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Introduction

At the begining of the 20th century, mankind’s conception of the Universe was very different
from today. We did not know if matter was continue or discrete, we thought about light only as
waves, the only planets we knew were those of our Solar System and we did not know that there are
other galaxies than the Milky Way. We thought the Universe was static and eternal. In 1905, annus
mirabilis of physics, a young man of 26 years old, Albert Einstein, revolutionized our way of thinking
the Universe thanks to four papers. The first of them put into light the photoelectric effect, i.e. the
corpuscular aspect of light [1]. The second paper is about the Brownian motion [2] and allowed to
give some convincing arguments to show that matter is made of atoms. The third paper is special
relativity in which space and time are not dissociable [3]. The speed of light is the upper limit of
propagation velocity in space. Finally, the fourth article contains, in an underlying way, the most
famous equation of physics: E = mc? [1], giving a new meaning of the concept of mass.

After ten years of endeavour, Einstein published in 1915 his theory of general relativity [5],
sometimes considered as the most important scientific creation made by one man. This relativistic
theory of gravitation has passed each performed tests with flying colors, making it one of the most
tested theories of physics. It allowed to explain the anomalous precession of the perihelion of Mercury.
It also led to some theoretical curiosities such as black holes or gravitational waves, both predicted
in 1916. They are solutions of the Einstein equations

8t
G = 7TW.
The way to interpret them is the following: the left-hand side corresponds to the curvature of space-
time while the right-hand side corresponds to the matter distribution in space-time. Varying one of
these quantities will alter the value of the other one. Thus, space-time becomes a physical object
itself.

As for each physical object, space-time has numerous properties. For instance, our Universe is
expanding. The distance between two galaxies grows inexorably with time and the more distant
the galaxies are, the faster they will move away from each other. It is the famous Hubble-Lemaitre
law. One other of its properties is that it is curved. Hence, if masses move in space-time, they can
create waves. These waves, called gravitational waves (GW), change the value of the gravitational
field as they propagate through space-time. This results in an oscillation of the relative separation
of two free-falling points that we are today able to measure. Indeed, in 2015, the first ever direct
detection of GW was made by the LIGO collaboration. It was created by the coalescence of two
black holes. This new method of observing the sky marked a breakthrough in morden physics and
allows to characterize objects that cannot be seen with telescopes. Today, 6 years after the first
detection, more than 50 events of GWs have been confirmed to originate from binary systems of
compact objects. These objects are black holes and neutron stars and we are now in position of
measuring their masses, their spins and even have hints on the internal structure of neutron stars.

In order to detect them, we need to have accurate solutions of the Einstein equations. However,
in the case of binary systems, we cannot solve them exactly. Thus, we need to use methods that
provide approximate solutions. One of them is called the post-Newtonian approximation. This is the
one that has been used throughout this PhD. This approximation is valid for small relative velocities



of the compact objects and for a weak gravitational field. For this reason, it is well suited to describe
the inspiral phase of binary systems of compact objects. More specifically, it is an expansion using
the small parameter v/c, v being the relative velocity and ¢ the speed of light. It provides analytical

results as a series of v/c. The n'" post-Newtonian (PN) order corresponds to a quantity of the order
of (v/c)*.

My PhD has been composed of two main projects: the first one is computation of the impact
of finite-size effects (via tidal interaction) in the phase of GW from 5PN order to 7.5PN order; the
second one is the computation of the radiated energy flux of GW up to 4PN order. This manuscript
is composed of three parts. Part I is a general introduction to the considered problem. Part II
describes the tidal effect project and Part III the 4PN flux of GW.

More specifically, Chapter 1 sums up the basics of the GW theory. We briefly introduce general
relativity and solve the linearized Einstein equations.

In Chapter 2, we review the sources that can be detected by current detectors. We also briefly
explain how the detectors work and we give a review of the detections made so far. Finally, we give
a non-exhaustive list of approximation methods used to build templates.

In Chapter 3, we explain the post-Newtonian formalism that has been used for the computations
in Parts Il and III. More specifically, it is a generalization of Chapter 1 in which we do not restrict
ourselves to the linearized theory.

In Chapter 4, we present the computation of the conservative sector of tidal effects. More precisely,
we derive the conserved energy and the equations of motion induced by finite-size effects in binary
systems.

Chapter 5 is dedicated to the radiative sector of the tidal effects project in which we derive the
radiated energy flux for tidal effects. By combining this result with the conserved energy computed
in the preceding chapter through a balance equation, we are able to provide the phase of GW for
tidal effects up to 2.5PN relative order.

In Chapter 6, we compute the mass quadrupole, necessary for the radiated energy flux, up to
4PN order. This chapter is filled with technical difficulties that we faced during this calculation.

Finally, in Chapter 7, we present the current quadrupole moment, also required for the radiated
energy flux, up to 3PN order. We also present the associated GW amplitude mode.
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Part 1

General introduction






Chapter 1

General relativity and linearized theory
of gravitational waves

This chapter’s purpose is to briefly remind the reader some of the aspects of general relativity as
well as the fundamentals of gravitational waves which will be used in the rest of the manuscript. This
introduction is greatly inspired on the following textbooks [14, 15, 16] in which much more details
are provided.

1.1 General relativity in a nutshell

Consider a manifold M of dimension 4 together with a metric g,,, a symmetric non-degenerate
rank-two tensor of signature +2. Throughout this thesis, Greek indices {u, v, «, ...} will represent
space-time indices (0,1,2,3), while Latin indices {4, 7, k,a,...} will represent only spatial indices
(1,2,3). We will use the Einstein summation convention.

Let us consider the tangent bundle M to M and two vector fields v* and w® living on T'M.
Let us further define {\;, A2} € R? and ¢ a scalar function. We can define a covariant derivative as
an operator V, verifying:

o Linearity: V,(Av® + Aw®) = AV, 0% + XAV, 0*

o Leibniz rule: V,(v*w’) =V, (v*)w” + vV ,(w?)

o Commutativity with contractions: 0,V 0% = V0"

» Reduction to partial derivative on scalars: V,¢ = 0,¢

The notation d% stands for the Kronecker symbol and is 1 if & = v and 0 otherwise and 9, = 9/0z*
is the usual partial derivative. For simplicity, we used these relations on vectors, but they hold for
any tensor with arbitrary rank. One can link two covariant derivatives V,, and @u using a connection
c,[V,V]

V0" =V, 0" — cLlV, Vv (1.1)
If we further impose that the manifold is torsion-free, meaning that V,V,¢ =V, V¢, and that V,,
is compatible with the metric g,,,, namely

Vo =0, (1.2)

then V, is unique. From now on, we will only consider this particular covariant derivative. It can
be linked to the usual partial derivative, by using a coordinate system, through

Vo = 00 + T 07, (1.3)

7



where I',, = C® [V, 0] is called the Christoffel symbol. It can be seen as the connection between
the covariant and the partial derivatives. Furthermore, it is uniquely defined in terms of the metric

1
Ffw - igka (OuYor + OvGop — OuGur) - (1.4)

The torsion-free condition imposes that the Christoffel symbols are symmetric on their contravariant
indices {p, v}, i.e. T' l’)y = FE\W). Moreover, V,, defines the Riemann tensor that we choose in several
textbooks convention (which will be used throughout this thesis)

(VuVy =V, V)0 = R, 0% (1.5)

We can also explicit the Riemann tensor coordinate components in terms of the Christoffel symbols
and thus in terms of the metric

r = aﬂrgp — ayrgp +rer) —rer (1.6)

P vpt op pp ovo

the Ricci tensor R, = g’\pR,\W,, = RA/MV and the Ricci scalar R = g"" R, = R)‘)\.

The famous Einstein equations, without the cosmological constant, read

1 8rG
Ruy - §Rg’mj = ?Tuy, (17)
and can be derived by varying the Einstein-Hilbert action with respect to the metric
ct dx
= -V mat s L.
Sei 167G / c B Sma (1.8)

where GG is the Newtonian gravitational constant, c the speed of light and Sy,,»¢ is the action considered
for the matter part. Note that the Einstein-Hilbert action also contains a surface term that is not
written here. The stress-energy tensor is defined by varying the matter action with respect to the
metric

- 2 5Smat
vV —9 5guu .

The divergence of the stress-energy tensor vanishes, i.e. V,T"” = 0, due to the Bianchi identities.

Vi

(1.9)

1.2 Linearized theory

In this section we perform the weak field approximation, meaning that the actual metric g,, is a
small perturbation to the Minkowski metric 7, = diag(—1,1,1,1). We can write

Guv = Npw + g;un (110)

where symbolically |¢,,| < 1. Indices will be raised and lowered using the Minkowski metric 7.
In particular, O = n*#9,0; = —C%g—; + A is the flat d’Alembertian operator and A = 62 .2 the
flat Laplacian operator, where ¢;; is the Euclidean metric. In the following chapters, we will use a
different definition for the perturbation metric. The goal is to linearize Eq. (1.7) in terms of £. We

expand the left-hand size in terms of ¢ and 7 then truncate it at linear order in ¢ = O(G). We find

1
2

1
Ruu o §Rguu = [aﬂkg)\u + aukg/\u - Dgﬂl’ - a/“/g - nl“/a)‘ag/\a + 77“”4 ’ (1'11)

IThe reason we do not adopt the traditional h,. notation is because it will be used from Chapter 3 until the end
of the manuscript. Its definition is slightly different than this one and is displayed in (3.1) but they coincide at lowest
order.



where 8, = 9,0, and £ = n*?(,5. We can simplify this expression by introducing the trace-reversed
perturbation

1
Uy =Ly — 5677,”. (1.12)
Note that £ = 7,5(*® = —¢, hence the name. Then Eq. (1.11) becomes

1 1 A A 7 Ao
Ruy = 5 R0 = 5 [0, + 0l = Dl = 1,055 ] (1.13)
At this stage, we would like to simplify the equation by imposing 8"!7;“, = 0. Let us show that this
condition is always valid in some particular coordinate systems. We first perform a coordinate shift

xt — ' =zt 4 £*. The new metric deviation in that coordinate system transforms as

U (2) = (0,60 + D& — MuwOED), (1.14)

at lowest order if |0,&,| is of the order of |¢,,| < 1. This implies that the contracted derivative of
(., transforms as

b (@) = €, (2)

() = 00, (') = 0" (x) — T, (1.15)

By imposing the condition §”/,,, = 0, we have to solve ¢, = 9"¢,,,(x). We now use a Green function
G(x — 2') of the d’Alembertian operator to find a particular solution for §,, namely

£(0)|pare = 071070, = / A2/ Ga — /)70, (2'). (1.16)
In this coordinate system, we always have
"0y, = O(F%), (1.17)

where / is the order of magnitude of £,,,. This choice of gauge is called harmonic gauge (or De Donder
gauge or Lorenz gauge or Hilbert gauge). This condition can be taken into account direclty at the
level of the action. One simply has to add a so-called gauge-fixing term in the action given explicitely
in Eq. (4.10). Throughout this thesis, computations will be made in this particuliar gauge. Note
that since we only exploited a particular solution, we still have a freedom to choose the homogeneous
part, which we will do later on. Finally we get, the linarized Einstein equations
— 167

00, = —604GTW +O(?). (1.18)
We obviously recognize a wave equation that we will solve in the following sections. Furthermore,
as a consequence of (1.17), the divergence with respect to the partial derivative of the stress-energy
tensor vanishes at linear order in the perturbation metric in this specific coordinate system, namely

0,T" = O((?). (1.19)

1.3 Gravitational waves propagation

For our study, the stress-energy tensor is compact supported, which means that it vanishes outside
world-tubes enclosing the bodies. We can study the propagation of gravitational waves outside the
bodies and thus consider

0¢,, =0, (1.20)

which is a planar wave equation. We now exploit the freedom on the homogeneous solution for
[, = 0 to further simplify the problem by choosing a convenient gauge. One can show that we can
choose for £° an expression so that £ = 0 = ¢ (see e.g. [15] for proof) which means that £, = ¢,,.

9



Thus, until the end of this section we will drop the bar notation. We can also exploit some more
degrees of freedom for £ so that £% = 0. We find, using Eq. (1.17), the following relations

=0, (=0 &;=0. (1.21)

This convenient coordinate system is called the transverse-traceless gauge, or T'T gauge.

Note that to derive these conditions, we exploited the fact that [1¢,, = 0, which is valid only out-
side of the source of GW. This means that we cannot apply the TT-gauge everywhere in space. This
will be crucial in the following sections. In this gauge, the solution for Eq. (1.20) for a monochromatic
wave propagating along the z axis is

0o 0 0 0

TT o 0 €+ €>< 0 .

Co (t,2) = 0 0, —l, 0 cos(w(t — z/c) + ) (1.22)
0O 0 0 0

The quantities £ « correspond to the amplitude of the two GW polarisations, w and ¢ are constants
corresponding to the pulsation and phase of the GW. Remark that the constant ¢ is the speed of
light. In other words, the theory predicts that the speed of GWs is the same as the speed of light.?
Now let us try to understand how a passing GW affects distances. Consider two events P, =
(t,21,0,0) and P = (t,22,0,0). In this coordinate system, the interval between these events is

1
As = /g derde? ~ L (1 + §€+ cos(w(t — z/c) + w)) : (1.23)

where L = |zo — x1|. This means that two events separated by a spatial coordinate distance L will,
to the eyes of an external observer, oscillate with the passing of a GW. The oscillation has the order
of magnitude of L/, ., a frequency w and a phase ¢. More generally, in Fig. 1.1 is displayed how
the two polarisations of planar wave alter distances with time.

&y
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YA t=0 "= = %
& >
z X
- - o - )=
YA t=0 f=— p=21 =3 f=—
2w w 2w w
P >
ya X

Figure 1.1: Effect of a plane GW of pulsation w propagating along z direction on test particles. No
deformation occur in the z direction. Top: ¢, polarisation. Bottom: (4 polarisation. Courtesy to
Francois Larrouturou.

2This has been confirmed in the detection of the binary neutron star event GW170817, in which an electromagnetic
counterpart has been detected, constraining the speed of GWs as |caw — ¢ < 107%¢ [17].
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Note that the physical distance As is an observable quantity. What we want to do now is to
determine the amplitude and frequency of the GW. Obviously, we have to solve Eq. (1.18) by making
assumptions on the stress-energy tensor, which will determine the values of ¢, ,, w and ¢.

1.4 Link with the source: the Einstein quadrupole formula

In this section we consider the full linearized wave equation Eq. (1.18). We assume that no
incoming gravitational radiation enters the system. In other words, we apply the retarded Green
function on the source

_ 4 d3x/ _x
To(x,t) = 1€ x 7T <t— x — x |,x’> . (1.24)

) |x—x c

At the lowest order in powers of r = |x|, we have

) 3 T _f (X'XI) / <1>
U rc4/d ( L+ 22 ,x>—|—(9 5)- (1.25)

where (x.x’) is the scalar product of x and x’. One can show using Eq. (1.19) and some integration
by part that

1 a2
d3 /TU t /d3 /< 17 /] /26z]> TOO t / 1.26
/ X) = 5508 : (t,x) (1.2
where 7’ = |x/|. At this stage we have to make assumptions on the form the stress-energy tensor.

This is where the PN approximation enters. Remember that until now, we made two approximations:
weak field because we restricted ourselves to the linear theory (first order in O(G)) and far from the
source (first order in 1/r). Now we introduce the PN approximation, meaning that we take the
first order in 1/c in the expression of T#”. We suppose that the GW source is a perfect fluid in
equilibrium. Such a matter system is described by the stress-energy tensor T" = p(t, x)utu” where
ut(t,z) = (c,v'(t, z)) is the 4-velocity of the particles and p is the mass distribution of the system.
In particular, T%(t, ) = p(t, x)c®.? We can reexpress Eq. (1.25) in terms of a multipole, at leading
order in powers of ¢, to obtain the solution for the perturbation metric

- 2G d2 r
= ——Lg ([t — — 1.2
by rct de2 (t c)’ (1.27)
where the mass quadrupole of the system is defined as
- 1
t) = /d3X p(t,x) + O (02> : (1.28)

The notation 2% represents the symmetric trace-free (STF) part of z’x? namely z'z/ — r?§% /3 in
3 dimensions. More generally, we note for any vector A?, the STF part of a product A% ... A%
Airie — Aliie)  Eq. (1.28) is generalized in Eq. (3.17). Remark that sources which only admit a
monopole and a dipole do not emit GWs. Furthermore, if the multipoles of a source are all station-
nary, no gravitational waves will be emitted either.

The GWs emitted by an isolated source carry energy and angular momentum. The fluxes of these
quantities can be expressed in terms of the source quadrupole moment as follows

G 1
<F>=:% [Ighg? +0 (CQH : (1.29a)

3Note that if we kept the LHS of Eq. (1.26), the solution would be incorrect for self gravitating systems. Indeed,
Eq. (1.24) should be written in the full non-linear theory with 7,,,, defined in Eq. (3.4), and not T),,,. At the lowest
order in 1/¢, 190 = Too, T0; = To; but 7;; = T35 + 0;U0;U, where U is the Newtonian potential.
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<G >= chSEi“” [15331,5? +0 (;)} , (1.29b)
where ¢;,; is the Levi-Civita tensor for which we take the convention €193 = 1 and I((In) = d"I,,/dt".
The brackets correspond to the mean value over an orbital period. Both quantities < F > and
< G; > are functions of time ¢. The first equation (1.29a) is the famous Einstein quadrupole formula.
The derivation of these formulae can be found in numerous textbooks, see e.g. [15] and of course,
are only valid at leading order. The expressions (1.29) are generalised in Egs. (3.18) and (3.19).

As discussed in Sec. 3.3, the derivation of these quantities, especially the energy flux, is crucial to
determine the GW phase.
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Chapter 2

Detections

2.1 Possible sources

As shown in Eq. (1.27), systems that admit a time-dependent quadrupole generate GWs. Now, we
turn to astrophysics to determine which kind of celestial objects can produce GWs. We can distinguish
two types of astrophysical sources: isolated objects and self-gravitating systems containing at least
two objects. Of course these two categories cover mostly all known astrophysical objects. However,
very few of them can produce GWs that we are currently able to detect. Let us now list these sources.

2.1.1 Binary systems of compact objects

The amplitude of GW is linked to the compacity of the two compact objects. The notion of
compacity will be widely discussed in Part II but we will briefly introduce it here. The compacity of
a system of mass M and size R is defined as

GM
 Re2

(2.1)

An object whose radius equals its Schwarzschild radius, namely a BH, has a compacity of C = 1/2
which is the maximum one object can have. Objects that have a compacity of the order of = 0.1 are
also called compact. Among those, we find obviously BHs but also neutron stars (NS) that have a
typical compacity of ~ 0.15.

As we will see later, all the direct detections of GWs so far have been emitted from binary systems
of compact objects, abbreviated as compact binaries. The simplest system that one can think of is
an isolated binary black hole (BBH) because only gravitational interactions occur. Compact binaries
lose energy through the emission of GWs. At the leading order, the energy flux of emitted GWs,
derived using (1.29a) and (1.28), reads

32 G*mSv?
F=——7F", 2.2
5 iy (2:2)
where 715 is the separation distance between the two compact objects, m = m; 4+ ms the total mass
and v = "L32 is the symmetric mass ratio of the system. On the other hand, this energy flux must
correspond to the loss of some mechanical energy of the system E. Hence, while looking at the

energy balance of the system we introduce the balance equation

dE
_ 4 2.
< F> P (2.3)

This balance equation of the energy (as well as the balance equation for the angular momentum) of
GWs plays a crucial role in the post-Newtonian approach as we will see in Chapter 3. Now at leading
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order, meaning at Newtonian order, the well-known mechanical energy of the system reads

o _Gm2y

(2.4)

27’12 ’

When we insert (2.2) and (2.4) into the balance equation, we find a differential equation for the
separation distance

64 G*m3v
g = —— —————. 2.5
T'12 5 13,0 (2.5)

The first implication of this differential equation is that the separation distance necessarily decreases
over time due to the energy carried away by GWs. Solving this equation can also inform us on
the lifetime of the system. Given an initial separation between the two bodies R, the system will
roughly last a time

) Ruc

256 G3mdy
before the merger. Remark that this time depends on the symmetric mass ratio which 0 < v < 1/4.
In the case of two identical masses, this ratio has its highest possible value. So the bigger the
assymetry of the masses, the longer the system will live before its merger. Another implication is
that the relative velocity of the two companions increases with time due to the third Kepler law.

(2.6)

Similar mass binary black hole coalescence

As we can see schematically in Fig. 2.1, we can distinguish three phases in the coalescence of
a binary black hole (BBH) event. The first phase, called the insipiral phase, is the one in which
the two objects orbit around each other at sufficiently far distance. Then, the phase in which the
two bodies start touching is called the merger phase. Finally, the resulting black hole oscillates and
relaxes to give a stationnary rotating BH. This phase is called the ringdown. From (1.29), we see
that a rotating BH in general relativity does not emit GWs which is why the signal goes to zero after
the merger in Fig. 2.1.
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Figure 2.1: Figure extracted from [18]. Theoretical signal corresponding to the first merger ever
detected of binary black holes event GW150914. Top: Illustration representing the three phases
of a binary black hole coalescence. The red curve respresents the signal constructed by numerical
relativity. The grey curve corresponds to the signal given by phenomenological templates. Bottom:
The black curve is the relative distance and the green curve is the relative velocity.
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Note that we did not specify here which type of BHs we consider. Of course, the above description
covers stellar BH coalescences, but it can also characterize binaries of supermassive BHs with similar
masses. The difference between these two types of systems lies in the amplitude and mostly in the
frequency of the GW.

Coalescences involving neutron stars

As previously said, NSs are also compact objects, thus, in a binary system, they are also suscep-
tible to emit GWs that we can detect. In fact, coalescences of BH-NS or NS-NS have already been
detected (see Sec. 2.3 for more details). However, the waveform can be very different than the one
from a BBH merger. Indeed, NSs have an internal structure that BHs don’t have. This additional
complexity affects the scenarios in the binary system, see Fig. 2.2. In the inspiral phase, the internal
structure of NSs barely affects their motion and the waveform. The discrepancy with BBHs is a
small effect that is noticeable only in the late inspiral, right before the merger. It is due to the
tidal interaction between the two companions. A part of my PhD was to compute the impact of the
internal structure of compact objects in the emitted GW for the inspiral phase, see Part II.
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Figure 2.2: Figure extracted from [19]. Schematic diagram of the evolution of compact binary
coalescences including at least one NS. Top: case of BNS systems. The scenarios after the merger
depend on the masses of the two NSs. The notation Mg max refers to the mass limit of non-rotating
NSs. For Mpinary 2 3Me, the system rapidly collapses into a BH. For Mygmax < Mpinary < 3Mo,
the system creates a hypermassive NS that collapses after a few milliseconds into a BH that may
have an intermediate state with an accretion disk. For Myinary < Mns max, the system stabilises into
a final NS. Bottom: case of a BH-NS system. Ryq. refers to the distance from the BH at which the
NS gets tidally disrupted. Risco refers to the innermost stable circular orbit. For Ryiqa > Risco, the
NS gets tidally disrupted and the system becomes a BH with an accretion disk which will possibly
fall into the BH later on. For Riq. < Risco, no tidal disruption occur and the system collapses into
a final BH.

In Fig. 2.1, we see that once the two BHs have merged, they form a final BH that rapidly stabilizes

15



and stops emitting GWs after the merger. In the case of NSs, especially in the case of the creation
of a hypermassive NS, the system keeps emitting GWs. In other words, the postmerger waveform
of a binary NS system (BNS) can be qualitatively different from the one of a BBH. Furthermore, a
final BH cannot emit GWs, but a stable final non-spherical NS can (see Sec. 2.1.2). In principle, this
could allow to differentiate which scenario occured. In Fig. 2.3 is shown a simulation of a merger of
a BNS system.

(t_tmrg)/M
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. . Y . .
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LR
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— Mwy —  R[Rhy,/(Mv)]

Figure 2.3: Figure extracted from [20]. Simulation of GWs emitted by a BNS merger. Top: real
part and amplitude of the GW mode Rhgy/(vM) and the associated dimensionless frequency Mwos
versus the mass-normalized retarded time ¢/M for a fiducial configuration. The signal is shifted to
the moment of merger, ¢, , defined by the amplitude’s peak (end of chirping). Also shown is (twice)
the dynamical frequency M€ ~ Mwsy /2. Bottom: Snapshots of log,,p on the orbital plane, during
the late inspiral (left panel), at simulation time corresponding to ., (middle panel), and during the
postmerger (right panel). We refer to [20] for more details.

We see that the post-merger amplitude of the GW is qualitatively different from the BBH one.
However, as we can expect, its shape highly depends on other parameters such as the spins and the
internal structure of the NSs. As shown in [21], the spin highly affects the post-merger signal. To
date, no post-merger remnent has been detected but such an observation would indicate that at least
one of the two companions is a NS.

Extreme mass ratio inspiral

In the two previous points, we have described the waveform and different scenarios for compact
binaries in which the two companions have similar masses. However, in compact binaries, we can
also encounter a pair of two bodies which have a significant mass difference. Such systems are called
extreme mass ratio inspiral (EMRI). They are composed of a central supermassive BH paired with
a small mass BH, a NS or a white dwarf. Most galaxies contain in their center a supermassive BH
and those who have active nuclei are likely to host EMRIs. Although such systems are not in the
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sensitivity band of the current detectors, we will be able to detect them with the next generation
detector LISA.

2.1.2 Other types of sources
Supernovae

At the end of their life, stars can collapse as supernovae. In general, these phenomena are not
isotropic and thus, they can generate GWs. These astrophysical processes are complex and many
effects have to be taken into account such as electromagnetic, relativistic hydrodynamic, neutrino and
general relativity physics. However, studies on the GW signature of core-collapse supernovae have
been performed and show that they would be detectable by the current detectors [22]. Furthermore,
such events can create compact stars, such as fast rotating NSs, can also leave a remnent of GW
emission.

Rotating anisotropic objects

As said above, when we look at (1.27), we see that rotating non-axisymmetric objects can also
emit GWs. The astrophysical objects that could be detectable by our current detectors are nearby,
spinning and slightly non-axisymmetric isolated NSs in our galaxy. However, no signal of such events
has been detected so far [23].

Stochastic background

A stochastic background of gravitational waves can be created by the superposition of a large
number of independent sources [24]. Of course, in those sources, we find the ones listed above
together with pulsar timing arrays (PTAs) [25]. In addition, the relic gravitational waves from the
early evolution of the universe plays a role to the background. We can also find other types of sources
created by new physics such as dark matter or cosmic strings [20].

2.2 The detectors

2.2.1 Second generation detectors

Ground based GW detectors running observations are of second generation. There are 4 currently
in operation: the two Laser Interferometer Gravitational-Wave Observatory (LIGO) detectors, the
Virgo interferometer and Kamioka Gravitational Wave Detector (KAGRA). The LIGO detectors are
based the USA, Virgo in Italy and KAGRA in Japan. The same type of detector is being built in
India too. All second generation detectors work in the same way and are designed to detect the
merger phase of binary systems of compact objects in the stellar mass range.

In Fig. 2.4 is displayed a schematic view of their structure. The principle is the following: a source
emits a laser beam that reaches a beam splitter such that half of the beam goes in the x direction
and the other half in the y direction. Each beam enters an arm at the end of which stands a free
falling test mass which is a mirror suspended and isolated. Then, the two beams recombine at the
level of the beam splitter and their interference is measured by a photodetector. This interferometer
is not exactly a Michelson interferometer due to the presence of additional mirrors at the beginning
of the two arms which form Fabry-Perot cavities.

Now, what is measured is the difference of length between both arms continuously. We saw
in Sec. 1.3 how a planar wave affects the distances in a plane perpendicular to its direction of
propagation. We also saw that it does not affect distances along its direction of propagation. So if
its direction of propagation is along e.g. the y axis of the detector, only the length of the arm on the
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Figure 2.4: Figure extracted from [18]. Schematic representation of the LIGO detectors. Virgo and
KAGRA are of the same type.

x axis will oscillate and a signal will be detected. However, if it is e.g. along the bisection of the x
and y axes of the detector, both arms will be altered exactly in the same way and no signal will be
detected. In other words, such detectors have blind spots. Thus, the more unaligned detectors we
have on Earth, the less we take the risk of missing events that come from their blind spots.

2.2.2 Third generation detectors

Next generation detectors are currently being designed. The two main projects are LISA and
Einstein Telescope. However, they work slightly differently than the second generation detectors.

LISA (Laser Interferometer Space Antenna) is a project led by ESA together with NASA. It is a
space-based detector which is made of three spacecrafts forming an equilateral triangle with sides of
2.5 millions kilometers. The barycentre of this triangle will orbit around the Sun on the Earth orbit.
Each of the spacecraft will emit two laser beams in the direction of the others. LISA aims mainly
at detecting supermassive black hole mergers, EMRIs and the inspiral phase of stellar mass compact
binaries. Of course this list is non exhaustive and many other effects are expected to be detected.

Einstein telescope, on the other hand, is a European project of a ground-based detector. It is
also shaped as a triangle with arms of 10 kilometers. Its frequency band is roughly the same as the
second generation but its sensitivity is drastically increased, see e.g. [27]. This will notably allow us
to better constrain the finite-size effects in BNS systems.

2.3 Direct detections of GWs

The network of GW detectors started with the two LIGO detectors (Hanford and Livingstone) in
its first run called O1. This run lasted from 2015/09/12 to 2016/01/19. After this run, the detectors
were upgraded in order to launch the second observation run O2 that started from 2016/10/30 to
2017/08/25. In the mean time, Virgo joined the collaboration on 2017/08/01. The third run was
split in two runs called O3a and O3b. O3a started on 2019/04/01 to 2019/10/01 while O3b from
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2019/11/01 to 2020/03/27. KAGRA also joined the GW network on 2020/02/25. Unfortunately,
the O3b had to be stopped due to the COVID-19 pandemic, only a month after KAGRA started.

During these runs, more than 50 events have been detected. As mentionned above, the detectors
were designed to detect binary systems of compact objects that have stellar masses, so all the de-
tections are in this mass range. Two catalogs are available [28, 29] listing the confirmed events by
the collaborations for the O1, O2 and O3a runs. Although some events in the O3b run have been
confirmed, the O3b catalog is not yet published.

2.3.1 The O1 run

The catalog [28] regroups the O1 and O2 events confirmed by the collaboration. The first event
ever detected [18], GW150914, on 2015/09/14, marked a breakthrough in modern physics. Not only
did it show that we were indeed able to detect GWs, but also the high value of the estimated masses
of the two companions being of m; = 3673 M and my = 297] M, allowed the signal to be extremely
clear as we can see in Fig. 2.5. The whole O1 run accounts 3 BBH events of similar mass.
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Figure 2.5: Figure extracted from [18]. H1 stands for the Hanford detector, L1 for Livingstone. Top
row, left : H1 strain. Top row, right : L1 strain. GW150914 arrived first at L1 and 6.97)% ms later at
H1; for a visual comparison, the H1 data are also shown, shifted in time by this amount and inverted
(to account for the detectors’ relative orientations). Second row : Gravitational-wave strain projected
onto each detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a
system with parameters consistent with those recovered from GW150914. Shaded areas show 90%
credible regions for two independent waveform reconstructions. One (dark gray) models the signal
using binary black hole template waveforms. The other (light gray) does not use an astrophysical
model, but instead calculates the strain signal as a linear combination of sine-Gaussian wavelets.
Third row : Residuals after subtracting the filtered numerical relativity waveform from the filtered
detector time series. Bottom row : A time-frequency representation of the strain data, showing the
signal frequency increasing over time.
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2.3.2 The O2 run

During the second run, 8 events have been confirmed. Among those, 7 BBH mergers in which the
two BHs had similar masses. They were all stellar BHs and the chirp masses of the events ranged
from 8Mg to 36 M.

The most interesting event of this run is undoubtedly the remaining event, GW170817, which
was coming most likely from a BNS system. Indeed, it was the first ever detection of a BNS merger.
In addition, an electromagnetic counterpart has been detected with a gamma ray burst 1.7s after the
GW signal. Furthermore, the BNS was in a blind spot of Virgo which started collecting data only
two weeks before the event. This allowed to restrain the sky area in which the event took place and
the first telescope to locate its position, 10.9h after the event, was the Swope Supernova Survey [30].
This detection has many physical implications notably due to the electromagnetic counterpart. The
first of them is the very precise constraint on the speed of GWs which is |cqw — ¢| < 107%%¢. This
single constraint allowed to discard many alternative theories of gravitation and further confirms
general relativity. Moreover, the detection allowed to constrain the possible models on the internal
structure of NSs through the equation of state [31]. This topic is widely discussed in Part II. An
additional feature of this detection is that the observation of the electromagnetic counterpart allowed
us to measure an independant value of the Hubble-Lemaitre constant Hy [17]. The resulting object
has a mass of 2.7415:01 M, for a low-spin prior. We do not know if it is a BH or a NS, but it is either
the lowest mass BH or the highest mass NS known.

2.3.3 The O3 run

As mentionned above, the O3 run has been split in two dinstinct runs: O3a and O3b. In O3a,
the confirmed events are listed in [29]. In this catalog, 39 events are displayed and the total duration
of the run was ~ 26 weeks, which means that ~ 1.5 event per week has been detected. Out of the 39
events, possibly 3 come from systems containing at least one NS. However, there was no constraint
on the tidal parameters and no electromagnetic counterpart has been detected, so we cannot rule out
the BBH hypothesis. As an example, the event GW190425 is likely BNS due to the small estimated
masses of the companions m; = 2.0705$M, and my = 1.4153 M.

Interestingly, GW190814 has the highest recorded mass ratio: m; = 23.271{My and my, =
2.59T008 M, [32]. Tt is the first significant mass ratio that has been recorded.

The O3b catalog is not yet available, but two BH-NS events, GW200105 and GW200115, have
been confirmed [33]. Once again, no electromagnetic counterpart has been detected.

Although numerous events have been detected from compact binaries, the LIGO, Virgo and
KAGRA collaborations try to extract possible signals coming from other types of sources such as
short GW bursts [34] or continuous waves [23], cosmic strings [35] or dark matter [36]. No such
signal has been found so far. Furthermore, tests on general relativity can be performed [37], e.g. by
seeking additional GW modes that are not predicted by general relativity.

2.4 Approximation methods for compact binary systems

Let us now turn to the theory and review the different ways to solve the Einstein equations for
compact binaries. As we will see in Secs. 3.2.1 and 4.1, we can separate the different physical effects
(such as point-particle, spins, finite-size effects...) that enter the waveforms. For example, spins
of compact objects affect the waveform but the effect is small when compared with the waveform
generated by static BHs in a binary system. As we will see in the following chapters, the computations
I performed during my PhD were on two topics: The extension of the precision on the point-particle
and on the finite-size effects in the inspiral of compact binaries. Below are listed different methods
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to solve, either analytically either numerically, the Einstein equations and we give the state of the
art in these methods. However, we do not present the results regarding spin effects.

2.4.1 Post-Newtonian

The post-Newtonian (PN) formalism is an approximation method that provides analytical solu-
tions for the description of the inspiral of compact binaries. This formalism is the one that I used
throughout my PhD and is detailed in Chapter 3. However, let us briefly mention here in what it
consists. The PN approximation assumes a slow motion of the bodies. It is a Taylor expansion of
powers of v/c, v being the relative velocity of the companions and ¢ the speed of light. One PN order
corresponds to a quantity of the order O(1/c?).

For the point-particle part of the waveform, meaning that the two BHs have no spin and no
internal structure, the conservative dynamics is known to 4PN order [38, 39, 40]. Recent works also
derived some of the coefficients up to 6PN [41, 42]. The radiative sector on the other hand is known
up to 3.5PN [43] and 4PN is currently being investigated (see Part III for more details). Moreover,
the 4.5PN term in the GW flux is already known and has been published in [14].

Finite-size effects arise in the PN expansion at 5PN order. Even though it is a high order,
the numerical value of the leading order is high enough to be measurable by current ground-based
detectors. Computations on finite-size effects have been among the projects studied during my PhD
(see Part IT). More specifically, I derived the tidal effects in the GW phase (in the absence of spins)
from 5PN to 7.5PN, so 2.5PN relative order. This problem has been tackled by multiple groups. For
references, see Table 4.1 for the conservative sector and Table 5.1 for the radiative sector. The result
for the GW phase including tidal effects is provided in (5.41)-(5.42). The coupling to spins has been
derived up to 6.5PN [45]. For more details on tidal effects in the PN expansion, see e.g. the recent
review [40].

2.4.2 Effective field theory

An effective field theory (EFT) is a theory that does not attempt to be valid at all scales but only
in the regime that we are interested in. It exploits the existence of a separation of scales and has
been mainly developed in the context of particle physics. The EFT approach to the binary inspiral
problem was originally proposed by Goldberger and Rothstein in the context of gravitationally bound
non-rotating extended objects [17]. However these methods differ from the original particle physics
point of view due to the fact that general relativity is a classical theory. They use a (Feynman)
diagramatic approach to tackle the problem. For detailed reviews on the topic, see e.g. [48, 49].
Computations in this approach are often done in the post-Minkowskian (PM) approximation, in
which we perform a Taylor expansion in powers of G. One PM order corresponds to a quantity of
the order O(G).

Regarding the conservative dynamics of non-spinning point particles, they derived the 4PN equa-
tions of motion using a Lagrangian approach [50, 40] as well as a Hamiltonian approach [51] at the
same order. Furthermore, the 3PM dynamics has also been derived in [52]. In the radiative sector,
the 2PN quantities are available [53] and some more work on the formalism has to be done to per-
form the computations at higher orders. Some work on finite-size effects has also been performed
and the 2PM Hamiltonian for tidal effects is available [54]. Furthermore, new synergies between the
traditional PN approach and EFT led to the determination of some new coefficients in the conserved
energy at high PN orders [55].

2.4.3 Scattering amplitudes

The scattering amplitudes method is a computational framework that aims at computing the
dynamics of gravitationally bound compact objects. The idea behind this method is to relate the
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scattering amplitudes of two interacting BHs to the orbital dynamics of the system. Indeed, both
processes are governed by the same underlying theory [56]. Furthermore, this approach allows to use
the well-understood methods used in particle physics. The scattering of two BHs is, computationally
speaking, similar to the scattering of two quarks because their interactions via gluons or gravitons
are analogous. The link between these two processes is called the double copy [57]. For a detailed
overview of this method see e.g. [56].

The conservative dynamics of non-spinning BBHs has been derived with this method up to 3PM
order [58] and partially up to 4PM [59]. Some work has also been done on finite-size effects. They
derived conservative dynamics including tidal effects up to 2PM order beyond leading order [60]. We
will see in Sec. 4.5 that the overlap with the results in the PN approach is in full agreement with
these results.

2.4.4 Gravitational self force

Gravitational self force (GSF) is an approximation method that aims at describing EMRIs. The
small parameter in this approach is the mass ratio of the two companions m/M < 1, see e.g. [61]
for a review. At the lowest order in the expansion, the small object follows geodesics around the
massive one as does a test particle. However, at the following orders, this is no longer the case and
the test particle is deviated from the initial geodesic as if it felt a force which is then called self force.
The results provided by this method will be very useful for LISA which will be notably sensitive to
EMRIs.

The first order of the developement in m /M is known and provides results for physical observables
at extremely high PN orders: 21.5PN for analytical results [62] and 22PN with numerical integration
[63]. These results are extremely useful for the computations in the PN approach. Indeed, they
allow us to check the terms entering our expressions in the limit ¥ — 0. The second order is now
being tackled but technical difficulties arise due to some strong but unphysical divergencies on the
worldline of the small object [64].

2.4.5 Numerical relativity

The methods listed above are approximations which are only valid in particular domains. They
provide analytical solutions that are crucial in the modelling of the waveforms. However, as the
two compact objects get closer, the Einstein equations start to be highly non linear. No analytical
methods are available to describe the dynamics of the system or the GWs emitted during the last
orbits. Today, the only method available to solve the Einstein equations during the merger phase is
to solve them numerically. For a review on this method, see e.g. [65]. A breakthrough in this domain
has been achieved in 2005 [66] where Pretorius managed to simulate the last few orbits during the
coalescence of two BHs. Today numerous catalogs on the merger of BBHs are available, see e.g.
[67, 68].

Although numerical relativity is valid at each step of the coalescence, and especially the merger, it
requires a lot of computational power to provide waveforms. Some signals, like GW170817, lasted for
roughly a minute and recorded ~ 3000 cycles in the detector band. Numerical relativity is inadequate
for such a high number of cycles. Therefore, templates need to be build by combining analytical
solutions with numerical relativity for the merger part.

2.4.6 Effective one body

Effective one body (EOB) is a resummation method developed in 1999 by Alexandra Buonanno
and Thibault Damour [69] that allows to build templates. The basic idea is to map the two-body
problem onto an effective one-body problem, i.e. the motion of a test particle in some effective
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external metric by means of an effective Hamiltonian. It allows to solve exactly the effective problem
of the test particle in this deformed Schwarzschild metric by introducing a particular non-perturbative
method for re-summing the PN expansion of the equations of motion. Some coefficients in the
expansion corresponding to high PN order remain unkown. They are fitted by comparing with
numerical relativity. This clever method allows to build templates used for data analysis of the
LIGO/Virgo/KAGRA collaborations.

One of many results obtained in the EOB approach is the consideration of dynamical tides.
Indeed, the results discussed above on finite-size effects in binary systems assume that the two
bodies interact through static (or adiabatic) tidal effects. However, it has been shown in [70], using
an EOB Hamiltonian, that matter resonances inside the NS can arise and that these effects cannot
always be negligible compared to adiabatic tides.
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Chapter 3

The post-Newtonian formalism

The traditional post-Newtonian (PN) formalism that has been used throughout my PhD is in
fact a diminutive of the post-Newtonian multipolar-post-Minkowskian formalism (PN-MPM). This
formalism is constituted of two main approximations: slow motion and weak field which correspond
to, respectively, the PN and post-Minkowskian (PM) approximations. They are valid in two overlap-
ping regions of space-time and they allow to perform Taylor expansions in their respective validity
regions using different small parameters.

The PN approximation is valid in the so-called near zone defined by a distance to the source
much smaller than the typical wavelength of the GW (r < A). In this region, we can perform
Taylor expansions using the small parameter v/c where v is the relative velocity of the bodies in the
considered system. A nPN order corresponds to a quantity of the order O(c™2").

The PM approximation is valid in the exterior zone defined by a distance to the source bigger
than the typical size of the system a (r > a). In this region, we can perform a Taylor expansion
using the small parameter the gravitational constant G. A nPM order corresponds to a quantity of
the order O(G™).

The two regions overlap in the buffer zone (a < r < A). In this zone, both PN and PM
expansions are valid. By means of multipole decompositions and matching, we are able to link the
two approximations to get the information of the system up to spatial infinity. This constitutes the
PN-MPM formalism [71, 72, 73, 74, 75, 76, 77, 78], in which we apply specifically the harmonic-
coordinates condition. This is a completion of the linearized theory presented briefly in Chapter 1.
Until the rest of this manuscript, we consider a space-time of d+1 dimensions. In the present chapter,
which aims at giving an overview of the PN-MPM formalism, the results are presented for d = 3.
However, as we will see in Sec. 3.3, the computations have also been done for arbitrary complex d.

3.1 The PN-MPM formalism

The definition of the gravitational-field amplitude is slightly different from the one in Chapter 1,
namely

WY = =gg"" =", (3.1)

which is the perturbation of the so-called gothic metric g = \/—gg"” and where g is the determinant

of the metric g,,,. Note that this definition is equivalent to ¢,, used in Eq. (1.10) at the lowest order
up to a minus sign. We recall that the harmonic gauge condition

ah" =0, (3.2)

fixes a class of coordinates called harmonic coordinates. Without doing any approximation, one can
rewrite the Einstein equations in this coordinate system as
167TG7_ uw

4 )

O =

(3.3)

C
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where 7/ is called the pseudo stress-energy tensor and is constituted of the stress-energy tensor and
the non linearities in the gravitational field h*¥

4

167G

T = |gIT A, (3.4)

The second term in the definition of the pseudo stress-energy tensor is exactly given by

1
A = =P Qagh £ DLW O 4 5" Gasdrh® 0 h (35)
_ g,uagﬁga)\ huaaahﬁ/\ . guagﬂUaAhMUaa hﬁ)\ 4 gaﬁg/\aa)\huaaghuﬁ (36)
1
+ é(zguozgu,@ o guygaﬁ)(zg)\‘rgpo - ngg)\U)aah)\Ua,Bth- (37)

In the linearized theory, A = O(h?) = O(G?) and is thus neglected. The PN-MPM formalism
allows going beyond this approximation and its "philosophy" is the following: we first solve the
linearized theory that gives us a solution for h’(‘l”) at the first order. Then, we insert this solution in
A" an truncate at the second order in G. We recover an equation of the same form as Eq. (3.3) in
which the RHS does not depend on h’é”) Next, we reiterate this procedure order by order. Let us
first detail properly the linearized theory using a multipole approach.

3.1.1 Linearized theory

Here we consider the Einstein equations in the exterior zone so that, at linear order in GG, together
with the harmonic gauge condition, they read

Ohiyy = 0, (3.8a)
8,,h’(‘1”) =0. (3.8b)
It has been shown [79, 71] that the most general solution of these linearized field equations outside

some time-like world tube enclosing the source and stationary in the past, reads
v v v v A
h = éLl) +0%0) +0 90/;1) — " ONel (3.9)

where the first term depends on two STF-tensorial multipole moments, I, and J;, called source
multipole moments which are arbitrary functions of the time. Furthermore, with the no-incoming
wave condition, they depend only on the retarded time in harmonic coordinates u =t — r/c in the
expression of kﬁ") Its general expression reads

k(l) -T2 Z gl oL (IL(U)) ; (3.10a)

>0 r
_ 5 (L) £ (T
k(l) T3 ; L-1 , + 01 1€iab a1 — || (3.10b)
1)
i A () 5 a(w)) | 2 0 o)
LY - (3] “i)bL—2\"/
k) = A Qz; /! [aL2 ( , + /1 1aaL—2 €ab(i . . (3.10¢)

The gauge vector depends also on four sets of STF-tensorial multipole moments called gauge moments

90(1) = 7!6L <iWL<U)> ) (3.11a)
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Py = 42 £| Oir (1XL(U)> (3.11b)

>0
1 l 1
o (o) -yt ()
C4£>Zl /! {Ll r Ll(u) +€+1€b L—1 rbLl(U)
where L = iy---4, is a multi-index composed of ¢ multipolar indices iy, -« ,ip; iL = iiy---iy is

a multi-index with ¢ + 1 indices. Similarly, 9, = 0;, ---0;, is the product of ¢ partial derivatives
d; = 0/0x', and J;, = STF(d;, ---0;,). The superscript (n) denotes n time derivatives, and an
overbar indicates a PN-expanded quantity.

The fact that the multipoles are STF is crucial because it ensures that the decomposition of
the metric in terms of these functions is unique. We will present how they are linked to the mass
distribution of the system in Sec. 3.1.4. Now the next step is to solve (3.3) beyond the linear

approximation.

3.1.2 The MPM algorithm

In Sec. 3.1.1, we give a solution of the linearized theory in terms of generic source multipole
moments. The MPM algorithm allows finding the solution of Eq. (3.3) at any order in G’ knowing
the explicit solution of the preceding orders. This procedure is iterative, so the equation that we
want to solve is

TR, = A [ B ], (3.12a)
Oyl =0, (3.12b)
assuming that A(), ..., h{, ) are already known (in terms of the source multipole moments). Since

the source term in Eq. (3.12a) is fully known, the solution should be DretA with the no incoming-
waves condition. However, the retarded propagator cannot be taken as such because Aé‘n”) diverges
when r — 0. Thus, one has to introduce a regularisation together with a cut-off ry, in the way that

we define ,

F= 3.13
= (313
We can now deduce an intermediate solution u% of (3.12a), which is the regularised retarded prop-
agator acting on the source

u( ]: 73 O

n ret

A (3.14)

where B is an arbitrary complex number. The adopted regularisation is the Hadamard partie finie
regularisation, detailed in Sec. 3.2.2 and Sec. 6.3.2. As we said, the introduction of this regulator
comes from the fact that A’(‘:) diverges in r — 0 because it is expressed in terms of the metric (3.9).
Thus, one has to choose B sufficiently high to compensate the divergencies in » — 0 in the explicit
expressions of ;) and ¢{;, in (3.10) and (3.11). Once the integration is performed, we take the limit
B — 0.

Now, the source term in (3.12a) is completely known in terms of the source multipole moments
and is well defined. However, u(,) is solution of (3.12a) but not of (3.12b) because it is generally
not divergenceless due to the introduction of #2. In order to build the full solution, we need to
find another quantity vé‘n”) that needs to be added to u’(% This quantity has to be an homogeneous
solution of (3.12a) and has to compensate the divergence of ué‘;’) so that the full solution verifies the
harmonic condition (3.12b). The homogeneous solution of (3.12a), namely the solution of OA;)) = 0,
has already been solved and the general solution is provided in (3.9). More specifically, we know
the general form of v% expressed in terms of a generic set of multipole moments, a pm’om’ different
from {I.,Jz,...}. Imposing that the divergence of vé‘ compensates the divergence of u allows to
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express UE‘:) in terms of the source multipole moments by identification. In the end the solution of
Eq. (3.12) is

Ry = Wy Vs (3.15)

and once an order is known, we can reiterate the procedure to the next order. The detailed algorithm
to derive v(,) can be found in [S0]. It is also proved in this review that at each order, uf, and v,
are analytical functions of B. Hence, we can use analytic continuation at each order so that we are
allowed to repeat the above algorithm.

Finally, it is also proved in [30] that the most general solution of the harmonic coordinates Einstein
field equations in the exterior zone is given by

P — Zl e PO PR} (3.16)

In the following sections we want to link the physical source to the observables, especially the TT
perturbed metric at spatial infinity. Hence, one the one hand we have to link the source multipole
moments to the pseudo stress-energy tensor, which is done in Secs. 3.1.4 and 3.1.5. On the other
hand, we need to link the source multipoles to the TT metric and also the energy and angular
momentum fluxes in the so-called radiative zone, which is done in Sec. 3.1.3.

3.1.3 The radiative zone

At this stage, we managed to express the pertubed metric ALy in terms of the source multipole

moments in a general way. Now we are interested in the TT version of the perturbed metric at
spatial infinity. More precisely, in the so-called radiative coordinates (7, X) in which the retarded
time U =T — R/c becomes asymptotically a null coordinate at future null infinity (where R = | X|
is the distance to the source and T' the time). It has been shown that the TT perturbed metric in
the radiative coordinates can be generally written at the leading order in 1/R in terms of general
STF multipole moments Uy, and V, as [79, 80]

4G = 20 1
H5T<U> X) = @Pijab(N) ZZ::Q % [NLZUabL2(U> - MNCLZECd(aVb)dLQ(U)] + O <R2> ;
(3.17)

where P;jq(IN) is the TT projector and N = X /R. Note that (3.17) defines Uy, and V, which are
called radiative multipole moments. In the same coordinate system, we can write the energy flux of
GWs F = (dE/dU)®W in terms of those multipoles as [79)]

400+ 2)
Al -1+ 1)20+ 1N

UPud +

= G (0+1)(0+2)
l(£—1)w(2£+1)!! L

(1)y7(1)
F = g T V,'V} ] : (3.18)

Furthermore, we can also express the angular momentum flux G; = (dJ;/dU)SW as

(l+1)(+2)

foo 4£2<€ + 2)
Gi = Giab; c20+1 l(g — 1020+ 1N

-1 +1)20+ 1)

U1 US|+ va“v}}gl] . (3.19)

By expressing the radiative multipole moments in terms of the source ones, we will be able to
know the TT perturbed metric and the fluxes in terms of the source multipoles and thus to the
physical PN source. Remark that by comparing the quadrupole formula (1.29a) to (3.18), we see
that at the leading order, the radiative quadrupole can be written in terms of the source quadrupole
as

UL (U) = 19U) + O (1) | (3.20)
ij ij

c2
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It is shown in [80] that the general structure of the perturbed metric h,, in the far zone can be
written at the leading order in 1/r as

hwy = S A% (m:)p Frp(u)+o (i) : (3.21)

4,p

where F7,, are functions of the retarded time in harmonic coordinates. The idea is to identify the
radiative multipoles to the source ones in the TT metric. However, the presence of logatithms in A"
prevents such identification. We first have to perform a coordinate shift that breaks the harmonic
condition. More precisely, we express the retarded time in radiative coordinates U in terms of the
retarded time in harmonic coordinates u as

260 (r> +0(GY), (3.22)

To

U=u-—

C

where M here denotes the Arnowitt-Deser-Misner (ADM) mass of the system.! Tt is shown in [30]
that this coordinate shift absorbs all the In(R) at each PM order in H, ET We are now able to identify
the two sets of multipoles and, e.g. at 2PN order we have

2GM [too 1
UL(U) = 19(0) + C; [ an P w - [m (QCT ) +re| + (9( ) (3.23a)
0 0
2GM [toe 1
V() = IO + i [T anPw -1 [m <2‘; ) + m] NG ( ) (3.23b)
0 0
where k, and 7, are coefficients given by
202 +50+4 21
= — 3.24
K TR Ry (3:24a)
(-1 21
Ty = ) Z - (3.24Db)

The source multipoles in (3.23) constitute the instantaneous part of the radiative moments while
the other terms are the non-linear effects which depend on the past of the source. In particular, at
1.5PN the so-called tail terms appear. Very briefly, the tail terms correspond to the backscatter of
the GW on the space-time background which creates a tail in the GW signal after the passage of
the instantaneous part of the wave. At higher orders, other effects arise, such as tails-of-tails (when
the GW scatters twice), memory effects or even tails-of-memory. Notably, the tails-of-tails appear
at 3PN. In Eq. (7.20), we give a generalisation of (3.23b) up to O(1/c") (3PN) for £ = 2.

3.1.4 Matching the source moments to a Post-Newtonian source

At this stage, we have an algorithm that allows to express the solution at an order n in terms
of the source multipole moments defined in the linear case. This section aims at linking the source
multipole moments to the source of the system itself, i.e. to the stress-energy tensor. We have to
start with the so-called matching equation. As mentionned before, the MPM expansion is valid in
the exterior zone while the PN expansion is valid in the near zone. We denote M the multipolar
expansion in the near zone and an overbar represents the PN expansion of a given quantity. In the
buffer zone, both PN and PM expansions are valid and so

M(h) = h. (3.25)

'Normally, the scale constant entering the logarithm should be independant from ry but it is taken as such for
simplicity. For more details, see Sec. 7.3.
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In other words, in the buffer zone the MPM expansion of the gravitational field equals its PN
expansion. Now, we want to give a formal link between the source moments and the pseudo-stress
energy tensor. Thus, we impose that the MPM expansion of the PN expanded field equals the PN
expansion of the MPM expanded field. This is translated mathematically in the matching equation

M(h) = M(R). (3.26)

This equation has to be understood in terms of formal functional identities. One can show that
under this condition, the multipole expansion of the field equation outside a PN source is

, _ / 141G & y
M) = ]—"PDret[BM(A“ )| - o Z g,) aL[ Fi(t—r/e)], (3.27)
where F1 is STF on its L indices and reads
v 3+ B2 ! —uv
Fi¥(u) :‘173::73/(1 xXTCRp /_1 dz 6e(2) T (x,u + 21/c) (3.28)
and 20+ 1)1 )
+ 1)l
() =~ (1= 22 /_1 dzde(z) = 1. (3.29)

Note the presence of the regulator FP called Hadamard Partie finie regularisation which was intro-
duced in Sec. 3.1.2 and more details are given in Sec. 3.2.2. Furthermore, the first term in (3.27)
is exactly u*” already defined in Eq. (3.14). At this point, we have to impose the harmonic-gauge
condition on M (h*") in order to decompose F}* into a set irreducible multipole moments which are
given here

FO_R, . (3.30a)
FP = Tip + €aici, " Tr o150 + Sici, T T115 (3.30b)
Fi =2 Uijr + SY;F Sz;F [Eaiie(—i_l)Uaijl + 5ii[(0)UjL71 (3.30c)

+ iiy€agip_y " Uar—2 + i3, 0ji,_, TP UL o] + 65V1 . (3.30d)

The different tensors Ry,...,V; are STF and uniquely defined in terms of F7”. Note that this
derivation has been made in 3 dimensions but had to be generalized in d dimensions (see Sec. I and
IT of [10]) in order to apply dimensional regularisation, discussed in Sec. 3.2.2.

3.1.5 Explicit expression of the source multipole moments for a PN
source

Let us consider Eq. (3.27), on the one hand, we know from (3.16) the expression of the multipolar
expansion of the perturbed metric in terms of the source multipole moments. On the other hand,
from (3.28) and the decomposition (3.30a), we know the multipole moments in terms of the PN
source. An indentification of the sets of irreducible moments leads to the link between the source
moments and the PN expansion of the pseudo stress-energy tensor 7 in the following way [76, 77]

4(2€ + 1)(5g+1 4. (1)
A0+ 1)(2043) "
2(20 4+ 1)6p40
AUl +1)(0+2)(20+5)

1
1(t) = gzg/d?’xfB L dz [545&2 -

fijLEE?)] (x,t+zr/c), (3.31a)

20+1
(0 +2)(20+ 3)

1
() = FP [ @i [ dzeay [@ B 1aS — @H:%L_Uaczg})] (x,t+ 2r/c),

(3.31b)
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together with the 4 gauge moments

1 20+ 1
_ 3. =B Ay
Wi (u) = ]szg/d X7 /_1 dz{(ng TR
- 20+ 1
2¢2(0+1)(0+2)(20 +5)
1 20+ 1
_ 3., =B
Xu(u) _fzﬁ/d T /_1dz{2(e+1)(4+2)(2e+5)
5 [t 3(20+1)
— 3 B — A ..
YL(“)—glﬁ/d XT /_1dz{ 5@ZL‘LEZZ—|—(€+1)(2€+3)
- 2(2( + 1)
A+ 1)(0+2)(20 +5)

! 20+ 1
— 3 ~B . —
Zi(u) = FP [ dx7 /1dzeab<u{ EETOEE

Sesatisr oL } (x,t+ 2r/c), (3.32a)

5g+2i’ij[,2ij}<x, t+ ZT’/C) s (332b)

12 B

5g+2£i'ijLZ§]2‘) } (X7 l+ ZT/C) ) (332C)

)5g+1§:L1>bCEaC}(X, t+zr/c). (3.32d)

Here, 2, = STF(x;, x4, - - - 2;,) is the multipolar factor, the brackets surrounding indices refer to
the STF projection, and the X’s (or their partial time-derivatives $(™’s), that must be evaluated at
position x and at time ¢+ z|x|/c, are defined in terms of the PN expansion of the pseudo stress-energy
tensor 7" in harmonic coordinates by

—00 | =ii —~0i
T+ T T —ij

672 , ? R E’L] =7Y. (333)
Recall that the overbar refers to the PN expansion. The expressions of the source moments (3.31) are
formally valid up to any PN order. In practice, their PN-expanded expressions are to be computed

by means of the infinite PN series?

1 = ¢ I \2* ok
/_1 dz 0(2) 2(x,t + zr/c) = kz:% <2k)”<é£i;)k+ Dl (c) 2 (x,t). (3.34)

These expressions are valid for any type of PN-expanded source. During the majority of my PhD, I
computed the source multipole moments for different effects. Note that these expressions are given
in 3 dimensions. However, as we will see in Part 11, these formulae had to be derived in arbitrary d
dimensions and the derivations are presented in [10]. For more details on the derivation of Eq. (3.31)
and Eq. (3.32) in 3 dimensions, see [30].

3.1.6 The PN metric

The metric, in the PN approximation, is fully parametrized by a set of so-called potentials. As an
example, we present here the 2PN metric expressed with respect to the 5 potentials {V, V;, W;;, X, R;}
entering at this order

2V 2V 8 (. Ve 1
900:—1—’—72 _C4+CG<X+V;‘/Z+6>+O<CS) ) (335&)
4v;  8R 1
P=TE T s O (c7> ’ (3:350)

2The function d,(z) is defined (with 6(z) denoting the one-dimensional Dirac distribution) by

_ 20+ 1)

1
de(2) = g (1—2%*%, so that / dzde(z) =1 and  lim 0,(z) =d(2).
~ -1

{— 400
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2V 212 AW, 1

These potentials solve the flat-space wave equations (with O = n*0,,,)

OV = —47Go, (3.36a)
OV; = —4nGo; , (3.36b)
OWyy = —47G (045 — b55014,) — VO,V (3.36¢)
S 3 N
OX = —47GVoy, + 2Vi0:0kV + VOIV + 5(atV)? — 20,V;0,V; + W;;0,,V (3.36¢)

where the matter source densities are defined in terms of the components of the matter stress-energy

tensor as 700 i 70
+ 1 7 Z
- T ) 0; = c ) 045 = ™ ) (337)

g

with 7% = 6;;7%. As we can see, there is a hierarchy in the potentials. Indeed, in the case of a
source made of compact objects, the simplest ones {V,V;} have compact support sources that are
easy to integrate. For example, at Newtonian order in the metric, only the potential V' is required
and corresponds to the Newtonian gravitational potential (since 00 = A — 92/ = A + O(c™?)).
The other potentials depend on the simpler ones, and the higher order we go, the more complex the
sources of the potentials become. As we will discuss in Sec. 3.2.2, starting at 3PN we need to consider
dimensional regularisation. Thus, in App. B are displayed the full d-dimensional 4PN metric as well
as the required potentials.

3.2 Binary systems of compact objects

In this section, we specify the matter distribution for binary systems of compact objects. In
particular, the conventions we adopt are displayed in Fig. A.1. We model our system of compact
objects by point-particles given in terms Dirac distributions 64 = 6©®) (x—wya). To get physical results
with this model, we have to introduce also an ultraviolet regularisation. Accordingly, we have to
make computations in terms of distributions and not functions.

3.2.1 Choice of stress-energy tensor

Up to now, we have shown how to link the observables, e.g. the GW flux, to the source multipole
moments. These multipoles are expressed generally in terms of the pseudo stress-energy tensor and
are valid for any type of PN source. We need to specify our model and apply it to binary systems
of compact objects. This means that we have to express the form of the stress energy tensor, or,
equivalently, of the matter action.

At the lowest order, we can consider that the compact objects are "points" so that their matter
action would be the point-particle action

Sop=— 3 ma CQ/dTA, (3.38)
A=1,2

where m, is the mass of body A and 74 its proper time. This effective action is defined only on the
worldlines of the bodies and describes the minimal coupling of matter to gravity. This action, after
varying it with respect to the metric and using Eq. (1.9), leads to the following stress-energy tensor

T = 3 pa(t)ohvad® (x — pa(t)), (3.39)

A=1,2
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where the three-dimensional Dirac distribution is confined to the worldline y4(¢) and we pose for the
effective time-varying masses (with m 4 the constant PN mass)

palh) = AU = (1+ z)um (3.40)

—[Q]A

the worldlines are parametrized by the coordinate time ¢ = 2%/c of the harmonic coordinates; the
coordinate velocities are v = (¢, vYy), with v = culy/u% = dy'y/dt, the relativistic Lorentz factor
reads u% = (=[gu]avjv’/c*)~Y? and g is the determinant of the metric. The labels A and the
angular brackets [...]4 denote that the quantities are regularized on the location of the bodies. In
previous sections, we introduced an infra-red (IR) regularisation, here we introduce the ultra-violet
(UV) because of the point-particle model. More details are given in Sec. 3.2.2. Considering the point
particle action, the employed PN sources read

=3 () 09 (x — ya(t)) (3.41a)
t) = Z pa(t) vy 6F (x — ya(t)), (3.41Db)
oij(x,1) Z“A vi 0 )(X - yA(t)) : (3.41c)

In the effective approach we can go beyond the minimal coupling to gravity approximation and
consider other effects, such as spins or finite-size effects. Note that even if we consider other effects,
the stress-energy tensor would still be proportional to (derivatives of) Dirac distributions. In Sec. 4.1,
we discuss the effective action for finite-size effects in systems of compact objects, which describes
the tidal interactions between the bodies (in the adiabatic limit).

3.2.2 The regularisation schemes

In the PN-MPM formalism, we have to deal with two types of divergencies: the UV and the
IR. However, they are required for fundamentally different reasons. On the one hand, the compact
bodies are considered as points so the UV divergencies come from the model itself because of the
infinite value of self-field of point particles. If we were to employ a model of a perfect fluid for
example, no divergencies would appear and thus no UV regularisation would be needed. On the
other hand, the IR divergencies come from the formalism itself because we define quantities (such as
the source multipole moments) as integrals over all space of integrands only valid in the near zone
(e.g. the PN expansion of the pseudo stress-energy tensor). The UV and IR divergencies, being of
very different nature, can in principle be treated with two different regularisations. Originally, the
PN-MPM formalism has been developed using the Hadamard partie finie regularisation [71, 81] for
both IR and UV divergencies. However at 3PN, the EoM in this approach contained an ambiguity
[82] and it turned out that the problem came from the Hadamard regularisation. In particular,
this regularisation breaks the diffeormorphism invariance. The choice was made to use dimensional
regularisation (DR) instead of the Hadamard regularisation in the UV. This choice comes from the
fact that DR has been well known essentially because of its use in QFT. This choice removed the
ambiguity in the EoM at 3PN [83]. Nonetheless, Hadamard was still employed for the IR. At 4PN in
the conservative sector, the computation with Hadamard regularisation in the IR also failed so DR
has been used to derive the EoM. By consistency, we have to use this regularisation in the radiative
sector. Thus, we now use full DR at high order. Moreover, we have recently shown that employing
dimensional or Hadamard regularisations for the treatment of IR divergencies at 3PN were strictly
equivalent, see Secs. 6.4.6, 6.4.7 and 7.2.4.

The computations using pure DR are more complicated than the ones using Hadamard and some
of them are not doable in pure DR. For example, in d dimensions, we cannot derive the analytic
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expressions of some potentials. Thus, in practice we first perform the computations in 3d and
then compute the difference between the two regularisations. Saying that the computations are
performed in 3d means that we employ Hadamard partie finie. Furthermore, the DR scheme is also
called, notably in Chapter 6, the Be procedure (see Sec. 6.4.3 for more details on this procedure). The
details of these regularisations are presented in Sec. 6.3 for Hadamard and dimensional regularisation
in the UV and in Sec. 6.4 in for dimensional regularisation in the IR.

3.3 Practical computations

As mentioned before, we want to compute the phase and amplitude of GWs. It is sufficient to
know the radiative multipoles in order to derive the amplitude A . However, to compute the phase
in the quasi-circular orbits approximation, we need to take into account the balance equation for the
energy

dE
< F>=——, 3.42
P (3.42)
where the brackets < --- > represent the mean value over an orbital period. We can decompose

the problem in a conservative and dissipative part. Therefore in practice, we always perform two
derivations: first in the conservative sector, where we derive the EoM and conserved quantities, and
notably the energy; second the flux through the computation of the radiative multipole moments.
However, the emission of GW alters the conservative EoM. This effect arises at 2.5PN and is inserted
in the EoM a posteriori by a radiation-reaction force. The treatment of the conservative sector,
notably using an effective Lagrangian approach, is discussed in 4.2.

If we were to relax the quasi-circular orbits approximation, and thus consider eccentricities, we
would also have to consider the balance equation for the angular momentum

dJ;

<gi>:—dt.

(3.43)

As for the balance equation for the energy, the LHS is computed in the radiative sector by means of
multipole moments and the RHS is computed in the conservative sector.
In practice, the results of the flux and energy are in the end written in terms of the PN parameter

x defined as 23
. <Gmw> , (3.44)

c3

where m = my + ms is the total mass of the system and w is the orbital frequency. Note that it is
very convenient to write the final observables in terms of x because it is a 1PN quantity.

To compute the flux, we need the radiative multipole moments (see Eq. (3.18)). They can be
computed by knowing the source multipole moments and the non-linear effects (themselves derived
using the source multipoles). These source moments are integrals of the potentials and the PN
expanded stress-energy tensor. Since the potentials are sourced by the stress-energy tensor, there is
a straightforward way to do the computations. As it was mentioned in Sec. 3.2.2; the regularisation
that we use starts to be incorrect at 3PN and we have to use DR. Since DR is more complicated
than the Hadamard Partie finie, in practice we perform the computation in 3d and then compute the
difference between dimensional and Hadamard regularisations. The procedure to compute the GW
flux is as follows, we compute the:

1. Stress-energy tensor decomposed in 3+1: {70 7% T}
2. Potentials {V, V], I/T/'Z-j, .}

— 3d computation

— Difference with dimensional regularisation
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3. Source multipole moments {I,J,...}
— 3d computation
— Difference with dimensional regularisation

4. Non-linear effects (tails, memory...)
— 3d computation
— Difference with dimensional regularisation

5. Radiative multipole moments {U, V}
6. Flux

In some intermediate computations, we obtain some poles in d—; but since Uy, and V, are observables,
the poles have to vanish because the physical result should not depend on the regularisation method.
Step 5, in which we add the source multipole moments to the non-linear effects, establishes a very
good test on the explicit results. Indeed, the fact that the different cut-offs are compensated in
the radiative moments is absolutely not trivial since we introduced them on the one hand in the
conservative sector, through the EoM (needed to derive the source multipoles); and on the other
hand in the radiative sector. In the end, when we have the flux and the energy, we can insert their
values in Eq. (3.42). In the case where we perform the quasi-circular orbit approximations, we are
able to derive the GW phase

_ _ dE/dz . & 30 AE/dx

where z is the PN parameter defined in (3.44).

This formalism is now going to be applied to the problem of tidal effects, presented in Part II
and to the computation of the 4PN flux for point particles in Part III.
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Part 11
Tidal effects
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Introduction

The discovery of GWs generated by the inspiral and merger of two NSs [17, 84] marked a break-
through in fundamental physics, notably by allowing for the first time a direct constraint on the
equation of state (EoS) of cold matter at supranuclear densities deep inside NSs. This important
test excluded some of the stiffest EoS, for which the pressure increases a lot for a given increase in
density, and which therefore offer more resistance to the gravitational collapse, resulting in a NS
that is less compact. This finding is consistent with known constraints on the radius of NSs from
electromagnetic-based observations [85]. However, the majority of soft EoS, which are more easy
to compress and thus predict a more compact NS, is still viable [36] (see also [87, 16] for reviews).
Studying tidal effects also permits to distinguish between BHs, NSs or, possibly, more exotic entities
like boson stars [38, 87].

The tidal interaction affects both the conservative equations of motion (EoM) and the GW
emission of the compact binary system. This results in a modification of the time evolution of the
binary’s orbital frequency and phase which is directly observable (see e.g. [89, 90, 91, 92]). The tidal
distortion depends on the Love numbers [93], characterizing the rigidity and the deformability of the
body, i.e. its capacity to change shape under the influence of an external tidal field. Those Love
numbers depend in turn on the internal EoS of the body, which is uncertain at high densities [94, 95].
They decrease as the compacity of the body increases, reaching zero in the limit of a non-spinning
maximally compact object, i.e., for a Schwarzschild BH [96, 97, 98].

The leading tidal contributions to the orbital dynamics are due to quadrupolar deformations and,
for compact binaries, manifest themselves as very small formal corrections in the accelerations, of
the order of 5PN or ~ (v/c)' where v denotes the relative orbital velocity. However, the coefficient
appearing in front of the small 5PN factor (v/c)!® can be quite large and the effect is measurable.’
It scales like the dimensionless parameter

2 R\’
A® — 212 3.46

where k) denotes the mass-type quadrupolar second Love number of the body, while m and R
represent its mass and radius. Typically, the compacity parameter C = Gm/(Rc?) is of order 0.15 for
neutron stars while the Love number is k) ~ 0.1 (depending on the EoS) [97, 98], hence we expect
A® ~ 1000. With the binary neutron star event GW170817 [17], the detectors LIGO and Virgo
have already been able to put an observational constraint on a particular combination of A§2), AgQ)
and the masses that enter the orbital phase evolution of the two neutron stars [90, 92]. As already
said, this constraint permitted excluding some of the stiffest EoS, for which the neutron stars are
less compact [99, 28].

During the inspiral phase of coalescing NS binaries the orbital dynamics is dominated by point-
mass contributions and the waveform is essentially identical to that of black holes; but closer to
the merger small corrections arise due to the finite-size effects of NS. These can be described by
resorting to a tidal expansion in the small parameter ~ R4/rap, where R4 is the size of one of

30ne can speculate that the tidal 5PN coefficient is larger than the purely orbital 5PN contribution to the orbital
phase for point particles, which is currently unknown.
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the NS and rsp is the typical orbital separation. The tides arise from the response of the NS
to the gradient of the companion’s gravitational field across the matter distribution. The tidal
expansion is a multipole expansion with the tidal mass quadrupole moment of the object dominant,
and higher mass- or current-type moments sub-dominant. The deformation and finite size effects are
parametrized by a series of coefficients associated with each multipole moments and referred to as
the tidal deformabilities (or polarizabilities) of the NS.

For GW detectors, the main observable is the so-called binary’s chirp, i.e., the time evolution
of the compact binary’s orbital frequency w(t) and phase p(t) = [dtw(t) through GW radiation
reaction during the inspiral. The detectors are sensitive to some particular combination of the two
deformabilities of the NSs and the two masses that enters the binary’s chirp. To the lowest tidal
mass quadrupole order, the chirp is given by the combination of the two relations,

1 39 -

T = 19*1/4 [1 + @A@) 05/4} : (3.47a)
xo/? 39 -

0=g0- 2 [1 + 2RO .255] , (3.47b)

where v = mymy/m? is the symmetric mass ratio, m = my + my is the total mass, and where we
use the dimensionless frequency x = (%)Z/ 3 and time 0 = 5”5;(156 — t) variables, with ¢. denoting
the instant of coalescence — at which the distance between the particles formally vanishes while the
frequency diverges —, o being an reference constant phase. The most commonly used approximant
for GW data analysis in the Fourier domain is defined by using the stationary phase approximation
(SPA), for which the phase of the dominant mode at twice the orbital frequency reads
—5/2 -
b =2 fte — 200 — 2 + 31:”28V [1 - 329A<2> xﬂ . (3.48)

Since z is a small PN parameter of the order of O(c™2), we see that the effect of the internal
structure of NS (in the non-spinning case) is comparable to relativistic orbital effects occurring at
the 5PN order beyond the point-particle contribution computed with the usual Einstein quadrupole
formula. Of course, the latter estimate is just formal, since we have to take into account, besides
the small factor z°, the numerical value of the 5PN coefficient parametrizing the finite-size effect
in (3.47)—(3.48).

The tidal polarizabilities (3.49) are physical parameters to the extent that they directly parametrize
the effective matter action (5.1)—(5.2) we adopt in this work, following Refs. [100, (], as an efficient
and elegant tool to describe tidal effects in the case of compact bodies. In Chapters 4 and 5, we
analyze the tidal response of NS binaries and the modification of the GW phase to higher order,
corresponding to mass quadrupole, current quadrupole and mass octupole tidal interactions. Ac-
cordingly, we introduce three tidal polarizability coefficients, conveniently denoted, using standard
normalization [94, 95], as

G 5 2

G = (S5) A = SEPRS, (3-49)
1

GO'1(42) I j,(42)R,547 (3.49b)
2

and related to corresponding relativistic generalizations kf), jff) and /{;S’) of Love numbers for the

mass quadrupole, current quadrupole and mass octupole moments of the body, with R4 denoting its
radius in a coordinate system such that the area of the sphere of radius R, is 4w R%.

Note that we consider static tides, however, recent work [101] have shown that dynamical tides
coupled to spins can induce resonances in binary NS systems that are note negligible compared to
the leading tidal deformation A(%).
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Chapter 4

Conservative sector

This chapter aims at computing the EoM and conserved quantities up to next-to-next-to-leading
order or NNL/2PN order (meaning 2PN beyond leading order) for tidal effects. It is organized as
follows. In Sec. 4.1, we define the general effective action with appropriate non-minimal matter
couplings describing finite-size effects. In Sec. 4.2, we give some general methods that were used at
the level of the action and Lagrangian to derive the EoM and conserved quantities. The quantities
entering this action are determined by the 2PN metric, presented in Sec. 4.3.1 and computed off-shell,
i.e., without replacement of accelerations by the EoM. The final Lagrangian, accurate to NNL/2PN
order, is displayed in Sec. 4.3, together with the associated NL/1PN center-of-mass (CoM) position.
We then derive, in Sec. 4.4, the tidal dynamics in the CoM frame for general orbits. From the
Lagrangian derived in the CoM frame we deduce the associated Hamiltonian in isotropic coordinates
in Sec. 4.5. We then provide the EoM as well as the conserved quantities for quasi-circular orbits in
Sec. 4.6. In App. C we show that the tidal multipole moments up to the NNL/2PN order can be
defined equivalently by means of either the Riemann tensor or the Weyl tensor. Finally, we give in
App. D.1 the complete tidal acceleration in a general frame for arbitrary orbits to NNL/2PN order.
This chapter is based on the two papers [0, §].

4.1 The effective matter action for static tides

4.1.1 Generalities

As mentioned in Sec. 3.2.1, we model the compact objects as point-like sources using the point-
particle action. This action is an effective action describing the minimal coupling of matter to gravity.
The first step is to go beyond the minimal coupling in order to define finite-size effects in the action,
called non-minimal action Sy,,,. This is done using effective field theory. Note that in Part II, we
consider static tides, meaning that we assume that each body always stays in static equilibrium, and
we neglect their coupling to spins. In order to define such an action, we need to introduce a local
inertial coordinate frame along each body worldline, together with the associated local tetrad ey
where the hat indices denote the tetradic components. More details on the choice of tetrad are given
in Sec. 5.1.3. In its own local frame, the body feels the tidal multipole moments generated by the
other bodies at its very location, namely the ¢-th order mass-type moments G; and the current-
type ones H;, where those quantities refer to the spatial tetradic components of the moments, i.e.
projected along the local tetrad, with L =111 denoting a multi-spatial index composed of ¢
spatial tetradic indices.

The internal structure is then entirely determined by the mass and the EoS. Thus, the elementary
bricks that are allowed to construct S, are tensors defined from the metric only and evaluated at
the given particle position, with all indices contracted so as to preserve the invariance under rotation
and parity in the corresponding constant-time hypersurface of the local rest frame. In our case, it is
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sufficient to consider the same non-minimal terms as in Ref. [102], built from quadratic couplings in
the tidal moments G, and Hy. Hence the form of the matter action (adding also the particle’s label

A€ {1,2})!

:§22€' [NA /dTA TA )2_|_ €+1 )/dTA (T4) )2
/dm TA)2+ 'w/dm ) e @

The ellipsis indicates many higher-order non-linear combinations of the tidal moments and their
covariant (proper-time) derivatives, which we do not need to include here (see e.g. Eq. (2.3) of [100]).
For more insight and motivation about the non-minimal action, see Refs. [103, 104, 105, 100] and
the treatment of tidal effects in the Newtonian model as recalled in App. A of [()].

The above tidal moments are given by appropriate covariant derivatives of the Weyl tensor. We
define first the spatial tetradic components of the moments appearing in Eq. (4.11) below (for ¢ > 2)
as

Gz‘ = —02 [Vﬁi tee vie—QC%e—ﬁ%e)O] 4 s (4.2&)
A *
Gﬁ = 203 |:v(21 cee V%éi2 C{elmem] ) . (42b)

The angle brackets over the /¢ free spatial indices L =17, -1, of the above tensor expressions means
that they must be replaced by their symmetric and trace-free (STF) parts over those indices, the
underlined indices being excluded from the STF projection. We denote by V4 the usual covariant
tetradic derivative (we pose & = (0, 7)), whereas C., apys and C7 446 Tepresent the tetradic components of
the Weyl tensor (whose definition is recalled in Eq. (C.2)) and its dual respectively.” By construction,
the tidal moments (4.2) are symmetric over their spatial indices L and all their traces are Z€ro, i.e.,

e —}

1192 1112++%p
Next, we introduce the covariant versions of the previous tidal tensors. Since u* = eﬁ“ , this is
achieved by imposing that they live in the particle’s local spatial hypersurface, which is orthogonal
to the four velocity. Thus, we complete the definition of the tidal moments (4.2) by requiring them
to obey
G& o =HY o =0. (4.3)

062Gy 062y

In this way, Ga,..a, and Hg,...q, are both Lorentz tensors and covariant scalars, while their covariant
versions in an arbitrary coordinate system {x*} read

A o

Gur"ue - _C2 V th QCM_1£W>U Auil Up s (4.4&)
A _ 3 1 * o

Hy ., =2c V Vo, O pu)e Au‘;‘uA. (4.4Db)

'The constant mass of body A is denoted m4 and its proper time dra = (—[g,u,]ady’ydy’/c?)'/?, where 34 (74)

is the particle’s worldline. The four velocity u/y = dy’/(cdra) is such that [g,,]auyu’y = —1, with [g,.,]a denoting
the metric regularized at the location of body A; this is of course nothing but the time—time component of the
Ap Av

orthonormalizing condition of the tetrad, 0,5 = [g]a €5 e;”.
2595 = =1ie Eapii C’”C’?s or, in covariant form, C,,, = 1ean C’A’{pa,
tetradic components of the completely anti-symmetric Levi-Civita tensor €50, defined by €4153 = 1 and €g123 = /—¢.

The tetradic covariant derivative obeys, e.g., V&VB = e@#eﬁuv#w.

2In our convention, C* where €5446 denotes the
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Here, we denote V,f =1, V,, with L7= 0, + u,u” being the projector onto the hypersurface

orthogonal to the four velocity (notice that L= (0,e/)). Also, the operators V+ commute, and
the operator th . Vj@ has to be understood as L2 --- L7 V,, ...V,,. The tidal moments are
both STF over all their space-time indices and transverse to the four velocity, namely u* G,...., =
ut Hyypyeop, = 0, which is equivalent to (4.3).

Very important to the formalism is the fact that the Weyl tensor and its covariant derivatives
in (4.4) are to be evaluated at the location of the particle A following the regularisation, as indicated
by the square brackets [- - -] 4. Physically, the regularisation is crucial because it removes the self field
of the particle A, and therefore permits automatically selecting the external (tidal) field due to the
other particles B # A. We know one regularisation able to give a complete, consistent and physical
answer in high PN approximations, namely DR (see e.g. [106, 83]). In our practical calculations at
the relatively low NNL /2PN order, it is simpler to use the Hadamard partie finie regularisation, since
it has been shown [100] to be equivalent to DR (see also discussions in Ref. [83]).

As the tidal moments are transverse to the velocity, the action (4.1) can be rewritten in covariant
form as

1 €9 A (oA RERYeY l £) A a0
&m:ZEQmPA/““%WﬁXZ+w+ma%/%m N

A 0>2

We observe that the reference to the local tetrad has completely disappeared from the action. For
convenience, we will work only with the global (tensorial) components G and H, of the
moments henceforth.

The coefficients ¥ and ¢ entering the non-minimal action characterize the deformability and
polarizability of the body under the influence of the external tidal field. They are linked to the
dimensionless mass-type &) and current-type j) second Love numbers as [100]

25827 1y

2 (-1
0 _ () p2e41 0 _ :(0) p20+1
G“4_(%—¢kaRA ’ G“‘_4w+2x%—1w]ARA ’ (46)

where R4 is the radius of body A. In the effective description Eq. (4.5) of compact objects, only the
coeflicients u%) and aff) are measurable. The normalization constants in u%) in are chosen to match
usual Newtonian definitions.

The polarizability coefficients (4.6) actually determine the formal PN order at which the tidal
effects appear. For compact objects the compacity parameter defined as the ratio C = Gm/(Rc?) is
of the order of one. Inserting C ~ 1 in (4.6), we recover the fact that the dominant tidal effect is due
to the mass quadrupole and is formally of the order of

1
€tidal = CTO ) (4-7)

i.e., is comparable to a 5PN orbital effect. With the notation (4.7) for the dominant effect, we see
that the deformability coefficients in the action scale like

l l €tidal
W o0} =0 (). (48)

We are now able to truncate the action (4.5) in order to consider only the quatities contributing up
to NNL/2PN.

4.1.2 The total 2PN action for static tides

To sum up, the total action that we consider is then

S =S, + S, (4.9)
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where the gravitational part S, is the standard Einstein-Hilbert action, to which we add the appro-
priate harmonic-gauge fixing term

/ d'z =g [R - gwr#r"} (4.10)

5 = 16 G
with I'* = ¢g??T'% . Then the matter part up to NNL/2PN is
L) e SO .
Sw=3 [dra |—mact + Bighon + Zonsmy + P a4 0 ( e > RNOREY
A

As discussed above, the tidal tensors are normalized in such a way that their leading order in the PN
expansion is 0. So the order of the different contributions are determined by the tidal polarizabilities
whose orders are given in Eq. (4.8). In particular, the only tidal polarisabilites that have an order
lower than 1/c!* are

5 5 1 3 1 €idal
ME4) ~ 0'1(4) ~ ﬁ = Etidala uf‘l) 014 = C4 . (412)
Then the relevant tidal tensors, generally defined in Eq. (4.4), are given by
G’A = —CQRﬁquAuZ, (4.13a)
HA 23R4 upl,)auAuA : (4.13b)
G)‘MV - V RﬁpV UAUA . (413C)

The Riemann tensor and its dual are evaluated at point A following the Hadamard regularisation,
and we denote V RAVW = (Vi Ruwpo)a its projected covariant derivative evaluated at point A,
with (V)4 = (J_A Vi)a with (LX)4 = (65 + upu”)a. Note that they are defined with respect to
the Riemann tensor and not the Weyl tensor. In App. C, I show the equivalence between these
two definitions. Furthermore, replacing the STF operator by the symmetrization operator in the
definitions (4.4) for the mass quadrupole, current quadrupole and mass octupole moments does not
affect the values of those tensors. The resulting expressions are simpler than the original formulae.
However, the off-shell mass-type tidal moments defined in this manner are no longer trace-free,

contrary to their Weyl counterparts.

4.2 General methods

Now that the matter action is defined, we wish to compute its associated Lagrangian in order
to derive the EoM and conserved quantities. In this section, we show some methods to simplify the
problem.

4.2.1 The Fokker method

Let us consider an action S that is a functional of the metric g,, and the dynamical variables

of the system ¢ = {4, Ua, a4, .. ,d’ff)}. The Fokker method is a way of defining another equivalent
action in a perturbative problem. It consists in the following steps:

1. we start from the total action S = S; + Si = S[q, 9]

2. we solve the Einstein field equations resulting from the metric variation. This yields a solution
(sol)
iy 1d]

3. we insert g5 back into S, which defines the Fokker action Sk[q] = S[q, g5V [¢]]

Moreover, in our problem the so-called solution metric gfﬁ?l) is the PN metric which is already known
in terms of potentials up to 4PN. This method, quite simple in practice, drastically simplifies the
problem as shown right below.
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4.2.2 Properties of the Fokker action
The Fokker action has two powerful properties:
1. the dynamics for the matter is identical to that of the original action .5 =0 < 6Sp =0

2. in a perturbative scheme, the Fokker action in which we insert the first order metric solution
is equivalent to the Fokker action in which we insert zero-th order metric solution up to first
order

Proof of 1.
Recall that g(SOl satisfies 5 [q guslf’l | = 0. By varying the Fokker action we get

05 08 0G0
wfz/&xK&)wg$%m+(@ )q%#]ga4
uv

0 by definition

—/d4 <5S> ¢, 9%D)5q. (4.14)

If §S = 0, then 25 -la. g] = 0 and so 6Sr = 0 and reciprocally. In the end 65 = 0 < 6Sp = 0.

%

Proof of 2.
Let us consider the action of the form S[q, g,] = S©[q, g,u] +SM g, g, ], Wwhere ¢ < 1. In our case,
€ = €iiqa1 Decause tidal effects are at least a 5PN contribution. Then the metric can also be split in
two parts g(SOI) = g(SOD + gg(som. Then we can compute the difference between the Fokker action
defined rlght above Wlth the Fokker action in which we replaced the metric by the 0® order one

Srlal = Slg, 95" = Sla. 9] = Sla, 9"
= [t (2 ) ol + 0 (1.15)

O(e) by definition

= 0(¢%),
which shows that Sy and S|q, glfyol %] are equivalent up to O(e).

In the case of tidal effects, the 0" order metric is the PN point-particle part and the perturbation
is the tidal one. We want to compute the EoM and conserved quantities including tidal effects up to
NNL/2PN, which corresponds to a 7PN effect (1/c*). Since O(e2y,;) = 1/¢%, it is amply sufficient
to inject only the point-particle part of the metric in our action. The same argument has also been
shown and used in Sec. ILE of Ref. [100].

To sum up, our starting action to derive the Lagrangian is Sy +.5,, (given in Eq. (4.10) and (4.11))
in which we replace the metric by the already known point-particle PN metric. Even though we do
not control entirely the PN metric at the requested order (7PN), we have shown that the matter
dynamics using this action is equivalent to the original one. Once we have this particular Fokker
action Sglq] = Slq, ghblql], it is straightforward to compute the associated Fokker Lagrangian Ly =

LF(Z?AJ UAu 6,4, s 76:5470)

4.2.3 The reduction method

At this stage, we know the Fokker Lagrangian Lg(¥a,Ua,da, . .. ,c?ff)), which is a generalized
Lagrangian. We want to reduce its expression by finding another Lagrangian that gives equivalent
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matter dynamics and limiting as much as possible the number of derivatives of the accelerations
while remaining in the harmonic coordinates. The reason why we want to reduce the Lagrangian
is that it becomes simpler to derive the conserved quantities (see Sec. 4.3.3). It is possible [107] to
manage that the new Lagrangian then depends on the positions, velocities, accelerations and merely
is linear in the accelerations. We generally cannot reduce it further without losing the harmonic
gauge condition. The method is the following

1. We replace each derlvatlve of the acceleration appearing in the La%ranglan by the sum of its
on shell value A = AW (74, 74) and a parameter 6@, namely @y = A% + 6@+, Note that
by definition, 6@*|, sherr = 0.

2. After the first step we end up with three types of terms:

o The ones that do not contain any (56%), these ones are to be left unaltered.
o The ones that are linear in (56%) which we need to keep.

o The ones at least quadratic in 56&?, called double-zero terms. We can drop them because
they do not affect the EoM. Indeed, the variation of a product of 565;“) is of the form
5(6aFN6G% | e + 656G 5GE | s = 0, by definition of 6@%. Thus, they always
vanish.

3. We consider the terms linear in (56(:). In those terms, we replace back 565:“') = EL’(:) — /Y(:).

By doing so, the part proportional to the acceleration, which is necessarily a scalar product
C (¥a, 17,4).67%), can be replaced, using an integration by part and droping total time derivatives,
by

Clfa,#4).85) = —Clgia, Baydn).idy ", (4.16)

At this stage we eliminated all the products of derivatives of the accelerations and lowered the
number of time derivatives by one.

4. We reiterate the three first points until the obtention of a Lagrangian L(ya, U4, d4) depending
only on the positions, velocities, accelerations and that is linear in the accelerations. This last
point comes from the fact that we can drop double zero terms.

4.2.4 Derivation of EoM and conserved quantities from a generalized

Lagrangian
Let us consider a generalized Lagrangian L(ya, U4, d4, ... ,c?(f)). We can derive [82] the EoM of
such a Lagrangian using the generalized Euler-Lagrange formula

§L w2, d ([ oL
— = NV — | = 4.1
5y’ Zﬁ( T <8<y34>“>> b (4.17)

where (y%)® is the (" time derivative of the positions. Eq. (4.17) gives an expression of the acceler-
ations with respect to the other dynamical variables, namely a’y = a%y (¢4, T, da, - . ., &’(f?)). However,
the acceleration entering in the right-hand side are of lower order (because they are multiplied by
inverse powers of ¢). This implies that we can replace iteratively its value in order to find a%(¢a, U4).

The computation of the conserved quantities requires some more work [32]. As already said,
reducing the Lagrangian simplifies the following expressions. We define the conjuguate momenta p%
and ¢Y of the positions and velocities of particles A

; 0L 0L d (0L
Pa= oy 8UA (8@%) 7 (4.18a)
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(4.18b)

These quantities allow deriving the 10 conserved quantities associated to the reduced Fokker La-
grangian Ly in the following way

E = ZA: (vf‘lpf‘l - agqi‘) — L, (4.19a)

Pi=3"pl, (4.19Db)
A

J' = e > (yﬂpﬁ + UAQZ) ) (4.19¢)

G'=-7"+ ZA: —qy + 012 (vl + yadhal +vidioh) | (4.19d)

where E is the energy, P* the linear momentum, J? the angular momentum and G the CoM position.
The CoM position is tricky to compute because of the definition of Z?. Indeed, under a Lorentz
boost W*, the particle trajectory transforms as vy — y4 + dyYy and the Lagrangian as L — L + L.
Explicitely, they read dy’y = —Wit+ S Wiy)vl + O(W?) and 6L = W'dZ' /dt+O(W?) which defines
Z'. After applying the boost on the Lagrangian, one needs to find the expression of Z* in order to
compute the CoM and so has to "integrate' the linear in W* part of JL.

4.3 The NNL reduced Fokker Lagrangian in a general frame

With the above methods in hand, we are now able to apply them to our problem. We first need
to compute the tidal tensors using the unreduced values of the point-particle potentials. Then we
can insert them in the definition of the Lagrangian in order to reduce it. Finally, we will be able to
derive the EoM and conserved quantities.

4.3.1 Computation of the regularized tidal tensors

At the 2PN order, the metric of a general matter system in harmonic coordinates, given in
Eq. (3.35), can be parametrized by the set of potentials {V V;,VAVZ-j,]%i,)A( } whose definitions are
given in Eq. (3.36). To perform a consistent Fokker reduction of the original action, the solutions
of Egs. (3.36) must be in principle constructed with the symmetric Green function, which kills all
contributions of odd powers of 1/c at the current approximation level. As discussed above, thanks
to the properties of the Fokker action, we only need the metric produced by point particles and
can neglect tidal effects when inserting the metric (3.35) into the Fokker action. Therefore, we
just require the potentials for point particles without including any internal structure effect. The
relevant potentials have already been published in, e.g., [108], except that we compute here their
off-shell values, without replacement of accelerations by means of the EoM (we then call them the
“unreduced” potentials). However, it is known that the replacement of accelerations in the action is
equivalent to performing an unphysical shift of the particles’ worldlines [109]. T have checked that,
indeed, by inserting the reduced (on shell) versions of the potentials into the action, the final gauge
invariant result for the conserved energy reduced to circular orbits, comes out the same.

As already said, in practical calculations, I used the Hadamard regularisation, which is equivalent
to DR up to the relatively low NNL/2PN order [100, 83]. The method to regularise quantities at
point A using Hadamard partie finie is explained in Sec. 6.3.2. After performing a (3 + 1) splitting
of the tidal tensors and injecting the 2PN point-particle metric, I found?

3The notation 112 = |y; — ya| represents the Euclidean distance between the two bodies (at constant time 39 =
yS = ct); the unit direction from body 2 to body 1 is then n}, = (yi — v4)/r12; viy = v} — v} stands for the relative
velocity; the usual Euclidean scalar product of vectors is denoted with parentheses, e.g. (nij2v1) = nis - v1; the cross
product is denoted, e.g. (n12 X v12);, and the mixed product, e.g. (ni2,v1,v2) = (n12 V1 X v2).
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The other components of the tidal moments are readily obtained from, e.g., the relations [Gy;]i =
—v] [Gyj]i/c and [Gooli = viv] [Gyj]1/c?, which are equivalent to [Gysli = [Gg:li = 0 in tetradic
notation. In Eqs. (4.20), most of the terms are STF, which we denote by angular brackets surrounding
the indices. Note however the appearance of pure trace contributions, due to the fact that we have
not resorted here to tetradic projections and have used the Riemann tensor instead of the Weyl
tensor (see the discussion in App. C).

4.3.2 The Lagrangian

After computing the values of the tidal tensors, I injected them in the total Lagrangian, which

led to a Lagrangian L' = L'(§a, U4, d4, 6(A1), cff)). I applied the reduction method as explained in

Sec. 4.2.3 and obtained the reduced NNL/2PN Lagrangian in a general frame
L = Ly, + Liigal (4.21)
where I recovered the well-known point-particle Lagrangian

miv?  Gmyms

L. =
bp 2 2T12
1 G*m?m mvt  Gmim 1 3 7
+ =z {_ 27"%12 L ; L T112 2 <_4(n12u1)(n12112) + 51)% — 4(1111)2))
N 1] G*mimy | 19G*mim3
ct 273, 813,
G?*m? 7 7 1 1 7 7
:%mQ <2(”12U1)2 - 5(77/12111)(%1202) + 5(7112112)2 + Zv% - 1(011;2) + 41@)
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2 (1201) 2 (n1202)? — < (11202) 203 + <0t + (01 (M1202) (V1)
12 16 8 8 4
1 15 mqv8
— 2v7 (v1v9) + é(v1v2)2 + 161}%1}3) + 116 ! (4.22)

o

7 1 7 1
+ Gm1m2 (—4(@11}2)(71121}2) — g(nual)(nlgvg)z -+ S(Tllgal)U;) } —+ 1+ 2 + O ( ) ,

and the expression of the tidal part of the Lagrangian up to the NNL/2PN order in harmonic
coordinates

G*m?2 (3 1 9 9 15
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Note that the last term, although it does not contain any explicit 1/c-factor, is actually a NNL term
(see Eq. (4.8)). The notation 1 <+ 2 means that we add the symmetric counterpart in the exchange
of the two particles of the expression.

4.3.3 The EoM and conserved quantities

The method for computing the EoM and conserved quantities are detailed in Sec. 4.2.4. The
generalized Euler-Lagrange formula has been used to derive the NNL/2PN accelerations. Since the
problem is perturbative, I replaced iteratively the on shell accelerations with their value in terms 3
and vY only. The result is displayed in Eq. (D.1). T have checked that their value is in agreement
with the literature (up to NL/1PN;, since the 2PN was not derived yet) and that they are invariant
under a Lorentz boost as they should be.

The structure of the leading order EoM and energy allows to compute the corresponding CoM
quantities at NNL/2PN order without requesting G* itself at that order. So it is sufficient to know
the CoM at the NL/IPN for this calculation given by G* = G}, + G4, where

i ;o Gma 1
Cv’pp—7’/7,1yl+202(v1 i >y1+1<—>2+0<c4) : (4.24)

and where the dominant tidal piece appears only at the NL/1PN order and reads

i 3G°m3  (2) i yi Etidal
Gligal = 25,2 pi | 3ngg — - +1<2+0 ( o ) : (4.25)

The other conserved quantities in a general frame are quite lengthy, they are given in the CoM in
Eqgs. (4.42) and (4.43).
4.4 Lagrangian and conserved quantities in the CoM frame

The CoM frame is defined as the frame in which the equation G = 0 holds. Solving for G = 0
yields the CoM position of the particle 1 as a function of the relative separation and velocity. I found
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Y1 = <y1>pp + (?/i)tidala where!

; vA Gm i 1
(yl)pp = lXQ + 2762 (UQ — 7“)] '+ O (C4> s (4.26a)
3 3G2 1 ida.
(Y1) tidal = —WTCZV A,uf) + 5,LL(,2) 2+ 0 (Gtcj 1) , (4.26b)

with the position of the particle 2 obtained by the exchange 1 <+ 2. The velocities v = (v!),p +
(v))tidal are found by differentiating Eqs. (4.26a)—(4.26b), using in that process the full EoM, which
include the tidal effect. Here and below, we define the following convenient combinations of the tidal
polarizabilities:

a1 /my ¢ o 1 /mg z my
0= L(M 0 0) oL mey
2 ma mo 2 m1 meo
where the chosen normalisation is such that M(Z) = ,ugé) = ugz) and ,u(_é) = 0 when the two bodies are

identical, with the same mass and internal structure. Likewise for af).

their adimensioned value that will be used later on

02 2041 02 20+1
(¢ ¢ ~(¢ ¢
Mgz) = (Gm) G/ii)a USE) = (Gm) GUS:)- (4.28)

At this stage, the EoM in the CoM frame can be derived in two possible ways: either by computing
the CoM acceleration a' = a% — a), directly, based on the replacement rules (4.26a)-(4.26b); or by
deriving first the expression of the Lagrangian in the CoM frame, varying it and then recover the
EoM. I resorted to the two methods and the results are in full agreement (see also [38] for further
details on the second method). The CoM Lagrangian may be decomposed as L = Ly, + Ltiga;, Where

It is also convenient to define

L,y is e.g. given by Eq. (4.2) in [110] while the tidal part is, up to NNL/2PN order
Ltidal GQm (2) 1 (2) 27 45 (2) (2) (2) 15 3 15 2)
. = s 3py +§ JIa (2 +9V>+2A,u — 2407 72 4 Y (4 +2y>—4A;¢_

Gm 27 15 1

45 9
{ [uf) (21 - 2;/) + Ap® <21 - 2y>

- 48Va+)] Qo + [m ( 60 + 18V> +Au® (—60 4 18V> + o ( 16 + 48V) - 16Aa(_2)] i

39 27 39 9
+ [uf) ( -2 > +Ap? ( - 1/) + 16012 + 16Aa<_2)] anv2}+ [u(f) (36 T+ 181/2)

2 4 2 4
189 45 99
+Ap? <27 - 18u> +of (72 - 96u> + 48Acr(_2)] i+ lﬂf) (—4 7w — 2u2> +Ap? (—4
i ) 2] 249 2T 39 27
5 ) +ol )< 114 + 132y> - 54Aa(_)]r%2 + lui)(m — 120 - 1/2> + Aup® )(16 + 8”>
G 249 355 303 135
+ o <42 - 36y> +6A07 ]v + m{ [uf) (—2 + 5 391/2) + Ap® <—2 + 2y>
12 21
+280% — 44A0(2)] P2 4 luf) (43 —Alv + 3u2) + fAu@) — 28?4+ 44A0(2)] v2}
4We pose 2 = yi — 94 and v’ = da'/dt; r = |x| = 712 denotes the separation, n' = 2%/r the unit direction,

and we have 7 = (nv) = m - v; mass parameters are: the total mass m = m; + mg, the symmetric mass ratio
v =mimy/m? = X1 X3 and the mass difference A = X; — Xy, with X4 = m4/m.
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Note again that the last term is actually a NNL/2PN contribution. The corresponding relative CoM
acceleration is displayed in App. D.1. Similarly, the tidal part of the conserved energy E = E,,+ Eiidal
is
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Finally, for the CoM angular momentum .J* = J/ +Ji,4,, the tidal part reads (denoting L’ = e;jz270")

15 15 1 303 393
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+0 (6“6‘&1) . (4.31)
C

The point-particle pieces Ejp, and J! are depicted in Eqs. (4.8) and (4.9) of Ref. [110].

4.5 The tidal Hamiltonian in isotropic coordinates

After the publication of our first paper on the conservative part of tidal effects [6], some other
groups, using different techniques, such as scattering amplitude [60] and EFT [54] had computed the
Hamiltonian including tidal effects up to 2PM (second post-Minkowskian order beyond the leading
order, i.e. from order G°® to G®). However, the comparisons of our results were not trivial since
they used a Hamiltonian approach while we used a Lagrangian approach. As their Hamiltonians
were given in isotropic coordinates, in order to check the consistency of our three results, we derived
the Hamiltonian in isotropic starting from our Lagrangian (4.21) and then compared our result with
the PN expansion of their Hamiltonian. The overlap of our results turned out to be in complete
agreement.
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To construct a Hamiltonian from the Lagrangian (4.22)-(4.23), we need to remove the accelera-
tions at NNL/2PN orders by means of shifts of the particles’ trajectories also known as “contact”
transformations. For a generalized Lagrangian L(y’, vY,a’;) that is linear in accelerations and such
that the accelerations appear at the highest considered PN order (in our case NNL/2PN order), the
contact transformation can be taken to be 3%y, — Yi = v + dyY with [32]

; 1 . OF 1 6t1da1>
oyy = — g4 + =— o(— 4.32
Ya ma <QA + 6'(]34) + (CG ) 06 ) ( )

where, ¢, = ¢, op T ¢y tiqay 18 defined in Eq. (4.18b) and F = F,, + Fida is an arbitrary function
of the positions and velocities present at the highest 2PN and NNL/2PN levels. The effect of this
contact transformation, combined with the addition of a total time derivative, yields the physically
equivalent Lagrangian L — L + 6L with the extra contribution

oL ; dF 1 €tidal
5L = Sy + S 1+ O ( ) . (4.33)
A§2 oy, A dt 8 b

Here, 0L /8y’ is defined in Eq. (4.17) evaluated off shell, without replacement of the accelerations.
With the choice (4.32), the new Lagrangian is now ordinary, i.e., depends only on positions and
velocities but is no more written in the harmonic coordinates.

As already said, the function F' can be adjusted at will and, for the point-particle case, it can be
chosen in such a way that, starting from the harmonic-coordinates Lagrangian, the target Lagrangian
uses position variables corresponding to ADM coordinates. For convenience, I adopted for F' the
point-particle part leading to ADM coordinates, without tidal terms and up to NNL/2PN order.
Thus, according to Eq. (4.15) in [82], T took

G Gmy (7 1 1 !
b= mim2{ " (4<”12v1) — (n12v2)> + 4(711202)?1%} tl1e2+0 (06> ' (434

C T12 4

After the specific contact transformation (4.32)—(4.34), the Lagrangian L' = L+0L is a functional
of trajectories Yi = v’y + dyYy and velocities V; = dY}/dt. A Hamiltonian H’' follows from the
usual Legendre transformation. We denote the conjugate momenta P} = dL'/dV}, and also pose
R12 = |}f1 — }fg|, Nb = (}/11 - }/Qi)/Rm, (NIQPI) = N12.P1 etc. 1 derived Hl = Hé)p + Ht,idah given
in App. D.1, where the point-particle part reproduces the Hamiltonian in ADM coordinates to the
considered order [111].

From now on, we restrict attention to the frame of the CoM, for which the relative canonical
momentum is simply P = P, = —P,. Setting R = Rj5 and N = N},, we further change notation to
introduce appropriate reduced variables

/
=L p- L Rl
mv my Gm

With the Hamiltonian (D.3)—(D.4) in hand, one has a large freedom of variables provided by
arbitrary canonical transformations. On the other hand, the community of scattering amplitudes
and the EFT are deriving Hamiltonians in the PM approximation using isotropic coordinates, say
(p,p) [58]. Isotropic coordinates drastically simplify the expression of the Hamiltonian, which then
depends on the momentum p only through its norm p? = p? and not on the radial component (p.n)
separately (with n = p/p). Thus, I performed a canonical transformation from the reduced variables
(X, P) to (reduced versions of) new isotropic variables (p, p) where the generating function G(X, p)
has been conveniently chosen to get the Hamiltonian in isotropic coordinates

R S S 2 N I 2 L N L S T B B 1
Gpp = ( p){R+2CQ+C4lR(—4u+4y>+8V( D) +<41/—8V>p +O<C6>,

(4.36a)

(4.35)
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G/@X and p¢ = 8G/9p'. The Hamil-

A

%)
H'(X,P). To NNL/2PN order, I found

with the canonical transformation being spemﬁed by pi
tonian in isotropic coordinates is obtained as H so(p. p)
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This Hamiltonian can be compared to the PN expansion of the Hamiltonian derived by the other
groups. Of course, we recover for H 150 the 2PN expansion of the 3PM Hamiltonian given in Eq. (10.8)

of [56].° Gladly, we also find a complete agreement for A9 with the PN expansion of the NL PM
tidal Hamiltonians in Eq. (7) of [60] and Eqgs. (19-20) of [54]. Namely, the results agree with the
overlapping terms of the mass and current quadrupoles up to order G* and up to the NL /6PN order
O(€tidal/c?). They also agree with the leading G? order of the mass octupole in [54] up to NL/1PN
order. Note that the NL/1PM approximation computed in [60, 54] gives all the PN tidal terms at
orders G? and G® up to NL/1PN order but overlooks those in G* arising at NNL /2PN (see the last

line of Eq. (D.4)).
4.6 Tidal effects for quasi-circular orbits

Going back to the conserved quantities, we continue the computations in the case of quasi-circular
orbits, i.e. orbits that are quasi-circular in our harmonic coordinate system. The relative acceleration

SFor point-particles without internal structure, the nPM Hamiltonian permits controlling the (n — 1)PN approxi-
mation. Thus, the 3PM conservative Hamiltonian is sufficient to completely control the 2PN conservative dynamics.
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of the binary system is of the form

4 1
a' = —w’z' + L~ F" (4.38)

5 reac’

where w is the orbital angular frequency and F'__ is a radiation reaction force which appears at
2.5PN. This means that 7 = O(c™°). However, our Lagrangian approach is purely conservative so
the radiation reaction in (4.38) has to be added ad hoc using another method. Furthermore, one
can explicitely see in Eq. (D.2) that the CoM acceleration is purely radial, namely a' = —w?z?, thus
we can read off w from this expression. Relevant quantities will then depend only on the bodies’
separation r or equivalently, on the orbital frequency. In the case of circular orbits, it is convenient
to introduce the dimensionless PN parameters associated with the separation and orbital frequency

as

Gm (Gmw>2/3
T = .

)
rc2

Y= (4.39)

3
By identifying the expression of w? from the circular-orbit EoM as explained above and expressing
in terms of «y iteratively, I recovered the well-known formula for point masses at the 2PN order, with
a non-trivial NNL/2PN relative tidal contribution

[1 + (=3 +v)y+ (6 + 6411/ + u2) 72] + O (1> : (4.40a)
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+(—616 + 264v)5% + 2004 5% + 120 1] 4 } +0 (Et‘dal) . (4.40b)

Note that, as mentioned before, the remainders are of the order O(1/c®) and not O(1/c¢”). The next
step consists in determining the relation between v and z, by inverting Eqs. (4.40), which gives

v 65 1
Yop = T [1 + (1 — 3) T + (1 - 12V> :Jc2] +0 (cﬁ) , (4.41a)
37 25
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440 88 ~(2) 200 ~(2) ~(3) €tidal

The conserved energy for circular orbits can now be computed. To do so, I took Eq. (4.30) to which
I added the point-particle part, set = 0 and replaced v? = r2w? by its expression in terms of the
parameter 7 using Eqs. (4.40). This yields E first as a function of 7. I finally inserted there the
previous relation (4.41) to get an important result, namely the expression of the circular energy as
a function of the frequency-dependent parameter x

1 3 v 27 19 2 1
EPP = —imyxcz ll + (_4 - 12) T+ <—8 + gV - 24) $2] +0 (06> ) (4423)
1 121 55
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This is the quantity we will insert in the energy balance equation in order to derive the GW phase. |
also computed by the same method the constant angular momentum for circular orbits, which reads

Gm?v 3 v 27 19 v?
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(4.43b)

I have verified that the energy E and angular momentum J for circular orbits are linked by the

relation 9% 97 .
€tidal
— =w=— — 4.44
Ow w8w+0(06’ cﬁ>’ (4.44)

which is just one aspect of the “first law of binary point-particle mechanics” [112].

To conclude, T compared the invariant energy as given in (4.42) with existing results in the
literature. In Table 4.1 is provided for each order and for each tidal multipol contributing to the
conserved energy Fiiqai(7) the references which we agree with.

FEiiaa () Mass quadrupole Current quadrupole | Mass octupole
5PN (L) | [90, 113, 100, 114, 97]

6PN (NL) [100, 114, 45] [100, 45, 115]

7PN (NNL) [100] [100] [100, 116]

Table 4.1: Comparison with the existing literature. We indicate for each order and each tidal
multipolar piece contributing to the conserved energy the references to which we agree with.

Note in particular that there is full agreement with all results of Ref. [100]. T have checked, notably,
that by re-expanding the tidal effects entering the EOB Hamiltonian [100] in the form of a PN Taylor
series, I recover exactly Eq. (4.42). However, I do not recover the 6PN coefficient for the current
quadrupole piece in the preprint [116], where the discrepancy is by a factor 2. This must be due to
a mistake in this paper.
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Chapter 5

Radiative sector

In this chapter, we compute the tidal effects in the GW energy flux up to NNL /2PN order within
the PN-MPM formalism discussed in Chapter 3. The PN-MPM approach describes the waveform
by means of mass and current radiative multipole moments defined in the asymptotic region, which
are themselves related to some appropriate source-type multipole moments defined in the near zone
for the whole matter system. Beware that we work with two different kinds of multipole moments:
the tidal moments, describing the individual deformation of the bodies, and the source multipole
moments describing the matter distribution of the overall system. The summary of the steps of the
computations in the radiative sector is given in Sec. 3.3. The chapter is organized accordingly as
follows. In Sec. 5.1, we recall the matter action we start with (details of its construction are given
in e.g. [100, 6]) and compute the stress-energy tensor of the system as well as its 3+1 decomposition
rewritten in a convenient form. Next, we calculate, in Sec. 5.2, the potentials sourced by the previous
stress-energy tensor (some long formulas are relegated to App. D.2). In Sec. 5.3 we apply the GW
generation formalism, which yields the expressions of the source multipole moments of the binary
system in a general frame. Those are then specialized to the CoM frame and, in a last stage, for
circular orbits (while the moments written in a general frame are too long, their CoM expression are
displayed in App. D.2). As for the instantaneous GW flux, it is computed in Sec. 5.4 in a modal
form based on the mode decomposition of the source multipole moments. The missing tail part is
obtained from those flux modes. In Sec. 5.5 we present the result for the phase evolution, both in
the standard Taylor form and in the Fourier domain, using the stationnary phase approximation.
Finally, in Sec. 5.6, we conclude and make comparisons with the existing literature. This chapter is
based on the paper [7].

5.1 The stress-energy tensor from the tidal effective action

In the preceding chapter, we analyzed the motion of a compact binary system including tidal
interactions. To do so, we considered the gravitational Einstein-Hilbert action endowed with the
standard harmonic gauge fixing term 4.10, to which we added the effective matter action for a system
of N massive gravitationally interacting compact bodies with internal structure in the adiabatic
approximation (4.11). The motion was obtained by varying the associated Fokker action. The next
important step in this approach, pursued in this section, consists in the computation of the matter
stress-energy tensor, whose vocation is to be inserted into the adopted GW generation formalism.
For that purpose, we need only the matter part of the action which admits the general form

N
sz Z/dTALA7 (51)

A=1
where the term associated with particle A integrates over its proper time variation d74 which is such
that the four velocity cu!y = dy/y/dra is normalized to g, uju’y = —1. Here, g/, means that the

o7



metric is evaluated at the location of the particle A, with the self-field contribution from A removed
with the help of an appropriate self-field regularisation, namely DR.

In the approximation of point particles (pp) deprived of internal structure and unresponsive to
tidal fields, the action is given by the standard mass term. To describe the response of the internal
structure of the compact objects to tidal interactions, we add to the point-particle action the already
truncated specific non-minimally coupled piece:?

(2 ey (

LA = —MmMy C + 7GA G'uy + WHA H'uy + G}\MVGXLV . (52)

To the NNL/2PN order investigated in this chapter, it is sufficient to consider the above three
terms, made of quadratic products of mass and current tidal multipole moments, namely the mass
quadrupole tidal moment G4 . the current quadrupole H, ;‘ and the mass octupole G4 A+

The motivation for writing the Lagrangian (5.2) stems from the fact that the matter action for a
given body, in the limit of small radius relevant for compact objects, in the post-Newtonian regime,
can be expanded near the worldline of a representative point on which the resulting action is then
localized, and that, in the absence of spins, it can be only built from the metric and its derivatives in
a way that preserves parity and general covariance. We already emphasized the crucial role played
by the self-field regularisation, which must properly be the DR in this framework.

5.1.1 Derivation of the covariant stress-energy tensor

In order to compute the stress-energy tensor, we first shift from the action (5.1) parametrized
by the particle’s proper time 74 to an action defined in terms of an arbitrary parametrization 7.
For instance, this parametrization can be the same for all particles. Once this is done, the ensuing

expression for the action is manifestly invariant by reparametrization. We pose (with u% = gfyujuﬁ)
Ty L
dry = d7y/—ay,  ub = ——2 Ly=—2 (5.3)

The original action (5.1) now becomes (for simplicity’s sake, we drop the particle’s label until the
end of Sec. 5.1.1)

S (B o) o

As it is written, the Lagrangian L is an (ordinary) function of the following variables, regarded as
independent: the arbitrary parametrized four-velocity u*, the covariant metric, the Riemann tensor
and the covariant derivative of the Riemann tensor. The configuration variables are just the particle’s
positions y*(7) and their derivatives u#(7) = dy*/d7. We thus define the linear momentum p,, as
the conjugate momentum of the position, i.e.,

oL

. (5.5)

Pu =

1 As discussed in Sec. 5.2 and proved in App. A of [7], at this order Hadamard and DR are equivalent. Thus I used
Hadamard regularisation for the computations.

2We use the same conventions and notation as in Ref. [6]. See [100, 6] for more details, as well as [103, 104, 105, 96,
90, 97, 98, 102] for preceding fundamental works and alternative discussions. See also [117, 118] for general deﬁmtlons
of the DIXOI’I moments, including spins, or [119, 120, 121] for a more practical approach at the level of the action.
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Following Refs. [117, 118, 119, 121], we further introduce the quadrupole current J***” and octupole
current JMrPo ag? B _
oL oL

, JMwer — 19— (5.6)

(9Rw,po av)\R;wpa

The current J#*??, and the current J*¥#? on its four last indices, have the same symmetries as the
Riemann tensor. In addition, J™"#? satisfies the cyclic symmetry J™MP7 = 0 as a consequence of
the Bianchi identity.

By varying the action with respect to the worldline of the particle we obtain the EoM [118]

JHeT — 6

Dp 1, 1 .,
D—T“ = 57" VuRypor = ﬁﬁ P77 N ARy por: - (5.7)
Next, the stress-energy tensor is obtained by variation with respect to the metric. With the action
depending on the Riemann tensor and its first covariant derivative, we get it as the sum of monopole,
quadrupole and octupole pieces [121],

T =TH —+ T

mono quad

Toct (58)

Note that there is no dipole contribution. The reason is because the dipolar part of the stress-
energy tensor comes effectively only from spins, which are not considered in this computation. The
monopole part takes the usual form of the stress-energy tensor of a particle with worldline y*, four-
linear momentum p,, and four-velocity u* (parametrized by 7), namely

@) (p —
TH /C1Tp(uu1/)5(xy(T))7 (5.9)

mono

(with 6™ (z — y(7)) the four-dimensional Dirac distribution), while the quadrupolar and octupolar
pieces are given by

i (z —y) G
V) Apo p(pv)o
T = /dT[ b ] Ne RRAL /dT[ ZJ 1 = (5.100)

v 1 A ol v)épo 1 v)éTpo 5( )(SC—y)
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W —y)
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As these formulas are general [117, 118, 119, 121], they can be applied to the specific case of the
Lagrangian (5.2). With this in mind, I derived the stress-energy tensor using two different methods:
first inserting (5.5) and (5.6) in (5.9) and (5.10); second by directly varying the original matter action
using (1.9) and then indentifying the linear momentum as well as the two currents J#**° and J*P°,
The two methods gave the same results. For simplicity, the results are presented setting ¢ = 1. 1
found for the linear momentum

IRVAAS / dr BJUW)A} (5.10b)

1 1
R 0ys " H? + iHO‘ﬁHaﬁuu (5.11)

3
pu = mu, + p? —vaﬂuﬁyGaﬂ + ZU“G ﬁGag} + ol [3

3The chosen prefactors match previous definitions in the literature [121]. As shown in the Appendix A of [121], they
are such that J#¥#? and J**¥?? coincide with the Dixon quadrupole and octupole moments [117, 118], respectively, at
the considered approximation level. We refer to (5.6) as multipole “currents” in order to reduce the possible confusion
with the tidal moments G, H, as well as with the source multipole moments I, J; considered in Sec. 5.3.
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and for the quadrupole and octupole currents
Jree — (2) (—Su[“Gl’”pu‘ﬂ) + o (gwaﬁuaHﬁ[pu”} + e’maﬁuaHm“ul’]) , (5.12a)
Jer =y ® (~2 1) ul ey (5.12b)

As a verification, I checked explicitely a relation that must hold as a consequence of the invariance
of the action by worldline reparametrization, namely
1@

o2 (3)
Pt = =+ E GG S Hy HY o o GG = L, (5.13)

see Eq. (2.9) of [121] for more details on this relation.

5.1.2 Ready-to-use expressions

The stress-energy tensor is written in Eqs. (5.9) and (5.10) together with the explicit expres-
sions (5.11) of the linear momentum and (5.12) of the currents, in terms of the tidal multipole
moments. In turn, the tidal moments are given in terms of the metric, curvature and matter vari-
ables by Egs. (4.13). In this section, we need to rephrase the previous results in a more suitable
way in order to insert the stress-energy tensor in the PN-MPM formalism. We first need to split the
indices into spatial and temporal ones, called (3+1) decomposition, so that the factors of ¢ become
explicit. Furthermore, we can get rid of the integral over 7 in (5.8) by splitting the 4-dimensional
Dirac to a 3-dimensional spatial Dirac and a 1-dimensional temporal one. By doing so, we can write
the stress-energy tensor in the form

T =3 (UK 04+ Va (UL04) + VoV (US*64) + Va VsV, (U5 764)] (5.14)
A
where we use the coordinate-time ¢ parametrization and denote d4 = 6®)(2' — 3%(t)) the usual

three-dimensional Dirac distribution, and where (for v% = dt/d74)

Ul = uA\l/_ < W) + 3RA )\pJJA et 6V>\RA gp(,J/\V)w + ]EV(NRAngO'JV)ngU> , (5.15a)
U™ = 3%41/_ ( SRV I8 = Ry T 4 Ry, T EM) ) (5.15b)
e — 31&?/__‘]3 w)p (5.15¢)
s _ 1 Jw o (5.15d)

3UA\/

Note that all the U’s are symmetric over p and v; in addition, U4**? and U4*?7, over their 4 first
indices, have the same symmetries as the Jacobi tensor R**)? (due to their definitions (5.6)).

Next, by expanding the covariant derivatives in (5.14) as the sum of partial derivatives and
Christoffel symbols, we get some ready-to-use formulas that are then directly entered into computa-
tional codes, namely

1

Ve

1

1
T =3 T + —= 0a (T5""64) + Ner

e 93 (T4"*"01) +

Doy (Tg”aﬁvaA)] . (5.16)

where

Ti = UM 4+ 20U 4 [05T W + T, TS| U7 — ) oo (5.17a)
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Tyuaﬁv \/_U;waﬁ'y (517d)

I then inserted the above lengthy expression in Mathematica notebooks in order to find the explicit
expression of T"” and especially its (3+1) decomposition.

In order to compute the multipole moments of the system I, J;, defined in (3.31), we require o to
be known at NNL/2PN order, o; at NL/1PN and o;; at leading order (see (3.37) for their definitions).
For their derivation, I used the (3+1) decomposition of (5.16). This led to the complete, ready-to-use
expressions for the sources o’s that are split into a point-particle part

0 2
Tpp = (1 + 2)51 + 12, (5.18a)

(01)pp = Vi 1 2, (5.18b)

(Uij)pp = ﬁ Ui'l){ 51 + 1+ 2, (518C)
and a “direct” tidal part oida1, (07 )tidal and (045 )tidal €xpressed in terms of the tidal multipole moments;
these are reported in Egs. (D.5) due to their lengthy expressions. Beware that the point-particle
part (5.18) will actually involve “indirectly” tidal effects contained into the potentials parametrizing
the metric as computed in Sec. 5.2.

5.1.3 The tetrad choice

The tidal moments G;;, H;; and G;j; (when evaluated at point 1) have been computed in (4.20).
These expressions are not projected onto a tetrad. However, in order to present the expressions of
Otidal, (04)tidal and (05)tidal as shown in (D.5) and everywhere henceforth, like for instance in (5.23),
it is more convenient to use the tetradic components of these moments.

We pose e,/ = 0z /0X*, where {z#} is a global coordinate system and {X%} is a local inertial
frame in the vicinity of a given body. We choose {X%} to be a Fermi local normal coordinate
system [122, 123], so that the tetrad is orthonormal on the worldline, the time coordinate of the
Fermi coordinates coincides with the proper time along the worldline, and the zero-th time-like
tetrad vector is the four velocity of the particle. More specifically, e;" = (e, e,") constructed as
follows:

e,/ =u, (5.19a)

= (- it = (A (5190)
C

Here v = g** 1 is the inverse of the positive-definite metric Y = Gu + Uy, induced by g, on
the hypersurface orthogonal to u* at the intersection point with the worldline, and the spatial tetrad
vectors are defined from the square root (ﬁ)m of the positive definite symmetric matrix -;;. One
can show that this basis is complete and orthonormal (for more details, see [124]).
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For simplicity, in the rest of this chapter, we will switch notation for the tidal tensors projected
on the tetrad so that G; = Gab, H,; = =f wand G = Gabc, droping the hats on the tetradic indices.
Remembering that the tidal moments are defined in the particle’s local frame orthogonal to the four
velocity, i.e. Goo = Hop = GOQB = 0, we have for instance (similarly for H,; and Gjji)

Gij = €az~ ij éab s (520&)
] i ] i,,J
Ga = e, e — 2% e(ao € an Lel |Gy, (5.20b)

where e’ denotes the (transposed) inverse of e *. The projection of the tidal tensors onto this tetrad
simplifies significantly the computations, mostly because the projected three-dimensional tidal tensors
become traceless. However, the final results are independent on a particular choice of tetrad (e, e *)
used in intermediate calculations. Other groups [114] may have used different conventions for the
tetrad with equivalent final results (see Table 5.1).

5.2 The potentials

For the calcultation of the source multipole moments of the system (5.27), the metric, including
tidal contributions, is required up to NNL/2PN order. This is in contrast with Chapter 4 on the
NNL/2PN dynamics and EoM, where it was sufficient to insert the 2PN metric just for point particles,
discarding internal structure effects. More specifically, the only quantity required to be known up
to NNL/2PN in the source multipole moments is & o9py, in which the metric only appears through
v/—g and the Lorentz factor u°. This implies that, even though the 2PN metric (3.35) is required,
we do not need to know all the potentials that parametrize it. In particular, in this calculation, X
and R; do not appear, meaning that only V' at NL/1PN order as well as V; and Wij at leading order
will be necessary. We recall here their definitions

OV = —4nGo , (5.21a)
OV, = —4rGo; (5.21b)
DWU = —47TG(O’ij — 6ijakk) — &V@V (521@)

Since the source terms involve both point particle and tidal contributions, the potentials themselves
will involve a tidal part and the well-known pp part. The techniques I used to compute the potentials
are well documented in e.g. [108, 9] and described partly in Sec. 6.3.2. In this work, dissipative
radiation reaction effects can be ignored since they do not to contribute to the flux until the 2.5PN
order, so that the Green function will be taken to be the symmetric one. As explained in Sec. 3.2.2,
it is essential to use a proper UV-type regularisation, namely DR. In fact, we showed in App. A of
[7] that Hadamard and DR are equivalent also at NNL/2PN for tidal effects due to the structure of
the terms entering the potentials and the multipoles. In practice I used the Hadamard regularisation
for this computation.

The tidal contributions to the metric obtained in present formalism show an interesting feature:
the tidal part of the potential V' contains distributional terms,* which arise because of the distribu-
tional multi-derivatives in the expressions of the matter sources (D.5), see Sec. 6.3.1 for more details
on the treatment of distributional terms. To the lowest order, oyiqa is proportional to élabﬁab(l /71),
and, since Oy(1/r1) = 3agbr® — 47 5 0ab01, this leads to a distributional term for V' proportional to

the trace (5“bélab, but this quantity vanishes because the tidal tensors are projected onto the tetrad

4This does not happen for the point-particle part of the potentials even up to 4PN. This is because the point-particle
sources do not contain derivatives of Dirac distributions.
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and are traceless. At NL/1PN order, though, the distributional piece is non-zero. It is given by the
Gel'fand-Shilov formula (see Eq. (6.27)) as

_ 2w G

— 2 Gt 6 +142+0 (C4> (5.22)

In the end, this term does not contribute to the calculation because, in the adopted approach, the
NL potential V' is only needed in a surface term at infinity where the UV regularisation is irrelevant.
However, it would be important to take into account if we were to evaluate the equivalent volume
integral. For the ordinary part of the complete potential V' at the NL/1PN order, computed with
Hadamard’s regularisation, I found

2) A a
V= Gmy i 3Gl¢g )Glabnlntl)

T 273

1 (nqv1)?  20% 1 5 3
—la _ kRN _ _
+ 62{ " [ 2r; + 1 + G 413, Ariris + 413y

@ 3 4 4 , 15 2\ Ghanint 3 Gignsvt  ngnboGy,
+ g [G <4T1G1abG1ab + <3U1 - Z(nﬂh) ) T + 5(”17}1) 3 - 2

+2n(1lvll)até1ab nlnla2Glab>

s 4rq

G?ms (3115 A 6 3\ A 3 3972,  3r2
+—3 : (122G1abn(112nli + <— - ) Grgpniands + <_ -—=+ ?a) Glab”?”?)

riy  \ 2r? o 27y 81 & 83
9 G*m3 r r 4GP ey H,, nonb vt 1
+—= 72((n12n1)(1—1)—12> + ! bjglj L +1<—)2+O<),

2 ri To To Y c3

(5.23)
I also computed V; at leading order, which reads
2) A a
V;' _ Gml ’Ui + 3G/L§ )Glabnln? i + G:ul n al‘/CTYlai Gal 8'Lab];[1akn1nl N VAN B O (1) ) (524)
1 2ry 272 ry c

Note that, due to the way the leading term of (0;)tiga is written in Eq. (D.5b), some non-zero distri-
butional terms are generated by multi-derivatives, but they cancel out in the end, so the potential
Vi does not contain any. For the potential W;; at leading order, I found

. Gm G*m?2, .
Wij = 71(211 5”1)1) + 3 ! (nllnjl — 51]) — Glemgﬁl(ﬁgj) InS
T 4rg
) | GPma
+ g e (Glz] 3”12G1J)an12+35 Glabnl2n12) G? mQGlabaQ(lalj abIn S
G (17 oA ig A 3 i ij ij.. o a A
+ E (2183G1ij + Tln‘fvg Gy §G1abn1n1 (vlv{ — jvf) -9 Jrlnlvll’ﬁtGlab>
2G0(2) i 5\ A .. A~
- 7,731 el (v{)Hlakznlnl + 2 0H ”?) — 0Yequ Hyyninoy
1
. 5 r 5 nont 1 3 1
— uPm G aw[l ( )] o 5<(J>b—5ﬂ>b) 162 0()
R TRl R W IR T R e S N R B * TG

(5.25)
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The pp part is depicted in the first line, where we denote 04; = 0/9yY and S = (r1 + 79 + 712) /T0-

These potentials satisfy OV = O(1/c*), AV; = O(1/¢*) and AW;; = —9;V9;V + O(1/c?) outside
the particles. I also checked that they obey the harmonic gauge constraints formulated in terms of
the potentials

171 . , 2 . 1

at{v+62[2W+2v”+ai{v,~+02[Rﬁvvi}}:o(63>, (5.26a)
A 1 - 1

QY+, {W,j - 25”W} —0 <C) , (5.26b)

which yield at the NL/1PN order the same EoM as obtained in the conservative sector, i.e. in (D.1).
This test confirms the values of all potentials that are required for the integration of the source
multipole moments in Sec. 5.3. Note that, for this verification, I had to compute V; at NL/1PN order
as well as R; at lowest order, where R; is defined in Eq. (3.36). I do not give their values here since
they do not enter later calculations.

In order to derive the multipole moments, we have to also know the value of the potentials at the
location of the two bodies. If one would take the limit 2 — g} in the potentials in the whole space,
1/r; would diverge and thus would find infinity. Of course, we have to use a UV regularisation. I
computed the values of the potentials at point A using Hadamard. The procedure to get the value
of an expression regularised at point A is explained in Sec. 6.3.2.

5.3 The source multipole moments

As discussed in Sec. 3.1.5, the STF multipole moments of an isolated PN radiative source are
obtained by performing a matching between the inner PN expansion in the system near zone and
the outer MPM expansion in the far zone. Their expressions are given in (3.31). For convenience,
we can decompose I, into three pieces corresponding to the three terms entering (3.31a), referred to
as scalar (S), vector (V) and tensor (T) terms. Applying the formula (3.34), we further split each of
these pieces into various parts labelled I, II, III, ... according to their PN order. This leads to the
decomposition of the ¢-th order mass-type moment to NNL/2PN order as

I, = SI, + ST, + SITT; + VI, + VI, + T, | (5.27a)
St = FP [ @' iP4, {0 Y é VDY — ey - 2Wéc4 @V)? (5.2
nGe 48‘/8 Vim 27 é V) - 37T2GC4A(V3) 27réc4 <VW)} ’

SII; = 202(21€—i—3)dt23 0/d3xr Trr {a—l— éJV — Wé&@i‘/@ﬂ/} , (5.27¢)

S = gaary :13)(2£+ 5) jttg R &xitaurte, (5.27d)
VI = —02(644(_216)—(‘_2;)_’_ 3 (i.é—"?g Bx B {JZ + 62201-‘/ — 6220‘/ e 28 Vo,V

o GCQ VoV — QWéCQA(VVZ-)} , (5.27¢)

Vil = =G0+ 1?((%1;))(26 n 5) dt3 Bﬁ/d?’” T 103, (5.27)

He =G 12)<(2€€++ 21))(2e+5) a2 n= o/ a1 {“” Ma,-vajv} ' (5.27)
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Similarly, for the /-th order current moments to NNL/2PN order,

JL :VIL+VIIL+TIL, (528&)
B A 1 1 3 1
VI = eani, ]B'Zg/dg’x PR 1y {O’b + 3 [2 (UbV - UVb) + (az‘vab‘/i + Zatvabv - QA(VVb))]}
(5.28D)
1
VII;, = 22020+ 3) Eab ”dtQ}—P/dgxr 21140 , (5.28¢)
B (20+1) / 5 { }

M= = au e g™ aFB | et gavay (5.284)

In the above expressions, three types of terms can be distinguished:
« compact support (C) terms, whose integrands are proportional to the matter currents o’s
« non-compact (NC) support terms, whose volume integrals extend up to infinity

These two types of terms can be integrated exactly. As mentioned above, at this order, Hadamard
regularisation is equivalent to DR and can thus be employed systematically. The method to compute
the C and NC terms is widely explained in Secs. 6.3.1 and 6.3.2.

o “surface” terms, also NC, but whose integrands are products of z; and pure Laplacians

To integrate these terms, assuming that the expansion of F' when r — oo is power-like (without
logarithms), it can be proved that

FP / dPx i, AF = —4m (20 + 1) (Fr'*'ay) (5.29)

where the notation (- - - )., means the Hadamard partie finie regularisation at infinity, see the general
formula (6.48). With this formula, I have shown that, at NNL/2PN order, all the terms of this type
for F = {V2, V3 VIW,VV;} vanish.

The explicit expressions of the multipole moments of the system to NNL/2PN are too long to
be listed here. However, they are substantially shortened in the CoM frame and are displayed in
App. D.2. T used the same method as in Sec. 4.4 to perform the frame transformation. The total
source moments for circular orbits including both point-particle and tidal parts read

» 113 461 23435 241
e o (B (2
7= ln” {”l * e T B’ T B’ )

- ~ _ 3 1 222 _ 3 67 160 _
+ <3u(2) + 3Au(2)>75 + [uf) (— +-v— 1/2> + A% (— - 1/) + yaf)] ~8

27T 2 7 3
. l~(2) (871 907 . 9643 2+929V3) NG (871 L1853 7201 2)

56 168" T 168V T a2 56 247 1687

2388 2504 2) 132, o] 2 (11_11)
‘7*(9” 7 V)T ey * "Wor 7 v)7

. (1013 L 299 365 2) ) [ <3+ 104 198 2)
— =V — =V — V- —V
378 3787 378 )7 | T 7 7

_ 38 128 ~ 19 617 5039 260
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19 1291 1649 64 1696 2048
A~<2)(— i 2) ~(2><— - 2) =2 Avg® |47 .
+ An” 5 + AT +oy 97 -V 63 , (5.30a)
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. 3 39
L = mwr? [n<’n3nk>{—A(1 - w) + 1815 + lAﬁf) (—2 + 48u) + i (—2 — 60 ) — 84A5

+ 845(_2)] 76}+n<i)\j)\’f>{—A(1 — 21/)7 + lAﬁf) <—39 + 361/) +a® (39 — 42u>

— 72062 + 725—(_2)] 76}] : (5.30D)
Liji = murin‘ninfpb [1 —3v+ <18ﬁf) — 18Aﬁ(_2)>75] ) (5.30¢)

25 3
Ji; = VG (mr)*? tln { Av [1 + ( R 14V>7]+<—9A1/ﬁ( +ovi® + 12469 + 1259))75

663 117 177 ATT 690
AJi (2>( — 2) ~<2><— ) +AG (2>( 10 — — ) 30d
[ o8 -|—71/ + i 7u+14 0 =V (5.30d)
346
—1—5(_2)(—10— — 1/)]76},
Jij = VG (mr)5/2—;; €<injnk>{1 —3v+ lﬁf) (21 - 27y) — 12009 + 645—9]75} . (5.30e)

We remind here some previously introduced notations: the total mass m = my + ms, the symetric
mass ratio v = 232, the normalized mass difference A = ™72 the PN parameter v = %?, the
relative velocity = U1 —v4, the adimensionalized tidal polarizabilities of Eq. (4.28). We also denote
by m the unit direction pointing from body 2 to 1, A the unit vector perpendicular to n in the
orbital plane pointing to the same direction than the velocity, and £ the unit vector perpendicular to
the orbltal plane, such that (n, A, £) forms an oriented orthonormal triad. This means notably that

= for exactly circular orbits.

5.4 The GW flux

The general expression of the GW flux in terms of radiative multipole moments is given in
Eq. (3.18). Its truncated expression at 2PN reads

G (1 1 16 1
F=5 {5U§;)U’(ﬂl‘) T2 189U(1‘1U”k 4—5\/“)\/ ] ct [9072U’(J1‘)WU”’W * 84V”’“V”k] o <c >}
(5.31)
In order to compute it, we need to compute the difference between the radiative and the source
multipole moments, which is, at this order, only composed of simple tail terms (see (5.32)).

5.4.1 Computation of the tail terms

The general expression of the radiative multipoles with respect to the source ones up to 2PN are
(see Sec. 3.1.3)

2GM [t 1
UL(t) = 190(1) 4+ 2EM / Ar 19 (¢t — 1) In (T) +O <) , (5.32a)
A Jo Ty c®
2GM oo 1
Vi) = 3O + 2C / dr 3Dt — 1) In ( T ) L0 () , (5.32b)
A o e cd
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where 7, and )\, are some constant coefficients® and M is the ADM mass which in the case of circular
orbits reads

E vx ~(2) 5 €tidal
M:m+02:m[1—2(1—18u+:v) ~|—O(C4), (5.33)

where z is defined in (3.44). To compute the flux (5.31) for circular orbits, it is simpler to compute
the tail part directly in the flux because a lot of terms coming from the tail contribution cancel out
in the end. As an example, let us compute the tail part of UZ(JI»)UZ(;) which is oc Ig-)) J dTIZ(?) In(7/7).
For circular orbits, I;; = An‘n/! + BAUX) + O(1/c*) where A and B are time-independant ex-
pressions. These two unit vectors lying in the orbital plane read n' = (cos(wt),sin(wT),0) and
A\ = (—sin(wT), cos(w),0). Thus, the time derivatives act only on the vectors n’ and A\’. They do it
in such a way that dn'/dt = wA\® and d\?/dt = —wn'. In the end, the computation of the tail terms

in the flux only require to know the following integral (given in 4.331 page 571 of [125])

/0+°° dr 7 In (2;> = i [—gsgn(w) — @'(ln(2p|w|) + VE)] : (5.34)

Finally, I applied the method to compute the tail contributions of the NL. /1PN source mass quadrupole,
as well as the leading orders of the source current quadrupole and source mass octupole. I recovered
the well-known point-particle part of the tails in the flux and found for the tidal part

T768mcd 22 5053 2029
Fisaat vt = v % 2{<1 F a4 A+ | (57 - G- ) i

5G 21 1344 48

22 351 \ @ 1226\ o A g
A(__> g <_ ) 25000 (535
Al m) R Tt g ey 63)

Note that in Eq. (5.32), the tail term contains a prefactor 1/¢®. Since the source multipole moments
contain only even powers of ¢ (up to 2PN), the odd powers of ¢ correspond to dissipative effects.
Consequently, the tail contributions do not mix with the instantaneous ones in the flux and phase.
This is why they are half-integer powers of z in (5.35).

5.4.2 Computation of the flux

For the instantaneous part, we need to differentiate the source multipoles with respect to time
using the EoM (D.1). Then, we combine the instantaneous and tail parts to get the total flux
F = Fop + Frida- The part generated by point particles without internal structure, F,,, already
known [126, 127, 128, 129], is given to consistent order by

32c°v%a° 1247 35 44711 9271 65
Foo= e {14 (~gg — Ty ) o+ 4ma? 4+ - =0 at (536
AT 336 127) 7T o T a1 )" (5.36)
. (_8191 - 5531/) :1:5/2}
672 24 )"0
On the other hand, the tidal contribution to the flux complete to NNL/2PN order reads
1925y 10 ~ ~
Foidal = 50{“ +4)i? + A (5.37)
22 1217 155 ,\ () ( 22 23 )N(Q) < 176 >~(2) 1
—_— - —V - — Al———— — 4+ = —-A
+K 21 168 6”>“++ o1 ") T Te T )0 Tt

SExplicitely 7, = 2rpe="¢/c and Ay = 2rge~ ™ /c with k, and 7, are defined in (3.24)
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At this stage, we have in hand the total GW energy flux given by (5.36)-(5.37) and also the conserved
energy of the system (4.42). We are now able to insert both in the balance equation (3.42) in order
to derive the GW phase.

3:2

5.5 The GW phase

Together with the conservative energy of the system (4.42), the above energy flux permits deter-
mining the frequency and phase evolution for circular orbits through the two ordinary differential

equations

dw  Flw) de
at ~  dEjdw’ At (5:38)

There are various ways to solve those equations approximately, called PN approximants, yielding sig-
nificant deviations from numerical relativity at small separations, i.e., outside the domain of validity
of the PN expansion [87]. Following the simplest adiabatic Taylor PN approximant, I obtained the
phase in the time domain as ¢ = @, + @tidal, Where I recovered the point-particle part at 2.5PN,

1 (3715 L 55 55 > LOma (15293365 N 27145 N 3085 2) )
- _ - T — v v x
Yrep 32ux5/2 1008 12 1016064 1008 144
38645 65 5/2 ( T )
= In | — 5.39
+ ( 1344 16”) ) (5-39)
and found the tidal contribution to be
£5/2
Pridal =~ 55 {(1 + 22’/)#(2) + A (5.40)
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Next, motivated by data analysis applications, I derived the phase in the Fourier domain within
the stationary-phase approximation in the form ¢SPA = 27 f ¢, + 1, + ¥iiqa Where

3 3715 55 3/2 15293365 27145 3085
< ) r — 167x <

— 2 2
=58, + = v+ v ) x (5.41)
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The tidal phase is now known completely for non-spinning compact objects in inspiralling binary
systems up to 2.5PN beyond the leading order.

5.6 Conclusion of Part 11

In this chapter and the preceding one, I have solved the problem of the dynamics and GW emission
of compact binary systems without spins for (adiabatic) tidal, internal structure-dependent effects at
the NNL/2PN order, meaning formally the order 7.5PN (taking into account tails) in the GW phase
evolution. I used the formalism of the effective matter action of Ref. [100], which describes massive
point-like particles with internal structure by introducing specific non-minimal couplings to the space-
time curvature that model the finite size effects of the compact bodies due to the tidal interactions.
Since the matter action is localized on the worldline of the particles, it is sometimes referred to
as a “skeletonized” action. Up to NNL/2PN order there appear three polarizability coefficients
corresponding to mass quadrupole, current quadrupole and mass octupole tidal interactions. In
Chapter 4, suming up [6] and [8], I derived the associated effective Fokker action to obtain the
conservative dynamics, i.e., the EoM and conserved integrals of the motion. I also derived the
associated Hamiltonian in isotropic coordinates in order to compare it with literature and I found
total agreement on the overlap between their PM result and the present PN result. In Chapter 5,
summing up [7], I computed the matter stress-energy tensor of the compact binary from the same
effective action, and inserted it into a GW generation formalism based on MPM approximations
for the external field [71], which are matched to the PN expansion of the inner field [76, 77]. The
PN-MPM approach constitutes a very general way for computing the GW emission (and radiation
reaction onto the source) once one is given the matter stress-energy-tensor. In particular, I resorted
to general ready-to-use expressions for the source multipole moments and nonlinear interactions
between those moments (tails, etc.) leading to the observable waveform at infinity and, thus, the
energy flux. At last, once the flux up to NNL/2PN for tidal effects had been obtained and reduced
for circular orbits, I combined it with the result for the conservative energy found in [6]. Namely, I
employed the standard flux-balance argument to determine the binary’s chirp, i.e., the orbital phase
and frequency evolution through GW emission for compact binaries on quasi-circular orbits.

These results extend and complete several previous results in the literature. In Table 5.1 are
summarized the previous achievements in the field for each PN order and tidal multipole component.
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The result agree with all the previous results quoted in Table 5.1. Finally the tidal phase of non-
spinning NS binaries is complete up to the NNL order including NL tails, which means formally up to
the high 7.5PN level. Remark that three new coefficients in the GW phase have been computed in this

Ptidal Mass quadrupole Current quadrupole | Mass octupole
5PN (L) [90, 113, 91, 114, 92] v
6PN (NL) (91, 114, 45] v/ [45, 115] v
6.5PN (tail) 01, 45] v
7PN (NNL) v v [45, 116] v/
7.5PN (tail) v v v

Table 5.1: Comparison with the existing literature. The checkmarks v'indicate the constributions I
computed. The citations correspond to the papers our result agree with for the tidal phase.

work. However, I disagree with some coefficients in the literature. First, with the 6PN coefficient due
to the current quadrupole moment computed in the preprint [116]. Indeed, as mentioned in Sec. 4.6,
the mistake in the computation of the conserved energy of this paper changes also the value of the
phase. Second, I also disagree with the mass quadrupole contribution to the tail term at the 7.5PN

order as reported in Ref. [91]. The latter reference obtains for the mass quadrupole contributions to
the SPA phase of two identical NS (see Eq. (31) in [91]):

v _ 039 5[ 3115 g (23073805 20 5 20 22) , 4283 .

tidal = T2 70 1248"° 3302208 812 T 351 T 109270 )

with kI = Gﬁf) in their notation (recall that we have i = 0 for identical N S). Further work [100)]

fixed 079 = 85/14 to be the contribution of the NNL equations of motion to the phasing. Now
the present work permitted to fix 352 = 642083/1016064. However, we found disagreement with the
2.5PN (tail) term in the SPA phase in Ref. [91]. This is under investigation following some interesting
discussions with Alessandro Nagar.

The result (5.41)-(5.42) completes the contribution of static tidal effects to the GW phase emitted
by a binary system of non-spinning compact objects up to 2.5PN beyond the leading order in the
quasi-circular orbits approximation. Although such precision is too high for LIGO/Virgo, it will be
useful for Einstein Telescope and also reducing biases in the EOB models.

Perspectives

Some of the assumptions performed in this computation can be relaxed in order to give more
realistic models. First of all, the effective action (4.5) has been built using EF'T methods under the
assumption of static (or adiabatic) tides. This means we assume that the two compact objects are
always at thermodynamical equilibrium. This assumption can be relaxed and have been studied in
[70, 130]. They showed, using an EOB approach, that dynamical tides can induce matter resonances.
For some equations of state, they are not negligible compared to adiabatic tides and thus, dynamical
tides should be included in the templates.

Another assumption was performed at the level of the phase where we imposed the quasi-circular
orbit condition. The energy and flux are both known for generic orbits. However, in order to derive
the phase, the problem starts to be difficult if one includes eccentricities. This approximation is quite
realistic due to the circularisation of the orbits in binary systems, however in principle it shouldn’t
be the case for all BNS systems.

This computation has been done for spinless compact objects. As mentioned above, some work
has tackled the coupling of tidal effects with (aligned) spins up to 6.5PN order in the quasi-circular
orbits approximation [45]. This coupling occurs between the leading order in spin term with the
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tidal mass quadrupole and hits at 6.5PN. However, to be consistent at 7.5PN order, one has also to
include the coupling the leading order in spin with the tidal current quadrupole that hits at 7.5PN.
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Part 111

Towards the 4PN phase
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Introduction

The second project of my PhD aimed at computing the 4PN phase of the GW signal emitted by
binary systems of spinless compact objects without internal structure and is currently known up to
3.5PN [43]. As said in Sec. 2.4, this result has been long awaited by the community to build more
precise templates especially for the building of EOB models. It will be important notably for data
analysis in LISA or 3'¢ generation ground-based detectors such as Einstein Telescope. As summarized
in Sec. 3.3, in order to derive the 4PN phase, we have to know at 4PN both the conserved energy
and the radiated flux of GWs. The conservative sector has already been tackled by several groups
using different methods, which agree on the EoM and the conserved quantities, and notably the
energy. More specifically, Blanchet et al. derived them (before the start of my PhD) from the Fokker
Lagrangian in harmonic coordinates [131, 132, 133, 38, 134]. This result has also been obtained
beforehand by means of the canonical Hamiltonian formalism of general relativity [135, 111, 136,
39, 137], and by later the effective field theory (EFT) [47, 138, 139, 140, 49, 50, 40, 51]. However,
the computation of the 4PN flux has never been achieved. In the PN-MPM formalism, the flux is
expressed in terms of the radiative multipole moments of the system as given in Eq. (3.18). Moreover,
this formula tells us that we need to know the radiative mass quadrupole up to 4PN, the current
quadrupole and mass octupole up to 3PN and some other lower order multipoles. The hardest part
is, by far, the computation of the radiative mass quadrupole because of numerous subtleties, notably
due to the regularisation scheme, which are detailed in Chapter 6. Furthermore, and as summed up
in Sec. 3.3, in order to compute the radiative multipoles, one needs to know the source multipoles
and also the non-linear pieces, such as tails, tails-of-tails, memory or tails-of-memory effects.

The state of the art for the computation of the multipole moments is the following. Previous
computations of multipole moments for compact binaries (without spins) included the mass-type
quadrupole moment at 1PN order [141], 2PN order [127, 128] and 3PN order [142, 143, 144]. The
current quadrupole moment has been determined at 1PN order [145, 127, 146] and 2.5PN order [147].
The mass octupole moment was computed up to 3PN order [148] and the current octupole moment
to 2PN order [149, 147]. Other moments are known, such as the mass hexadecapole (2!) one at
2PN order and the 2° mass and 2? current ones at 1PN order [147]. So the missing source multipole
moments were, at the begining of my PhD in 2018, the two most complicated: the 4PN mass
quadrupole and the 3PN current quadrupole. As said in Sec. 3.2.2; dimensional regularisation (DR)
must be used starting from 3PN. Thus, the expression of the multipoles, derived in Sec. 3.1.5 had
also to be obtained in d dimensions. The d-dimensional expression of the mass quadrupole, provided
in (6.1), was found in [144]. However, we had to derive the d-dimensional generalisation of the source
current quadrupole, which was harder because in arbitrary dimension, one cannot use the Levi-Civita
tensor which plays a key role in 3 dimensions.

In Chapter 6, I present the computation of the 4PN source mass quadrupole. This chapter is
divided in two parts: the first one corresponds to its computation with DR in the UV, which is based
in our already published paper [9], while the second part corresponds to our yet unpublished work
on DR for the IR. All the technical aspects of the computations are described there. Although the
source quadrupole is now fully known, the radiative multipole is not and this part is missing in order
to derive the 4PN flux. In Chapter 7, I present the full computation of the current quadrupole fully
regularised with DR. T also present the associated GW amplitude mode.
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Chapter 6

The 4PN source mass quadrupole

The aim of this chapter is to describe the work performed on the computation of the 4PN source
mass quadrupole for compact binaries. This multipole has to be regularised with DR in the UV and
in the IR. As mentioned below, the general d-dimensional expression of the quadrupole in terms of
the pseudo stress-energy tensor has been derived in [144]. The plan of this chapter goes as follows:
in Secs. 6.1 and 6.2 we derive the expression of the mass quadrupole in terms of the elementary
potentials that parametrize the PN metric. In Sec. 6.3, we derive the 4PN mass quadrupole using
Hadamard regularisation to which we add the UV correction coming from DR. This section is based
on our paper [9]. In Sec. 6.4, we compute the IR correction from DR in order to get the final fully
dimensional-regularised 4PN source mass quadrupole. The results in the last section of this chapter
is yet unpublished [11].

6.1 The general expression of the source mass quadrupole
In Secs. 3.1.4 and 3.1.5, we showed how to derive the expression of the source multipole moments

in terms of the pseudo stress-energy tensor in 3 dimensions. The formula for the general /-th mass-
type multipole moment in d = 3 4+ ¢ dimensions reads [144]

d—1 dix A(d + 20 — 2 _
L) = sa=948) & fB{fL 0~ 2 i ;— 2)(d +) 20) it Sl
N 2(d+ 20— 2) 5 3@
AMd+0—1)(d+0—2)(d+ 20+ 2) "= Tl
A(d — 3)(d + 20— 2) z;

TRd-1)d+ -+ a)> T 2 EW*”}(X’ ). (6.1)
The overall d-dependent factor in front is such that (6.1) reduces to the usual Newtonian-looking
expression of the multipole moments in the Newtonian approximation, given by Iy, = m; 4 + 1 <
2 + O(c™?). The constant £y has to be introduced to preserve homogeneity and is the characteristic
length scale associated with DR.

The last term of (6.1) will not contribute because of the B and the d — 3 = ¢ factors appearing
simultaneously. To see this one splits the integral into a near-zone contribution » < R and a far-zone
one r > R. In the UV part of the integral, one has to apply the limit B — 0 since there are no IR
divergences (hence no poles  1/B), thus the r < R part vanishes. The argument that this term
does not contribute in the IR is detailed in Sec. 6.4.4.

As in 3d, the source terms are defined from the PN expansion of the pseudo stress-energy tensor
7M. Tt enters the right-hand side of the Einstein field equations in harmonic coordinates. It takes
the same form as in Eqs. (3.3)—(3.4), except that the Newton constant there reads G = Gy, where
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Gy is the Newton constant in 3 dimensions. We have

- 2 (d—2)7%0 + 7% - T -
> = S = o, Sy =7 6.2
d—1 c? ’ c =T (6:2)

The matter terms are still given by the point-mass expressions (3.39)(3.40) but with now 6§ = 6@,
the Dirac function in d dimensions. The generalization of Eqs. (3.29)—(3.34) to d dimensions reads
as

Yo(x,t) /dzé(6 2)N(x,t+ 2r/c), (6.3)

where ( , )
g0 LE+5+5 B
Z (Z)_r(;)r(e+1+;)(l :

In practice we only need the formal PN expansion

- 1
2645, / dz69(z) = 1. (6.4)
—1

- = ro\* =
Spx,t) =Y af <cat> S(x,1), (6.5)

k=0
with the numerical coefficients now being given by

NS T+ %)
CREIT(+ S k)

(6.6)

where I is the Euler gamma function. It is very useful to define for the matter stress-energy tensor
the following matter currents

2 (d—2)T® +T% T o
O':d_1 C2 > g; = c s Uij:TJ, (67)
which are given in the case of compact binary systems by
o=j0D(x—y)+1e2, (6.8a)
o; = vt 6D (x —yy) +1 2, (6.8b)
o = mviv] D (x —y)) +1 e 2, (6.8¢)

where y; = (y¢) is the particle’s position, v; = dy;/dt = (v}) the coordinate velocity, and we have
introduced, besides ;1 which keeps the same expression as in 3 dimensions, see Eq. (3.40), the useful

tilded version
- 2 v}
fn=—-—7 (d 2+ )Ml (6.9)

The matter current densities (6.8) generate all the compact-support terms in the expression of the
quadrupole moment.

6.2 The quadrupole moment as a function of potentials

6.2.1 The elementary potentials

_ To start the derivation of the mass quadrupole moment we need to inject into (6.1) the PN metric
A" which is an explicit solution of the Einstein field equations (3 3) vahd in the near zone (recall

that the overbar means PN expansion). The metric components Y h and 1" are respectively to

be expanded up to orders ¢~ %, ¢~7 and ¢~® included to reach the reqmred accuracy. Thus, we need
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7% and 2” at 3PN order (remind that ¢™® in 7" actually corresponds to 3PN), and h” at the 4PN
order.

Building up on [142, 143, 144, 148], the metric has been parametrlzed with appropriate PN
elementary retarded potentlals namely scalar potentials V', K, X and T vector potentials V;, R;
and Y“ and tensor ones Wl], ZZJ and sz The structure of the parametrization in 3 dimensions is

_ AV o2 8 /o 64 /.

h‘m:—?—f(w 4V?) - = (X +--) —C—S(T+ ) +0e), (6.10a)
i _ AV 8 16

- 5+ (Ri+ViV) + (Y +o)+0(c), (6.10b)
Eij = _044(W 51]W> 16 (Z — ;&gZ) 52 (Mz] +- ) + O<Ciw> : (610C)

The ellipsis symbolizes non-linear products of the elementary potentials introduced at lower orders.
The complete expression of the metric at 4PN order in d dimensions is given in Egs. (B.2). As
mentioned in Sec. 3.1.6, the potentials obey some flat space-time wave equations. The expressions
given in the rest of this section are in 3d, for complete d dimensional definitions see App. B. Some
have a compact support, like

OV = —4nGo, OV, = —4rG o;, (6.11)

while there are many quadratic non-linear terms (sometimes called “OV0V”) such as in
OWi; = —47G (03 — 65 o) — VOV, (6.12)
and higher order terms (called “non-compact”) such as the cubic term W;; d;;V in
OX = —47GVoy; + Wi; 0,V + 2Vid, 0V + VOV + = (8tV) — 20,V;0,V; . (6.13)

See Eqs. (B.4) for thorough definitions of all these potentials in d dimensions. Among these, the
only purely 4PN potential which is needed for the 4PN quadrupole moment is MU, which obeys in
3 dimensions:

oM, = G [(—4%&/} + SR,V + f())a +4(Ri +VVi)oy) — 2Waioiya (6.14)
—AV0, + 67 (—21%,,0,, A TAr ;WMJM V2, — ;Waqq)]
— O Vid V4 Vady0aWij + 2V(:0.V0aV — 0W (3404 V5
+ ;Wabaab% - ;aambabwja + ;W(maavaj)v — iaimbajmb
—20,Vii (9 Ra + Va0V ) = 20u R0 Ve + 0:Wia05) Vi + Woa(u0py W
420,V B + (—zatzfz - lv(iatv - a(i)z)a-)v 4 v<1afmj - 2atv(iaj)v)

1 A 1.
+ 52] |:_2Va8taaw 7V232V + atR a V W(lba bW + a ‘/l;ﬁbR

1.4 1
— gWabaavabv — §atWabaa‘/b — Zaawbcacwab - Z‘/aatvaav
+V(5OV) = V08 = L0 + V.0V — WbV +50:Vi0V, )|

By inserting the PN metric (B.2) into the mass quadrupole moment, one obtains the full ex-
pression in terms of the latter PN potentials. However, we do not know explicitly all the required
potentials (either in 3 or d dimensions), since they are solutions of complicated wave equations such
as (6.14). Thus, crucial simplifications of the result have to be performed first, in order to put the
expression into computable form; see the complete result for all the terms in App. E.2.
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6.2.2 The method of super-potentials

The first technique we used in order to be able to compute all the terms composing the source
mass quadrupole at 4PN is the method of “super-potentials”. Many of the most difficult of those
terms are of the form ¢ P where ¢ is a simple potential or derivative of a simple potential, and P is a
complicated potential whose expression in the whole space is not known. For instance P could be the
4PN potential ]V[Z-j entering the spatial components of the metric and obeying the equation (6.14).
On the other hand, in our case, ¢ will one of the following potentials: 0,,V, 0,0,V , 9,V, or 0,V .

To compute the integral [d3x7? 2 ¢ P (in 3 or d dimensions) we notice that, at leading order,
21, ¢ may be recast in the form of a Laplace operator acting on some solution \I/%:

AT) =216 (6.15)

Assuming that \IJ‘ZLs can be constructed analytically, a mere integration by part yields a volume integral
whose source is known explicitly, namely — [ d3xr? \II‘ZL5 AP, plus terms that are essentially surface
integrals at infinity when the Hadamard partie finie is applied.

Now, as it turns out, it is possible to construct the solution \IIQL5 by means of the super-potentials
of ¢, defined as the hierarchy of solutions ¢9 of the sequence of Poisson equations

Aport2 = Qo (6.16)

together with ¢y = ¢ so that we have AF@y, = ¢. The solution of Eq. (6.15) is then given in analytic
closed form as [150]

6 _ A-1(s = (—2)k0!
\IJL:A (.CIZ‘L¢) = Z (g_k>!$<L_K8K>¢2k+2. (617)

k=0
This formula has been derived by induction in 3 dimensions in [150] but the proof works as well in
d dimensions and no extra factor needs to be inserted. The precise choice of the Poisson solutions
involved in the above algorithms is irrelevant for this particular problem, hence the operator A‘lf@s
not been precisely defined in Eq. (6.17). However, it is convenient in practice to take A™! = A-1,
where A~1 = FP B—0oA 178 represents the Poisson integral regularised at infinity by means of the
Hadamard finite part prescription.

With this tool in hands, we can thus transform the integral we were looking for into the much
more tractable form

[dxrPa o= [dxr® (qﬂ‘gAP 1o, [aixpfp - \Ilf@-PD . (6.18)

The first term involves the source of the potential P, because P = AP + O(1/c?) and is therefore
computable. The second one is a surface term, which is also computable (see Sec. 6.3.4 for the 3d
computation and Sec. 6.4.4 for its dimensional treatment). For instance, in the case where P = Mij,
with Mij being the 4PN tensor potential, we will replace AMU by the source given explicitly by
Eq. (6.14), which is correct since we are already at the maximal 4PN order and thus ]\Zfij is merely
Newtonian. For more details on the computation of the super-potentials, see Sec. III. B. of [9].

6.2.3 Integrations by part and surface terms

The second technique to simplify the expression of the quadrupole moment consists in integrating
some terms by part in order to transform volume integrals into simpler volume integrals together with
surface and compact-supported integrals. For instance, we systematically rewrote integrals involving
the double gradient of a simple compact-support potential like V| defined in (6.11), and a difficult
one P (with non-compact support) as

1
OVO.P = 3| A(VP) ~ VAP — PAV|. (6.19)
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The second term in (6.19) is much simpler because it contains (modulo higher PN corrections) the
source of the potentials P, i.e. AP =S+ O(c™?). The third term is also easy to evaluate because it
depends only on the value of the potential P at the location of the particles, since V' has a compact
support: AV = —47Go + O(c™?).

As for the first term in (6.19), it yields an example of a so-called “Laplacian term”, coming after
integration by parts from the derivation of the regularisation factor (r/ro)?. The surface integrals of
the Laplacian terms, as well as the analogous so-called “divergence terms”, are very easy to integrate
within the Hadamard finite part prescription. Therefore, we kept as much as possible the terms into
Laplacian or divergence form.

Once the latter two techniques — super-potentials and surface integrals — have been applied,
one obtains an extremely long expression for the quadrupole moment as a function of potentials and
super-potentials, where all terms can be explicitly integrated.

6.2.4 Expression in terms of potentials

In d dimensions, the mass-type quadrupole moment is given by Eq. (6.1) for £ = 2. The first three
terms of (6.1) will be denoted respectively by S;;, V;; and T;; with S, V and T standing for scalar,
vector and tensor. We recall that the fourth term in (6.1) does not contribute in the considered
precription: DR for the UV and Hadamard for the IR'. Thus we write

Furthermore, we know from the series expansion (6.5) that each term S, V' and T corresponds to a
finite sum at 4PN order indexed by the integer k£ in (6.5). At the 4PN order this sum has 5 terms
(k=0,1,2,3,4) for S, 4 for V and 3 for T. We denote these terms using capital roman numerals
hence

S = SI+ SI + SII + SIV + SV, (6.21a)
V =VI+ VI + VII+ VIV, (6.21b)
T =TI+ TI+ TII. (6.21c)

In these notations, we ignore the always understood quadrupole indices ¢5. In practice, I performed
the computations on the non-STF mass quadrupole and then took the STF projection of the result.
Since there are poles o< 1/e in the expressions to be projected, it is crucial to apply the STF projection
in d dimensions, i.e. T% = T4 — 20Tk However, alternatively, one can wait until the end of the
calculation when the poles have been removed by the appropriate shifts (see Appendix E.1) to apply
finally the usual STF projection in 3 dimensions. We have checked explicitely that the STF operation
commutes with the integration and notably with the different regularisation procedures.

In addition, each of the 654 terms contains non-compact support terms which we denote with the
suffix NC (such as SINC), compact support terms (suffix C) and surface terms of two sorts, either
surface Laplacian terms (SL) or surface divergence terms (SD). Hence we write for the term ST

ST = SIC + SINC + SISL 4 SISD , (6.22)

and similarly for the other terms. The full expressions in terms of potentials of SIC, SINC, SISL and
SISD are given in App. E.2.

6.3 The properly UV regularised quadrupole

As mentioned above, the first steps for the computation of the mass quadrupole consist in deriving
the potentials in 3d (with Hadamard partie finie prescription) and, then, in d dimensions. Some

!And also DR for the IR, as we will see in Sec. 6.4.4.

81



potentials are too complicated to compute in the whole space so we used the previously decribed
techniques to avoid this problem by transforming the NC terms into C + Surface terms. This
allows computing the same integrals but it requires to know only the potentials regularised on the
location of the bodies or at spatial infinity. However, I did not compute the potentials myself, since
it had already been done, notably by Tanguy Marchand, Luc Blanchet, Francois Larrouturou and
Guillaume Faye. Thus, my contribution to the computation of the d-dimensional UV regularised mass
quadrupole started from the computation of the integrals in terms of the potentials, already knowing
their expressions. For more details on the derivation of the potentials required for the computation
of the mass quadrupole, see Sec. IV B and Sec. V of [9]. Furthermore, I focused on the C and NC
terms. Because of the length and complexity of the computations, the Mathematica codes I ran had
to be parallelized on the cluster of IAP. I used the zAct library [13] for tensor manipulations.

6.3.1 Computation of C and distributional terms
Compact terms

The C terms are the simplest ones to integrate if we assume that we already know the potentials.
Indeed, their most general form is

)\/ddxirLOLlPl..ﬁLnPnéA, (623)

where P, are potentials, 64 = 6% (x —ya) and A is an arbitrary constant coefficient. The result for
such an integral is then

MNE(Op,P)a... (01, Py)a, (6.24)

where (0L, Py)a is the dimensional-regularised value of dr, Py at the location of body A. Thus, C
terms can be computed directly in d-dimensions. Since I already knew the values of the regularised
potentials and their derivatives, these terms were trivial to compute. Note that some potentials
contain a pole 1/¢ when computed in d-dimensions. This means that C terms generate poles.

Distributional terms

Furthermore, terms of the form (6.23) can also come from NC terms. Indeed, the computations are
made in terms of distributions and not functions due to the fact that we use Dirac delta distributions
to model the physical system. Such a consideration complicates the computations because if one
applies a sufficient amount of derivatives on an expression, distributions will appear. A simple
example in 3d is the following:

(@, b)
Ba (1) _gti AT s (6.25)

1 r3 3

where the first term is the ordinary part of the derivative and the second is the additional part due to
distributions. In general, we can decompose a derivative in an ordinary and a purely distributional
part

&P - (81'P)ord + DZ[P] . (626)
The value of the distributional part D; is given by the Gel’fand Shilov formula [9, 151, 152]. This

formula, adapted to our notations, reads

7’LL €
D; [ ] = 4l tE (= )ymemte (04 1))

Tm—&-a

T (E+m;1+€) |m/2]

F'l+m+1+¢)

AP )0y —opOipsop—ap) 0T

22(p — 1!(m — 2p)! (5™ — p)! (627

Pp=po

where Po = Max(m_TH, 1) and 5L = 5i1i2 Ce (51'2711‘5.
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Non-compact terms that contain a sufficiently high number of derivatives can generate distribu-
tional contributions. As an example, using (6.25), the term [ A4 39 Wabaabv will create a distribu-
tional term of the form

X /ddX i‘ij WabéabéA, (628)

which is exactly of the same form as (6.23) and therefore can be integrated in the same way. Note
that derivatives of Dirac distributions can also arise from (6.27). So one has first to perform IBPs
in order to rewrite the integral in the form of (6.23). For the mass quadrupole I computed all the
contributions of the C and distributional parts using these methods.

6.3.2 Hadamard regularisation: computation of NC terms in 3d

In this section, we present the Hadamard partie finie regularisation. For a detailed review, see
[153]. We first consider a function F'(x) which is assumed to be smooth and well-defined everywhere
except at the positions of the two bodies. We are interested in the computation of integrals of the
form

I:fP/J&F@y (6.29)

This integral can then diverge at x = y;, x = Yo and |x| — +00. The divergencies at the locations
of the bodies are treated differently from the one at spatial infinity. We can split the integral in two
parts: one for r < R and one for r > R, where R is a fixed constant sufficiently large, so that

[ =I5+ 1, (6.30)

where I is defined in (6.33) and I} in (6.37). The first step of the Hadamard partie finie procedure
is to perform a Laurent expansion of F' around x = y,

F(x) = Z ry Sfp(nl) +o(rl), (6.31)

pos<ps<N

where 1, = |x—v1| and the coefficients ¢}, depend on the unit direction n; = (x—y;)/r; of approach
to the singularity. Note that the Laurent-expansion of F' can contain logarithms and its full form
is given in (6.82). However, considering logarithms here is not crucial for the understanding of the
procedure. Then, we define the regularised value of the function F' at point 1 to be the average with
respect to the direction n; of the term with zeroth power in r;, namely

dQ

(F)1 = 1r ‘:fp(l’l1)7 (6.32)
where d) is the infinitesimal solid angle on the 3-dimensional sphere. With this in hand, we can
compute the Hadamard partie finie value (in the rest of this thesis we also call it 3d value) of the

integral (6.29).

Hadamard partie finie for UV divergencies

In Hadamard regularisation, the 3-dimensional spatial integral is defined by the following FP
prescription, depending on two constants s; and s, associated with logarithmic divergences at the
two singular points, say

In =FP d*x F(x). (6.33)

S1,52 Jr<R

We define the region of space V which is inside the radius R and excludes two balls B (s) and Bs(s)
centered on y; and yy with a radius s, so that ¥V = V(R,s). The integral over V is convergent,
by virtue of the properties of F' while the integrals inside the balls can be divergent. Let us now
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define Iy , as the integral over V. If the integrals over the balls were convergent, then we would have
directly I = limg 0l ;. In the general case, we have to study the potential divergencies of I ; in
order to substract them before taking the limit s — 0. To do so, we insert the Laurent expansion
of F' (6.31) in I ,. Then by splitting this integral into a radial and an angular one, we find that its
singular part can be written as

e ( y <F>1 +1n (;) (rifF)l) L1 (6.34)

D
pizeo P T3\ 1

In the end, we substract this quantity to /5 and then take the limit s — 0. The final result for the
treatment of the UV divergencies in the Hadamard prescription for such integrals is

I‘—lim/ dx P a3 2 (E +ln(s)(r3F) 162 (6.35)
R 550 | Jum,s) p+3\ri/, s )V ' '

p+3<0

Remark that, as V depends on R, the first term in (6.35) involves some powers and logarithms of R.
The contributions in R will be canceled by the ones in I;. The previous method is also equivalent
to introducing the two cut-offs s; and sy in the following way

Ii=FrP [ & (“)a (”)ﬁ F(x), (6.36)

a—0 S S
320 r<R 1 2

where we compute the integral in the whole space by conveniently chosing the values of a and  so
that the integral converges and then taking their limit towards 0 by analytic continuation.

Hadamard partie finie for IR divergencies

To treat the IR divergencies of I, complementary to the previous section, we can limit the
integration domain to be r = |x| > R

B
+ 3. (7
Li=Fp | dx <T0> F(x). (6.37)

For simplicities sake, we assume that the multipolar expansion of F' at spatial infinity does not
contain logarithms i.e. F(x) = >, 77p,(n). After following the same kind of reasoning as for the
UV, we find that the Hadamard regularised value of the outer part of (6.29) reads

If = 4 [Z R ety 1 (K <¢_3<n>>] . (6.38)

p<73p+ 3 T[)

As mentioned above, the R are compensated by the ones in the first term of (6.35).

6.3.3 Computation of the UV DDR for NC terms

In order to obtain the dimensional regularised (for the UV) mass quadrupole, it is now sufficient
to compute the so-called difference of Hadamard and DR abreviated as DDR. In DR, the integral is
regularized by means of analytic continuation in d = 3 + ¢, so that

. d
19 = / X p)(x). (6.39)
r<R EO
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We assume here that we can compute the expansion of the source F(@ in d dimensions in the vicinity
of the particles, say y;. While in 3 dimensions, we have the expansion around y; as in (6.31), in d
dimensions, we have a similar albeit more complicated expansion

T g
FO) = 3~ 0 (m) + (7). (6.40)
po<psN
q0<q<q1

where the coefficients now depend on an extra integer ¢ reflecting the more complicated structure
of the expansion involving powers p + ge (with both p, ¢ € Z). Since the two expansions (6.31)
and (6.40) must agree in the limit ¢ — 0, the relation

> 910]52} = ¢, (6.41)
q0<q<q1
must hold for any p.
Now, we are interested in the difference between DR and Hadamard partie finie, because this is
precisely what we have to add to the Hadamard result (6.35) in order to get the correct d-dimensional
result (6.39). This difference is

DIV = 19" — I, (6.42)
of which we merely compute the pole part oc 1/e and the finite part oc €° in the Laurent expansion
when ¢ — 0, the other terms vanishing in that limit. The key point is that the difference (6.42) does

not depend on R but only on the coefficients of the expansion around the two singularities as defined
by (6.40), modulo the neglected O(e) terms. We have [114]

Q41
9

1
DIV — 3 [1 +eln (?)] <gf£€3)’q> +142, (6.43)
0

q0<q<q1 q+

where it is crucial that the angular average is performed in d dimensions, i.e.,

c dQi-1 (. ors
<<710;§,q)> Qd ) 910;&,3( ) Qg = W (6.44)

2

Here, d€2;_; is the infinitesimal solid angle on the (d — 1)-dimensional sphere and Q41 = [dQy ;.
In actual calculations, we have verified that there is no problem with the potentially dangerous value
g = —11n (6.43) since we always have <1g0(_53),,_1) =0.

As we see from (6.43), the calculation generates many UV-type poles 1/e, but we proved that
all those poles are canceled by the specific shift determined from the 4PN equations of motion in
Refs. [133, 38]. However, at 4PN order, all the poles do not come from (6.43), because, as mentioned
in Sec. 6.3.1, they are also can also come from C terms.

6.3.4 Computation of surface terms in 3d

Surface terms can be split in two categories : Laplacian terms, having the form of (6.45) and
divergence terms, having the form of (6.49). In this section we show how they are treated in 3d.
Treatment of Laplacian terms

Let us consider a product of derivatives of potentials G. Following [143], a generic Laplacian term
reads
T, = FP / Bx i, AG. (6.45)
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We recall that 7 = r/ry where r¢ is the IR cut-off for Hadamard regularisation. Integrating the
Laplacian by parts, we find

T, =FPB(B+20+1) o P PPxrP25, G . (6.46)

r>R

due to the prefactor B, the above integral can be restricted to the outer zone: r > R, where R is an
arbitrary length, the integral for » < R is finite. Indeed, the matching equation which leads to the
expressions of the multipole moments is originally applied for smooth matter distributions, so that
the metric is smooth everywhere in the near zone. As such, G is also smooth there and, due to the
factor B, the near zone contribution is zero after the FP procedure. In practice, the point-particle
approximation leads to UV divergences, but these are separately treated by DR, in which the FP
plays no role.

Because of the B prefactor in (6.46), we need to look at the 1/B pole in the integral. This
pole can only come from a radial integral of the form [ drr®~1 = —RP/B. Thus, considering the
asymptotic expansion of G when r — oo, which we denote by M(G) as it is identical to the multipole
expansion, we find that the pole comes only from the term of order r=¢~! in that expansion. At 4PN
order, we also obtain a logarithmic dependence for some of the potentials. Hence, if we define X, (n)
and lejn(n) to be the coefficients of 7?~! and » P~ Inr in the multipole expansion, we have

M(G):..._FL

et

X,(n) + X™(n)In (’”)} +o(rth), (6.47)

To

so that we finally obtain (applying the definition of the FP)

T, — / A0, {—(% D)X (n) + X;n(niﬂ . (6.48)

Treatment of divergence terms

The other surface integrals occurring are the “divergence terms”, for instance the second term in
the right-hand side of (6.18). Most of these terms come from the method of super-potentials. They
are of the form

K =FP / Bx B, H, . (6.49)

A similar reasoning to the one before shows that they depend only on the 1/r? coefficient, say Y;(n),
in the asymptotic or multipole expansion M(H;) when r — oc:

MH) = -+ :2 [m(n) LY (Tﬂ +o(r?), (6.50)

To

and the FP procedure yields simply
K= /dQ nY;(n). (6.51)

There is no contribution from the logarithm in (6.50).

In order to apply the previous method, we have to obtain the asymptotic expansion when » — 400
of G or H; [Egs. (6.47) or (6.50)], where G and H; are made of products of derivatives of potentials,
involving in general one potential which is not known in the whole space, for instance the 4PN
potential P = Mij or its trace. To find the expansion when r — 400 of such potential, we relied on
the method explained in Sec. V D of [9].
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6.3.5 Final result for the UV regularised mass quadrupole

We applied the methods described above to compute the source mass quadrupole moment at the
4PN order in the case of circular orbits. As for the Fokker Lagrangian computation of the equations
of motion [131], we first used Hadamard’s partie finie to cure the UV divergences and obtained an
initial result depending on Ins; and Insy;. Then, we computed the difference between the DR and
the Hadamard partie finie regularisation for the UV divergences, which yielded a new result free of
In s; and In se but containing poles in 1/¢, as well as the DR scale £.

Let us recall that these poles should cancel out when expressing physical observables such as
the energy flux or the orbital phase of the system, but can still be present in intermediate non-
gauge invariant results such as the equations of motion or the expression of the source multipole
moments. However, in that case, it is extremely useful to remove the UV poles by applying a shift
of the particle’s trajectories. This provides an important test of the result and also a substantial
simplification. At 3PN, it was already shown that applying the same shift as used for the 3PN
equations of motion to the 3PN source mass quadrupole moment, consistently removes all the UV
poles [33].

At 4PN, the situation is a bit more complicated. The shift that was applied to the Fokker
Lagrangian in order to get the final result for the 4PN equations of motion as obtained in [133, 38],
and from which all the conserved quantities were derived in [134], is composed of three terms:

1. The shift & 5 given in the Appendix C of [131]* and which removes all the UV-type 1/ poles
in the Fokker Lagrangian

2. The shift x; 2 that was applied in [133] and removes all the IR-type 1/¢ poles of the Fokker
Lagrangian

3. Finally, the shift 1, 5 given in the Appendix A of [134] that does not contain any pole and was
merely used for convenience

For completeness, we provide in App. E.1 the full expressions of the shifts &; 2 and 7, 5. Note that
the IR shift x; 2 will be used in the next section.

We have applied the sum of the shifts &; 5 and 7, » to the 4PN quadrupole moment and checked
that all the UV-type poles 1/¢ (as well as the usual concomitant constants such as Euler’s constant
~g) cancel out as they should. Those shifts have been determined from the separate calculation of
the Fokker Lagrangian and equations of motion. Furthermore, as we already mentioned, at 4PN,
some of the potentials entering the compact support terms do contain poles. In the end, these poles
combine with those coming from the DR of the volume integrals of non-compact support terms. The
proper cancellation of all the poles constitutes a robust check of the UV DR computations and a
major confirmation that we understand the connection between the conservative equations of motion
and the multipole moments within the framework of the MPM-PN approach.

The next steps are to reduce this result to the CoM frame and then to the case of quasi-circular
orbits. We only need the 3PN expressions of the CoM coordinates, and the 3PN equations of
motion, in order to express the mass quadrupole moment at the 4PN order in the CoM frame for
circular orbits. Therefore, even if the result does not yet use DR for the IR divergences, we can still
consistently express it in the CoM frame for circular orbits. The result, then much more compact, is
given as follows

2 2,12
r G*m-v 1
2There are some missing terms in the equations (C3) of [131]; the correct expression, also taking into account the
final determination of the ambiguity parameters [133, 38], is given in Egs. (E.2)—(E.3) below taken from [9].
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where the factors are explicitly given up to the 4PN order by*

Ao L 1B\ o 461 18395 241
TN T T 1 T\ 7512 15127 1512

3 (395899 —@ln r L 3304319 %ln r - 1625391/2+ 2351 3
13200 105 To c 16632 33264

166320 3 \r)
A <_1023844001989 31886 (r) [_18862022737_ 2783

12713500800 * 2205 To 470870400 17927T
243261 r +84951 r L 171906563+44909 9 48971 r 9
- ——In| — — In|l — ||V T — n(—||v
735 To 63 0 4484480 2688 21
22063949 , 71131 ,
Vo + v,
5189184 314496

(6.53a)

L1 1607 1681 229 ,
“o1 7777\ 378 T 3s Va7’
L 357761 428 [\ 92339 35750 , 457
— + —1Inl— | — v+ ve+ v
19800 ' 105 \ry) 5544 " 924 5544
L (17607264287 4922 [ r 5456382809 143 , 1714 (r) 968 [

+ — n|—|+|——+-—1m"————In|— | ——In[—= ||V
1580187600 2205 \ g 529729200 ' 192 19 \ro) 63 T\
351838141 41 , 968 (r\] , 1774615 , 3053
20C000 Rt T POy |r m s 53b
[ 5045040 24" 21 n(ﬁ)] 81081 =~ 432432" )’ (6.53b)

48 4096 24512

C==7+ (_ 315 945 ”) (6.53¢)

Remark that the values of A and B are different for two coefficients therein from the one we have
published in [9]. Indeed, we have forgotten to include the contribution of the UV d-dimensional
regularisation of the potential R; in two of the compact terms (in SICspyx and VICspy in App. E.2).
We recall the already introduced notations: v = 9% r = |y} — vi|, v' = v} — v}, 2 = yi — s,
m = my +my and v = pu/m = mymsy/(my + my)?. Two constants parametrize the logarithmic
terms of (6.53). The constant 1y was introduced in the Hadamard regularisation for the IR (see
Eq. (3.31a)). Then, there appears the constant r{, associated with the UV regularisation and which

has been introduced through the shift & 5 in Egs. (E.3).*

The result (6.52)—(6.53) extends to the 4PN order the expression of the mass quadrupole moment
that was known at the 3.5PN order [142, 143, 147, 43]. We are now in position to compute the
correct dimensional-regularised mass quadrupole.

3The terms C represent the time-odd 2.5PN and 3.5PN contributions provided here for completeness.

4In previous works on the 3PN/4PN equations of motion in harmonic coordinates, two gauge constants r} and r
in the logarithms were considered for the UV divergences instead of one [154, 110, 131]. In the CM frame this yielded
the two convenient combinations (with X3 3 = mj 2/m)

Inry = X;Inr] + Xolnr,
X2Inr] — X21Inr),

Inr{ = X~ X, ,

with r{ entering specifically the expression of the particle’s positions in the CM frame at the 3PN order [110]. Because
of the factor (X7 — X3)~! in In7{ there is an apparent divergence when the two masses are equal, but of course it is
compensated by a factor X1 — X in the CM relations. There, we make the choice r{ = 75, which avoids such spurious
divergence and has the advantage that the particle’s positions are exactly ¥} = —y4 when the masses are equal. Hence
we have only one UV constant r(, = rg = r} = r5.
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6.4 The properly IR regularised quadrupole

Let us recall that for the computation of the mass quadrupole at 3PN, DR was used only in
the UV and not in the IR. The reason for such a non-trivial statement is that DR in the UV was
sufficient to remove the ambiguities in the conservative sector (see discussion in Sec. 3.2.2). When we
started investigating DR in the IR for the computation of the source multipoles, it was supposed that
Hadamard regularisation was sufficient at 3PN. However, it had never been proved that Hadamard
was equivalent to DR. The effort we furnished to compute the DDR in the IR for the mass quadrupole
at 4PN also led to confirm that the statement was indeed correct not only for the mass quadrupole
but also for the current quadrupole and the mass octupole at 3PN (see Sec. 6.4.7 and Sec. 7.2.4).

In order to compute the DDR in the IR for the mass quadrupole, we have to list all the possible
contributions where the difference between the two regularisations can appear. Of course, differences
may appear in NC terms because the treatment of the regularisation at spatial infinity should in
principle be different. For the same reason, we also expect the surface terms, only limited to spatial
infinity, to be treated differently. However, it is non-trivial that the C terms, in which the values
of the integrands are only required at the location of the bodies, should be different because they
were, in principle, treated in the previous section by means of the UV DR. At first we did not think
this would contribute, but we then realized that the values of the potentials that we were using were
computed by a 3d Hadamard calculation followed by a UV difference. Therefore, these values were
not the full d-dimensional regularised potentials in the whole space and it turned out that the correct
IR treatment of the potentials changed their values also on the location of the bodies and not just
at spatial infinity. Note that in principle, distributional terms can also arise. Since they are treated
in the same way as C terms, we include their possible contribution in C terms. Furthermore, the
last possible contribution in the IR DDR is the last term (proportional to B) in Eq. (6.1). Then the
result for the mass quadrupole has to be shifted using the shift derived in the conservative sector, in
the same way that it was done for the UV DDR. To summarize, we had to deal with the difference
between Hadamard and dimensional regularisations for

o C terms
o NC terms
o Extra and Surface terms
o Shift
so that, the total IR DDR for the mass quadrupole can be written as
DI} = DIf; + DI + DI™ + DIG™ + DI, (6.54)

The following sections aim at computing the values of the different contributions.

6.4.1 Computation of the DDR of potentials at point 1 and C terms

We want to compute the difference between the Hadamard and dimensional regularisations treat-
ment of IR divergencies in C terms. The first step is to compute the value of the IR DDR of the
potentials at point A. To do so, we need to solve the wave equation regularised at point 1, namely

P(y:) = (O7'9)(y1). (6.55)
For this integration, we start PN expanding the D’Alembert operator
+o00 1d 2k
O = ] AR 6.56
;CZ:;) (c dt) ( )

We then need to solve the Laplace equation in order to extend its solution to the D’Alembert solution.
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Solution of the Laplace equation

Consider a d-dimensional Poisson like potential sourced by a function F(@

k F@
PYx)=—-—FP dx fBi(X)_Q :

41 B=0 Jr>Rr |x! — x|

(6.57)

~ r(4=2
evaluated any field point x’. We pose k = ( d22). The constant in the Green’s function of the

Laplace operator is given by A(l;: rz_d) = —4710@(x). At point 1 we have

k F
PYy)=——Fp [ dixi? d_(f). (6.58)

47T B=0 r>R 7”1

We consider the class of functions F® which admit a generic expansion in d dimensions when
r = |x| = 400, such that, for any N € N,

q1 7,p—l—qa 1
Z Z gqs Sppq +0(TN> ) (659)

Pp=po 9=90

where py € N indicates the maximal order of the IR divergence, and ¢y, ¢ € Z represent a finite
range of values for ¢q. Further more, we know that

1 +002€F< —|—€—1)yn
TR () e (6.60)

After inserting (6.59) and (6.60) into (6.58), we decompose the integral into a radial and angular
one. After integration the integral reads

FesoT(s+0-1)

47r£0€' I‘(% )

P )(yl)

L qu RB l+p+2+qe L (@
do g 6.61
Z 8 B— €—i—p—|—2+q€/ a1y gpem). - (6.61)

We do the same in 3d and compute the difference up to order O(e). The constant R cancels out and
we get

g G I To S| @
DPy) = =3 T ER S < g () £ Y s el ) (662)
=0 : 0704 0 k=0 “N —
where () = dg 41 js the spherical average performed in d dimensions, while the volume of the sphere
is Qd—l = (df;)k

Solution of the D’Alembert equation

For potentials that are required at least at 1PN, the D’Alembertian cannot be approximated as a
mere Laplacian. The inverse D’Alembertian can be PN expanded in terms of the inverse Laplacian.
Then, one can show that computing the IR DDR at the location of the bodies for the D’Alembert
equation is equivalent to compute the IR DDR in the Laplace equation on a different source [11].
Indeed, solving (6.55) is equivalent solving

P(y) = (A™9)(w), (6.63)
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using (6.62) with S given in terms of S by

4
T

8(4—d)(6—d)ct

S(x,t) = S(x,t) + 7S (x,t) + orS(x,t) + O <616) : (6.64)

(4 d)02

The prefactors come from the so-called Matthieu formulae that are introduced later in (6.72) when
we iterate the inverse Laplacians.

The method described in this section was used to derive the IR DDR of the potentials that enter
C terms. Right below we detail which potentials were required.

Computation of C terms

As we can see from Eq. (6.62), we have to perform a Taylor expansion of the source of the
potentials at spatial infinity, as 7 — oo. The sum >>/5q @_r42, indicates that only the terms in the
source containing 1/7? and lower order (1/r,7%r...) will contribute. This condition highly limits the
possible contributions in the given sources of the potentials. As an example, when we look at the
complicated source of the potential 7" in (B.4i), only the term o V@ff( can contribute because the
other terms are at least of the order 1/r3. Based on this argument, we can list the potentials that
can have a non-zero IR DDR at the location of the bodies. The only potentials required for the DDR
in the IR for C terms are W at 2PN, Z and X at 1PN, A and 7 at OPN.

Regarding the superpotentials, using the previous argument, they should in principle all have a
non-zero IR DDR. However, we can use a parity argument to show that their IR DDR is zero. Indeed,
for each ¢, the parity of the number of n’ entering the expression of <p(fz 12, in the super-potentials
is the opposite of the parity of . Considering the fact that the angular integral of an odd number of
n' is zero, we thus see that (ﬁLgo(fg a4 always vanishes.

I used the method described above to compute the IR DDR of the 5 potentials {W, Z, X, M, T}
Then, in order to obtain the corrected values of the C terms, I inserted the IR DDR of the potentials
using the method described in Sec. 6.3.1. This yields a long result for Dlg which is not interesting

to detail here. The main feature is that it contains poles in 1/ as well as the cut-off constants r
and £y linked to Hadamard and DR.

6.4.2 Computation of the d-dimensional potentials at spatial infinity

The potentials that must be computed in d dimensions at spatial infinity are the ones entering
the NC terms. One could think that we also need to compute the potentials entering Surface terms
at spatial infinity, however it is shown in Sec. 6.4.4 that these terms vanish using DR, so that we
do not need to compute them. The potentials present in the NC terms are: V', V;, K at 2PN, VVZJ
at 1PN, RZ, X ZZ] at OPN and the 4 superpotentials \Ila‘“’v \Ifaavb U2V and ‘If?;aav. Note that V,

ijk
Vi, K and the superpotentials were already known in the whole space in d dimensions so the only
thing that had to be done was to expand them for » — oo at consistent order. The source of the
other relevant potentials are divided in two parts: the compact support part, involving the PN source
densities o, 0; and 05, and the non-compact support part which is made of other simpler potentials
(see Eq. (B.4)). Thus the general form of the potentials is the following

OP(x,t) = S(x,t) = Sc(x,t) + Sne(x, t). (6.65)

Furthermore, the asymptotic value of the d-dimensional potentials solution of (6.65) at infinity is
given by [133]

M(P) =3 O M(S) — = 3 (;') 9.5T. (6.66)
k=0 £=0

91



where Dﬁl is the d-dimensional retarded propagator. The first term corresponds to a particular
solution of (6.65) while the second term corresponds to a homogeneous solution and is fixed by
the matching between the exterior zone and the near zone. This is the same matching as the one
explained in Sec. 3.1.4. Then S¥ reads

k +o0 2r 2r
St =g [ danaa(e) [SL (t - C) 1S (t 4 C)] , (6.67)
with
2 e
Yia(z) = - VT 0 (22—=1)"""2 and Sp(u) = gP/ddx oS (x,u). (6.68)
2 L(=5)r (%)

The tilded notation corresponds to the inverse Laplacian regularised by means of the Be procedure.
After performing a PN expansion of (6.66) and integrating over z, we obtain the more explicit solution
for the multipolar expansion the considered potential as

S a 1 (o) T(E-k-1)
=2 \oq) &7 - (26) 2h-1-e
M(P) k_0<c dt) A=F=1M(S) 47#51% AERIE T (1-7) SEPV (oL E (6.69)

The two particular solution (on the left) and the homogeneous solution (on the right) are treated
separatly. Furthermore, the computation of the NC part of the potentials is made of two steps: the
particular and homogeneous solutions.

Treatment of the particular solution : the compact part

For the compact part of the potentials, we want to solve at spatial infinity in d dimensions
equations of the form
OPc(x,t) = Sc(x,t) = 5, (£)0\" +1 ¢ 2. (6.70)
As in the previous section, we can PN expand the D’Alembertian using (6.56). In [83] is given the
solution of Au = —47r(5§d) with u = kr?=¢. Using this result and Eqgs. (6.72), we find that the solution
of Eq. (6.70) reads

1D ()T (552) @) p2h-1-e
E 7_(1-55 ];) (20)%]{3! T (% + ]{;)

The sum is truncated depending on the required PN order.

M(Pe) = — +1o2. (6.71)

Treatment of the particular solution : the non-compact part

As shown in (6.69), the first step to derive M(Pxc) consists in expanding Sy at spatial infinity.
Then we need to integrate the inverse Laplacians of M (Sxc¢) using the very useful Matthieu formula

(valid Ya € C\ {€ — 2, —d — ¢}) [83]

P R (6.72a)
(a+2)(a+d)’ ‘
T (g+1)T(2f)  porae -
T(§+k+1)0 (54 +k) 2% 7
A a2
A (Apr®) = nLr (6.72¢)

(a—0+2)(a+Ll+d)’

Note that in the cases where a € {¢ — 2, —d — ¢}, these formulae diverge. These problems have
been dealt with by introducing of a regulator n that we added to the power of r. We performed the
integration and then took the limit n — 0.
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Treatment of the homogeneous solution

All requested potentials but X have at most quadratic sources. This means that their NC source
is a sum of products of derivatives of the simple C potentials V', V; and K (see Eq. (B.4)). In order
to compute S, that enters in (6.69), we need to derive integrals of the form

/ d?x 2 rorintng | (6.73)
No ready-to-use closed form of this integral was known in d dimensions when we started the compu-

tation.” However, (6.73) can be simplified by substituing z° = y{ + rin} and ni, = (rian}, +rini)/r
which only requires to know the value of the integral

/ddx rerant. (6.74)

Again, the value of this integral was only known for L = 0 so we used the algorithm explained in
App. A.6 of [155]. The trick is to project n} onto ni,

2 2 2
. Ty, —Ti— 7T . .
nt =21 12pi 1nl (6.75)
2r1r12

where n’ is the compotent of n¢ orthogonal to n},. The angular integral over a given number of n
is known and given in the same paper. In the end we can reduce all the integrals to the following

one i d Btd
W%r(%)r(%)l“(—%) a+B-+d (6.76)

[t = e T ey

This allowed us to compute the homogeneous solutions of (6.65) for quadratic-sourced potentials.

The particular case of the potential X

One term in the source of X is not quadratic, it reads S¢ = VAVij@-jV. This term has two
contributions: a NC and a distributional part.

For the NC part, the quantity S; entering (6.69) reads S; = FP [d¥x foLWij(()ijV. We can
compute this integral by defining the STF version Sy of S; on its L indices. The link between 7
and S, is very simple. This allows to use the super-potential method and derive exactly Sp:

& Okk 0,V d—1 0,V
Since we are using DR, we can ignore the surance terms (not written here) induced by the super-
potential method. After computing explicitely Sy, we inserted its value in (6.69) and added it to the
homogeneous solution of the quadratic source.
Regarding the distributional part, using (6.25) in d dimensions and (6.71), we have to add to the
NC part of X the quantity
5 Gma (W €
XDistr = ﬂ (1 + -

o 1+ 1n(q-))> 162, (6.78)

where ¢ = 4me"® and g is the Euler constant.
We performed all the computations for the required potentials. The next step is to compute the
IR DDR for the NC terms using the expressions of the potentials.

5By the time we were doing the computations, Guillaume Faye managed to find an analytical expression for this
integral, see [11], but we did not use it.
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6.4.3 Computation of NC terms

In this section we regularise the IR divergences of three-dimensional volume integrals of the type
(6.37). We compute the difference between two IR regularisations: the so-called Be regularisation [38]
which is our target, and the B regularisation in 3 dimensions. The Be regularization considers the
integral (6.37) in d = 3 + ¢ dimensions, with F(9 the analogue of the function F in d dimensions,
and applies to it the FP procedure with parameter B namely

15 = FP />R fo (T()) F@(x). (6.79)

We have inserted the characteristic length scale ¢, associated with dimensional regularisation, as well
as an arbitrary constant ry associated with the FP procedure. The Be regularisation consists of
applying first the FP process when B — 0, and second the usual DR when ¢ — 0. On the other
hand the B regularisation considers simply the integral I} in 3 dimensions (6.37) and just applies
the FP at B = 0. The decomposition of F(4 is given in (6.59). The coefficients which can contain
poles « 1/¢, i.e. are of the type

Pm) = 4l () + 90 m) + O(e). (6.50)

The coefficients of the pole ¢}()qu) naturally are defined with no dependence upon ¢, while the wl(fq)
are finite when ¢ — 0. We furthermore assume that in 3 dimensions the function F' is finite. Posing
thus (for Vp)

Sultm)y =0, Y ¢0m)=p,m), Y qvi)(n)=—g(n). (6.81)
q q q
we get the following logarithmic corresponding expansion in 3 dimensions
ZT” [sop +¢p(n) In (Z )] (6.82)
0

The difference between the two regularisations is now computed in the limit where ¢ — 0. We pose
DI =15 - I} . (6.83)

Since in the limit ¢ — 0 the complementary integrals over r < R are finite and agree, the differ-
ence (6.83) should be independent on the cut-off scale R. Using the relations (6.81) linking the d
and 3 dimensional quantities, we obtain

DIIR:—le ! gln( )]/dﬂdl(p ()—;IHQ(Z)/dQQOe?,(n)—i—O(a), (6.84)

1€ lat1

where d€;_; denotes the (d — 1)-dimensional volume of the sphere. Indeed we find that modulo
O(e)-terms this difference does not depend on the cut-off scale R. Note that the value ¢ = —1 has to
be excluded from the sum so that, unlike in the UV case, we did not have to check that (4,0(5) 1) =0.
A last use of (6.81) gives the compact form

1 1 (g+1)e
D (Z) [ 6%, m)+0 (). (6.85)
1

For the computation of the IR DDR of NC terms, we inserted the expressions of the d-dimensional
potentials derived in Sec. 6.4.2 and applied (6.85) on the source of the NC terms. In the end, as for
the C terms, we find a result for Dlgc composed of a pole in 1/e and a finite part.
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6.4.4 Computation of the extra term and surface terms

The reason why both extra term and surface terms are regrouped in this section is that they do
not contribute with DR in the IR. In fact, they both vanish for the same reason that we are going
to see below.

Extra term

Recall that the extra term in the definition of I is the one proportional to the regulator B and
to €. This induces a more specific constraint on the terms in the multipolar expansion of the source
that can contribute using the Be procedure. Indeed, the extra term reads for £ = 2 (see the last line

of (6.1)) "
extra 1 = do, =B, 2k—2 2
I = 2 Z (c dt> FEMDB(d = 3) /d X0 Bt S (6.86)

where )\ is a coefficient depending on the dimension and k°. We set ¢, = 1 because it is not relevant
here. Once again, we can split the integral into two parts: for r < R and r > R, R being an
arbitrary radial constant. It was shown that in the UV, so the part for r < R, this integral did not
contribute. Consequently, we can restrict ourselves to the IR, for » > R. For R sufficiently large,
we can perform a multipolar decomposition of the source fij reading

q1
S =3 > prtegha, (6.87)
p>09=90

With this decomposition in hand, we can split the integral into a radial and an angular one and
integrate over r using the Be procedure. This leads to the final result for the extra term

1 +o00 2k
I = 2 Z < ) /deflﬁijanbEg;E)i%ﬁl)- (6.88)

This means that only the terms in the source that admit a coefficient ¢ = —1 can contribute. Remind
that the source is formed of products of derivatives of potentials. All the potentials admit at most
q = —1 and their derivatives don’t affect this coefficient. This means that a product of potential will
always contain ¢ = —2 or less. In other words, due to the structure of X, IeXtra vanishes and doesn’t
need to be computed. Also note that for the computation of the mass quadrupole up to 4PN, ¥,
was only required at 2PN because it contains a factor 1/¢* in the third term of (6.1). However, the
extra term contains a factor 1/¢?, thus we would have had to compute it up to 3PN. At this order,
more complicated potentials appear and their computation would have been much harder than the
ones needed in the previous sections. In the end, since I;’J’Ftra = 0, we can drop leftra from (6.54).

Surface terms

The reasoning for the two types surface terms, generally of the form (6.45) and (6.49), is exactly
the same. The integrals are already to be considered at spatial infinity. We first perform a multipolar
expansion of the source, integrate over the radial variable and find a resulting angular integral in
which only the coefficients of the source containing ¢ = —1 can contribute. Since their source is

SMore exactly, its expression is

1 @+ T(4+3)

Ay = — :
P TRd(d - 2)(d + 9T (2434 k)

"In these definitions, d3x has to be replaced by d%x.
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made of products of potentials, coefficients with ¢ = —1 cannot appear and thus these integrals are
exactly 0. Hence, in order to get the correct value of the dimensional-regularised mass quadrupole,
we have to substract from (6.52) the values of the Surface terms so that

DISurf ISurf Had (689)

In Sec. 6.2.2 and Sec. 6.2.3, we explained how we transformed NC terms involving complicated
potentials (such as Mw) into simpler NC terms plus C and Surface integrals. In fact, all the potentials
that start parametrizing the PN metric at 3PN and 4PN, are not contained in the NC terms but
in the Surface terms. The argument above showed that the Surface terms do not contribute when
treated with DR. However, in [9], we used Hadamard partie finie for the IR and in this regularisation
the Surface terms do not vanish. Though, the very complicated computation of these terms made by
Tanguy Marchad, Francois Larrouturou and Sylvain Marsat was not in vain, but crucial as we will
see in Sec. 6.4.6.

6.4.5 Applying the IR shift

We recall that the shift on the bodies’ trajectories were derived in the conservative sector in order
to remove the poles in the EoM [134]. This shift has to be performed in the radiative sector in order
to remain consistent. In the end, the contribution of the shift to the mass quadrupole is

1
DI = 2yl +14 240 ( ) : (6.90)

where the explicit expression of the shift is given in Eq. (E.4). Note that the shift starts at 4PN.

6.4.6 Final result for the source mass quadrupole

In the previous section, we computed all the different contributions to the IR DDR for the mass

quadrupole. We have not given explicitely the expressions of DIC and DIN because their expressions
are quite long. The IR DDR reads

DI = DI, + DI — [ 4 DLt (6.91)

In the case of the UV DDR, we added the UV contributions (without shift) to the Hadamard
regularised mass quadrupole, the result contained a pole in 1/¢ that was exactly canceled by the UV
shift. However, after computing the IR difference (without applying the shift), we found a pole at
3PN. This pole cannot be canceled by the IR shift because it is a 4PN quantity. In other words,
a pole remained in the mass quadrupole at 3PN. After a lot of consistency checks, we found out
that this pole was correct and had to be canceled later on. We investigated the non-linear effects
arising from the difference between the source and radiative multipoles and we found out that the
tail-of-tail effects that arise at 3PN had to be computed in d dimensions. Francois Larrouturou and
Luc Blanchet computed the DDR of the tail-of-tail effects, that we call here DUtall oftall and this
contribution canceled exactly the IR DDR at 3PN

DI R|3PN — _DUE?il—of—tail 3PN (692)
214 GPMLY [ 246299] 214 G2MP ;P [H 252599} ( 1 )
105 28 ° 22470 105 b ° 22470 8)’
where P; = mlfui + m2v§ is the Newtonian linear momentum of the system and II, = = —21n (TO‘[>

The linear momentum vanishes in the CoM frame, thus this cancelation is exact 1n any harmonic
coordinate frame. In the end, we have shown that the expression of the 3PN mass quadrupole
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computed with Hadamard for the IR is exactly equal to the 3PN mass quadrupole computed with
DR for the IR. However, at 4PN, other types of non-linear effects [156, 11] appear and we expect to
show that the poles cancel out in the end to give a finite result when d — 3

DI} |pole = —DU™ ™| one- (6.93)
Now we can wonder if we expect that the finite part should cancel. The rest of this paragraph is only
a speculation and I will give my opinion. A priori, if we suppose that the computation should behave
as in the UV, it shouldn’t be the case because in the UV the poles vanish but a finite part remains.
However, the problem is different here. The IR regularisation had to be introduced at the level of
(3.14) in Sec. 3.1.4 for the first time. A priori, the general reasoning of the matching should be
independent of the choice of regularisation scheme employed. Assuming this statement, we can raise
the question: why did Hadamard regularisation fail in the IR ? Two answers are possible: either some
subtelties of this regularisation were not understood at the time of the computations, either it is the
regularisation itself that, due to some bad properties, could not work. Since I did not perform the
computations in the conservative sector at 4PN, I cannot form a final opinion. However, I think that
if the finite part cancels at 4PN the same way that it did at 3PN, namely DIZR = —DU?}’“’“H, then it
would show that Hadamard regularisation would have given the same result as DR in the conservative
sector. This is because the regularisation scheme has to be consistent in both sectors. This would
imply that a mistake in the computations occured in the treatment of subtelties in Hadamard that
can be tricky. On the contrary, if we find that the finite part does not cancel, we could not have used
another regularisation than DR and thus the computation failed due to the inconvenient properties
of Hadamard. Unfortunately, as we do not know what to expect, this cannot constitute a check the
way it did at 3PN because at this order we had to find the cancelation.

6.4.7 The IR DDR of the mass octupole

As mentioned in the introduction, I computed entirely the 3PN current quadrupole J;; and re-
computed the 3PN mass octupole I;;;. The mass octupole was already published in [148] in which
they used Hadamard for the treatment of IR divergencies. I confirmed the obtained value with
Hadamard for the IR and I also computed for the first time its IR DDR. On the other hand, Francois
Larrouturou computed the DDR. for the tails-of-tails. After putting together our results, we have
shown that, exactly as for the mass quadrupole, the contributions canceled out up to 3PN and they
are of the form

Dlgi‘ _ _DUE?IE_Of_tail (6.94)
_ 13GAMPT) {H - 9281} 26 GPMIP, [ B 28774}
21 (6 ST1365) 7 © 74095
L6 G*MIJT, {H - 63421] | 46GPLP;Py {H 161597} ( 1 )
5 37801 35 (F © 14490 &)’

where I; = myy} + mays is the Newtonian mass dipole (that vanishes in the CoM). As well as for
the mass quadrupole, and also current quadrupole (see Sec. 7.2.4), the cancelation shows that the
Hadamard regularisation for the IR is equivalent to DR and thus that the mass octupole has been
computed with the correct method.
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Chapter 7

The 3PN radiative current quadrupole
and the associated gravitational
amplitude mode

As mentioned in the introduction of Part III, in order to get the 4PN flux, we need to derive
the radiative current quadrupole at 3PN order. Even though the computation of the radiative mass
quadrupole is not yet achieved, I derived the full radiative current quadrupole at 3PN order. To do
so, we needed to compute the source current quadrupole. However, the generalisation in d dimensions
of the source current quadrupole is more complicated than the one for the mass quadrupole. In 3d,
the STF property of the multipole moments plays a crucial role in this formalism, since it guaranties
that they are linearly independent. This is the case because they are irreducible tensors, in the sense
that they belong to irreducible representations of the rotation group SO(3). Now, the irreducible
decomposition of vector and tensor fields in a generic space of dimension d is more complicated
than in 3 dimensions. Indeed, irreducible tensors in d dimensions are exactly the trace-free tensors
that have Young-tableau symmetries (elements of SO(d) representations). When d = 3, because of
identities ensuing from the fact that antisymmetrization over more than three indices yields zero,
any Young tableau can be written as the tensor product of STF and anti-symmetric Levi-Civita
tensors. However, for generic d, notably due the impossibility of generalizing the Levi-Civita tensor,
all Young tableaux must a priori be considered.

Once the current quadrupole moment was properly defined, I applied the techniques described in
Chapter 6 to compute it with 3PN accuracy in the case of compact binaries without spins. The result
is presented in the CoM frame and for quasi-circular orbits. Next, adding corrections coming from
non-linear multipole interactions (most notably the tails-of-tails already known from [148]), I obtained
the radiative current quadrupole moment measured at future null infinity. The full physical content
of this moment is encoded into the gravitational amplitude mode (¢, m) = (2,1), which is provided
with 3PN relative accuracy, corresponding to 3.5PN accuracy in the full waveform. The perturbative
limit or small mass-ratio limit is an important test for the mode, and found to agree with the result
from black-hole perturbation theory [157, 158, 159]. The expression for this current quadrupolar
mode is ready for comparison with existing numerical relativity calculations such as [160, 161].

In Sec. 7.1 is presented the d-dimensional generalisation of the source current quadrupole (3.31b)
following [10]. In Sec. 7.2, are detailed the results for the computation of the current quadrupole
moment J;; up to 3PN order. Sec. 7.3 is devoted to the computation of the radiative current
quadrupole V;; defined at future null infinity, and the corresponding GW mode h*!, given for quasi-
circular orbits by Eq. (7.28). Finally, in Sec. 7.4, we perform a partial test of our result by checking
the transformation law of the quadrupole moment J;; under a constant spatial shift.

1'We recall that a quantity can be decomposed in the spherical harmonics basis. Then the components in this basis
is indexed by two numbers: the azimuthal ¢ and the polar m. See Sec. 7.3 for more details.
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7.1 The current multipole moments in d dimensions

In [10], we presented the full d-dimensional generalisation of the expression of the linearized metric
h’(‘l”) As in 3d, explained in Sec. 3.1.1, the metric can be split into a “canonical” metric ké‘ll; having
Thorne’s form (see Eqgs. (8.12) in [79]), plus a linearized gauge transformation with gauge vector ¢{},

B = K+ 0t + 07l — 1 ONgY,) - (7.1)

In d dimensions, the canonical metric is parametrized by means of three irreducible moments I, Jir
and Ky, as

00 4 +oo )Z

k(l) 2 Z /1 aLIL s (72&)
0i 4 +o00 _)f Y ~

iy =3 Z o |9 Ty + 7 710t (7.2b)
4 = () 20 < 0—1_ ~

k({) = A Z /1 laL 2L,]L 2 + 7 1aL—1J(i|£j) + maLKile , (72(;)

where the underline notation denotes indices that are excluded from the symmetrization. The tilded
quantities in the above equations are defined for an arbitrary function of time A by

A(r,t) = Tdk_Q /1+OO dz y%(z) At — zr), (7.3)

where & =T'(4 — 1)/72! and

2ym P th
Yia(2) Ny (=1) 7. (7.4)

2

Following the d-dimensional generalisation of the reasoning presented in Sec. 3.1.4 and Sec. 3.1.5,
Guillaume Faye obtained the explicit expressions of the three irreducible moments entering (7.2). Of
course, the expression of the mass-type moment displayed in (6.1) was recovered. It is STF in all its
indices so that its symmetry is given by a symmetric Young tableau (with multi-index L =iy - - - i)

o =Liel]a]. (7.5)

Then, the proper generalization of the current-type moments in d dimensions, which we want to
compute, was found to be

= (20+d—4) e
_ d -9 ALE . i(ig L 1)a2 .

2(204+d—2) ol iia B 020+ d—4) 5 <1%L71>ab§ab
Al +d—1)(20+d) (0 d—3)(20+d —2) S

Here, A;;, represents the anti-symmetrization with respect to the pair of indices ii, (with the factor %
included). Remark that the second terms inside the square brackets correspond to the d-dimensional
trace of the first terms. The sources 3, X* and X% are defined in Eq. (6.2). Note that, in three
dimensions, the quantity J; 1, is not the usual current mutlipole that enters the definition of the flux.
In fact, J;z is the dual of this quantity and they are linked by the relation (7.9).

The tensor K;j;, appearing in kﬁ) vanishes in 3 dimensions. This can be checked by counting the
number of independent components of K;;,, which follows from the King’s rule [162] and is given by
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Eq. (A6b) in the App. A of [10]. As it is proportional to d — 3, there is no independent component in
3 dimensions. This is similar to what happens for the Weyl tensor, which does not exist either in 3
dimensions. In fact, the tensor Kjjz for £ = 2 has exactly the same trace-free property, symmetries,
and number of independent components as the Weyl tensor. Thus, we do not need to compute it
from its explicit expression given in (2.34) of [10].

The symmetries of the moments J;, and Kjj;, are given by the mixed Young tableaux [163, 164,
165]

io || .o

ca] (7.7)

i1| TR I VN £ 7Y (7
| , K1]|L_ £ |Le—1|le—2

JiL =

respectively, with the convention that the indices are symmetrized over lines before being antisym-
metrized over columns. It is convenient to introduce the following specific notation that allows
reconstructing the symmetries of J;; given ¢ + 1 indices:

Sym = AiieTLF S;F, (7.8)

ilL

where T'F is the operator taking the trace-free part of a tensor. As an example, the first line of (7.6)

can be constructed, starting from xLifg], by taking its STF part on the indices L, then removing the
traces of the resulting object in d dimensions and, finally, anti-symmetrizing on {,4,}. Thus, J;, is
trace-free, STF with respect to L — 1 =iy - - - iy_1 and anti-symmetric with respect to the pair {is,i};
on the other hand, K;; 1, is trace-free, STF with respect to L — 2 = 4; ---1,_5 and anti-symmetric
with respect to both pairs {is, 7} and {i,_1,4}.

The ordinary STF mass-type moment in 3 dimensions, say I[L?’], is simply recovered as the limit
I[L?’] = limy_,3 I;. For the ordinary STF current-type moment in 3 dimensions, J [L?’], we have

. B [3] B 1 :
M Jin = giia Japr == I = 5 €a, i Japr-y (7.9)

where g, is the usual Levi-Civita symbol in 3 dimensions (we recall that underlined indices being
excluded from symmetrization). Notice that JE’], as recovered from (7.9), not only is symmetric in
its indices L but is also automatically trace-free.

Furthermore, the gauge vector gp’(“bl) is also explicited with respect to some other moments as
in Eq. (3.11). They are generalized in d dimensions but were not needed to be derived, their 3d
expression is sufficient for the derivation of the 4PN phase. However, the value of the gauge vector

in terms of the gauge moments is displayed in Eq. (2.37) of [10].

7.2 The current quadrupole moment of compact binaries

7.2.1 Computation of the current quadrupole

I computed Jy;; the expression (7.6) for ¢ = 2 up to the 3PN order. Remember that Jy;; is
the dual of the physical current quadrupole moment J;; but remark also that it is not symmetric
on {i,7}. I employed essentially the same set of techniques as for the computation of the mass
quadrupole moment at the 4PN order presented in Sec. 6.3. All calculations were performed with
Mathematica supplemented with the zAct library [13]. Here is a reminder of the method (also used
for the mass quadrupole):

o I expressed J;; in terms of integrals of potentials by inserting the sources (6.2) into (7.6). I
then simplified the integrand as much as possible using integration by part, together with a set
of relations between potentials (see Sec. 6.2.3).
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e The resulting expression for Jy;; is divided into three types of terms: compact support terms,
non-compact support terms and surface terms at spatial infinity (when r — +oo with fixed ¢).

o The required potentials were already known from the computation of the 4PN mass quadrupole
except for the potential R; that needed to be known at 1PN instead of leading order.

o Compact support terms are calculated directly in d dimensions, as in Sec. 6.3.1, using the
d-dimensional regularized potentials at the source points 1 and 2 derived in [9].

o Non-compact support terms are first computed in 3 dimensions; the difference between dimen-
sional and Hadamard regularisations in the UV is obtained in a second stage using (6.43), and
added to the 3-dimensional result. This is discussed in Secs. 6.3.2 and 6.3.3.

 For one particular non-compact support term (involving the non-linear potential Y; defined in
(B.4h)), I employed the method of super-potentials explained in Sec. 6.2.2. The computation
of this term is detailed in Sec. 7.2.2.

o All derivatives of potentials are understood as Schwartz distributional derivatives [152], i.e.,
we apply the Gel'fand-Shilov formula in d dimensions [151] (see Eq. (6.27)). This gives rise to
distributional terms that are treated exactly as compact terms.

« However, the IR divergences are treated using the Hadamard partie finie procedure with regu-
lator 7P in 3 dimensions (see Sec. 7.2.4 for a justification of this point).

e The result for Jy; after integration contains a pole in d—:g: the last step consists in applying a
shift, given in Eq. (E.1), on the bodies’ positions; when substituting the renormalized position

variables to the bare ones, the pole in Jy;; cancels out.

o Finally, we can take the limit d — 3 using (7.9) in order to get the renormalized current
quadrupole moment J;; displayed in Eq. (7.15).

The investigation of the current moment in d dimensions in Sec. 7.1 is essential to treat the UV
divergences with DR, which incidentally is the only way to give a full meaning to distributional
derivatives. However, the calculation of the current quadrupole limited to 3PN order does not
require corrections from DR for the IR divergences (see Sec. 7.2.4). We thus treat those in the
source moment with the Hadamard partie finie regularisation and add the non-linear corrections
due to tails and tails-of-tails as computed in 3 dimensions. We have shown that, as for the 3PN
mass quadrupole and octupole, the IR corrections in the source moment computed in pure DR are
cancelled by corresponding UV corrections coming from the tails-of-tails in d dimensions, yielding
the equivalence of Hadamard partie finie and DR for the IR divergencies at 3PN order.

7.2.2 Example of the super-potential method

Let us illustrate one computational aspect concerning the use of “super-potentials” already de-
veloped in Sec. 6.2.2. One non-compact support term to be computed in the current quadrupole
moment Jy;; reads

v o 4 d-1

_ do =B ij 9.0
Vo= —rgma—a ™I [atxiat 03,0, (7.10)

where Sym is defined in (7.8). It involves the difficult non-linear potential Y, obeying a Poisson
equation AY, = S, at leading order (see (B.4h) for the full definition). While the source term S,
is known and relatively easy to manage, no closed-form expression is available for the potential Y,
itself, even in 3 dimensions. On the other hand, V' is a simple linear potential with compact support:
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AV = —4nGo. By means of an integration by parts taking advantage of the symmetries of Jy;; (the
all-integrated term being zero by analytic continuation in B), we transform this term into

: 4 d-1 .
i = Ix 7By, : 11
o= rawa—2 SR [ atx a9 ¥, v (7.11)

The idea behind introducing super-potentials is that the solution of the equation A\If?f“v = 24j OkaV
(where Z;; = x(;) is STF) is known in analytic closed-form in terms of the super-potentials of V/,
namely the Poisson-like potentials V5, satisfying the hierarchy of equations AVoy, o = Vo, together
with Vy = V. This solution,

WY = 245y OaVa — 420))kaVa + 80(ijpraVe (7.12)

is valid in the sense of distributions and its expression holds in any d dimensions (see Eq. (6.17)).
The value of this superpotential was already known from the computation of the mass quadrupoole.
Then, we can transform the term (7.11) using (6.18) into the more tractable form

v 4 d—1

d OkaV & Oka VY OkaV 9 Y
k|ji - GCG d 2 Sk|jl ‘Fp/d ‘II : Szz + ab (817\111';c Ya - \Ijzf ab}/a)} . (713)

Here, the first term is straightforwardly computed because we know the source S, of the potential Y,.
As for the second term, which is a surface term, it can be computed directly in 3 dimensions since it
does not involve UV divergences. It depends only on the expansions of Y, and the superpotential at
spaual infinity, when » — +o00. The expansion of Y, can be determined directly from the source term
Sa, without having to control Y, all-over the space. As a check of the result, I have also calculated
Jk| ;i using an alternative form in which I did not perform the integration by part of (7.11). It reads

4: d_ ]_ 1 2
ka = TGS d_2 Skyjrznfp/ddxr {41' 0 1/48ij + 299,V30,5, (7.14)

+ o [a: W VaOVa — O Vadh (290,Y,) + 4 0 Vides Ve — 4@%@@@%)} } ,

which is derived directly by substituting AY, to S,, expanding the derivatives by means of the Leibniz
rule, and resorting again to the properties of the symmetry operator Sym. We see that the quantity
Ve does not appear in (7.14), thus the check on the value of this integral is robust. The result of this
integral is quite long and is not relevant to be displayed here.

7.2.3 Final result

The final expression of the 3PN current quadrupole in a general frame is obtained, as mentioned
above, by applying the UV shift (E.1), taking the 3 dimensional limit and, finally, using (7.9) to come
back to the usual current moment J;;. I have checked that the symmetry operations (7.8) commute
with the computation of the difference between the dimensional and Hadamard regularisations. The
expression of the final current quadrupole is quite long; so it is presented only in the CoM frame.?
For general orbits, we obtain

Jij = —vmA |ALY2) + B @ Liy? ¢ G—Zn LW}”] +0 <7) . (7.15)
c c c

ZNotation is as follows: The relative position and velocity of the two particles (in harmonic coordinates) are
b =yt —yi vt =dzt/dt = vi — vi; the distance between the two particles r» = |z|; the masses m; and ma, the total
mass m = my +ms, the symmetric mass ratio v = mymsy/m? and the mass difference ratio A = (m; —my)/m; finally,
we pose L' = £'z%® and (vz) = via’.
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The coefficients A and B describe the conservative effects up to the 3PN order; A also includes a
2.5PN dissipative term, while the coefficient C' is purely dissipative. We have

A:1+1[(13—17u)02+0m(27—|—15u>]

c2|\28 7 r \14 7
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14 v — 1% .
r2 18480 3696 11088 5544 ’
dv (54 Gm
= @ (77’ — /02> . (716C)

Note the dependence on two regularisation scales 9 and r{ through logarithms in the coefficient
A. The scale ry, which enters a logarithm with numerical prefactor coefficient g; = —%2‘, is due
to the IR divergences of the multipole moment. This constant will be found to properly cancel out
in the final expression of the GW mode h?! in Sec. 7.3. In the traditional PN approach adopted

here, the constant ry is canceled by the same constant that is present in the tail-of-tail correction
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of the radiative current quadrupole (see Eq. (7.20)). As for r{, it is a UV scale and it also properly
cancels out when we express the orbital separation r of the particles in terms of the invariant orbital
frequency w or, equivalently, the PN parameter z (see Eq. (7.28)). Following the discussion in Sec. VI
(footnote 10) of [9], we identify for simplicity the two a priori independent UV scales associated with
the two particles, respectively, i.e., we set r{ =11 =1/s.

In the case of quasi-circular orbits, we get (with v = Gm/(rc?))

Jij = —vmA l:Acirc L<Zl’]> + Ccirc Gign L : J>] + @) ( ) ) (717&)
C
67 2 13 4651 v?
14circ:1 — — = 202 ==, 2
" (28 7”) A (9 252 " 168)

3 <2301023 214 N <7")
415800 105 To

243853 123 44995 599
+ l— + —7*—-22In (Tﬂ v+ V2 4 V3> : (7.17Db)

9240 128 0 5544 16632

1
Ccirc = 38581/7 . (717C)

7.2.4 The IR DDR for the current quadrupole

As for the mass quadrupole and octupole moments, we wanted to confirm that using the Hadamard
regularisation for the IR was equivalent to DR. I had all the required potentials developed at the
correct order except for the potential R; that was only known at Newtonian order while it was re-
quired at 1PN for the current quadrupole. After computing the extra potential, I performed the
computation of the IR DDR for the source current quadrupole following the methods detailed in 6.4.
On the other hand, Francois Larrouturou computed the DDR for the tails-of-tails and we showed
that the two effects cancel out:

DJIUk — _’th‘a;kOf tail (718)
107 G2M2J), [H 54989} 428 GPMIPP [H 229289]
= m _— e . — c I
e | 105 22470] T 105 ¢ 22470

106 G*M1Y1, ol
T 7 cb + <08>7

where we remind I, = % — 2In (TOT:)/E). Even though the IR DDR computation I performed has
not been double checked, the exact cancelation with the result of Francgois Larrouturou suggests our
computations are correct. Furthermore, the cancelation, which is highly non-trivial, shows that the
method used to compute (7.15) is correct (in the sense that it is equivalent to DR) and that we were
allowed to use the Hadamard regularisation for the IR.

7.3 The gravitational-wave mode hy; at 3PN order

Let us now review the expression of the radiative current quadrupole moment V;; in terms of the
source moment J;;. The radiative moments parametrize the asymptotic waveform to leading order
1/R in the distance, within the class of radiative coordinates (T, R) such that u = T — R/c is a
null coordinate, or becomes asymptotically null in the limit R — 4o00. In terms of the harmonic

coordinates (t,7), we have
r  2GM r 1
_ 1 4 - d
u=tey . <cb> © (7’) ’ (7.19)
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where M is the ADM mass of the source and b an arbitrary constant time scale (independent from ry).
Here, we are interested in the radiative current quadrupole moment, linking to the source moments
through a series of non-linear corrections. At 3PN order, we have

Vi (u) = J2 (u)
GM -7 7 ;)
vy [arfw (UT) 5 )

G
+ o {4Ja D 4+ 81008 + 173018 — 315034 + 93,15

7P

(5) (5) @ 1 3)7(3) | 99312) (@)
— 3Ia<iJj ZJ Izja - 7€ab(iJan>b + §5ac(z’ [3Iab Ij)bc 24 I])bcIab

5. @@ 113 05 3w L 19 6, 3p 16
- Elab I])bc + ?I )bcI - glab Ig)bc + ZI >bCIab + 81(1171 j)ybe

2G d? 1 1)
S lgab (I Wa — 21, YP +1)YD) + 37,1 — 2 W(l)]
G*M? v o (u—7
+ = /_OOdT[Zhl ( 5 )

14 u—T 214 c(u—r) 26254 6) 1

3 m( 2b ) 105 h‘( 2r, ) 11025]J )+ O(a?) ‘ (7.20)
At this accuracy level, the right-hand side contains the dominant quadratic tail term at 1.5PN
order [74], a number of instantaneous corrections at 2.5PN order involving the physical moments I,
Jr but also the gauge moments Wy, Y [1417], and the cubic tail-of-tail term at 3PN order [148].
Note the presence of the IR scale 7y in one of the logarithms of the tail-of-tail term in (7.20), with
the same coefficient 5; = —% as in the source moment (7.15), which shows that the constant o will
finally drop from the radiative moment. The method used to compute the tail terms is described in
Sec. 5.4.1 and the integral that is needed for the tail-of-tail term is very similar to Eq. (5.34), see for
example (7.10) and (7.11) of [147].

With our knowledge of the radiative current moment V;;, we are in the position to compute the

mode h?! at the 3PN order. The modes are defined from the + and x polarisation waveforms as

+oo
h=hy—ihgy =) Z My (e, d), (7.21)

=2 m=—¢

where the spin-weighted spherical harmonics of weight —2 are functions of the spherical angles (6, ®)
defining the direction of propagation.® For planar binaries, which are either non-spinning or with
spins aligned or anti-aligned with the orbital angular momentum, there is a clean separation of modes
between mass-type and current-type contributions (see [166] and Sec. III B in [43]). In particular,
the “current” modes are entirely determined by the current radiative moments when ¢+ m is an odd
integer,

i G

hém -
\/§RCZ+3

ym (for £ 4+ m odd), (7.22)

hence the only relevant mode for the current quadrupole is h?! (recall that h*»~! = h2! in the planar
case). The current moment in non-STF spin-weighted guise is given in terms of the STF version V,

3We adopt the same conventions as in Refs. [147, 43]. The spin-weighted spherical harmonics are given by (2.4)
n [147], and Fig. 1 in [43] specifies our convention for the polarization vectors.
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where the STF tensorial coefficient af™ = [dQ N LY ™ is defined from the ordinary spherical har-

monics Y™ (or in fact its complex conjugate v’ ) In practice, I used the convenient orthonormal
triad (n, A, 1) where n = x/|x|, I = L/|L|, while XA completes the triad with right-handed orien-
tation. We can also define m = (n + iX)/v/2, as well as its value my at some reference time ty, to
obtain the explicit expression of a/f™:*

L e .
V@0+ D)+ m)(—m)
In the tail and tail-of-tail terms at 1.5PN and 3PN orders, there appears the total ADM mass M,

which therefore needs to be computed with 1PN precision. It is convenient, following [167, 168], to
perform a change of phase variable, from the actual orbital phase ¢ to the new variable

(7.24)

QGMwl (w)

V=9 — (7.25)

Wo
The constant wy, equivalent to b in (7.19), is conveniently defined by wy = ﬁexp[% — ~vg] with 7g
the Euler constant. The main advantage of the new phase variable (7.25) is that it minimizes the
occurence of logarithms due to tails in the waveform and modes. Notice, however, that the use of
either ¢ or 1 is equivalent for the present 3PN level of accuracy. Indeed, the correction term in (7.25)
is of order 1.5PN, which means that the effect as seen as a correction to the phase evolution is actually
of order 4PN with respect to the leading order in the phase provided by the usual quadrupole formula.
A similar variable is also introduced in black-hole perturbation theory [157, 158, 159].
The modes are thus defined with respect to the phase variable (7.25) as

2Gmvzx 167 - ;
Im Im _—ima
Rt = > \/ : H™e . (7.26)

Beware that the symbol m in the first factor of the right-hand side denotes the total mass m =
my + msg, whereas its two other occurrences refer to an integral label. The final result for the 3PN
mode (2,1) (corresponding in fact to the 3.5PN accurate waveform) is expressed with the usual gauge

invariant PN parameter (with w = ¢)
2/3
v = (GW> | (7.27)

c3

As already announced, the regularisation constants 7o, 7(, and the gauge constant b disappear from
the end result, and we find, extending (9.4b) in [147]:

N i 1 1
H21 _ 3 A 1/2+$3/2< 7 + 51/) —|—;p (7T—|—1[—2 — 21H2‘|> (728)

28 7

Y 43 509v N 791
126 126 168

+ 2?7 —1—7+3—V +1i 17+I/(—353—3IHQ)+71112
28 ' 14 56 28 7 14

4We have Yim = (Qi:l}l)” @’™ in the alternative definition used in [79, 166].
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The perturbative limit ¥ — 0 is in perfect agreement with the result of black-hole perturbation
theory [157, 158, 159], as one may check with the mode provided in this limit in the Appendix B
in [158].° Interestingly, our result (7.28) can be compared directly with accurate numerical relativity
calculations, such as those in [160, 161].

7.4 Test of the current quadrupole with a constant shift

This section aims at testing the final expression of the 3PN source current quadrupole (7.15)
with the test of constant shifts. By this, we mean that when the two trajectories of the particles are
shifted by yi — v} + ¢’ and y5 — yi + €', where ¢’ denotes an infinitesimal constant purely spatial
vector, the variation of the moment obeys the expected law of transformation of the moment under
the shift to first order in that shift.

We consider the case of the moments of a general isolated system made of an extended smooth
matter distribution. There is then no need of UV regularisation and we may focus on the moments
I, and J;, in 3 dimensions, given by Egs. (3.31). The laws of transformation of such moments to
first order in the shift have been found in linearized gravity by Damour and Iyer [145, 169] (see
also [149]). In this case, the pseudo-tensor 7% reduces to the matter stress-energy tensor 7" with
compact support, so that there is no necessity to resort to the IR regularisation with regulator 7% and
finite part when B = 0. In this situation, the transformation laws read (see Appendix B in [145])°

: 4¢ (L—1)(L+3) 2
ling ' B (1) . (2)
0 = Le, Iy 702@ e ean<L_1 Eigyab T (0 1)2(20+3) [ B (7.29a)
iy _ (=1 +1) (1) ((—1)(¢+3) @)
0L = 7 EWJL*U + ZGaIb(L—l €ig)ab T 02€(€+2)(2£+3) €ador - (7.29b)

Such laws follow from the irreducible decomposition of the metric and from the fact that the compo-
nents of the matter tensor behave under the spatial constant shifts like scalars, i.e., T (z') = T" (x),
considering now the action of the shifts as a passive coordinate transformation z'* = z# + e with
e = (0,¢€).

For the full non-linear theory, driven by Egs. (3.3)—(3.4), one must take into account the non-
linear gravitational source term A*”. Now, even though the pseudo-tensor 7 behaves in the same
way as the matter tensor under constant spatial shifts, i.e., 7" (z") = 7#(z), the transformation
laws (7.29) obeyed by the moments I, and J; are then expected to be modified, notably because
those involve the regularisation factor 72 dealing with the fact that the pseudo-tensor is no longer
with compact support. This a priori implies that the linear transformation laws (7.29) must be
augmented by certain non-linear corrections, which may be referred to as 62°""I; and §renting, .

Ignoring all odd powers of 1/¢, we have found that the mass quadrupole moment I;; at 3PN order
does satisfy the linear transformation law (7.29a), which means that the non-linear correction in this
case actually happens to start only at the 4PN order:

| 1
gromling, O< ) . (7.30)

8

For the comparison, note that the phase variable used in the Appendix B of [158] is related to ours by i1s =
Y+ 7/2 4 22%2[In2 — 17/12).
SHere, the shift vector is denoted €; = €', which contrasts with the usual Levi-Civita symbol ;4 = ghab,
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However, in the case of the current quadrupole moment J;; (neglecting again possible odd-type
contributions at 2.5PN order), we find that the non-linear contribution arises precisely at the 3PN
order. Looking at the only possible contribution at that order, we infer from dimensional analysis
that it is necessarily of the type

2072
nonlin o

el 40 (018) , (7.31)
where I;; is the (Newtonian here) quadrupole moment and the other factors comprise two masses M
so that the interaction is cubic. We have introduced an unknown numerical coefficient n in front.
Now, as an important though partial check of our final result for the 3PN current-type quadrupole
Jij, we have verified that it satisfies the law of transformation under the shift if and only if the
numerical coefficient in the non-linear term (7.31) is n = %.

Although the coefficient  was not determined from scratch, the latter verification is enough for
our purpose. Indeed, it is straightforward to see that any offending term in the quadrupole moment
itself that is not checked by the fact that we have not determined the coefficient 7 is necessarily of

the type
, G*M*>

b

@) B 77/ G2M2
ij — (SEAJ” — 5 06

a 3
AJij =1 J € Eab(i Ig)l)) . (732)
Now, such term AJ;; does not vanish in the test-mass limit v — 0 and, therefore, its coeflicient 7’ has
already been verified by the correct perturbative limit, which we have checked independently from
black-hole perturbation theory [158]. We thus conclude that the above partial test of the constant

shifts together with the perturbative limit grant us with a satisfying level of confidence in our result.

7.5 Conclusion of Part 111

The goal of this project is to compute the 4PN phase for non-spinning point particles. In order
to do so, we need to know both sides of the balance equation (3.42). The 4PN EoM and conserved
quantities, especially the 4PN energy, were already computed from several groups with different
approaches. However, the 4PN flux is still not known. As it is detailed in Sec. 3.3, to get the energy
flux, we need to know all the source multipoles moments at consistent PN order. We have shown
in Part III that the computations of the source multipoles are now finished. Indeed, in Chapter 6
we presented the computation of the 4PN source mass quadrupole and in Chapter 7 we displayed
the 3PN current quadrupole. Furthermore, we know all the required radiative multipoles except the
4PN mass radiative quadrupole. Two steps are yet to be achieved, the first one is to compute all
the non-linear effects, such as tails, tails-of-tails, memory or tails-of-memory in 3d. The second is
to compute the DDR for these effects, which is currenty investigated and soon to be published in
[11]. Then, once we know the radiative mass quadrupole, we will have all the required expressions
to derive the 4PN flux. Once the expression of the CoM flux for quasi-circular orbits is known, we
will insert it in the balance equation to derive the GW phase.
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Conclusion

So far, all direct detections of GWs came from binary systems of compact objects. The data
analysis requires accurate templates in order to extract the signal from the noise and give better
parameter estimations. Such templates are built upon numerical and analytical solutions of the
Einstein equations. Among the analytical methods, the PN formalism, which allows to describe the
inspiral phase of compact binaries, plays a crucial role in template buildings. This is why extending
the already known PN results will be useful notably for next generation detectors such as LISA or
Einstein telescope. The work performed during this PhD used this approach and was made of two
main projects:

1. The computation of finite-size effects in the GW phase up to 7.5PN order for spinless compact
objects. Finite-size effects in binary systems occur through the tidal interaction of the bodies. In the
PN expansion, the leading order of these effects arise at 5PN. Although it is a high PN order, the
numerical value of the coefficient, related to the internal structure of the bodies, can be quite large
so that such effects can be measurable. Tidal effects start to be quantitatively distinguishable from
the point-particle approximation in the late inspiral phase. Thus, extending the precision on the
waveform for these effects will be useful for Einstein telescope. The action describing tidal effects is
an effective action coming from an EFT approach. Then, the computation of the EoM and conserved
quantities was performed by means of a Fokker action and the results are in complete agreement with
the literature. Regarding the radiative sector, the derivation of the GW flux has been implemented
using the PN-MPM formalism. This allowed to compute the GW phase including tidal effects up to
2.5PN relative order (or 7.5PN). The results are in agreement with the literature up to 2PN relative
order and new coefficients were provided at 2PN. This can be used to reduce biases in the EOB
templates. However, a disagreement has been found in the 2.5PN term and it is currently under
investigation. This project, complete and published, is displayed in Part II.

We discussed in Sec. 5.6 some ways to improve the model by: relaxing the quasi-circular orbit
approximation, considering dynamical tides instead of adiabatic tides and considering the coupling
to spins up to 7.5PN order.

2. The computation of the 4PN phase for spinless point particles in the quasi-circular orbits
approximation. It is computed by combining the 4PN conserved energy of the system with the 4PN
radiated flux of GW through the balance equation. The 4PN conserved energy, as well as the EoM,
are known and have been derived by several groups using different methods. All the results are in
agreement. However, the 4PN flux is not yet known. To tackle this problem, we use the PN-MPM
formalism that allows to compute the energy flux expressed in terms of radiative multipole moments.
These moments are related to the source multipole moments, themselves expressed in terms of the
stress-energy tensor and the potentials parametrizing the PN metric. At high PN orders, many
subtelties arise notably due to the regularisation scheme employed. Moreover, the proliferation of
terms in the required quantities at 4PN further complicates the computations. A core part of this
project was to optimize the codes in order to reduce the computational time. Now, all the source
multipole moments are known. We also know all the radiative multipole moments except the mass
quadrupole, for which more work is required to be done. Indeed, the non-linear effects have to
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be computed in 3 dimensions using the Hadamard partie finie regularisation. Then, we need to
compute the difference between Hadamard and dimensional regularisations to obtain the radiative
mass quadrupole fully regularised with dimensional regularisation. Once this is done, we will be able
to compute the flux up to 4PN. Thus, we will be able to provide the full 4PN phase for spinless point
particles in the quasi-circular orbits approximation by combining the 4PN energy with the 4PN flux
through the energy balance equation.
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Appendix A

Conventions and some technical aspects
of General Relativity

A.1 General relativity

We use the Einstein summation convention. The signature is (—, 4+, +,+). Greek indices corre-
spond to 4-dimensional components. They are raised and lowered with the metric g,,. Latin indices
correspond to spatial components of the tensors and are raised and lowered using the flat metric
0;j. Furthermore, a tensor of the form A;; has to be understood as A4 d0;j. The convention on the
Riemann tensor is the following

(VuVy = VY, 0 = R%, 0" (A.1)

The symmetry operators denoted (...) are given by

1
Tiar..an) = Il Z Tariry -+ Langy (A.2)

where the sum is taken over all the permutations 7. The antisymmetry is given by
1
ir[al...ak] - H Z 67TTa7r(1) s Taw(k,)? (AS)

where ¢, is +1 for even permutations and -1 for odd permutations.

The multi-indices notation is the following: L = 4;---i, for a multi-index composed of ¢ mul-
tipolar indices 41, ,4p; @L = 41y ---% for a multi-index with ¢ + 1 indices; z; = z;, ---x;, for
the product of ¢ spatial vectors ' = z;. The symmetric-trace-free (STF) projection is denoted by
&p, = STF(x;, - - - ,,), or sometimes using brackets surrounding the indices, for instance z(;vp). Sim-
ilarly, 9y, = 0y, - - - 0;, for the product of ¢ partial derivatives 9; = 9/dz", and o = STF(0;, - -+ 0;,)-
In the case of summed-up (dummy) multi-indices L, we do not write the ¢ summations from 1 to
3 over their indices. The superscript (n) denotes n time derivatives, and an overbar indicates a
PN-expanded quantity.

A.2 Notations and conventions in the PN approach
The notations in a general frame the notations are given following Fig. A.1.
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Figure A.1: Notations used throughout this thesis for the relevant parameters in the problem of
binary systems.

Only in the center of mass frame, we pose z° = yi — 4 and v' = dz?/dt; r = |z| = r12 denotes
the separation, n' = x'/r the unit direction, and we have 1 = (nv) = n - v; mass parameters are: the
total mass m = my + my, the symmetric mass ratio v = mymsy/m? = X; X, and the mass difference
A= Xl — X2, with XA = mA/m.
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Appendix B

The d-dimensional 4PN metric as
function of potentials

We present here the complete 4PN metric with our choice of parametrization, in d dimensions since
the metric is also used to compute the corrections due to DR. For the usual covariant components

Guv:

Vo1 4d-3)K ] 1[8(d-3)KV 4, .

= 142l 4 | RETOR ) RS A @ 18X
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Up to 3PN order there are nine potentials V', V;, K, W}j, R;, X, Al-j, }Afi, T. The new generation
of potentials at the 4PN order are denoted P, N; and M;;. Since we need for the 4PN quadrupole
moment the metric components in gothic form A* up to order ¢=3
them here:

, ¢ " and ¢®, we also present
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The compact-support parts of the potentials are generated by the matter stress energy-tensor T+
through the definitions

(d _ 2)T00 + Tii T()z' -

=2 P = , =T B.3

? (d—1)cz 7 c 7is (B-3)

All the potentials obey flat space-time wave equations in d dimensions (where O = 1*¥0,0,) given

at 3PN order by:

OV = —4nGo, (B.4a)
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Finally we give the expressions of the effective masses p1; and fi1 in d dimensions which parametrize
the source densities (6.7) for point particle sources. They are defined by

g = 1 mi
1 — > )
V=1 = (g 2

-2 v

(B.5a)
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where ¢ is the determinant of the metric, and (g); and (gu )1 are evaluated at & = y; following
DR. Most importantly the expression of ji; with full 4PN accuracy is required for the 4PN mass
quadrupole moment. It is given in terms of the potentials by
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el (;+; Juix | 406 Zjé V —&d—@V?D , (B.6)

1

where it is understood that all the potentials are evaluated at the point & = y; following DR. Note
that we must apply the rule of “distributivity”, e.g. (VZ); = (V)1(Z)1, see [83] for discussions.

Besides the 4PN expression of ji; we require also the 3PN expression of p; which we provide for
completeness:
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Appendix C

Proof that the Weyl tensor trace terms
can be removed by a redefinition of the
metric in the effective tidal action

In this section, we show that the tidal moments entering the action may be defined in terms of the
Riemann tensor instead of the Weyl tensor, since the traces of the Riemann tensor do not play any
role in the dynamics. This is a well known result from EFT that we explicit here. This proof is valid
without considering the term in the action that fixes the harmonic gauge in (4.10). Thus, it shows
that for any gauge we can equivalently choose the Weyl or the Riemann tensors in the defintion of
the tidal moments. Once the choice is made, we can fix later on the gauge by adding the gauge-fixing
term in the action to impose the harmonic coordinates condition.

We denote Gl(ﬁ), Gf\ﬁl and H ffj) the tidal mass-quadrupole, mass-octupole and current-quadrupole

introduced in Egs. (4.13), while Gfg), Gf\iz, and H ;(E) will represent the original tidal moments built
with the Weyl tensor instead of the Riemann tensor. We thus pose (setting also G = ¢ = 1, and

omitting particles’ labels as well as explicit mention of the regularisation)

O A T T G = —Cpuouu’ (C.1a)
H;Ef) = _gp(#TIT Rﬂzu)oupug ) H!(Lg) = _gp(,um— Cﬂzl,)gupug s (Clb)
R o R o
Gg\ul = —V(L)\ Rppovyufu”, G(MB, = —V(l/\ Copgryuu’ (C.1c)
where C),,» stands for the Weyl tensor
1
Cluvpe = Ruvps — (gu[pRU}V - gV[pRU]u> + ggu[pga}vR' (C.2)

Let us now proof that using the (R)-type tidal multipole moments in the action yields the same EoM
as when resorting to (C') moments. The latter formulation induces some extra terms, with respect to
the former one, which contain at least one Ricci scalar or Ricci tensor. We call “double zero terms”
those that are at least quadratic in the Ricci scalar and tensor. Varying a scalar of this form, say
o« APV R, V. R,y leads to a sum of terms o [ d*ax\/=gV_[(A#P7 + APPH )V R,5]0R,,, plus
surface integrals at infinity whose integrands contain factors V. R,, = 0 in vacuum. By virtue of
Einstein’s equations R, = 87[(Typ)uw — (Top)\guw]/2 + O(€siaal), those are necessarily proportional
to (the covariant derivatives of) the stress-energy tensor of our system of particles

0W [z — yp(7s)]
T =N "mp [ drgulsu® , (C.3)
. ZB: / Ve

evaluated at one particle’s location, e.g., at @ = y4, in the sense of dimensional regularisation. If
A # B, then §®[yp(75) —y4(74)] = 0 because the compact objects never collide in the PN regime. If
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A = B, the Dirac distribution reduces to §*(0), which is precisely zero in dimensional regularisation,
as the limit of [ d’ke®™ = 0 when d — 3. Hence [T%] 4 identically vanishes, which implies that the
Euler-Lagrange equations for the remains unaffected.

Apart from quadratic or higher order contributions of the Ricci scalar and tensor, the (R) tidal
invariants written in terms of their Weyl counterparts involve terms that are linear in both the
Riemann and the Ricci tensor:

(GWG“”)(C) = (GWGW)(R) + R" R, ,,u’u’ 4 (double zero terms), (C4a)
(HWH“”)(C) =(H, JHM) ) (double zero terms), (C.4b)
(Gl GHP) ) = (G, GHP) ) 5 [V (VaRupo + 2V Rypn) = fvaV(’RﬂM

+ uPu’ (VMRKAVGRV,W)\ - QVRRMVV)\RMJA + QVJR,,W)\V)‘R#R) } + (double Zero terms) ,
(C.4c)
Those cannot be dealt with in the same way. Instead, they can be treated by making appropriate

infinitesimal changes of variable on the metric, say g,,, = g, + hy. The action with the new metric,
at first order reads

S(gl] = S[gu) — / diry/—g <R‘“’ SRy — 8 T’“’) b + 0 (1) . (C.5)

and we just have to choose conveniently the redefinition of the metric so as to cancel the remaining
terms in (C.4). The term R* R, ,u’u’ in (C.4a) is cancelled in the action if we choose h,, to be
(reinstalling the particles’ label)

SB[ pr — yH
i) = —an o) [ anap, (C.6)
A

This change of variable induces another double zero term that also has no physical relevance. The

stress-energy tensor is 7" = Th" 4- T}, but since we consider the contraction h,, 7" in (C.5) and

that hy, o ,ug), we only require to consider the term h,, TH”. We have

54 —
/d4x " h(GQB Ty Zﬂil) /dTA Rppuov] aulyuulppy p(75) ~ ya(1a) : (C.7)
AB v—Y

If A = B, the term is zero due to the symmetries of the Riemann tensor, and if A # B, §[yp(15) —
ya(7Ta)] = 0 because the two compact objects never collide, so this term vanishes.

One can see in Eq. (C.4b) that we do not need to make a redefinition for the current quadrupole
since only double zero terms appear. Regarding the mass octupole, by making the following change
of variable

h(Gasy) — 4 #f) /d v (G(R) QV“R P 0( 2 )) g [z — ya(7a)] (C.8)
aBy T E T + = oo W | Uy, + =g . :
" A 3 4 Au 3 pA . 39“ A \/_g

one can show that the extra terms in (C.4c) are cancelled but induce boundary terms due to an
integration by part. These boundary terms vanish due to the presence of the delta function 6 [x# —
y's(T4)] by integrating over a sphere of radius R4 — +00. The last term to treat due to this change
of variable is h,,ThH'. As before, if A # B this term vanishes because the bodies do not collide,
but if A = B, we cannot use the same argument as for the mass quadrupole and we get instead
[d*zy/—g h/(g"”) T4 oc 64)(0), which in our regularisation is zero.
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Appendix D

Lengthy expressions of the project on
tidal effects

D.1 Conservative sector

The tidal part of the acceleration of body 1 is given, for general orbits in arbitrary frame by

2

) G : 1
mi(al)tidal = ﬂ{nb( 9m3ps? — 9m1#(2)) t3 {”12 {mzu?)( 36(n12v1)? + 72(n1201) (n1202)
12

81
— ].8’0122 + 9U12) + mlué )(144(TL12U1)2 — 288(7112’01)(’)112’02) + 180(%12'02)2 — ?’0122 + 9’[)12>

Gm1 159 2
(S5t

+ m20'(2) (—96(7’1121}12)2 — 48’[}122> + m%ag) (—96(71121}12)2 — 481)122) + .
12

G
+ 132m1u(2)> TmQ (99 2,u(12) + 84m?2pu (2 )ﬂ +ot {mQ,ul (54(7112111) 45(71121)2))
12

+ 9m%u§2)(n12111) + 144m§0§2)(n121112) + 144m10( )(nlgvlg)] —H}é [mgu?) (—54(7112111)

+ 45(77/121}2)) — 9m%ug2) (nlgvl) — 144m§0§2) (nlgvlg) — 144771%0’%2) (77,12’012):| }

1] ., .
+ 074 n’w{mQu(l )(135(n12v1)4 — 540(71121}1)3(7?,12’02) + 990(77,12’[11)2(7112’02)2

— 900(77/121}1)(77/121}2)3 + 225(%121)2)4 + 72(n1201)(n121}2)(vlv2) — 18(1)1’()2)2 — 126(71121}1)21}122
+ 324(7112’01)(’)112'02)’0122 - 90(%12’02)2’0122 - 36('01’1)2)’0122 - 27’1}124 - 72(n12v1)(n12vg)v12

+ 36(1]1’02)’012 + 361)1221)12 — 18’014) + ml,u(2)< 3855(7112’01)4 + 15420(77,121}1)3(7112’02)

— 23850(77,12’01)2(7112’1}2)2 + 16860(7112’01)(7112’02)3 — 4665(77/121}2)4 — 288(%121)1)(71121}2)(1}1’02)

81
+ 360(’/1121}2)2(1}1’02) — ?(’Ulvg)Q + 2598(%1201)21}122 — 5484(”12111)(71121}2)11122
923

1
+ 3084(’)112’02)27}122 — 81(’[)1’1}2)1}122 — ’U124 + 288(71121]1)(71127)2)1]12 — 360(n12v2)2v12

81 .
+ 81(1}1’02)1)12 + 81’0122’1)12 — ?’U ) + m2 (2) (840(%12’012)4 — 960(71121}12)3(7112”01)
+ 480(7112’[)12)2(TL12’I)1)2 — 192(7112’012)2('01’02) + 192(n12v12)(n121)1)(1)1112) — 48(1)1’[)2)2
2

— 336(71121}12)21}122 — 192(71121112)(7&12’()1)1)122 + 192(n12v1) 1}122 — 96(1)11}2)11122 — 72’1}124

+ 192(71121}12)21}12 — 192(n12012)(n12v1)v12 =+ 96(1}1’02)’012 + 961}1227}12 — 48’()14)

+ mlcréQ) (1000(7L12’l)12)4 - 960(%12’012)3(71121)1) + 480(n12v12)2(n12v1)2 — 192(’1112’012)2(’1)1’02)
+ 192(n12012)(n12v1)(v1v2) — 48(’()11}2)2 + 64(71121}12)21}122 — 192(77,12’012)(77/121]1)1}122

+ 192(7112’1)1)21]122 — 96(?)1’[)2)’[)122 — 128’[}124 + 192(TL12’U12)2’012 - 192(77,121)12)(71121)1)1)12
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+ mlpém ( 714(71121}1) + 798(77,121)2)) + 1008771%0’5 (n12’012) + 784m10( )(nlgvlg):| }‘|

1 . 1da.
+ TTTLZlQ (—60m§ug ) _ 60m1,u(3 )} +0 (etcd 1) . (D.1)
i2

The tidal part of the relative acceleration in the CoM frame, deriving from the CoM Lagrangian
whose tidal part is shown in (4.29), reads
, G2%m .
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6
The Hamiltonian deriving from the NNL/2PN generalized Fokker Lagrangian in harmonic coordi-
nates reads for the point-particle part
Hl P12 _ Gm1m2
pp le 2R12
1 { P14 GQm%mZ + Gm1m2 <1<N12P1)(N12P2) 3P12 +7(P1P2)>}

+ g _Sm? 2R%2 ng 4 mime B imif 4 mi1me
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16m? 4R3, 8R3,
GQm%mg _%(lepl)(N12P2) Lgif . g(PlPQ) 5P22
R2, 2 mims 4m?2 4 mimy  2m3
4 Gm1m2 3 (N12P1) <N12P2)2 4 ?(N12P2)2P12

Ry 16 m3m3 8  m3m3
5P 3 (NP (N P) (P, P 1 (PP 11P2P2 1
7714_7( 12P1)( 21222)(12)_7(1222 +1(_>2+0( >’
8m; 4 mims 8 mims3 16 m3m

(D.3)
and where the tidal part, accurate up to NNL/2PN order, reads

2,2
g _Gma)
tidal —
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D.2 Radiative sector
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The source multipole moments in the CoM for general orbits required for the computation of the
2PN radiated energy flux read

o — Gg{nw (302 382 1 4 o [ (12 20, pypen (L1240, 100, ]
# [ (64 20) + 00 (5 ) + 0002+ S (- - 97 ? 2)
+Au® (—12—5 - 574u)} }+n<iv1’> [u(f’ (-6- %I/) + au? (<6 + 410 ) ﬂ
ol [ B3+ 20) +au(3-20) 4 1;8@

1 o 105 105 80 160 640
(i) (2)( _ a2 (2) (7 _ 15,2 (2) (7 _ v 2) _ 9 4
+C4{n n HMJF 3 20v 85u)+Au, 3 85v 15u>—|—0+ 3V 3V Act

{u ? —3 + 1200 51145 2) +ap® (—42—5 + 150 + %zﬁ) +o? (6—(7)01/ - @ﬂ) - GgoAa(_%] 722
(0= o f) 1= R ) o (- ) ]
R e
of) (7%1/ + %ﬂ) — Aog)u] 72+ {uf)(lzg - %I/ 1156387 2 %I/d)
+ A,u(_2) (% - %ll + %f) S-) (4234 2?118 2) + 56038A0(_2)1/] 'U2}
+ n<iuj>{ [;ﬁf) (15- 12765 + @ 2) + ap (15 + @u + 1—?%)
+ Uf) (—%V + %l/z) + 18340A0'(_2)I/:| [ (2)( 6+ ? 3;;61/2)
+ AM(_Q) (76 + 2—77V — &76”2) + Uf) (* 32?21/ + 5;1110V2) 2432A @ }
+ ol (960 + % 2) + 256A @ } }
+v<ivj>{ {,uf) (—? + §77V 730 2) +A (,2)( ? - 4—;7u+ ?ﬁ)
VLNt I CI AL FOVICT R
af) (%V — %VQ) + 2576Aa(_2)1/] v?

130



Gm[ @ 7 458 101 , 485 , @ T 151 332
haldid _Lp e =9 A _L
+r{’“‘+(2+21”+21 21”)+ “*(2 PIRTI )
(2 )(2720 1664 2) _ @A (2) D6
7+ 63 " a1 63 " ’ (D-6a)
G 4 105 15
L = ;ny{18u(2)n< nint) + <n]nk>{[—2AMf) +u? (5 - 15v) — 6020 +600(2)} 2

+ {?Auf D4 @ (48 - 330) - 8480 + 840(_2)} v?

O [ (5w e ()]

+ nlindyh) [72AM(2) + @ <—108 + 1081/) +216A0? — 2160 (2>]

+ nliyiyph [ 21447 + (39 - 421/) — 7280 + 720(_2)H } , (D.6b)
peidal = G G, >(18u(2 18Au(_2)) , (D.6c)
J“dal C;Zn {n“(n x v)7! <9Vu(_2) + 12Aag_2) + 120(_2)>

Jrci2 n<i(nxv)j>{[230 (2) ( ) + Ao (2)( 30*@1/> +U(_2)(30+12700V)]7*2
+ {ﬁ)Auf)u—ku@)(Zﬂ? o 2) ( ?u) +U(,2)(12— ?u)}vQ
(- ) (2 AR

+ (n x v)li? [QIZ))AMS)V + u(f) (—%u + ?V2) 396A ‘fﬁluo@)]r’} } ) (D.6d)

JZ}‘ial = G:an“n (n x v)? <12M(2) 12407 + 64053)) . (D.6e)

131



132



Appendix E
4PN

E.1 The shifts applied in the 4PN equations of motion

In the recent work on the 4PN equations of motion [131, 132, 133, 38, 134], which succeeded
in computing from first principles all the “ambiguities” in the problem, we applied to our “brute”
calculation a series of shifts of the trajectories so as to remove UV- and IR-types poles and simplify
the end result. Now, in order to be consistent we have to apply after our “brute” derivation of the
4PN quadrupole moment the same series of shifts. The total shift is composed of three pieces. A first
shift €, » removed the poles 1/e corresponding to UV divergences and led to the Lagrangian provided

n [132, 133]; a second shift x1 9, used in [133], dealt with the 1/ poles due to IR divergences; and
a thlrd shift 1, » presented in [134] was mainly used for convenience. We provide here the shifts &; o
and 1,2 in extenso.

The shift &, is composed of 3PN and 4PN contributions and is given by

o 11G?m? g% 3201, 1.,
i ~—2In o) — (T E.1
& = 3 6 L ( A 1540 a; + 0851,4PN (E.1)

The first term represents the 3PN contribution determined in [83]. Here § = 4me™ where g is
the Euler constant, and a; represents the Newtonian acceleration of 1 in d dimensions. The 4PN
contributions have already been shown in the Appendix C of [131], however the terms proportional
to 3 (see Eq. (E.3b) below) were inadvertently missing there. Furthermore we have adjusted one
coefficient in the expression of the shift to take into account the subsequent determination of the
ambiguity parameters in [1353, 38]. The 4PN terms in the shift are conveniently written in the form

(0,m12) (0,v1) 1 (0,v12)

éi,4PN = 51 4PN + 51 Z%N% + &1, apN 2 T &1 apav1 + & apN Vg (E.2)

with 1/ being the UV pole and v, = v} — vi. We have
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On the other hand the shift n; is quite simple. It starts only at the 4PN order and it is made
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only of G and G* terms,

G® (3 G'
™ = C*SUE,ZPN + g?ﬁ,im : (E4)
where
3 V12 769 61
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E.2 The 4PN mass quadrupole as a function of the poten-
tials

We indicate the different PN pieces with the index nPN, it being understood that the term is to
be multiplied by the appropriate factor 1/c**. For simplicity we omit writing the finite part integral
FPp_o [ d¥7B in front of each terms, and we also do not write the necessary time derivatives

(d/dt)* present in the series expansion, see Eq. (6.5). Also we do not write the terms that are
equal to zero. All the non-compact and surface terms shown below have to be divided by a factor

Gm. Remind also our notation (6.17) for the terms involving super-potentials, for instance \Ifd“bv or

\II?J kv‘ We exhaustively provide all the terms composing the 4PN quadrupole moment followmg this
nomenclature and conventions. We start with the list of compact (C) terms.
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Next we present the long list of the non-compact (NC) support terms. Remind that all the terms
have to be divided by a factor G.

SINCopy = (W@V)? - (Zzl —Vy a0.v + (fl ) aavbabva)@j + H\p?;bvaavabv,
SINCapy = (%(@ 2V — Ej 2; VVo8:0,V — HV BV O,V + d_ V.8V,
- (fl — 5y, 02, - 2((;_))21/ VsV + ((dd 2)) VoW + (fd__lg) WOV + ;Eldilg) Vorw
- 28;57)@ WtV — 20 4)2(51_3;)(5 — V%KoV + anataak
WWM%K)% = Mmgvrvbatabvaav - ‘M\pa Vo0,V OV
— 4(2721))\1/‘9% Oy VaOraV — 4((; 21))22 UV 0,V oV + %w?wvatvaav
+ Mqﬁuva VoV, + M\yaaﬁ(@ )2+ mqf@abvatva 1%
- ?C(ld_ 2;3 UV 0, Vi Ok Va + ?c(zd 2;3 UV 0, VieOaVie — 2(d:21) etV 0, Vi Vi
- 2; 21) UV 0,V 0k Va + 4(5— 21) WY 0, Va0l Vi — 2((dd__12)) eV O W,
-~ Ww?;bvaaf(am
SINCypy = (H(&tvﬁ ((‘fi?))vf‘a? vaaﬁav
_dd _(Z)i(zgﬁ_ Vvv,ove. + EZ ; V2o,v,0,v — 24~ 1()d(d_2 2_)35d S y.avav,
+ L(lc(ld )) VO V,0;V, (d(d?’_)gip)vvaafva - Hvavbaavabv
+ 6((d 1))3 VVaBa V0V — (d;(j)(d?))v VaOp VO,V + WW@M&,VQ
- szabvaabva - 8(5 — )vaatv;,abva + ((ddl;)(at 2W + EZ 2; Vo, VoW
+ MVVT/@EV + 4((‘2_;)1/28214/ - ((‘2_1); *WabOaV — Ej ;;szaba Vo,V
+ %V Wap0:0V + (<d 1)>22 VoWV, + MV v, + 21 23> W,V Vs,
_ %Wm&v Vi + (dfv 0 Wi Vi — 4(5%&/ O WarO: Vi + 2((dd 32)) O Wan0 Woap
+ Q(dl_ ) (OW)= — ] ! QWabatzWab + 2(d1— % Wozw (Zc(ld_;;) Whi0aWii0aV

138



+ (j: D 30 WV + d((jz))va Wap0iWap — (( 1)22R V8,0,V — d((dd_z))R 0 V,V
d_ 01 Ra,Va (5_23) Va} R — (j_ 23)3 0FVa — 4(d )R ViOhaV

- 1(2;‘12))1/ OV Ry + anbvaama - Z(‘f;)z)éaabvaabv

+ 4(; Y 0,1 Fra + ngl%l)aamabéa + W@tvax - Ej — ;;z)%aavaav

- 2((5__2))21/8@)?8@V - (;_ Y y.0,0,% - ZSZ__;) WapOpa X + 2?_ 2” Vo Z

+ (3: Y gopv + (fz 2) VoiZ - Q(Sl_;))j%avaav - ‘L(Sl_;))va 20,V
8(5 Doz v, =3 2(Eid—_12))25(3d “Dyoror - 1= 3)222: ;);(Sd ~Y ove, K
(d— 4) ;c(ld—?’;gd —U* a.5)? + vaaataaf( + WKvaataav

+ anatvaaf{ + WV@K@LLV - W}(abvaabva

DO e D D DD
WW@GV&LK + %V@ WK + WK(%WE)QV
W}%mﬁm + WZQ;}BMK)@U - d((j_zl)) VudeVed,0,V 0,V

- wa’ VOV 0.V OV — vaf’;%atvabawr 4(((7_21)) VUl o20,V,

+ H\Iﬁbvaazva V- WVN%W&,V@MV — %wmf&varabvakav

- %m?@vkaavabvakva - w\p?;%aavkaavabv - 4((;_21)) VU0,V 0kaVi

- 4((52))1/\11‘9 Ve 0, VaOrV + %V Ve 0,014 Vi, + %mgkvbataavkabva

- 4(?2))\1!"’”"&6 Wap0aV — 4&72))\1/3 Vo 0, WOV + S(d__ ”Wab\p?jﬁwalbavk

- SSZ 5 2 V0,V O W, — 8<j 2)x1/3kv'abv OuaWor + 8(5 5 2 W72V 0y Wi Vi

— SSZ 2 D UV 0 W10 Vie + 8((?__ 21)xp?;Vbava/klalkva + 4(5 21) V0070, Ry

- 2((j 21)) VeV oRv, + d((dd 2)) Vi wleV 9,V o,V + 2((; 2)) VUV 9, V0,V

— 8? 5 Dy, U7V 9,0,Vi + Q(Si 2)) U7V 9, Wap 0oV — %Wab\p%kvf)wv,@

- 4(5 21) U2V 0,V Woap, + 4(5 21) WY 0, WiV — 2(5:21) vV orR,

+ 4(55 _2)) UV 9,V o,y — Zgj gjvw?;aV(atvf i+ 4((‘5[12))33 V2LV 92V

+ mvww?;avatabv - 2(:; 12))22 Vw9,V o,V — Ez — ;;z VeV 9,V,0,V

139



2(d —1)3
+ VUV 9,V,0 (-1
=y VY oY — v avay Hd=1) gov
+ 4d—-1)>_ 5 (Z(; 2)2)2 R Wit OVl Ve
LV U 9, V0V —1
2 % a — 7 ao\o OarV - ’
(Sl 12))2 J k% (d—2)2 VoWt 0y VieOpV — Ed — ;;2 V\If?;bvaav,cakv
V\I/aabva2 (d — 1)2 - ~ d —_ 2
CEPE Wap + 5 VUV OFW =1 v
o Vi oW+ 1% eV
_(d- 1)2W DonV ( (d) 1)2 ] 2(d —2)? Wealij"" OraV
kT B
~ @ Var U 0V + s Wea U 0V OV - =Dy gowv
gt i(d—2) g e B AU
2421y gouv g, 107 + 20 ) oV 4ld
- R A AT G A Y
i Gl 1)\I]akva (d— ) . et
T U 9 WOV + WY O W0 Wy — 20— D i
(d 1) ( d— ? ij k abalWab - d— )Wab\Il??“"VabaWkl
+ Wia U5 Opa W — OV
(3 2) ka i—3 Vi HWar Wk + (j 2)‘1'6“‘/8 W10 Wap
2D o g, g B, — 20 “
72 Vi OWardiWar — <53 =T Y oY + =12 pouvy, 0,0
i 4(d_1)\1’8 o ) (d—2)2 U t{1p0q
7o Vi OaBOkVa + = UV 9, Vi Ry — 8(5_ D) W2V, R,V
g(d ) —9 ij aVkVa
+ \IjaakV 2(d 1 2
d—2 OofadeVs + (d- 2))2 VeV 9,V o X — 20d - )\IfaabVaZ’
2d(d =3)(d = 1)* Lo.vi g 4 2d(d — 3)(d — 1)2 - ab
7 VO, K _ —
O + \P?;VbatabKaav

(d—2) Y (d—2)*

2d(d — 3)(d — 1)2
(d—2) Vo0,V 0y K + 2d(d = 3)(d = 1)* Lo,vi g
8(d—3)(d— 1’ @—ap ARV
g O Vadka K £ 8(d—3)(d 1) yo,u.
(d—2) i " 0a KO Va
_dd=3)(d—1) oo e dld—3)(d—1)°
" (d ;(2)4 5 OV 0K — = U K0
—3)(d - 1)2
_ A=D1 gouvy gy, 4 A1
(d — 2)3 J b Va + (d — 2)4 \I]?ngvaaKabK
dd=3)(d 1) o.vy gy, 20d=3)(d 1)
Q(d — 2)4 ij t LV + W\P%avatvbabff
_ A=A —1) poy
(d — 2)3 \I/ijg at‘/baaKa
SIINCypy — — — 4= D*
2PN S(diz)g(dJﬂl)r %3:;04V 0.V,
SIINCaon — ((d=4)(d = 1)2 2
o 8(d—2)2(d+4) * 16(d_2)3(d+4)vaavaav
" (d—-1)
sd—@+ ) 0%V stV __@d=3)
_ 2 d aVbUbVa + a
N k) BT | (d )_(1)+ ! e
A(d — 2)(d WOV — —————~ T} (d—3)(d
T i O g )
wo(d— 2@+ 4 VIV WW@?V _d-1)’Bd=2)
o 3@-1? d(d 1(> " 16— 2@ Y
57— gerg gV VaddaV - o (d—1)
( 1) ( + 4) 2(d — 2)2(d ¥+ 4) V.0 Vo,V + WV&VQQIV
AL W” Vo 4 [d=5)@d=1)
-2 d a%a b -
3(d—1) s (d—2p(+4) PP
mvaawabva + &Va V.oV, (d-1) .
sd—nara PVadVet a2tV ow
LA o @) B
sid—2dt ) VoV~ s s Vo Wo (d—1)° ,
2(d — 2)? a J Vg e/
( 2) (d + 4) 2(d — 2)2(d + 4) VWCLbabaV

140



(d—1) (d—1)
C4(d—2)2(d+4) (d—2)(d+4)
IS SRS S N Gl B - _2d-1)

2(d—2)(d+4) " T (d—2)(d+4) ¢ (d—2)(d+4) "

2d - 3) ) (d—1)2 (d—
G2 1) Ve R — g X0V —

Ij/vabaa Vab V+

- mzb&av _d n é)fdz}f&(i ;)1)2 KDV + WVBQK
mmfv + _42(? 2_) 41(); (f:‘i)_ 2y o,vo.K
(d _82@ 2_)41();13651)_ 2) Ko, Vo,V - ma Ko,K + MV 010, K
n maaWaaK n mmb%}()r%m
SUINCspy = = 57— 2()65 (;z i)i) ) 12,0,V 04V,
SHINCapy = (64(d(ii 2_);1 ();Ci—zl)l (); 6OV - s 2()621(; -ﬁw 5 oV
- 64(d(ci_2)?(2d(:—))l—d4;(fl)+ 6) VOV = - 2)((dd_+14?)(d ) 00V
T 8- 2)<(dd_+14))(d ) eV Ve + grg T 2)((dd_+34))(d T5) VeV
T 16(d— 2()C(ld_+1 zl)(d +6) WOV - 16(d — 2()C(ld_+1 zl)(d +6) WasOhaV
TR (—dzg;zzz(i ;)2; 6) %V 0K ) rty,
STVRCarn = = 15573 = 2)2(Ezd+_ 41))(2d +6)(d+8) 2100V 0V,
VINCopy = — (W@tmv n mamabv) Fijas
VINCypy = (—mvatvaav - matvatva - Qg(z d__l);g‘z;fl) V,02V
22‘2 . ;)(‘é;fi) VoV, — m%aavabv + 2%_ 1)3;(6(16;231) V.0 VRV
(;MW@&,V& - ma WOV + WWM@I,V
e
gt 1y R+ R o)
mwgbvaabvaav + mmgbf 0,V OV
m@gb,y O VulraV + W@?ﬁ% Vo Va,
VINCypx = (— 2;‘&_1)22)(2‘?;3) (O,V)2V — CE(dd_12);((2:22)va,J/atVa - 25;2 df;g;ﬁg VV,02V
fd((dd_lg;((dd—:%z) V2RV, — vaaavabv + vaaabvabv
szabvaabv + vaatabva + HMV}@V A%

141

V 0O VOpV



- ;(dd_—lg;((ddfi) VoWudY - Wﬁtv@@ WW62

* da= s —1)>(<iz124)> Vil Wea = i%mmf
S S S
e HHHH

+ Zifl: ;))EZ i ig Ryd:04 Vi + ((dl))me&bR + W%Wb@éb

e éiziiiii? S - 38‘ e idiﬁi it

- R o~ T oo+ R s B vava.
L@@ 14 2) o pn o3 DHAE2) oy oo

2(d — 2)5(d + 4) 2(d — 2)5(d + 4)
(d—3)*(d—1)*(d+2) 2(d —3)(d — 1)*(d +2)
O (d—2)5(d+4) OKOK + d(d —2)3(d + 4)
(d=3)(d-1)*[d+2), o (d=3)(d—1)*(d+2)
dd—2)3(d+4) d(d—2)3(d + 4)
(d—3)(d—1)%(d +2) (d—3)(d—1)%(d +2)
-2y BV T
2(d —3)(d—1)*(d+2) 2(d —3)(d—1)%(d +2)
T dd—2)4(d+ 4) VaOhVOLK + d(d —2)3(d + 4)
4(d—3)(d—1)*(d+2) (d—1)*d+2)
d(d—2)3(d + 4) 2(d — 2)5(d + 4) VI V0V

0. K0V,

KoV,

+

V0, VO, K

WO K

aaRbabK):ﬁija +

3
quﬁb\/a Vo V—’_quj 8V8
(d—2)4d+ 4) ijk 9bV Oka (d—2)i(d+4) vk Ob LoV
([d—=1*d+2) av 2d—13d+2) oy

+ (A= 2)i(dT 1) Ui 0aV OV OV, + dd—2) (d+4)\pub 0V, VO,V
2d -~ 1A +2) gy 2= DMd+2) o
d(d )4(d+4) V\IJ”k 6 Vaka% + (d— 2)4(d+4) V‘llljk: abvaakrbv
d(d— 2)2(d+4)V aViik 010ka Vi (d 2 (dT 1) Uit 8,0, ViV,
2(d—1)*(d+2) _ov 2d- 1P +2) oy
d(d_2)3(d+4>\1/ Y 0.0 Wap0aV + dd—2) (d+4)\IJUb W OpaV
Ad-1)(d+2) = Cav 4d—1)*(d+2) o .
a2 )V OV Gy gy Yok e

142



e e G e LR
N Y.
(d—3)(d—1)3(d+2) (d=3)(d-1)*(d+2)

gV K
(d—2)5(d+4) o OtV Osa

A(d—=3)(d=1)°(d+2) av
dd-2dr e Luk BVl

_ PV K _
-2t a) Ve AWKV

(d—3)(d—1)*(d+2) o,
s d) Vi 0OV
4d—3)(d—1)*(d+2) g,
T d(d—2)Y(d+4) W74 0u kK Ok Va,
(d—1)*(d +2)
_S(d* 2)3(d+4)(d+6)5tV8aV — 2
(d—1)*(d+2)
2d(d — 2)%(d + 4)(d + 6)
(d—1)3(d+2)
THd— 2 d D t6) VoY -
(d—1)*(d+2)
2d(d — 2)?(d+ 4)(d + 6)
(d—1)3(d+2)
" ad(d— 2R+ a)dr6) Vg
(d—1)°(d+2)
2d(d — 2)3(d + 4)(d + 6)

(d—1)2(d+2)
d(d —2)2(d + 4)(d + 6)

SVIINC3py =

/N

0a VOV

_|_

3bVa3bV)7”2iijaa

(d—1)%(d+2)
2d(d — 2)2(d + 4)(d + 6)
(d—1)%(d+2)
2d(d —2)3(d + 4)(d + 6)
(d—1)%(d+2)
(d—2)3(d+4)(d+6)
2(d —1)(d + 2)
d(d —2)(d + 4)(d + 6)

SVIINCypyn = 0 VO Vq

/N

VOV, —

_|_

V0,V OV

VaOpV O,V

VoV, V + V5010, Va

- 2d(d(d ;)i();(ﬁ)? ; AR (d;)(;)id &ZL SLACAE

t @ (—d2)(1l) J(:zzg(z)+ 5 WaiOinVa + T (_d2)&) idg(% y WiV

- T T O~ g g e g

- d(d (—d2)21(312(+d4t(§l)+ 6) 0ROV + d(d (_d2>22;(+d4+><?+ 6) %V %Ry
T e L e R e L
C;g;—_?g;;; +1)42>(<Cld12<6)) Vi = é?d__gz);ad(; i)j)((ddtrii)) OVadhK )8,

(d—1)2(d+2)
32(d —2)3(d + 4)(d + 6)(d + 8)

(d—1)2(d +2)
d(d—2)2(d+4)(d + 6)(d + 8)

SVIIINCypy = ( OV —

(d—-1)*(d+2) 4,
0 Vaa Vv ijas
8d(d—2)2(d+4)(d+6)(d+8) " )””J
(d—1)(d+2) 6
I = — ija%a;
VIVCIN = = a2y + D(d + 6)(d + 8)(d + 10) "7
—1)2 2
TINCQPN = (d ) (d+ ) jijabaa‘/ab‘/;

8d(d — 2)2(d + 1)(d + 6)

- (d—1)%(d +2) (d—1)(d+2)
TINCspy = (Qd(d_z)Q(d+ g VsV +0Vi0uV) — s S 0oV
S VWD) gy VD vt i)

d(d —2)(d +1)(d + 6)
(d—3)(d—1)*(d+2)
 4d(d—2)3(d+1)(d +6)

d(d—2)(d+ 1)(d +6)

(0uKOV + 0.V O K) )1t

143

0 VOBV



(d—1)3(d+2)
2d(d —2)3(d +1)(d + 6)
(—1+d)?(2+d)
2(—2+ d)3d(1 + d)(6 + d)
(d—1)%(d +2)
d(d —2)2(d +1)(d + 6)
(=1 +d)*(2+4d)
(=24 d)2d(1+d)(6 +d)
(=1 +d)*(2+4d)
(=2 + d)2d(1 + d)(6 + d)
B (—=1+d)?(2+d)
2(—2+ d)2d(1 + d)(6 + d)
(d—1)(d+2)
~d(d—2)(d+1)(d + 6)

(=1 +d)%(2 4 d)
2(—2+ d)3d(1 + d)(6 + d)
2(d —1)(d +2)
d(d —2)(d+1)(d + 6)
(—=1+d)?(2+4d)
(=2 +d)2d(1 + d)(6 + d)
(=1 +d)*(2+4d)
(=24 d)2d(1 + d)(6 + d)
(d—1)%(d+2)
4d(d —2)2(d + 1)(d + 6)

(—=1+d)?(2+d)
2(—2 + d)2d(1 + d) (6 + d)

. . . (d—1)(d+2)
(0:WaiOs Vi + 0:Wpi0a Vi) & ijab + d(d—2)(d+1)(d + 6)
(d—1)(d+2)

2d(d —2)(d + 1)(d 1 6) vebdaWVis Wi

TINCypn =

(0eVaObV + 0:Vo0u V)V &ijap +

Va‘fijabat Vabv

+

‘/ba?ijabatvaav + i'ijabatvaat%

(0.VOViy + OV O, Vo) Vidijap — VaZijab0i Vo 0; V

Vo ijap0iVaO; V + VaZijapOpVi0: V.

+

Vokijab0aVidiV + Wijab0aV OBV

WaittijapOp VOV — Wi ijap0a VOV

(0:Wai®; Vi

+ athiaiVa)i'ijab +

(d—1)(d+2)
~d(d—2)(d+1)(d + 6)
(d—1)(d+2)
d(d—2)(d+1)(d + 6)
(d—1)2(d+2)

d(d —2)2(d + 1)(d + 6)
2(d —1)(d +2)
d(d—2)(d+1)(d + 6)

2(d —1)(d +2)
~d(d—2)(d+1)(d +6)

(aaWijaj Wbi + 8bWij8j Wai)fﬁijab
.szabasz]ajWaz + d(d _ 2)(d —+ 1)(d + 6)
2(d —1)(d + 2)
d(d —2)(d +1)(d + 6)

(8;Vad; Ry, + 0;V40; Ra) % ijab

+ ijab0 Wi W

(atRaabv + ait]%baavv):%ijab + (aaﬁiaivb

+ 0RO V) Zijab —

2(d — 1)(d +2)
d(d—2)(d+1)(d + 6)

(0, VX + Da X0V ) ijab

(0aRiOp Vi + 0o ViDyR:)Zijap + (8.Vidi Ry

(d—1)>(d+2)
2d(d — 2)2(d + 1)(d + 6)
d—3)%(d—1)%(d+2) .
Z(d(d —)2)(4(d +)1)( (d+ 6)) BijarOa KOK
(d—1)*(d+2)
16d(d — 2)%(d + 1)(d + 6)(d + 8)
(d—3)(d—1)*(d+2)
8d(d — 2)3(d + 1)(d + 6)(d + 8)
(d—1)*(d+2)
4d(d —2)2(d + 1)(d + 6)(d + 8)
)

+ 0 Vi0; Ra)Zijab +

(d—3)(d—1)%(d+2)
d(d—2)3(d+1)(d +6)

(O VaOp K + 0 V0o K )T jabs

TTINC3py = 7285060V OV,

(8QK8bV + 8aV8bK)

TIINC py = (—

+

(atVaabV + at%aav)

(d—1)(d+2)
2d(d — 2)(d + 1)(d + 6)(d + 8)
)

(d—1)(d+2)

1)(

2d(d -2 (d+1)(d+6)(d+8)ai%aiVa -
d—1)(
1)

aaV;abV:i

(d—1)(d+2)

*3 d+6)(d+8)

(8 V;:0; Vi + OpV;0;V, )T xz]aba

2d(d —2)(d +

4 %jap0aV O, V.

(
B (d—1)2(d+2)
THINCapN = G T =2 (d+ 1)(d + 6)(d £ 8)(d £ 10)

Finally we present the surface terms. The terms of the Laplacian type should be multiplied by the
operator Z;;A for the scalar (S) terms, and by #;;,A for the vector (V) terms. The terms of the
divergence type should be multiplied by a spatial derivative 0,.
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Etude des ondes gravitationnelles émises par un systéme
binaire d’objets compacts dans la phase spiralante dans
’approximation post-newtonienne.

Résumé : En 2015, un nouvelle ere de 'astronomie multimessager s’est ouverte avec
la premiere détection directe d’ondes gravitationnelles. Cette onde, ainsi que toutes les
autres qui ont été détectées depuis, a été générée lors du fusionnement de deux objets
compacts. Lorsque deux de ces objets orbitent I'un autour de I'autre, le systeme rayonne
de I'énergie sous forme d’ondes gravitationnelles. De ce fait, les deux corps se rapprochent
jusqu’a leur fusionnement. Pour réussir a détecter ces ondes, il est crucial de connaitre leur
forme théorique en résolvant les équations d’Einstein. Le travail de cette theése consiste a
améliorer la précision de la forme d’onde théorique lors de la phase spiralante, c¢’est a dire
avant le fusionnement, en utilisant le formalisme post-newtonien (PN). Il est articulé en
deux projets principaux: 'amélioration de la précision de I'impact de la déformabilité des
étoiles a neutrons sur 'onde gravitationnelle émise; et des calculs de haute précision sur
la forme d’onde sans tenir compte de la déformabilité des corps. Plus spécifiquement, j’ai
calculé le quadrupdle de masse jusqu’au quatrieme ordre PN et le quadrupole de courant
jusqu’au troisieme ordre PN nécessaires pour I’'obtention de la phase d’onde gravitationnelle
au quatrieme ordre PN. J’ai aussi calculé la phase d’onde gravitationnelle associée aux
effets de marée jusqu’au deuxiéme et demi ordre PN.

Mots clés : relativité générale, ondes gravitationnelles, théorie post-newtonienne, effets
de marée

Study of gravitational waves emitted by a binary system
of compact objects in the inspiral phase in the
post-Newtonian approximation.

Abstract: In 2015, a new era of multimessenger astronomy began with the first ever direct
detection of gravitational waves (GW). This GW, as well as all the others that have been
detected since, was generated when two compact objects merged. When two such objects
orbit around each other, the system radiates energy in the form of GWs. As a result,
the two bodies get closer with time until they merge. To detect these waves, it is crucial
to know their theoretical form by solving Einstein’s equations. The work performed in
this PhD consists in improving the accuracy of the theoretical waveform during the spiral
phase, i.e. before the merger, by using the post-Newtonian (PN) formalism. It is divided in
two main projects: the improvement of the accuracy of the impact of the deformability of
neutron stars on the GW emitted; and high accuracy calculations of the waveform without
taking into account the deformability of the bodies. More specifically, I computed the
mass quadrupole up to the fourth PN order and the current quadrupole up to the third
PN order required to obtain the GW phase up to the fourth PN order. I also computed
the GW phase associated with tidal effects up the second and a half relative PN order.

Keywords : general relativity, gravitational waves, post-Newtonian theory, tidal effects
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