order to incorporate an orbit which is in a generic motion on the equatorial
plane.
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Finally, in Chapter 4 the formal results obtained in the previous Chapters will be adapted to treat
the case of a scalar field that scatters off a Schwarzschild black hole, by providing explicit results
and analytical results expressed by combining post-Newtonian and post-Minkowskian expansion.
The results presented will be valid up to SPM and 4.5PN.

In Chapter 5 the focus will discuss how to compute gravitational fluxes and waveforms for an
hyperbolic scattering event.

In conclusion, in Chapter 6 an independent computation of the observables for a scattering
event in the context of Scalar-Tensor theories will be presented. This will provide another way
of investigating a scattering event but in another framework where also deviations from GR will
be included. These calculations are a first step in investigating analytically scattering also in the
context of modified gravity. In addition, it is notable that Scalar-Tensor theories can also be used to
model systems where the binary is surrounded by an environment, such as dust, see [102, 103].




2 Introduction to Black Hole
Perturbation Theory and Self
Force

The main topic of this Section concerns perturbations of black hole spacetimes; see [28, 104] for
more detailed discussions. This Chapter aims to first introduce the general strategy for formulating
the differential equation that governs the evolution of perturbations in General Relativity, namely
the Teukolsky equation. Subsequently, it presents how to solve the corresponding homogeneous
equation analytically, through perturbative expansions that yield closed-form expressions up to a
given order in perturbation theory. Unless otherwise stated, this Chapter adopts G = ¢ = 1.

2.1 Black Hole Perturbation Theory

The starting point of the perturbative approach consists of considering the full set of Einstein’s field
equations (EFEs):

G = 81Ty, , (2.1)
where G, is the Einstein tensor
1
G,uu = Ruu - §g,uuR7 (2.2)

which can be naively interpreted as a function of the second derivatives of the metric tensor g,,,,, or
its inverse g#, with respect to the spacetime coordinates z#. I, and 2 are respectively the Ricci
tensor, constructed from the index contraction of the Riemann tensor R, = R,,,,, and the Ricci
scalar R*,4,g"" = R. On the right hand side, T},,, represents the stress-energy tensor of matter.

A solution to Eq. (2.1) can be written as a perturbative expansion in terms of a small parameter
€,

Guv = Guv + €hl) + E€RZ) + O(e%) (2.3)

where g,,,, is the background solution. Similarly, the stress-energy tensor can be expanded in terms
of the same parameter
Ty = €T + €T3 + O(é), (2.4)

under the assumption that the zeroth-order term vanishes. The reason behind this assumption is that
the background metric g,,,, should be the one of a isolated black hole, i.e. no matter distribution

10
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around the black hole. Perturbative solutions of EFEs are not always valid and the small parameter
€ should be properly defined to permit a perturbative expansion of the metric. As an example, €
could be related with the Newtonian gravitational potential M /r, then perturbative solutions can
be assumed in the weak field limit, when M /r << 1. On the opposite region of the parameter
space, where strong field effects dominate and M /r ~ 1, perturbative solutions cannot capture the
full non-linear dynamics. Regarding this Thesis, perturbative corrections to black hole solutions
due to a second body are captured by an expansion in powers of the mass ratio, e = m/M < 1.

Inserting these expansions into the field equations generates a hierarchy of differential equations
to be solved iteratively in powers of € :

0)rg] = h
GGl =0 0™ order,
GE}V) (M) = 87TT,511,) 1% order,
GAR®] = 87T — GARM, AV 2 order,

where the zeroth-order equation is solved in many textbooks [105, 106] to give explicit forms of
black hole spacetime metrics. The most important from the observational point of view are the
Schwarzschild and the Kerr black holes. Coupling Einstein’s equations to Maxwell’s equations
yields generalizations of these metrics, namely the Reissner—Nordstrom and Kerr—Newman black
holes.

The Schwarzschild solution represents a static, non-rotating, spherically symmetric black hole
with mass M. It is described by the following line element

ds* = —f(r)dt> + f(r)"'dr?® + r? (d6” + sin® 0d¢?) | (2.5)

where f(r) := 1 —2M/r'. The Kerr solution generalizes this to a rotating, axisymmetric black
hole characterized by its mass M and angular momentum per unit mass a. In Boyer—Lindquist
coordinates, the line element reads

in0

ds* = —%(dt — asin® 0d¢)? + ST [(r* + a?)d¢ — adt]” + Z o Ydo?, (2.6)

A
where Y = r2+a2? cos? @ and A = r2—2Mr+a2. Unlike the Schwarzschild case, which features a
single event horizon at 7y = 2M, the Kerr metric possesses two horizons at 7y := M £+ M?2 — a2,
known as the inner and outer horizon. For a = 0, it is easy to see that v = rgy and r_ = 0.

At first order in ¢, the relevant equation becomes

Gf}u [h(l)] — 87‘(7"}5? , (27)
where the left hand side is
1 1 _ _
1 )7 _ _ o= B —  —af (1) ap(1 ;
G/(,Ll/) [h( )] - _5 (gu 9, — igllwg ) (Dhaﬁ + 2Ra’y,3 h"(yo? - 2h‘»y(a 7[6)) ) (2.8)

and the Riemann tensor Rav ﬁ,, is computed from the background metric. The d’Alembertian
operator is defined as (J := g"*V,V,,, where V, is the covariant derivative compatible with the

IThe chosen signature is the mostly plus one, i.e. (—, 4, +,+)
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background metric, which can be also indicated with semicolons. For compactness, the trace-
reversed perturbation has been defined as

By = L) — %gwgaﬂhﬁjg . (2.9)

As discussed in [28, 107], one can impose the Lorenz gauge condition V,h*? = 0 via a gauge
transformation, simplifying the structure of the equations.

However, Eq. (2.7) is not the equation typically solved in practical applications. In the
Schwarzschild case, two master equations—governing odd and even parity modes—were intro-
duced by Regge and Wheeler [108] and Zerilli [109], respectively. Their solutions are directly
related to the metric perturbations by a straightforward reconstruction procedure.

For rotating black holes, such a decomposition is not straightforward due to the more complex
structure of the Kerr background. Nevertheless, as shown by Teukolsky and Press [110-112],
it is possible to derive a master equation within the Newman—Penrose formalism [113]. In this
framework, the basic variables are the tetrad components of the curvature tensor, and the so-called
Teukolsky equation governs the evolution of specific null tetrad components of the Weyl tensor,
namely g or 1y4.

In this respect, the Teukolsky formalism offers a more general framework than the
Regge—Wheeler approach. Its main limitation lies in the fact that it does not directly yield the
metric perturbation. A more involved reconstruction procedure is thus required [114—120] also in
this case. The next Section will be devoted to discuss with more details the Teukolsky equation.

The second-order perturbation equations present significant analytical and computational chal-
lenges. This Thesis will not address these aspects, but the interested reader is referred to [28, 121-
124] for further discussion on both analytical and numerical approaches.

2.2 Teukolsky formalism

2.2.1  Null tetrads and Geroch-Held-Penrose formalism

Black hole spacetimes are exact solutions of the Einstein field equations (EFEs) that belong to the
Petrov type-D class. The Petrov classification is a mathematical framework used to characterize
the algebraic symmetries of the Weyl tensor at each spacetime point. In type-D geometries, the
Weyl tensor admits two distinct, non-degenerate principal null directions. This property naturally
motivates the introduction of a complex null tetrad in which two legs are aligned with these principal
directions.
Adopting standard notation

[ :=efyy, n%i=ely, mi=el, moi=ely, (2.10)
where [* and n® represent the outward and inward null directions, respectively, and satisfy the
normalization condition {“n, = —1. The remaining vectors, m® and m® are complex conjugates
constructed from linear combinations of two orthonormal spacelike unit vectors, i.e. in spherical
coordinates (é, ngS) Their explicit expressions depend on the coordinate system; again in spherical
coordinates, a standard choice is

ma:ﬁ(éwé)a, @.11)
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with m®m, = 1, while all other inner products vanish.

The most commonly employed tetrads in Kerr spacetime are those introduced by Carter [125]
and Kinnersley [126]. The primary distinction between these lies in their transformation properties
under discrete symmetries, for instance {t,¢} — {—t,—¢}. Nonetheless, the physical results
derived from either choice are equivalent and invariant under such transformations.

The null tetrad {ef)} = {I% n® m® m®} constitutes the basis of the Newman-Penrose
formalism [113], which was originally employed by Teukolsky to derive his master equation.
However, a more compact and symmetric reformulation is provided by the Geroch—Held—Penrose
(GHP) formalism [127]. Despite its more abstract nature, the GHP approach proves particularly
efficient for handling perturbations of type-D spacetimes such as Kerr. Additional details can be
found in [128—-130] but the following discussion (and notation) is mainly based on [28].

The Kerr metric can be concisely expressed in terms of the tetrad vectors as

Gas = —2l(ang) + 2M(amg) 2.12)

For vacuum spacetimes, the non-vanishing components of the Riemann tensor coincide with
those of the Weyl tensor C,,,,, and their contraction with the null tetrad yields five complex
scalars:

\I/O = C'lmlm 3 ‘Ijl = Clnlm ) \112 = Clmﬁln y \I}3 = Clnmn 3 \114 = Cnmnm ) (213)

where a short notation has been used, i.e. Cipim = u[gwl"‘mﬁ I*mY. For type-D backgrounds 2,
such as Schwarzschild and Kerr, most of these Weyl scalars vanish:

Vo=V =U3="T,=0, (2.14)
while the only non-zero component is given by
Uy = —M( 3 := —M(r +iacos) ™3, (2.15)

where ( also has a coordinate-related expression 3 = ((.

From these expressions, it becomes evident that studying perturbations of the Weyl
scalars—rather than directly perturbing the full metric—is a more efficient and insightful strat-
egy in the context of Kerr perturbation theory. In doing this, GHP formalism plays a crucial
role.

Given the null tetrad e?‘a), one can first construct the four directional derivatives:

D:=V,=1°V,, A:=V,=n%V,., 6:=V,,=mV,, §:=V;=mV,, 2.16)
and by looking at their action on the tetrad vectors, it is possible to define four spin coefficients:
k=='m"V,l,, oc=-m'"m"V,l,, p=-m'm'V,l,, 7=-n'm"V,,, @17

which do not exhaust the full set of spin coefficients that can be defined, which are 12 in total.
To define the remaining 8 spin coefficients, it is necessary to introduce a set of three discrete
transformations corresponding to simultaneous exchanges of tetrad vectors:

1. " 1% < n® and m® & M~

2To be precise, the Goldberg- Sachs theorem applied to the case of Petrov type-D spacetime assures that most of the
complex Weyl scalars vanish; see [131].




2.2. Teukolsky formalism

2. T:m% < m%;

[e3 - O

3. % —>m%*, n*—>-—-m*, m*—-I%, m*— —n%.

The second quartet of spin coefficients can then be constructed by simply acting with the "prime"
transformation on k, o, p and 7.

The final four spin coefficients are used to define the GHP derivative operators, which represent
a fundamental ingredient in the construction of the Teukolsky equation:

b:=1*V, — pe — q&, d:=mVq —pB+qb, (2.18)
along with their prime variants b’ and &’ and where

1 1
8= 3 (m*m”V,m, —m*n"V,l,) , =5 (*m"V ym,, —1Fn"V 1) . (2.19)
The two coefficients p and g are integer numbers that identify the so-called GHP type of an
object. Every quantity defined within this formalism has a well-defined type, which is related to its
spin and boost weights, givenby s = (p — ¢)/2 and b = (p+ ¢) /2. For our purposes, it is sufficient
to look how the prime and bar operations affect these types:

"Apat = {-p,—a}, ~:{p,¢} = {a.p}, (2.20)

while
K {37 ]-} ) o {3771} ) p: {1>1} ) T {17 71} ’ (221)

and their primed variants have types that are straightforward to determine. The standard way to
identify the GHP type of a object is by applying a boost and a rotation to it and see how it transforms.
For instance, if the combination of these two transformations is parametrized by Y, by applying this
transformation to a generic object =:

== xPxiE, (2.22)

the GHP type of = can be easily identified. y is usually a Lorentz transformation, composed by a
boost and a rotation, which lead to a generic expression of X2 = re®”, where r contains information
about the boost and the exponential about the rotation. It is easy to see that the difference p — ¢ is
related to rotation of =, while p + ¢ is related to the boost. Indeed the factor 1/2 in the definition
of s and b comes from the definition of .

The last four spin coefficients of Eq. (2.18) have been defined in order to produce a quartet with
well defined GHP type which can also be used as derivative operators. The directional derivatives of
Eq. (2.16) fails in producing a new object with well defined GHP type, hence they are not suitable for
this formalism. These operators are then combined with the spin coefficients defined in Eq. (2.19)
and their primed and barred variants, which do not posses a well defined GHP type, in order to
produce new derivative operators which transform well under Lorentz transformations. Moreover,
when D and 0 act on a quantity with GHP type p, g, the result transforms as {p, g} — {p + r,q + t},
where {r,t} depends on the operator:

b: {11}, b :{-1,-1}, o:{1,-1}, 9 :{-1,1}, (2.23)

hence one can interpret D () and D’ (3’) as boost (spin) raising and lowering operators. More
details can be found in [130].
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A final remark concerns the GHP type of the five Weyl scalars:
Uy = {4>0} ) U, = {23 0} ) Uy = {070} ) Vs = {723 O} ’ U, = {747 0} ) (2.24)
and in terms of spin weight, this implies that Wy is a spin-0 scalar perturbation, ¥; and W3 have

|s] = 1 (vector perturbations), and W, and W, correspond to |s| = 2 (gravitational perturbations).

2.2.2 Teukolsky equation

It was shown in [132] that by perturbing the Weyl scalars as
U, =0, + e, (2.25)

where W; are the background Weyl scalars previously discussed, 1y and 1,4 are two gauge invariant
variables and they satisfy decoupled and fully separable second order differential equations. These

perturbed scalars are related to the metric perturbation h,(},,) introduced in the previous section.
The Teukolsky equations are the two master equations governing 1y and 1)y4:

Oy =8nJoT, Oty =8nTuT, (2.26)

where O and O’ are second-order differential operators, expressible in GHP formalism as
1
O=D-25p—p) (D' =p/) = (@257 —7) (0 —7') + 3 [(6s—2) —45°] Uy, (2.27)

where s is a spin-weight parameter. The right-hand sides of Eq. (2.26) contain the projections of
the stress-energy tensor, and Jy and J, are second-order differential operators acting on T}, to
produce the so-called Teukolsky sources, which will be discussed in the next Chapter. The operators
can be also written in GHP form as

(o), = 5 @7 =) [(P = 2) Ly — B = 7) ]

+ 5 (0 —dp—p) [0 27 lgumyy — (B~ p)mym, ] | (228
(Tl = 3 (O 7 —47") [0 29 ) iy — (0 =) mm ]

+ % (P' —4p' = p') [0 = 27) n(myy — (B = p') mumy] (2.28b)

where the spacetime components of these operators have been restored.

In the following, only the equation for the spin s = —2 perturbation will be investigated.
The reason is that it is possible to relate the homogeneous solutions of Egs. (2.26) by means of
Teukolsky-Starobinsky identities:

D¢ty = 0" ¢Mp — BM Let (2.29a)
D ¢Mpy = 8*¢HMpy + M Lty (2.29b)

where the Lie derivative operator L¢ is defined as

Le=—C(—p'P+pb + 75— 70) — gg% - %@I/g , (2.30)
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and ¢ is the Killing vector on the ¢ direction of the background spacetime
E=—C(=p1*+ pn® + 7'm> — Tm®) . (2.31)

At this stage, the GHP formalism gives a well-suited framework for formulating the Teukolsky
equations. To devise a practical strategy for solving them, it is necessary to express the operators
in terms of the spacetime coordinates. For s = —2, one can exploit the identity

O'thy = (T*OCMy, (2.32)
which leads to the alternative form
O(¢*pa) = 8¢ LT, (2.33)

which is identifying a single differential operator that acts identically on spin £2. The price to
pay is that for the spin —2 perturbation, the field is not only the Weyl scalar but there is also the
prefactor ¢* in the Kinnersley tetrad.

The operator O can then be written in terms of the spacetime coordinates as

2 2\2 AM 2 1
O=— (M“) — a%sin? 9) 02— = 9,0, — (a )8¢+A “9,(A*H19,)

A A A sin?6
1 . a(lr— M icosf M(r? — a? )
+Singag(sm€89)+25( ( X ) + Sin20)0¢+23 ((A>—T—za0089) O
— s(scot?0 — 1), (2.34)
where s = —2. This expression makes it evident that solving analytically the equation directly in

the time domain is not tractable analytically in general. However, due to its separability, one can
pass to the frequency domain and also decompose the field into radial and angular parts:

(¢*¥a) Z Z €™ oS (0) Rimeo (1) , (2.35)

=2 m=—1

where (¢*1)4),, is the frequency-domain solution, R, () and 4S;,,, () are respectively the radial
and angular function. It is important to stress that the equation is defined only for [ > |s|, for the
so-called radiative modes® hence, the solution is not capturing information from [ = 0, 1 which are
called non-radiative modes. However, this definitions is not that simple as just described and, in
particular for Kerr perturbations, there few subtleties with the low multipoles perturbations which
are described in [ 133], but in general these contributions can be computed from standard techniques,
see [35, 133].

Going back to the time domain, by simply performing an Inverse Fourier Transform* (IFT) on
Eq. (2.35)

o l
1 L
Chpy = %E § / dwe™“tei™? S (0) Rime (1) . (2.36)
=2 m=—1

3More discussion on radiative modes in Chapter 5.
4The notation is: the Fourier Transform is the integral transform that takes a function in the time domain and gives its
counterpart in the frequency domain, while the Inverse Fourier Transform does the opposite.
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The resulting equations for the radial and the angular part are

K2 4 4i(r — MK
{Azd (A1d> LK i - MK _gxlm} Rime = Time » (2.37)

dr dr A

1L d (. d 2 2 .2
[sin@d& (sm@da)—aw sin“ 0

— 2cos6)>
- % +4dawcost — 2+ _a A + Qamw] sSm =0, (2.38)
sin

where K = (r2 + a®)w — am and _s)\;,, are the eigenvalues of the equation for .Sy, = §Si,,(6).
As a last remark, these equations can be generalized to a generic value of s, providing a framework
that could work not only for gravitational perturbations but also for scalar and vector ones (together
with also neutrinos). For the sake of completeness, the equations are

d d K? —2is(r — MK
AL (pert L) K2 2C MR | Wi = oTi s (239)
dr dr A

1 d (. d 2 2 .2
[sinﬁd& <sm€d€>—aw sin“ 0

(m + scos 0)2
-y 2asw cos O + s + N + 2amw | s Sim = 0, (2.40)
sin

where the radial function is now generically called s\W;,,,.,-

2.3 Analytical solution of the homogeneous radial
equation

The problem of finding analytical solutions to the homogeneous equation, it is now reduced to
solving two decoupled second-order differential equations in the radial and angular variables. The
procedure is standard: one first determines solutions to the associated homogeneous equations with
appropriate boundary conditions, and then constructs the inhomogeneous solution by convolving
the homogeneous solutions with the source term. However, if analytical solutions to these equations
are sought, perturbative techniques become essential. The most commonly employed method in
this context is the post-Newtonian (PN) expansion.

This Section aims to define a systematic procedure for computing analytical expressions for
the solutions of the Teukolsky angular and radial equations using a perturbative approach. In this
framework, the PN approximation is interpreted as a small-frequency expansion in the parameter
w. A more precise definition of the PN expansion will be provided in later chapters, where it will
be clarified how the PN regime is intrinsically connected to the presence of the perturbing source
located at a large radial distance from the central black hole.




2.3. Analytical solution of the homogeneous radial
equation

2.3.1 Angular Equation

The angular equation (2.40) for generic s admits solutions called spin-weighted spheroidal har-
monics Sp, (0, ¢; aw) [134]. These eigenfunctions of Eq. (2.40) have a spectrum of eigenvalues
labeled by s A\jm (aw).

In the PN approximation, it is possible to treat the 3S;.,, (0, ¢; aw) perturbatively by expanding
for aw — 0 and get the so-called spin-weighted spherical harmonics ;Y;,,, (6, ¢), see [38, 111] and
the arising structure is the following:

sSlm(aw) - s}/lm
4 _aws <sY(1+z)mﬁl ~ sYagymBit )
VIi+20 \12v/-1+21 (1+1)2/3+21
(aw)? | 2ms (12 = 25?) JY(_140mBi 3 (1—25%) Y _oypymB-1+161
2 Vol t2vIta(—1+2) (1—20)2(—1+D2vV/=3+ 21+ 2l
B 2ms ((1 + 1)2 — 252) SY(1+z)m51+l L2y ( 512 B ﬁ%_H >
1+ 042+ )VItalv/3+al S\ T 0+ D)3+ 412+ D)

(1+1+257) YoynymbBiriBari }

* (1+022+DV1I+20(3+20)%2v5+ 21

(aw)3 6m82 (l + 212 - 482) s}/(—2+l)m5—1+lﬂl
6 | (1-2022-0)1 -1 +1)V=-3+21v1+2I
s (1 =314 25%) Y s10mB-2t1B-141101

+
(1—20)2(=2+ 1)(—1 + 1)212/—=5 + 21(—3 + 20)/1 + 21
omsyi |- (1P —m?) (' = 325> +25Y)  ((1+1)?—25%) B3,
16— 518 + 4710 10+ +1)(1+20)(3+20)
N 3sY—11ymbB B(1+21) (s —3ls +2s%) 82, 39
16(—1 + 20)3/2(1 + 21)3/2 1123 —4(2-1)) o5

01— a2 [ 25 (I+s?)  (1—s?) P(14+31+22+(2+41)s%) f7,,
P20 (5 )

1—12 )2 (1—1)2 201+ DA(3 + 41(2 +1))m?2s2
n 6ms® (1 +1(3 + 21) — 45%) Yoy ymBr+1Bo41
I+ D42+ 1)(3+DVI+2(3+20)2V5+2

3sY(1rnymBi+1 (L+ 033 +20)s (1 +21° +5° = 1s?) 57 3 2
+ - 1 +3s 61+l
(1 + )S(1 + 20)372(3 + 21)3/2 A(—1+20)
8((1+0)%=s?)  (1+1)3(4+30+2s%) B3
2.3 _ 2+1
+ 1+ 2@+ 2)ms < 22+ 1?2 (2+l)2(3+21)2(5+2l)m252>}

5 (4 + 31+ 25%) Yis41ymBr41824183 41 1
(D22 023+ VI 20(3 + 20)2(5 + 20T + 21 Folas A

where the (6, ¢) dependence is implicitin the Y},,, (6, ¢) and the parameter 8; = /(2 — s2V/(%2 — m?,
was introduced.
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It is possible to provide expressions at very high order in this expan-
sion by using the SpinWeightedSpheroidalHarmonics library of the
BlackHolePerturbationToolkit, see [13], but the general structure at any order in
aw 1s

N %
Sim(aw) = (aw)” Y Aij(1,m,8) Y4 j)m (2.42)
i=0 j=—1i

which reflects the explicit expression of Eq. (2.41).
Similarly, it is possible to series expand also the eigenvalues s \;,, (aw) and get

Aim(aw) =11 +1) — s(1 + 5) — aw <2m + W)

1(1+1)

S| 2(=1+1+1%) 4s? 6s*

+ (aw) + -
T3 AI(I+1) | 3441+ I(—3+1+42(2+1)

o 2 B 1252 (64 101(1 +1))s*

31+ (3411422 +1) " BA+13(—3+4l(1+1)

—1+ 30+ 302
4 3 2
+4aw)"ms [1(6—51—1812—|—l3+12l4+4l5)
1052 n (6+7l+7l2) s

16— 5l — 1812+ 13 + 1214 +415) ' B(1+1)3 (6 — 111 — 712 + 813 + 414)

1(6 — 50 — 1812 + I3 + 121* + 4/°)

2 (6+ 170+ 71?) s* (6+1(1+0)(19+91(1+1)))s*
TBA+1)3(6 11— T2+ 8B +4Y) T (1 —DB(L+ 12+ 1) (1 —20)(3+ 21))

(aw)* 6201+ 07T+ I+ 1)(=3+20)(5+21))
+ B3=20(+20)| (3—41(1+1))3

C 815+ (1 + D) (=13 4+121(1 +1)))s* | 4(90 4 I(1 +1)(=141 + 2201(1 + 1)))s*

B_4(110)? T+ 0B -4+ )3
72(5 — 281(1 +1))s®  18(45 — I(1 + 1)(57 + 68L(1 + 1)))s®
(T+DE -4 +0)* BG—1—422+1)
o[ 60 —41(134+1—241 —121%)  16(45 + I(1 +1)(—87 + 1001(1 +1)))s?
m [_ EEFTEME E R EDIE

(720 — 81(1 + 1) (159 + I(1 + 1)(704 + 31(1 + 1)(—933 + 4761(1 +1)))))s*
+ (1 20PBA+ 1B 27 (2111 2)

16(1260 4 1(1 +1)(—2226 + 1(1 +1)(—991 + 1332((1 +1))))s®
+ (1 —2PBA+ 03B +20)3 (—2+1+2)

4(2430 4 1(1 + 1) (567 + 1(1 + 1)(—10089 + 131(1 + 1)(183 + 2201(1 + 1)))))s®
a B(14+1)5 (=2 +1+12) (3 —41(1 +1))3

J[66+400(1+1)  72(5—281(1+1))s>
B-dl(1+0))p  11+)(B—4(1+1)3
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| 43330 + I(1 +1)(=5883 + U(1 + )(—~2693 + 32761(1 + 0)))s*
(1= 20331+ 1)3(3+20)3 (=2 + 1 + 12)
8(2430 + 1(1 + 1)(567 + 1(1 + 1)(—10089 + 131(1 + 1) (183 + 2201(1 + 1)))))s°
B(L+1)5(=2+1+12) (3 —41(1 +1))3
910058 670 1112 96971° 3414174
(1+1)7(—2+1+z2)(3—4z—4z2)3( 30 5 675 2025
8361° N 53021/° N 2078617 N 92978 N 29381° N 293811(’)} } + O(aw)?].
675 2025 675 50 405 2025

+l7

(2.43)

It is useful at this point to provide some properties of the 4S;,, (0, ¢; aw) that will be useful in
the following. First of all, the azimuthal dependence can be factored out as

5Sim (0, ¢; aw) = € Sy (6, 05 aw) , (2.44)
and two useful symmetry properties can be exploited

sSim (0, ¢ aw) = (=1)!F™ _ Sy (7 — 0, ¢ aw) (2.452)
sSlm(97 ¢; aw) = (_]-)H_Ssglfm(7'r - 97 (b; —aw) ) (245b)

and by combining them it is possible to write an identity that relates the harmonics characterized
by (s, 1, m, aw) with (—s,l, —m, —aw) as follows

sSim (0, ¢;aw) = (—1)"°_ .81 (6, ¢ —aw) . (2.46)

These properties are inherited by the eigenvalues as

sAim(aw) = _sApm (aw) — 25, (2.47a)
sAi—m (aw) = sAj_m(—aw) , (2.47b)

and their combination gives
sAim(aw) = _sA\j—m(—aw) — 2s. (2.48)

The basis of the spin-weighted spheroidal harmonics is also orthonormal over the entire sphere

/ sSlm(Hy ®; aw)sgl’m’ (95 ?; aw) dQ = 6l,l’5m,m/ (2.49)

where dS) = sin 0dfd¢ is the volume element on the two-sphere. Together with the orthonormality,
these functions provide also a complete basis (at least for real values of w), i.e.

5(0—0")6(p—¢') =sint Z sSim (0, 9;aw) 5 Sim (0, ¢ aw) (2.50)

l,m

and this property will be important in following discussions.
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Chapter 2. Introduction to Black Hole Perturbation Theory and Self Force

2.3.2 Radial Equation

The radial equation (2.39) includes a source term on the right-hand side, which originates from the
decomposition of the Teukolsky source into radial and angular variables. However, the first step
involves solving the associated homogeneous equation

d K2 _—9; - MK
AT? AsTL— + ZS(T ) + 4iswr — sAim | sWimw =0, (2.51)
dr dr A

by imposing appropriate boundary conditions at the horizon and at infinity. There exist four common
boundary conditions that can be imposed:

* in : describes waves incoming from past null infinity .# ~, which are partially absorbed by
the horizon 71 and partially scattered back to future null infinity .# *. These modes are
ingoing at the horizon;

* up : describes waves emerging from the past horizon .7#~, which are partially transmitted to
future null infinity .# and partially scattered back into the horizon 5#*. These modes are
purely outgoing at infinity;

e out: describes waves coming from both .# ~ and %~ and traveling outward to .# *. These
modes are purely outgoing from the horizon;

* down: describes waves coming from .# ~ and .7~ and traveling inward toward the future
horizon #*. These modes are purely ingoing at infinity.

These boundary conditions can be expressed in terms of asymptotic behaviors as follows:

in,trans s 71kr*
;?nw (r) N Sngllljéf 7Al 2s Zwr 1n inc 71 —wTr " *> T+ (2'52a)
sByp, T +sR;,,, e r — 00
f _

up SRt £ RPN TRy
lew (T) - up,trans__—1-_92s zwr (252b)

lew r ) r — OO

Rout transezk“ r—r
SREM (1) o g e i (2.52¢)

mw out,inc _1 2s zwr* out,ref _1 — W
lew + lew € r— 00
down,ref ﬂw* down,inc s —zlw*
JRdown gy ) o Bl o By, AT T (2.52d)
Imw Rdown trans_ —1 _—jwr, .
Imw T e r — o0
where
a 1 -7y 1 r—r_ re—7T
kimw—mOy, Q= —2% =14 ——1In - ky = 2 TF
T o, 2y 2M 26 2M 23 + a2

(2.53)

with €2 denoting the angular velocity of the horizon, x4 the surface gravity at the outer/inner
horizon. Among the available options, the in and up solutions are those most commonly used in
this context, because they corresponds to the retarded Green’s function.
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The general solution to the radial equation may be expressed in terms of confluent Heun
functions [135], which, however, are not well suited for analytical calculations when a post-
Newtonian expansion is required. In order to obtain analytically tractable expressions, one may
either fix the [-mode, solve the equation exactly, and subsequently expand the solution in the PN
limit, or alternatively, keep [ generic, expand the radial equation itself, and solve it perturbatively,
order by order. Both methods are valid and, in practice, both are necessary to reconstruct the
full solution of the Teukolsky equation, Eq. (2.36), which involves a sum over all (I, m)-modes.
The strategy is to compute exact solutions for [ < [,x, while for [ > [.x, a generic-/ solution is
constructed, which also facilitates taking the large-/ limit.

To distinguish between these two approaches, the generic-/ solution is referred to as the PN
solution, while the fixed-I method is based on the Mano—Suzuki—Takasugi (MST) formalism. Both
computational schemes will be presented in the following, along with some explicit solutions.’
This terminology could generate confusion: at the end both solutions, PN and MST, will be PN-
expanded. The reason for this terminology is that MST formalism provides exact solutions that
will be expanded as second step. On the other side, the PN solution are obtained perturbatively by
solving the PN expanded differential equation order-by-order.

As a final remark, recent years have seen the development of alternative techniques that suc-
cessfully address the radial Teukolsky equation—even in a non-perturbative regime. However, such
methods are not yet fully optimized for computing gravitational observables at high perturbative
orders; see [137, 138].

PN solutions

The post-Newtonian (PN) approach provides analytic solutions to the radial Teukolsky equation
that are valid for arbitrary values of the multipole number [. A general ansatz for the solution takes
the form

T Z U} (7 (2.54)

where 7 = 1/c is the expansion parameter controlling the PN series. It is worth mentioning that
this is not the only ansatz that could be used, i.e. an alternative and more computationally efficient
assumption is also presented in Sec. II1.B.2 of [38]. The differential equation (2.39) is also treated
perturbatively in . While dimensional analysis alone does not uniquely determine the rescalings of
r and w, one can consistently restore powers of 7 by rescaling the radial coordinate and frequency
asr — rn~2and w — wn®. A more detailed justification for this rescaling will be presented in
the next Chapter.

This perturbative procedure yields a hierarchy of differential equations at successive PN orders:

(_l_l2+5+52) \Il?mw( ) + 2(1+5) \Ijlmw( )

- . + 00 (r) =0, (2.55a)
(_l —P+s+ 52) lpllmw( ) + 2(1+s)s lIjlmw( r) 4o (r) = _Qisws\P?mw(T)7 (2.55b)
’l°2 r Imw r

5Notably, no public library or code for MST solutions was available until the release of the SFPN package [136] of the
BHPT. This thesis does not make use of that package, as the results presented here were obtained independently before the
code became public. Nevertheless, it has been verified that the homogeneous solutions computed here are in agreement with
those produced by SFPN.
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(=Pt 54 8%) Vi) | 204 9P (r) | g (g 2iswsPl (1)
712 r Ilmw - r
IM (14 8) U0 (r)  (=2IM —212M + 2M s(1 + iam + s) + rw?) ;U9 (r)
_ > _ = .

(2.55¢)

It is evident that, at each increasing order in 7, the right-hand side accumulates contributions
involving solutions from previous orders.

To solve each of these equations, suitable boundary conditions are needed. However, the
PN-expanded equations do not encode information about the black hole horizons, so the physical
boundary conditions given in Eq. (2.52) can no longer be directly imposed. For instance, the general
solution to the Newtonian equation (i.e., the equation at order 1°) takes the form

SO (1) = C1 RV (1) + Cy RYP(r), (2.56)

Imw Imw

where the functions (R and ,R(®)-"P refer to the standard ingoing and outgoing solutions,
respectively. The constants C7 and C'; must be chosen in accordance with the desired boundary
behavior:

}g% S\Il?mw( ) RO ” ( ) ’ lim \Ijlmw( ) RO llp( ) ) (257)

Imw\T rotoo Imw

For instance, selecting the in solution corresponds to setting C1 = 1, Cy = 0. Clearly, the up
solution is selected for C; = 0, Cy = 1.
At leading order, the in solution reads simply
SRV (1) =l (2.58)

Imw
and plugging this into the equation at the next order, it gives
T1+lfs

JRUT (r) = fiswil T

Imw

(2.59)

which has two notable features: it is purely imaginary, and it is proportional to the spin s. Therefore,
this correction vanishes for scalar perturbations (s = 0).
Interestingly, the spin a of the black hole starts to contribute at > where

(2.60)

Imw

2,in 1 94 2(I +iam)Ms r3 (1 + 1+ 282) w?
sity) == S| —21M —
Rimuo(r) = 57 + z (ENEES)

Rather than repeating the entire procedure for the up-going solution, one can exploit the symme-
try of the Teukolsky equation under the transformation [ — —[ — 1, which allows for the generation
of the second independent solution from the first.

The _oR®, (r) up to n?° can be schematically written as

20 [i/2] 20 |i/2] 20 li/2]
R (r Z Z i ’J] (r,w)a’n’ —|—Z Z cln’f]log (r,w)aln’ + Z Z cln’f]k)g rw)a’n'
=0 j=0 =6 j=0 1=12 j=0
20 [i/2]
+ Z Z Clm Jog3 T w ajn ’ (261)
=18 j=0
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Elrnd,]logk (r,w) are polynomial functions of  and w, times powers of log(r/M)
which are denoted in the subscripts. The coefficients of the polynomials are rational functions of
and m, where there is an explicit dependence on m only in the Kerr case. It has been also introduce
the notation |- | for the floor function.

At first glance, this solution seems to provide a generic analytic expression for the radial function
at arbitrary PN order and arbitrary [. However, two crucial issues arise.

First, as emphasized earlier, these PN-expanded solutions do not automatically satisfy the
physical boundary conditions (2.52), which leads to potential inconsistencies when reconstructing
physical observables.

Second, several of the PN coefficients ¢

where all functions ¢

Ej;Lj]logk' (r) exhibit divergences for specific values of [,

especially when the transformation [ — —[ — 1 is applied to obtain the second independent solution.
For instance, the coefficient clm!®% (r, w) is given by:

(=3+D(-2+D(-14+DI(L+1)(2+1)M*
6(3 —81+412)r
(162 + 350 + 12) r8w®
TR D@+ DB 26+ 2)(7 + 2)(9 1 20)
(57288 + 690861 + 279631% + 43351% + 1651* — 51°) Mr5wS
240(1 + 1)2(2+ 1)(3+1)(3 + 21) (5 + 21)(7 + 21)
(648 + 20521 + 41700 4 3011* — 62320* — 56691° — 16181° — 14017 + 8I%) M3w?
61(1 +1)(—1+20)(1+20)2(3 + 20)r
20160 M ?r2w*

Y Y S S ) e I S

80 (r) =

im

where f; is a high-degree polynomial in [

o1y 94631 TTSOSEE | TSTAGSTI® | 350056311  2269571° 127670317
70T 1920 6720 483840 483840 26880 80640
50935917 6642111°%  23231° 287310 2911 12

53760 161280 3024 _ 60480 ' 10080 T 10080

2.62)

Although this coefficient is well-defined for all | > 2, applying the symmetry | — — — 1
introduces divergences. For example, the third term becomes

(12000 — 254801 4 15998(% — 36251° + 190I* 4 51°) Mr5w®
240(—2 + D) (=1 4+ DI2(=5 + 20) (=3 + 20)(—1 + 21)

c[féo_]lm(r) =..+

(2.63)
with singularities highlighted in red.

As one proceeds to higher PN orders, further divergences appear at larger values of [, eventually
compromising the validity and predictive power of the expansion.

For these reasons—(i) the absence of proper boundary conditions and (ii) the emergence of
divergences in the homogeneous solutions—it becomes necessary to develop alternative analytic
methods that remain well-defined for all relevant values of [.
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2.3.3 MST solutions for the radial equation

This Section provides an introduction to the Mano-Suzuki-Takasugi (MST) formalism for solving
the homogeneous radial Teukolsky equation through a reformulation of Leaver’s method [139].
More details can be found in the original papers [140—142] or in the review [104].

The homogeneous radial equation for generic spin s is recalled here for clarity:

K2 — 2is(r — M)K
{A—s;r <As+1;i) 4 ZSX K isor — | Wy = 0, (2.64)

and it is well known that it possesses three singularities: two regular singularities at the inner and
outer horizons » = r4, and one irregular singularity at »r — 4-oc0. This structure prevents the
equation from being cast in the form of a hypergeometric equation. However, near the horizon, the
solution can be approximated by a hypergeometric function. This motivates the representation of
the in-solution as an infinite sum of hypergeometric functions.

Before proceeding, it is useful to introduce several coefficients to simplify the notation:

z = wr, zi:wri,e:2Mw,q:i, 1—¢2, G
M €K
— +
=" mqv ei:EQT,2:w(rfr_):e/<;(17x). (2.65)
K

Horizon solution in terms of Hypergeometric functions
The in-solution can be modeled as an ingoing wave solution as

e = € (=) TS THAT (L — ) D2 f () (2.66)

which is a highly non-trivial ansatz and some discussion on it can be found in [143]. However, it
enables the radial equation to be rewritten as a hypergeometric equation in the variable = on the
left-hand side, with the right-hand side containing a term proportional to e:

w(1=) fin+[c—(a+b+D)z] fi,—abfin = —e{2ik[w(1—x) fiy, = (c+2ie)a fin] +[e—ir(1-25)] fin} ,

2.67)
where
1
= (1 ST 282 1 A — 2¢7) , (2.68)
1
b=3 (1 /T 2802 1 A — 22'7') , (2.68b)
=1l-s—ile+7). (2.68¢)

In the small-w limit, also € — 0 and the solution reduces to a simple hypergeometric function
around xr = 0:

liH(l) fin(x) = 2FA (=l —dT, i+ 1—ir, 1 —s —im;x), (2.69)
€E—>

hence it is arguable that, € can be used as an expansion parameter for obtaining information on
the exact solution for a general value of €. A crucial step for constructing such convergent series
of hypergeometric functions consists in promoting [ to a non-integer value v called renormalized
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angular momentum. It is worth noting that, although originally introduced as a computational
trick, v now has a precise interpretation within the framework of renormalization group techniques
applied to the Teukolsky equation (see [98]).

The formal in-solution can then be written as

oo
fale)= > anf"(x), (2.70)
where
7 (z) =oFi(n+v+1—ir,—n—v—ir,1 —s—ie—iT;x), (2.71)

and, by substituting this expansion into the radial equation, a three-term recurrence relation for the
coeflicients a,, is obtained:

azan+1 + ﬁ;;an + 'Yzanfl =0, (2.72)
where
ol = z‘m(n+u+1+s+z‘e)(n+u+1+s—z‘e)(n+u+1+z‘¢)’ (2.732)
(n+v+1)2n+2v+3)

e(e —mq)(s? + €2)
(n+v)n+v+1)’
(2.73b)

BY == Xm—s(s+ 1)+ n+v)(n+v+1)+e +e(e—mq)+

= _tek(n+v—s+ie)(ntv—s—ie)(n+v—ir) ‘ (2.730)
(n+v)2n+2v—-1)

In deriving these expressions, the recurrence relations of hypergeometric functions have also been
used, namely:

mn+v+l—s—ie)n+v+1—ir) +1 14+ iT(s + i€)
X v = — v - v
Pt dntv+D2nt2v+1) T T T ik v+ Pt
(n+v+s+ie)(n+v+ir)
— nv— 2.74
2(n+v)2n+2v+1) Prtv—1 @74
m+v+ir)(n+v+1—ir)(n+v+1—s—ie)
1-—- ! = n-+v
21 =2)Pns 2n+v+1)(2n+ 20+ 1) Privt
+s+ie 1+ iT(1 —iT)
2 n+v)(n+rv+1) Prv
n+v+1—er)(n+v4ir)(n+v+s+ie
_ ) ) et 2.75)

2(n+v)2n+2v+1)

By solving the three-term recurrence relation, one can determine the coefficients a,, of the
in-solution of Eq. (2.70). The convergence of the series depends on the asymptotic behavior of
these coefficients as n — Foo. Without delving into the technical details of Eq.(2.72), the full
in-solution is written as:

U, =R+ Ry, (2.76)
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where
+00 . .
v TERT —s—(4 e+1 i e+7)+v UF(l_S—ZE—’LT) n
RY = e (—g) 75 (/A7) (1 — )W/ D erm)+ E:Z%nn+y+1_wﬂ1‘@

" I'(2n+2v+1)
Fn+v+1—s—ie

1
oFi | —n—v—ir,—n—v—s—ie,—2n—2v; —— |, (2.77)
) 1—x

where p? being the minimal solutions to Eq. (2.72). For further details on the theory of three-term
recurrence relations, see Sec. 4 of [104].

Solution at infinity in terms of Coulomb functions

The solution discussed above is convergent for any finite value of r but diverges as » — +o0. To
properly treat this behavior, a new solution must be defined that is regular at infinity. This solution
can then be matched in the overlapping region with the near-horizon solution to construct the full
radial solution of the Teukolsky equation with the correct boundary conditions.

The solution at infinity, denoted ,U?° is not directly the up solution ,U;” defined earlier,

Imw Imw
but it contains both incoming and outgoing wave components.
The ansatz for this solution at infinity is
R . ex\ —s—i(e+T7)/2 R
W)= (1-F) 1), @.78)

which leads to the following differential equation:

22F 4+ [22 + (26 4+ 2i8)2 — N — s(s + D) f = e{2(f" + f) + r(s — 1+ 2ie) f

—[k—ile—mg)](s—1+ ze)é
z
— [2¢ —mq — k(e +1is)|f}. (2.79)
The left-hand side resembles the Coulomb wave equation:
2 ' sA\im 1
J (6‘;‘@5)_ ! ";;(5"" ) f=0, (2.80)

where 272 coefficient reduces to /(I + 1) in the spherically symmetric case. The right-hand side
is proportional to €, which means that by using ¢ as an expansion parameter, as was done for the
in-solution, one can write for ¢ — 0

f(2)=Fi(—is—¢ %)

_ omifglgltl Ll +1— s+ ie)

S+ 1—s+ie, 2 + 2: 22 281
T(20+2) (F+1—s+ie 20 +2,2i2), (2.81)

where ®(-, -;-) is the regular confluent hypergeometric function, regular at 2 = 0, which satisfies
the Coulomb equation.

As before, by introducing the renormalized angular momentum v, the above solution can be
written in other terms, as an infinite sum over Coulomb wave functions as

oo

o (V145 —ie), o
f(3) = Z (1) T i—sTio, bpFrto(—is — € 2), (2.82)

n=—oo
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where (a),, = I'(a + n)/I'(a) is the notation for the Pochhammer symbol.

Substituting this expansion into the differential equation yields a recurrence relation for the
coefficients b,,, which is identical to Eq. (2.72). This confirms that the same set of minimal
solutions p¥ can be used for b,, as well.

The solution at infinity can therefore be written as the sum of incoming and outgoing compo-
nents:

sVinw(2) == R, = R + R, (2.83)
where the up-solution is then
S‘Ij;lrpnw = Rli
_ ov —me —in(v+1+s) 12 sv+ie s —s—1i€ - n v (V +1+s— ZE)” AN
Sre e cETEmw *n;mz pn(l/+1—3—|-ie)n(22)
XUn+v+14s—ie2n+ 2w+ 2;—2i2),
(2.84)

where U(-, -; -) is the irregular confluent hypergeometric function.

Matching procedure and PN expansion of the exact solutions

The two solutions in Egs. (2.76) and (2.84) have been derived independently. However, a matching
procedure is required to construct a globally valid ingoing solution that remains convergent over
the entire domain r > r, including also » — +o0.

Both RY and Rf are convergent in the region ex < Z < co. It can be shown that they possess
the same analytic structure up to a multiplicative constant:

Ry = K, RZ_, (2.85)
where K, known as the (tidal) response function, is given by

B e“r(2er)57 275 T (1 — s — 26 )[(r + 2v + 2)

CTr4v+l—s+iel(r+v+1+in)I(r+v+1+s+ie)

y i(_l)nr(n+r+2y+1) Fn+v+1+s+ie)D(n+v+1+ir) ,
(n—m)! I‘(n+1/+1—s—ie)F(n+u+1—i7')p"

n=r

-1
. (—1)" (v+14s5—ie),
X v 2.86
<n—zoo (r=n)l(r+2v+2), (V—l—l—s—i—ie)np" ’ (2.86)
where r € Z. Although the dependence on 7 is not manifestly canceled in this expression, it can be
shown—both analytically by expanding for small e and numerically—that K, is indeed independent
of r.

By combining Eqs. (2.76) and (2.85), the full ingoing solution can be written in terms of
Coulomb wave functions:

=K R+ K , (R, (2.87)

s *lmw

which is regular also at r = co.
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This matching procedure yields two analytic and exact, linearly independent solutions of the
radial Teukolsky equation. By adopting the post-Newtonian scalings defined earlier,

these exact solutions can be expanded in powers of 7. As an illustrative case, here are reported both

. 2 . . .
expressions for s = —2 and [ = 2 up to " in Schwarzschild:
4,4 5,5 )
. prc 8irPw 2 2i
in 3 4 3 2\ 2 4.5 3 2 3
_oW¥ (rH=—+ —n— —r°w 168 + 1177w ) n° + —r w” (21 — r“w® — 28~ n
2me 5 15 105 ( ) 35 ( E)
2, 4 8,8 5,6 7
1612w 23784 8rdw 2 16 60
4, . 9 9 35 5
- (78 —42vg) | 7" +i|—r w’ — —r°w” (3 — 2vg) — (289 — 132vg) | n
[ 5 1890 315 945 5 315
) 2 2
13710,,10 7 8 /271  4vg 4 6[856 ) 4 (17284 — 1605i7 — 52572 4 1516~ — 3150“’15) 6
— g — —r'w — = —— |+ 7w’ | — log(—2iwrn) — n
41580 945 35 525 7875
Tt 16 4, 4 r8w9 (755 — 276y ) 5 7[1712log(—2iwrn)
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2.3. Analytical solution of the homogeneous radial

equation
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2.3. Analytical solution of the homogeneous radial
equation
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2.3. Analytical solution of the homogeneous radial
equation
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2.3. Analytical solution of the homogeneous radial
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2.3. Analytical solution of the homogeneou
equation
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2.3. Analytical solution of the homogeneous radial
equation

90274367  197308m  428im2\ ,  856(—391i +210m)vy,  428ivE  420712i¢(3)
+ (- g - -
E 11025 105 11025

+ +
77175 3675 15

13505625 385875 11025 35 105

27(110527087 4 73402000¢(3)) 7837255041 659566841 163924in2 85673 3424i¢(3)
. o )
4501875

85086449644630313i 78882475  11111in?  22x° 5 [ 38037233  112i¢(3) 255664i¢(3)
+ v ( - + 7 - -
535778745665625 11025 1575 5 1157625 3 2205
5257916983282  1264¢(3) 1921((5)) 2976i¢(5) 164067896615776837  1922888¢(3)  192¢(5)
+ - I}
154625900625 21 5 35 1071557491331250 11025 5
. 7119{ B 549111818 15,16 log(—2irwn) 3284693057 8363im B vE
40548366802944000 138996000 2670323366430720000 1162377216000 3487131648000
76807 (504 + Tm + Tiy 507623 59im 59~ 54684598769
+ ( E) + r12w14 {log(ffzirwn) — — + E +
100179 8382528000 3243240 3243240 350620189920000
365156287im 772372 5959061099 in 1049~%
+ - - E }
46749358656000 566092800 93498717312000 518918400 115315200
9 12 436420913  322199inx  4n2 17294311 16im 8v% 4061229852596531
+rw [IOg(fﬂrwn)( + - = ¥ 7) -
7858620000 7128000 405 349272000 945 945 19823526122400000
6050426057ix 61450172 1829973 86555528603 110189533ix 170972
49397040000 285768000 259200 484090992000 2095632000 604800 | ' ©
53487967 853im \ o 511943  1463((3)
- + g+ - }
1047816000 100800 907200 64800
. ﬁ [1209979788 _ 187207564im 55160872 + 16in® 4 17124 log(—2irwn) (817 + 227 + 22ivg)
6 L 1926925 363825 3465 1155
121685044  253328im 11272 98416 ) o 3293  64¢(3)
+ - - YE ( —3217r) 7E+7+7]
363825 1155 3 1155 3 3
6 10 10457784872905793317 64720372 279541im5  861197% 148837 1log2(—2irwn)
400 - . . .
1234434230013600000 66150 705600 151200 343000
2452243 102931im 58972\ o 803987  4Tim\ 5  1517% 283187154931
+ - YVEt+t T — T+ + “/E( -
196000 14112 840 211680 42 360 23337720000

491472143im 740519372  70limS 211C(3)> (307326388549i 671‘((3)) 3753521¢(3)
+ +

24696000 2116800 1260 63 23337720000 15 529200

. 11543798753 304540977 18152972 88im3 4196287 1363im 88m2
+10g(—2wwn)( - —_—t — YE

1944810000 1481760 52920 105 1372000 210 45
161947 176im\ o  176~%,  352¢(3) w? 758863121797169  10036288in> 23175274  88ind
L (lor_areiny g aerd | sy uty g g N
44100 105 B 315 315 r3 5143475958390 77T 11025 35
366368i log? (—2irw) (i + m + ivg) 4375664  736im  32m2 32 32~2
+ - - ¥+ = (109 + 105im)v g — —L&
25725 77175 147 3 735 35
7320189186654088 1763715272  5744in3  968n% 335761708i  256iC(3) 54272¢(3)
van(- . : . . )
B 21431149826625 77175 147 105 2701125 7 735
5 (169783414  17776im 441672  96imS  128((3) 422048979477457i  10688i¢(3)
+ - - +m +
E\ 2701125 105 245 7 7 857245993065 105
17379808¢(3) o (2141626003  64¢(3) 812193482  62847216iw
- + + log(72irun)( -
7717 8103375 8103375 300125
398211272  3424in3 50024336  1071712im 342472 13696  6848im\ o
- + - - vE — — |
77175 245 300125 25725 105 & 25725 245 B
6848+,  13696((3) 768¢(5) 5 8 2592107555927213  1842457in3 20070774
: )- 2] - f
735 735 35 12370072050000 264600 37800
11in®  11449ilog? (—2irw) (7i + b7 + 5ivg) 1820246  3215im  Tm2 3 5443  im\ 4 %
+ - -— vt |\—+ — | — —
120 110250 33075 126 18 630 6 30
5 (51733103  223138ix 51472 xS 2¢(3) 27427810151881i  499i¢(3)
+ % + - - il IR +
661500 2205 21 2 3 3711021615000 9
5 145108711 7¢(3) 2076776¢(3) ) 7862225003  1764533im 295142972  559imS
+rt -+ + — + 10g(—2lrwn)( + + +
1984500 9 33075 69457500 110250 66150 42

884894 + 9647945im — 34238757r2 562888 559im 2 5594{3E 1118¢(3) 157134638242487
+ E - wE+—+7) E(i

110250 11025 21 63 63 1855510807500

40



Chapter 2. Introduction to Black Hole Perturbation Theory and Self Force

1190250772  3077iw3  1217%  11768¢(3)  4im(—4812067 + 551254(3))) 4((5)]
264600 1260 360 315 165375 5

6 52691553736189625774911  1795753x%  3674in® 12776 4900172 log3 (—2irwn)
+ w { -

635656476317628150000 110250 1575 126 1157625
. 2 . 2
<77344 344ir 14w ) " (122 N 8m> 5 47§, 468862¢(3)  32¢(3)

— g - | —
1575 15 3 21 5 15 33075 3

2 ) 1670486996  2656168im  22898m2 5106254  91592imw 45796~%,
+ log“ (—2irwn) + - - EtT ————
40516875 128625 1575

128625 3675 3675

— 5
206167867500 525 105 15

5 (7980651295447  4028((3) 2 (43046157166049 7222172 2944573 12174
™ + +
412335735000 105

1112204714 ) 1928¢(3) 5 [ 38122289: ) 5 206833981  1461358im 132672
w ([ ——— —32i¢(3) ) — 7) +3 [ +16ic(3) +wE(— -
385875 105 2315250 1157625 11025 35
5 32¢(3) 119938449492599 8766796972  40232im5 1204774
+8ind + —) + log(f2irwn)( - + + -
3 20029111987500 1157625 11025 1575
4 (3187117 + 1743672im — 550515w2) VE  428(1097 + 420im)vE 428k 873473443  81528394im
+ - E(
77175 11025 105 4501875 385875
63579472  856im> 3424((3)) 160072¢(3)  im(—949933333 + 440412000 (3))
_ _ _ _ + )
11025 35 105 11025 13505625
2874605604620616437  1135388iC(3)  192i¢(5) 1968¢(5)
+ | — - - +
4286229965325000 11025 5 35

63137383760774341  737479i7w3  158937%  22ix0 5 (126154837  112¢(3)
+"{E( + - - ™ _— _—

1071557491331250 11025 3150 1157625 3
6522482400664i  256i((3) 179056¢(3)  192¢(5)
) e o)
51541966875 21 2205 5
. nzo{ | 6l44i 5317ir1 %019 7»16w17[37i log(—2irwn) 17327118227 B 331517
o1r1le,  62382102773760000 66162096000 181581988917288960000  59281238016000
ivp w 13696 ) 1388647032i 21520647  448ix> 1884992i 7687
7] 7[7 ilog(—2irwn) + + - + YE
59281238016000) 78 1926925 5005 11 5005 11
. 2 . . .
384iy 58152834 ™ iy 19481001881574
+ 7"9} + Tlswls[log(—Zirwn) - E
11 915372057600 540540 540540 117808383813120000
2070080037 1571im2 43669562414 w 13439i7% ]
261796408473600 1132185600 654491021184000 = 7264857600/ '© | 14529715200

w3 [ 20339863791930589214  54421846in2 3663275  484in?  183184ilog?(—2irwn)

+ — —
rd 2507444529715125 138915 441 63 15435
14128124 43367 80im2 2 64 . 3 801"74E 39774375118 640¢(3)
- — + Yg — —— (419 + 35m)vg — -
9261 49 3 147 21 53482275 21
X 2477746284 21245927 1712072 31500817 68481 3424i’y%
+ log(—2irwn) + - E
972405 15435 63 3087 147 147

(19332968308i 42431607  65216i72 16073 e40¢<(3)> 18944i¢(3)
+ve | — - ]

53482275 9261 441 T 21 147

7 11[ 226388863475960641811 673971043i72 207172973 188281in% 8804281ilog2(72i7w71)
+owl|

122208988771346400000 228614400 12700800 1209600 74088000
13526987i  319751m  3833im2\ ,  (746999i — 1934107)~3,  329iv% 4447527101951 439¢(3)
- - YE — + -7
2976750 141120 20160 = 635040 2880 770144760000 360
) 44134399819i  6288811n  1403429in2 873 180021511 4451w 8in2
+ 10g(f21'r'wn)( + + - — - —— - —— | 7
48134047500 4939200 1270080 35 111132000 2160 15
12137590 167\ o  16iv3,  32i¢(3) ) 3547559i¢(3) ( 545200033471i 45602609937
Y ek _
1058400 35 & 105 105 1587600 85571640000 666792000
2242249inx2 17173 461i¢(3) 10 13 242583635231 16777 13im2
+ - )} + 10 {log(72irw7])( - -
2116800 1120 504 2568646080000 2376000 8910
(—2688779i + 873600m)v | 13iv 3934177346609744531 692951731379 212559509i72  2971x3
+ ) - - +
349272000 10395 11339056942012800000  35961045120000 553246848000 2851200
241892036920i 3756014597  2771lim2 7305273491 1387 o 832Liv% 23777;((3)]
_ _ _ . _
8390910528000 46103904000 6652800 92207808000  1108800) £ 9979200 712800

7 266633461574279342433491 662449757\'4 535770 127im6 24500861 log3(72irwn)
+ rw [ + + +
317828238158814075000 110250 6300 252 1157625

41



2.3. Analytical solution of the homogeneous radial
equation
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where M has been fixed to 1 but it has been restored to ensure the right dimensionality in the
argument of the logarithms.
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3 Black Hole Perturbations
sourced by Point Particles

In the previous Chapter, perturbations of the background black hole metric were discussed without
specifying a particular source term; only the homogeneous solutions to the Teukolsky equation
were considered.

This Chapter focuses on a specific class of source terms: point particles. The background
metric is associated with a central black hole of mass M and angular momentum per unit mass a,
while a point particle of mass m < M induces perturbations of the spacetime. The parameter e
introduced in Eq. (2.3) can thus be explicitly related to the mass ratio u = m/M.

In solving the Teukolsky equation with a point-like source, the homogeneous solutions must
be convolved with appropriate source terms. These have been formally defined in Egs. (2.28), but
require explicit computation based on the particle’s motion.

The first Section briefly reviews the geodesic motion of point particles in black hole spacetimes.
This discussion is not intended to be exhaustive, as the topic is vast and has been treated in detail
in several reviews (see, e.g., [26, 27]).

Following this general overview, the Teukolsky source will be explicitly constructed for a particle
in equatorial orbit, either bound or unbound. The resulting expressions will depend directly on the
components of the particle’s four-velocity.

Once the Teukolsky source is obtained, a more precise definition of the post-Newtonian expan-
sion will be introduced, clarifying the connection between the low-frequency expansion used for
the homogeneous solutions and the low-velocity approximation inherent in the PN framework. The
general procedure for constructing the solution of the Teukolsky equation for a generic equatorial
orbit will then be presented.

3.1 Point particles on geodesic motion

It is well known that point particles are not well defined in General Relativity: a mass distribution
cannot reach an arbitrarily high density without collapsing into a black hole, which is not a point-like
object. This inconsistency lies at the core of the difficulties encountered when solving the EFEs
at second order in €': in general, the EFEs do not admit a well-defined solution if the source is
modeled as a point particle, see [144, 145]. As a consequence, this issue also manifests itself within
the perturbative framework.

Note that this € is not the € used in the MST formalism described in the previous Chapter.
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Chapter 3. Black Hole Perturbations sourced by Point Particles

Nevertheless, it has been proven that the point-particle approximation remains valid at first
order, by modeling the source as a finite-size object and taking the point-particle limit via a suitable
limiting procedure, see [27].

At first order, the equation of motion for the point particle can be written perturbatively as

D%z
dr?

a" = flo) +€fly, 3.1)

where 7 is the proper time as measured in the background black hole’s spacetime, while z#(7) is
the perturbed worldline. The operator
2
D = diﬂv 4 , (3.2)
dr? dr " "dr
applied to the perturbed geodesic defines the covariant acceleration a*, with respect to the back-
ground metric g,,,,. In general, f *6 # 0; however, it can be neglected under the assumption that the
particle follows a geodesic in the background spacetime, i.e. no external forces are present. The
term f(“l) provides the first-order correction to the acceleration and can be computed once the first-
order metric perturbations are known. This term gives rise to a self-acceleration: it corresponds to
the force experienced by the particle due to the perturbation it induces on the background geometry,
which in turn affects its own motion. For this reason, f *; is referred to as the self-force, and it is
the quantity that must be computed from the solution of the Teukolsky equation.
The computation of first-order corrections requires knowledge of the unperturbed geodesic
motion. The most general equations for timelike geodesics of a test non-spinning particle in Kerr
spacetime, including inclined motion, read

dt B A Zz . 9 r?+a® /4 2 2 7

EE =— (af) — Sin29> asin” 6 + A (5(7" +a%) — alz) , (3.3a)
dr R 2 R ) 172

> :er{[S(TQ—FaQ) —alz} —A [(Sa—lz)Q—i—rQ—&—C}} , (3.3b)
dr

. 1/2

df . \ P2

E% =€, {C — cos2 0 laZ(l — &+ i 9] } , (3.3¢)
d¢ _ _ I a a2 2y _ 7
Do = <a5 — 9) A [5(r +a?) alz} , (3.3d)

where &, 1., and C denote the specific energy, the z-component of the specific angular momentum,
and the normalized Carter constant, respectively. The hat indicates that these quantities are nor-
malized with respect to the particle mass m, i.e., € = mé, I, = ml,, and C = m2C. The sign
€, = =1 specifies the direction of the radial motion.

This set of equations can be simplified by considering equatorial orbits, i.e. § = /2. In this
case, the equations reduce to:

dt a? a (r? +a?)? (r’ +a?)a
% = 77‘7E+ ﬁz]+ ’[“2A - 7‘2A J, (343)
‘ 1/2
? _ 7% { [EG? +a?) — aJ]’ — A [(Ea— J)? + r2]} , (3.4b)
-
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3.1. Point particles on geodesic motion

dé

— =90 3.4

dr ’ (3.4¢c)

do aE—J a 9 9

5:7T+@[E(r +a%) —alJ], (3.4d)
where ¥ = —u, and J = u,, are the conserved specific energy and orbital angular momentum.

Using the Darwin parameterization, it is possible to write an explicit solution for the radial
coordinate as a function of the relativistic anomaly &:

ral) = — 21

" 1+4ecos¢’’
where e is the eccentricity and p the semi-latus rectum. These parameters also define the energy
and angular momentum implicitly via

2\2
27(1_6)
E—T

(3.5)

R 1— 2 —3— 2 2 _
J2y1-—¢ p=_"F S S (3.6)
D 2qp 2qJ

with ¢ = a/M and J= J/M — qF, see [41, 146].

At this stage of the discussion, the orbit remains generic, and no assumptions are made about
whether it is bound or unbound. The next Subsection present explicit expressions for the cases of
hyperbolic orbits in Schwarzschild.

3.1.1  Hyperbolic orbits

The discussion will follow the one proposed in [100].
By recalling the Schwarzschild metric in standard spherical coordinates
1
f(r)

where f = 1 — 2M/r . A generic timelike geodesic orbit on the equatorial plane (0 = 7/2) is
described by the following equations

. F . J .
b=y T iy = e/ 2~ V(1 0). G5

where the overdot indicates d/dr, that can be straightforwardly obtained from Egs. (3.4) sending
a — 0. Besides V'(r,; J) is the radial potential in the radial equation, defined as

ds® = — f(r)dt* + ——dr* + r?(d6? + sin® 0d¢?) , G.7

Vi =10 (1+ %), 69)

Hyperbolic orbits are characterized by £ > 1 and J > J,it(E), with

M [27TE* + 9BE® — 36E® — 88F +8
~ wE 2 ’
where 8 := V9E? — 8;see [55, 57]. Alternatively, rather than using F and J, one can characterize

hyperbolic orbits using the impact parameter b and initial velocity at infinity v. These are related to
E and J by

Jcrit (E)

(3.10)

1
E=—0H., J=WwE, 3.11
— (3.11)
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Chapter 3. Black Hole Perturbations sourced by Point Particles

2

and they range over 0 < v < 1 and b > beyit, where beyis = Jorit/(VE)
The solution to the radial equation is also often given in terms of the relativistic anomaly &:

Mp

= — 3.12
1+ecos&’ (3-12)

7(§)

where p is the semi-latus rectum and e the eccentricity. The sign difference between the ingoing
and outgoing directions is then encoded in &, which takes values in the interval (—£.., £~ ), Where
& = arccos(—1/e). The parameters p and e are related to £ and L by the usual relations
—92 2 _ 4 2 2 M2
E2:(19)767 J2:p7’ (3.13)
p(p—3 —€2) p—3—e?
and for hyperbolic orbits they range over e > 1 and p > 6 + 2e. The complete treatment of
hyperbolic orbits in terms of all these different orbital parameters is discussed in Ref. [55].
In the Schwarzschild case, there are several ways to solve the geodesic equation exactly. For
instance by using the inverse radial distance u = M /r and combining the equation for ¢,, and r,,
one finds

du\?
— ] =2(u—w)(u—u)(u—us), (3.14)
d¢
where u1, us and ug are the ordered roots of the equation
2M?*uw  M?(E? -1
2ud —u? + T+ (ﬂ ):0, (3.15)

and the subscript p’s has been omitted to avoid confusion with the subscripts 1,2,3. For scat-
tering orbits one has u; < 0 < u < uy < wug, with ug corresponding to the closest-approach
distance 7, = Muo. The condition us = wug gives the critical value of the angular momentum
corresponding to capture by the black hole for fixed energy value.

In order to solve the geodesic equation, a boundary condition is required and a convenient choice
is

$(up) =0 (3.16)
(i.e., vanishing ¢ at periastron), one can express the solution to Eq. (3.14) in terms of elliptic
integrals as follows:
V2

VU3 — Ul

n= /u’ 1/,:,/@, (3.18)
uz — U U2 — U

where F(p, k) and K(k) are the incomplete and complete elliptic integrals of the first kind,
respectively, defined by

P(u) = [K(n) = F(¢,n)], (3.17)

with

]
Floh) = [ = K(K) = Fln/2.1). (3.19)
0 1 — k2sin? 2

2In the literature v can be defined also as voo, since it is the relative velocity of the small body as 7, — oo. The
subscript will be dropped for simplicity.
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3.1. Point particles on geodesic motion

The total change of ¢ during a hyperbolic encounter is called scattering angle and can be
formally defined as:

v=o [ au . (3.20)

where the subscript p has been restored for clarity.

Similarly with the eccentric case in Kerr, where complete analytical solutions are available,
for practical Self Force applications, it is more convenient to compute perturbative solutions. In
hyperbolic orbits there is no virial theorem that relates the orbital radius with the frequencies, hence
large distances do not automatically means low velocity. This means that, for these orbits, there are
two, orthogonal expansions that can be performed: large radial distance and low velocity. These
two expansions are easily related respectively with the PM and PN expansion.

In the following, two methods will be proposed for computing analytically perturbative expres-
sions for the geodesics: one chooses u as the independent variable and a rescaled version of (E, .J)
as orbital parameters; in the second, one uses a rescaled coordinate time as the independent variable
and uses (b, v) as orbital parameters. It is always possible to go from one parameterization to the
other and, indeed they produce the same result.

(E, J) parameterization

Using w as the parameter along the geodesic, Eq. (3.8) can be rewritten as

dt, MVI+2E (.4 o, 2u 2B\ '/
L= (2 -+ 5+ ,
du Ju?(1 — 2u) VR
— . —1/2
2 2K
% = —€p (2’(1,3 — U2 + 371; + ]2> ) (321)

where rescaled (dimensionless) energy and angular momentum parameters £ and j have been
defined by

E=+V1+2E, J=Mj. (3.22)

From these definitions and from Eq. (3.11), E ~ v? and j ~ L. In this parameterization, it
is possible to produce a low-velocity expansion, i.e. a PN expansion. On the other hand, u is
constrained as u < 1/beyip ~ v2. To track these scalings, one can introduce the standard PN small
parameter = 1/c (essentially restoring powers of ¢ and using it to track small velocities with

respect to c) and make the replacements
w—un?, j=jfn, E— En?, (3.23)

interestingly, these replacements are identical to the ones that could be done for bound orbits.
Solving Eq. (3.21) for small 7, one can obtain the expressions for the coordinate time and ¢, in
terms of u as

00 = o 2{ L0, - 0¥ Llan i)

1+ a?+2a25%(a? + 2)u + j*a?(a? — 1)u?
Suej(0 1 1)8(a.7:u)

+n?

+§m£mnmﬂ+ow5}

(3.24a)
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op(1t) = er{Bm,ysu)

2+ 3a? + ua?(6a? +5)j% — u?a?(a? 4+ 1)4

n
' a(a? +1)S(a, j;u)

2
+ = [3B(a,j;u) +

] + 0(774)} :
(3.24b)

<

where initial conditions have been chosen as ¢, (u2) = 0 = ¢, (u2) at the closest approach, with

us(E, j) = <1+\/1 + 2Ej2) /%= (HW) /5> (3.25)

at the lowest order, and

S(a, j;u) = 1+ 2uj2a® — u?jta?,

. 1+uj2a2+8(a,j;u)>
L(a,j;u) =1 ,
(@,j;w) =In ( FPuava? +1
1 — uj?
Blojin) = +anctan (D) 626

Note that in the above expressions a;j and 12 are Newtonian quantities, with

a=1/1/2Ej% = 1/(psci), (3.27)

where po = V2E.
The first few terms of the PN expansion of the geodesic scattering angle (3.20) are given by

X _ T 2+ 3a2 A
5= B(a) — 5 + 7 [SB(a) + 70[(0[2 n 1)} +0(nY), (3.28)

where B(a) = B(a,j;0) = 5 + arctan(c). Taking the series expansion for large values of the

angular momentum parameter j gives the PM expansion at each PN order,

2/ 1 3mn? 5 1
Y= —+2un?) + 2L (14 2p202) +0( = ). (3.29)
p 72 4 J3

J o

(b,v) parameterization
By recalling Eq. (3.12) and Eq. (3.8) in terms of the relativistic anomaly, keeping (p, e) as parameters

the geodesic equations are:

dt, Mp? (p—2)2 —4e?
d¢  (p—2—2ecosé)(l+ecos€)?\ p—6—2ecos’

dép _ | p
d¢  \/p—6—2ecos¢’ (3-31)

and by using the relations of Eqgs. (3.13), one can rewrite everything in terms of the parameters
(b, v) first inverting these relations and then combining with Eq. (3.11).

(3.30)
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3.1. Point particles on geodesic motion

Expanding Eq. (3.30) for large b, one gets

£(f) = arctant + M ¢ n (1 — 3v?) arcsinh £
= arctant + —; v
bo? | V1482 1+ 22
i M? 90?4+ (2 — 92 + 91)4) arcsinh ¢ f(l _ 3112)2 arcsinh? 7
(1+t_2)b2’l)4 v m 1+t_2

— ?v arctant

Lo, (3.32)

where a rescaled coordinate time has been introduced as ¢ = vt /b.
By substituting this into Egs. (3.12) and (3.31), one finds

— M M (f—3tv?) arcsinh ¢
Tp(f):b\/l-l-ﬁ—ﬁ‘i‘ ( )

V1 + 202
M? 1 — 40?2 N f(l — 3112)2 arcsinh ¢ N (1 — 3112)2 arcsinh®f  15farctan 7
b | 2v1 + 204 (14 12)v* 2(1 _|_t’2)3/2 vh 21+ 2
M3 Svt + 2 (1 + Tv? (—1 +5 (v2 + 114))) N (—2 + 52) (—1 + 3112)3 arcsinh? £
b? 2(1+2) 0" 2 (14 #2)% 06
t(-1+ 302)3 arcsinh® £ N 15¢ (=1 + 3v?) arctan £
2(1+ 12)%/2 46 2(1+22)v?
(1= 1102 +270* — RS 15 (=1 + 3v2) arctan ¢
+arcsinh ¢ ( ! — 3/1; ) + ( j}z/; - +0(b7?),
2 (1 +82)°/2 0 2(1+£2)°2 2
_ _ 1 — 3v?) arcsinh ¢
1) = arctant + ——— | (1 + v? +( —
¢n(t) bu2v/1 + 12 ( ) V1t

M2

N 41)21)4(1—|—t_2){3tv2 (4+ 02) + 30 [4— 9?2 + 2 (4 + 112)]

8 (1 — 4v2 + 3v*) arcsinh? 4% (1 — 3v2)” arcsinh?#

+ ( ) _ ( ) - + O(bf?))
Vi+#2 1+1

(3.33)

Finally, using the result for ¢, the large b expansion for the geodesic scattering angle (3.20)
reads
3M37 9 2M3
(4+v7) -
40204 3b3v6

oM
X =g (l+v%)+ [1-50" 3+ 9 +0")] + O™,  (3.34)

which can be shown to agree with Eq. (3.29).
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Chapter 3. Black Hole Perturbations sourced by Point Particles

3.2 Teukolsky source
The two master equations in Eqs. (2.26) are written in terms of the same differential operator O:
O =87 0T,  O((*s) =87C* TuT (3.35)

where, on the right-hand side, the two operators Jy/4 act on the stress-energy tensor of a point
particle of mass m, defined as:

m  dr dz* dz¥

e 0 BT BE
Ysinf dt dr dr

(r—r()3(0 — 0(1))d(¢ — 6(1)) , (3.36)

where z# denotes the geodesic trajectory followed by the massive particle and 7 = 7(t) represents
the proper time along this trajectory.

The components of the differential operators acting on the source have been defined in
Egs. (2.28), and the source takes the form:

JoT = % (@ —7 —47) [(P —2p) Tym) — @ — 7) Tu]
5 (P —4p— ) [(0-27) Ty — (P~ ) T | (3:372)
TJuT = % (@ —7—47") [(P' = 20') Ty — (0 — 7) Tun
+ % (D' —4p' = ') [0 = 27) Ty — (P — 7') T (3.37b)

where the subscripts indicate contraction with the corresponding tetrad legs, e.g. Ty = T*"1,,1,.
For brevity, the generic spin-s Teukolsky source is denoted as ,7, to emphasize the generality
of the discussion. The structure of the Teukolsky source is then:

ST = sA(r,r(t),0,0(t),6,6(t) 6(r — r(t)) + s B(r,r(t),0,0(t), , 6(t)) 8'(r — r(t))
+5C(r,7(1),0,0(t), ¢, 6(t)) 8" (r — r(t)), (3.38)

where the dependence on (6, 0(t), ¢, ¢(t)) differs across the functions A, B, and ;C. In par-
ticular, each of them contains products of Dirac delta functions in the angular variables, such as
0(0—0(t)) (¢ — ¢(t)), along with their first and second derivatives.

Using properties of the Dirac delta function:

f@)o(z —a') = f(a")o(x —a'), (3.39a)
f(x)d' (x—2") = f(2")d (x — o) — f'(z)o(x — o), (3.39b)
f(@)d"(x—a")y==2f ("6 (x—2")+ f(2)§" (=2 )+ f"(2")d(x—2"), (3.39)

it becomes possible to eliminate the r-dependence from the coefficients in front of the radial delta
functions, and absorb all 6-dependence into the angular delta functions.

This allows the angular delta functions to be expanded in the basis of spin-weighted spheroidal
harmonics:

5(0—6(£))5(¢— ¢(t)) = sinB(t) > _ sSim (6, ¢ aw)s 57, (6(2), $(1); aw), (3.40)

lm
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3.2. Teukolsky source

using the completeness relation introduced in the previous Chapter.
The derivatives of the delta functions with respect to angles can be expressed similarly:

990 (0 = 0(1)) 5(¢ — d(t)) = —0ar)0 (0 — (1)) (¢ — (1))
= —sinf(¢ Z :Sim (0, ¢; aw) (1) (57, (0(t), ¢(t); aw))

—cosO(t Z Sim (0, ¢; aw) ST, (0(t), p(t); aw), (3.41a)

950 (0 = 0(t)) 6(¢ — (1)) = F5)6 (0 — 9(75)) (¢ — ¢(1))
= cosf(t) Z St (0, 95 aw)0g 1) (s S, (0(1), 9(1); aw))

lLm
+ sin 6(t) Z sSim (0, &3 aw)ag(t) (sSm (0(1), 9(2); aw))
lm
— sin a(t) Z sSlm (97 (rb? aw)SSl*m(e(t)’ ¢(t)’ aw)
lm
08 06) S St (6, 65 060) Do (57 (B(8), 6(8)s 00,
l,m
(3.41b)
050 (0 —0(t)) 6(p — ¢(t)) = im sin () Z Sim (0, ¢; aw) Sy, (0(t), o(1); aw), (3.41¢)
l,m
83)5 (0 —0(t)6(p — p(t)) = (im)? sin O(t) Z sSim (0, &; aw) s Sp, (0(t), d(t); aw) . (3.41d)
l,m

These expressions represent the most general form of the angular dependence of the Dirac delta
functions and their derivatives in terms of spin-weighted spheroidal harmonics. It is also useful to
rewrite the second derivative of S;,, (6, ¢; aw) with respect to 6 using Eq. (2.38).

This yields the most general representation of the Teukolsky source generated by a point mass
on a generic trajectory, including motion outside the equatorial plane. However, from this point on,
the discussion restricts to #(¢) = /2, corresponding to motion confined to the equatorial plane.

Before addressing the inhomogeneous solution of the radial Teukolsky equation, it is helpful

to examine the structure of the source terms. The Fourier coefficients of the Teukolsky source are
defined as:

sTime (T / dte™ Ty (t, 1), (3.42)
where Ty, (t,r) denotes the time-domain, mode-decomposed source, which takes the form:
Tim (1) = ST @)3(r = r(8) + ST (08 (r = r() + T (08" (r = (), (3.43)

with the coefficients STZ(TQ (t) encoding information about the particle’s geodesic motion. Further-
more, it will be essential for further discussions to remember that each coefficient has the following
property:

ST (1) = T (1 aw)e =M@ | (3.44)

im lm
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Chapter 3. Black Hole Perturbations sourced by Point Particles

where the dependence of aw has been made explicit to remind that inside these coefficients are
contained S}, (0(t), ¢(t); aw) and its derivatives with respect to 6(¢), which should be then fixed to
7/2 in the equatorial plane. Besides the dependence from the angular motion has been factored out
by using properties of the harmonics and, from the previous discussion on geodesic solutions, it is
clear that the source exhibits periodic behavior for circular and eccentric motion, while for unbound
trajectories the presence of inverse trigonometric or hyperbolic functions indicates non-periodic
behavior.

This property of the source will be central for the construction of the inhomogeneous solutions.

3.3 Inhomogeneous solutions of the radial equation

The general expression for the spin-s inhomogeneous solution of Teukolsky equation is

d
sqpfm(xu) = / 2: _w}tswﬁmw( )sSlm(07¢; aw)7 (345)

where 1gm. (1) can be written in the basis of the homogeneous solutions in and up of Egs. (2.76)-
(2.84) as

Pemer(r) = s Clino (1) s Bis (1) + 5 Cpy (1) s Bip (7)) (3.46)
where the two coefficients SC;;/‘S P(r) are defined through variation of parameters as
R (1)
Clmw( ):/ dr /WsTlmw(T/), (3.47a)
Rln
Clme(7) / dr'* lm“ ) sTime (') (3.47b)

where W (r') is the Wronskian defined from the two homogeneous solutions as

W(r) = Slew( )Or [SR?TI:W(T)] - SR#:W(T)&‘ [s %Irlnw(r)] . (3.48)
Another, completely equivalent formulation for constructing the inhomogeneous solution is
from the retarded Green functions

1

G (1) = Fvry, -

{ lew ) Rup

Imw

(FH(r' =) + s R, (r) s Ry () H(r — ')},
(3.49)

where H(-) is the Heaviside theta function and, the invariant Wronskian has been defined as
Wime = ASTLW (1) = const. Hence Eq. (3.45) can be rewritten as

d .
s¢€m (.13#) = / 27&] e_th /dr,As sGémw (ra T/)sT’lmw (T/)Shn(ay ¢a CLLU) . (350)
™
The radial integral is straightforward in both cases because of the delta functions contained in
the source term, besides the Heaviside theta functions in the Green function can be used to generate
the coefficients of Egs. (3.47).
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3.3. Inhomogeneous solutions of the radial equation

PN expansion revisited

In the previous Chapter, the homogeneous solutions were computed by asserting that, through an
appropriate rescaling of the PN-weight 7 = 1/c¢ of the variables (r,w), it was possible to obtain
PN-expanded homogeneous solutions. However, this scaling was only justified through dimensional
analysis.

The idea is that the homogeneous solution is solved by identifying two "zones": the near-
zone next to the horizon and the far-zone when GM/ 2r <« 1, where the in and up solutions
have been respectively constructed. The far-zone is also called the weak field zone or PM zone.
Upon introducing a particle, it becomes useful to identify an additional zone located, in principle,
anywhere within r € (2M, +00).

However, in order to perform analytical calculations, it is necessary to restrict the analysis to
particles situated in the so-called PN-zone, where their orbital velocity v is small, i.e., v/c < 1. It
is important to emphasize that the PN-zone is a region where both the in and up solutions are valid.

For a particle in a circular orbit around a black hole with M > m in the PN-zone, v is related
to the orbital radius by v> = M /rg, according to the virial theorem. This relation implies that, if
v scales as 7, then the PN scaling can be associated either with M — Mn? or with g — ron~2.
Moreover, for circular orbits, 7 ~ ro and w ~ mS, where Qg = (M/ r3)'/2, indicating that if M
rescales with 772, then w — wn), while if ry carries the PN-weight, then w — wn?. This justifies the
scaling adopted in the previous Chapter.

For quasi-circular orbits, where an expansion in small eccentricity is valid, the same reasoning
applies. However, for hyperbolic encounters, this approach cannot be directly used for the PM zone
that now also contains the particle. This issue affects only hyperbolic motion, where the radial
trajectory is bounded only from below, i.e., r(t) € [b, +00), with b being the impact parameter or
distance of closest approach. In contrast, for bound motion, the radial coordinate remains confined
between the periastron and apastron.

A possible strategy to overcome this difficulty in scattering scenarios is to adopt a PM expansion
by identifying the impact parameter b as the PM-weight. The idea is that, in the weak-field
approximation, GM /b < 1, and thus a small-G expansion corresponds to a large-b expansion.
Accordingly, the adopted rescalings for both worldline coordinates and field points are

= %t F=. D)= L(Z@) , (3.51)
Along with the time rescaling, it is natural to define a rescaled Fourier frequency @ = bw/v that
keeps both wt and wr of order O(1).

It is important to stress that this scaling is valid throughout the region [b, +00). Since for
unbound orbits there is no virial theorem for connecting the orbital velocity and the distance
between the black hole and the particle, the large-b expansion does not impose a constraint on
the particle’s velocity. However, subsequently imposing the condition v/c < 1 simplifies the
computation considerably and effectively localizes the distance of closest approach within the PN
zone. This enables the combination of the PM and PN expansions, yielding homogeneous solutions
expanded in both large-b and small-v regimes. Nevertheless, the double PM—PN expansion will be
a crucial ingredient for completing the calculation in scattering.

Interestingly, it is clear that, when the virial theorem is added and hence the particle is again
on a bound trajectory, then the two expansions collapses and large-b implies small-v. Notably
the distance of minimum approach coincide with the periastron for eccentric motion or with the
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Chapter 3. Black Hole Perturbations sourced by Point Particles

orbital radius for circular orbits. Hence, the proposed rescalings can provide a unified framework
for treating all possible equatorial orbits in both Schwarzschild and Kerr backgrounds.

3.3.1  Source against homogeneous solutions

By substituting the expression of the frequency domain source term in Eq. (3.50) one gets

sVom (T#) :/—;lw e_i‘*’t/dr'AS sGome (7, r’)/ dt’emt/sTgm(t’,r’)sSlm(G,¢;aw),
7T —0
(3.52)

which provides the most generic expression for the inhomogeneous solution of Teukolsky equation
for generic orbit for each (I, m)-mode. The triple integral must be handed very carefully depending
on: i) the type of orbit and ii) if the background is Kerr or Schwarzshild. In the following, a general
procedure will be presented for treating at the same time both bound and unbound orbits on the
equator. On the other side, if the primary is spinning, the structure of the 3.5}, (6, ¢; aw) must be
taken into account. However, by leveraging the expansion presented in Eq. (2.41) it is possible
to remove the w-dependence from the ;.S5;,, (8, ¢; aw) and produce polynomials in aw where the
coefficients are simple ;Y},,, (8, ¢). This does not affect only the spin-weighted spheroidal harmonics
but also the time domain source, which has the property depicted in Eq. (3.44). This means that
there are no conceptual difficulties in generalizing the following computation to perturbations of
a Kerr black hole at this level. For this reason, the following discussion will be restricted to the
Schwarzschild case without loss of generality, furthermore, by renaming

sélmw (’I", ’I"/) = A® SGme (ra r,)sSlm(ev ¢) ) (353)

it will be possible to lighten the notation.

Preliminaries

In order to devise a strategy for handling a generic orbit, it is first necessary to examine the structure
of the two fundamental ingredients appearing in Eq. (3.52), namely the Green function and the
source term. By employing the rescaled variables and the expanded form of the homogeneous
solutions in Schwarzschild spacetime, the w-dependence can be factored out as

G (r, ") Z V@ logh(—i)GIM (7,7 (3.54)
j k=0

where the coeflicients Sgéf;ﬁ)(ﬂ 7') are dimensionless. It is convenient to split also the Green
function as

séémw (Ta T/) =s é%mw (T’ r ) +s Gémw (F r )

1 o 1

i Z VaiGy, (7, 7) + Z vIw! log" (—iw) G (7, 7)), (3.55)
i =0 k=1

where the superscript “(N)L” denotes (non-)local. This terminology follows the standard PN
literature; however, its meaning is not immediately apparent at this stage. The distinction becomes
clear only after computing the convolution of the source with the Green function. It is therefore
convenient to treat the two sectors separately.
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3.3. Inhomogeneous solutions of the radial equation

Local terms

From the local sector of the Green function, one can compute the local solution defined as

o0 d . ~ o0 P
§1/)%m(x“) = / 27&) eith/dT, SG%mw(ra T’/)/ dt'e™* STZm(tlv"n/)

a — 00
’Uj *° o) = 7/ 7 iwt’
= E ﬂ/ dioe” /drw 5Q¢m] / dt' et Tom(t',7), (3.56)
j —o0

where the source term has the structure depicted in Eqgs. (3.43) and (3.44) that can be used to
perform trivially the radial integral as follows

@) =3 2 [ dpa o / ar e [ ar Gl >{ T (E)8( = 7(7)
j — 00 — 00
TR E 0~ 7)) + T ()5 (t'))}

— 00 — 00

-y = diw @’ et / e Gl (7, 7(T')), (3.57)
i

, (3.58)

7=rp(t)

and the subscript ,, to 7, (¢') has been added to distinguish between 7, i.e. field points, and 7, (¢),
i.e. points on the trajectory or particle points.

The remaining two integrals are now trivial and by using the integral representations of deriva-
tives of Dirac delta functions one gets

swlm ZQ b/ dt’ bgémj (E/))/ dweiw(t_lif)@j
S [ Gy ) 2O~
- — 21b | STEmg A TP T
iipi 9W) . .
=30 B Gk @)
J

where all these derivatives acts on both the Green function and on the source. It is convenient to
restore the spherical harmonics contained inside the Green function and write the final expression
for the local field as

5 (3.59)

1—¢

idpi 9@ [ AL

Vi) = Y = 5507 |Gt (7)) ””d’“”] Yim(6,9). (3.60)

t'=t
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Chapter 3. Black Hole Perturbations sourced by Point Particles

Non-local terms

The non-local field is

i poo , o
Ao () =) %T dwe"“t/df’logk(—i@)wj G (7, f’)/ N P (A
7 —0o0

(3.61)
where both j and £ starts from 1. The non-local sector is considerably more delicate, and a suitable
regularization procedure is required to extract its finite part. This is because, although the limit
w — 0 is well-defined, the integrands diverge when & — Foo. The origin of this issue lies in the
fact that the homogeneous solutions are constructed as a small-frequency expansion, whereas the
direct and inverse Fourier transforms are defined over the entire frequency domain. This necessitates
the introduction of a regularized non-local field:

= T 2 [ e a0 G
],k_l
o0 L _
x / dF e Ty (7)), (3.62)
—o0

which leads to the non-local field by performing the limit for small positive € as

sWpy (2) = Jim, UM/ (3.63)

This definition provides a robust consistency check of the calculation: once ,i)N“<¢m(z#) is
obtained, the limit yields a finite result that is independent of €. This feature has been examined in
[100], where it has been shown that standard Hadamard regularization reproduces the correct finite
part, but the final result depends explicitly on the scale €. It is worth noting that this is not the only
way extract the finite part of this integral, but the following procedure has proven quite advantageous
because it provides quite simple results that could be checked immediately via similar computations
in distribution theory. Looking at the distributional behaviour of these integrals provides a strong
analytical benchmark for this calculation and, in App. B it is presented a calculation with this
formalism.

As for the local sector, the radial integral can be straightforwardly performed:

e (zH) Z 27rb/ dw e ogh (- zw)oﬂe_“"t/ dt e’ Sggmjk( mp(t)),
j,k=1 -0

(3.64)

where (G ik (75 Tp(t')) has been introduced accordingly with Eq. (3.58). Since the integrands are
well-behaving, the order of integration can be interchanged, giving

W @)= 3 5 O @) [ d e e ogh it
(3.65)
At this stage the w-integral can be rewritten by using the identity

k(_: \x
lim 78( Zw) :

lim = = log" (—iw) (3.66)
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3.3. Inhomogeneous solutions of the radial equation

which could be inserted in the integral and, allowing the derivative with respect to = to be taken
outside:

NL,e < —el@w s N g iw(t —
) = i 3 s | G @00 [ dae e,
(3.67)
where the frequency integral now depends on the three parameters (e, j, z), with
(,7) eRT, jEN, (3.68)

and it becomes a function of the time interval ' — ¢, which can be immediately computed as
. o . T _ .
Inu(e, jy ot — 1) = / dio W=D e=el@l )0 (i)
— 00

1.
e 3iTT F(l +5+ ZE) in(jta) o 1+j+x . 7 1+j+a

=—— 5 Trjta (e T (e —i(t' 1)) +eti( -1) » (369)
(@ -27+e)

which can then be differentiated %k times with respect to x:

k 1—j—x —a— .
Kl (1) (s> +€) AT RID(1 4 j + 1)
(k) J a 2
0y InL(€, 7, x; 8) g bk —a—b)l Dp(—a—bTh) log” (s* + €7)

a,b=0
; ; i b ; i b
X {(—1)](—is + ettt (5 + log(—is + e)) + (1) (is + €)' Tt (—? + log(is + e)) } ,

(3.70)

wherek —a—b>0and s =1t —t.
This result must be now injected in the full expression of the non-local field and integrated
against SGN ot jk(r 7p(t")) in t’. In general, this computation is quite involved: a closed expression
for arbitrary j can be obtained by induction, but it is considerably more difficult for general k. The

derivation for k = j = 1 is presented here, while Appendix A reports expressions up to k& = 10.
In this specific case, the non-local integral reads

In(e, Lot — 1) = /d* B =0 o=kl g —i)

et (e o oG D). am

(@07 +)

and, since both j and k are fixed, one can take the derivative with respect to x and then perform the
limit x — 07, obtaining

lim 8, InL(e,1,2;0 — 1) =

z—0t

i@ﬂ—wﬂ@—ﬂe+ﬂ(F—

\
=
=

\
N
+
SR
=

\
N
+
o
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Chapter 3. Black Hole Perturbations sourced by Point Particles

so that the integral to be evaluated becomes

€ : v ® m A = = (F €7 €7 €7
57/)2,1:’ (k=j=12") = %/ dt’sgg,%;ll(r,rp(t’)) @ =0+ f5(0 — 1)+ fs(t' — 1)
=1I{ + 13+ 13, (3.73)

and it is convenient to evaluate 7 first, followed by I5 and I3 together.
The first integral reads

I :"Z{/ Ty S0

#—12—-e) .
T —1)2 +e2)? sgzm 1 (7,7t ))} ) (3.74)

where the first step consists in integrating by parts using
1 t—t
Op — =-2— . 3.75
t # —1)2+ e (T —1)% + €2)? ( )

The integrals can thus be rewritten as

I5 = ZZ{ /dt % sgem 1 (7, p({/))af’(f/_{)%_m

L -D2—€ . 1
+/dt (4({?_53 oy (7, Tt ))8“(5’—5)2%2}' (3.76)

Integrating by parts gives
+oo
€ U (1 — ’YE) 5N 7 1
11:—1b{7rsgém11( (U)m

6t' Sglm 1 (7 7p())
/dt —1)2 4 €2

)2 —€?) 4 - 1
(4(;_{)) Gy (7, (1 ))m .

N2 _ 62 R _
_ / dF'on [ngg;u(r, Fp(t'))] m} (3.77)

where the boundary terms vanishes for any ¢ since the denominator dominates for large ¢’, leading
to zero contribution. No assumptions are made yet about the convergence of the Green function
coeflicients for large ¢', which might be critical when ¢ — +o0 as 7, (t') — +o00. However, the
Green function is well behaved at infinity, vanishing smoothly as ¢’ — Zoo.

The remaining integrals are then

IE B 'U /dt (]. —’YE) af’ sg}\g‘;ll(?7 ’FI)(E/))
1 — b T (f/ _ ﬂQ + 62

+oo
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3.3. Inhomogeneous solutions of the radial equation

A (" = 5)2 — € 5N - 1
+/dt O {M sgzm 1 (7, 7p(t ))} W}
{/d I_PYE at/sgim 11(7’ T;D( /))|f’=ex+f

2 +1

7 ggzm 1 (7 7p(t)
/dt 20t —1)2 + €2
. /di’ ({/ — 5)2 B 62 SgA?n%;ll(F’ ’FP(F»
t_/ _ E)Q (t/ _ t)2 + 62

5)2 — €2 0p sgém 1(7, (')
/dt 1 = F-irte , (3.78)

where the first integral follows from the rescaling t' = ex + . Taking the limit ¢ — 07 yields

1-—
I :Zb{ 7Eatsgemu O)/

/dt’ Sglm 1 (7, 7p(t)) 7 /df’ SQAE,I;;H(?, (1))

a2 +1

2( — 1) At — 1)
O <G (7 7 (1))
/ df tl,li 5 } : (3.79)

where the first integral can be trivially computed, but the others are clearly ill-defined when ' = ¢,
hence they should be intended as the Principal Value of the ill-defined integral, which is defined as

o SgEm 11(7“ 7p(t))
o [ 255

lim {/{ad / Sghn 11( TP(Z)) + /+oo dt/ sgg"L 11( ,fp(t_/)) } .

a—0t —oo t_>2 t+o tl - 52
(3.80)
This gives
v
I ZZb{( ’YE)atsgemu (1))
, Sg[m 1 (7, 7p()) ,at sghn 11(7‘ (1))
+p.v./dt LT 1) +p.v./d =7
a,SGN,g_ (7,7 (1))

- z{a — )05 $GNE L (7, (1) + pv. /dt ! 42(51_5)” , (3.81)

where the two p.v. integrals have been combined into a single one involving only the derivative
of the Green function coefficient. Formally, one could revise this procedure in order to avoid
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Chapter 3. Black Hole Perturbations sourced by Point Particles

the appearance of ill-defined integrals. It is sufficient to split the integrals in Eq. (3.78) into
(—o00,t — a) and ( + «a, +00), with the limit « — O taken after integration. This ensures
well-defined expressions, allows the e-limit to be performed inside the integrals, and automatically
produces p.v. terms without divergences.

By using similar techniques, one can immediately handle the two remaining integrals together,
namely I5 + I5. It is more convenient to treat them simultaneously because they share the same
functional form and, as will be shown, it is straightforward to combine them into a compact
expression.

Hence, the integral that needs to be evaluated is

z;”;:;;b{ / dt"[l"g(““’?,‘?) g(t( Tir-9) ]sg@mm p<t">>}, (3.82)

(t' —t+ ie) —t—ie)?

where the divergence at ' = ¢ cannot be cured by simply evaluating the principal value of the
integral. This leads to the identification of three domains (rather than the two automatically
identified through the principal value), i.e.

t—a _ I
Is+ 15 = - Tim {/ dt‘[ g(t( i(F D) _lgletilf a] N (7 (7))

27 a—ot | J_ 4 ie)? (" -t —ie)’
* gp|losle=i@ —1) logleti =M s o
+/+a dt [ " t+ze) @ 75726) hn 11( p(t))
e llog(e—i(f =) log(e+i(f —1)) o
+ /{706 dt [ ('E/ _ E—F i€)2 ('E E— ZG) ‘| 9g€7n 11( ) P(t ))} )

(3.83)

where the limit for & — 0T must be taken after the integration. By recalling that also a limit in € is
required for computing the finite part, one can straightforwardly perform it for the first two integrals
and keep € only on the last one, where the integral domain contains the singularity. Hence, one can
write immediately

f—a
I4+15 =5 hr&{/ a0 G (T0) — [T 0y (G ()
a—r — 0 +a
o log (e —i (' —1)) log(e+i(t —1)) ,
+ b ar' | EL GNEL(FE(E)) b, (384
o+ S [ (# — T +i€)? ( —T—ic)? Gtmia1 (7,7 (7)) (3.84)

where the first two lines are obtained by using the known sign of ¢’ — ¢ in the different integration
domains and applying integration by parts to shift the derivative from the denominator to the Green
function coefficients.

By splitting the last term into two integrals and integrating by parts, one obtains

t7
15 +13= 2L fim { / dt ' _8tl 5g@m 11( 1)(5’))

b a—0+ oo

< 5 o
- [0 G ()

t+ao -
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t+a
- 6£%1+ log (€ — i (' — 1)) sGhrar (7,7 ({/))ﬁ i
o 1 _ ; - .
+lm ﬁk;i?1;5&{bg@sz—f»s@ﬁﬁxﬂm@vﬂ
t+a
hm log (e +i (T’ = 1)) sGhmar (75T (El))ﬁ )
fro 1 - .
~ lim. - dt’mﬁtf [log (e+i(f — 1) Gopa (7, 7’zo(ltl))} }a

(3.85)

where the boundary terms give a rather simple answer

t+a
o 1
- 61_1}61 [log (e—i (7 —1) sGomn1 (7, Tp(t/))m :
1 t+o
—log(e+i(t' —1)) Sg?'n];;ll(f7 Fp(y))m ] = —2im0p Sg?;;;u(f, (1)),
t—a

(3.86)

which must be computed by first performing the limit in € and then in .
Expanding the derivatives leaves four integrals, which can be combined as

t—a
v _ _
55 hm{/‘ a7y Gl (7.7 0)

2mb a—ot+ | J_o V—1
B t_, - Eat’ ON L (7, 7 (7)) — 2imDp GN 1 (7, 7 (T))
t+o
+ lim Fra df’ ngm;ll(f7 ’FP(EI)) . sgé\}n%;ll(’lj, fp(fl))
=0t Jia ' —t+ ie)2 (- i€)2

=0+ (t' — t + ie) (t' —t —ie)

t—a

t+a _ 4 P
v lim d4M@Z@ D) _logle+ift mhwmu@mw}
(3.87)

where the third line vanishes when the limit for small € is perform and the last term can be treated
by adding and removing the divergent term when ' = £, thus isolating the divergence outside the
integral sign:

I—a
€ € v . —
I + 13 = omh alinoﬂ { [m dt' - —at’ agem 1 (7, 7 (t))
< ar s - . 5 o
- dt’ 7 Ea{/ sggq%;n(f’ p(t')) — 2imdp SQE,I;;H(T, (1))

t+a -
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rre Mlog(e—i(F —D) log(e+i(@ 1) i
. 7 . , _
+lim l @ —1+ie) T—T—iq |0 G (7))
tra Tlog(c—i(F ~H) log(c+i(F —)
+ 0f sgem 1 (7, 7p(t)) 615(% . [ T —t+ie) (U —t—ie)
v t-a o ) 77
— o dim 3 [ o Gk ()
< am 5 o
-/, at 7 E@g/ $Gomrar (7, 7p(1))

— 2im0p Gorar (7, Tp(F) = 270 G (7, 7p(F')) log a

+i/+a dy [log(_iy) - (Zy)l (9y s ?’n%ll(r p(t+y)) — O sgem 11 (7,7 (1))

—a y y
(3.88)

where the last integral has been defined by using the auxiliary variable y = ¢’ — ¢. To extract a
result, one must explicitly expand the coefficients of the Green function, which in general allows
one to show that this integral vanishes. The final, more compact, expression is then

b+h:%hm

dt’ =
a—0t o (t/ — E) I+a 2(15' — ﬂ

{/t_—a Op sg@m 1 (7, 7p(T) _ /OO d—,af/ sgyn%;n(?:a 7p(t'))
— O sgAyn];;ll(fa p(t)) — O sg@m 17,7 () 10504} (3:89)

By combining together this result with the one obtained for I; one gets:

~ a9y GNL (7 (T))
NL o o, o Yt sIm;11\"H 'p
5 zm(kfjflaxu)*z lim {/oo dt’ 71

— [ve + log o] 0% sgem 1 (7, (E))} (3.90)

where the divergence in the integral when t' — ¢ — « is canceled with the log «v, providing a finite
final result.
This result can be easily generalized for any j as

s lm(kilja )*T lim e P —1

il / A )
a—0+
*[’YEJrlOgOé}atg) o (T T (5))} 3.9

In order to validate this result, in App. B an alternative derivation for the computation of the
non-local integral will be discussed by using distribution theory. By combining these distributional
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approaches with the coefficients presented in App. A, it is possible to write explicitly the integral
for all k as

k—1 o -
log? [t/ — ¢ log? |¢' — t]
NG = 3T {aq [ ( =t )\ ).

q=0
+B 3t£j) Séyn%;jk(fa (1)), (3.92)
where
log" [ — £ o G ) -9 .G 7
- (wﬂ) - / gt — )26 <G P = 0 G 7. 7(T))
=t =
(3.93a)
kv _ 7 - /J Ne; 7 _agj)SgANL_ F 7
w ;:/ dt/ log (|t *t|) @mgk( ( )3 7t Zm,jk(r TP())
" =1 | <t v —1

8% (GNL L (7,7 (T))
—/1 _ 1 sIm;jk 77 p ) .
+/|t_/>t_dt og" (|t — 1)) i (3.93b)

Last remarks

The computation can be heavily simplified by restricting the attention to bound orbits. While in
the general case there are no specified orbital frequencies, for bound orbit these are already discrete
and it is not necessary to perform the integrals as discussed above.

The field can then be expressed as

ZJ'U] 8(]) N —im &
sPim(2h) = Z b{at’ %) [Sgl;‘mj(r rp())emer(t )}
J

=t

t—a t’ sg ! Ty 7 ;
+ lim, Um a2 {(Z ) 1+ togal o) 3% (7,7, D)
tk=2+[k=3+ [...]}Sylm(e, ) (3.94)

where the spherical harmonics have been factored out to make explicit the dependence of the field
on the spacetime coordinates z# = (¢,7,0,$). The higher order in k terms can be written in
distributional sense by using Eq. (3.92).
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3.4 Evaluation at the particle’s position

At this stage, the main derivation is essentially complete, and Eq. (3.94) provides the inhomoge-
neous, first-order (in the self-force expansion) mode-decomposed solution of the Teukolsky equa-
tion, sourced by a point particle in a generic equatorial orbit around a Schwarzschild spacetime.
The extension to Kerr is straightforward and requires only minor adjustments, namely accounting
for the low-frequency expansion of the spheroidal harmonics, which affects some coefficients but it
does not modify the structure in w depicted above.

To obtain the physical solution, one must first sum over (I, m) and then evaluate the field at
the particle’s position. This step is nontrivial because the field is divergent at the particle location.
Indeed, Eq. (3.94) corresponds to the retarded field s1)*¢*(z*), which is singular at the particle
position by construction, even though each individual spherical-harmonic mode remains finite. The
regularized field ;3™ (z*) is obtained by subtracting from each /-mode a suitable regulator B (t)
that does not depend on . This method is known as mode-sum regularization [147, 148].

The first step is to evaluate the retarded field for each (I, m) mode as

ST (E) = Wi () , (3.95)

T —zH (1)

where z#(t) is generic equatorial geodesic, i.e. z*(t) = (¢,7,(t), /2, $,(t)). At this point, the
sum over m can be performed using standard formulas (see Appendix F of [149]), yielding

l

AR = > (D). (3.96)

m=—1

Before performing the final summation over [, one must subtract the regulator ;B(¢) from each
[-mode. Exact expressions for these regulators are available in the literature, e.g. [44, 45].

After subtracting the regulator consistently for each mode, the remainder yields the regularized
inhomogeneous solution to the Teukolsky equation. To summarize, the full procedure involves:

* Solving the mode-decomposed homogeneous equation using two sets of solutions: generic-/
solutions and MST solutions valid for specific [ values;

» Computing the Teukolsky source;

* Constructing the Green function from both generic-l and MST solutions, ensuring consistency
with the desired PN order;

* Building the inhomogeneous solution from the Green function and source;
* Applying mode-sum regularization to obtain the resummed, regularized field.

These two chapters have introduced the methodology and discussed the subtleties that may
arise in the calculation. In the following chapters, the procedure will be applied first to bound
orbits—both circular and eccentric—and then to the hyperbolic case.
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4 Self Force Theory for Unbound
orbits

This Chapter is a reorganization of the discussions given in [100] where the scattering of a scalar
charge off a Schwarzschild black hole has been investigated by using the formalism introduced
previously specializing s = 0, i.e. scalar perturbation. This result was obtained by combining the
post-Newtonian expansion with the post-Minkowskian one.

The geodesic hyperbolic motion on Schwarzschild has been discussed in 3.1.1, hence this
Chapter will start directly by defining the corrections to geodesics, i.e. self-forced motion. From
these definitions it will become automatic to define the local loss of energy and angular momentum'
as the corrections to the scattering angle.

4.1 Self-forced motion

A point particle that scatters off the Schwarzschild black hole feels an acceleration due to its
self-force, obeying the equation of motion

WPV, = Fy. 4.1

Here v is the particle’s four-velocity, F, is the self-force per unit mass, and Vg is the covariant
derivative compatible with the Schwarzschild metric g.g. For the case of a scalar charged particle,
the scalar self-force scales as F,, oc ¢?/(uM?), where g and y are the particle’s charge and
mass, respectively. It is worthwhile to mention that, for a gravitating point mass, the gravitational
self-force scales as F,, o< uu/M?. Concretely, one can write

Fo =O0(e/M), (4.2)
with
e=¢*/(uM) < 1 4.3)

ore = pu/M < 1, as appropriate and then expand all quantities to linear order in .
By expanding for small €, one must specify what quantities are being held fixed: the initial
energy E/_ and angular momentum L _ that the particle has when it begins its orbit from infinite

The term local is emphasizes because it keeps into account how much energy/angular momentum the point particle
loses during the scattering event. This quantity could be split in two: energy (angular momentum) loss at infinity and at the
horizon. This will be the subject of Chapter 5.
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Chapter 4. Self Force Theory for Unbound orbits

distance; the minus sign indicates that these are the values in the infinite past. In other words,
the perturbed orbit is an expansion around a geodesic that has the same initial energy and angular
momentum. The self-force correction to the scattering angle is then obtained as a function of F_
and L_. Equivalently, one can parametrize the self-force correction in terms of b and v, defining
those quantities from F_ and L_ using Eq. (3.11).
From the ¢ and ¢ components of the force, the linear corrections to the scattering angle are of
the form -
Sx= [ dar{Ge(R(r) + Gur)Fu(n)}. 4.4
— 00
where G 1, are two functions of geodesic quantities, derived also in [55]. Despite the compactness
of this expression, it is possible to derive an alternative version of the scattering angle corrections
which is more suitable for the purposes of this Chapter. In order to makes things more notation-
ally transparent, hats will be used to denote zeroth-order, background quantities and § to denote
corrections that are linear in €.
The starting point is the definition of the accelerated orbit’s energy and angular momentum as

E = —u; and L = ug4, which evolve according to
dE dL
— = —F, — =Fy. 4.5
dr b ¢ 43)

These E and L, which are not the conserved energy and angular momentum used in Sec. 3.1.1,
they could be defined as functions of 7 as

0 T
E(t)=E_ — Fydr — / Fydr = E_ +6Ey+6E(T), (4.6a)
—00 0
0 T -
L(t)=L_+ / Fydr + / Fydr = L_ + 6Ly +0L(T). (4.6b)
—00 0

The reason for splitting each correction into two terms will become clear below.

At this point, it is convenient to use r as a parameter along the orbit. In order to compute
integrals along the perturbed orbit one has then to consider the incoming (4" < 0) and outgoing
(4" > 0) branches separately, with r decreasing from infinity (- — —o0) up to a minimum value
Tmin = Tmin + 0"min (T = 7o = 0), then increasing again to infinity (7 — oo). The superscript
+ will be used to distinguish a quantity taken in the incoming (—) and outgoing (+) branch,
respectively, so that Eq. (3.20) can be slightly modified as

X = Z/m (d%) —. (4.7)

The lower limit of integration is expanded at fixed (E_, L_), while the integrand is expanded to
linear order in ¢ at fixed r (as well as fixed E_ and L_), meaning ¢, (r,¢) = ¢(r) + do(r,€).

Explicitly, N
d¢  dég
— — 4.8
X Z/mm+57nnn (dr i dr ) i @9

which can be written to linear order as

=x+ox+0X, 4.9)
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4.1. Self-forced motion

where

N * A
<d¢> — g 0K (4.10)

. 0 >
(5X = (;Tmlnm g/,; . dr dr 6Amm

min

is the O(e) correction due to the shift 67y, and

6% = Z/ (d&b) . 4.11)

To evaluate Eq. (4.10), it is possible to leverage the fact that the equation for 7, in Eq. (3.8)
remains true for the self-forced motion. The closest approach of the self-forced orbit, which occurs
at 7 = 0, therefore satisfies

(B_ 4 6Ey)? =V (Pmin + 07min; L + 0Lo); (4.12)

this was one reason for isolating the corrections to E_ and L_ at periastron in Eq. (4.6a). Equa-
tion (4.12) is identical to the equation for the closest approach of a geodesic with energy F_ + § Ey
and angular momentum L_ + §Lg. Therefore

a/)/‘II]IH 87/‘11'111]
OTmin = 95 ——0Fy + 5L ——0Ly. (4.13)

Substituting this into Eq. (4.10) and appealing to the chain rule, a simple result can be obtained

ax ox
ETol ——0Fy +

5% = IX 5L . (4.14)

oL_
By turning the attention to é in Eq. (4.11), one can express the integrand in terms of energy

d0p _ dop/dr Expanded to linear order in

and angular momentum and use the simple relation =
dr drp /dT

at fixed r, this becomes

dop _a°+ou? @t () ou? dumy (4.15)
dr ar+ou”  ar a® ar
which can be compared with d¢” = Z‘f + d6¢ to prove
dé a® (Su®  u”
409 _ 4% (out _ ouTy (4.16)
dr ar \ a® ar
The right-hand side can now be expressed in terms of ' and §L. All perturbations to the 4-
velocity can be obtained from du, = —dE(r) and duy = dL(r) together with the normalization
Juvutu’ = —1, where
0E =0Ey+0E, 4.17)

and analogously for d L. Since the goal is to linearize in ¢ at fixed r, and since g,,,, is only a function
of r, the linear term in the normalization condition becomes g,,,, du/4” = 0, which one can use to
obtain Ju, in terms of § E and d L. Substituting these results into Eq. (4.16), one obtains

a8

o = aB(r)0E(r) +ar(r)dL(r), (4.18)
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with > _ 1)
L_FE_ E- — f(r
=—— = = — 4.1
ap(r) r2(ar)3 ap(r) r2(ar)3 (4.19)
Equation (4.11) is then
oo
ox = Z/ dr [a%(r)&Ei(r) + a%(r)éLi(T)} . (4.20)
+ JPmin
Interestingly, it is possible to note that
ap(r) =—ak(r), ar(r)=—af(r), 4.21)

hence 6 Fy and § Lo vanish from the integral; this was another reason for isolating these terms in
Eq. (4.6a). In conclusion, one has

ox = /00 dr {aJEr(r) [5E+(r) - 6E_(r)} +af(r) {(ﬁﬂ'(r) - 5l~1_(r)]}

Tmin

[ ardeao) [ G- el [ SEo-ro)]).
(4.22)

min Tmin

having used

SEE(r) = — / Z:Fti(r), SEE(r) = / %F;}(m. 4.23)

At this point, it is possible to introduce a split in the forces that will be crucial in the following:
the conservative-dissipative splitting. This procedure is trivial in this formalism, and it is given by:

Fgons-i-(r) - 7[F+(r) —F, (r)]=—-F"" (1),

F(;iiss+<r) _ %[F;(T) +F(r)] = F((jiss—(T)) 4.24)

which is a simple symmetrical or antisymmetric combination of the force’s components in the
incoming and outgoing branch. In particular, for o = ¢, ¢, so that

o cons > " d/r cons " d/r cons
Ixeons = —2/ dr {ag(r)/ — Iy t - az(r)/ $F¢ ﬂ .

Tmin Tmin Tmin

Interestingly, 0¥ = 0 because of the symmetries of F155, As a consequence, the dissipative
correction to the scattering angle is simply given by

diss diss
O = o™ = —5 < I8 Fraq + T rad> , (4.25)

(a reminder of the linear response formula, [150, 151]). Here, E},q and L,,q are the total radiated
energy and angular momentum, which are related to the integrated dissipative self-force by

Frag = —20E8 ) Liaq = —20L3", (4.26)
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4.2. Scattering of a Scalar Charge off a Schwarzschild Black Hole

respectively. Recall that the local definitions of orbital E' and L are not the conserved energy and
angular momentum of the perturbed orbit in the conservative sector, as emphasized in Eq. (4.5). As
a consequence, conservative self-force causes F and L to change with time. However, this change
averages to zero over the complete orbit, and only the dissipative self-force is related to the emitted
fluxes of energy and angular momentum in scalar radiation.

It is also worthwhile to mention that one can equivalently compute the scattering angle through
a time parameterization in Eq. (4.8).

4.2 Scattering of a Scalar Charge off a Schwarzschild Black
Hole

4.2.1 General set up for scalar perturbation

The procedure for s = 0 perturbations is identical to what is described in Chapters 2 and 3 where
the value of s can be fixed from the beginning. The Teukolsky equation is then reduced to the
massless Klein-Gordon (KG) equation with a scalar charge distribution source:

o = —4mp, “4.27)

where 0 = g*#V,Vj is the d’Alembertian and (7' = —47nr2p. In this case p will be a point-
particle (scalar) charge density,

Pl = g / (—g) V26 " — ah(r))dr

q
= 300 = p(1)3(8 —7/2)8(¢ — dp(1)), (4.28)
where g = —r sin? 6 is the determinant of the Schwarzschild metric. While this does not drastically

simplify the homogeneous solutions, that must be obtained by using the same techniques introduced
in previous Chapters, the source is instead much simpler than the gravitational source.

The aim is to describe this problem by combining a weak-field (PM) with a low-velocity (PN)
limit. Specifically

b>M, o<l (4.29)

The ultimate goal of this Section will be to calculate the scattering angle (4.9) in this limit. Doing so
requires computing the self-force, which in turn requires knowledge of the field near the particle’s
worldline. Here the barred variables introduced in Eq. (3.51) will be intensively used.

It is worthwhile to remember that the Green function has the structure described in Eq. (3.55)
and, as a consequence of the use of scaled coordinates, ;G (7,7 ) depends on b starting at

1PM, and the coefficients SGEQk)(F7 7') here are also expansions in 1/b. For the non-logarithmic
contributions (i.e., k = 0), SG%’TO) (7, ") starts at order 1/b° for all values of j, [, and m. Meanwhile,
for k # 0, the first logarithm appears at j = 2 for s = [ = 0. It is then possible to write explicitly
the local and non-local contributions to the field by using the scalar source explicitly as

utir2h3

plat) = o 6(F — p(B) D Vi (7/2,0) Vi (8, $)e =m0 D), (4.30)
lm
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by starting from Eq. (3.94)” :

e~ imdp( @
0%l = QZW 50 {OG”O r O }Ye’;(w/w). 4.31)
7>0
() . —ima(t)
N Ty AT 0 G e €M
0Yim b eh_%jgl v Ylm(”/QaO){(WE + loge) 910) [Glm (7, 7p(t)) ut (%)

t-a dt’ 8(J) G /= — (5 e_im¢p(t_/)
+/_Oo iy |Cim ) =m0 (4.32)

where only & = 1 has been taken into account. The reason is that, this problem, has been dealt up
to 4.5PN, which contains only £ = 0, 1. Because the PN expansion has been equipped also with a
PM approximation, the results shown in the following are computed up to SPM.

4.2.2 Scalar-field results

In order to compute the regularized field, it is first necessary to explicit the regularization parameter
B(%), which assumes the general expression:

YR =D Wit (t) — B(t)). (4.33)

l

B(t) has been computed in Ref. [55, 148]" as

B = ~JHOKKO), KO = m » 434

where K (k) denotes the complete elliptic integral of the first kind. By expanding in PN-PM this
quantity, one finds

5 q{ 1 v2 (7+ 1652) vt (17 + 5622 + 6454) w6 (759 + 326482 + 537674 + 409675) v8 }
0 =- - - _ _
b \/1+E2 4(1+{2)3/2 64 (1+{2)5/2 256 (1+£2)7/2 16384 (1+t_2)9/2

ﬂ{i[ 1 Farcsinh(d) } B 3 N 3% (5+4{2) arcsinh(?) ﬁ[ 1+ 1682 N {(47+ 32;2) ms;nh(z)]

b2 | w2 l1 422 (1 + 52)3/2 4 (1 + ;2)2 4 (1 + ;2)5/2 64 (1 + 52)3 (1 + 52)7/2

vt 17 42482 £ 19284 F (29 + 58882 + 384?4) arcsinh(%) 300 101 4 44872 4 76874 4+ 40960

B 256[ (1+{2>4 (1_'_{2)9/2 ] B 16384[ (1+{2)5
3 (347 + 153682 4 1305674 + 8192{5) arcsinh (%)
(1+1#2) 11/2 ] }
aM2 (1 1 3% arcsinh (%) (1 - 2%2) arcsinh? (f) 1 7 4+ 162 3% (21 + 16{2) arcsinh (%)
b3 {17[2(1+{2)3/2 - (1+52)2 - 2(1+E2)5/2 ] 72{8(14»52)5/2 4(1+?2)3
3 (9 — 1282 — 1624) arcsinh? (f) 3 (37 + 112{2) 15Farctan(f) 3% (505 + 59282 + 19224) arcsinh (%)
_ 4 _
8(1+{2)7/2 ] 128 (1+{2)7/2 2(1+{2>3/2 64 <1+{2)4

2The apparent conflict between the powers of 7 and b in Eqs. (4.30) and (4.31) comes from the fact that o7 = —4nr2p =
— 47372 p.
3Note that here L is the specific orbital angular momentum, while in Ref. [148] it denotes I + 1/2.
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+

+
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6(1+ 52)4

8(1+E2>9/2 06

3 (727 + 11682 + 128{4) 3arcsinh (£)2 (7237 + 66472 + 656{4)

8 (1 + 52)4

] 1 rrcsinh T (173 + 14872 + sof‘*)

arcsinh (£)3 5(7905 + 11472 + 704{4)

2(1+E2)7/2 6(1+{2)9/2

3arcsinh ()4 (53 — 39682 — 21684 + 12856)

8(1+f2)5

3 (1597 + 1742872 + 26688F% + 1075256)

:| 1 |:1353rctan )t
4 (1 + f2)5/2

1)4
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+ arcsinh ()2 (

45arctan () T (73 + 2{2) N 3 (—14879 4 366342 4 7411284 + 31104{6) }
4(1+f2)7/2 256 (1+ﬂ)11/2
1 [15arctan () 7 (—67 + 6472 + 568%)  _0071 — 7933272 + 230047% + 21376070 + 10752078
+§[ 16<1+£2)7/2 2048(1+{2)11/2

arcsinh (£)° £ ( —2049091 — 1917418%t“ + 1701648t + 2679936¢° + 8847361
3 2 4 6 8

1536 (1 + {2)7

3arcsinh ()4 (46133 — 34934072 — 69928074 — 292480%° + 110080%% + 73728[10)
15/2
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)13/2
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This quantity is intrinsically local and can be straightforwardly extended to any order in PN-PM
sense. It is now convenient to split the regularized scalar field between the local and the non-local
sector.

Local field

In order to obtain the regularized scalar field in a PN-PM form it is then necessary to subtract the
B(%) term from it and then perform the infinite sum over the /-modes analytically. This gives

 qM oE w2 (1 — 282 w3 (76 — 583 vd (=1 4+ 1322 — 674 w3 (—11F + 8283 — 2785
wR’L<i>:bT{*<l+t,2)3/2 + (1<+{2)2) + 2(1(+f2)5/2> + ( 2<1+€2)3 ) + ( 8(1+{2>7/2 )
0 (142482 — 11584 +308%) 7% (5 + 8382 — 3057 4 6589)
- s(1+2)" - 16 (1+{2)9/2 }
aM?2 (1 37 arcsinh () (71 + 2{2) darcsinh () T (72 + 52) 2 _ 1082
arath v " (rmy ) O M e
31% — 2083 arcsinh (f) (13 — 49f2 — 2{4)
{2(1+{2)3 * 2(1+2)7/? }
2 [log (1 + 52) (4 - 852) _ 8log(2) (71 + 252) 8 (71 + 252) s (i) . arcsinh (%) (40?, — 2673 — 67,5>
3(1+£2)5/2 3(1+£2)5/2 3<1+{2)5/2 (1+52)4
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Non-local terms

The non-local terms are, on the other hand, extremely complicated and the integrals are highly non-
trivial. The reason is the appearance of this PolyLog structure that is well known from computations
at very high order in perturbation theory performed in high-energy physics. It is more instructive
to look at the explicit result for the non-local field and then provide some comments:
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where the expressions at b~5 have not been included because they are extremely large. Besides,
the structure of the b=3 and b=* terms is already sufficient for discussing the analytical structure of
these functions. It is however possible to see these expressions in the ancillary file of [100].

By looking at the explicit result the special functions hierarchy becomes clear and it can be
categorized by looking at each PN-PM order. Namely, one has

* 3PM: rational functions in (1 + £%)"/2, arcsinh(#) and log (1 + #2);

* 4PM: rational functions in (1 + #2)"/2, log(1 + #2), arcsinh() and arcsinh(#)2, but also

. EJ’,. /1+{2 . .
arctan(t) and Li, (w) Together with these functions also cross products between
the functions already present at 3PM are present, in particular products between logarithms

and arcsinh;

* 5PM: all the functions that are present at 4PM are also at the successive order, in addition
one could find arcsinh(£)3, cross products between all the functions arcsinh and arctan, but
also between Li, and arcsinh or log. Also Lig starts to appear at this order;
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thanks to this observation it is possible to understand that the PolyLog structure becomes richer and
richer as one goes at higher order. These structure will present, at some point, also products of Lis
with Liz as also (Liz)?. The presence of such class of functions is very new to SF calculations, that
never encountered such special functions in the analytical calculations for bound orbits.

4.2.3 Scalar Self-Force

The Scalar Self-Force (per unit mass) acting on a particle with scalar charge ¢ and mass p is given
by [26]

F, = %Paﬁvﬂw, 4.37)

where 1® is the Detweiler-Whiting regular field defined before and P,” = 62 + u,u” projects
orthogonally to the particle’s worldline. At leading-order, i.e. linear corrections due to the force,
the projector can be approximated as P,” by P = 88 + 4,08, Similarly, although 4 is not
constant [26], it can be treated as constant in this leading-order analysis.

For equatorial scattering, the non-vanishing components of F, are

Fi = % (1@ f(r)) O™ — %f(T)fét (0™ + 100" (4.38)
fr= %(1 TN ) %@rf ) (@0 + g d50") (4.39)
Fy = %(1 + TQﬂi)aaﬁwR + %{%72 (ﬁtaﬂ/}R + ﬁraﬂ/}R) . (4.40)

Practically speaking, only the ¢ and ¢ components will be used for the computation of the conser-
vative and dissipative dynamics.

To compute F, from the retarded field modes ;,,, one should use again the method of mode-
sum regularization, as explained above Eq. (4.33). The derivatives of the retarded field possess a
linear-in-/ divergence on the particle, and the mode-sum formula for the force is

Folt) = {F*(t) = (1+1/2)AL%(t) - Ba(1)}, (4.41)
l

where F (ii denotes the result of substituting a retarded-field mode y,,Y},, into Egs. (4.38)—
(4.40), evaluating on the particle, and summing over m. The + indicates* whether the particle is
approached from the right or left, i.e. 7, (t) or r, (t), when the limit 7 — r,(t) is performed. It is
well known [148] that by computing the average mode contribution from the two directions, as in

FL(t) = % [FLY @)+ FL-(1)], (4.42)

then the contribution from A'*(¢) vanish and only the B, (t) terms are required in the mode-sum
formula. For this reason, the averaged components of the force will be presented in the following.
As already mentioned, these calculations require to compute derivatives of the retarded field
modes. The derivatives that come from the local sector are trivial to compute. However, the ones
that comes from the non-local sector could be problematic, in particular the derivative with respect

“It is important to remind that this 4 is not used to indicate if the particle is approaching/departing from the primary.
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to ¢ when the field is written in the form of (superficially) divergent integrals. However, it is easy
to realize that for an integral of the form

oI . g ’ ’ dﬂ iw(t' —t), j o
5% 8t/dt f(r,t)/ 5 ¢ w’ log(—iw), (4.43)

where f(r,t') = oG9V (r, r(#))e=m%(t)and hence

m
. / / dw iw(t' —t), j+1 ;
Ol =—i [ dt’' f(r, 1)) 5. € W log(—iw) , (4.44)
™

which ensures that the formalism employed for dealing with the non-local sector of the field could
be easily readapted.

As done for the field, the following explicit expressions will be presented: regularization
parameters for B;(t) and By (1), local and non-local sector for both F}(t) and Fy(¢).

Local terms

The regularization parameters are

v7t_(87 + 300%2 + 134474 4 256{6)

2(1+£2)3/2 - 8(1+{2)5/2 " 128(1+?2)7/2 * 512(1+{2)9/2

u9€(5001 + 2227272 4 3840074 + 11468870 + 16334{8) } eM?2 { 1 | arcsinh (%) (1 - 2?,2) 37
- +
N2
11/2 3 2(1+{2)5/2 2(1+2)

eM { vE w37 (74 482) 057 (25 4 22472 4 64t?)
By = —
2

+

32768 (1 + {2) v

2(23 + 8{2) arcsinh (%) (5 + 472 — 16{4)
i 8(1+{2)3 s(1+f2)7/2

{(—385 + 688%2 + 128{4) arcsinh (f) (7311 + 954E2 + 57674 + 25656)}

128 (1 +72)" 128 (14 22)%/2

+ v

E(ss — 42722 4 403274 + 512?6) arcsinh (%) (7213 — 636072 + 556874 + 486476 + 1024£8>
+
=
512 (1 +72)° 512 (1+;2>11/2

- r’ (4899 + 22080%2 — 52454484 4 339968%0 + 3276858)
+ v

32768 (1 + 22)6

arcsinh (f) (711703 — 390662 — 969984%4 + 31590470 + 47513615 + 55536210) ]}

32768 (1 + 52)13/2

eM3 (1 [arcsinh () (4 - 11{2) oF 3arcsinh (£)2 T (—3 + 2{2)
bd {73{ 2(1+2)° +4(1+t’2)5/2+ 4(1+z2)7/2 }
1rE (127 + 52%2) 15arcsinh (£)2 £ (79 — 8i2 4+ 8{4) arcsinh (%) (730 — 1182 4 124?4)
7[ 6 (1+12)7/? h 16 (1 + 2)%/7 s(1+72)! ]
[15ax'ctan () (71 + 2{2) 3% (71021 + 14402 + 256{4) arcsinh (%) (71550 + 94092 + 272084 + 255{6)
o + +

4(1+{2)5/2 256 (1+ﬂ)9/2 128 (1+{2)5
Barcsinh (£)2 T (1137 — 323482 — 102474 + 512{6) 5[ 15arctan (£) (—7 + 1682 + sf4)

256 (14 12) /2 } ’ [ 16 (1+£2)7/2

3{(1789 — 14028%2 + 883274 + 1024{6) arcsinh (%) (8222 — 80127E2 + 13764%% 4 1651286 + 1024%8)

1024 (1+{2)11/2 512 (1+52)6

v

+

v

3arcsinh (£)2 £ (—22287 + 251722 + 1960884 + 30720 + 2048{8)}

1024 (1 + {2)13/2

+ v

5 5(27329 + 15833602 — 5693184%% + 228556870 + 196608{8) 15arctan (£) (725 — 52282 4 57674 + 128{6)
13/2 9/2

65536 (1+52) 256 (1+{2)

79



4.2. Scattering of a Scalar Charge off a Schwarzschild Black Hole
arcsinh (%) (18156 + 382346172 — 1064755284 — 206515270 + 141721678 + 65536510)
* 32768 (1 + 52)7
N 3arcsinh ()2 5(688797 — 557471082 — 920320%% + 2188800%% + 65536088 + 131072510) ]}
65536 (1 + z2>15/2
eM% (1 [arcsinh (T) (17 - 58{2) E<7 + 2%2) barcsinh (£)2 T (—11 + 10{2) arcsinh (£)3 (—3 + 2482 — 8{4)
s {75[ a(142)7/? +4(1+t’2)3 a(1+2)" a(1+2)%? }
1 [aresinh (f) (7137 — 13682 + 736{4) arcsinh ()2 (1013{+ 7423 — 1216{5) 301% + 14883 — 48
s { N\9/2 + N5 + N\
6(1+t) 16(1+t> 16(1+t)
arcsinh (7)3 (81 — 49272 — 63284 + 25656) 1 [ 15arctan () (74 + 1152) 5(75977 + 1184672 + 736074 + 371256)
16(1+{2)11/2 ] ;{ 4(1+f2)3 256(1+{2)5
arcsinh ()3 (—1023 —11712%2 + 5339274 + 2316876 — 9728?3) o ( 45arctan (T) T (—3 + 2{2)
+ : + arcsinh () ( —
256 (1+t’2)13/2 4(1+E2)7/2
10359 + 8321072 + 1446474 — 25607 arcsinh (£)2 £ (20885 — 12377482 — 2102474 + 3008055)
. : ) : ]
256 (1+t2)11/2 256 (1+t2)6
15arctan (f) (—18 + 9582 + 8{4) 2(714091 — 11090472 + 18364874 + 11110476 + 32768{8)
+v[ 16 (1+{2)4 1024 (1+£2)6
arcsinh (£)2 (—779727{+ 136702283 + 115118485 + 126464%7 — 4096{9)
1024 (1 + {2)7
arcsinh (£)3 (735931 + 58218072 — 149840%% — 501120 — 9216078 + 16384510)
- 1024 (1 +T,2>15/2
N o () 45arctan (7) £ (-9 — 2882 + 167%) . 1oos07 — 9279242 4 180964 4 09072£0 4 512088 }
arcsin t 6 (1+52)9/2 1024(1+{2)13/2
1 Z(—1202385 + 49577082 — 17506048F% + 2416025670 + 1235353675 + 2097152{10)
- vis{ 65536 (1+f2)7
15arctan (f) (696 — 571382 4 222474 + 128{5) o (45arctan ) {(—1569 + 145882 + 448%4 + 256{6)
+ + arcsinh (F)
256 (1+£2)5 256 (1+E2)11/2
N —2929831 + 719202542 — 10398771284 — 269644800 + 87326728 + 327680%10
65536 (1 + E2)15/2 )
arcsinh (£)2 7 (—72008697 + 22155996612 + 9676454484 — 4093030470 — 940441678 + 262144{10)
B 65536 (1 + {2)8
N arcsinh (£)3 (4967901 — 879365042 + 25953160%% + 80020480t + 1437696018 — 917504710 4 1048576512) ]} )
65536 (1 + 52)17/2 ' .
and
LM 302% 3viE (3 + 852) 300 (19 + 4872 4 6454) 308% (259 + 91282 + 115284 + 102456)
P {_ 4(1+{2)3/2 h 32(1+{2)5/2 B 255(1+£2)7/2 B 4095(1+{2)9/2 }
eM?2 { of 3arcsinh (%) (71 + 252) 2[ 3% (79 + 16{2) 3arcsinh (%) (721 + 3682 + 32{4)]
+ - + 7| = -
b2 4(1+{2)2 4(1+{2)5/2 32 (1+{2)3 32 (1+ﬂ>7/2
4 3T (13 — 10472 + 128?,4) 3arcsinh (f) (753 — 33082 4 22474 + 256?5)
T [7 256 (1+t'2)4 B 256 (1+f2)9/2 }
o 3%(203 + 70472 — 217674 4 2048%5)  3arcsinh (7) (653 + 168822 + 720684 — 256020 — 4096£%)
Y [_ 4096(1+{2)5 4096(1+52)11/2 ]}
eM3 (1 27% 9arcsinh (f)2 5(73 + 2{2) 3arcsinh (f) (74 + 11{2) 35(721 + 10452)
+573{“72|:78(1+f2)5/27 8(1+Z2)7/2 * 4(1+t72)3 }7 s4(1+{2)7/2
15arcsinh ()2 f(—87 — a2 4 4sf4) 3arcsinh (T) (—126 + 20772 + 248[4)
* 64 (1+{2)9/2 B 32 (1+{2)4

80



Chapter 4. Self Force Theory for Unbound orbits

45arctan (%) (71 + 252) 3% (163 — 78482 + 768{4) 3arcsinh (£) (680 — 31002 — 13284 + 256{5)
8(1+Z2)5/2 512 (1+{2)9/2 256 (1+t’2)5
3arcsinh (£)2 T (75439 — 80272 + 3968%4 + 1536{6) 4 [45arctan (£) (3 + 122 — 1554)
_ v
)11/2 } [ 64 (1+E2)7/2

of (401 + 356882 — 691274 + 4096f6) 3arcsinh (7) (1470 + 3570172 — 5435274 — 3251270 + 4096{8)
11/2 -

+,,2[_

512 (1 + 2

8192 (1 + £2) 4096 (1+t’2)6

9arcsinh (£)2 £ (4197 — 53032£2 — 35808%% 4 122886 + 819258) ]}

8192 (1 + 22)13/2

eM? (1 3% (7 + 252) 15arcsinh (£)2 T (711 + 10{2) 3arcsinh (f) (717 + 5852) 3arcsinh ()3 (3 — 2472 4 8{4)
R g )

pd | w4 8<1+t2) 8<1+t2) 8(1+t2)7/2 8(1+12>9/2

1 [3% (7173 — 25282 96[4) 3arcsinh (T) (—681 + 201672 + 14727,4> 3arcsinh (D)2 7 (73357 + 65082 + 2432f4)
+— [ i - 2\9/2 + £2)°

v 4(1+12) 64 (1+t2) 64<1+t2)

3arcsinh ()3 (—217 + 164472 + 82474 — 512?6) 45arctan (%) (—4 + 11%2) 3t (—1979 — 246%2 + 912084 + 371256)
" 4(1+E2)11/2 ] N 8(1+Z2)3 N 512 (1+E2)5

15arcsinh (£)2 © (—13469 — 2330%2 + 1230474 + 601656) 3arcsinh ()3 (5293 — 41208%2 — 46672F4 + 14726 + 9728{3)
- s12 (1 +72)° " s12 (14 72)15/2

135arctan (%) T (—3 + 252) 15 (—1423 + 561872 + 358474 + 512Z6>
)7/2 )11/2

+ arcsinh (f)
8(1+{2 512(1+t’2
45arctan (%) (30 — 12082 + 16{4) 3arcsinh (£)2 E(—952289 + 747962F2 + 141472084 + 40652876 + 1638458)

64 (1+{2)4 8192 (1+E2)7

+v2[7

3t (42723 + 8503282 — 145924 — 30924876 — 131072?,8)
+

8192 (1 + 52)6

3arcsinh (£)3 (91221 — 954180%2 — 900560%4 + 161280%0 + 30720028 + 65536{10)
15/2

8192 (1 + {2)

+ arcsinh (£) | —

45arctan (T) £ (—219 + 5282 + 96[4) 85923 — 1511556%2 + 798144F4 + 619008% — 6144078 ]}

64 (1+{2)9/2 8192 (1+t’2)13/2
eMB (1 [4b5arcsinh ()2 F (23 — 26f" ) 3% (1 - 44{2) 9arcsinh (f) (8 — 202 — 2F )
e . ! :
b5 (6 6(1+E2)9/2 32 (1+E2)7/2 8(1+f2)
15arcsinh (£)4 T (15 — 4072 + 824) arcsinh (7)3 (64 — 607%2 + 27424)] 1 {35 (72501 — 27672 + 240054)
_ 4 =
- N5 -
32 (1+t2)11/2 8(1+t2) vl 256 (1+t,2)9/2
3arcsinh ()2 ?,(—25155 + 106042 + 21584{4) 3arcsinh (f) (—1084 + 307382 4 196474 + 432%6)
+ - 5
128 (1+{2)11/2 64(1+{2)°
15arcsinh (£)4 {(1495 — 2900#2 — 253684 + 70456) 7arcsinh (£)3 (792 — 716182 — 258284 + 289655)
+ o\13/2 - 72)\6
256 (1 + 2) 64 (1+72)
1 [ 45arctan (%) (717 + 58{2) 3% (734195 + 7574812 + 22233674 + 95488{6)
P _
v2 16 (1+52)7/2 2048 (1+T,2>11/2
15arcsinh (D)4 £ (57485 — 8128072 — 1834084 — 4364876 + 22016{8) 135arctan (%) (3 — 2472 4 8?,4>

— + arcsinh (t’)2 ( —

2048 (1+{2)15/2 16 (1+{2)9/2

3t (—665495 — 707482 4 75219284 + 36057656)) arcsinh ()3 (179416 — 162355782 — 1684714%% + 31123280 + 508288{8)
- )13/2

1024 (1+{2 512 (1+22)7

[ 225arctan (F) T (711 + 10?2) 3 (—13488 + 3340972 — 1565072 + 1209676 + 1804858)
+ arcsinh (%) I + 5
8(1+£2) 512 (1+f2)
45arctan () (161 — 10322 + 25684 + 22456) 3% (—430875 — 203901282 + 51526474 + 56816640 + 2674688{8)
- o\9/2 - o\13/2
128 (1+t2) / 32768 (1+t2) /

81



4.2. Scattering of a Scalar Charge off a Schwarzschild Black Hole

arcsinh (£)3 (75220704 + 533059432 + 67880578%% + 537193610 — 230156805 — 8898560510)

8192 (1 + 52)8

15arcsinh (£)% 5(2107095 — 28680202 — 8851376t — 496665620 + 1177605 + 532480510)
17/2

32768 (1 + 52)

675arctan (T) (29 — 22872 — 887t + 64Z6)

+ arcsinh (£)2 ( )11/2

128 (1 +£2

3t (15367895 — 446864872 — 20889824%% — 1301350475 — 3176448{8) 315arctan () £ (291 — 11082 — 17654)
- + arcsinh (f)

16384 (1+t’2)15/2 64 (1+{2)5

3 (75972 — 91459782 + 168500084 + 1315280 — 77670488 — 141312?10) )}

= (4.46)

8192 (1 + 52)

where ¢ = ¢% /1 M? has been reintroduced.
The local terms in the force, as computed with mode-sum regularization, are then
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It is important to mention that these two components of the force have different leading orders
in1/b.
Non-local terms

The non-local time and ¢ components of the Self-Force are
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where the same hierarchy already discussed for the field can be observed here. The crucial
difference is that, at b= the t-component of the force only develops, at best, polylogarithm of order
2, while the ¢-component contains also Lis. This happens because the time derivatives is itself
an operator that goes as 1/b, which indeed shifts at one order higher all the special functions that
were observed in the field, also the projection along the orthogonal direction to the particle motion
maintains this feature. Similarly, the derivative with respect to ¢ goes as b" and it maintains the
analytical structure of the field. For this reason, the O(b~?) terms are not included in Eq. (4.50) for
the ¢p-component of the force, but they are needed for computing the scattering angle and angular
momentum loss up to b=,

Once the self-force is computed, one can finally compute observables. In particular the loss
of energy and angular momentum and the self-force correction to the scattering angle. The first
two quantities are purely dissipative effects, hence associated with radiation. The scattering angle,
however, contains also a contribution from the conservative sector.

Leveraging the formal results obtained at the beginning of this Chapter, now the procedure
for extracting the interesting observables is then conceptually easy, though it can be technically
challenging when evaluating integrals from the non-local sector.

4.2.4 Dissipative Sector

The total radiated energy and angular momentum, can be easily computed by integrating the
dissipative piece of the self-force along the worldline according to Eq. (4.26) with Egs. (4.6a)
and (4.24):
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where £ = ¢ /(M) < 1 as defined in (4.3), and note the leading PN order is 1.5 for both § E4is$
and §Ldiss, except for the 5PM radiated angular momentum, which has its first contribution at
2.5PN.

It is also worth commenting on the absence of the Euler-Mascheroni constant g in the final
results. The presence of yg is usually tied up, in PN theory, to the presence of logarithms in
the observables. It is then surprising that, for the scattering motion, the PN expansions of these
quantities do contain logarithms but not vg. It is possible, however, that at higher orders vg will
appear. This feature will be present also in the dissipative scattering angle.

Comparing these energy and angular momentum loss against the one obtained with amplitudes
methods in Ref. [56], it is interesting to see a mismatch at 3PM-2.5PN,

rad rad,Ref.[56] __
Espm — Espu T Y

eM3 7w V2
2

1+—+ 0(1)5)] , (4.60)

which will propagate to the comparison between the scattering angle. This can be attributed to the
fact that it is purely the loss of energy away from the binary system that is being computed in [56],
whereas the results here, coming from the local dissipative force, also include energy loss into the
black hole horizon. In this sense, this is a generalization of their result, which includes the full
dissipative contributions on the scattering angle at each PM order.

Nonetheless, it is still possible to provide some verification of these results. In [152], the 3PM
mass shift of the Schwarzschild black hole in the case of scalar absorption was computed. The
horizon flux that they obtained is

eM3m v
Ey=——-——=,
b 2 V1 — 2
which is precisely the resummation of Eq. (4.60).
The last observable that one can compute in the dissipative sector is the radiative correction to
the scattering angle. Starting from Eq. (4.25), one find

4.61)
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It is interesting how the analytical features of the energy and angular momentum loss are
reflected in the scattering angle. First of all, the 3PM energy and angular momentum loss and the
4PM scattering angle present only (relative) integer PN orders (corresponding to even powers of v).
This is because only the local sector contributes at this PM order. However, at the next PM order,
half-integer PN terms (odd powers of v) start to appear, which are usually related to tail effects in
classical PN theory. This structure between local and non-local terms become apparent after the
final integration over the orbit, and not, for instance in the self-force or in the regular field. Another
smoking gun for tail contributions is the presence of log(b/M ) and log v, which are related to the
physical scales of the problem. These log contributions are present in the SPM losses but they
cancel in the SPM scattering angle, suggesting that they should appear in the dissipative sector at
higher order in both PM and PN.

4.2.5 Conservative Sector

The conservative dynamics affects the shape of the hyperbolic orbit, by changing the relationships
between orbital parameters and, more importantly, the scattering angle. In the conservative sector
the §xcons takes the form

ox

ox
6 cons = 6ECOIIS 6LCOHS
Xeons = Fp_0%0 " T %o
* + " d?" cons + =+ " d?" cons +
=2 drijag(r) [ —Ff —ap(r) [ EF¢ ) (4.66)
where
0 0
0BG = — / drF/oms, SLP™ = / drFg™, (4.67)
and for the conservative dynamics, one clearly has
+o0o
/_ dr f/o(;b =0. (4.68)

Evaluating these formulas, the conservative scattering angle is then
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where the leading term is at 2PN. Consistent with the dissipative sector, no g appears in these
final results.

Another interesting feature is that both the energy and the angular momentum contribute to the
leading 2PM term of the conservative scattering angle, displayed in Eq. (4.69), and this leading
term is totally determined by the local sector of the forces.

The non-local sector starts to contribute at 4PM, in Eq. (4.71), introducing a transcendental
structure to the result. In this case, one get first the logarithmic contributions and then at 5SPM
the odd powers of the velocity. However, by looking at the non-local expressions for the forces in
Egs. (4.49)-(4.50), the leading terms are at lower powers in 1/b. It is a non-trivial statement that
these leading terms in the non-local components of the force are integrated to zero once they are
multiplied by aJLC L

As for the dissipative sector, it is possible to compare these results with the conservative
scattering angle computed using amplitudes methods in Ref. [56]. In their framework, the scattering
angle up to 4PM was obtained to all orders in v, but with the presence of two free parameters,
namely ¢; and co(fi), that appear precisely at 4PM. There is an immediate agreement at 2PM and
3PM ( restricted to the precision in the velocity expansion), while the 4PM scattering angle is [56]

3reM* 1 02 —1 2 rom
3 o o]

o2 -1
+ (0% = 5)er + {CQ(M) - % +2log (2b2627E,u2)} (02 — 1)}, 4.73)

where o = (1 — v2)~1/2 and the functions M, M2 and M%™ are complicated functions of &
given in Egs. (5.7)—(5.8) of Ref. [56].
The low-velocity expansion of the 4PM scattering angle (4.73) gives
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An important feature of this expression is that ¢; and ¢ (f1) appear independently and at successive
PN orders. It is thus clear from this expression that, by matching the powers of v with the 4PM
scattering angle in Eq. (4.71), there are enough conditions to uniquely determine the two coeflicients,
namely

1 11
=5 co(pt) = . 4vp — 2log(2) — 4log(nM). (4.75)
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It was suggested at the end of Sec. 3.2 of Ref. [56] that ¢; could be associated with a static
Love number, which vanishes for a black hole in general relativity, whereas co(fi) arises from
a regularization procedure. In Ref. [56] some constraints on these parameters were found by
comparing the analytical PM scattering angle to fully relativistic, numerical self-force calculations,
with the scale fixed to i = (2M) 1. Specifically they found for the first coefficient ¢; = 0.3140.38,
whereas for the second an interval was presented in the approximate range (—25, —35). Clearly,
this value for c; is compatible with the numerical values they find inside their error bars. If ¢; is
proportional to a static Love number it must be zero, but the case of a non-vanishing c; was already
considered to be possible in Ref. [56] because of the field redefinitions used in the construction of
the leading tidal action. For ¢ there is no particular theoretical value one might expect.
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5 Asymptotic solutions:
Gravitational waveform and
fluxes

This Chapter is based on ongoing and unpublished projects on the calculation of self-force grav-
itational waveform and fluxes from a hyperbolic encounter. This was already done in [101] by
computing the fluxes at infinity for the energy and the angular momentum at 7PN and at SPM and
4PM, respectively. Here the main focus will be on the computation of the so-called amplitudes,
which are the basic building blocks for both the waveforms and the fluxes.

5.1 Introduction

In Chapter 2 the boundary conditions for the radial Teukolsky equation were presented in Eq. (2.52).
In these expressions some constant in r coefficients appears:

—,trans —,inc —,ref
slew ’ Slewa slew ) (51)

which are associated respectively with the transmitted, incident, and reflected wave at the boundary,
i.e. the future null infinity and the horizon. It is then possible to write the asymptotic solution of
the radial Teukolsky equation by starting from Eq. (3.46), taking the limit for r that goes to +oo or
T4, by expliciting these coefficients. Hence, one gets

. - u rans +oo S in TJ
i Wi (r) = 7 TR Ry / dr’Wl?;‘j)( A)STZW(T’), (5.2a)
T4
: s —1kr in,trans e /SR;IT};L&)( /) !
rl_lg}Jr sWime(r) = A7 “s Ry dr WsTlmw(T ) (5.2b)
T+
where a common choice is to define the amplitudes Z as
400 (’I",)
JE(S, = SRuPtrans / ar' B ) T (') (5.3a)
T4 ( /)A
w . e sRim, ()
ZH = (Rrans / dr’ “("w) X sTimw ('), (5.3b)
T+
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which are respectively the amplitude at infinity and at the horizon. It is possible to prove that the
amplitudes are the basic building blocks that are needed to compute both the waveform and the flux
of energy and angular momentum.

In the following the focus will be only on evaluating the asymptotic solution at infinity. In
the general case of a spin-s perturbation, in a bound or unbound orbit, the procedure starts from
evaluating the time domain field

+oo
dﬂ efiw(tfr*) Rup,trans
s
21t Imw

lim Uy, (r) = 7"*1*28/

r——4o00 o

+oo s in (T’) o0 o,
x/ dr’lmi‘“/ dt' €t Tipm (t',7") s S1m (0, ¢; aw)
T4

WA o
+oo d .

= [T e 2 (5:4)
oo 2T

where:

* The source T}, (t', ") assumes the same generic form highlighted in Eq. (3.43);

* The transmission coefficient ; R;;> """ and the homogeneous solution inside the radial inte-

gral both have the polynomial and logarithmic in w behaviour that was leveraged in Chapter
3 for defining local and non-local contributions;

which allows the use of the same exact methodology developed for the retarded field in Chapter 3.
It is worthwhile to notice that the time domain amplitudes can then be defined as

T dw

o e T zpo (5.5)

2z = |

— 00

where T' := t — r, is the retarded time.

Once the amplitudes are computed, one can use them to obtain the flux. It is more convenient,
however, to perform this last step by specifying the spin s of the perturbation. The reason is that, for
different values of the spin of the perturbations, there are different relation that could be leveraged.
For instance, for s = 0 it is convenient to define the stress energy tensor

12

1
Tuu = 877'( {Vuwvu¢ - QQ/LVV)\wV)\w} ) (56)

where 1) is the time-domain solution to the KG equation and 1 is the mass of the scalar charge that
sourced the field ¢). The loss of energy at infinity per unit volume is then defined as

d*E>
= lim 727", 5.7
dQdt — rooeo ! 67
and similarly, by looking at the (7, ¢) component of the stress energy tensor, it is possible to define
the angular momentum flux at infinity.
For gravitational perturbations a similar procedure can be devised by defining a gravitational
stress energy tensor, as was done by Isaacson in [153], but this procedure is rather impractical, as
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pointed out in [110]. Instead, one can use the simple relation between the Weyl scalar 14 with the
gravitational wave strain

1
C Ya ~ —shmm, (5.8)
where hz5 = hy — ihy and the dot indicates the derivative with respect to the coordinate time.
The energy flux can be written as
2

) b . o

where the square brackets indicate the orbit average if the motion is bound (a integral over an
orbital cycle) or, if the orbit is unbound a integral over the full scattering event. The flux of angular
momentum along the z axis can also be computed by using a similar definition as

dLZ rad 7’2
< - dt) = < (Oshmmhmm, ) (5.10)
T—00

however this calculation will not be discussed in this Chapter.
In the following all the discussion will be specialized to the case of a Schwarzschild black hole
but, as before, there are no conceptual issues in generalizing to Kerr.

5.2 Gravitational Flux

From the asymptotic relation given in Eq. (5.8), one can easily extract the expression for the
gravitational strain integrating two times the Weyl scalar with respect to the coordinate time ¢.

In order to get there, one should first prepare the ground by manipulating the asymptotic
expressions for 14, starting from

+o0 Rm ( )
3w up,trans 1 =2 -2 !
rhgl ¢t Yaime (1) =17 o R ~/7‘+ dr W AT 0T ('), (5.11)

where the subscript —2 will be dropped in following computation to lighten the notation and the
invariant Wronskian has been introduced again. This can be again simplified by introducing the
rescaling (3.51) to get

—_

Rln by
lim ,(/14 lmw( ) — ezw'r*Ruerdns/ dF /MA_QTITMU(?/) ) (512)
T+

r—r+o00 Ilmio I

=i

and by using Eq. (3.43) one can easily perform the radial integral and extract the ¢’ integral that it
is hidden inside the source term as

b +oo in = 8 8
lim 1)[}4 lmw( ) _ zwr*Rup,trans/ tl iwt’ / d7 =/ lmw )A2{Ttl(7?l)(t/)5(r—/ _ F(t/))
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b p2
(5.13)
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where the radial integral is trivial and, by defining

Run(5)) = Rty ODATENE) — oL | Rt () A1)
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, (5.14)
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it leads immediately to the following definition for the frequency domain asymptotic 14
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r—}gloo ¢4 l ( ) T Im@ Wlmw ’ ( )
and by returning to the time domain one has
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where T is the rescaled retarded time. It is easy to recognize that the right hand side is simply 7

times the time domain amplitude of Eq. (5.5).
Finally, one can use Eq. (5.8) and write

. 2 oo dio —+oT pup,trans o it le@(f (t_/))
hy —ihy = — %Z/ 3¢ TRyt /dt’e ¢ ﬁ,gmm(e,@, (5.17)
lym ¥~

where the sum over the modes has been reintroduced and, by integrating two times with respect to
t (or equivalently T), one gets

o g R“P’“am o Rumo (7 1
hy —ihy = Z/ el ma /dt/ ot er:w( ))—2Ylm(97¢)’ (5.18)

which can be written in a more compact form as
. T oo dw 7sz lmw
(hy —ihs)(T) = 72 P L 5 Yim(6,0) (5.19)

where the explicit dependence of the strain from the angles (6, ¢) is completely encoded inside the
spin—2 spherical harmonics and also

=~ _ o, (= (F
Zpe 5= /df’ei‘:’t zZre (t) = R;g;grans/dt’e“"t 7le;/(rp(t ) . (5.20)
Im@

In addition to this last expression, the structure in & of the Z° _ is known and identical to
Eq. (3.55) and hence

(s i) Z/+ dicu o ng ZZlm,_]
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+ @2 1og" (—iw) 272 ik ¢ —2Yim(0,0),  (5.21)
j=2 k=1

where, crucially, j > 2. From this expression it is possible to separate the local and non-local
contributions to the strain and, by combining the strain with its complex conjugate, it is possible to
extract the two polarizations of the strain.

Once the strain is computed, the flux can be rapidly obtained by using Eq. (5.9) as

(g — i) —2zz/+ dw o—iaT ng Iszg

DD @ ogh (—im) 235,y ¢ —2Yim(0.6),  (5.22)
j=2 k=1

which must be multiplied by its complex conjugate in order to obtain the following expression for
the flux

dE \"™ o —2i2i dw T i1
o= _ o Tet et W Z>o
(deT)H sz:/d 167 7 7 Z“’ tmig

+> Y @ logk(—iw)zzﬁ;jk} —2Yim (9, 9)

j=2 k=1

dwl o' T _/ —1 —1 ‘7/ *,00 *
* ] on € {ij 2oty + 00 2@ T ogh (@) 207 b 2V (0,9),

i’ j'=2k'=1
(5.23)

this expression can be easily simplified by exploiting the integration over the surface element as

(?f;)aj _ZZ/dT—/dQ 2 (0,0)—2Yim (6, 6)

Lm ', m’'

/ﬂ —ieT ij 1ZlmJ+ZZw7 1log iw)Zﬁz;jk

j=2k=1

do' o7 i -
X/ﬁewT Z 15’ IZZ*,:LO, ,Jrz Zw 1log iw') 25 ik (o

Iz j'=2k'=1
(5.24)
where df) = sin 6dfd¢ by using the identity for the spheroidal harmonics
/ 005V, (0. 8)—2Yim (0, 6) = 81106 (5.25)
which simplifies the overall expression by removing the summation over the primed indices

rad
(3};) _Z/dT /dw —ieT Zwﬂ LZp DY @ logh (—im) 275
r—00

Jj=2 k=1
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dw i’ T _ * _ i — *
x | 5 T Z i’ 1Zh;l°j,+ZZw’7 og'( W) 2] ¢

/ 2k/7
(5.26)
and the T integral can be used to send &’ — @ and write
dE rad
—~Jj—1 zo0 —Jj—1 k . [es)
(7). T [5 {Tem e S e e
T J j=2k=1

xS @ Tz 3TN W T ogt (i) 257 ¢ - (5.27)

5/ §=2k'=1

Hence by expliciting the product one can split between the local and the non-local flux as

dE rad 1 d(:} _j+j’,2 %) *.,00
— = — | — Zimii 200,
<dT>r—>oo Z4W/2W{Zw Im;j = 1m;j
K . oo *,00
+ Z Zw 2log —zw)Zlm’]kZlmJ,—i— Z Zw 2log (i) 25 Z i

j=2,5' k=1 j’'=2,5 k'=1
+ Z Z wj+j’_21ogk/ (iw) log (—zw)ZlT;f‘;kZ;q»ﬁ/kl}y (5.28)
j'=2,7=2k'=1,k=1

where

dE rad,L )
((TT) - Z i / Z o s (5.292)
T—> 00
dE rad,NL iy y .
(7). = -2 w) o { S @ T log (0 log (i) 2 Z

j'=2,j=2k'=1,k=1

+ 30 S @ ot (i) 2ok 2 + Y S @ 2 logh (zw)zlmjzlj;jj,k/}.

j=2,j" k=1 j'=2,j k'=1

(5.29b)

The Eqgs. (5.29) are the general expressions, in terms of amplitudes, for the local and non-local
flux that could be used for both bound or unbound orbits. For practical uses, however, this expression
is not very suitable for analytical expressions. The reason is twofold: inside the amplitudes Z;7
is always hidden an integral with respect to the rescaled coordinate time, hence each term should
always be intended as a triplets of integral, for instance in the local sector the full expression is

rad,L
<j§) ‘24 /5 DT R R [ areer B TE)
7

77— 00 lm,]

i~ 7p(t"
/dt” —iwt 17”.7 ( p( )) ‘ QYlm (g’())‘ , (530)
lm]
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and the by combining the exponentials, the @ integral becomes trivial and one gets

dT A - lm;j lm;j’

_ Rinnyj (7p(T')) Ripnsyr (7)) T |2
dt /dt//é(]-w 2) // 3d\"p 3] ‘7 Ym 770 ‘ ,
/ O W Wi 2 (2 )

rad,L
(M> — Z i Rup,transR* ,up,trans -—(]+j —2)

(5.31)

the delta function that allows to perform one of the two time integrals trivially.

The problem with this delta function is that, the exponent of @ grows very rapidly with the PN
order: the leading, Newtonian, contribution to the flux goes as w%, which means that six derivatives
of Ry (Tp(t")) with respect to ¢’ must be computed. Going beyond the Newtonian case, at each
specific PN order, more powers of w will enter and, as an example, at 6PN one should compute
up to 22 derivatives of a single coeficients of Ry, ;(7,(t')) together with lower order derivatives
that hits different Ry,,.;(7,(#')). In addition to that, the remaining integral is indeed particularly
complicated, even in the local sector. In order to reduce the number of derivatives, one could
perform a PM expansion, in order to see if this large number of derivatives is actually necessary.
Unfortunately, the PM expansion does not significantly reduce the computational time.

For this reason, another approach could be devised. In particular, going back to Eq. (5.21),
it is more convenient to perform the integrations in order to get an explicit expression for the
gravitational wave strain in terms of the retarded time. Simbolically, one can write

(hy — ihsx ZHlm ~2Yim (0, 0), (5.32)

where the function Hj,,, (T') contains the explicit expression obtained once the integration, for both
the local and non-local sector, are exploited. Integrating at this level is particularly convenient
because the integrand of (hy — ihy )(T) that are schematically written in Eq. (5.21) contains lower
powers in @, which can be immediately translated in less derivatives with respect to ¢’. For instance,
the Newtonian waveform requires only three derivatives of the amplitude Z;7 .. This allows to
compute higher PN terms of the waveform, up to 9PN, where the maximum number of derivatives
is still quite large, i.e. 24, but the overall expressions are generically simpler and easier to handle.
Once the time domain waveform is computed, by using the definition of the energy flux one

gets directly
dE)I‘ad /J,-oo
ak a7 ‘Hlm ‘ , (5.33)
(dT oo 167 Z

which is still a complicated integral.

In the following Section, explicit expressions regarding the local waveform and energy flux
at infinity is presented for the sole [ = 2 mode. The non-local sector will also be discussed in
much details, without providing explicit results in time domain for the non-local contributions to
the waveform but showing the families of integrands that appears that needs to be computed.

98



Chapter 5. Asymptotic solutions: Gravitational waveform and fluxes

5.2.1 Explicit results

Local contributions for =2

In units where G = ¢ = 1 and also the masses of the Schwarzschild black hole and the light particle

have been set to 1. The explicit expressions are presented here up to b=, i.e. 9PM, with few power
in velocities representing the PN expansion. Hence, for the plus and cross polarization one has

L - GMvE Py w4 »6 508 5010 v12 V14 v16 5018 5120 v22 _
rhi(T,0,¢) = 5 {v + =+ — + }f+(T,9,d>>
c 7 21 231 429 143 221 323 2261 3059 805
G2M2uE (1 _ 5 _ _
+ T{Zup (T) [4sin (6) — 2(3 + cos(26)) cos(2¢) cos (2¢p (T)) — 2(3 + cos(20)) sin(2¢) sin (2¢p (T))
(&
4(3 + 26)) sin (2 (¢ — ¢p (T p (T 4 _ _
_ 403+ cos(20)) sin (2 (6 — dp (1)) up q 2 ingo sin (8 — p (1)) w2 ()
V1= up (T) 2 3
3 + cos(260)) sin (2 (¢ — ¢p (T))) w2 (T) (167 — 173u2 (T wn (T
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42,/1 — w2 (T) 21
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408 [% cos (¢ = 0p (7)) sin(0)u) (T) \/1 = u3 (T) + — sln(0) sin (6 — ép (7)) u2 (T) (=16 + 1702 (T))]

4 [ (3 + c0s(260)) sin (2 (¢ — ép (T))) u2 (T) (104 + 29911.% (T) — 427u} (T))
! 504,/1 — u2 (T)
up (T)
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sin(0)u (T) v®
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63
+ 68u§ (T) ) + cos (¢ — ¢p (T)) up (T) (/1 — u% (T) (15 —+ 43u ] + O(v )}
G3MBUE [ (3 4 cos(20)) sin (2 (¢ — ¢p (T))) ud (T) up (T)
FERCR) { 5 (1 - u% (T)) 372 [ (60 sin?(0) — 30(3 + cos(20)) cos (2 (¢ — ¢p (T)))
2(3 + cos(20)) sin (2 (¢ — ¢p (T))) up (T) (92 - 89112 (T) 3 ) ) _
(1 T )) 373 )] { (32 sin(0) sin (¢ — ¢p (T))
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+ 2(7 ((3 + cos(20)) cos (2 (¢ — ¢p (T))) — 2sin2(9)) (17 — 12y — 2410g(2))
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b3vde2 2(1- w2 (T))5/2 84 (1 — w2 (T))5/2
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GRS cos(20))v? sin (2 (¢ — ¢p (T))) ud (T) (773 — 815u2 (T)) . [415@; (¢ — ép (T)) sin(®)ul (T)
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(5.34b)

where the time dependence is inside u, (1) = M /7,(T') and ¢,,(T'), which is the geodesic trajectory
of the incoming particle, with energy £ = 1/v/1 — v2 and v = mM/(m + M)? where M is the
mass of the Schwarzschild black hole and m is the mass of the incoming particle. The dependence
on 6 and ¢, that come from the spherical harmonics, is also made explicit. Besides, for the b0 the
following functions have been defined

f+(T,0,6) = sin®(6) — %(3 + cos(?@)){ cos (2 (¢ — o, (T)))

= 2up (T) | cos (2(¢ = ¢y (1)) up (T) —sin (2(¢ = 6, (T))) \/1 — 3 (T) } ;
(5.35a)
< (T,0,0) = 2(:03(0){ sin (2 (¢ — ¢ (T))) (1 — 2u (1))
—2¢08 (2(6 - (T))) up (T) /1 — w2 (T)} , (5.35b)

this rather simple expression suggest that a PN resummation, for the leading PM contribution

should be possible, once all the other [-modes would be computed.
The corresponding local flux at the 8PM and 2PN order for the [ = 2 mode is

dT 535 T 2040 bty B

dEN™ oy e [wo (37200 136670 | GM (1568  1194880° 20240960
B b3 45 4725 33075

—00
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n G*M?rn <122 B 348402 168103v4) G3M3 (4672 3635202 40749441)4)

o \ 5 105 2940 bovs \ 45 315 19845
G'M'r (85  347v® _ 109001v%\  G°M® (3104  8309120°  169264960"
boT \ 3 9 1764 b3® \ 75 1575 33075 ’
(5.36)

which does not contains any non-local terms and ¢ = 1. Despite the purely local nature of this flux,

the 9PM terms contain already at 2PN integrands that needs to be handled carefully, in particular
products between arcsinh”(T') and arctan™(T'), where n = 0...6 and m = 0...3. These integrals
can be managed by a suitable integration by parts, but, there are more robust techniques that can be
employed. In particular, by using the logarithmic representation of these functions, it is possible to
rewrite all these integrands as multiple polylogarithm, see [154] or [155], and by borrowing tools
from high energy physics, integrate them more solidly.

Non-local contributions for I=2

The non-local contributions must be handled with great care. First of all, at the PN-PM order under
investigation the index k, that keeps into account the value of the exponent of the log(—iw), goes
from k£ = 1,...,6, which means that most of the results listed in App. A needs to be used. The
non-local contributions to the waveform are

(hy —ih )M (T) =33 2 Z / T logh (~i2) 2052V (6,),

j2k1

and each j, k of Z70 ., can be removed in favor of its definition from Eq. (5.2) as

(hy —ihy) => > = Z/ e T i~ ogh (—iw)

j=2 k=1

/ 47 Z22N(F) Y56, 6), (5.37)

and by using the results given in Chap. 3, it is possible write directly these contributions as
= log? |t/ — T
(hy =i NHT) = 250 25 atin@,0) Lo ()

J=2 k=1
}4—38(] l‘j‘;?‘,}(T)}, (5.38)

where

1 k E/ _ T a(]) ZC;:‘NL a(,]) O:LNL E/
p.v. <°g|> / ' log* (|7 — T|) =" i (1) = 0" Zinige' (2 ), (5.39a)

t—T 7T
o (4) Zoo,NL (j) 500,NL
log" |t — T _ o oY) ZpomH(T
% = dtllogk(|tl—T|) l ,jk( ) 1 ,]k( )
[#" =T Pl<T 7T
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j) ~S00,NL /7
ag) Zlm;jk (t/)

e 5.3%9
7 — 1] ( )

+ / dt’ log® (|t — T)
[#1>T

The integrals that need to be performed then are strongly dependent on the functional form of
Z>NE(7) and its derivative. This can be easily investigated for [ = 2 at each order in both PM
and PN. The leading non-local effect appears in the waveform at b=2, i.e. 2PM and at 1.5PN. It is
however interesting that, for § = 7/2 (equatorial plane), the first non-local effect shifts of half PN
order, namely appears at 2PN.

In order to look at the structure of the éﬁfL’NL(t_’ ), it is convenient to focus at each PM order
separately, then discuss how the analytical structure changes at successive PN orders. This is
because the structure present at a certain n-PM order will be completely inherited by the n + 1-
order. By restricting to the equatorial plane for simplicity, one can then observe the following
structure up to 9PM:

* 2PM: Only k = 1 is involved at this order. All the functions that appear are of the form
P(t)
(1 + {/)n/ 2’
evaluating the integrals of Eq. (5.39) the resulting expressions will contain other rational
functions of (1 + #'?) and also inverse hyperbolic functions;

where P(t') is a polynomial in ¢ and n can be any positive integer. By

P(t")arcsinh(t")
originates, once integrated, other arcsinh(#’) and arcsinh®(#'), together with arctan(t'),
log(1 + #') and, more interestingly, Liz(#') which is always tied to ((2) = 72/6 which
enriches the transcendental structure of the result;

* 3PM: For k = 1 the integrands contains now the following functions , which

* 4PM: For k = 1 the integrands contains now also arcsinh?(#') which produces, once inte-
P(t")arctan(t")
(1+t)n/2
make their first appearance, producing other Liz(#') and Liz(¢'). To further enrich the struc-
P(t")log(1+ ")
(1 + Z?/)n /2
to mention that the exponent of the arcsinh(f’ ) is related to the PM order and, in general, at
a given n-PM order the arcsinh(¢') will appear with exponents up to n — 2 and, similarly,
polylogarithms will appears with weight up to n — 1. The presence of these inverse hyperbolic

functions will be ignored from now on;

grated, Lis(¢') and Liz(#'). At4PN at this order also integrands of the form

ture, at 4.5 PN order, also functions as starts to appear. It is worthwhile

* 5PM: For k = 1 the structure does not contain new functions but at this order the struc-
ture that where always treated separately, now products between arcsinh(#'), arctan(¢’) and
log(l +t 2) appears. This is the first signal that a far richer analytical structure than poly-
logarithms of increasing weight are present in the waveform. This structure is well known in
high energy physics and it falls under the name of cyclotomic polynomials [156] and, from
now on, all the integrals of the new functions that will appear must be written in terms of this
cyclotomic polynomials;

P(t")arctan?(t')

t
1+ f’)"/Q and at 7.5PN also

* 6PM: For k = 1 two new functions appears: at 6PN

P(#)log?(1+72)
(142

103



5.2. Gravitational Flux

* 7PM: For k£ = 1 no new functions appears but more cross products between previously
mentioned functions appear;
P(t")arctan®(#'
* 8PM: For k£ = 1 the last new function appears, namely M.;
(14 )m/2

* 9PM: There are no new integrands for k = 1.;
It is then clear that this structure can be generalized and written in terms of 4 parameters

o log™(1 4 #?)arctan™(t')arcsinh?(t')
Innpa(t) = ENEE . (5.40)

These integrands needs to be then inserted inside Eqs. (5.39) and integrated consistently in order to
unravel the non-linear structure of the waveform and, consequently, of the flux.
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6 Quasi Keplerian
parameterization for Scattering
in Scalar-Tensor Theories

This last Chapter covers a topic that it is rather different from Self Force but its subject is another
approach for extracting analytical information on Scattering and it is mainly based on [157].
Here, by using standard PN theory, it was possible to deduce a 2PN accurate expression for the
Quasi-Keplerian parameters describing an hyperbolic encounter in a class of modified theories of
gravity called Scalar-Tensor Theories. These theories have a broad range of applications: from
the investigation of effects beyond-GR, to the parametrization of environmental effects on binary
systems.

6.1 Introduction

In order to make full use of the scientific potential of gravitational wave detectors, there has been
a push towards improving waveform models. Experimentally, the current and future gravitational
detectors are mostly sensitive to gravitational waves generated by compact binaries on bound
orbits. One of the most relevant approaches to model these systems is the post-Newtonian (PN)
approximation, which yields fully analytical waveforms in the regime of slow velocities and weak
fields. As already described, this approximation is well adapted to the inspiral phase of a compact
binary on a bound orbit: indeed, the virial theorem guarantees that a largely separated system is
automatically slowly orbiting.

However, the PN expansion can be also adapted to the unbound, scattering case: here, the
absence of a virial theorem in this case means that the slow velocity (post-Newtonian) expan-
sion is orthogonal to the large separation (post-Minkowskian) expansion. Indeed, although post-
Minkowksian produce a complete resummation of the PN series at each order in G, they are typically
harder to obtain, and run into special functions like elliptic integrals, harmonic polylogarithms ,
and even Calabi-Yau manifolds entering at SPM [92, 93, 158]. Thus, PN methods can be precious
both for cross-checking PM results and completing analytical knowledge of coefficients inaccessible
with PM methods.

In PN theory, the hyperbolic problem has mostly been studied as a doppelginger of the elliptic
problem. Indeed, the quasielliptic motion was studied using an elegant generalization of the Kepler
solution to first post-Newtonian (1PN) order, dubbed the quasi-Keplerian (QK) parametrization,
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which was introduced by Damour and Deruelle [159], and generalized up to 3PN order [160-162]
and partially to 4PN order [163]. At 1PN order, Damour and Deruelle showed that the quasihy-
perbolic motion could be obtained through analytical continuation of the elliptic motion [159], and
Blanchet and Schifer [164] used this result to obtain the energy and angular momentum losses at
1PN order beyond Einstein’s quadrupole formula. This statement seems to break down after 3PN
order, and the QK parametrization for the quasihyperbolic case [95, 165] was developed indepen-
dently from the quasielliptic case. Using this parametrization, it was then possible to compute the
fluxes at 3PN order [166, 167], and obtain dissipative corrections to, e.g., the scattering angle at
3PN order [74, 168].

All these waveform models have mainly been developed assuming that general relativity (GR) is
the underlying theory of gravity, but future detectors might unveil very small deviations to GR, which
need to be modeled. One approach to modeling alternative theories is to take a theory-agnostic,
parametrized approach [169-172]. In this Chapter, the starting point is to adopt a theory-dependent
approach, and derive predictions for the gravitational waveform within the class of massless scalar-
tensor (ST) theories of gravity, which were first introduced by Jordan [173], Fierz [174], and Brans
and Dicke [175], and later generalized in [176, 177]. At relatively low PN orders, other popular
theories such as scalar Gauss-Bonnet reduce to the theory under scrutiny in this work [178]; see
also Refs. [179-183] for studies of compact binaries in extensions of these theories and [184] for
dark matter effects in GR.

Previous results in massless ST theories using the PN expansion were derived using (i) effective
field theory methods [ 185—189], (ii) the direct integration of the relaxed field equations (DIRE) [ 190—
1941, and (iii) the post-Newtonian, multipolar post-Minkowskian (PN-MPM) formalism [195-199].
It is the latter that will be used hereafter, as it has been successfully used in GR to compute the
energy flux and GW phasing at very high 4.5PN order [200].

Gravitational radiation in ST theories was first studied by Refs. [185, 186, 188, 189, 201] in
an alternative (but equivalent) formulation of the action. The equations of motion and conserved
energy and angular momentum were first obtained at 2.5PN order in [192], then at 3PN order
in [195, 196], including the contribution of the (dipolar) tail term. The waveform and flux were
obtained in terms of positions and velocities at 1.5PN beyond the leading quadrupolar radiation,
i.e. at 2.5PN beyond the leading dipolar radiation [193, 194, 197]. The fluxes, the phase as well as
the gravitational and scalar waveform amplitudes were then obtained in the case of circular orbits
at 1.5PN [197, 202]. In order to extend these results to the case of quasielliptic orbits, the QK
parametrization was established at 2PN order in these theories [203], and used to compute the fluxes
and secular evolution of the orbital parameters at 1.5PN beyond the quadrupolar radiation [204].

Here the aims is to extend the QK parametrization for ST theories of Ref. [203] to the case of
hyperbolic orbits. The main application will be completion of the full scattering angle at 2.5PN order
in scalar tensor theory, including both conservative and dissipative contributions. The conservative
sector will be in agreement with Ref. [205], and the dissipative is new.

This Chapter is organized as follows. After a brief notational reminder, the specific theory under
consideration will be defined in Sec. 6.2 together with a brief recap on how PN-MPM computation
are done in these theories. In Sec. 6.3, the derivation of the QK parametrization for hyperbolic
orbits at 2PN order, obtain the gauge invariant scattering angle and impact parameter, and perform a
check of the scatter-to-bound map between the scattering angle and periastron advance. In Sec. 6.4,
the total radiated energy and angular momentum of the system are computed at Newtonian order
beyond Einstein’s quadrupole formula in GR, or equivalently, at 1PN order beyond the —1PN
order dominant dipolar radiation of the scalar field. In Sec. 6.4.1, the dissipative contributions
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to a few orbitals elements are presented, namely the scattering angle, the impact parameter, the
time eccentricity and the asymptotic velocity. In Sec. 6.5, some limit of the previous results are
presented.

6.1.1 Notation conventions and parameter overview

Throughout this Chapter, Post-Newtonian (PN) orders are defined relative to the Newtonian limit and
the standard quadrupolar gravitational radiation of General Relativity (GR). Accordingly, leading-
order dipolar radiation appears at —0.5PN order in the waveform and at —1PN order in the energy
flux. The 2PN QK parametrization developed here corresponds to a next-to-next-to-leading-
order correction, while Newtonian fluxes and waveforms are classified as next-to-leading-order
contributions.

A 3+1 decomposition of spacetime is adopted and three-dimensional Euclidean vectors will
be denoted using bold symbols. Unless explicitly stated, all the quantities will be defined in the
center-of-mass (CM) frame. The position of the field point is written as X = R N, where IN is
a unit vector. In spherical coordinates, this becomes (R, ©, ®). The coordinate time is denoted
by t, and the retarded time is given by U = ¢t — R/c¢; this is distinguished from the QK motion’s
eccentric anomaly, u. Both scalar and spin-weighted (with weight s = —2) spherical harmonics
are used, denoted by Y™ (0, ®) and Y'“J'(©, ®) respectively. The index m should not be mistaken
for the total mass m.

The individual positions of the two compact objects are denoted y; and ys, and their relative
separation is given by x = y; — yo, with magnitude r = |x| and direction n = x/r. The relative
velocity is defined as v = da/d¢. For a non-precessing eccentric binary, the orthonormal basis
is defined as (n, A, £), where A lies within the orbital plane, satisfies A - v > 0, and £ = n X A.
Introducing a fixed inertial triad (129, Ao, £), the orbital motion can be expressed in polar coordinates
(7, #) such that n = cos ¢ ng +sin ¢ Ag. The velocity then becomes v = 7 n + r¢ A. This implies
the relations: n - v = 7, v? = 72 + r2¢2, and n x v = r@L.

The multi-index notation is used, where L = i; --- iy indicates ¢ spatial indices (with K
indicating k indices similarly). For derivatives and vector components, one hase 0, = 0, - - - 0;,,,
Oar—1 = 040;, -+ 0;,_,, and likewise for products: ny, = n;, -+ n4,, Nar—1 = NaNi; = Niy_, -
The symmetric trace-free (STF) part of a tensor is denoted with either a hat or angle brackets: for
instance, STF7[9r] = OL = 0y, -+ - ;,y, STFr[nz] = AL = ny;, -~ ny,y, and STFp[z7] =
&L = r*ny, -+ n;,,. Higher-order time derivatives of a function F(t) are denoted as FM(t) =
d"F/dt".

The scalar field asymptotically approaches the constant value ¢, at spatial infinity, and the
normalized scalar field is defined as ¢ = ¢/¢g. The scalar coupling function w(¢) is expanded
around ¢, withwy = w(¢p). Similarly, the scalar-dependent masses m 4 (¢) (defined in Section 6.2)
are expanded about ¢y, yielding m4 = ma(¢o) for A € 1,2. The definition of the total mass is
m = my + meg, the reduced mass 1 = myms/m, the symmetric mass ratio v = u/m € [0,1/4],
and the fractional mass difference § = (m1 — ma)/m € [0,1). These two mass parameters are
related via §% = 1 — 4v.

Following [195, 197], in Table 6.1 a list of scalar-tensor (ST) and post-Newtonian (PN) parame-
ters derived from the expansions of w(¢) and m 4 (¢) is presented. The ST parameters arise directly
from these expansions, while the PN parameters are specific combinations of the former that extend
the standard Parametrized Post-Newtonian (PPN) formalism to a general ST framework [169, 206].
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ST parameters
general wo=w(0),  wh=Llomon Wl = DHlomon
_ ¢ F - A~ G(44+2wo) _ 1
QD—%, uv = P Guv, G*Wmoo)v C*m,
¢ dw _ ¢ dw S S %
M= el 2T T a0 M T a0 &,
e . nm E+1 0 m
sensitivities sS4 = C“Tn“d)((b)w:%, sff) = dd(hiTﬂw b0 (A=1,2)
R
Sy = 71’%52 , S_= —52\/51.
Order PN parameters
N 0421—<+<(1—281)(1—252)
1PN =% (1-2s1)(1—2s9),
By =22 (1—255)" (M (1—2s1) +2¢s1),
By =55 (1—251)" (A1 (1 — 282) +2(sh)
B, = @’ B = B1—By /5’2
Degeneracy
a(2+7)=2(1-¢)
2PN 61 =591 —26))% Gy =459 (1 25,)%,
5, = @, 3 51252
X1 = S5 (1—259)° [(Ae — 4A3 + C\1) (1 — 281) — 6CA 8] +2¢2s7]
X2 = =5 (1—251)° [(Aa — 423 + CA1) (1 — 282) — 6CA8h + 2¢%s]
X, = 2% Y =X %
Degeneracy
160102 =7*(2+7)°

Table 6.1: Summary of parameters for the general ST theory and notations for PN parameters.

6.2 Massless scalar-tensor theories

Following Refs.[193-197, 203, 204, 207], one can consider a general class of scalar-tensor (ST)
theories involving a single massless scalar field ¢ minimally coupled to the metric g,,. The
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dynamics are governed by the action

3

where R is the Ricci scalar, g is the determinant of the metric, w is a function of the scalar field,
and m collectively denotes the matter fields.

This is the so-called Jordan frame formulation, in which matter is coupled only to the “physical”
metric g.g, see [208].

In this context, the matter action S;,, depends solely on the matter fields and the metric. However,
since the strong equivalence principle is violated in ST theories, internal gravitational binding energy
must be taken into account. Specifically, the scalar field controls the effective gravitational constant,
thereby influencing the balance between gravitational and non-gravitational forces within a body.
Consequently, the scalar field indirectly affects the body’s structure and internal gravity.

To incorporate these effects, it will be adopted the approach introduced by Eardley [209] (see
also [210]), modeling Sy, as the effective action of N nonspinning point particles, whose masses
m () depend on the local value of the scalar field:

S ==Y [ ma@)y/~ (g0s) A 0. (62)
A

where y§ are the spacetime coordinates of particle A, and (gos) , denotes the metric evaluated'
at that location. Through the mass dependence m 4(¢), the matter action acquires an implicit
dependence on the scalar field. One then introduces the sensitivities of each particle to variations
in the scalar field via

d* 1 Inm(¢)

§) =
A7 d(lng)ktt

‘ ) (6.3)
P=¢o

with s4 = s(Al) and ¢ the asymptotic value of the scalar field, assumed constant in time to neglect

cosmological evolution.

For stationary, ordinary, black holes, all information regarding the matter which formed the
black hole has disappeared behind the horizon, hence the mass can depend only on the Planck scale:
ma < Mppnek x G~1/2 x ¢1/2, see [175]. This uniquely fixes the sensitivities to SBH =1/2.

To analyze perturbations in these theories, it is convenient to define a rescaled scalar field and
a conformally related metric,

_ ¢
%o

such that both g,s and g,g share the same asymptotic behavior at spatial infinity. Quantities
expressed in terms of (¢, §o3) belong to the so-called Einstein frame.

Perturbations are defined via v = ¢ — 1 and W = /—gg"¥ — n*¥, where n*¥ =
diag(—1,1,1, 1) denotes the Minkowski metric. The field equations in this frame become:

@ and gaﬁ =¥YGas (64)

167rG7_l“,
ct ’

0, h* = (6.5a)

IDivergences are regularized via Hadamard regularization [211], which is equivalent at this order to dimensional
regularization [212, 213].
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6.2. Massless scalar-tensor theories

8rG
Uy =— aTs (6.5b)

where [, is the flat-space d’Alembertian operator. The source terms are:

4
THY — %(_Q)Tuu + m/\;w[h7w] ; (663)
. © oT C4
Ts = —mv <T 2906 ) - %As[h7¢]~ (6.6b)

Here TH" = 2(—g)~'/265,/8g,. is the stress-energy tensor, T' = g, T*" its trace, and
0T/ Oy is the partial derivative of T'(g,..,, ¢) with respect to ¢ at fixed g,,,,. The nonlinear source
terms A* and A* are functionals of h*” and 1), defined in Egs.(2.8) and (2.9) of [197], and start at
quadratic order in the fields.

The system (6.5) is solved using the PN-MPM algorithm [14, 214]. For a complete treatment
in scalar-tensor theories, see [197]. In this work, the only requirement is that the expressions of the
source multipole moments Iz, Jr,, and I3, which are STF functions of retarded time U and fully
determine the linearized fields h’f ¥ and v;. For example, the scalar field reads:

AR P]
=0

In scalar-tensor theories, the scalar monopole I° is not constant. However, its variation in time
is suppressed by two PN orders: dI®/dt = O(c~2), implying that dipole radiation dominates at
leading order. As shown in [197], a convenient definition is

S 1 S Eé(U)
PU) = % {m + ] , (6.8a)
with )
mS:_S—l—?wozA:mA(l_SA) (6.8b)

where m? is constant, and E°(U) encapsulates the PN time-dependence.

Far from the source, where Gm/(c? Rops) < 1, gravitational and scalar radiation can also be
expanded in multipoles. Introducing radiative coordinates (7', R, IN) [or equivalently (T, R, ©, ®)],
the asymptotic waveform can be expressed in terms of three sets of radiative moments [14, 197]:
Uy, V1, and U} . In transverse-traceless gauge, the waveforms are

4G =1
AT = — B [NL oUapr—2(U)

ﬁ ijab eﬂ
=2
2
Sy Ner-2eita Vs (0) +o( R2) (6.92)
20 E 1 1o of L o
wiiﬁz Ak L)+ (ﬁ)’ (6.9b)
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where LT =1L —3 LijLap with Li;= 0;j — N;N;. The radiative moments are related to
the source moments by the relations

©) 1

U, (U)=1,(U)+ O (C3> , (6.10)
() 1

Vi (U)=J,(U)+ O (63) , 6.11)
(0) 1

U;U)=1,U)+0 (03) , (6.12)

where the O(1/c?) corrections include nonlinear effects from the MPM scheme, such as tails and
memory terms (see [197] for details). Since this work focuses only on linear radiation, these
corrections will not be considered.

6.3 Motion for hyperbolic orbits

The first step is the computation of the QK parametrization for hyperbolic orbits. One can follow
essentially the same steps as Ref. [203], and obtain a closed form, 2PN-accurate, unbound solution
to the equations of motion for nonspinning particles. This solution will be parametrized by only
two independent variables, the conserved energy E and angular momentum J = |J|. In practice,
the reduced energy & and angular momentum j are the two quantities that could be used, which are
defined as

2F _ 2J%E
— and I= ="
pe p?(Gam)
Note that these reduced variables are decorated with a bar, to distinguish them from their counterparts
in the bound case; see [203]. The barred and unbarred energy and angular momentum differ only
by a sign, namely € = —¢ and 7 = —7, such that e > 0 and 5 > 0 for bound systems and £ > 0 and
7 > 0 for unbound systems.

In Sec. 6.3.1, the expressions for the 2PN QK parameters for an hyperbolic encounter in a
generic theory of gravity are worked out, by expressing the results in terms of the coefficients
(denoted A, B, C, ...) parameterizing the polynomial relation linking the energy and angular
momentum of the binary system to the relative trajectories and velocities. In Sec. 6.3.2, it will
be discussed the derivation of two special, gauge invariant QK parameters: the scattering angle
and impact parameter. The scattering angle will be then related to the periastron advance via a
scatter-to-bound map in Sec. 6.3.3.

These coefficients (A, B, C, . ..) can then be specialized to the case of ST theory by replacing
them by their expressions in terms of (£, 7), which were given in Ref. [203]. Thanks to the values
of these coefficients, the explicit expressions of the various QK parameters in terms of (£, 7) will
be presented.

E= (6.13)
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6.3. Motion for hyperbolic orbits

6.3.1 The quasi-Keplerian parametrization for hyperbolic orbits

Consider the conservative dynamics of a spinless binary system, characterized by E and J. The
dynamics are thus planar, and can be described by the two equations of motion for respectively the
radial and angular motion, namely

2 =51 =R(s,E, J), (6.14a)
b =8(s,E,J), (6.14b)

where s = 1/r is the inverse of the radial distance between the two compact objects. At this stage,
a generic theory of gravity is considered, and one can treat it perturbatively as a PN expansion.
In this sense, one can write both R and S for Eq. (6.14) as fifth order polynomials in s, with the
following structure

R(s,E,J) = A+ 2Bs+ Cs? 4+ D1s> + Dys* + D35, (6.152)
S(s,E,J) = Fs? + I,8® + Is* + I35°, (6.15b)

where A, B, C and F are of order O(1), D; and I; are of order O(c~2) and Dy, D3, I3 and I3 are
of order (’)(c‘4). This structure for the equations of motion is satisfied in GR, in ST theories, and
potentially in other alternative theories of gravity. Notice the absence of logarithmic terms, which
appear at 3PN in GR, and of non-local tails, which appear at 4PN in GR but only at 3PN in ST
theories.

There are some properties of the coefficients in the radial equation that are universal in both GR
and ST theories:

* A<0,B>0andC < 0 for quasielliptic orbits;
* A>0,B > 0and C < 0 for quasihyperbolic orbits;
* A=0,B > 0and C < 0 for quasiparabolic orbits.

The polynomial R(s) has exactly two roots that are nonvanishing in the ¢ — oo limit, which is
denoted as s > s_. In the quasielliptic case studied in Ref. [203], the two roots were positive,
namely 0 < s_ < s, such that the accessible radii were r, < r < rq, where the periastron and
apastron were defined asr, = 1/s andr, = 1/s_, respectively. Here, in the quasihyperbolic case,
s_ < 0 < sy, so the negative root does not correspond to anything physical, and the accessible
radii correspond to r > 1/s,. Moreover, in the quasihyperbolic case, it is useful to introduce the
excess velocity v, = limg_,0/R(s) = VA.

The QK representation of the motion has already been derived in the case of bound orbits
in terms of A, B, etc. in Ref. [203]. There, the starting point of the parametrization was the
computation of the two physically-meaningful gauge-invariant periods of the system, namely the
radial period P (associated to the mean motion n = 27/ P) and the increase in true anomaly per
radial period, denoted ® (associated to the periastron advance K = ®/(2)). The unbound motion
is intrinsically not periodic, so physical periods cannot be naturally defined anymore. Thus, the
definitions of the analogous unbound quantities 7 and K, will exhibit a high degree of arbitrariness,
and they will be defined in order to: (i) simplify the expression of the QK parametrization and (ii)
immediately recover results from the literature in the GR case [95, 165].

As already stated, the polynomial R(s) has, just like in the bound case, only two real roots
which are nonvanishing in the ¢ — oo, denoted as s_ < 0 < s. Thus, s_ is nonphysical, whereas

112



Chapter 6. Quasi Keplerian parameterization for Scattering in Scalar-Tensor Theories

ry = 1/s is the radius of closest approach of the encounter. These roots are obtained at leading
order by factorizing the ¢ — oo limit of R(s), which is of degree 2. Then, PN corrections to
these roots are obtained iteratively by requiring that they cancel R(s), ignoring higher-order PN
corrections. One can then factorize the polynomial as

R(s) = (s4 —s)(s — s_)R(s). (6.16)
The first two QK parameters that could be defined are

&T:fﬂ>0, érzﬁ>1 6.17)
2515 S+ s

are then trivial to obtain. Following [165], it is now very useful to introduce the auxiliary variable

R _
v = 2arctan ( Z i_ . tanh g) ) (6.18)

To determine the Kepler equation, one should first integrate Eq. (6.14a) to find

P(s)

A R e )

(6.19)

|t — tol

where t is the time of closest approach and where P(s) arises from the PN expansion of 1/v/ R(s).
The problem is now reduced to computing a small set of master integrals of the form

_ S+ Si—2
J= [ ds . (6.20)
Y P |
That are given by
- sinh(a) (s —s—) —u(s— +s4)
= 6.21
\70 2(*8_34,_)3/2 ) ( a)
_ a
e —— .21
jl m? (6 b)
Fo=7, 6.21¢)
_ 1 1
T3 = Esin(ﬁ’) (s4 —s_)+ §(s++s,)6’, (6.21d)
_ 1 1 1
Tu = T sin (20) (s4 — s_)° + 3 sin () (s3 — s2) + 3 (3s% +2sys_ +3s2) 0, (6.2le)

1 3
Ts = 55 sin (30') (s — s_)% + 55 5 (20) (5. — 5_)° (s4 +5_)
3 1
+ ) sin (0) (s — s—) (5% + 6sys_ +5s>) + % (s4 +s-)(5sT —2sys_ +55%) 0.
(6.21f)

Replacing s and s_ by their 2PN-accurate expressions, an intermediate form for the Kepler
equation can be found,

t —ty = —FRo U + Ky sinh(@) + Ko 0 + K3 sin(?') . (6.22)
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Similarly, the computation of the angular equation starts by integrating (6.14b) to find

o+ dsS [t dsQ(s)
| — ¢o |—/ . A=) (6.23)

where ¢y is the reference angle at o and where Q(s) arises from the PN expansion of S(s)/V/ R(s).
The master integrals of (6.20) apply, and also an intermediate form of the angular equation can be
obtained

b — dpo = Ao’ + Ay sin(v) + Ag sin(20) + A3 sin(30') . (6.24)
It is possible to simplify these expressions by defining a different eccentricity, namely e, as
o o B
epr = €¢ (1 + 67 + C4) y (6.25)

that equates e, at the Newtonian level but they differs at higher-PN. This eccentricity can be used
to defined another angle variables

— 1 _
= 2arctan < ?d) + tanh u) , (6.26)
ep—1 2

which is called true anomaly.

The goal is now to express the Kepler and angular equations in terms of v, by finding a value for
the coefficients « and [, which are uniquely determined by the condition that the term proportional
to sin(¥) in the 2PN-accurate angular equation must vanish. This request is consistent with the
procedure already employed in GR in [95, 165].

Thus, after some simplifications one finds the following parametrization:

t —to = —FR, U + K1 sinh(@) + k5 0 + R4 sin(?), (6.27a)

b — do = Ao + Ny sin(20) + Ny sin(30), (6.27b)

where the primed coeficients are defined because the transformation between v’ and ¥ modifies the
previous coefficients. Recalling that there is no natural definition of 7 and K in the unbound case,

one can finalize the Kepler and angular equations by requiring that the lower order PN-terms are
factored in an analogous way as the bound case. Hence, one has

= i and K =)\, (6.28)
K/l 0
0

and obtain the final parametrization

r = ar(éy cosh(a) — 1), (6.29a)
A(t —tg) = —a + & sinh(@) + g, v + f; sin(v) , (6.29b)
¢ }f" =¥+ f, sin(20) + g, sin(30). (6.29¢)

It is important to mention that % is a parameter ranging from —oo to +oo called eccentric
anomaly.
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Contrary to the bound case, all three eccentricities €., €; and €, are greater than 1. Importantly,
note that here, the naming convention for f; and g, is in close analogy to the usual notations in the
bound case [161-163]. Some previous papers [95, 165] have swapped the two, which can lead to

confusion. ) i
The various QK parameters are given in terms of A, B, etc., as follows :

A3/2
A= ,
B
_ F B (3D F —2CIy)
Ot St 14
V=C 2(—C)5/2
1 2.2 2 2 2 3
+ ————|105B%D?F — 154CD3F — 60B2CDyF + 12AC? Dy F + 140B° D3 F
16(—C)9/2
2 2 2,2 3 3 2
— 60ABCD3F — 60B2CD1 11 +12AC%D 14 + 24B%C¢2%15 — 8AC% 1y — 40B3C13 + 244BC2 135,
B D, (2BD} —2BCDy +4B2D3 — ACD3)
ap=——— - )
A 2C 2c3
2
B2 — AC A (2B — AC) Dy A
er = + ( ) + 5/2 [1636D% —244B%*cD? +542B%20%p? 4 243¢%D
B 2B20/B2 — ACc 88303 (B2 - AC)
—16B%cDy +284B%c?Dy — 12428203 D,y + 32B" Dy — 644B%C D3 + 3642 B3Cc% Dy — 44%BC3 Dy,
B2 — AC AD A
e = + L + 573 [sB“D% —124B20D? +342¢2D? — 8BYCDy
B 20\/B2 — Ac  8BC3 (B2 - AC)

+124B2¢%Dy — 44203 Dy +16B%° D3 — 284B3CDg + 12A2802D3],

. B2 - AC A 2 2 2
= + [3B°DyF — 240Dy F — 2B%C1y + 2401

o
B 2B201/B2 - ACF

A
* 8B3C3 (32 - AC)3/2 F2 [

26B5D2F? — 36AB*cD?F? + A2B2C?DIF? + 84303 D?F? — 3280 Dy P2

+60AB%C?DyF? — 28428203 DyF? 4+ 798" D3 F? — 165AB°CcD3F? 4+ 9742832 Dy F? — 114%BC3 Dy F?
+8B%cD FI; —36AB%*C?D FIy +444%B%2¢3 D F1 —16A3%¢* D F1y — 1680217 + 40aBC3 1]
—3242B2¢%1? +84%3¢%12 + 16B5C2%F1, — 324B%C3F1, +1642B%2C4 F1, — 30BTCFI, + 66AB%C2FIg
—4242B3c3FIg + 6A3BC4F13],

A3/2\/B2 — AcDsy

fat = ——————,

2B(-0)5/2

A3/2 (3D} — 4CD; +12BD3)

Jgat =
8B(—C)5/2 ’
2

Fam = BT~ 40 (D2F2 — 4CDoF? £ 20BD3F2 + 4CD{FI; — 8C2%12 + 8C2FIy — 24BCFI )
46 = a2 1 2 3 1FIy 1 2 3),

(B2 - AC’)3/2 (D3 F — 2CI3)
Gag = .

24C4F

(6.30a)

(6.30b)

(6.30c)

(6.30d)

(6.30e)

(6.300)

(6.30g)

(6.30h)

(6.301)

(6.30j)

It has been checked explicitly that replacing A, B, etc. by their GR values yields exactly the QK
parametrization of [95, 165]; see Table VIII of Ref. [95] . In the case of ST theories, the explicit
expressions of A, B, etc. in terms of the reduced energy ¢ = —¢ and angular momentum j = —J
are given in (3.10) of [203]. Replacing these coefficients by their explicit values in Eq. (6.30),the

explicit expressions of the QK parameters in terms of (£, 7) for ST theories are

33/2 15 1 5 /555 33 5 15 1 1,
n=— {1+E(—+~7——v)+5( + =+ —v -G+ —v )}
Gam 8 8 128 8 64 8 128

_ 5 _ ,
K=1+-(3-F4 +29+5_9)
3
+E2{105+3B2 T S P ot S
- —BZ - 15 —By — — —5 - 5+ —7" —2x
32 4 2 AT 4 + 16 +

_ o 5 _
+ 4 (15[37 —38_84 — 257 + 1257’74*2)27)

(6.31a)
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5 _ _ 3 _
+u(— 682 + G, — 25, — 87— —72+ 248 — 24525 1+4x+77/3_5)
15 1_ 15 15 2 1_ 3 1 _ 1 _
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17 1 o o __ 4 =
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€ 5 5
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© |~
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1
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2 415 29 2 47 3 11 2
+7[ +—=3+7 +u(———w)+—u} ; (6319
128 8 64 8 128
i 22T F7v (15 + 87 — v)
ft = , (6.31g)
8V
_ 2(1+7) - 1 - = =
Fo = T[l T+ 4T+ Z;YQ +5_6+v(19- 65y +129+25_6) — 37|, (6.31h)
7
=2
g0 = ——[60 — 45, + 605 +155% — 45_6 + v — 24 + 854 — 165 — 85_0)], ©319)
8v7
2201 4 3/2
231 +93/20(1 - 30)
g, = G ¥R~ 3v) ©31)
4 3272

6.3.2 Gauge invariant quantities: conservative scattering angle and im-
pact parameter

From this parametrization, one can obtain two physical quantities of interest for the scattering
problem: the scattering angle y and the impact parameter b. The full 2PN expressions of the
scattering angle x and the impact parameter b in the case of ST theories, expressed explicitly in
terms of the energy and angular momentum are presented in the following Subsections.

The scattering angle x

The scattering angle is defined as y = A¢ — m, where the accumulated azimuthal angle is defined
as Ag = limy, o0 ¢(t) — limy—, oo ¢(¢), as shown in [74, 151]. It reads at 2PN order:

VA

VA ((3B% —240) D1 F 5,52 3402 2 A2 52
pAE— A — |315B°D}F — 570aB%CD}F + 24342 B2 DIF
2404 (B2 - AC)

X=-m+ — — 201y | +
c2 B2 — AC

6 2522

— 180B°CDoF +336AB3C2DyF — 156 A2BC® Do F + 420B% D3 F — 880AB*CD3F + 52442 B2C2 D3 F
— 644303 D3 F — 180B°CD 1, +336AB%C%D 1, — 156A%2BC® D 1y + 72B°C21, — 1444B30%1,

+724%2BC%1, —120B%C13 + 2724B% 0?15 — 18442 B2C% 15 + 324%C% 1,

B +4/B2 — AC B
+ arctan | ——Y——— — | |4F + — (6D F — 4C1Iy)
V=C V=AC c?
1 2,2 2 2 2 3
+— (1053 Di{F — 15ACD{F — 60B°CDyF + 12AC° Do F + 140B°D3F — 60ABCD3F (6.32)
ac

—60B2CD Iy +12AC%D 1, +24B%2C?%15 — 8AC3 1, — 40B3CI5 + 24ABCQI3)].

This expression agrees” at 2PN, in the GR case, with (5.49) of [151] and with (45) of [74]. The

agreement”’ is also at 2PN, in the case of ST theories, with Eq. (3.14-16) of [205].
The full scattering angle in terms of energy and angular momentum is

5 _
7:arctan<—> <1+—(37B++2’7+B_5)
7 7
g2 (15 1_ 15 15 5, 1_ 31 _ 1
PR S A ——676+V(77+7ﬂ+f’v77ﬂ76)
7la 4 4 16 4 2 2 2

2 The comparison with [74] is non trivial because of different definitions for the energy. In that paper, E is defined in an
EOB setting, hence one should the £ used here in terms of the £ used in that context as follows:

E = mc? (\/l+2u(\/ﬁ—l)—l) .

When performing the PN expansion of this relation and the required order, it is possible to find a perfect agreement.

3The agreement is obtained after a typo is corrected in Ref. [205]: the global prefactor of the CgPN coeflicient in Eq.
(3.18) of the published version of Ref. [205] should be It is also necessary to take into account the different
definitions of energy described in Footnote 2.

1
4a2(14+a2)2"
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The impact parameter b
The impact parameter was defined in Refs. [165, 215] as

X
b= lim XM (6.34)
T—00 UOO
which is not a manifestly gauge-invariant definition. The structure of Eqs (6.14a) and (6.152),
together with Eq. (6.34) means that, at 2PN, the impact parameter then simply reads
F
b= —. (6.35)
VA
In fact, from the structure of the QK parametrization in GR [162, 165], it is clear that Eq. (6.35)
even holds at 3PN in GR (in ST theories, this structure is spoiled by the tails appearing at 3PN in
the equations of motion).
In GR, Eq. (6.35) yields the same results in both ADM or modified harmonic coordinates at
3PN, suggesting that Eq. (6.35) is indeed gauge-invariant, even if this is not manifest.
It is worthile to mention that, in GR, the 3PN impact parameter that was found in the literature
contains typos. In GR, the impact parameter reads at 3PN:

_ Gm/j 1 3 \N_, of 3 5 5 o
bGR— z {1+<_8+8V)5+5 m_@l/_ﬁy

) 21 7 7
=3 2 3
— - — 6.36
Te ( 1024 " T024” " 1024”7 ~ T024” ) } (6:36)
where here the reduced energy and angular momentum are defined as in GR, namely
2F 2J%E
F= "= d j=—"T". 6.37
€ e and 7 B(Gm)? (6.37)

This result is in agreement at 1PN with (40) of [216] and (2.18) of [215], but it disagrees already
at 2PN with the 3PN-accurate result of (3.8) of [165]. In more details, the agreement with [216]
is immediate, but the agreement with [215] is obtained after a typo is corrected in that work: an
extra minus sign is needed in front of the 1PN correction. The result obtained by [165] also has
a missing minus sign at 1PN, but starting at 2PN, there is an unresolvable disagreement with the
result claimed there. This disagreement should propagate to [166], which uses this result, see their
Eq. (32).

In ST theories, the expression for the impact parameter had never been derived. By using the
expressions for A and F' in harmonic coordinates [203] (the corresponding expressions in ADM
coordinates are not known in ST theories), it is possible to write the explicit expression of the
impact parameter as

Gamy/j (1 3 (3 5 5 5
b= "Wy g (22 N . 6.38
%z { “( 8+8y>+€ 128 64" 128" (6.38)

The impact parameter can be computed following another procedure, in both GR and ST
theories, using the manifestly gauge-invariant definition of Refs. [168, 217, 218], which reads

b= L (6.39)
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where p.p, is defined in an EOB context as the incoming 3-momentum of either particle in the center-
of-mass frame before the scattering event. The result obtained with this procedure is identical to
the one presented above, computed starting from Eq. (6.34). Since p., can be related to F' in a
‘special relativistic’, theory-independent way, the definition (6.39) clarifies why the expression of b
in terms of (E, J) is identical in GR and ST theories [compare (6.36) and (6.38)].

6.3.3 Explicit check of the scatter-to-bound map

It has been proven [67, 68] on very general grounds that for the conservative dynamics, in the
absence of hereditary terms, there is a very simple formula mapping the scattering angle in the
unbound configuration to the pericenter advance in the bound configuration,

A(I)(EaJ)ZX(Evj)+X(Ea_J)7 (6.40)

where A® = 27(K — 1). This result is independent of the particular theory under consideration
or the perturbation scheme. However, it requires that the motion derives from a Hamiltonian that
is local in the positions and velocities. In particular, at 3PN in ST theories or at 4PN in GR,
this map has not yet been fully proven due to the presence of hereditary tails in the equations
of motion [195, 219], except by adding some additional hypothesis, such as a large eccentricity
expansion, to include non-local-in-time effects.

In GR, this map was also verified at 3PN order in Section 5.5 of [69] for the dissipative
dynamics. It is possible to check that constructing the aforementioned combination, it is possible
to compute the periastron advance from the scattering angle given by (6.33) and the periastron
advance listed in Eq. (C1b) of [203].

6.4 Radiated energy and angular momentum

In this Section, the instantaneous fluxes of energy and angular momentum for quasihyperbolic
motion at Newtonian order will be computed, i.e. at 1PN relative order with respect to the leading
—1PN dipolar contribution [197]. By integrating over the entire orbit one can compute the total
energy and angular momentum lost by the system after the scattering process.

It was shown in [203] that the Newtonian fluxes can be expressed in terms of the source moments
as follows (neglecting O(c?) terms):

Gao 3 (3

F=55 Ll (6.41a)
2G (2 3)
Gi = 5. (foembl k Tk, (6.41b)
Goo(3+2w) [ 110 BB T
s = 220 “o ata & ab Lab
Fr= 3 [ 3 + ¢%CQ + 30c2 ‘|7 (6.41¢c)
. Goo(3+ 2w 1(1)(2) 1) 6
G = wemb l3 I+ 52 ok Lik (6.41d)

The source moments are in turn expressed in terms of the relative positions and velocities of the
two particles in (4.6) of [197], whereas the acceleration needed to compute the time derivatives is
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given by (3.10) of [196] (but see also [207]). Since only nonspinning particles are considered, there
is no precession of the orbital plane, so it is possible to write G; = G¢; and G = G°¢;, where £ is
the constant unit vector orthogonal to the orbital plane. Finally, only the 1PN truncation of the QK
parametrization derived in Sec. 6.3.1 is required, and allows to express the fluxes as pure functions
of the eccentric anomaly .

The total energy and angular momentum lost by the binary after the scattering event are defined

as
+oo
AE = — / At [F() + Fo(t)] | (6.422)
+oo
AT = — / dt[G(t) + G.(1)] , (6.42b)

where it has been used the convention where both AE and AJ are negative. In practice, these are
computed by performing the following change of variables in the integral:

fdt = & sinh (@) du + O(c™?), (6.43)

where Eq. (6.29b) has been leveraged. The fluxes are re-expressed in terms of the pair or variable
(Z, &), where

7= (%)w (6.44)

and used the following 1PN-accurate relations, which can be directly obtained from Eq. (6.31):
1
j=é —1+ 1 [9+v—8(8+ —B_6—7) —e; (17— Tv+87) ]z + O(z?), (6.452)

L@ 1 94+ v—8(By —B_6 —7) + € (15 —v+87)]z° + O(z%).  (6.45b)
Note that, contrary to the bound case, Z is not related to any physical frequency, and is simply a
convenient parametrization.

The expressions of the integrands can then be expressed, up to neglected 2PN terms, as linear
combinations of terms o (&; cosh 4 — 1)™" and o< sinh(@)(&; cosh — 1)~". The integrals are
finally performed thanks to the formulas [164]:

/°° da _ 2 dN [ arccos(—x/é,.)
w (Btcosha — )N+ N1dzN &2 — 2

)

x=1

(6.462)
/°° du sinh(a) _0 (6.46b)

_oo (Egcosha — 1)N+1

Finally, using Eq. (6.31) one can re-express the losses of energy in terms of (£,7). The total
losses of energy and angular momentum are decomposed into scalar and gravitational contributions,

namely AE = [AE], ., + [AE] , and AJ = [AJ],,, + [AJ] 4, These contributions read:
1m0 4 y/meET/2 L, 673 366_ 37 , _
[ABlgr = — =77 [ (1 + ) + (1 Tt ) (= — arctan V5)] , (6472
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6.4.1 Dissipative contributions to orbital elements

In the full dissipative problem, the radiation reaction makes the QK parameters vary throughout the
motion by a small 1.5PN correction. For any QK parameter &, the initial value (before the scattering
event) will be denoted by £, and its final value (after the scattering event) by €. The difference will
be A& = £+ — €. Since a system now has evolving energy and angular momentum, one needs to
choose a convention in order to uniquely characterize a scattering configuration. A possible choice
is to systematically describe a system using the initial energy and angular momentum (E~, J 7).

Note, however,

that AE and AJ in (6.47) are only given to relative 1PN accuracy, so it doesn’t

matter whether they are computed with the initial or final QK parameters.
The evolution of the QK parameters can be obtained at low orders using the linear response
formula [78, 151, 168]:

A€ = %AE + aa—JAJ. (6.48)

Applying this formula, one can compute Ab, Av, and Aé;, whose explicit expressions are
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The case of the scattering angle requires particular attention. Although one can formally define a
scattering angle before and after the process (denoted y ~ and x+, respectively), it makes physically
more sense to treat this quantity globally. The total scattering angle , including both conservative
and dissipative contributions, is in fact the average of the two aforementioned quantities, and reads:

T+ x A
X 2X 42X (6.50)

Identifying the conservative contribution as the one before radiation, x™(E—,J) = x, it
follows that the dissipative contribution is given by

diss _

a cons 8 cons
X Ap4 X

OF a7 ——AJ| . (6.51)

The formula (6.51) was initially obtained in GR in (5.99) of [151], but only at leading order
in the radiation-reaction, namely 2.5PN. It was later shown to hold even at 4.5PN thanks to the
time-antisymmetric (or time-odd) character of the radiation-reaction force, see (3.25) of [168]. It
was then shown that time-asymmetric contributions to the radiation-reaction force would induce
an extra term, denoted Acg in (12.17) of [78], which would only start contributing at the order of
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radiation-reaction squared, namely SPN in GR (see also App. C of [78] for details). These arguments
immediately translate to ST theories, such that the radiation-reaction terms are time-antisymmetric
at this order, and the extra Ac, contribution can safely be ignored (it will only enter only at the
order of radiation-reaction squared, namely 3PN). Thus, the complete 2.5PN scattering angle for

ST theories finally reads

cons diss
X =x"+x" (6.52)
where ™ is given in (6.33) and where the dissipative contribution reads:
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To conclude this Section, one can check that the GR limits of Aé;, Aband Av,, are in agreement
with Eq. (5.110) of [151] and Eq. (49,50) of [216], respectively. Taking the GR limit of the various
ST parameters, this expression for the scattering angle is in agreement with Eq. (5.115) of [151].
Although Ref. [205] obtained the 3PN-accurate result for the scattering angle in the conservative
sector, the result just presented cannot be used to claim that there is now a completion of the full
3PN scattering angle. The first reason is that at 3PN, the hereditary tail appearing in the equations
of motion also has a dissipative contribution, which was not computed. The second reason is that
3PN is also the order of radiation-reaction squared, where the linear response formula breaks down.
The third reason is that the energy and angular momentum in the linear response formula was only
needed at 1PN, so there was no need to include any Schott terms [220, 221]: these enter the energy
at 1.5PN in ST theories [204], are nonvanishing for hyperbolic orbits [151] and would be thus
expected to contribute to the 3PN scattering angle.

6.5 Parabolic and bremsstrahlung (or PM) limits

6.5.1 Parabolic limit

A quasiparabolic orbit, in the full dissipative problem, is defined as the orbit that is marginally bound,
namely whose final energy after the scattering event vanishes (K = 0), or equivalently, whose
final eccentricity goes to one (e = e = e;f = 1). The first goal is to determine the corresponding

initial energy E~ in terms of the only degree of freedom: J~. Since AE ~ O(c™?), one can
obtain E~ = —AFE by setting £ = 0 and J = J~ in (6.47) (its expression in terms of J* would
be identical). Hence, one has J+ = J~ + AJ, where AJ is obtained using (6.47) by setting again
E =0and J = J~. Then ,in the parabolic limit:
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Also these quantities are in full agreement with the parabolic limit (e; — 17) of the radiated energy
and angular momentum during one radial period of an elliptic binary given in (4.11) and (4.12) of
[203]. Note that in the hyperbolic case, one computes the energy loss, whereas in the elliptic case,
it is the (orbit-averaged) energy flux which is obtained, so in order to check the two results, one

should take into account a factor of the radial period P when comparing the two expressions.
Of particular interest will be the initial eccentricity of of parabolic orbit, which is found under

the constraint that e;" ‘ . =1, and reads
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In particular, this result can be useful when integrating hereditary effects over bound orbits, see
Sec. VLE.2 of Ref. [204] for more details.

6.5.2 Bremsstrahlung (or PM) limit

The bremsstrahlung limit of an hyperbolic encounter, which corresponds to the large eccentricity
expansion or, alternatively, to the limit for J~ — oo, in GR see [164, 166]. It is worth noticing
that this limit corresponds to the PM expansion around straight-line motion, which is precisely the

limiting case of a scattering event when the two bodies are far from each other.
In this case, one can directly compute the energy and angular momentum loss, which read in
the bremsstrahlung limit
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where the AE ~ O(G?) and AJ ~ O(G?) in both the scalar and gravitational sector. These
scalings are consistent with results from scattering computations in the PM framework, see [56, 168],
where the leading contributions to A E and AJ are identified as 3PM and 2PM effects, respectively.
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7 Conclusions

This Thesis has explored analytically a scattering event through the language of Black Hole Per-
turbation Theory and Self Force. A formalism valid for perturbations induced by a point particle
on a generic equatorial orbit was developed and applied to the study of a scalar charge in un-
bound motion around a Schwarzschild black hole. In parallel, a complementary project focused on
the quasi-Keplerian parametrization of scattering within Scalar-Tensor theories at Post Newtonian
(PN) accuracy. With the exception of the discussions in Chapter 5, the results presented here are
contained in the publications listed in the List of Publications.

The formalism described in Chapter 3 and then applied in Chapter 4, lead to the central
achievement of this work: first systematic calculation of Self Force corrections to the scattering
of a scalar charge in Schwarzschild spacetime. Not only were the losses of energy and angular
momentum computed, but also the conservative and dissipative contributions to the scattering
angle were explicitly obtained. The analysis revealed novel analytic structures in the time-domain
regularized field and force components, enabling, for the first time, a clean analytical matching
with Effective Field Theory (EFT) results at 4PM order of the scattering angle. This matching
fixed previously undetermined parameters in the EFT framework, providing a new bridge between
two powerful approaches. Similar matchings have been already produced in the past, for instance
in [222, 223], but only at the level of wave scattering, which do not involve, from the SF side of
the computation, the integration of the Green function against the source. In addition, Chapter 5
presented the first attempt at constructing scattering waveforms from Self Force computations,
with explicit analytical expressions for h (7) and hy (T) in the quadrupolar sector. Even in their
preliminary form, these results highlight the feasibility of extracting waveform information directly
from SF methods.

The second result presented in this Thesis is the calculation of the QK parametrization for
a scattering in Scalar Tensor Theories at 2PN. From the QK parameters it was then possible to
compute several quantities: energy and angular momentum fluxes, changes in the orbital parameters,
such as the impact parameter and the time-eccentricity e; and, more importantly, the scattering angle.
The dissipative scattering angle, in particular, was computed up to 2.5PN. These results has then
also been checked in the parabolic and bremsstrahlung (or Post-Minkowskian) limit. In order to
increase the PN order one should be able to deal with the appearance of non-local in time effects.

While the inclusion of the first non-local effects in the dissipative sector is doable by following
standard procedure in PN theory, the real challenge is to include the 3PN non-local effects in the
parameterization of the conservative motion. This problem has not been solved neither in GR,
where the first non-local in time effects appear at 4PN. Even if partial results exist at 4PN, there
is still no consensus on how to complete the picture at this order. It is important to stress that
this problem is not present only for unbound orbits but it is a general feature of the PN expanded
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equation of motions for a binary system. Investigating this problem could provide a very interesting
step forward, especially for the analytical calculation of observables from bound orbits.

Regarding the scattering in SF, the formalism developed here is not tied to scalar perturbations
at it is ready to be extended to the investigation of the gravitational scattering. This will lead in
the near future to solving the gravitational Self Force problem for scattering. That will involve
the reconstruction of the metric perturbed by the hyperbolic encounter, which will be particularly
important to get analytical information on the conservative sector of the dynamics. In addition, the
local loss of energy and angular momentum from the particle can be computed by integrating the
forces components, providing a way to extract the horizon fluxes, i.e. how much energy/angular
momentum falls into the horizon instead of going at infinity as gravitational waves.

The computation of the full dynamics is extremely interesting and it will be used to extract
novel information on the tidal response of the black hole under a perturbation. This response is
usually encoded in the so-called Love numbers. These numbers were already encountered in the
last Section of Chapter 4 in Eq. (4.73) where they were introduced as the free parameters c¢; and
co(fi) that appears in the conservative scattering angle. These numbers have been fixed to very
specific value in several works that connects Effective Field Theory techniques with Black Hole
Perturbation Theory results in the context of wave scattering, see for instance [98, 224], to values
that are not in agreement with the results presented here, in particular c; is always vanishing in
these results, while the value obtained comparing Eq. (4.73) with the conservative scattering angle
in Self Force is different.

The reason behind this disagreement is still unclear and more investigation are required in order
to shed light on this issue. Investigating the full dynamics for gravitational perturbations will be
crucial to understand where the issue is.

Equally important is the challenge posed by the non-local sector of the dynamics in hyperbolic
motion. This sector presents an unprecedented challenge for SF calculation. 1t is related to two
main issues that are characteristic of the hyperbolic motion: the absence of orbital frequencies and
the intrinsic complexity of the geodesic motion. The rich analytic structure uncovered in this Thesis
- involving inverse hyperbolic functions, logarithms, and polylogarithms - arises from a combination
of these two features. These functions must be integrated in order to get a final expression in time
domain but also in order to extract observables, such as fluxes and/or the scattering angle. This
integration problem is very well understood in the context of multi-loop calculations in high-energy
physics that have been applied to scattering up to SPM. Interestingly, by combining PM and PN
expansion in SF, it is possible to get expressions at higher PM order that shows a structure that
is not accessible, for now, to QFT based methods. A synergistic approach could be the only way
to proceed: produce integrands with SF methods and integrate them via QFT techniques. Such
progress would not only deepen our understanding of black hole tidal responses but also provide
the analytical input required for accurate resummation of scattering observables.

Finally, although this work has primarily focused on Schwarzschild, the formalism was designed
to be valid for perturbations of arbitrary spin-s fields on both Schwarzschild and Kerr backgrounds.
Extending the results to Kerr black holes is therefore a natural next step. While computationally
demanding, such an extension would yield results of direct astrophysical relevance, advancing
our ability to model extreme-mass-ratio encounters and to interpret the rich phenomenology of
gravitational-wave signals from hyperbolic interactions.

130



Appendix A

Coefficients of logarithmic Fourier
transform

In this Appendix all the coefficients a4 and By relative to the IFT of log" (—iw) are presented up to
k = 10. As a remainder, the non-local part of the field is shown in Eq (3.92) as

. szf log? [t — 1] log? [t — 1]
-t -t );

k—
q=0
+B atgj) s Aé\lﬂl{;jk(ﬁ Fp(ﬂ) ) (Al)

swém k] :EN =

which points out that for any k, there will be k 4 1 coefficients that needs to be determined.

k=1
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k=2
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Appendix B

Alternative derivation for non-local
integrals

In this Appendix an alternative procedure for computing the integrals from Eq. (3.65) is presented.
This procedure can be iterated for any value of j and &, here only j = 0 and £ = 1 will be discussed
for simplicity.

The integral that needs to be computed can be schematized as follows

+oo —+oo
omINe (1) = / dt' (t") / dw e~ og(—iw)e =) | (B.1)
with w € R and where the barred notation on the rescaled variables has been removed to simplify
the notation. The function ¢(¢') is used as a placeholder for all the terms that does not contain the
Fourier frequency.

The w integral can be straighforwardly computed as

F~ {log(—iw)} (s) = lim F~! {e*\w\ log(—iw)} (s) =

e—0t
+°° ol i

— 1' d —€|W 18w 1 _
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e—0t | 2 4+€2  s2 462 52 + €2 82 + €2
= lim GM(5) + G (s) + G (s) + GW(s), (B.2)

e—0

where s = ' — ¢ and the notation F ! {-} is used to identify the Inverse Fourier Transform. The
functions G (s) are respectively

2, 2
Ggl)(s) _ _Ts G(2>(s) _ 2vE€ G(g)(s) _ _ 2sarctan s/e7 G£4)(s) _ _elog(s +€ )

€ €
82+€27 82+62’ S2+€2 82+€2 ?

where 7y is the Euler constant. The action of the various GEi) against the test function ¢(t') will
be studied, in order to determine their distributional behavior as

+oo
lim <G9), ¢> (t) = lim ds ¢(s +t) GO (s) . (B.3)

e—0t e—0t J_
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D (s)

The first term that needs to be computed is

+o0 +oo
) ) L s _ o(s+1t)
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which is the standard definition for the principal value of an integral.

2
72 (s)
The second term has also a simple distributional interpretation
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hence the same integral can be written in terms of the Dirac delta as
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The third coefficient is the most subtle and it must be computed carefully
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—w/ d8w+/ FRACh2IN (B.7)
|s|<1 |s] [s|>1 |s]

where the procedure must be revised carefully. As a first step, one should divide the integration
domain between |s| < 1 and |s| > 1: the first one contains a divergence in s = 0, while the second
is finite. In order to isolate the divergence, in the third line has been added the a term explicitly
divergent that produces the log e term that it is contained in the last lines.

Similarly to what was written for GEZ) , the final expression can be written as

+oo
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where another distribution has been defined as
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The fourth coeflicient leads to
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which has again a simple interpretation
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Final result

In conclusion one write

e (1) = [ o) 7 (log(—iw)} (1
m g(—iw)} (' — 1)

— 00
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which can be immediately rewritten as
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—00
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which agrees with what was derived in Chapter 3.
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