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Introduction

Less than three years ago, the first direct detection of gravitational waves by the LIGO—-Virgo
collaboration on the 14" of September 2015, opened a new window on our universe and a
new domain in our field of science: gravitational wave astrophysics. This breakthrough is
the result of decades of theoretical and experimental research in general relativity. In fact,
gravitational waves were mentioned for the first time in 1916 by Albert Einstein, even though
the theoretical community were convinced of their existence much later. Experimental efforts
to detect them started in the 1960s, and their first detection in 2015 results both from
the technological developments made to improve gravitational-wave detectors as well as
theoretical research aiming at predicting gravitational waveforms.

Hence, the different tools used to study general relativity and predict gravitational waves
from astrophysical events have played a crucial role in this discovery. It is today extremely
important to enhance our models and our gravitational wave templates as much as possible
as the quality of the science we will produce from gravitational wave astrophysics will depend
on them. In fact, the better our templates are, the better the signal-to-noise ratio of our
observations are, the more accurate our parameter estimations (masses, spins, distances etc.)
of the observed events are. The validity and the robustness of the astrophysical catalogs we
might build in the next years and decades highly depend on the effort we spend enhancing
our understanding on how extremely accurate predictions from general relativity can be
obtained.

In the landscape of formalisms available to understand gravitational waves, the post-
Newtonian theory is a method to compute physical quantities in an analytical and pertur-
bative manner. The perturbative parameter used is v/c, where v is the typical velocity of
the matter source and ¢ is the speed of light, and a n'™® post-Newtonian order corresponds
to a factor (v/c)?™. We are going to use this formalism in this manuscript to study and
understand the dynamics and the emission of gravitational waves from compact binary sys-
tems, i.e., from systems made of two compact objects (such as black holes or neutron stars).
The end result of our formalism is either physical gauge-independent quantities — such as
the phase of the gravitational wave signal — that can be used to build templates, or to
cross-validate other methods of computation (such as black hole perturbation approaches
or numerical relativity). However, most results are given in terms of intermediate gauge-
dependent results such as the equations of motion. They are also of interest as they can be
compared with other formalisms, modulo coordinate transformations, and corroborate our
understanding of the various techniques used in general relativity.

In this thesis, we worked on the study of compact binary systems using the post-
Newtonian theory, and in particular the Blanchet-Damour-Iyer formalism, in order to en-
hance our understanding of the dynamics and the emission of gravitational waves by such

vii



viii Introduction

Systems.

The thesis is organized as follows. Chapter 1 is an introduction to the linearized theory
of general relativity and to gravitational waves. Different equations, such as the Einstein
quadrupole formulae are provided in order to explain the notion of gravitational waves as
well as their effects on matter systems and get rough orders of magnitude.

In chapter 2, we focus on the detection of gravitational waves. In particular, the different
possible sources are reviewed and we tackle the design of gravitational wave detectors, the
different formalisms used to build templates as well as the data analysis techniques used by
the LIGO—-Virgo collaboration. These first two chapters are rather introductory and can be
skipped by a reader who is already familiar with this field and wants to jump directly into
the technical details of post-Newtonian computations.

Chapter 3 is an overall review of the field of post-Newtonian theory describing in partic-
ular the state-of-the-art results in that domain. We describe the different relevant quantities
that can be computed using post-Newtonian theory and explain the overall goal motivating
the different computations done throughout the thesis.

In chapter 4 we describe the multipolar-post-Minkowskian algorithm which is a building
block of the Blanchet-Damour-Iyer formalism, and we obtain new results regarding the highly
non-linear third-order tail effect in the radiative field, in particular we compute the 4.5 post-
Newtonian order coefficient of the energy flux of spinless compact binary systems in circular
orbits.

Chapter 5 is a rather short but highly technical chapter describing the cornerstone of
our framework: the matching procedure. The matching procedure is omnipresent in our
formalism and enables to relate the multipolar-post-Minkowskian expansion done in chapter
4 to the near-zone computations of the post-Newtonian field and to the equations of motion
done in chapters 6-7-8.

In chapters 6 and 7, we start from the recently derived equations of motion of a spinless
compact binary system at the fourth post-Newtonian order, and we compute the last ambi-
guity parameter in these equations of motion. Then the dynamics of such systems is studied
through the computation of the different Noetherian conserved quantities.

Finally, chapter 8 describes the computation of the source moment multipoles and in par-
ticular the source mass quadrupole at the fourth post-Newtonian order, linking the dynamics
of a compact binary system, to its emission of gravitational waves. This chapter constitutes
a major step in the program of computing the radiation field at the fourth post-Newtonian
order.

The work done during this thesis has led to several new results described throughout the
manuscript: (i) the computation of the third-order tail effect and the coefficient at the 4.5
post-Newtonian order of the energy flux for spinless binary systems in circular orbits detailed
in chapter 4, (ii) the computation of the last ambiguity of the Fokker Lagrangian as described
in section 6.2.2, completing therefore the first ambiguity free derivation of the fourth post-
Newtonian order of the equations of motion of spinless compact bodies from first principles,
(iii) the derivation of the different conserved quantities of the fourth post-Newtonian order
dynamics detailed in chapter 7 and finally (iv) the preliminary results of the computation of
the mass quadrupole at the fourth post-Newtonian order provided in chapter 8.

These results have led to the following publications during this thesis:
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1 — Introduction to gravitational
waves and to the linearized theory of
general relativity

1.1 Short history of the theory of gravitational waves

The history of general relativity started in 1915, with the paper of Albert Einstein Die
Grundlage der allgemeinen Relativititstheorie (The Foundation of the General Theory of
Relativity) [5] containing the Einstein field equations and providing the foundations of general
relativity. This theory automatically recovers Newton’s laws of gravitation in the weak field
limit, can explain the previously observed anomalous advance of the perihelion of Mercury
and predicts the bending of light rays near massive bodies (this last prediction would be
confirmed in 1919 during a solar eclipse by an expedition led by Eddington).

As soon as 1916, using a perturbation of the metric on top of the Minkowski metric [0],
Einstein predicted the existence of wave solutions for the metric in vacuum. Two years later,
in 1918 [7], he derived the Einstein quadrupole formula for the energy flux, but his proof
did not apply to self-gravitating systems. Curiously enough, his result in this paper was
wrong by a factor 1/2. A new step was done in 1922 when Eddington [3] isolated the two
degrees of freedom of gravitational waves in the transverse and traceless gauge, enhancing
the understanding of the physical reality of gravitational waves. However, it was still unclear
at that time whether gravitational waves were physical or were just an artifact of a specific
choice of a coordinate system. It would be rather long to comprehensively list all the steps
in the controversy that occurred at that time regarding the reality of gravitational waves,
and we refer to [9] for further readings on that topic. This controversy was solved in the late
1950s [10, 11, 12] when it was shown once for all that gravitational waves carry energy and
therefore correspond to a physical reality.

These theoretical breakthroughs were corroborated by the study of the equations of
motion in general relativity of N point-particles that started as soon as 1917 by Lorentz
and Droste deriving the first order correction in (%)2 to Newton’s law of physics [13] (the
so-called 1 post-Newtonian equations of motion)!'. The study of these equations of motion to
high post-Newtonian orders are still an active field of research, and a historical review of the
different results in that field will be done in detail in chapter 3. Let us just mention here, that

'In post-Newtonian theory, a n post-Newtonian term (or a n-PN term) in a formula corresponds to a
correction at the (%)Qn order where v is the speed of the considered bodies and ¢ the speed of light. In order

to be more general, we discard v and define the n'® PN order to be a correction at the L%n order.

1



2 CHAPTER 1. INTRODUCTION TO GRAVITATIONAL WAVES

the emission of gravitational waves of a binary system predicted by the Einstein quadrupole
formula leads to a loss of energy of the system that explicitly appears in the equations of
motion at the 2.5 post-Newtonian order (i.e. at O[(v/c)®]), and which was computed for
fluids in the early 1970s by Chandrasekar and Esposito [14], Burke and Thorne [15, 16], as
well as many others (cf chapter 3 or [17] for a review) and for point-particle later in 1981 by
Damour and Deruelle [15].

As we will see in section 1.4, the discovery in 1974 of the pulsar PSR1913+16 by Hulse
and Taylor [19], and its study led to the first observational evidence of the loss of energy of
a binary system through the emission of gravitational waves. This discovery earned Hulse
and Taylor the Nobel Prize in 1993 for "new type of pulsar, a discovery that has opened up
new possibilities for the study of gravitation'.

In parallel, since the 1960s, experimental efforts were conducted to detect directly on
Earth these gravitational waves. In the University of Maryland, Joseph Weber developed the
first gravitational wave detectors made of resonance bars. While he claimed to have detected
some signals, his result could not be reproduced by other teams and no convincing detections
were made using resonance bars. In the late 1960s, the idea of using laser interferometry to
detect gravitational waves emerged and pioneer works in the US and in Europe led to the
construction of different kilometer-scale laser interferometers (cf section 2.1 for a historical
review of these detectors). It would have required more than 50 years of experimental and
theoretical developments, to do the first direct detections on Earth of these gravitational
waves and to start a new era of physics by opening the windows of gravitational astrophysics.

1.2 The linearized theory of general relativity and gravitational
waves

This section is an introduction to gravitational waves and the linearized theory of general
relativity. It summarizes materials that can be found in a lot of different textbooks. For a
more comprehensive derivation of the following results, we refer to a classical textbook in
gravitational wave such as the first chapters of [20].

1.2.1 The linearized Einstein equations

In general relativity, the space-time is described by a manifold M of dimension 4 together
with a metric g,,, which is a symmetric and non-degenerate two-rank tensor of signature +2
on that manifold. The Einstein equations, describing how the matter curves the space-time
are a set of second-order differential equations of the metric g,,, sourced by the stress-energy

tensor 1),

1 81t
R, (g,0g,00g) — §guuR(gyag, 00g) = ~a1 L (1.1)

where G is Newton’s constant, ¢ the speed of light and the notation R, (g,dg,00g) means
that the tensor R,, depends on the metric and its first and second space-time derivatives.
The left-hand side of the Einstein equations (1.1) is called the Einstein tensor G, = Ry, —
%gWR and depends on the Ricci tensor R, and the scalar curvature R. Both of these
quantities are built from the Riemann curvature tensor. In order to be able to write explicitly
the Einstein equations in term of the metric, let us provide the expression of the Riemann
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tensor as a function of the metric

R py = 0,1, — 0,15, + 16,10, — T T2, . (1.2)

There exists different sign conventions in general relativity; the conventions, and the nota-
tions used in this manuscript are listed in the appendix A. In particular, greek indices o, 3, . . .
take their values in 0,...,3 while latin indices ¢, j, k,... take their values in 1,...,3. We
used the Einstein convention to sum over the indices that are repeated. The symbol I'},
represents the Christoffel symbol which is defined as

1
F'zl/Lp = igu)\ (&/gp)\ + 8pguz\ - akgz/p) . (1.3)

It is worth noticing that unlike all the other quantities presented so far, the Christoffel
symbol is not a tensor, as it does not transform like a tensor under diffeomorphisms.

Eventually, the Ricci scalar is defined as R,, = R)‘MZ, and the curvature scalar as
R = R,,,g". Plugging equation (1.3) in equation (1.2) we can explicitly express the Einstein
equations as a function of the metric. This leads however to quite a cumbersome expression
and we only want to look at the linear theory for now. Therefore we are going to develop
the Einstein equations around flat space-time and define the trace-reverse variable

Juv = M + h/ﬂ/ s (1.4)

where 7, = diag(—, +,+,+) is the Minkowski metric and where |h,,| < 1. From now on,
all the indices will be raised and lowered using the Minkowski metric 7,,. Besides, when
using the Einstein convention to sum over spatial indices ¢, j, k,... we may sometime omit
to put one of the summed indices up, and the other one down (i.e. h;; is the same quantity
than h';). Before rewriting the Einstein equations in the linearized theory, it is convenient

to define )

iL,uzz = h;w - §n,uuha (1'5)

where h = h,,n". A rather fastidious but straightforward computation shows that to order
O(h) we have

= o = = 167G
Ohy + 10707 hpoe — 070, hyyp — 0°0, 0y = _CTTW , (1.6)
— 19 sij 8 8 _ 10> ; J ’ ;
where [ = — 5 55 +0" 57557 = — 5 5z +A is the d’Alembert operator (or the d’Alembertian)

and where A is known as the Laplace operator. All the terms of order O(h?) or higher have
been discarded. As h is of order O(G) (where G is Newton constant) as wee see from solving
the equation (1.6), it means that we have discarded terms of order O(G?). It is important to
keep that fact in mind because it implies that the formulae derived in the following sections
are only true up to O(G).

1.2.2 Gravitational wave solution to the vacuum linearized Einstein equations

Before solving the linearized Einstein equations (1.6), we are going to use the diffeomorphism
invariance of general relativity to put ourself in a nice and convenient gauge coordinate
system. In fact, under the general diffeomorphism

a? — 2t (x), (1.7)
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the metric transforms as

oxf 0x°
Guv () = giw(l”,) = wwgpa(ﬂf)' (1.8)

In the case of linear coordinate transformation, we can consider
ot — 2t =2t + (), (1.9)

with |0¢#| = O(hyy) = O(hy,). In that case, using equation (1.8), we can show that
transforms as

hyw = Wiy = By — (Ous + v — M 0,€P) - (1.10)

Thergfore, we have Ol‘ﬁw — 0’%W — [J¢, under that coordinate transformation. Hence
if 0"h,,, is not vanishing, we can choose a set of functions £, and perform a coordinate
transformation as in equation (1.9) such that we place ourself in a gauge where

8 hy = 0. (1.11)

This kind of gauge transformation will be explicitly done in section 4.1. This specific gauge
is the linear case of the harmonic gauge also called the De Donder gauge or the Lorenz
gauge?, which will be the gauge used in chapters 4-5-6-7-8. In fact we will later introduce
the quantity® h*’ = V—gg" — n* and the harmonic gauge will be obtained by setting
@JL’“’ = 0. This is in total consistency with what we are doing in the linearized case as we
can show that hy, = h*na,mp, = —hy + O(R?). In that gauge, equation (1.6) becomes

. 167G
Oy = —CLTW. (1.12)

Considering solutions of gravitational waves in vacuum we can set 7}, = 0
Ohu = 0. (1.13)

We are going to use again the coordinate transformation (1.9) to simplify the result. In fact,
as long as J¢# = 0, according to equation (1.10), the equation (1.13) remains unchanged.
This provides us 4 degrees of freedom that we can kill using the four functions ¢, (u =
0,1,2, or 3). Said otherwise, we can set 4 new constraints. Let us first set A = 0, which
automatically implies that h,, = l_zw,. We will from now on drop the bar symbol on top
of hyu,. We can set the three following constraints A% = 0 (we recall that i = 1,2 or 3).
According to harmonic gauge condition, we automatically have that 9%hgy = 0. As we are
looking for gravitational waves on top of a background (here the flat background), we can
drop any constant term in h,,. Adding up everything we mentioned, and taking into account
the components of h,, that vanish, we have to solve the following system

Ohy =0, W% =0, 8'hyj =0, h'; =0, hij = hj; . (1.14)

2This gauge is called the Lorenz gauge after the Danish physicist Ludvig Valentin Lorenz (1829-1891) and
not the Lorentz gauge after the Dutch physicist Hendrik Antoon Lorentz (1853-1928). The latter gave his
name to the Lorentz transformation, the electromagnetic Lorentz force but not to the Lorenz gauge. This
confusion is quite common in the literature.

3This quantity will be denoted h in the chapters 4-5-6-7-8, but we denote it i here to avoid any confusion.
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The gauge we introduced by imposing h*, = 0 and 0"h,, = 0 is called the transverse-
traceless gauge, which is often abbreviated as the TT-gauge. We will refer to that gauge
by using the notation thT . The general solution of this set of equations will be a sum (or,
in Fourier space an integral) of elementary solutions corresponding to a gravitational wave.
The elementary solution of (1.14) corresponding to a gravitational wave of frequency w/(2m)
and propagating along a direction z* is

00 0 0

T . 0 h+ h>< 0

h (@ 9,2) = | o “h ol (1.15)
00 0 0

where hy = A, cos (w[t — z/c] + ¢4) and hy = Ay cos (w[t — z/c] + ¢x ), where A1 , and
¢4, x are constant. We can see from (1.15) that a gravitational wave has two polarizations
that are denoted hy and hyx with amplitudes A and Ay and phases ¢4 and ¢. One could
wonder whether these two polarizations are physical or if one of them can be removed by a
new change of coordinate. This will be the purpose of the next section.

1.2.3 Effect of gravitational waves on matter

Indeed, it is always important to keep in mind that in general relativity, only observables
correspond to physical quantities and that a feature in the metric does not automatically
correspond to a physical effect but could be only due to a coordinate artifact. It is therefore
crucial, in order to interpret equation (1.15), to see the response of test masses to this metric.

Let us consider a test mass A moving on the wordline X4 (7). The wordline X9 is
determined in general relativity by the following geodesic equation

PPXG | e dXGAXG 0 (1.16)
dr? wodr dr ’
. dX¢ dX9

Let us assume that the mass A is at 7 = 79 at rest. Then —2(79) = 0 and —2(79) = c and
for a = i the geodesic equation (1.16) at 7 = 7y becomes

a2xiy o,

W-f-f%oc =0. (1.17)
However, by using the definition of the Christoffel symbol (1.3) and the harmonic gauge
condition we find T, = O(h?). Therefore, at linear order, a test mass at rest in the TT
frame, remains at rest. Let us consider two nearby masses A and B at rest in the TT
frame. Their coordinates are X9 (7) = cr, X4(7) = 24, which is constant, and X%(7) = cr,
X' (r) = x% which is also constant. Let us denote L' = 2% — 2% and L = \/L'L;. At a
given time 7, the distance between the points A and B can be inferred from the square root
of the following interval quantity A = v/ds?2

ds® = g, dztda” . (1.18)

42 is the direction corresponding to the space index ¢ = 3. Similarly « and y are the direction corresponding
to the space indices i = 1 and i = 2.
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By considering a general linear metric in the TT-gauge, we obtain to linear order
L;L;
A=L+hlT=—".
+ 2L

Considering the gravitational waves propagating along z at the frequency 5~ described in
the equation (1.15), the distance A between two nearby point becomes

(1.19)

Ay cos (wlt —z/c] + @1 ) (L2 — L) — 2Ax cos (wlt — z/c] + @x ) Lo Ly
212

A=L|1+ , (1.20)
where we have used the notations L, = L*=! and L,= =2,

It is important to keep in mind that this distance is an observable. In fact, let us assume
that an observer with a clock device at the point A sends a light ray at the time 7 to the point
B, which is reflected and sent back and reaches the point A at the time 74+J7. As long as the
distance between A and B is small with respect to the gravitational wavelength, the proper
distance between the point A and B will be given by A = ¢67/2. As 7 can be measured
by an observer at the point A, so can A. We can now assert that the gravitational wave
solution described in the previous section has a real physical effect that can be measured,
and contains two different polarizations. The geometrical effect of these polarizations is
described in the figure 1.1.

Figure 1.1: Effect of a gravitational wave of pulsation w propagating along the z direction
on test particles. Top: polarization h. Bottom: polarization h.

1.3 The Einstein quadrupole formulae

Now that we have understood how gravitational waves propagate and interact with matter in
the linearized theory of general relativity, we are going to relate the emission of gravitational
waves at linear order to the mass quadrupole of a source. For that we need to go back to

equation (1.12)

- _ 167G

Oy = == T + O(h?). (1.21)
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2 .. 2 .
We recall that [ = —c%% + 69 azi % = —C%% + A is the flat d’Alembert operator. We
want to solve (1.21) in the case of an isolated source imposing the non-incoming radiation
condition. This means, that no gravitational wave should arrive from infinity to the source.

This is done by applying the retarded d’Alembert operator and leads to:

_ AG T (t — 2221 21y
bt ) = 5 [ a9

(1.22)

By doing a multipolar expansion of the right-hand side of (1.22), we can express the metric
as a function of the mass quadrupole of the source. This derivation is done in detail in a lot

of different textbook (see for example [20]), and reads in 77" coordinate:
2G d?1 r
T _ Kkl kl
hi; (t,x) ~ 7C4TA1J e (t — c> , (1.23)

where A;; 1 is the TT-projector defined by A;; iy = P Pj— %Pz-ijl where Pjj(x) = 0;;—ninj,
where n; = x;/r and where z; is the vector x. I;; represent the symmetric trace-free (STF)
part of the mass quadrupole. It is defined at linear order by

1ij = /d3wp(w)x<iwj>, (1.24)

where p is the mass density of the source, and the brackets < - > represent the STF operator:
T<iTj> = %(wzwj + iL'j.TUZ') — %7“252']'.

1.3.1 Einstein quadrupole formulae for the energy and angular momentum
fluxes

The gravitational waves emitted by an isolated source, and given by (1.23) at linear order,
carry energy as well as angular momentum. The derivations of their fluxes at the leading
order are done in different textbooks (such as [20]), and we are going to extend them to much
higher orders in chapter 4 (cf in particular equation (4.122)). Therefore, we are going to
provide them at linear order here, without further proof. The energy flux F and the angular
momentum flux G; of an isolated source emitted gravitational waves are given by

G |1d%1,,d%1, 1

F=—1= Ol —= 1.25
cd l5 de3  de3 + <C2> ’ ( )
G |2 dQIaC d3IbC 1

i = = | c€iab— =1 1.2

g cd l5€ R TERRTE +O<C2>] (1.26)

where €g is the Levi-Civita symbol (€123 = 1). We recall that we used the Einstein con-
vention to sum over repeated indices. When these indices are space-time indices, as the
background metric is the Minkowski metric, we do not systematically raise one of the re-
peated indices.

For a binary system, this loss of energy and angular momentum has two consequences.
First of all, the separation of the two companion objects will slowly decrease and they may
end up merging eventually. Secondly, if a binary system has some eccentricity e (i.e. if
its orbit is not circular), we will see in section 1.3.2 that these fluxes lead to decrease the
eccentricity and circularize the orbit. Therefore, the usual gravitational wave source that
we are often going to consider is made of two masses orbiting each other on circular orbits,
getting closer and closer and eventually merging.
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1.3.2 Some applications of the Einstein quadrupole formulae and orders of mag-
nitude

Magnitude of gravitational waves Let us consider a system of two masses of equal mass
M orbiting around each other at a distance r12. If we drop all the numerical coefficients in
order to just study the order of magnitude of the metric h = ]hg;-T\ we have from equation
(1.23)

1 G*M?
h~—— . (1.27)
r C'ri12
For a source of size a and of mass M we define the compactness as = = ié‘g . The compactness

of a source is a dimensionless number who is smaller than % and whose value is % for a non-
spinning black hole in Schwarzschild coordinates. Therefore, for a system of two black holes
of masses M /2 and a separation 712 orbiting each other and eventually merging, the value

of Z of the binary system will be = = T?QMCQ This value of = will slowly increase as the two

black holes get closer and will reach % when the two objects merge into a final black hole.
For a single isolated neutron star, = ~ 0.2, for a white dwarf & ~ 10~* — 1073, for the Sun
Z ~ 21075 and for the Earth = ~ 7 10710, By using this notation (1.27) becomes

M\ /1M
h~10"2 2 (M@> ( Tpc> : (1.28)

where M = 2 103Y kg is the mass of the Sun and 1Mpc = 1Megaparsec. Hence if we observe
two black holes of 10 Mg merging at 100 Mpc, the order of magnitude of the signal during
the last cycles before the merger will be 10721, According to our discussion in section 1.2.3
on the effect of gravitational waves on matter, this means that the distance between free
falling objects on Earth are modified by a factor 102! when such an event occurs.

h is proportional to the compactness of the source =, and the compactness of a binary
system is smaller than the compactness of the bodies forming the binary system. Therefore,
we will from now on only consider compact binary systems, i.e., binary systems made of
compact objects such as neutron stars, or black holes.

Lifetime of a binary system Let us use the Einstein quadrupole formulae for the flux
to estimate the lifetime of a compact binary system of two bodies of masses M; and Ms on
circular orbits with a separation of r1o. The Newtonian mechanical energy FE,, of such a
system is composed of the kinetic energy and the gravitational potential energy. Its value is

GMv
E, =— . 1.2
27“12 ( 9)

Where M = M; + M, is the total mass of the system and v = % is the symmetric
mass ration (0 < v < 1/4 with v = 1/4 for equal mass system). Let us consider that this
system evolves as a succession of circular orbits of radius r12(¢). We can computed the energy

flux of this system using the equation (1.25) and we obtain

32502 1 GM \?
]—“:€ G (7"1262) 130
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By stating the balance equation for the energy at Newtonian order

dE,,
— = —-F 1.31
Do (131)
we obtain the following differential equation for rqo
. K
r1o = —3 (132)
712
with K = & Gsi‘/fs”. The solution of this equation is 719(t) = (r1a(tg)* — 4K (t — to))1/4

Therefore, the lifetime At (defined as At = t;y — to where r12(ty)
before its coalescence can be roughly estimated as

0) of such a system

4 5
S T

At = — —=——.
256 G3 M3y

(1.33)

If we consider two equal-masses black holes (of masses M/2) separated by N Schwarzschild
radii (i.e. 712 = NSM) we have

N\*( M
At ~ (20> (mM@)O.G sec. (1.34)

As we will see in the next chapter, ground-based detectors can detect gravitational waves
from frequencies starting around 30 Hz. This corresponds to an orbital frequency of the
binary system of 15 Hz. Using Kepler’s law of physics we can compute the separation 719

1/3
between the two bodies as a function of their orbital frequency €2 as r19 = (%—ﬁ”) / . Hence
we find that the lifetime of a binary of orbital frequency €2 is

15 H 8/3 20M 5/3
> z) <0 ®) . (1.35)

At =2 —
688ec< Q i

The two equations (1.34) and (1.35) provide estimates that are one or two orders of magnitude
above the coalescence times observed in the gravitational wave detection during the last two
years. The main reason of this over-estimation is because close to the merger, the velocity
of the source becomes a high percentage of the speed of light and the gravitational field
that one body feels from its companion becomes strong. Therefore, the accuracy of our
post-Newtonian computation that we did at the 0" order (i.e. at newtonian order) gets
worse and worse as we get close to the merger. We could improve this accuracy either by
going to higher order in post-Newtonian expansion, or by using numerical relativity to solve
directly the full Einstein equations. Also note that we are computing the time remaining
before 712 reaches 0 while the merger actually occurs when 715 is of the order of the radius
of the compact objects.

Circularization of the orbit Let us now focus on a system whose eccentricity e is not
zero. We are going to average the balance equation (1.31) over one period P of the system
and we will consider the following quantity

1 [t+P 32 ¢P GM \°
r T —— 1.
<F>()= P Jo—i dsF(s) = 5 G (rlféaxc?) Ie), (1.36)
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1+%62+%64 .
ey s the Peters-Mathews

enhancement factor due to the average done over one eccentric orbit. Similarly

where r]%* is twice the semi-major axis and f(e) =

_ 1 P 32 [ GTMY
<g>)=7p [ w06 =5 sele), (1.37)

7.2
with fg(e) = (lltig;)g Note that the functions f(e) and fg(e) are increasing functions of e:

the more eccentric a system is, the more it looses energy and angular momentum through
gravitational wave radiation!
Now, using the average balance equation % = — < F >and C}T{ = — < G > we can
find coupled differential equations governing the evolution of r¥*(t) and e(t). While these
max

equations does not have a simple analytical solution, we can use them to express r{5** as a
function of e and find that

12/19 870,/2299
i ( 12le2> - (1.38)
where x depends on the initial conditions.

A careful study of the right-hand side of the equation (1.38) shows that r{¥*(e) is an
increasing function of e. Therefore, as the semi-major axis of a binary system decreases, the
orbit gets more circular. For any reasonable value of e (i.e. e not extremely close to 1),
the eccentricity of a compact binary system will become relatively small by the time of the
coalescence.

Let us take the example of the binary pulsar PSR1916+-13 described in the next section.
Today, this binary system has a semi-major axis r{5*/2 ~ 2 10°m and an eccentricity of
e ~ 0.6. This pulsar is made of two objects of radii of order r ~ 10 km (cf next section).
Therefore, it is interesting to compute the eccentricity during the last orbits before coales-
cence, for example when the two objects will enter the bandwidth of current ground-based
detectors. This will occur when the orbital frequency will roughly reach 15 Hz which corre-
sponds to % = 1000 km. Using (1.38) we get for this system x = 3.4 10° m. Using that
value of k we can infer that for 73 = 100r = 1000km we have e = 2 10~% which is indeed
extremely small.

Once the orbit of a compact binary system is circular, we expect it to remain circular.
This is consistent with the fact that for circular orbit of radius r19, the angular momentum

J = AV JZ'Ji is
J = vy GM3T12 . (1.39)

If we consider the consecutive circular orbits governed by equation (1.32), we have

: 2.2 [\ 2
Y e e BMev (G (1.40)
dt 2/T12 5 riyctt

Computing G = \/G;G; from equation (1.26) we find

g

2 2 [ ATrgT 2
:32M01/ (GM) (1.41)

7 14
5 T{9C
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Thus
dJ

dt
The balance equations for the energy and the angular momentum at linear order are therefore
satisfied for consecutive circular orbits. More detailed studies of the stability of circular
orbits, such as the one carried in [21], corroborate the fact that circular binaries stay on
circular orbits until their coalescence.

-G. (1.42)

1.4 The confirmation with radio-astronomy of the Einstein quadrupole
formulae

The discovery and the study of the binary pulsar system PSR B1913+16 was the first ob-
servational confirmation of the loss of energy of a binary system through the emission of
gravitational waves. The observation of this pulsar over several decades is in perfect agree-
ment with the computation performed using the linearization of the Einstein equations as
well as the Einstein quadrupole formula. This is therefore a huge argument confirming the
validity of perturbative computation in general relativity.

1.4.1 Neutron stars, pulsars, and pulsar binary systems

A neutron star is a compact object (of compactness = ~ 0.2) that can result from the core-
collapse of a massive star at the end of its life. Known neutron stars have masses roughly in
the range between 1M and 2M, and based on different models, we expect them to have
radii of the order of 10 — 15km (this uncertainty is due to the unknown composition of the
core and the unknown neutron star equation of state). They are called neutron stars because
the main component of these objects are believed to be a fluid of neutrons.

Neutron stars can be highly magnetized, and their fields can lead to two opposite elec-
tromagnetic jets. Besides they rotate on themselves along an axis which is not specifically
aligned with their jets. Therefore, if the jet of a neutron star turns out to be pointed toward
the Earth once per rotation, we receive periodic signal from it. We call such a neutron star
a pulsar.

It turns out that pulsars are extremely interesting objects for three main reasons. First
of all, they are compact objects, so they constitute a nice laboratory to study relativistic
effects. Secondly, the time of arrival of the pulse from a pulsar can be extremely stable. In
fact due to the conservation of angular momentum, the rotational speeds of these objects are
regular — except for the energy loss due to the radiation of their extreme electromagnetic
field (as well as possibly a small emission of gravitational wave, cf section 2.2.6). Therefore,
once one has fitted the decrease of the rotational period due to radiation, the time arrival of
the pulse can be used as an extremely precise clock that can compete with atomic clocks on
Earth. Last but not least, they emit at radio wavelength so we can observe them using large
radio interferometer arrays which can have an angular precision down to milli-arcseconds.
So to summarize, studying pulsars means studying relativistic objects with an extreme time
and angular accuracy.

A huge breakthrough occurred in 1974 with the discovery by Hulse and Taylor of a pulsar
within a binary system whose secondary object is thought to be a neutron star [19]. Based
on what we previously said, it has therefore been possible to extensively study the trajectory
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(with high accuracy both in time and in space) of such a system and to use it to test the
FEinstein quadrupole formula.

1.4.2 Evolution of the orbits

In order to test the Einstein quadrupole formula, we first need to know the masses of the
two objects as well as the semi-major axis of their orbits. This latter parameter cannot be
directly measured because we do not know the inclination under which we see the orbital
plane of the binary.

These three parameters can be inferred directly from the Einstein parameter -, the
periastron advance < w > of the system together with the orbital period P of the system. The
Einstein parameter vy is a change of the pulse arrival time due to the perturbation of a clock
that would be on the pulsar because of the gravity field generated by its companion, i.e., the
gravitational redshift (the Einstein effect) as well as its own relativistic speed (i.e. the second
order doppler effect). The periastron advance < w > is due to the fact that at linear order
in general relativity, the trajectory of the bodies in a binary system are not closed ellipses.
This is exactly the same effect that than the famous 43 arc-seconds per century advance of
the perihelion of Mercury. Both of these two relativistic effects depends on a combination of
the masses and on the period P of the system. Once they have been measured, the masses
are fully determined and their current values are m, = 1.4389(2) £ 0.0002M, for the pulsar
and m. = 1.3886 + 0.0002M, for the companion [22].

Now that the two masses have been computed, the semi-major axis can be deduced from
its Newtonian value

2/ P 2/3
a = (Glmy +m)) () . (1.43)
2w
The eccentricity of this binary can be directly measured from the observation and is
e = 0.6171334(5) [22]. Now, we can compute using equation (1.36) the energy loss of the

system and therefore the change of its orbital period P. The change of its orbital period will
affect the time at which the orbit reach its periastron. This is this shift of the periastron
time that has been measured over the years and is in perfect agreement with the predictions
made by perturbative computations in general relativity as shown in figure 1.2 extracted
from [22].

The study of pulsar binary systems with radio telescope has provided us some crucial
information. It is an evidence for the existence of gravitational waves (or at least for the
loss of energy through gravitational wave radiation). Besides, the perfect fitting between
observations and computations done using the Einstein quadrupole formula corroborates the
validity of using perturbation theory to make predictions in general relativity.



1.4 RADIO-ASTRONOMY AND THE EINSTEIN QUADRUPOLE FORMULAE 13

Line of zero orbital decay

—10

—-15

—20

—25

/

General Relativity prediction

Cumulative shift of periastron time (s)
‘ T 17 ‘ T 1T ‘ T 17 ‘ T 1T ‘ T 17 ‘ T T 7 ‘ T 17 ‘ T 1T ‘ T 17
‘ I ‘ | ‘ I ‘ | ‘ I ‘ I I ‘ I ‘ | ‘ I

—45

1975 1980 1985 1980 1995 2000 2005
Year

Figure 1.2: The orbital decay of the binary PSRB1916+-13 measured through the cumulative
shift of its periastron time. The black line is the prediction from general relativity using the
Einstein quadrupole formula while the dots correspond to the observations. Figure extracted
from [22]
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2 — Detection of gravitational waves

2.1 Detection of GW with laser interferometry

2.1.1 History: from the Weber bars to the interferometer detectors.

The first gravitational wave detectors built were resonant bars designed by Joseph Weber
in the 1960s in the University of Maryland. These bars are cylinders with a length of 2
meters and a diameter of 1 meter and their resonance frequencies are around f, = 10% Hz.
The closer the frequency of the gravitational wave is to f., the more sensitive the device
is. Therefore, resonant bars have quite a narrow frequency bandwidth (of the order of
[fr — 100Hz; f, + 100Hz]). While Weber claimed to have detected an interesting signal at
multiple times [23, 24], his results could not be reproduced nor confirmed by the rest of the
community and no convincing detection was made.

Meanwhile, other scientists in the US and in Europe started to work in the late 1960s on
the design and construction of a kilometer-scale interferometer. After more than two decades,
the project LIGO was finally confirmed and funded by the NSF and the construction of two
laser interferometers in Hanford and Livingston (US) started in the mid-1990s. The Initial
LIGO detectors ran from 2002 to 2010 but no detection was made. From 2010 to 2015, the
LIGO detectors were upgraded into the advanced LIGO detectors which started to take data
in 2015.

In Europe, the British and German project GEO started in 1989 and the construction
of the GEO 600 interferometer in Germany near Hannover began in 1995. Meanwhile, a
Furopean interferometer detector led by France and Italy and called Virgo started to be
built in 1996. Different observing runs of the initial VIRGO detector took place between
2007 and 2011 and after an upgrading phase, the advanced VIRGO detector starting to take
data in 2017.

2.1.2 Ground-based interferometry

The principle of an interferometer is shown in the figure 2.1 describing the LIGO detectors.
A laser is emitted by a laser source and split in two different beams by a beam splitter. Fach
beam enters a 4 km long arm at the end of which stands a free falling test mass' which is
a mirror suspended and isolated through different layers of pendula. The two laser beams
are then recombined, and their interference is measured by a photodetector. Besides, other
mirrors are placed at the beginning of the 4 km arms, so the device is actually a Fabry-Perot
interferometer. The interferometer is configured in such a way that when no gravitational

'The free falling properties of these mirrors are only through the horizontal axis.

15
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wave signal is present, the two beams reaching the photodetector have a difference of phase of
7/2 and interfere destructively. Hence the photodetector is at a black spot. If a wave passes
through the detector, the distances L, and L, are modified as explained in section 1.2.3,
and the difference of phase between the lasers changes. This change is directly measured by
the photodetector. Finally, it is worth mentioning the presence of a recycling power mirror
enhancing the total circulating electro-magnetic power in the cavity of the detector. We
refer to [25], for a detailed description of the LIGO interferometer.
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Figure 2.1: a) Schematic representation of the LIGO interferometer detectors. b) Sensitivity
curves of the LIGO detectors (as of September 2015). Figure extracted from [20]

The sensitivity of the detector at each frequency is represented by its spectral strain
sensitivity which is expressed in Hz='/2. Let s(t) be the output signal of the detector. This
signal is made of the gravitational wave h(t) that we want to measure as well as all the
instrumental and terrestrial noise n(t)

s(t) =n(t) + h(t). (2.1)

The noise n(t) is a stochastic time series that we are going to characterize by its spectral
power density. If the noise is stationary, then the Fourier components of the noise at different
frequencies are uncorrelated and we define S, (f) as

Sn(f)
2 Y
where n(f) is the Fourier component of n(t) at the frequency f and n*(f) is the complex

conjugate of n(f). Sn(f) is the relevant quantity to assess the strength of the noise as it
describes how much noise is contained for each frequency

<A (f),n(f") >=o(f - f) (2.2)

< n(t)? >= /Ooo dfS.(f). (2.3)
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The spectral strain density of the noise, or the strain noise is defined to be Sy, (f )_1/ 2 and is

expressed in Hz'/2. We will see in section 2.3.1 how to relate the signal-to-noise ratio of a
signal to the strain noise. The strain noise of the advanced LIGO detector is shown in figure
2.1. As we can see, the bandwidth of the detector is roughly 15 —200Hz with the strain noise
containing peaks at some specific frequencies: these frequencies correspond for example to
resonance frequencies of some components of the detector.

The general shape of the strain noise is due to the different sources of noise [27]: (i) the
Newtonian noise, present at low frequency, due to changes of the local gravitational potential
because of the variation of the mass distribution surrounding the detector; (ii) the seismic
noise (also at low frequency); (iii) the thermal noise mainly due to the suspensions, the test
masses and the coating (note that current interferometer detectors are at room temperature
while it is planned to use cryogeny to reduce the thermal noise of the next generation of
ground-based detectors such as the Japanese KAGRA detector under construction [28]); (iv)
finally, at high frequency, the noise is dominated by the shot noise of the laser: the number
of photons hitting the photodetector fluctuates due to the quantum properties of the laser
and affect the measurement.

2.1.3 LISA and space-based interferometry

The LISA project is a space-based gravitational detector project led by the ESA together with
NASAZ. In its current design [29], this detector is made of 3 spacecraft forming a triangle with
sides of 2.5 millions of kilometers. Each spacecraft emits two laser beams toward the other
ones. This network of six laser beams enables to measure with great precision the distance
between the spacecraft. Besides each spacecraft contains one free-falling mass (i.e. a cube
inside the spacecraft that does not touch any part of the spacecraft). The exact position with
respect to the spacecraft of each test mass is also measured internally through interferometry.
Therefore, we end up measuring the distances between test masses 2.5 millions of kilometers
apart.

Such a mission will be sensitive at much lower frequencies than the ground-based detectors
because of the size of its arms. LISA is expected to be sensitive in the range of [0.1mHz, 1Hz].

In 2015, the LISA pathfinder mission was launched. It put in orbit two free falling masses
in a spacecraft and measured the relative acceleration between them. The accuracy obtained
was way better than what was required, and the mission was a success [30]. Therefore, the
community is today optimistic on the realization of this mission and its launch is planned in
the 2030s.

2.1.4 Summary of the current and future network of GW observatories

The current network of gravitational wave detectors contains today 4 working ground-based
interferometers: the two advanced LIGO 4-km long detectors in Livingston (US) and Hanford
(US);the 3-km long advanced VIRGO detector in Italy near Pisa; and the 600-meter long
GEOG600 detector near Hannover in Germany. This latter is mainly use to develop and
test new technologies as its sensitivity is below the sensitivities of the advanced LIGO and
VIRGO detectors.

2From 1997 to 2011, LISA was a joined project of these two agencies. Due to financial constraints, the
NASA withdrew its contribution in 2011. In summer 2016 however, NASA decided eventually to participate
in this project.
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In the next few years, two other ground-based detectors will be built. Another LIGO
detector called LIGO-India is indeed expected to be constructed in India in the next few
years. Additionally in Japan, a 3-km long detector called the Kamioka Gravitational Wave
Detector (KAGRA) is planned and should be in operation also in the next few years.

In conclusion, we will soon have 5 state-to-the-art ground-based detectors that will be
joined in the 2030s by the LISA space-based mission. Besides, both in Europe and in the
US, projects of third generation detectors start to emerge, such as the Finstein Telescope in
Europe that would be made of three 10-km long arms.

2.2 Possible sources

As we saw in the first chapter, the linear perturbation theory of general relativity tells us that
in order to emit gravitational waves, a source needs to have a varying quadrupole moment.
Besides, the strength of the emitted gravitational wave depends on how compact the source
is. Let us review the main classes of expected gravitational waves that can be detected by
the ground-based and space-based detectors.

2.2.1 Continuous compact binary systems

Let us consider the example of the Hulse-Taylor binary system described in section 1.4. It
is a binary system of orbital frequency of 3.6 107° Hz. Today, such a system could not
be observed by ground-based (nor space-spaced) detector such as LIGO/Virgo, because its
frequency is way too low. Such a system will evolve because of its emission of gravitational
waves and enter the ground-based detector bandwidth before its coalescence in few hundreds
of millions of years. This introduces a first kind of source: the coalescence of binary systems
made of compact objects with masses of the order of solar masses.

2.2.2 Compact binary coalescence (CBC)

By stellar mass CBC, we refer to a binary system made of two compact stellar mass objects
(two black holes, two neutron stars, or one black hole and one neutron star)® coalescing.
All the events detected by the ground-based detectors so far were stellar mass CBC. These
binary systems were formed a long time ago and got closer and closer through different
astrophysical processes, including in the end gravitational wave emission. As we have seen,
the gravitational wave emission of a binary system tends to circularize the orbit, and by the
time of the coalescence, we expect the orbits of most of the CBC to be circular as explained
in section 1.3.

2.2.2.a) CBC made of two black holes

Among the CBC, the coalescence of a binary black hole (BBH) is the simplest to study
theoretically as there is no need to take into account any baryonic matter. The typical
signal of a BBH coalescence is shown in figure 2.2 and can be divided in three parts.

The signal starts with the inspiral, where the two black holes are still quite far away
from each other. The signal received in the detector is essentially a sinusoidal signal whose

30r any other exotic compact object.



2.2 POSSIBLE SOURCES 19

amplitude and frequency increase with time as the black holes are getting closer and faster.
This part of the signal is quite smooth and regular, and corresponds to relatively small
value of v/c. It can be studied using perturbative approaches, namely using post-Newtonian
approximation (cf section 2.3.2).

Then the merger occurs, where the two black holes merge into one another forming a
final bigger black hole. The physics governing this part is highly non-linear and the only way
to predict the waveform of the merger itself today is through the use of numerical relativity
(cf section 2.3.3).

Finally, during the ringdown, the final spinning black hole relaxes and stabilizes. The
signal during the ringdown is made of a combination of exponentially damped sinusoidal
waves. The frequencies and the damping times associated to the final spinning black hole can
be studied using black hole perturbation theory looking at perturbations of Kerr solutions.

Inspiral Merger Ring-
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Figure 2.2: Theoretical signal of the binary black hole coalescence corresponding to
GW150914. Top: the red curve shows the signal reconstructed using numerical relativity
of this event and the grey line the signal reconstructed using phenomenological templates.
Bottom: the relative velocity of the black holes (green) and the distance between the two
black holes (black). Figure extracted from [20]

2.2.2.b) Binary neutron star (BNS)

The signal expected for coalescence of a BNS is quite similar during the inspiral to the signal
of a BBH coalescence. The only noticeable difference is that neutron star have a mass range
of 1 — 2 solar masses which is smaller than the usual mass range of stellar mass black holes.
Therefore the frequency of the coalescence is expected to be in general higher, which means
that we can detect them during much more cycles once they enter the ground-based frequency
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bandwidth. Besides, the spin of neutron star is expected to stay quite low, contrary to the
spins of black holes, resulting in less precession of the orbital plane.

The baryonic structure of the neutron star starts to play a role few cycles before the
merger were tidal forces deform the two neutron stars. The response of the neutron stars to
the tidal forces depends on their structures and in particular on their unknown equation of
state. The merger and the post-merger parts of signal are studied using numerical relativity
(cf [31] for a review on BNS numerical relativity).

2.2.2.c) Neutron star black hole coalescence

Nothing theoretically prevents a compact binary system to be made of one neutron star and
one black hole. However, such a system has not been detected using radio-astronomy and
none of the gravitational events detected so far corresponds to a neutron star black hole
coalescence.

The inspiral phase of such binary systems is also similar during the inspiral of the signal of
a BBH coalescence and, the merger and post-merger part of the signal have been extensively
studied using numerical relativity and we refer to the review [32] for further reading on that
topic.

2.2.3 Super Massive Black Hole Binary

It is commonly accepted in astrophysics that a supermassive black hole stands in the center
of a huge fraction, if not all, of the galaxies [33]. These black holes are between 10% and 10'°
solar masses. As galaxies merge through the evolution of the universe, their central super-
massive black holes form binaries (SMBHB) that may end up coalescing. The dynamics
of formation of super-massive black hole binaries is an active field of research today, and a
huge effort is made to solve the last parsec problem: in order to bring the two black hole
close enough where the gravitational wave emission starts to be efficient, different frictional
mechanisms have to be invoked [31].

Because of the high masses involved, the gravitational wave frequency of such systems
should be in the range of 1075Hz - 10~2 Hz by the time of the coalescence, which means that
such system could be detected by space-based detectors such as the LISA project. It is worth
noticing that the LISA detector might detect SMBHB up to redshift z ~ 10, or beyond if they
exist. Besides, we expect to be able to localize the host galaxies of the SMBHB detected and
measure their redshifts. As the luminosity distance Dy, of the event can be deduced directly
from the gravitational signal, this ensures extremely promising tests of cosmology by having
an independent measurement of the redshift-distance relation at high redshift.

2.2.4 Extreme mass ratio inspiral (EMRI)

Stellar mass compact objects in the vicinity of a super-massive black holes constitute another
class of interesting sources as they form extreme mass ratio binary systems. The inspiral
phase of such systems is expected to last during N ~ 10° cycles. Classical post-Newtonian
theory cannot track with an accuracy good enough the gravitational phase of such a signal
and another approximation framework is used to study such system: the self-force theory
framework based on black hole perturbation theory (cf section 2.3.5). The typical frequencies
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of ERMIs are in the range of 1073 — 1072 Hz and are expected to be detected by the LISA
mission [35].

2.2.5 Supernovae

At the end of their lives, some stars collapse on themselves because of their gravity fields and
generate core-collapse supernovae of type Ib, Ic, or II. If this process deviates from spherical
symmetry, it can create gravitational waves. The physics of core-collapse supernovae is
highly complex and contains a lot of different factors (electromagnetic fields, neutrino physics,
relativistic hydrodynamical shock fronts, general relativity effects) and their modeling heavily
relies on numerical simulations [30].

2.2.6 Continuous wave

Isolated fast-rotating neutron stars are also a promising source of gravitational waves. In
fact, different mechanisms can generate an asymmetrical distribution of the matter within
the neutron star. Therefore its fast rotation would lead to a varying mass quadrupole, hence
producing gravitational waves. Such a source would produce a continuous quasi single-
frequency signal whose frequency only slowly decreases due to the intrinsic spin-down due
to the rotational energy loss of the source. Thus, even if this signal is weak, it could be
detected by collecting data for a long time. No signal of such a system has been found so far
by digging into the data collected by the ground-based detectors. However, advanced data
analysis algorithms have put interesting upper limits on this process by looking to known
pulsars. In particular the spin-down limit of J1813-1749, has been beaten [37], i.e., the upper
limit on the gravitational wave flux of J1813-1749 is strictly smaller than its rotational energy
loss. Said otherwise, its energy loss cannot be solely due to gravitational wave emission.

2.2.7 Stochastic background

The accumulation of unresolved sources creates a stochastic background that could be ob-
served. In fact, all the astrophysical gravitational events that cannot be isolated in the data,
add up to produce a background whose power spectrum can be predicted. The stochastic
background of compact binary systems has not been detected in the ground-based detectors
so far, but we expect this background to be observable in the future ground-based detectors
as well as in LISA.

2.3 Template building and match filtering

From now on, and until the end of the manuscript, we will only consider gravitational wave
signals coming from compact binary systems.

2.3.1 Matched filtering

Let us take the notation introduced in section 2.1.2. The output of the detector is a signal
s(t) which is the sum of the noise n(t) and a gravitational wave signal h(¢). The amplitude of
signal h(t) can be of the same order of magnitude, or even smaller than the magnitude of the
noise n(t). Therefore, we cannot always read by eye the signal in the output of the detector
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and a matched filtering process need to be applied. The main strategy is to compute the
correlation of the output with templates of different expected signals. When the template
corresponds to the real gravitational signal h(t), this correlation will peak.

In order to look for a specific signal h(t) corresponding to the merger of two black holes
for example, we are going to create a filter K (¢) and define § as

+oo
5= /_ dt s(OK(1). (2.4)

A first guess would be to take K(t) = h(t). However, if we know the strain noise of the
detector, there is a better choice for the filter K(¢). Indeed, we define the signal-to-noise
ratio as S/N where S is the expected value of § while N is the variance of § when h(t) = 0
(i.e. when no signal is present). If A(f) and K(f) are the Fourier components of h(t) and
K(t), it can be shown that the signal-to-noise ratio becomes
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It turns out that the right-hand-side of the equation (2.5) is maximal for K (f) o< h(f)/Sn(f),

and becomes 12
S oo ()P
N—2</O den(f)) . (2.6)

The signal-to-noise ratio depends on the ratio |(f)?|/S,(f), therefore the signal should peak
at frequencies where the strain noise S, (f) is as small as possible in order to be detected.

In practice, a bank of templates covering all the phase space of the kind of signal expected
is created. In the case of compact binary systems, the phase space would be made of the
masses of the compact objects, their spins, the time of the coalescence, as well as their
orientation and position in the sky. Then the correlations between the output of the detector
and the different templates is computed using the filter K(¢), in order to detect a signal in
the output and study its properties. We will not detail the statistical analysis done by the
LIGO-Virgo collaboration, but we will just mention that different methods of classical and
Bayesian analysis are commonly used to analyze the different runs.

Hence, it is crucial to develop methods that compute with high accuracy the expected
signal h(t) in order to build useful banks of templates. In the case of compact binary systems,
different means of computations that we are going to present are simultaneously used.

2.3.2 Post-Newtonian theory

The post-Newtonian theory in the case of compact binary systems is the main topic of
this thesis and will be extensively studied in the following chapters. In post-Newtonian
theory, the Einstein equations are solved perturbatively order by order in v/c where v is
the relative velocity of the two compact objects, and ¢ the speed of light. This method is
therefore relevant when v/c is a small parameter which is the case in the early phase of
the coalescence during the inspiral. In the figure 2.2, we see that in the case of GW150914
v/c ~ 0.3 few cycles before the merger and progressively increase up to v/c ~ 0.6 just before
the merger.
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A ' post-Newtonian order effect is a (v/c)?" effect relatively to the leading order. For
the equations of motion the leading order is derived using the classical Newtonian laws of
physics (hence the terminology post-Newtonian). On the other hand, for the energy flux, the
leading order contains a factor 1/¢° already, and is given by the Einstein quadrupole formula
(1.25).

Post-Newtonian results are completely analytical, and the PN coefficients can be ex-
pressed using rational numbers together with some common irrational numbers. They pro-
vide analytical formulae that depend on the parameters of the compact binary system (masses
and spins) and can be used for any values of the parameters, regardless of the nature of the
compact objects of the binary system (i.e. black holes or neutron stars).

2.3.3 Numerical relativity

The Einstein equations can be solved numerically by computers in order to model compact
binary system coalescences. This constitutes a huge field of research containing both the-
oretical and computational challenges. A breakthrough was achieved in 2005 by Pretorius
[38] simulating for the first time the last few orbits before coalescence, followed by equivalent
work by Campanelli et al. [39] as well as Baker et al. [10]. Since then, different numerical
schemes have emerged and have successfully simulated such events.

Today, numerical relativity is the only tool to study the merger part of the coalescence
and thus plays a major role in the template building process. However, simulating compact
binary systems required a lot of computational power and time. Besides, each simulation is
done for a specific set of physical parameters and a lot of simulations are required to cover
the whole phase space when constructed banks of templates.

The different groups within the numerical relativity community often release banks of
simulations (e.g [11]) containing few hundreds of different simulations that can be used for
building and calibrating templates.

2.3.4 Studying the ringdown with black hole perturbation

During the final part of the coalescence, the ringdown, the final black hole oscillates and
stabilizes itself into a stationary Kerr black hole. The field of black hole perturbation can
provide useful insight on this process. In fact, this part of the signal is composed, in linear
approximation in the black hole perturbation, of a sum of exponentially damped sinusoids.
The characteristic frequencies and damping times can be computed by studying the so-called
quasi-normal mode (QNM) of a Kerr black hole using the Teukoslky equation. However, in
order to know the amplitude and time-shift of each QNM, one needs the initial conditions
usually produced by numerical relativity.

2.3.5 The self-force framework

The self-force method, is the perturbative study of binary systems, where the small parameter
is the mass ratio of the two objects. It is therefore designed to study the evolution of extreme
mass ratio inspirals (EMRI), namely stellar mass black holes plunging into supermassive
black holes. At the lowest order, the small object follows a geodesic of the space-time
created by the supermassive black hole. However, the presence of this companion changes
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the metric of the space-time which induces a deviation of the small companion from the
initial geodesic. This deviation can be seen as a self-force of the small companion on itself.

The self-force framework combines both analytical and numerical approaches. It is today
the most promising way to create accurate templates for EMRIs, and is an extremely active
field of research motivated by the future space-based mission such as LISA.

2.3.6 Building the template with Effective-One-Body and IMRPhenomD

The different methods described previously are tools to study the dynamics of CBC as well as
their gravitational wave emissions. On top of these frameworks, there are two main methods
in order to create templates for the data analysis of the LIGO—Virgo collaboration. These
methods use results from different frameworks previously described and create ready-to-use
templates.

2.3.6.a) Effective-One-Body

The Effective-One-Body (EOB) method is an ingenious formalism developed by Damour
and Buonanno in 1999 [12]. In this framework, the two-body problem is reformulated and
described as one effective body on an effective metric, whose dynamics is described by an
effective Hamiltonian. This framework heavily uses post-Newtonian results together with
resummation techniques consisting of re-writing in a factorized form the post-Newtonian
development used. The effective-one-body method also uses numerical relativity results to
inform and adjust certain parameters, especially during the merger and the ringdown phases.

2.3.6.b) IMRPhenom

The second family of templates used are phenomenological templates usually called IMR-
Phenom templates (IMR standing for Inspiral-Merger-Ringdown). These templates are built
in the Fourier space and parametrize the signal with a set of coefficients that are determined
either using post-Newtonian results (for the inspiral), black hole perturbation (for the ring-
down) or by calibration to numerical relativity (for the merger). Besides, they contain extra
coefficients used to describe phenomenologically the intermediate phase between the inspiral
and the merger.

2.4 First detections

2.4.1 Runs 01 and 02

During the first run O1, which started on the 12th of September 2015 and ended on the 19th
of January 2016, only the Advanced LIGO detectors were turned on. Two black hole binary
coalescence detections were confirmed with a significance higher than 5.30 (GW150914 and
GW151226) and one binary black hole coalescence candidate was detected but could not
be claimed as a detection due to its low significance of 1.7¢ and its high false alarm rate of
0.37 year—!. During the second run 02 (from the 30th of November 2016 to the 25th of August
2017 for the Advanced LIGO detectors, with the Advanced Virgo detector joining the run
on the 1st of August 2017), 3 BBH coalescences (GW170104, GW170608, GW170814) and
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one BNS coalescence (GW170817) were detected. In particular, GW170814 and GW170817
were analyzed with the data from both the Advanced LIGO detectors and the Advanced
Virgo detector.

2.4.2 The first direct detection of gravitational waves: GW150914
2.4.2.a) The storyline

Two days after the beginning of the first run, on 14 September 2015, the LIGO detectors
were still in engineering mode, and were not yet turned into the research mode. However,
the whole chain of detection was fully operational and at 09 : 50 : 45 UTC, a chirp signal of
about 0.2s corresponding to a BBH coalescence was observed. Only few minutes afterward,
at 09 : 54 UTC, an automatic alert was triggered and was very quickly read by the scientists
working at Hannover, Germany [26]. This triggered a series of meticulous analyses and
checks. Once the signal was analyzed in-depth and the LIGO—-Virgo collaboration had made
sure that the data was free of glitch, the first detection of gravitational waves was announced
on the 11th of February, 2016.

2.4.2.b) The signal

The output recorded by the LIGO detectors is shown in figure 2.3. The last row of figure 2.3
shows the power density contained in the signal in a time-frequency diagram. Similarly, we
can see by eye the characteristic chirp expected in the case of a compact binary coalescence.

The signal received corresponds to a BBH with initial masses of m; = 36.2fg:§M@
and my = 29.1737M), with a final black hole of my = 62.373T M. During this coa-
lescence, 3.Of8:iMQCQ of energy were radiated. This corresponds to a peak luminosity of
3.61“8:2 10°6 erg s=! which made GW150914 at the day of its detection, the brightest astro-
physical event (in any kind of radiation) ever recorded [20].

2.4.2.c) Electromagnetic counterpart

Two days after the event, the LIGO—Virgo collaboration sent to their partners a first lo-
calization map of the event. This map has been refined by different offline analyses and a
final map with a 90% credible region with area 630 deg?* was given to the electromagnetic
partners of the LIGO—Virgo collaboration. 25 different observational teams covering the
whole range of the electromagnetic spectrum (Gamma-ray, X-ray, Optical, IR and radio)
reported their observations. A weak signal was found by the Fermi GBM instrument 0.4s
after GW150914 but nothing was found neither by the INTEGRAL SPI-ACS instrument
nor by AGILE [13]. Apart from the Fermi signal, no other observational team has reported
any electromagnetic counterpart that could be linked to GW150914. For a BBH, we do
not expect any electromagnetic counterpart as we do not expect large amount of baryonic
matter around the binary system. This conclusion is so far corroborated by the 4 other BBH
detections for which no electromagnetic counterpart has been found.

4To give an order of magnitude, the angular surface of the moon is around 0.2 deg?.



26 CHAPTER 2. DETECTION OF GRAVITATIONAL WAVES

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T

— L1 observed
H1 observed (shifted, inverted)

Strain (107%')

[
__ 512 ]
N 8 =
< 256 g
> 65
9
c 128 °
9] 4 0
2 64 =
< 22
frs
32 | 0o
=z

0.30 0.35 0.40 0.45 0.30 0.35 0.40
Time (s) Time (s)

I
IS
[l

Figure 2.3: From top to bottom: (i) the signal received by the LIGO detectors; (ii) the
templates and numerical simulation corresponding to the best parameter fit; (iii) the residual
noise once the best template fit is subtracted to the signal (iv) the time-frequency power
spectrum of the signal, clearly showing distinctive chirps.

2.4.2.d) Consequences

This first detection by the LIGO—Virgo collaboration is of major importance and corresponds
to a huge scientific breakthrough rewarding decades of experimental and theoretical research.
In particular, this detection constitutes: (i) the first direct detection of gravitational waves;
(ii) the first direct observation of black holes; (iii) the first direct observation of BBH; (iv)
and finally the confirmation that binary black holes merge within a Hubble time.

2.4.3 The first detection of NS-NS coalescence: GW170817

2.4.3.a) Detection, and sky localization

On the 17th of August, 2017, a signal consistent with a BNS coalescence with initial masses
between 0.86M and 2.26 Mg at a luminosity distance of 40f?41\/[pc was observed by the
LIGO—-Virgo detectors with a coalescence time of 12 : 41 : 04 UTC [14]. Using the combi-
nation of data from the three detectors, the 90% credible region of the localization of the
BNS was reduced down to 28 deg? only. As we do expect electromagnetic counterpart com-
ing from BNS coalescence, and as this detection was in coincidence with a detection of a
gamma-ray burst GRB 170817A received at 12 : 41 : 06 UTC, a circular was sent to the
partners of the LIGO—-Virgo collaboration the same day at 13 : 21 : 42 UTC.

2.4.3.b) Electro-magnetic counterpart

Thanks to the precision of the localization map provided by the LIGO and Virgo collabora-
tion and to the extensive observing campaign, an optical transient was found associated with
the galaxy NGC 4993 less than 11 hours after the merger by the One-Meter Two-Hemisphere
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(IM2H) team. In the next few hours, this transient was subsequently and independently ob-
served by five different teams, namely the Dark Energy Camera, the Distance Less Than
40Mpc Survey, Las Cumbres Observatory, the Visible and Infrared Survey Telescope for
Astronomy, and Master. This transient is identified as a kilonova linked to GRB 170817A,
providing therefore an extremely precise localization of this event. This has enabled to do
an extensive study across all the electromagnetic spectrum during the following days and
weeks.

2.4.3.c) The signal

As the masses of the neutron stars are smaller than the masses of the black holes of
GW150914, the frequency of the signal just before the merger is higher. Therefore, the
signal enters the bandwidth of the advanced LIGO—Virgo detectors a long time before the
merger. In the case of GW170817, more than 3000 cycles were observed for more than one
minute. This signal is the perfect illustration of the need of post-Newtonian theory as high
accuracy is required to keep track of the phase of this signal for such a long time.

2.4.3.d) Astrophysical consequences

The discovery a this new type of gravitational source, constitutes another major scientific
breakthrough. The existence of binaries made of neutron stars was already known through
pulsar binaries observed with radio-astronomy. Besides we already knew that some of these
pulsars should normally merge within a Hubble time.

However, this is the confirmation that neutron star coalescences are the seed of at least
a part of the short gamma-ray bursts. Besides, as the redshift of the host galaxy has been
measured, and as the luminosity distance of the event can be measured using the gravitational
wave signal, we can make an independent computation of the Hubble constant at low redshift.
Doing so we obtain Hy = 70J_ré2km s~ !Mpc~! which is consistent with the value measured
from the Planck mission Hy = 67.90 & 0.55km s~ 'Mpc~! [44]. Last but not least, the first
gamma-ray reached Earth 1.7 s after the gravitational wave, which implies new constraints
on the difference between the speed of light and the speed of propagation of gravitational
waves, on Lorentz invariance violations and on the equivalence principle.

2.4.4 Summary

To conclude, these first detections constitute a major breakthrough in theoretical physics
and started a new field of astrophysics by opening a new window on the universe. The
science that we will be able to produce in the next few years and decades depends on the
number of events detected and on our abilities to analyze properly the output of the detectors
and estimate the parameters of the observed events. This requires templates as accurate as
possible covering the whole parameter phase space. As these templates rely on different
methods such as post-Newtonian theory or numerical relativity, it is highly crucial to pursue
our effort in each of these frameworks.
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3 — Introduction to post-Newtonian
theory

In this short chapter, we first introduce the different quantities that we are going to consider
in post-Newtonian theory. Then, we provide a historical review as well as a state-of-the-art
review of the results regarding the spinless equations of motions on one hand, and the spin
effects on the other hand. Finally, we explain the 4.5PN project that motivated the different
works performed during this thesis, and provide the outline of the following chapters.

3.1 Introduction to post-Newtonian theory

The post-Newtonian formalism is a framework that computes the effects of general relativity
perturbatively using analytic tools. The small parameter in our situation is v/c where v is the
relative speed of the compact objects and ¢ the speed of light. In order to be more general,
we consider the small parameter indexing the post-Newtonian order to be 1/c. In particular,
a n'" post-Newtonian order, or a n-PN order, corresponds to a factor 1/c?® beyond the
leading order. In this thesis, we use post-Newtonian framework to study compact binary
systems where we model the compact bodies by point particles.

They are different quantities that interest us in the study of compact binary system.

Equations of motion First of all, we want to compute the equations of motion of the two
bodies. These equations start at linear order by the Newton equations of motion, and have
their first relativistic corrections at the first post-Newtonian order in 1/c%. In the equations
of motion, two different contributions have to be distinguished: the conservative part starting
at Newtonian order (i.e. at OPN) and contributing at even post-Newtonian order (i.e. 1PN,
2PN, 3PN and 4PN etc.), and the dissipative part due to the loss of energy of the system by
the emission of gravitational waves. The dissipative part starts at the 2.5PN order, which is
a direct consequence of the 1/c® coefficient in the Einstein quadrupole formula (1.26), and
then contributes at the 3.5PN order and at the 4PN order. The latter contribution is due to
the non-local tail effects. The methods used to compute the conservative and the dissipative
parts are often different. For example the Fokker Lagrangian method described in chapter 6
will only compute the conservative part, and the dissipative terms will have to be added to
the final result (as done in chapter 7).

29
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Conserved quantities From the conservative part of the equations of motion, we can
define conserved quantities that correspond to the invariance with respect to the Poincaré
group: the energy, the angular momentum, and the linear momentum of the compact binary
system. Of course, due to the dissipative terms in the equations of motion, these quantities
are not totally conserved in the full dynamics, and balance equations can be written between
the time derivatives of the conserved quantities and their fluxes carried by gravitational
waves.

Radiative field, fluxes, and waveform Once the dynamics of the compact binary sys-
tem is known, the next step is to study how the gravitational waves are emitted, and travel
from the source to the detectors on Earth. In practice, the compact binary system is stud-
ied in an asymptotically flat spacetime (imposing a condition of no-incoming radiation from
other sources located at infinity) and we look at the gravitational wave behavior at future
null infinity Z*. There are two particular quantities that we are interesting in. First, we
can compute the gravitational waveform which corresponds to the transverse-traceless part
of the metric near Z. These waveforms are usually given through their two polarizations
hyx and hy. Furthermore the polarizations are usually decomposed into modes that corre-
sponds to spin-weighted spherical harmonics of weight —2. The other relevant quantity that
is computed at ZT is the energy flux of the gravitational waves.

The leading order of the energy flux, corresponding to the Einstein quadrupole formula,
has a 1/¢° factor. Therefore the n'" post-Newtonian order of the flux corresponds to a factor
1/c*™ above the Einstein quadrupole formula, hence to an absolute order of 1/¢*"+5.

The phase of the signal For data-analysis purposes, one of the most useful results of
post-Newtonian theory is the phase evolution of the signal. In order to compute this phase
at high-order, we can use an adiabatic approach where we consider that the binary system
follows consecutive circular orbits of energy F, with an energy flux F. If both the energy
and the flux of the system are known as functions of the orbital frequency of the circular
orbits €1, we can state the following balance equation

dE

SO =-F©. (31)

If both sides of the equation (3.1) are known at the n*® post-Newtonian order, then the
evolution of the phase ¢ of the system can be deduced at the n'™ post-Newtonian. In fact

we have F)
o= [ Qdt =— [dQ (3.2)
fou=- fug

Today, this phase evolution has been computed at the 3 PN order for general eccentric
orbits [15], and many spin effects were included up to the 3PN and the 4PN order (cf section
3.3). For spinless circular orbits, this phase evolution is known at the 3.5PN order. When

expressed with the 1PN dimensionless variable z = ( ) = O(1/c*) (we recall that

c3

is the orbital frequency), it reads

—5/2 1
o= * {1+<m+55y>x—10Wx3/2

320 1008 ' 12
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where xg is a constant of integration that depends on the time arrival of the gravitational

wave, and where v = % is the symmetric mass ratio.

3.2 The equations of motion: a historical review

3.2.1 1PN, 2PN and 2.5PN

The first derivation of the equations of motion of self-interacting bodies in general relativity
started as soon as 1917 by the work of Lorentz and Droste computing at 1PN the dynamics
of N point particles [13]. This result was confirmed 20 years later by another derivation by
Einstein, Infeld and Hoffmann using surface-integral method [16]. In this method, surfaces
surrounding the compact bodies (outside of the bodies) are considered and the equations of
motion are derived using only the Einstein equations in the vacuum. Therefore, the Einstein-
Infeld-Hoffmann technique works automatically for any compact objects. At the same time,
Fock [17] obtained in 1939 the equations of motion of the centers of mass of compact objects,
at 1PN order, described by fluid balls, in agreement with the previous derivations.

At the 1PN order, the dynamics is known for an arbitrary number N of particles. This
dynamics is rather short and reads (for particles labeled by A, B,C,...)

dvg Gmp Gme Gmeg TAB
S O - Y ST S S (12 )
t BA T'AB C’;éACTAC D¢BC7“BD r

1 3
—1—6—2 (’UA’UA + 2vgvp — 4dvsvp — 51}3 . nAB>

GZmBmD
+ Z ’UAB [nap - (3vp —4va)] - B Z Z -3 NBD- (3.4)
B#A € B#£AD#B ¢ "AB"BD

The extension of the equations of motion to the second post-Newtonian order was done only
30 years later. It started with the work of Ohta et al. in 1973-1974 [18, 19, 50, 51] using an
Hamiltonian approach, but their results were not totally complete. In 1981-1983, the work
of Damour and Deruelle led to the 2PN and 2.5PN equations of motion for two particles
[52, 53, 54, 55, 56]. Let us mention other derivations of the 2PN equations of motion that
were done later and independently: first of all, the work from Kopeikin et al. in 1985-1986
[57, 58] who derived this result by taking into account the internal structure of the bodies
and checked explicitly that the dynamics does not depend on it at that order. Secondly, in
1998 Blanchet et al. [59] recovered these equations of motion in harmonic coordinates and
computed also, for the first time, the near-zone metric. Then, Itoh, Futamase and Asada
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in 2000-2001 [60, 61] used a surface-integral (in the same spirit than the Einstein-Infeld-
Hoffmann method, but technically much simpler) to recover the 2PN dynamics. Let us also
mention the different work using extended fluids ball by Pati and Will such as [62] that
recovers the 2PN-2.5PN equations of motion as well as the 3.5PN reaction radiation terms
(cf the last paragraph of section 3.2.2 below).

3.2.2 3PN and 3.5PN

Different derivations including both the 3PN and the 3.5PN term have then been performed,
such as the ADM-Hamiltonian formalism, done by Jaranowski and Schéfer joined later by
Damour in 1997-2000 [63, 64, 65, 66, 67, 68, 69, 70, 71], using point-particle approximation
for the compact bodies, and providing the result in the ADM-gauge.

Another method that have been used, was performed by Blanchet and Faye in 2000-2001
[72, 73, 74, 75], together with de Andrade [76] and Iyer [77]. It is based on solving directly
the equations of motion in harmonic coordinates, iteratively order by order.

In 2003-2004, Itoh and Futamase applied the method they used at 2PN, and extended
it at 3PN and 3.5PN [78, 79, 80]. As usual, this method encapsulates the compact bodies
with surfaces, and only the Einstein equations in the vacuum are used.

More recently in 2011, an Effective-Field-Theory approach developed by Goldberger and
Rothstein, was used by Foffa and Sturani [31] to find the 3PN Lagrangian, also in harmonic
coordinates.

Let us also mention another series of publication focusing on the 3.5PN (and 4.5PN)
dissipative terms, corresponding to a 1PN (and 2PN) relative correction of the dissipative
effect occurring at 2.5PN. This effect has been computed in 1993-1995 by Iyer and Will
[32, 83]. This works is based on balance equation between the conservative part and the
energy flux emitted by the system. In 1996, Will and Wiseman obtained the second post-
Newtonian correction in the flux, and obtained also from first principles the 2.5PN and 3.5PN
coefficients in the equations of motion [31]. Latter works not relying on a specific balance
equation, confirmed the 3.5PN term from first principles such as the derivation from Pati
and Will done in 2002 [62] using their own DIRE (Direct Integration of relaxed Einstein
equations) method developed in 1999-2000 [35, 80].

3.2.3 4PN and 4.5PN

Out of the different methods mentioned above at 3PN, three techniques have been used so
far at 4PN.

The ADM approach was used in 2012-2014 by Jaranowski and Schéfer [37, 88, 89] joined
later by Damour [90, 91]. They obtained the full 4PN dynamics and Hamiltonian except for
one ambiguity parameter that needs to be fitted to self-force computations.

In 2016-2017, the work by Bernard-Bohé-Blanchet-Faye-Marsat [92], used the Fokker
Lagrangian method, to derive the dynamics at 4PN in harmonic coordinates. While a
first result of this latter work was in disagreement with the ADM approach result and the
comparison with self-force computations, a better treatment of the infra-red regularization
and the tail effects, enabled to get rid of that discrepancy and find from first principle the
4PN dynamics without any ambiguity[93, 94, 2]. This work will be explained in detail in
chapter 6.
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Finally, preliminary results have been published between 2013-2017 by Foffa et al. to-
gether with Sturani, Galley, Leibovich, Porto, Ross, using the Effective-Field-Theory ap-
proach [31, 95, 96, 97, 98]. While, the full dynamics is not computed yet, the main difficulties
and caveats appearing at 4PN seemed to have already been solved, and this method might
recover and confirm the first two results soon.

3.3 Spins

3.3.1 Formalism

So far, we have only reviewed work dealing with spinless bodies, i.e. neglecting the effect of
the angular momentum of the compact bodies. However, a significant part of the compact
bodies, and in particular the black holes, that we are going to detect can be spinning very
fast. Some of the black holes may even be close to maximally spinning Kerr black holes. It
is therefore crucial to take into account the effects of the spins on the dynamics and on the
radiation of compact binary systems. As the work during this thesis did not tackle spins at
all, we are just going to review the state-of-the-art results in that field here. Apart from this
section, we will not mention the spins in the rest of the manuscript.
In PN theory, the spins are often described by the spin variable S defined as

S = Sphysicalca (35)

where Sppysical is the physical angular momentum of the compact body. In order to deal
with dimensionless variables, we define x such that S = m2G, where y is equal to one for
maximally spinning Kerr black hole. The usual way to count the post-Newtonian order of a
spin effect, is to count the power of ¢ when the result is expressed with the variable x. This
will give the magnitude of the spin effect in the worst case where the spin is maximal, i.e.,
x = 1.

The computation of the spin effect is based on the pole-dipole approximation: in the
spinless case, particles are just monopole quantities characterized by their mass. In the pole-
dipole approximation, they are characterized by two quantities: their mass and their spin.
However, there is a variety of formalisms to deal with this pole-dipole approximation. For
example, in some works, the contribution of the spins to the energy-impulsion tensor of the
particles is given by [99, , , , 1

TE (¢ *ZV [Sp(u V)(S((;;f:)] , (3.6)

where the particles are labelled by A, S%” is the spin tensor, y4 and v/ are the position
and the velocity of particle A and where (g)4 is the determinant of the metric at the point
ya. The spin tensor is an antisymmetric 4-rank tensor describing only the 3 degrees of
freedom of the angular momentum of a compact body. Therefore, additional constraints
called supplementary spin condition (SSC) have to imposed?. The dynamics of the particles
is then described by the so-called Mathisson-Papapetrou equation.

LCf the energy-impulsion tensor of spinless point-particle given by equation (6.16).
2The SSC corresponds to the choice of the point within the compact body from which we define the angular
momentum.
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3.3.2 State-of-the-art

As for the equations of motion, the effect of the spins have been computed by different
methods: the ADM-Hamiltonian method, the post-Newtonian iteration scheme in harmonic
coordinates (PNISH), and the effective-field theory framework (EFT). We need here to dis-
tinguish the effect of the spins in the equations of motion, and in the radiative field.

Regarding the equations of motion, the spin-orbit (SO) interaction starts at 1.5PN. It has
been computed at 3.5PN (i.e. at next-to-next-to-leading order) within the ADM Hamiltonian
method [104, , | and the PNISH formalism [107, , |, while this effect has been
computed only at 2.5PN (next-to-leading order) within the Effective-Field-Theory framework
[110, 111]. The spin-spin interaction (SS) starts at 2PN and has now been computed at
3PN within the PNISH [112], ADM and EFT formalism [113, , 115]. Besides, the crossed
interaction between the spins of each body 5159 has been determined by the ADM formalism
at 4PN [116, ]. For the spin-spin-spin (SSS) interaction, both the ADM [I18] and the
PNISH [119] formalism have computed it at the 3.5PN order.

The effects of the spins to the radiative field and the energy flux have been mainly tackled
by the PNISH (with few partial results also provided by the EFT [120, ). Within the
PNISH, for circular orbits, the SO contribution is known at 4PN [122, 123, 124], the SS [112]
and the SSS [119] at 3PN. As both the dynamics and the energy flux are fully known at 3PN
for the spins, the contribution of the spins to the phase at 3PN for circular orbit has been
fully computing.

However, it turns out that the gravitational waveform polarizations are only known so
far at 2PN [125, ]. It is worth mentioning that all the results presented in this section
take into account the work done for the spinless case. This means that the different effects
are derived in such a way that we only have to add these effects on top of the spinless results.

3.4 The 4.5PN Project

The work done during this thesis is motivated by the project to compute the phase of the
gravitational wave signal at 4.5PN for spinless compact binary in circular orbits, hence
extending the equation (3.3).

In this thesis, the framework used is referred to as the Blanchet-Damour-Iyer formal-
ism. In this framework, the field exterior to the source is studied using a multipolar-post-
Minkowskian expansion of the metric, and is parametrized by a set of source multipole
moments. A matching equation is used to connect the exterior field to the PN expansion
of the field inside the source. This enables to obtain the expression of the source multipole
moments as a function of the interior metric. Then conservative part of the dynamics is
computed using a post-Newtonian expansion of the metric in harmonic coordinate. At the
end of the day, we obtain the phase evolution as shown in equation (3.3)

The following chapters of this manuscript tackle the different steps mentioned above. In
chapter 4, the multipolar-post-Minkowskian algorithm is explained in great detail. Then,
chapter 5 deals with the matching procedure between the far-zone and the near-zone. The
conservative part of the equations of motion at 4PN is obtained in chapter 6 using the Fokker
Lagrangian, and the conserved quantities at 4PN are derived in chapter 7. Finally, chapter
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8 explains how the multipole source moments are computing, dealing in particular with the
computation of the mass quadrupole moment at 4PN.

While the phase is the most relevant and useful quantity for the analysis of the gravita-
tional wave signal, this 4.5PN project will also enable to compute other interesting quantities
such as the waveform and the polarizations at 4.5PN.
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4 — The far-zone radiative field and
the gravitational wave flux

The goal of this chapter is to study the gravitational field outside of the source through the
use of the multipolar post-Minkowskian (MPM) algorithm. In this algorithm, the MPM ex-
pansion of the far-zone field is parametrized by a set of functions called the source multipolar
moments. As we are going to see, non-local terms called tails enter this MPM expansion at
the second post-Minkowskian iteration as well as at higher iterations. The main result of
this chapter (equation (4.106)) correspond to the tails entering the fourth post-Minkowskian
order of the metric. This result depends on the source mass quadrupole M;;. The expression
of M;; as well as the expressions of all the other source multipole moments are derived thanks
to a matching equation between the far zone and the near zone, which is the topic of chapter
5.

Using the equation (4.106) and the explicit value of M;; at the 3PN order given by
equation (4.123) (as well as other source multipolar moments provided by the equations
(4.125)), we can compute the 4.5PN coefficient of the energy flux for spinless binary systems
in circular orbits, as shown in the equation (4.137). This requires a few technical steps, such
as the radiative coordinate transformation that is detailed in section 4.3.1.

4.1 The multipolar post-Minkowskian algorithm

4.1.1 The Einstein multipolar post-Minkowskian equations

In this section, we want to study the propagation of the gravitational waves from the source
to the detectors. We consider a compact source of matter emitting gravitational waves in
an asymptotically flat spacetime, and study the propagation of these waves from the source
to the future null infinity Z+. Therefore we want to find the most general solution to the
Einstein equations in the vacuum, outside of a generic source, imposing the non-incoming
radiation boundary condition!. We study such a solution by performing its Multipolar and
post-Minkowskian (MPM) expansion.
We start by defining the deviation of the gothic metric to Minkowski’s metric

hoB = J=gg®® — nof | (4.1)

!This means that we are considering an isolated system emitting gravitational waves without any incoming
gravitational waves coming from Z~.
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where g is the determinant of the metric g,,, and g% = \/=gg™® is commonly referred to
as the gothic metric. Besides, we impose the harmonic coordinate condition

Db = 0. (4.2)

In all this chapter, the background metric is the Minkowskian metric, and all the indices are
lowered and raised with 7, = diag(—1,+1,+1,+1) (except when explicitly specified). The
Einstein equations can be written in the following form

167G
O = 22708 (4.3)
c
where [] = —c%g—; +41 2 3 8 > is the flat d’Alembertian operator, and 7% is the stress-energy

pseudo tensor that takes into account both the matter and the non-linearities of the Einstein
equations

4
v = |g|T 4 A (4.4)

T is the energy-impulsion tensor of the matter and can be set to zero (T%# = 0)
throughout the rest of the chapter as we are considering solutions valid outside the source.
AP takes into account the non-linearities of the Einstein equations and is given by

1
AP = —hv 92 hoP 4 9,h* 9, hF + 3 9°% 9,0, O\RIT D hV
- gaugm'a)\h&-auhy)\ g 91/78/\ha7-a hw\ + guug/\Ta)\haua hﬁy

1
- QQOcugﬁV _ gaﬁglﬂ/) (29)\Tge7r _ gTeg)\ﬂ)a“h)\wayhTs ) (45)

+8(

In the previous equation (4.5), the indices of the metric g, are raised with g, itself (i.e.
9" gup = 55). There is no closed-form expression expressing A®? as a function of h*" but
one can always use equation (4.5) to expand A%P up to any order n of h* (neglecting terms
of order O[R"*1]). For example

A = NH#(poB By 4 M (hB b8 poBY 4 L (b8 hoB poB hP) 4 O(h5).  (4.6)
Because we set 7% = 0, the harmonic condition (4.2) implies
0N =0. (4.7)

As we mentioned, we are going to find a Multipolar and Post-Minkowskian solution for h*".
For that, we first define the following post-Minkowskian expansion

nZ
h* Gh( 1)

+GPhy, + Z Gy (4.8)
where G is Newton’s constant. If we inject the expansion (4.8) into the Einstein equations
(4.3) and look at each power of G we obtain the following set of equations, called the
multipolar post-Minkowskian Einstein vacuum equations (for n > 1)

A G (O S P (4.92)

(n) = ()((1)’()
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il =0, (4.9b)

where Aélll') =0 and A‘(‘:) corresponds to the coefficient in G™ in the source A*. This coeffi-

cient only depends on the solutions of lower post-Minkowskian orders, i.e., on {h((xl’é)) , h‘éﬁ), cen h?f 1

In the following sections, we are going to explicitly solve (4.9) outside the source. Said oth-
erwise, we will look for a solution for all (¢, x) such that r = || > a where a is bigger than
the size of the source. However, in practice, we will find a formal vacuum solution valid for
any r > 0 in a form of a multipolar expansion.

For convenience, we set ¢ = 1 in the following sections. We will restore explicitly the
powers of ¢ in the equation (4.112).

4.1.2 Solving the MPM Einstein equations in the linear case
4.1.2.a) The MPM solution at linear order
Let us start by looking at the linear case of the set of equations (4.9)
On =0, (4.10a)

(1)

Duhly) = 0. (4.10b)

We are looking for the most general solution of this set of equations outside of the source
(r > a) that is past-stationary and is respecting the non-incoming wave boundary conditions.
This means that there exists 7 such that 1{})(t, @) = I{7)(x) for t < —T, hence the field is
stationary for ¢ < —7 (and even for ¢ +r/c < T). Such a solution is known since the work
of Thorne in 1980 [127]. It depends on six sets of functions {I,, Jp, Wr, X1, Y1, Z1} that we
will call the multipolar source moments. Here, L is a short-hand notation denoting ¢ space
dummy indices. Le. L =iyia...i, with {i1,i2,...,i7} € {1,2,3}¢. Similarly, aL — 1 denotes
the set of indices alL — 1 = ai1...17y_1. We summarize all our notations in the appendix
A. The functions {I, Jp, Wr, X1,Yy, Zr} are symmetric and trace-free (STF) with respect
with all their indices. Besides they are all stationary in the past: for ¢t < =7, I (t), Ji(t),
Wir(t), Xp(t), Yr(t) as well as Zp(t) are constant. With this notation we have [127]

h?ﬁ - kzll[; + aaw(ﬁl) + 0%y - 77&58#@71) : (4.11)
With k?‘g defined as:
4 —1) 1
Ky =-3> ( g|> oL (TIL(U)> : (4.12a)
=0
A (- 1 (1) 14 1
0t __
k(i) = 3 ; 7 {aL—l <TI@-L1(U)) + mfiabaaL—l (TJbL—l(U)>} , (4.12Db)
k({) - _ng 7 {8L—2 (TIijL—2(u)> + maaL—Q (Tgab(i‘]j)bL—Q(u)>} . (4.120)
And gp?‘l) defined as
4 —1)¢ 1
Py =32 ( 5!) 9 (TWL(U)> , (4.13a)

>0

b
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; 4 —1) 1
Py = —642( g!) 9; (rXL(U)> (4.13D)
>0
4 — (—1)* 1 1 1
—a Z:l i {8L1 <TY¢L1(U)> + memb@uq (TZbL—l(U)>} . (4.13c¢)

Where €4 is the Levi-Civita symbol, u = ¢t — r is the retarded time and Ié") (u) and J én) (u)
denotes the n'® time derivative of the functions I7,(u) and J,(u).

4.1.2.b) Interpretation of the functions {I;,Jr, W, X1,Yr,Z1}: the multipole
source moments

So far, the functions {I, Jr, W1, X1, Y7, Z1,} have not been specified. The only constraint is
that they are stationary in the past in order to satisfy the non-incoming radiation condition.
They depend on the physical properties of the source that is enclosed in the world-tube
r < a. Using the matching equation (5.40) derived in the next chapter, we will be able to
provide explicit expressions for these functions at the section 5.4. But for now, we are just
going to provide a physical interpretation of them.

According to the equation (4.11), the function ;) only plays the role of a gauge trans-
formation: it plays a role similar to gauge transformation parametrized by &* in the section
1.2.2, equation (1.10). Therefore let us focus first on the quantity kélly) and on the physical
interpretation of I, and Jp,.

The functions I;, are called the ¢*-order mass multipole source moments. Indeed it
turns out that for £ = 0, I is the ADM-mass of the source and is a constant function of time.
Similarly for ¢ = 1, I; is proportional to the center of mass position and depends linearly on
the time t. By imposing the stationary of the solution in the past, we obtain the fact that
I; is also constant. More generally, I}, is the £*!-order mass multipole moment of the source,
and at Newtonian order is given by

Ip(t) = /d?’wp(m)i“L +0 (;2) , (4.14)
where p(x) is the mass density at the position @, where Z; = <, ...z;,~ and where
< - > means that we take the STF part of the indices. Of course, at Newtonian order,
the quadrupole mass source moments [;; corresponds to the multipole moments introduced
in chapter 1 in equation (1.24).

The functions Jy, are called the £""-order current multipole source moments with J; being
the total angular moment (J; = const). At newtonian order

gth

JL(t) = /d3$€abz‘gﬂ(3’)$<i1...u,1>avb($) + 0 ((:12) ; (4.15)
where v°(z) is the velocity of the matter at the position z.

The rest of the source multipole moments {Wr, X1, Y7, Z1} does not play a physical role
at the first post-Minkowskian order because they can be removed by a change of gauge such
as (1.10). However, they become physically relevant at higher post-Minkowskian orders, so it
is crucial to keep them. One could show that the full MPM solution parametrized by the sets
of moments {1, Jr, Wr, X1,Yr, Zr} is physically equivalent to the solution parametrized by
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the sets {Mp, Sr,0,0,0,0} where My, and Sy, differs from I, and Jp, from 2.5-PN order and
are called the canonical source multipole moments (respectively the canonical source mass
multipole moments and the canonical source current multipole moments). For example [128]

4G
Mi; = I _|_ {VV( ). — VV(I)Ii(D}
4G W Oy qw 1 (3) (3) @ O (4)
+C|:7LL0‘< I> +7 <I> ?Ia<iY,>a —Ya<z_[> —2XI _ﬁIl]aLL
Wyy@) _ 20 @) _ 22,0y 1) 72) B
+ GSIWW oy LijaYs Ggle + 63Ya 1)+ 2Wiy W

+ 2Wi(1)W( ) _ 7W<Z-W( ) | 2V, W@ — 4W<iY<(>2)
4
+ Eab(i (35) 7 )+§Jj>aWb(3) ~ 5% v, )8 J(>) v+ 7, I(>>>]

n <Cl8) ‘ (4.16)

4.1.3 The MPM algorithm at any order n

)

We are now going to show that we can integrate the MPM Einstein equations (4.9) through
the use of the MPM algorithm at each order n (the order n = 1 being already solved in the
previous section). Let us assume that the solution of A#* is known up to G"7!, i.e. that
{h’é”), .. hén 1)} are known as functions of {Ir, Jr, Wr, X, Y7, Z1}, and we focus on the
follovvmg equations

Ohf) = AR (R0 hg, o ) s (4.17a)

Bl = 0. (4.17D)

B
4.1.3.a) The operator FPp Dret [(ro) ) }

The first step is to use some inverse d’Alembertian operator [0~! on the source Ap). As we
are imposing the non-incoming radiation condition, we need to to use the retarded propagator
et as we did in chapter 1. So a first try would be to define

v ( |z =]

y 1 Al
Wl (1, @) SO (@ ):_E/d%' () e (4.18)

However, such a solution is ill-defined. In fact, hé’j) is singular when r — 0, therefore
A’(”Ql’)(h‘(llﬂ), h?lﬁ)) (and h’é’j) etc.) are also singular when r» — 0. In particular, we see that if
A?f) ~y_0 ¥ with k < —3, then the equation (4.18) is not convergent. This is an ultra-violet
(UV) divergence that we are going to deal with using the Finite Part regularization.

The first step is to multiply the source by (%)B where B is a complex number and rq is
a constant that we introduce by hand. This constant is not physical and should disappear

at the end of the day when we express physical observables, but can stay in intermediate
results. Let us knax be an integer such that A?nﬁ) =,_0 O(rFmax). One could argue that if
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we consider the formal infinite multipolar sums of equations (4.12)—(4.13), we could not find
such a kn.x. However, in practice, our computation will be truncated to a finite multipolar
order, so the degree of divergency of the source at » — 0 will be finite. Now, for B such that
R(B) > kmax — 3, we define

iz Sl v
I1%(B) = Oy <m> A

B ’
)T AM (¢ — |z’ —| )
! / diz’ () A% ¢ . (4.19)

T T ar |z’ — x|

Aslong as R(B) > kmax —3, [ (’; V)(B) is well-defined and is a analytic function of B € C. This
latter assertion will not be proved here but can be checked by studying the mathematical
structure of the source A’(‘:) as done in [129]. By analytic continuation, this function is
uniquely defined over all the complex plane except possibly some isolated poles (in particular
except for B = 0 very often). In the neighborhood of B = 0 we are going to perform a Laurent

expansion of Ié‘:) (B)

v - k pv
1(B) o > B iy - (4.20)

k>po

Now, if we apply the d’Alembertian operator (J on both sides of equation (4.20), the left-hand

side becomes
BZ
1+Bln(r> + —1n? (T) + ...
0 T0 2! 70

_ [1 - B (7")] ALY (4.21)

To

%
An)

By applying the d’Alembertian operator on each side of equation (4.20) and equating the
different powers of B we obtain that

DLI(% =0for k<0, (4.22a)

Uy — A (4.22b)
1

0 = ot (:{)) A for k> 1. (4.22¢)

Therefore, we are interested in the function Ll(g/) which is called the Finite Part of I 51 V)(B)
when B — 0 and denoted FPp I (“n”)(B) Hence, instead of the definition (4.18), we define
u? Y by

n)

B
-1 r
Uy = FP O [(ro) AL 1 . (4.23)
Based on what we previously said, uéil:) is well-defined and we have

[ 21}
Cluftr) = ALY (4.24)
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4.1.3.b) Going to the harmonic gauge

In the previous section, we find a way to solve the equation (4.17a) but there is no reason
why u‘(‘:) should be divergence-free. So we have not yet solved the equation (4.17b). Let us
(n) n
As we are dealing with multipolar-expanded quantities, we can find four sets of functions
{NL7PL7QL7RL} such that [ ) ]
+oo
why =0 [ N (w)] (4.252)
=0
wzn) = ZaiL {r‘lPL(u)}
=0

define wé‘n) = &,u’(”:). We want to find a function v** such that Dvé“’) =0and 8yvé‘:) = —wh.

+ szojo {8L—1 [T_lQiL—l(u)} + €iabOar—1 [T_leLfl(u)}} ; (4.25b)
=1

where we recall that v = ¢t — r is the retarded time. Using these functions, let us define véz’)
by [130]

o0 = - INED 49, [7"_1 (_Ncg—n +002 - 3pa)} , (4.26a)
vy =r"" (—Qg_l) + 3PZ~(1)) — €iabOa [r‘lRé_l)} - §8L4 [T_lNiL—l} ; (4.26Db)
”éi) = —&ijr P+ 5{25@&—1 [T_lpL—l} — 6012 {T_lpj)L—z] (4.26¢)

=2

+ 012 [r‘l(ijlg_z + 3Pi(j2L)_2 - QiijZ)} — 20412 [T_leab(iRj)bL—ﬂ } - (4.26d)

Here Néfn) is the n'™® primitive of N,, that vanishes in the past?.

ny F(u) _ 8L F(t—r)

Now, all the terms in V() are on the form BLT —, S0 we have automatically

vab:) = 0. Besides, it is fastidious but straightforward to show (using the decomposition
(4.25)) that al,véi';) = fwé‘n).

Now, if we define h’(:) = vézj +u;"), we obtain a solution for the equations (4.17a)—(4.17b),
and the procedure presented above, called the MPM algorithm enables us to compute at each
order n the MPM expansion of the metric h#” in harmonic coordinates.

The choice of U'EZ/) defined by the equation (4.26) is arbitrary®. We could have chosen
another solution of v} with the same properties. If we did so, the MPM expansion that
we would have obtained would have differed: it would have been a different function of the
multipole source moments {Ir, Jr,, W, X1, Yy, Zr}. But we can show that this difference
can be absorbed by a redefinition of the multipole source moments. Therefore, when we
derive the explicit expressions of the multipole source moments (cf equation (5.50)), it is
crucial to keep in mind the arbitrary choice of UEL:) that we made in order to obtain the
expressions of {Ir,, JJp, W, X1,Yr, Z1} consistently with that specific choice.

2More precisely, as all the physical quantities we are dealing with are zero (or constant) for all t < —T,
we have N{™™ (u) = ffT N (8)ds for w> —T and NS (u) = 0 for u < —7.
3For example, its definition has slightly changed between [129] and [130].
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4.1.4 A useful notation

Let us introduce a useful notation that we are going to use throughout the chapter to list all

the terms appearing in the MPM expansion of the metric. The linear metric h’(ﬁ”) depends
in a linear way on the sets of functions {Iy,Jr, Wy, X1,Yr, Z1}. We are going to use the
notation h?ll') 1, to denote the term of h’('“ly) that depends on Iy and so on. For example, using

the definition (4.11)

2 1
: 2
Wiy = 50 { 1(1)( )] , (4.27b)
; 21
Wy, = = 1P (W), (4.27¢)

h’(ﬁ”) I corresponds to the contribution of the mass multipole of the source to the first post-

Minkowskian order of the metric. Now, each term appearing at the n'" post-Minkowskian
order of the metric can be identified by a list of n multipole source moments and corresponds
to the contribution of the interactions of these moments to the metric at the n'" post-
Minkowskian order.

For example, the interaction between the masse quadrupole I;; and the current quadrupole
Ji; appearing in the second post-Minkowskian order is noted h( ) It X Jom and is the solution
constructed with the previously described MPM algorithm of the followmg equations

v _ vpaB af
Dh? I X Jmn Aé)(h(l)lkl’ h(l)Jmn) ) (4.28a)
O3) . = 0 (4.28b)

4.2 An explicit computation of the tails

For the rest of the chapter, we are going to use for convenience the canonical source multipole
moments My, and Sp. As we explained above, those multipole moments only differ from I,
and Jy, at the 2.5PN order (cf equation (4.16)).

We are going to compute the following terms: hé”) Mx My h’g) M2x M, and h’(‘ :) M3 M

The first is known since 1992 from Blanchet and Damour [131] and contributes at the 1.5PN

order in the gravitational wave energy flux. The second term h( 3)Mx Mj,; has been computed

asymptotically (i.e. when 7 — 00) in 1998 by Blanchet [132] and contributes at 3PN order
in the flux. This latter term has then been fully computed during this thesis in [1], alongside
with the asymptotic value of h( M3 M, that was required to compute the flux at 4.5PN.
In a first section, we are going to derlve steps by steps, the explicit propagators used to
compute h(2) Mx My and we will discuss the non-local terms called tails appearing already
at the second post- Mlnkowskian order. Then, we will provide all the useful formulae found
in [1], that are required to compute hg) M, and the asymptotic value of h( 4)M3x M
This section 4.2 is rather long and technlcal as all the formulae required to get the

asymptotic value of h( )M M, ATe derived. Its final result, i.e., the asymptotic value of

%ngMn is then provided at the end of the section in 4.2.6.
ij
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4.2.1 A computation step by step of A, 2)Mx Mj;

To begin with, let us provide the value of h’(‘l) A as well as h’(‘ll’) M;; (posing ¢ = 1):

Wiy (8, @) = —4r~ M, (4.29a)
Wt ®) =0, (4.29b)
Iy (t2) =0 (4.29¢)
For further use we also provide
Sy (t ) = —Tr > M?, (4.30a)
hisyar2(t, @) =0, (4.30b)
hg)MQ (t,x) = —ngr 2 M?, (4.30¢)
and
h(3) ( x) = —8r 3 M?, (4.31a)

The vector n' is defined as n* = x*/r, and n;, _i» = n;, . ..n;,. While the equations (4.30)
and (4.31) could be computed through the use of the MPM algorithm, h( yan Can be easily
and quickly obtained by expanding up to power G" the Schwarzschild metric in harmonic
coordinates. Finally we have

h(()?)Mi]- (t,x) = —2Agr > [3Mab(t —r)+ 37"M(1)(t —r)+ ?”QMéi) (t — r)} , (4.32a)
Wi ag, (6®) = =2h0r =2 M (= 1)+ rMZ (= 7)) | (4.32b)
W ar, (6 @) = =2 LM (7). (4.32¢)

This last equation is equivalent to the example provided in section 4.1.4 equation (4.27), but
the derivative dr, have been explicitly computed. The hat symbol on top of n;, ; means

that we should take the STF part of it. If we inject these values in the quadratic source in

order to compute Aé'j) (h(()‘lﬁ) e h((llﬁ) r..), and multiply the source by the regularization factor
ij

B
(%) all the terms of the source can be written in the following form
r nrF(t —r)
(T’g) (2)M><M2] ~ Z ( ) rk ) (4'33)

where F' is a function that is zero or constant for t < —7. In order to perform the MPM
B

algorithm, we first need to find an expression for FPO .} [(’;}) LRt — r)} for any ¢ > 0

and k£ > 2.



46 CHAPTER 4. THE FAR-ZONE RADIATIVE FIELD AND THE GW FLUX

. -1 r\B (159
Computing [, (%) EF(t—1)
Let us focus first on the retarded propagator without taking the Finite Part yet and compute
B .
-1
Oret [(:0) Rt - r)] :

Ot is the operator defined by equation (4.18), but this definition is not very adapted to

ret
our multipolar decomposition of the source. In fact, if a source can be written as S(t,x) =

nrS (r,t — ), and satisfy some regularity conditions when r — 0% then we have [129]

t—r R R t—r—s — R t+r—s
O=1S(t, @) = / dsdy, ( e - RIS ’S]> : (4.34)
oo r
where R is defined as
r _ ¥ 9 -1
R(r,s) = re/ dy (r—y) () S(y,s). (4.35)
0 14 Yy

B .
If we use (4.34) for the source S(t,x) = {(r) “EF(t— r)] we get after few algebra steps

0

including some integration by parts

_ r ny, k=3
Dfﬂ(ro) MF“_T)} T (2r)B(B-k+2)(B—k+1)---(B—k—{+2)

+o0 ) o \B—k+042 _ B—k+6+2
X / ds F(t — s)0L { (s=r) " (s +7) } . (4.36)

B .
Case k = 2: FPO! [(0) LR (t — r)}

For k = 2, equation (4.36) becomes

_ r\Zn 1
() )] - s 30
. /+oo ds F(t — 50 { (s —r)BHt ; (s + r)B+1z} | 38)

Now, in order to take the Finite Part when B — 0 we need to do a Laurent expansion of
the right-hand side. For that, we will use the fact that (s — )% = 1+ Bln(s — r) + O(B?)
and (s +7)% =14 Bln(s +r) + O(B?). Therefore, by taking into account the pole in 1/B
appearing in the pre-factor of (4.37), we find that

FPO! [(;)B ML py 7")1 - (_21)( /:OO ds F(t — s)

72

l l
A s—r)In(s—r)—(s+7r)'In(s+r
N (e AT R CE S G o) S,
Lr
4Cf [129] for the mathematical properties that should satisfy S when r — 0. In practice, as we are going

to multiply S by (r/r0)?, these conditions will be automatically satisfied.



4.2 AN EXPLICIT COMPUTATION OF THE TAILS 47

To obtain (4.39), we have used the following [129]:

ok k
8Ll<8 r) T(SJFT) —0fork=0,...,20. (4.40)
As shown in [131], this result can be written as
B 2 ~ “+o00
(Y ) e ol (®
FPO,! [(TO) LRt r)] L[ asre-s0 () (4.41)
where @), is the Legendre function of second kind defined by
1 T+1) 1
Qu(x) = 3 Pi(a)n (x * 1) =Y P @PA @) (4.42)
j=1

and where P, are the Legendre polynomials. For further use, note that the asymptotic
behavior of J; is given by

Quy) =51 (L5 ) ~ Hi+ Ol - 1), (143

where Hy = Z§:1 1 denotes the usual harmonic number.
Equation (4.415 is a closed analytical form that enables us to integrate all the terms with

k = 2 in the source A‘(g’)MxMij.

Integrate the quartic source when k > 3

When k > 3, the equation (4.36) is still valid. Starting from there, we can integrate k — 2
times by part the integral along s. This leads to an integral that is similar to the case k = 2
in addition to some boundary terms. Doing so, we obtain [130]

B Bk=3 @) (¢ —
-1 r nr r . F (t T)
Dret |:<r0) rTF(t — T'):| = (m) Z OJZ(B)TLL rk‘—i—Q

where the coefficient «; and 3 are given by

2(B—k+2+14)..(B—k+3)
(B—k+2—0+i).(B-k+2-0(B—-k+3+L+4).(B—k+3+/)
28=2B(B —1)..(B — ¢)
(B—k+2)..(B-k—(+2)(B+{).(B-—k+(+3)"

ai(B) =

, (4.45a)

B(B) =

(4.45D)

When 3 >k > (42, 5(B) =0 and «;(B) does not have any 1/B pole. Therefore the result
is simply [130]

B 2 k—3
~f(r\" hLo,, 2P (k=) +2 k)
E%DfetKrO) Fit T)} = (k21 2
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3 () PR3 (p— )

In the case k > ¢ + 3, «; has a pole and [(B) is finite. Thus we obtain [130]
B
(N P,
g:F;) |:lret |:( 0) T’k F(t T):l
3 FO@—r)  (—1)FH2E2(f — 3)!
= Z QNL— 755 ' '
= r (k+4¢—2)/(k—¢-23)!
—1)¢ . Fk—=3) 4 _ o
(LD ( 4 ) o C=1)) | pp gt [P g2 r)] . (4.47)
2 T0 r r2

Explicit expression of ),

Using the previous integration formulae, the mass-quadrupole metric appearing at the sec-
ond post-Minkowskian order can be explicitly computed. As explained in section 4.1.3, we

proceed in two steps. First we compute ué’j) Mx M, using the integration formulae presented

above. Then we compute vél; Mxar,; Using the prescription given in 4.1.3.b). The final result

is therefore h’éV)MxM” = u’é”)MxM_ + vé'/)MxM,,. However it happens that in that specific
ij ij ij

case vél; MxMy, = 0 and we get

MR8 vrcagyy = Mo {=21Map — 21rM ) + 7r2 M

Qa a

2 3
Y+ 10 M3

+oo
+ 8ng / deQa(x)MP(t — rz) (4.48a)
1
: 1
R R e
1
+ngr? {—5M§}’ —5rM? 397‘2M(§?)}
+oo (4)
+ 8na/ dzQ(x)M,;’ (t —rx), (4.48b)
1
’ 15 15 1
—1yi _ —4 1) 2772 32703)
M h(JQ)Mprq = Njjab" {—2Mab — ETMab —3r°M,;’ — 57 M,, }
a1 Lo o2 11 503
+ (L-jnabr _iMab — §T’Mab —2r Mab — FT’ Mab
4 M a2 @ o a3
t+ na(ir ™ {6Mj), + 6rMY) + 6r2M )+ 4r° M) )

_ 1 9 11 3
+r {—Mij — M — 4r?M — 3r3M§j)}

48 /1 " 1 Qu@)MD (¢ — 1) (4.48¢)

In the equations (4.48), the quadrupole M;; and its derivative Mi(f) are evaluated at the
retarded time w = ¢ — r in all the instantaneous terms (for which the dependence is not
written explicitly), while they are evaluated at ¢ — rx in the non-local terms.
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4.2.2 Non-locality: the appearance of the tails

Equation (4.48) shows two kinds of terms: local terms and non-local terms. At linear
order in G — as gravitational waves travel at the speed of light — the metric h% (t,x)
due to a source whose wordline is along the origin only depends on that source at the
time u = t — r/c. However, starting from the second post-Minkowskian order, terms like
8Nap ff“oo dxQa(z)M ég) (t —rz) depend on the quadrupole of the source along its past history
up to t — r/c. This non-local effect is called a tail effect and is due to the non-linearities of
the Einstein field equations. It can be interpreted as the gravitational waves emitted by the
varying quadrupole of the source, being scattered by the background metric curved by the
mass of the source. It is therefore in that case a mass-quadrupole interaction. The figure
4.1, provides further clarifications of this non-local effect.

Source

Qte,rq)

Past Light Cone

=V

Figure 4.1: Schematic representation of the tail effect. The linear metric at point P(tp,rp)
only depends on the source at the point S(t, — rp,0) which represents the intersection of
the past light cone of P with the wordline of the source. At the second post-Minkowskian
order, the metric at the point P depends on the linear metric on the past light cone of P, for
example on the point ). However, the linear metric at the point ) depends on the source at
the point T'. Therefore, the second post-Minkowskian metric at the point P depends on the
source at the point T' and more generally on all the past of the source. This effect constitutes
a non-local term in the metric called a tail.

4.2.3 Computation of the tails-of-tails and the tails-of-tails-of-tails

Now that h’é”) My 19 fully known, we can compute the source A’g) MxMx My, This source
contains all the interactions between: h’é”) 4 and hé’j) Mx My hg) 2 and h’(‘f) My and finally

between hétly) e hé”) o and hé‘ly) A, Using the notation introduced in equation (4.6), we have

ALY

_ vipaB aB vipaf aB
Gymxarsa; = NV h |+ N*[h ]

)M @) Mx M, 2)M2> V)M
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+ MRS B B

@ enar Py, - (4.49)

We recall that hg') 12 is provided by the equation (4.30). The integration of (4.49) was

investigated by Blanchet in 1998 [132] and h(3) 2% ;; Was found asymptotically when r — oo
with u = t—r/c constant. This result has been extended by our work [1] where we developped

formulae to fully integrate equation (4.49). Once hég') M2x M. 18 computed we have been able
ij

to compute the quartic source A’; :) M. and to integrate it asymptotically, which means
ij

v
(4)M3 XMij

Based on the form of h’é’j)MxM“ we see that A
ij

for r — oo with w =t — r/c constant.

nv
(3)M2 XM,L']'

instantaneous terms that can be integrated with the formulae presented in section 4.2.1, and
non-local terms coming from the tails. These non-local terms are always of the form

that we computed h

contains two kinds of terms:

+o0
ALk /1 dy Vi () F(t — 1) , (4.50)

where V,,,(y) is a kernel function that can be expressed by means of polynomials and Legendre
functions of second kind @Q;(y), and F' is usually a time-derivative of the mass quadrupole
M;;. Therefore, the goal of the following section 4.2.4 is to provide explicit formulae to
integrate (4.50), i.e., to find the solution of (4.51).

Once this is done, we can compute A’(L 4”) MEX M which depends on h’(‘f) e h’é’j) A2 h’g) A
h’(‘ly) My h’é”) MxM;; and finally h’g) M2 My, If we do so, we notice that A’{ 4”) MM, also
contains both instantaneous terms and non-local terms of the form (4.50), but with kernel
functions V;,,(y) much more complicated this time. So we will only be able to provide

formulae to integrate them asymptotically.

4.2.4 Explicit closed-form representations of the solution

We are looking for the retarded solution of a d’Alembertian equation whose source term is
non-local

“+oo
0wy =gt / dy Vi (y) F(t — 1) , (4.51)

where F'(u) is a smooth function of the retarded time that is identically zero in the remote
past, i.e., FF € C*(R) and F(u) =0 for u < =7 (with —7 being a fixed instant in the past),
and where V,,(y) is a generic function belonging to the following m-dependent class

V= {V(y) €C¥(L+o0DI3 @ > 0, b> 0 such that

Viy) = Oy ™D n(y)] and V(y) = O [m'y-1)]}. (4.52)

y—r+00 y—1
We see that the integer m basically specifies the behavior of our %;,-type functions when
y — -+oo, while those functions are assumed to be integrable when y — 17. A typical
function belonging to the class 7;, is the Legendre function of the second kind @, (y),
defined by (4.42). Then, for V,,, € %;,, we define the retarded multipolar solution of (4.51)
as

B +o0
Wi = FP O] [m (7") ok / dy Vi () F(t — 19)] (4.53)
k,m B=0 70 1
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Following the prescriptions presented in 4.1.3.a), this solution is defined by analytic contin-
uation in B € C as the finite part (FP) in the Laurent expansion when B — 0 of the usual
inverse retarded integral Dr_e% acting on the source regularized by means of the inserted factor
(r/ro)”.

We shall now present explicit forms for the general solution (4.53), i.e., analytic closed-

form representations for j ,, Ur. In order to get the full cubic metric hég/) M2 a0 We need to
k¥
distinguish several cases.
4.2.4.a) Case where k=1,¢>0and m >0
This case has been already investigated in Ref. [132] when V,,, = @Q,, is the Legendre function
of the second kind. The result extends naturally to all V,,, € ¥,
R +o0o _ s d})
wi=iy [ asFE - rs) Qi) [Vl S w)
1,m 1 1 dy
+oo dC?Z
FRs) [ ayVal) TH0)| . (450
S

Since F'(u) is identically zero in the past (before some given finite instant —7 ), we define
F1(u) to be the anti-derivative of F' that is also identically zero in the past. Here, Py(y)
is the usual Legendre polynomial.

4.2.4.b) Case where k =2,/ >0and m >0
For k = 2, and still V,,, € ¥;, with m > 0, we start with the formula (D5) of Appendix D in
Ref. [129], which yields, for the case at hands

t+r+§

wi=e ] f/ [ V) Fle - @ - ]

2

(t—r—=8t+r—&—2w)
2rw

1-—

(4.55)

Now, we define new variables (§,w) — (y,2) by £ — (z — 1)w = t —ry and z = 1 —

(t=r=8)(t+r=6-20) \Wjth these variables we get

2rw
ﬁL 400 +o0
Uy, =—— d:ch(:c)/ dy F(t —ry)
2.m 2 1 1
! Py(2)
X dz . 4.56
L ===y (459
By virtue of the mathematical formula (A.5) of [132]® we obtain
+o0 s
2\I/L = —ﬁL/I ds F(t —rs) [Qg(s)/l dy Vi (v) Pi(y)
5Namely,

/1 dz Py(z) { Pu(x) Quly) when 1<z <y,

1 J—
2)0 Jay-22— @ -2 -1) | Py)Qe(x) when 1<y<a.
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+oo
L Py(s) / Ay Vi (1) Qe(v) | (4.57)

which has a structure similar to that of the solution (4.54).

4.2.4.c) Case wherek>2,(>k—2and m>k—2

To deal with this case, it is convenient to introduce, given some positive integer p and some
function V,,, € %, the p-th anti-derivative V,%_p ) (y) of V;;, that vanishes when y = 1, together
with all its derivatives of orders smaller than p. Namely, we define

—x)P 1
/dacV T (4.58)

and adopt the convention that v (y) = Vin(y). Such a choice is indeed meaningful for
functions V;,, that satisfy the characteristic properties of the class 7;,.
Let us show that, for any £ > k — 2, m > k — 2, and for any V,,, € ¥;,,

+oo
Uy = fﬁL/ ds FE=2 (¢ — rs)
1

k,m

<[t [Vt 2 mrw +re [ avt Pt wew)]. @)
1 s

where V- +2)( ) is the (k — 2)-th anti-derivative of V;,,(y) defined by the equation (4.58).
We will proceed by induction over the integer k. The initial case kK = 2 corresponds to the
equation (4.57). Let us thus assume that (4.59) is valid up to k — 1 with k£ > 3, and let us
show that it is then valid for k. By definition, we have

J =P Dret[ (;)Br—k /1+OO dy Vm(y)F(t—ry)] : (4.60)

which we can integrate by part, for V,,, € %, and m > k — 2. We find

B —+o0
wo=Fp o fin (D)t [T v mrte-m), ey
k,m 7o 1

where ViV (y) = [{ dz Vi, (2) in agreement with (4.58). As m > 1 (because k > 3), a, =
) G

1+°° dy Vin(y) is a convergent integral. Posing V,,_1(y) = Y) — Quy, we rewrite (4.61)

as

r B
\pL = oy FP Dret[ (m) rFF(t — r)]

B —+o00 -
+ FP Dm[ (:) pokHl / Ay Vi1 (y) FO(t —ry)| . (4.62)
0 1

The point now is that V,,,_1 € #n,_1, so that we can make use of the equation (4.59) (which
is our induction hypothesis) to obtain

r\ 52 too
k\IIL = apm FP Dret { <T> rFE(t — r)} - sz/ ds F*=2) (¢ — rg)
I 0 1
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<@t [[an P wre + P [ wv A wew)]. @)

The first term is instantaneous and, keeping in mind that ¢ > k — 2, it may be integrated

) = Vi () — am S we

obtain exactly the result 4, ¥y, given by (4.59) that we wanted to prove, with however the
following additional term

by means of the formula (4.46). Since we have V.

+o0
5\1/L:ozmﬁL/ dsF(k72)(t—rs)
1

k,m

k=3 — 3Nl +2 — k) — £+j s—1)
F3(s) — 4.64
Ak=3(s) ey zzj TGz | (4.64)
in which we have introduced the following combination
_ s _ 1)k—3 400 (y _ 1)k—3
k=30 — P (y P, / R 4.
A7) = Quts) [y P S P [ weet) S (169)

We are now going to prove that the additional term (4.64) is actually zero, because the
quantity in the square brackets of (4.64) is in fact identically zero (for any s €]1, +00]). To
this end, we notice that the two integrals appearing in (4.65) are of the same type, namely

- [Cavnw U (466)

where we have posed p = k — 3 for simplicity sake. The lower boundary is a = 1 or a = +00
according to the integral in (4.65) we are considering. The function f;(y) represents either
the Legendre polynomial Py(y) for a = 1 or the Legendre function Q,(y) for a = +o00. In
both cases, the integral is well-defined. Using the fact that fy(y) satisfies the usual Legendre
differential equation® and performing two integrations by parts, we obtain the following
recursive relation

1
(—p)(l+p+1

(s) = (=25 = = tha ) S 2oz )]

It nicely translates, when inserted into (4.65), into the simple recurrence equation

» 1 (s—1)P —
Al(s) = (= p)(f—l—p—i—l){ Al ()], (4.68)

5Namely,

d 2 dfe(y)
dy[(l_y) éy

We remind also the following properties of Legendre functions that are used in our computation

] LU+ D) fely) =

(1= o[ fa) - un)]
Pr(y)Qe-1(y) — Pe1(y)Qe(y) = %
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whose solution is straightforwardly found to be

2Wpl(l —p—1) & €+g s—1)
AP(s) = . 4.69
=T & 9o 09
To arrive at the latter expression, we need the readily checked relation A9(s) = Z(T}H)’

which plays the role of normalization condition. The result (4.69) shows that the additional
term (4.64) is indeed zero, which completes our proof of the equation (4.59).

To conclude, for any ¢ > k — 2 and m > k — 2, we have shown that the solution 4, ¥V,
is given by

Uy =—ng /:oo ds FF=2)(t — rs) [Qe(s) /18 dy VTE (y) Po(y)

k,m
“+o0
£ [ VT W)Qiw)| (4.70)

which appears to be an interesting generalization of (4.57) corresponding to the case k = 2.
Notice, however, that the latter formula (4.70) is not valid in the case k = 1. This case has
to be treated separately using the result (4.54).

Stricto sensu, we are not allowed to use the equation (4.70) when m = 0, k = 3, £ =
2, which corresponds to one of the non-local terms appearing in the source A’(g/) M2x My,
However, it happens to be valid also in this case. Indeed, the proof leading to (4.57) still
holds for m = —1 as all integrals are convergent. Then, to derive the formula for m = 0,
k =3, £ = 2, we proceed similarly to the recursion presented previously, by performing an
integration by parts and choosing for Vo(fl)(y) the anti-derivative that vanishes for y = 1
(see the equation (4.61)).

4.2.4.d) Casel(=0,k>3and m>k—2

As it turned out, one (and only one) term of the cubic source does not fall into the previous
cases. For this term, corresponding to the values £ = 0, £k = 3 and m = 2, we need to find
another formula. To find it, we notice that, for the proof of the case where £ = 0, k = 3 and
m = 2, all the reasonings in the previous section 4.2.4.c) remain valid for £ = 0 up to (4.63),
which is actually true as soon as m > 1. Now, the equation (4.47) tells us that

B
FP Ol [(;) r3F(t — r)]
- {m (T) + 1} F(tr_r) + 2/:00 ds FO(t —rs)Qo(s) . (4.71)

7o

Inserting (4.71) into (4.63) for k = 3, we find
r F(t—r) [t
wrmo=— [ (2) 1] 0 [Fayv

ro r

+ /1+°° ds FO(¢ — rs) (Qo(s) | dw+ )Vatw)
[T wrnew sn () nw) . aw)
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where we recall that Qo(y) = %ln(g—fl) Observe the first appearance of the logarithm of
r, in the first term of (4.72), due to the presence of a pole in the original integral when
B — 0. As a result the formula (4.72) explicitly depends on the arbitrary scale rg, but this
gauge constant should disappear in any final result expressing physical observables. With
the equation (4.72), we have in hands enough material to integrate explicitly all the cubic
hereditary source terms.

We found a generalization to the case where £ = 0, k > 3 and m > k — 2, even if such
terms do not appear in Aé”) . Indeed, for £ =0, k >3 and m > k — 2

M2x M
= :(]i_j)zl;! { {ln <7:)> + HkQ] F(k_g)r(t_m /1+OO dy Vin (y)pr—2(y)

_ / T 4 PR (1 _ ) <Q0(s) / "y Vin(y) (y + 12
1 1

k—3 . 0o '
Yy [ dyvm@)%(y)F“—”(t—ry>}, (4.73)
=1

= [(y+1)" = (y—1)"], to ease the notation, and Hy_, = Z?;f %

where we have posed ¢;(y) = 3
(4.73), which is absent from (4.72) and constitutes an additional
4

Notice the last term in (4.
contribution here for k > 4.

The proof of equation (4.73), differs from the proof we just presented for £ = 3, and goes
as follows. First, according to equation (4.34), we have

1 t=r t—r—s t+r—s
o= FBPLOO ds {RB (2,s> — Rp (2,5)] , (4.74)

where Rp is given by (4.35)

Rp(r,s) = ;/OT dz (;i))B gkt /;oo dy Vin(y)Fs — z(y — 1)]. (4.75)

Let us call A; the first term in the equation (4.74), actually a retarded homogeneous
solution of the wave equation, and A, the second term, which is made of a mixture of
retarded and advanced times. By construction, we have j , Ur—o = A1 + As.

We inject (4.75) into A; and define the new variable u = t_Z_S , thereby expressing A;
in terms of the new set of variables (u,z,y). Next, after commuting the z and u integrals,
we explicitly integrate over u. Once this is done, we perform k — 1 integrations by part with

respect to x and apply the Finite Part procedure to get

bt () e

/:OO dy Via(y) (y + D FE2 [t 7 — a(y + 1)]. (4.76)
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The same treatment is applied to the second term Ay but the computation is longer, as some
boundary terms arise. We find that

by (( _>2)'7{/ dx[ln(m)wk .|/

= 1)2) : / d {m (ro) + Hj. 2} 1+Oody Vin(y) (y = DF P FE2 = — 2y — 1)

+o0
dy Vin(y) (y + DF P PO [t 0 — 2y + 1))

"3
(](g 1)) [ln (T ) + Hy—o /1+Oody Vin(y) @r—a(y) FE (& — ry)

k—3 o N |

=1

where ¢;(y) = 3[(y+1)'—(y—1)’]. Then, we make the change of variable t—rs = t—r—uz(y+1)

n (4.76), as well as the changes t — rs = t +r — x(y + 1) in the first line of (4.77) and
t—rs=t—r—xz(y—1) in the second line of (4.77). Finally, with these new variables, after
exchanging the integrations, simplifications occur, yielding the formula (4.73).

4.2.4.e) Results: the tails-of-tails

All the formulae presented above enabled us to explicitly compute h’(‘g'j) M2x .- For that we
ij

first compute u’(‘ 2 M;; Using the integration formulae provided above and then 11?3”) Mx M

3)m?
as prescribed in section 4.1.3.b). Then we pose hfg’)MxMij = ué")MxMij + véV)MxMij. While
I

the result is too long to be display here, we can however, take the limit of h(g") M2x . When
ij
r — 00, with w =t — r/c constant. By doing so, we retrieve the results derived in [132]

—92,00 _ Nap +oo (5) 2 ( T T
M h(3)M2><Mpq = 7 0 dTMab —41n % —41n Z

116 T 7136
() - B2 c0=2 4.
+ 1 n<2ro> 2205}+0(r ) , (4.78a)

. n; +oo 2 T 4 T 716
MR = ”wb/ d M(5){—l () — 1 () —}
@My = 7 o T\ T3 50 ) T 105 M\ 2rg ) T 1225
na [+ (5){ 2(7) 18 (r)
lta MO aw? (Z) -2 (L~
* r/o R B T A O

416 /T 22724
1 _ cale® €0—2 4.78b
T n(2r0> 7875 }J“O(T ) (4.78D)

iy i +o0 191
—2;ij _ Nijab (5) . T B
M h@yarecan, = 7 /o dMab{ o (2r> 210}
nay [T (5){ 80 (7) 32 (7) 296}
§;i—22 drM2 ! —="1n i (— ) = 2=
oG, /0 TMab \ 791 M\ 2y ) T 21 M\2r) T 35
No(i [T (){ (r) 104 (¢) 8812}
o drM In In(— )+ 22
+7“/0 T T35 M\ ) T 25
+oo 24
+ - / d’TMl(JE)){ —41n? (T)—ln (T)
2r 5 2r
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76 (7 198
Sm(=) == €0-2) 4.
T (2r0> 35 }J“O(r ) (4.78¢)

go is an arbitrary small positive number and we used the notation o (r0=2) to take into
account logarithmic powers that could appear at 1/r?: In?(r)r—2 = o (r0=2).

We can see that hé’j) M2x M
or second order tails as they correspond to the mass-mass-quadrupole interaction.

also contains non-local terms: there are called tails-of-tails

4.2.5 Formulae to integrate the tails-of-tails-of-tails

We can now compute A’(‘ 4'/) which, using the notation from equation (4.6), is given by

MSXMl‘]'
v _ vinaf afs vinaf af
v paB af v(papf apf apf
+ N hyag, Pya) + M (e e uaasan,,)
virafB af af vipof af aff af
MR e e 0 )+ LR b s B B g, ) - (A79)

As we mentioned in the section (4.2.3), the source AE‘ :) M3x s, contains both local terms of
ij

the form W as well as non-local terms of the form given by the equation (4.50), but

this time, the kernel functions V,, are much more complicated. Hence, we will not try to
fully integrate A’(‘ 4'/) but we will only compute the asymptotic values of h¥}.

MBXM,']' (4)M3><Mij'
For that purpose, we will now present other formulae, going beyond those investigated in
Ref. [132], for studying the leading order in the asymptotic expansion when r — 400 with
t — r constant, of h’(‘ 4") MMy As done previously, we still define
P
0wy =i / dy Vi () F(t — 1), (4.80)
,m 1

with V;,, € ¥;,. For the cases 4.2.5.a), 4.2.5.b) and 4.2.5.c) below, our results is just an
adaptation of the results presented in the appendix of [132]. In fact, in this appendix, the
same formulae are derived for V,,, = Q,, where Q,, still represents the Legendre Functions
of second kind. But all the proofs from that appendix stands if we formally replace @,, by a
generic function V,,, € #;,. The situation is different for the case 4.2.5.d), where we provide
a more detailed proof.

4.2.5.a) Casek=1,m>0and (>0

From the result (4.54) it is straightforward to see (¢f (A.7) of [132]) that, to leading order
at future null infinity (r — 400 with ¢ — r = const)

_ﬁiL +o00 1)y . /+oo LQK ( 1 )
LmL— A dr F (t—r—r) 1+r/rd$vm(x) o (z)+ 0O ) (4.81)

We remind that the neglected terms in O(r©~2) also include possible powers of the logarithm
of r.
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4.2.5.b) Casek>2,(>2k—-2,m>0

The formulae (A.10)—(A.17) of [132] can be extended to any function V,, € ¥;, by means of
the same procedure that was used to get them in [132]. We find in that case that
_ ML (k—3) 1 >
=— F t— — . 4.82
W= o PP 0 (182

The coefficients are given by the following explicit although involved expressions

Z Cy7 / dy Vi (9) Qe—k+242:(y) , (4.83a)

=0

(20 — 2k + 5 + 4i) | (4.83b)

(k-2 (20—2 9
where CZiQ:(_l)Z<ki )(3 k+ 3+ 2i)!

20+ 1 + 20)1l

with (kf) denoting the usual binomial coefficient. One can check that the remaining integral
is convergent for any V;,, € ¥, as long as £ > k — 2, since Q(y) ~ y~*~ when y — +o0.
Interestingly, the expression (4.83a) for the j 0 ’s may be recast into the more compact
form

ar= (08 [ ay Vel ), (4.84)

k,m

where Qé_kw)(y) is the (k — 2)-th anti-derivative of Q;(y) that vanishes at y = +oo with all
its derivatives, i.e.,

00 k—3
(—k+2) _ * d (y —2) 4.85
QI = - [ @) S (4:85)
for k > 3, and Qéo) (y) = Qu(y).
4.25.c) Casek>(+3and m=>k—(—2
Adapting the equations (A.19)—(A.21) from [132] we readily get
nL +o00 (k—2) 1
Uy, =—— dr F (t—r—r) Bgln —1—75 +0 (=], (4.86)
k,m r Jo 27“ r?
with the explicit coefficients
+00
= / dz Vi / dz Pg( ), (4.87a)
k,m
k”:§/ Az Vi / ;=2 e(){ ln(x;z>+Hk_3}. (4.87b)
4.2.5.d) Casek=4,{=0and m=0
So far, we have just extended in a natural way the integration formulae of [132]. However, in

our computation, one extra case must still be dealt with, corresponding to the values k = 4,
¢ =0 and m = 0. Because m vanishes, the function V € % does not go to zero fast enough
when y — +o0 to ensure the convergence of the coefficients (4.87). Therefore, we need to
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go back to the equations (4.34)—(4.35). In fact (as mentioned in the lemma 7.2 of [129]),
it turns out that the 1/r behavior of the equation (4.34) comes only from the first term in
R (=4=2). Thus we define

R(r,s) = 2% OT dz 253 /1 ™ Ay Vo(y) Fls — oy — 1)]. (4.88)

We can then write the leading term of the asymptotic expansion of the solution at infinity,
for any Vy € %, as

Vim0 = % P _: ds R (t_;_ss> +O (,0230) . (4.89)
Inserting (4.88) into (4.89) we get
t—r o +o0 1
S L [ 4yt Fls—aw- 1140 (5 ) - (90)
After the convenient change of variable s — z = tﬂ;s, we can integrate explicitly over z.

Furthermore, we integrate three times by part the remaining integral over x so as to make
the pole  1/B appear. Those operations result in

f= =5k { 2B(B - 1)(B ) <:0>B/1+OO ds FO(t = rs)(s —1)" /1+OO v (yf)i?;?”}
+0 <r21 ) : (4.91)

€0

The above equation enables us to integrate all the terms that are not covered by the previous
formulae. Notice that the integral

Io(B) = /1 ™y (yz‘)%d (4.92)

in (4.91) diverges when B = 0, since the function V(y) only behaves like y~! when y — +oo0.
However, this divergence is “protected” by the analytic continuation in B and it is even
possible to perform a Laurent expansion of Ip(B) as B goes to zero. To this aim, let us
consider the expansion of V(y) in powers of the variable y + 1 at infinity. For the actual
source we are interested in, it turns out that

V., Vi, Vi, V%n(y+1)

PSRN VRN RS OESI oV_u(y), (4.93)

Voly) =

where V_1, V_s, V_3 and Vl%g are numerical constants, whereas the function §V_4(y) behaves
like some power of In(y — 1) near y = 1 and is o(1/y®) near y — +o0o. Thus, we have at first
order in B

oo gV +o0
/1 dy Wf)(g)_z - /1 dy (y+ 1?0V [1 - Bin(y + D] + 0 (B7) . (4.94)
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Substituting to Vo(y) its expansion (4.93) in the equation (4.92), we find

22-By_ 21-By., 27Bv.s o . /In2 1
hiB)="p—5 +t5-1 "5 *? BVL?g(B B2>
“+oo
+ / dy (y +1)20V_a(y) [1 - Bln(y + 1)] + O (B?) . (4.95)
1

Each time that we have to apply (4.91), we use the above truncated expression for the
integral Iy(B), which is readily expanded up to the first order in B, and take the Finite Part
when B = 0 as defined in (4.91).

4.2.5.e) Integrating the instantaneous logarithmic terms

Finally, the quartic source also contains terms that are instantaneous, and thus simpler
than the previous hereditary terms, but involve the logarithm of r. These instantaneous
logarithmic terms are not covered by the solution (4.53). The problem amounts to finding
an explicit representation of

B
T T
=FP M, (—) In(—)rFF@E—
>k<L B=0 ret{nL <7“0> n<r0>r ( r)]

- P (SB{D;% [ﬁL (;)BrkF(t—r)} } (4.96)

Notice that for all those terms the scale ry entering the instantaneous logarithms In(r/rg) is
the same as the one of our MPM algorithm.

Case k =2 According to the equation (4.37) we have (for any B € C)
N\ B
Ot {ﬁL () r 2 F(t — ’I"):|

To
1t A [ (s =) B = (s +7)BH
- % / ds F(t — ) aL[ - ] . (497)

with K;(B) = 2(2r0)?B(B — 1)---(B — f). Let us inject (4.97) into (4.96), apply the
differentiation with respect to B, perform the Laurent expansion when B — 0, and look for
the Finite Part coefficient. This leads to

_14 400
3= (4&) / ds F(t - )

ar, (4.98)

. [(s — ) (In(52) + Hg)Q — (s+7) (In(52) + Hg>2]

where Hy = Z§=1% is the ¢-th harmonic number. Note that we have used equation (4.40)

to obtain the result (4.98). An alternative, simpler representation of the right-hand side of
(4.98) involving the Legendre function reads

nr,

g /:OO ds F(t — s) Qg(g) {hq (824;;) + 2H4 . (4.99)
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To prove it, we have verified that the above function satisfies the requested d’Alembertian
equation and has the same leading behavior at infinity as the expression (4.98) of Xar. As a
result, the 1/r coefficient when r — 400 with ¢ — r constant can be computed from (4.99),
by inserting the expansion (4.43) of the Legendre function Qy(y) when y — 1*. We get

Xr= Zi/{:oo dr F(t—r —T)Kln <210> +2Hg>2 — In? <:0>} +0 <7“21—€> . (4.100)

L

Case 3 <k <{+2 According to the equation (4.44) we have in this case

0 [m (;())Br—k Flt - T)} - <:0>B ]:Z;:jai(B) nL}W
+ B(B) Ot [ﬁL <:0>B r2 FE=2 (g — )] (4.101)

The B-dependent coefficients «;(B) and §(B) are given by the equation (4.45). However,
for 3 < k <1+ 2, a;(B) does not have any pole when B — 0, and the expansion of 3(B)
starts at the first order in B, i.e., 3(B) = B + O(B?). As the retarded integral of a source
term whose radial dependence is r~2 (with any power of the logarithm of ) does not have
any pole either, we find

1
XL =- [ak_;;(()) In (T) + a;_3(0)]m FO3)( — )
k r 70
+B'(0) FP Ot {ﬁL (r>B r2 p=2) (4 r)} +O ( ! ) (4.102)
B=o o r2=e)’

where o),_5(0) and 3'(0) denote the B-derivative, evaluated at B = 0, of the coefficients
ak—3(B) and B(B). For completeness, let us point out that

2k=3(k — )L — k + 2)!
k—3—0lk—2+0)!
aj,—3(0) = ax—3(0) [Hk—f—E—Z — Hy 3 —2H; + Hé—k+2] : (4.103b)

Oék73(0) ==

(4.103a)

with £(0) = 0 and £’(0) = 2ay-3(0). The equation (4.102) is sufficient for our purposes as
we can compute the last term thanks to the identity (4.97).

Case k > (+3 Inthat case, (4.101) is still valid, but a_3(B) has now a simple pole while
B(B) has no polar part. Let us then write ay_3(B) = a_1 B~ + ag + a1 B + O(B?), so that
o)_5(B) = —a_1B~?+a1+O(B); similarly, 8(B) = by+b; B+0O(B?) and ' (B) = b1 +0O(B).
When computing the Finite Part of (4.97) we are allowed to commute the Finite Part
operation with the evaluation of S(B = 0) = by and /(B = 0) = by since the retarded
integral of a source term oc 72 is convergent. The solution Xz, may then be put in the form

1fa-
XL =— [al In? <T> +apln (r) + al} A FE3) (@ —r)
k r| 2 To o

T

B
“1ls (T 2 p(k=2) 4 _
+ b1 EE) Ot {nL <r0> r°F (t T)}
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+by FP Dret{ <:>Bln <T0> =2 pplk=2) (4 _ )] +0 (Tzle) , (4.104)

0

where

(_1)k+£2k—3(k _ 3)!

= 4.105
AT 30k -2+ 0! (4.1052)
a0 = a_1 [H,g_?,_g —Hy 5 —2H, + Hk_2+4 , (4.105b)
a2 a_1
ar = 2;1 +—5 [ka?)fe,z — Hp—32 + Hk72+€,2} ) (4.105¢)

together with by = 2a_; and b1 = 2aq; here H,» = Z§:1 %2 denotes the second harmonic
number. The formula (4.104) is also sufficient for our purposes, as the asymptotic form of
the last two terms can be computed with the help of the equations (4.97)—(4.98).

4.2.6 Result

With the help of the formulae derived in section 4.2.5, we can now integrate the source
A to get the 1/r asymptotic value of u’(‘ 4'/) M3s .- Lhen we compute asymptotically
ij

(4)M3><Mij
U&V)Mifoij by adapting the prescription of section 4.1.3.b) to the asymptotic case (r — oo,
t — r constant) as done in [132]. This new result was published in [!] and reads

Mgﬁab +o0 (6) 3 148 2 T 232 r T
MY —ZIn S (oo )+ o ) In{ -
h(4)M3><Mw r A dr ab { <27«> + 21 n (2?”) + 21 n <T0> 1 (27">

+10161 <7’)+1041 <r>+16489 23272 +(9< 1 )
2205\ 2r 15\ 1575 63 2= )

(4.106a)
: M?Rqp; [T 26 8 T r
0i . abi (6) S KB r
Bmsny = = / a7 Mo { 3 (27«) 105 ln(2r)ln (m)
6658 | <T> 178, (7" ) 59287 N 8r?
11025\ 2 315 \ro/ 33075 315
M3f, [to° © 8 4 562 o (T 832 T r
dr M, —In “Zn?( — In In(—
T / { 3 <2r)+ 75 (2r)+ 75 (27«) n(m)
926 <¢) 1154 (7« ) N 212134 83272 +(9< 1 )
T In _
125 ™2 175 \rg 18375 225 r2=c )’
(4.106b)
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We remind again that the neglected terms in O(r€~2) also include possible powers of the
logarithm of r. The quadrupole moments inside the integrals are evaluated at time ¢t —r — 7.
Note that, at this stage, the logarithms involve both the radial distance r to the source and
the constant r¢g coming from the MPM algorithm. As we can see, héL 41') M3 %M, contains also
non-local terms: they are third order tails or tails-of-tails-of-tails.

4.3 Going to radiative coordinates and flux derivation

4.3.1 Going to radiative coordinates

We shall now extract the relevant physical information from the metric provided in equation
(4.106) as viewed at future null infinity, in the form of the so-called radiative quadrupole
moment Uj; [127] — not to be confused of course with the source type quadrupole moment
M;;. So far, we have performed all our computations in harmonic coordinates x#. However,
this choice of coordinates has the well-known disadvantage that the coordinate cones t — r
(where r = |z¢|) deviate by powers of the logarithm of r from the true space-time character-
istics or light cones. As a result, the 1/r expansion of the metric (as r — +oo with t — r =
const) involves powers of logarithms. For example, it is clear from (4.106), that (for r — 400
with ¢ — r = const)

v In?r 1

We get rid of these logarithms by going to radiative coordinates X* for which the associated
coordinate cones T — R (where R = |X'|) become asymptotically tangent to the true light
cones at future null infinity. As in previous works [132], this is achieved by applying the
coordinate transformation X# = z# + {#(z), where # is defined by

€ = —2GMIn (;) : (4.108a)
0

¢=0, (4.108b)

with by denoting an arbitrary scale that is a priori different from the scale rg. Let us show
that this simple coordinate change is sufficient to remove all the log-terms from our quartic
metric (4.106). Keeping only the 1/R terms and consistently taking into account all the
M3 x M;; interactions, one can check that the metric in radiative coordinates H

uv
(4)M3 XMZ‘J‘

v
(4)M3 XMZ‘]'

differs from the metric A in harmonic-coordinates by

1
v v A v A¢eo a2 v
H&)M3xMij - h?4)M3xMij —< 8)‘h?3)M2xMij + 55 £ 8/\crhft2)MxMij
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1 , 1
- ngﬁUfP@iaphfﬁ)Mij +0 (RQ) : (4.109)

where both sides are evaluated at the same dummy coordinate point, say X*. Injecting in

this relation the results found for h’(‘ :) MMy h’g) M2 My h’g) Mxar, and hé”) Mo With &

given by (4.108), we indeed observe that all the logarithms of R vanish. More precisely, we
obtain

M3N +00 8 T T 232 T T
(4) M3 x M;; R 0 T Mgy 3 I 2by n 2bg + 21 n 2bg . 279

142721 ( T >+1041 ( T >+16489 23272 —i—(’)( 1 >
I n [ — n | — 7 —
2205 2bg 15 2rg 1575 63 R2) "

; M3 Ny [+ 6 2 T 8 T T
=250 [ () b () )
(4) M3 x My R Jo TMa 173 28/ T 105 M\ 20/ "\ 21
1432 (T) L1 <T) _ 59287  8m*

1225 "\ 200 ) " 315 “\2ro) 33075 ' 315

M3N, [+ @[ 8, 5(T 18 (T 832 T T
dr M7 ¢ —=1 — ) — —1 —_— —1 — 1 —
TR Jy M { 3" (250) 5 <2b0)+ 75 n<2b0) “(m)
454481 ( T > 11541 ( T > 212134 83272
458 (7 1154 -
7875 2bg 175 18375 225

+0 (;2) , (4.110b)

g M3Ny: [T 6 T 191 T 107 T 30868
a8 [ () () - e ) -3
(4)M3x M 7 Sy TMa T 3 ) T 105 ™ \ 26y ) T 105 M\ 2rg ) T 11025

M3N . [+ 26 104
+ 22— dr M. —1 — |4+ —In|{—)In( —
R /0 T Hi)a { 7 (250) 35 <250) " <27“0>

8812 (7) 5981 (7) 1487812 1047r2}

() = 22 L _
T2 o) T 35 " 2 77175 105

M3Nypdij [+ © [ 80 o( T 64 T T
A0 [T g @) e () 22 (L m (-
TR /0 7 Map { o1 <2b0> 21 n<2bo> n(m)

592 (T 1756 . [ T 4508029 647>
2 () 4+ — ) — +
35 \20) 2205 \2ro/) 231525 = 63

M3 [+oo ©6) 8 o T 24 5 ( T 152 T T
— [ drMy o (o) - T (o ) I o In (o
TR 0 T { 3" (260> 50 (2bo>+ 15 n(2b0> n<27"0)

3961 ( T >+36081 < T >+286408 15272 +O< 1 )
kit PN U P = _ —
35 2bg 925 2rg 55125 45 R2) "

(4.110c)

(4.110a)

2ro

where N; = X;/R, and where the quadrupole moments are evaluated at time Tr — 7 in the
past, with Tr = T — R denoting the retarded time in radiative coordinates.



4.3 GOING TO RADIATIVE COORDINATES AND FLUX DERIVATION 65

4.3.2 The radiative multipole moments

By definition, the radiative mass and current multipole moments Ur(Tr) and Vi (Tr) are
the multipolar coefficients that parameterize the transverse-tracefree (TT) projection of the
spatial metric in radiative coordinates, at retarded radiative time Ty, i.e.,

4G R | 20
HE' (U, @) = g Pijab(N) ; 7 {NL—QUabL—2(U) D 1>NCL—26cd(aVb)dL—2(U)}
1
+0 <R2) . (4.111)

We have explicitly put back the power of ¢ and G in (4.111). The TT projection operator is
given by Pijn = P Pji — %Pijpkl where P;; = §;; — N;N; represents the projector onto the
plane transverse to the unit direction N; = X;/R from the source to the observer.

Adding the contribution of hfly) My hé”) Mx My hé‘;) M2 M5 and hf 41') Mxy; 1O the radiative
mass quadrupole U;; we obtain

+o00
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Equation (4.112) is the final result of this section. We have restored the powers of ¢ to show
that the tails-of-tails-of-tails represent a 4.5PN effect in the waveform. They correspond to
the most difficult interaction between multipole moments to be computed up to the 4.5PN
level.

In order to compute the contributions of the tails to the flux at 4.5PN, we need the
following radiative moments. These radiative multipole moments are computed similarly to
U;j by using the MPM algorithm. Because of the 1/c factors contained in equation (4.122),
these radiative multipole moments have to be known to a lower order and have already been
computed in [133].
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4.3.3 Deriving the equation for the flux

In this section, we are going to express the energy flux carried by gravitational waves as a
function of the radiative multipole moments Uy, and Vi. In particular, we will recover at
the Newtonian order the Einstein quadrupole formula (1.25) that we used in chapter 1. The
energy contained in the spacetime is described by the 00 component of the energy-impulsion
pseudo-tensor " divided by ¢? where 7 is defined in equation (6.8)

00 — |7 + A% (4.114)

167G

where the first term |g|T% describes the energy of the matter and the second term oo G
describes the energy contained in the gravitational field. Therefore, the energy flux F can
be defined as

d 00
S a1y

According to the harmonicity condition we have 9, 7#¥ = 0. Applying this equation for v = 0
we get

1 )
Eatro‘) = —9;7%. (4.116)

Let us integrate over d3x the equation (4.116)7 and divide it by c:
F= ——/d3 r /d3x8 70 (4.117)

By using the Gauss’s theorem we can transform the right-hand side of (4.117) into a 2-
dimensional integral at infinity. Therefore, it becomes relevant to use the radiative coordinate
(T, X%) and we obtain

R—oo C

F = lim - / dQ NR*%(HM), (4.118)

where df) is a solid angle interval. It turns out that 7#” is at least quadratic in H*¥, and
H"W ~p_ oo 1/R. Thus, we only need to consider the 1/R? terms in 7%, that comes from
the quadratic part of A% noted N

1
A% = NY%(H*B HYPY + O (R3> : (4.119)
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where N*¥ is defined in equation (4.6). We find after a tedious but straightforward compu-

tation that )

32wGe
where P;jp; is the T'T projector defined after the equation (4.111) and where the dots denote

time-derivatives. Now, the last step is to inject into (4.120) the equation (4.111) and integrate
over the angle d2. This requires the extensive use of the following two formulae

/ dQ R27>Z-jk,H§TH,5T, (4.120)

/dQNil...N

iopr1 = 0, (4.121a)
47

/ AN, - Niy = (o i Oy -

(4.121D)

We can also use the fact that [ dQN, =0 if ¢ > 1. Doing so, a lot of simplifications occur,
and the final result turns to be

+oo
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) . (4.122
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We can check that at the Newtonian order, we recover the Einstein quadrupole formula. In
fact, we have at the linear order U;; = MZ-(]-Q) + 0O (C%) and F = %U&DU};) + O (c%), so the
equation (1.25) is the Newtonian limit of the equation (4.122).

4.3.4 The flux at 4.5PN for circular orbits

In this section we derive, based on the quartic radiative mass quadrupole moment (4.112),
as well as the higher order radiative multipole moments listed in section 4.3.1 , the complete
4.5PN coefficient of the gravitational-wave energy flux (4.122), in the case of binary systems
of non-spinning compact objects moving on circular orbits. We thus extend the circular
energy flux known at the 3.5PN order [134, , 77, | by including the 4.5PN coefficient,
while the determination of the 4PN coefficient is left to future work. The test mass limit
of our new 4.5PN coefficient turns out to be in perfect agreement with the prediction from
black hole perturbation theory [130, 137, 138].

The reason why we are able to control the 4.5PN order without knowing the complete
4PN field (since the source moments are known only up to the 3.5PN order [45, 128, 133]7)
is the fact that for half-integral PN orders, i.e., 5PN orders where n is an odd integer, any
instantaneous term is zero in the energy flux for circular orbits. This can be shown by a
simple dimensional argument (see the discussion in Sec. II of [139]).

In addition to tail terms and instantaneous terms, there is a third class of term occurring
in the MPM algorithm called semi-hereditary terms. They are linked to memory effects and
correspond to integral along the past of the source. The time derivative of such memory
effects turns out to be an instantaneous term. Therefore, these memory effects do not arise
at half-integral PN orders, because of the time derivative acting on the radiative moments
in the flux equation (4.122).

Hence, at the 4.5PN order, it is therefore sufficient to control the occurrence of such
non-linear tail interactions between multipole moments. For that purpose, it is very useful

"Cf chapter 8 for preliminary results on the 4PN mass quadrupole moment.
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to apply some “selection rules” that permit one to determine all the possible multipole
interactions occurring at a given PN order [15, , |. According to those selection rules,
in order to control the 4.5PN order for circular orbits, we need only the contributions of (i)
quadratic multipole tails, of the form M x M, or M x Sy, with 2 < £ < 5 for mass moments
My, and 2 < ¢ < 4 for current moments Sy, (ii) the quartic quadrupole tails-of-tails-of-tails
M3 x M;; (with £ = 2 in this case), and (iii) the double product between the quadratic
quadrupole tails M x M;; and the cubic quadrupole tails-of-tails M 2 x M;;.

The cubic tails-of-tails M? x M;; by themselves contribute to the circular energy flux,
starting at the 3PN order [132]. The 4PN order correction will be given in (4.132). Moreover,
from the point (iii) above, we see that the cubic tails-of-tails also contribute at the 4.5PN
order through their interactions with the quadrupole tails M x M;;.

4.3.4.a) Required quantities

The computation of quadratic tails for circular compact binaries only requires at the 4.5PN
order, the mass quadrupole moment at 3PN order, since 4.5PN means 3PN beyond the
dominant quadrupole tail at the 1.5PN order. In chapter 8, we will explain how to derive
explicit formulae for the source multipole moment, and in particular for the mass quadrupole
moment M;;. At 3PN, this quantity is known for a long time (see e.g., Ref. [15]) and reads

iy r2 ii 48 G?*m?2y i 1
Mij = muv <A1E<]> + B §U<J> + 7 o I< ’UJ>> +O <c7> . (4.123)

Here 2% and v' denote the orbital separation and relative velocity of the two particles (and
the angular brackets refer to the STF projection). The mass parameters are the total mass

m = mj + meo and the symmetric mass ratio v = % A and B are given by
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To

Gm

5, where r = |2°| represents the radial

The harmonic-coordinates PN parameter is v =
harmonic-coordinates separation.
In order to compute the contribution of the tails to the flux, we also require the following

source multipole moments that have been computed in [110, 415]

139 11923 29

r? _ 1066 1433 21 ,
T2tk LT =Y T es T 3307 T 557

196 1
+— 272 ux<ijvk>} +0 (05) , (4.125a)
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Where A is defined as A = (my — mg)/(m1 + m2). Notice the two scales entering the
logarithmic terms at the 3PN order in the source mass quadrupole: one is the length scale
ro coming from the MPM algorithm (see Sec. 4.1), while the other scale r(, is the logarithmic
barycenter of two gauge constants r; and r, which appear in the 3PN equations of motion
in harmonic coordinates. These constants are defined later in chapters 6 and 7 (cf equation
(7.10) for the definition of 7). In order to compute the flux at 4.5PN for circular orbits, we
need the circular equations of motion at 3PN. We will just provide them directly here all
these results will be generalized to 4PN in the chapter 7. The circular equations of motion
at 3PN in the center of mass is

a=—wz (4.126)

where w is the orbital frequency. Its value as a function of v = %’; is given by

G 41
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The latter expression can be inverted in order to express 7 as a function of the quasi-invariant
PN parameter x defined by z = (%)2/ 3 where w stands for the orbital frequency, related to
r by (4.127). A scalar such as the circular energy flux is quasi-invariant when expressed in
terms of x, in the sense that it stays invariant under the class of coordinate transformations
that are asymptotically Minkowskian at infinity.
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Here, we do not consider the 2.5PN radiation reaction term in the equations of motion, since
it generates some contribution at the 4PN order but not at the 4.5PN order. To summarize,
there are three arbitrary length scales in the problem: g, (, as well as by which originates
from our choice of radiative type coordinate system through (4.108). It is non trivial to
check that these three scales cancel out in the final gauge invariant expression of the energy
flux for circular orbits.

Another important step of the calculation is the reduction of the tail integrals to circular
orbits. As usual, those integrals are to be computed proceeding as if the world-lines in the
integrands obeyed the current circular dynamics, which amounts to neglecting the evolution
in the past by radiation reaction. The influence of the past evolution would be to correct
the dominant 1.5PN tail integral by a 2.5PN radiation reaction term, and would thus be of
order 4PN, but not 4.5PN. From (4.112), we see that, at the 4.5PN order, we also need
some integration formulae involving up to three powers of logarithms. Those are [111]

oo T —iQr _ i T
; dr In (7_0> e =0 <ln(QTo) + 8 + 12> , (4.129a)
dr In? (:) eI — —é [ In(Q70) + 7w + 1;) + % , (4.129b)
0 0
oo T ~ i T\3
3( —iQr — S
; dr In (7_0> e v [<IH(QT0)+’YE+12>
2 7r
+ (ln(QTO) + g + 12) +2¢(3)] . (4.129c¢)

Here, Q) denotes a multiple of the orbital frequency w. The constant 7y is arbitrary, and
related either to 7o, 7(, or by. We denote by g ~ 0.577 the Euler constant, whereas ((3) ~
1.202 is the Apéry constant (¢ being the usual notation for the Riemann zeta function).

4.3.4.b) Results

In order to compute the tail contributions to the energy flux of circular binaries at 4.5PN,
we need first to inject the source multipole moments (equations (4.123), and (4.125)) into
the radiative multipole moments (equations (4.112) and (4.113)). Then, we need to inject
these results into the equation (4.122), and use the prescription defined by the equations
(4.129) to compute the non-local terms.

As we can see in (4.122), the energy flux depends on the square value of the radiative

2 2
multipole moments: (U S)) and (VL(l) ) , therefore in order to keep track of the different
terms, we will decompose the result using the explicit dependence on G of each terms

Frail = ]:quadratic + Feubic + ]:quartic +0O (G5) ) (4-130)

where Fyuadratic = O(G?), Feubic = O(G?) and Fyuartic = O(G?). The quadratic tails
correspond to multipole interactions. In particular, we need the full 3PN precision for the
mass quadrupole moment, as in (4.123)—(4.124). The higher order moments require some
lower PN precision as provided in the equations (4.125). The result in term of the PN
parameter v = Gm/(rc?) up to the 4.5PN order reads (factorizing out the Newtonian flux
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as usual)
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In contrast to the quadratic tails, the cubic tails-of-tails contribute to integral PN approxima-
tions, starting at the 3PN order [132]. At the next 4PN order they involve the contribution
of the mass quadrupole moment (to be computed with 1PN precision), as well as that of
the mass octupole and current quadrupole moments. Furthermore, at the same level of the
cubic tails, we must include in the flux the square of the quadratic tails. Those various
contributions have all been computed. For their sum, we obtain, extending (5.9) of [132],
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The constant by disappears, as expected. However, Feupic still contains rg. The point is
that these cubic tails at the 3PN and 4PN orders are not the only contributions to the
full coefficients, since the flux also contains many instantaneous terms (i.e. not tail terms)
that depend on the source multipole moments, and notably the 4PN quadrupole. After the
moments have been replaced by their explicit expressions, those terms should cancel out
the remaining constants rg in (4.132). Thus, since the 4PN instantaneous contributions are
not known, we shall ignore henceforth the 4PN coefficient in the flux except for the partial
result (4.132).

In addition, there are other tail contributions at the 4PN order (but not at the 4.5PN
order) that we have not yet taken into account. We can mention for instance the 2.5PN
effect corresponding to the past evolution of the binary source due to radiation reaction. It
should affect the computation of the 1.5PN tail integral at the 4PN order. We also recall
the non-local 4PN tail term entering the equations of motion (cf chapter 6), which will have
to be included when performing the order reduction of accelerations coming from the time
derivatives of the Newtonian quadrupole moment. All these contributions will have to be
systematically included in future work.

Let us next focus on the computation of the quartic-order tails in the flux. One con-
tribution is directly due to the quartic tail term at the 4.5PN order in the radiative mass
quadrupole moment (4.112). However, there is another contribution coming from a double
product between the quadratic quadrupole tail at the 1.5PN order and the cubic quadrupole
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tail-of-tail at the 3PN order — recall that the energy flux contains the square of the time
derivative of (4.112). It turns out that important cancellations occur between these two
terms, notably all the logarithms squared and cubed disappear, leaving only a term linear
in the logarithm. The constant by cancels out as expected, but a dependence of ¢ is left out
at this stage. In the end, we find that

3265 , ([ 467044 3424 6848 [/ r\ 6848 .
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Fauartic = =V {( 3675 105 MU0+ s n(m) 105 7E) ™
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Finally we are in a position to control the half-integral PN approximations (or so-called
“odd” PN terms) in the energy flux for circular orbits, as they are entirely due to tail
integrals. The “odd” part of the flux in this case is

F = (Jrquadratic + ‘Fquartic) d
o

L tO (¢°). (4.134)

= Jttail

odd o

We do not include the cubic tail part (4.132) since it is “even” in the PN sense. Therefore,
we need only to sum up (4.131) and (4.133). We gladly discover that the scale ry cancels
out from the sum, thereby obtaining
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Still there remains a dependence on the scale r{, coming from the equations of motion, but
that is merely due to our use of the harmonic-coordinates PN parameter . Eliminating ~
in favor of the quasi-invariant frequency-related PN parameter z = (Gmw/c®)*/3 with the
help of (4.127) yields then our final result

_ 32¢5
odd  5G
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133112905 , 3719141 3> o) < 1 )}
- — — L 41
200304~ 3s016 © )™ TO @ (4.136)

We insist that the latter odd part of the flux, although it has been computed only from tail
contributions, represents the full PN-odd part of the complete flux, in the case of circular
orbits.



4.3 GOING TO RADIATIVE COORDINATES AND FLUX DERIVATION 73

Our result can be compared with those derived from black hole perturbation theory in the
small mass ratio limit v — 0. Black hole perturbations have been expanded for this problem
at the 1.5PN order [112], then extended up to the 5.5PN order in [113, , 136], and
more recently, using the method [146, , 148], up to extremely high PN orders [137, 138].
In this framework, a test-particle follows a geodesic on a Schwarzschild metric and the energy
radiated by this particle is computed through a post-Newtonian expansion. When we take
v — 0 (i.e. mi/mg — 0 with constant total mass m = mj + ma), our new 4.5PN result in
(4.136) perfectly reproduces the latter works (see (3.1) in [136]). Last but not least, more
recently, Messina and Nagar [119] confirmed fully our result within the EOB formalism by
recovering the coefficients of the equation (4.136).

For consistency, let us provide the full known flux up to 4.5PN where only the 4PN
coefficients (which are not yet fully computed) are missing. This result includes not only
the tail effects, but also all the instantaneous terms. Up to 3.5PN, this formula was already
known for a long time and the 4.5PN coefficient (computed above) is therefore a new term
extended this result. In fact, we recall that at 4.5PN, only tail effects contribute to the flux
for circular orbits. Hence we have
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The computation of the remaining unknown coefficients at the 4PN order is one of the
main goal of the 4.5PN project. The computation of the equation of motions at the 4PN
order in chapter 6 as well as the computation of the source mass quadrupole at the 4PN
order in chapter 8 constitute crucial steps in the determination of these unknown coefficients.
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5 — The matching equation and its
consequences

The goal of this chapter is to derive a matching equation relating, on the one hand, the
far-zone multipolar post-Minkowskian (MPM) expansion done in the previous chapter, and
on the other hand the near-zone post-Newtonian results that we are going to compute in
chapters 6-7-8. This chapter is rather technical, and its main results are the equations (5.40)—
(5.41). The two major consequences of this matching equation are: (i) the derivation of the
multipole source moments entering the MPM algorithm as explained in section 5.4; (ii) the
effect of the tails in the conservative part of the dynamics at the fourth post-Newtonian
order as explained in chapter 6 section 6.1.5.

5.1 Near zone, far zone, buffer zone and notations

As usual, h*¥ is the deviation of the gothic metric to Minkowski

Y = \=gg" — . (5.1)

Using h*¥, the Einstein equations are

167G
Or*? = I (5.2)
c
where (0 = —c%g—; +6% 821' % is the flat d’Alembertian operator, and 7% is the stress-energy
seudo tensor
p A

70 = |g|T? + AP, (5.3)

167G
where T°? is the energy-impulsion tensor of the matter and A®? takes into account the non-
linearities of the Einstein equations and is given by equation (4.5). It is important to keep
in mind that ~A*" has not been post-Newtonian expanded, or multipolar expanded so far and
that the equation (5.2) represents the full Einstein equations without any approximation
or asymptotical expansion and is valid everywhere, outside and inside the source. In the
rest of this chapter, we will denote by an overbar a post-Newtonian expansion, and by M a
multipolar expansion.

The far zone is defined as the region r >> a where a is the size of the source. In the
far zone, the multipolar expansion of the metric noted M (h*") is well-defined and is equal
to the real value of the exterior metric

htY = M(h*) . (5.4)

ext —
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In the near-zone, defined as the region r < \ where A is the gravitational wavelength, the
post-Newtonian expansion of the metric is well-defined and converges to the actual value of
the metric

Rt = hiv (5.5)

m

If the source is post-Newtonian, then the gravitational wavelength is much larger than the
size of the source: A > a. Therefore there exists an intermediate region, or buffer region
where a << r << A, overlapping the near-zone and the far-zone. In this region, both the
multipolar expansion and the post-Newtonian expansion of the metric are well-defined and

converge to the true value
R e = M(R) = 1" (5.6)

In the buffer-zone, 1" is also equal at its own multipolar expansion: i/ = M(EW). Simi-
larly, the multipolar expansion of the metric M(h*") can be post-Newtonian expanded and

M(h*) = M(h#v). This leads to the matching equation in the buffer zone (for a < r < \)
M) = M (R . (5.7)

Actually, the equation (5.7) should not be seen as a numerical equality valid solely in the
buffer zone. Instead, the matching equation states that (5.7) as to be seen as functional
identity true everywhere in the sense that the coefficients of the formal expansion of both
side of (5.7) are equal.

The matching equation extends naturally to the energy-impulsion pseudo tensor 7. As
T = TE AW when r > a, M (TH) = %M (A#”). Therefore the matching equation for
the source is

M) = M(R™) = 16;GM (Y (5.8)

Indeed, M(T*"") = 0 since T* has a compact support.

5.2 The Finite Part regularization and propagators

5.2.1 Finite Part

The matching procedure that we are going to present heavily relies on the Finite Part
regularization. We have already seen the Finite Part regulator in section 4.1.3.a) in order
to treat ultra-violet divergences. We will extend this regulator to deal with any kind of
divergence.

Let us F'(x) be a function smooth everywhere except potentially at r = 0 such that there
exist (p,q) € Z?* such that F(z) = O(r?) when » — 0 and F(z) = O(r9) when r — oo.
Basically, we do not want F' to have exponential divergences at r = 0 or at infinity. We
define the Finite Part of the integral of F' to be

B
I= FP/d3a: (’x‘) Flx)=1+1Iy, (5.9)
B 70

where

B
I, =FP dx (m) F(x), (5.10)
B Jr<R )
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B
I, =FP d*x (m) F(x), (5.11)
B Jr>R ro

where R > 0 is an arbitrary cut-off and B a complex number used to build the Finite Part
procedure.
The computation of I, is similar to what was done in 4.1.3.a): for RB > —p — 3, the

l=|

o F(x) is well-defined and can under some regularity conditions on

integral [..p d3x (
F (cf [129]) be extended by analytical continuation to all the complex plane except isolated

poles. Then [; is defined as the Finite Part (i.e. the zeroth power of B) of the Laurent’s
B
expansion of the result when B — 0. For I, the integral [ . d3z (@) F(x) is well-defined

=
for ®B < —¢ — 3 and can similarly be extended as a function of B go all the complex plane
except isolated pole by analytical continuation. Iy is also defined as the Finite Part of the
Laurent’s expansion of this result when B — 0. It can be shown that the result I; + I does
not depend on the arbitrary choice of R, but it can depend of course, on 7.

Hence, the Finite Part regularization can deal with both Ultra-Violet (r — 0) and Infra-

Red (r — oo) divergences.

]

5.2.2 02!, A% and [}

Let us define here the three operators that we are going to use in this chapter. Here, F
is a function which is smooth everywhere except at the origin where it can diverge. The
behavior of F when 7 — 0 (and when r — oo) is always of the order of O(r") with

B
N € Z, which means that there exists a part of the complex plane for B such that (%) F
decreases fast enough at » — 0 (or at r — o0) for the following integrals to be convergent.
The retarded-propagator 0! has already been extensively used in the chapter 4. Let us

ret
introduce here a new notation and define (i as the propagator [J;\ combined with the
Finite Part regularization procedure:

Or [F] () = FP O [(O)B F]

lz—a'|

1 INB F(t— 12221 o

_ _—FP/d3x’ (’w'> ( < ) . (5.12)
4 B 70 | — |

Now, let us define a similar propagator in order to invert the Laplacian operator A. For
F(t,z) a smooth function decreasing fast enough at spatial infinity, we define A=! as

1

/
A-F = /d3m’F(t’$)

|z — o'

- (5.13)

In order to extend this operator to any smooth function F' which behaves as O(r") when
r — oo we use the Finite Part regularization and define

A-1F = FP K:(])B A—lF] . (5.14)
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A similar reasoning than the one done in 4.1.3.a) shows that A {AA: IR } = F. We can

P

generalize the A1 operator to A=*k—1 by defining

—_ T — B
A-h-1F = FP [A"“‘l (T) F] (5.15)
B 70
1 FP/d3 / (‘x/’>B | / Qk—lF(t /) (5 16)
= —— x| — xT—x ). .
47 B 70 ’
Of course, we have AF+! A_k_lF} =F.
Finally, we are going to define the instantaneous inverse d’Alembertian propagator by
I-'F = — ) Ak1p, 5.17
> (oai) 517

We can show that [J [Iﬁ:lF } = F. This definition is motivated by the following formal
expansion

2
1 1 1 . oL o
5 A S i mat G+@%A o ) o] B

c2ot? c2ot?
00 o 2k L
=3 ((ﬁ) AL (5.19)
k=0

To conclude this section, note that we can also define the advanced inverse d’Alembertian
operator as

t+ L—CM , :c’)

[z — ']

(5.20)

1 F(
-1 3
DadVF = *E/d $,

-1 -1
Then it is interesting to notice that while 7~! and % are two similar-looking operators,

they are not equal (cf [150] for a discussion on the link between these two operators).

5.3 The matching equation

The exterior metric

The exterior metric has been built in chapter 4, through the use of the multipolar-post-
Minkowskian algorithm where we iteratively computed the nt® post-Minkowskian order of
the metric in the form of a multipole expansion. At each step n, we first computed Dr_e% [A7;)}
(equation (4.23)), then we added a homogeneous solution in order to satisfy the harmonic
gauge condition (equation (4.26)). Besides, the first post-Minkowskian order was given by
a generic homogeneous solution (4.11). Based on that construction, we can easily show (cf

[151] for a formal demonstration) that the exterior metric can be written as

W—wmmziﬁMwm+§&(W””ﬁﬁ, (5.21)

ext —
=0 r
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where the functions X" come from the first post-Minkowskian solution as well as the dif-
ferent homogeneous solutions added throughout the MPM algorithm. These functions are
not known yet and the goal of this section is to find an explicit formula for them.

The interior metric

Let us find an equation similar to (5.21) for the interior metric AL} . First, we are going to
do a post-Newtonian expansion of each quantity entering the integrated Einstein equations
(5.2). Therefore, we expand h* as

=3 = o h{n}(t,:lz,ln c), (5.22)

n>1

where the sz} does not contain any factor ¢” but may contain power of In c. Similarly, the
pseudo energy-impulsion tensor can be expanded as

o L
=" CQ—nT’fn}(t,az,lnc). (5.23)

n>—1

This expansion starts with a factor ¢2. This is consistent with the overall factor liZG in the
equation (5.2). If we inject the post-Newtonian expansions (5.22)—(5.23) into the integrated
Einstein equations (5.2), and equal each order of ¢ we obtain for n > 2

82 EN114

Ah{n} = 16WG7lan_2} + @h{nfl} .

(5.24)

The set of equations (5.24) can be solved iteratively order by order in n. Assuming that the
metric is known up to the (n — 1) post-Newtonian order (i.e. hg}, e h‘fZ,l} are known),
we can compute the right-hand side of equation (5.24) and find a particular solution h?Z},part
such that

B e = 167GAT [ ]+ SR ) (5.25)

We can add a homogeneous (with respect to the A operator) solution to E’fg}’part in order to
obtain the most general solution of (5.24). As the post-Newtonian expansion of the metric is
smooth everywhere, the most general homogeneous solution that we can add is of the form

Ry hom = > BYY Ty (5.26)
>0
where B T { y are unspecified functions of the variable t. Now, the n'" post-Newtonian order
metric R} {n} is defined as
Ry = Ry part + P hom - (5.27)
Now, if we recursively substitute the value of A’ {nfl} in equation (5.25) by E?Z,l} = Effz,l},part—i-
h{n 1},hom» and take into account that AE’{GV} = IGWG?’EZI} (as E’{lg} =0), we can see that

a2k ——

Py = 16”GZ ot SR AT 1[ Tin—2— k}} +Z§)]€Z()Bg?n2kk} k2L (5.28)
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If we sum (5.28) for all n > 2 and divide each term by ¢*", the first term of the right hand

side becomes
an — "

S e AR = T[] (5.29)
2k 2k

>0 € ot

Therefore, the general solution of the post-Newtonian metric can be written as a particular

solution that is built with the propagator I—! and a homogeneous solution which is regular

at r = 0 and can be parametrized by a set of functions that we will call A7 (cf [151] for a

formal proof, and for the relation between A7" and Bg’(’n))

- 167G — _ A (At —r)c)— A (t+1r/c)
W puy —1 [=pv L L
e = h T ) +£§:0j o; < = . (5.30)

The equation (5.30) is analogous to equation (5.21), and the functions A}” are unspecified at
that point, and will be determined thanks to the matching equation. We recall that the bar
on top of an expression means that this expression is expanded when r/¢ — 0, for example

At =) — APt +1/c) i Oy (r2) AkvETY

2r T (2i+ 1) T (5:31)

=0

5.3.1 Two useful lemmas

In order to fully determine the interior and the exterior metrics, we need to determine
explicitly the values of the functions A7”, and X" parametrizing the homogeneous parts of
the metrics. This will be done by using the two following lemmas that are at the core of the
matching procedure

Lemma 1 [150, ; , 151]
DA;; [M(A#)] = -1 [M(Auu)} _ 467? Z (—;)féL (Rf’/(t - 7“/6)2—74722”’@ + r/c)) (532)
£>0 :
with B
Ry = FP / &P <|:’0’) . /1 Y (MEFN(t = 2 fe,a) | (5.33)
where yy(z) = (1)1 2D (2 _1)C,
Lemma 2 [15]1]
71 T —1)¢ Mt —r/c v r/c
M| (Fm)| = 17 [M(TW)]—Z;TZ( j) (FL L /);;JTL e ”) . (5:34)
£>0 ’
with B )
7 =Ep [ (@) b1 [ dsd(e)e (= s/, ). (5.35)

204+1)!
where 04(z) = %(1 - 22)
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Note that v,(z) = —20,(z). These two notations are motivated by the fact that [ dzye(z) =
[1, d2ds(2) = 1 (the latter equality is only true by analytical continuation in £).
These two technical lemmas are proven in the appendices of [151], using the properties

of the operators C,{ and I-1 as well as the mathematical structure of the multipolar and
post-Newtonian expansions of the field h*” together with mathematical properties of the
Finite Part regularization We can see that they express somehow the commutators between

the operators I~ -1 (and O-}) with the multipolar and the post-Newtonian expansions of the
metric. These commutators are then expressed with the functions R}” and F}"” which are
integrals of respectively the multipolar and the post-Newtonian expansions of the energy-
impulsion pseudo-tensor 7.

5.3.2 The matching equation and its consequences

5.3.2.a) The main result

We are now able to fully exploit the matching equation. We recall that this equation reads
M(hHv) = M(hHv) . (5.36)

Injecting (5.21) and (5.30) into (5.36), we obtain that

ﬁfret [M(A#)] +Za (M)

=0
- mchM (11 (7)) + S0 (A/zu(t =7/9) o ALt/ C)> . (537)
=0

Now if we inject (5.32) and (5.34) into (5.37), and simplify the result using the relation (5.8)
we obtain

B 04 Z ; ) 5, (R%V(t—r/c);rRlzu(t—i—r/c ) Za (W)

£>0
B Z (f“”(t—r/c)+f“ (t—i—r/c))
c4 = 0! 2r
oo |2 14
30, (AL (t—r/c) — A (t—i—r/c)) | (5.38)
2r
£=0
Therefore
4G (—1)*
ap = CEL 7, (5.390)
” 4G (-1)¢ _,,
xt =7 Fi. (5.39b)

This enables us to provide the final result of this section, that corresponds to the full ex-
pression of the interior and exterior metrics, taking into account the matching equation.
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Theorem The exterior metric hly, and the interior metric ki are given by

int

ext —

WY = M(RM) = Ot [M(A)] fja <M> (5.40)

h{ﬂfc:hﬂu_f uu_ ia (flwt_r/c) fg%t—l—r/o))

2r
TiéL (Rg”(t—T/c)—Rg”(Hr/c)) 7 (5.41)
(=0

2r
with RY” and FI* given by the equations (5.33) and (5.35).

5.3.2.b) Interpretation

The second term of the right-hand side of (5.40) will lead to explicit formulae to compute
the source multipole moments {Ir,, Jr, Wy, X1, Yy, Z1} used in the previous chapter 4. We
detail this in section 5.4.

Regarding the interior metric, we see that it is constructed using the instantaneous
propagator -1 together with two homogeneous terms depending on F}* and RY”. These
two terms are associated with the radiation reactions. In particular, F" corresponds to
the dissipative radiative effects due to the emission of gravitational waves. This term starts
at 2.5PN (and then contributes at 3.5PN, 4.5PN etc.) in the equations of motion. The
second term including the functions RY” depends on the multipole expansion of the field,
and therefore is related to the exterior field. In fact, this term corresponds to the effect of
the non-local tails being back-scattered into the source. This effect appears at 4PN and will
have to be taken into account in the conservative part of the equations of motion at 4PN (cf
section 6.1.5).

It can be shown (cf [151]) that the ra radiation reactions terms 7" can be directly computed

if we use the retarded propagator O] (as defined in equation the (5.12)) instead of the

ret
instantaneous one I~ 1

o [e%e) R v —
huu_h;w_ _1[7_-]_45528L<RL (t T’/C)

int — ret

- R (t+r/c)
. 5.42
o (5.42)
In practice, the first term of equation (5.42) is computed through the potentials (such as V,
Vi, Wij etc.) that we will later introduce to parametrize the PN metric (cf equations (6.13)
and (6.14)), while the second term has to be computed separately as done in section 6.1.5.

5.4 Explicit expressions of the source moment multipoles

In this section, we show how the matching equation (5.40) lead to explicit formulae for the
multipole source moments {I, Jp, Wr, X1, Y, Zr}. The following proof is done in full detail
in [153], and we just show the main steps here in order to provide a general understanding
of the derivation of that result. Let us call u*” the first term of (5.40)

/—\_/

" = O [M(A)] . (5.43)

ret
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As h*" is divergenceless, so is M (h#*) and therefore

c’m*‘”— [ia (Mﬂ : (5.44)

with FI" given by equation (5.35). Using the properties of the Finite Part regularization
together with (5.35), one can show that (5.44) leads to [153]

Byu = fa lZa <(T/C)>] : (5.45)

with

B +1 .
Gl (u) = FP / d*zB ("”‘) |2zt / 26y (27 (@, u + 2| c) . (5.46)
To —1

Now that the divergence of u#” has been decomposed multipolarly using the functions Gf we
can use the trick done in equation (4.26) to build a homogeneous solution (for the d’Alembert
operator) that kills the divergence of u#”. Therefore we define v* such that Ov*” = 0 and

B = —Bukv [153):
v = 47? {—;QO(” + 0a (i [cG2D + 2get=) Qﬁb])} , (5.47a)
W% = % {_1 [cgi(l) _ 1931,(1)} + faa <1 [glil(fl) _ gia(—l)D
c r c 2 r
- Z 9L—1 ( Gir 1> , (5.47b)
>2 2

s 4G 1 (—1)* 1 o)
v = CT {Tg( 7) + 22 / L3 <T’C29ijaL_3>

>3
(_1)5 1 0 1 1 i
Jrg; 4 {8L2 <rcg”(L) 2) + Qa2 < Gijr— 2> +26i;011 <rgaL_1)
_4(9L_2(i ;gj)aL—Q — 2011 ;g SL-1 ) (547(})
Now if we define N i
Clipart1 = = Za <W> — o, (5.48)
then we have
Ohparea =0, (5.49a)
Ouhrarea = 0, (5.49D)

which means that h2” part,1 can be decomposed with a set of unspecified functions {I . Jn, Wi,

X1,Yy, Zp)} in a similar way than what is done in equation (4.11). Now, it can be shown that

if we start our MPM algorithm with hpart 1, then we obtain exactly the same result than the
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general MPM solution described in section 4.1.3. Said differently: {fL, Jo. Wi, X1, Yz, ZL} =
{I,Jr,Wr,Xr,Yr,Z1}. By injecting (5.46) into (5.47) and then (5.47) into (5.48), we can
obtain an explicit expression for hpart,1. By decomposing this explicit expression into the set
of multipoles {Iy, Jp, Wr, X1, Y, Zr} (this requires several algebra steps detailed in [153]),
we obtain the following expressions

B
_ 5., (1] / { L AQe+1) R
I (u) —Fg’/d w(ro) I Rl T oA LS
2(20+1) ) (2)}
e .
AT )01 2) (201 5) Ry (5.500)
oo 20 + 1
:FP ’ m) / 3 { T Z — A 2(1)}
JL(U) B /d II)‘(TO _ldzeab<zé 5€$L71>a b 62(€+2)(2€—|—3)5€+1x[471>ac be (3
(5.50b)
B 20 +1
apf e () o] .
We(w) = Ff /d w(ro IR Ny el
20+ 1 . (1)}
- Sor22iin 2 ¢ .
2¢2(0 4+ 1)(¢ + 2)(2¢ + 5) C+2Lij L2 (5.50¢)
B 20+ 1
s = [ oo (2) [0 wn)
H) =1 /dw(ro R T e R (5.50d)
oo 320+ 1)
Y =FP 3 ’5‘?‘) / {— rrYi + ——————— 7 2(1)
(u) ] /d w(ro _ldz SeRp Y + (£+1)(2£+3)5€+1xL ¢
2(2¢ + 1) A (2)}
- Spandiip NP L .
A+ 1)+ 2) (20 +5) T (5.50¢)
e 20+ 1
oy =rp [ () [ accu |- S N
r(u) 5 /d w(T’o o dz €ab(i, (€+2)(2£+3)6€+1$L—1)bc , (5.50f)
where
?OO _*_?ii
X= g (5.51a)
?Oz'
Xi=s (5.51b)
By =77, (5.51c)

and where we recall that d,(z) = é%fﬁ))z,(l — 22)f. The functions ¥, ¥; and ¥;; are to be

evaluated at the spatial point @ and at time u + zr/c (as done in (5.46) for 7).



6 — Ambiguity-free equations of
motion at the 4PN order

The goal of this chapter is to obtain the conservative part of the 4PN dynamics for spinless
compact binary systems using a Fokker Lagrangian, in harmonic coordinates. This chapter
is divided in two parts.

1. The section 6.1 explains the method used by Bernard, Blanchet, Bohé, Faye and
Marsat, that provided a first result in 2016 [92] parametrized by an ambiguity pa-
rameter «, that was adjusted in order to agree with the conserved energy of circular
orbit computing by self-force in the small mass ratio limit. As we are going to explain
in section 6.1.5, the origin of this ambiguity came from the normalization of the log-
arithm parametrizing the tails effect contributing in the conservative dynamics at the
4PN order. This result however, was not in agreement with the computation done by
Damour-Jaranowski-Schéfer [90], which also contained a similar ambiguity parameter
C that was adjusted using the conserved energy of circular orbit in the small mass
ratio limit. Besides, this result does not agree with the periastron advance predicted

by self-force in the limit of circular orbit, and for small mass ratio [94], while the result
from Damour-Jaranowski-Schéfer [90] is in perfect agreement.
However, it has been shown [93, | that the discrepancy between these two results

can be parametrized by only two coefficients d; and 2 (depending on the value of ),
and that this discrepancy was probably due to the choice of the regularization for the
IR divergences.

2. In the section 6.2 — based on [93, 94, 2]— we see how the systematic use of dimensional
regularization cures that discrepancy. In 6.2.1, we first tackle the difference between
the Finite Part regularization and dimensional regularization to cure the IR divergences
of the instantaneous terms. Then in 6.2.2, we compute the effect of the tails in the
conservative part of the dynamics, in dimensional regularization. Adding all these
contributions [94, 2], we obtain from first principles the 4PN dynamics —i.e. without
fitting some coefficients to results coming from other frameworks.

The particular contribution of this thesis to the results derived in this chapter corresponds
to the computation in d dimensions of the tails presented in the section 6.2.2 determining
the last ambiguity.

85
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6.1 Presentation of the Fokker Lagrangian method

6.1.1 The method

In this section, we are going to construct a generalized Lagrangian L that depends on the
positions y4(t) and the velocities v4(t) of the two bodies (A =1 or A = 2) as well as on the

accelerations and higher derivatives of the accelerations (a4 (t), ba(t) = d(‘;—tf‘, ...), yielding
to an action S = [ dtL such that the generalized Euler-Lagrange equations of motion

08 oL d /0L d® / oL d3 /0L

oya Ooya dt <8vA) + d¢? (8(1,4) de3 <8b,4) + ’ (6.1)

correspond to the conservative equations of motion at the 4" post-Newtonian order. The
equation (6.1) will not contain any dissipative terms, because it comes from a Lagrangian
method. Such terms (appearing at 2.5PN, 3.5PN and for non-local terms at 4PN) will have
to be added by hand to the final equations of motion.

To obtain such a result, L. Bernard, L. Blanchet, A. Bohé, G. Faye and S. Marsat used
a Fokker Lagrangian method [92] that we are going to present.

To do so, we consider the following action

S'=8,+ Sm, (6.2)

where S, is the Landau-Lifshitz form of the Einstein-Hilbert action containing a gauge-fixing
term

Sy =

c3 1
e /d493 V=g {QW (FZAF% - FZVF;AJA) - ngwlwlw} : (6.3)

Here, I'* = gO‘fBFZB and —%guuf“F” is a gauge-fixing term in order to place ourself in
harmonic coordinates. Sy, is the usual matter action for 2 point-particles (A € {1,2})

Sm=—>_mac® /dt\/—(g,“,)A v/, (6.4)
A

where vy = (¢,v4) and y/; = (ct, ya) and where (g, ) 4 means that the metric is evaluated at
the location of the particle A (which will required a UV regularization technique as described
in 6.1.2). As we can see in the equation (6.3), the gravitational part of the action is of the
form

S, = / dtL, = / dtd3eL, | (6.5)

where L, is called a Lagrangian density.
As done in chapter 4, we define h*” to be the deviation of the gothic metric to Minkowski

R = \/—gg" — . (6.6)
Then the generalized Euler-Lagrange equations of (6.3)—(6.4) (i.e. 6S = 0) yield

167TG 7'@5 ’
C4

B = 0. (6.7b)

Ohe? =
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where [0 = —0%6%22 +64 a?:i % is the flat d’Alembertian operator, and 7% is the stress-energy
seudo tensor
p “
70 = |g|T*P + mAO‘B(h’“’) , (6.8)
where
2 0Snm

™

V550 (09
corresponds to the stress-energy tensor of the matter in the space-time and A®(h*) cor-
responds to the non-linearities of the Einstein equations and describes the stress-energy
contained in the gravitational field.

To define the Fokker Lagrangian, we first solve (6.7) in order to express the metric h*” as
a functional of the particle positions, velocities, accelerations and higher-derivatives of the
accelerations

WY = W (y 4 (t), va(t), aa(t), ba(t),...) . (6.10)

Once this is done, we can inject (6.10) into the gravitational and matter parts of the ac-
tion (6.3)—(6.4) in order to obtain an action that depends only on the positions, velocities,
accelerations (and higher time-derivatives of the accelerations) of the particles

St lys(t)va(t) -] = [ dt [ @@L, laiys(0).vs(0). -]

—ZmAC2/dt\/—g;w (ya(t);ys(t), vp(t), ) vhvi/e.  (6.11)
A

Then, the Euler-Lagrange equations of (6.11) provide the expected equations of motion.

6.1.1.a) The n+2 method

As we want to obtain the post-Newtonian expansion of the equations of motion, we are going
to inject into the Fokker Lagrangian a post-Newtonian expansion of a solution of the metric
(6.10). Before doing so, we should ask ourself whether this approach is legitimate, and at
which post-Newtonian order we should compute the metric (6.10) in order to obtain the
equations of motion at the 4" post-Newtonian order. Both of these questions are answered
in details in [92].

Indeed, as discussed in [92], we are allowed to inject a post-Newtonian solution of the
metric 2" in order to obtain the Fokker Lagrangian. By doing so, we get a post-Newtonian
expansion of the Lagrangian density, which we have to integrate over the whole space. This
leads to infra-red divergences that will have to be cured by a regularization scheme (cf section
6.1.4). This procedure yields the correct equations of motion as long as we stay under the
5.5 post-Newtonian order.

Now, let us assume we want to compute the equations of motion at the n'™ post-
Newtonian order (with n < 5.5), at which post-Newtonian order should we compute the
metric 2 that we inject in equations (6.3)—(6.4)7 The post-Newtonian metric is composed
of local terms that can be derived directly by solving the Einstein equations (6.7), and a
non-local term called a tail term which is computed by using the matching equation. This
tail term will be computed in details in section 6.1.5, and we will focus in this section on the
instantaneous terms only. To state at which PN order we need to compute the instantaneous
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part of the metric, it is convenient to define 2" =7 + . As shown in [92], thanks to
non-trivial cancellations between the gravitational part and the matter part of the action, in
order to obtain the equations of motion at nPN, we have to inject the metric in the Fokker
Lagrangian at

o (1/c"T2,1/¢" 1/c"?) when n is even,
h= (EOOM,EOZ,EU) up to order (6.12)
(1/c"1/c"21/c™) when n is odd .

For n = 4, such a metric can be parametrized at this order by a set of potentials:

—00ii 4 8 o 8[.¢ 4 1
—ij 4 /4 1 A 16 / 4 1. 4 1
R = _&(WU - 25ijW) - CG(ZM — 26z~jz> +0 (CS> : (6.13¢)

Where W = WH and Z = Z-Z-, and where the potentials V, X, Vi, ]:ZZ , Wij, and Z-j are
defined by

Ov = —-4nrGo, (6.14a)
OX = —4nGVoy + Wi 05V + 2V, 0,0,V + VOV + % (O:V)* = 20V;9;V;,  (6.14b)
av; = —4nG oy, (6.14c¢)

R 3
OR; = —4nG [Vai -V 0] —20:VOVi, = 5 OVOV, (6.14d)
DWZ']' = —47TG <Uij — (5@' Ukk) - &VajV, (6.146)

DZij = —AnG V(Uij — 045 Ukk) -2 875V(i Gj)V + 0V, O; Vi, + Ok V; OV

204Vs 0, Vi — 61 Vi (OVi — Vi) — za,-j (V)2 (6.14f)
where 00 - oi
700 4 i 70 .

As we are not allowed to replace the accelerations by their values in the Fokker La-
grangian, the computations of the potentials V, X , Vi, R; , VAVZ-]-, and Zij should be done
without replacing the value of the accelerations. This will not be the case for the potentials
used in the chapter 8, where we will automatically replace the accelerations by their explicit
values.

6.1.1.b) Summary

Let us summarize the different steps required in order to obtain a Lagrangian giving the
equations of motion at the 4" post-Newtonian order:
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1. Compute the instantaneous metric at the h = (EOOM, EOZ, 7Y = (1/%,1/¢%,1/c) order
by computing the different potentials V', V; etc. This metric is parametrized by the
trajectory of the particles (ya(t),va(t),aa(t),ba(t),...). The chapter 8 will provide
more details on how these potentials are computed. Let us just point out here that
these potentials were already known at the required PN order.

2. Inject the post-Newtonian metric into the gravitational and the matter parts of the
action S = S, + S, defined in equation (6.3)—(6.4).

3. Integrate over d®z the Lagrangian density £ obtained in order to get the Fokker La-
grangian L. This integration requires a regularization scheme for the ultra-violet di-
vergences due to the point particle approximation (cf section 6.1.2) as well as another
regularization scheme for the infra-red divergences due to the post-Newtonian expan-
sion of the metric (cf section 6.1.4).

4. Compute separately the terms due to the non-local part of the metric (tails). This is
done in section (6.1.5).

6.1.2 UV regularization using Hadamard partie finie regularization

6.1.2.a) Point particle approximation and UV divergences

The ultra-violet (UV) divergences that appear in this section are due to the point-particle
approximation done in our formalism. In fact, the two compact objects are described by
Dirac delta functions in the energy-impulsion tensor T#

T% = [1,6%) [& — y1 (1)) + fi26®) [ — yo(1)] (6.16a)
T% = 1116 [ — y1(t)] vl + 1126 [ — ya(t)] v}, (6.16b)
T = 1168 [ — yy ()] viv] + p26® [@ — yo(t) | vhed . (6.16¢)
where
1 1
pA = mac ; (6.17)
\/—(gw)AvﬁvZ‘ V—(9)a
ﬂA = (1 —+ vAZUAZ) HA , (618)

where v{ = (¢, v4), where (g, ) is the metric evaluated at the point A and where (g) 4 is the
determinant of the metric at the point A. At the Newtonian order, we have p; = fiy = my
and ps = fio = my. This point-particle energy-tensor impulsion generates divergences that
would not appear if we modeled our compact bodies by extended spheres.

To get more insight on this UV divergence, let us consider the case of Newtonian gravity.
In classical physics, the gravitational potential Uy created by two masses m; and mg with
position y; and ys is given by

mi ma

UN(.’E): =+ ,
|z —y1| |z —y2

(6.19)
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and the acceleration of the particle 1 is given by

a; = [VUN] (6.20)

T=Y1
Injecting, (6.19) into (6.20), we see that the first term of (6.19) leads to a divergence due
to the point-particle approximation. It is solved by saying that the particle 1 does not feel
its own field (due to the action-reaction principle) so only the second term of (6.19) should
be injected in (6.20). Said otherwise, if we have taken extended fluids balls to model our
two bodies, because of the third law of Newton, the overall contribution of the potential
generated by the first body on its own acceleration would exactly cancel out: the body m1
does not feel its own field (cf for example the discussions made on that matter in the book
[155)).

In general relativity, the non-linearities of the theory prevent us from such an interpre-
tation. In fact, at the Newtonian order, the potential V' is the same as the Newtonian
gravitational potential Uy. However, as can be seen in equation (6.32), the metric will de-
pends on higher power of V such as V2. V2 will contains different terms diverging at the
point 1, and in particular crossed-term ~ % that corresponds to the interaction
between the fields generated by each bodies. It is therefore non-trivial to compute how such
interaction terms affect the motion of the first body, and this is the reason why we need
regularization techniques that will provide explicit formulae to deal with these divergences.

In the case of the Fokker Lagrangian, these divergences appear when we perform the spa-
tial integration of the density Lagrangian in order to obtain the ordinary Fokker Lagrangian.
I.e. the integral

Lp(t) = /d%ﬁ(t, x), (6.21)

diverges when © — ya. Note that these divergences also appear in the matter part of the
action since the matter part contains terms of the form F(z)d®)(x — y4), where F(x) is
divergent in y4.

6.1.2.b) Hadamard partie finie regularization

In this section, we present a first regularization technique, called the Hadamard partie finie
regularization. Let us assume that we want to integrate the function F'() which is a smooth
and well-defined function everywhere except at the positions of the two particles y; and ys
where it may show poles, and let us compute

I= Pf/F(a:)d3cc, (6.22)

where Pf denotes the Hadamard partie finie regularization that we are going to define. We
start by defining the partie finie of the function F' at the particle 1. For that, we first perform
a Laurent-expansion of F' around « = y;. When r; — 0, we have for all N € N

Fl)= Y ] fplm)+o(rl), (6.23)
po<p<N !
where 71 = |z — y1| (and r2 = [z — y|) and where n is the unit vector n; = * ¥ From
(6.23), we first define the partie finie of F' at the particle 1 as the angular average
dQ)y
Fyri=[— .24
(F)1 ym {o(nl), (6.24)
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where d2; is the solid angle element on the unit sphere centered on y;. Now, we are going
to define the partie finie of the divergent integral of F'. For that, we integrate I’ on the whole
space! R3 except to balls B;(s) and Bs(s) centered on y; and yo with a radius s. Then we
add to that integral different terms (cf equation (6.25)) that depend on the partie finie of
F' at the point y; and yy such that the limit s — 0 of the whole sum is finite. Hence the
Hadamard partie finie of the integral of F' is defined as

Pfsl,sz/d?’w F(x) = lim {/ Bz F(x)
50 LJR3\B1(s)UB2(s)

+ar Y S <F)1 +4r In (S> (F3F), +1 ¢ 2}.(6.25)

p
piseo P3N 51

One can check that this quantity is indeed finite. The two constants s; and sy are arbitrary
scales that have been introduced and that reflects some arbitrariness in the choice of the
shape of B; and Bs. In fact, we could check that changing the shape of these two balls
would correspond to a redefinition of s; and ss.

We have to extend the equations (6.23)—(6.25) in the case where F' contains logarithmic
divergences when & — y;. For example, if F' admits the following Laurent-expansion:

F(x) = Z ¥ [{p(nl) +1Inrg pr(nl)] +o(r]). (6.26)

po<p<N

In that case we still apply the prescription (6.25) with the following value for (F);:

(F), E/dQl [{o(nﬂ +lnr’1]fo(n1)} , (6.27)

4
where we have introduced a new constant rj. Therefore, the final result of (6.22) might
depends on the constants s, s2, r] and 7.

The partie finie (Pf) regularization is a very powerful tool that has been used to deal
with UV divergences up to 2PN. Starting at 3PN this technique is not powerful enough
and leads to incomplete results. One of the main limitation of this technique is that the
equation (6.24) explicitly breaks the Lorentz invariance and has to be amended in order to
be compatible with Lorentz invariance [74]. For example, the 3PN equations of motion were
first computed using this regularization technique ([72, 73, 74, 75]), and the result obtained
contained an ambiguity parameter called A. The computation of this ambiguity parameter
from first principle was achieved in [156] by introducing a more powerful regularization
technique called dimensional regularization.

6.1.3 UV regularization using dimensional regularization

6.1.3.a) General principle

Dimensional regularization is a technique that has been extensively used in quantum field
theory for a long time and that has been introduced in the case of post-Newtonian theory in
the 2000s. The principle of dimensional regularization is to compute all our quantities in d+1

1We assume that the integral is convergent when r — oo in this section. If it is not the case, then an extra
regularization technique to cure infra-red divergences has to be performed as explained in section 6.1.4.



92 CHAPTER 6. AMBIGUITY-FREE EOM AT THE 4PN ORDER

dimensions (instead of 3+1 in classical GR), where d is a complex number. All the computed
quantities are therefore finite and well-defined for d belonging to a certain part of the complex
plane, and these quantities can be extended by analytical continuation to the whole complex
plane d € C except for some isolated poles. They are then two possibilities: (i) either we
express a physical observable as a function of another observable and no divergence should
occur when we take d — 3, (ii) or we express intermediate results (such as the equations of
motion) which are gauge-dependent and divergences in 1/e (where ¢ = d — 3) might occur.
In that latter case, we can either keep the 1/e poles in our intermediate result (knowing that
they will cancel out in the final gauge-invariant result) or absorb it through a redefinition of
the word-lines of the particles called a shift.

6.1.3.b) The Einstein equations in d dimensions

We can derive the Einstein equations in d dimensions by considering the Einstein-Hilbert
action in d dimensions with a gauge-fixing term

3 dd-‘rlm o ) - 1 .
e / /0| (DT, ~ TATN) = Sou T + S0, (629)
0

where £y is an arbitrary constant length-scale that we introduce, and G denotes Newton
constant in 3 dimensions. We can absorb the factor 63_3 into Newton constant and define G
the Newton constant in d dimensions to be G = G NES*S. The matter action in d dimensions
is still the usual matter action given by

S == _mac’ /dt\/_(guV)A vl /2, (6.29)
A

In that case, the Einstein equations in harmonic coordinates become [156, 17]:

,  l6rG y y
O = =22 1gIT™ + A, (6.30)

where the only differences between (6.7) and (6.30) are (i) G that is now defined as G =
G Nﬁg_?’ where G is the Newton constant in 3 dimensions and (ii) the expression of A*”
that in d dimensions reads:

1
AP = — W92 b + 0,h 0, + 3 9°? g, O\RPT O WA
— 9 gur NPT O — g7 g OART RN + g g T ONRH DR

1 1
- ap, Bv _ _af pv _ AT TE
+320°9% — g°%9") (9rGer — T Gregae ) DO, HTC (6.31)

Notice the factor -1= which is the only difference between the equation (6.31) and (4.5).
Therefore we need to extend the expression of the metric (6.13) as well as the definition
of the potentials (6.14) in d dimensions. The result has been computed in [156]. Defining

—00i4 _ —00 i1
7 1152(d QZlh_ +h

T , it reads

00ii 4 4 [d-=1_, d—3
SR 7 LS e S e 32
02V ct d—2v d—2 (6.32a)
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8 (. & o 1fd—1\* 5 .d-3 (d—1)(d — 3)
I (2}?. VV) +0O(7) (6.32b)
- 63 (2 5 (2 d 2 9 .
i 4 16
R = —C4<W %W) = ( 51]2) +0(8). (6.32¢)
where the potentials in d dimensions are defined by
Ov = —4nGo, (6.33a)
OK = —4nGoV, (6.33Db)
L Vo  2(d—3) d—3 I’& A
DX——47rG{d_2+ -1 Usz—F(d_Q) <2+K>}+WZ]@]‘V
ov e 4L oy, Ad— ) 2 90V 9.V
+2V; 0:0;V + 2d— 2)V8t V+ Hd=2) (0 V)" —20;V; 0;V;, (6.33¢)
av; = —4nG oy, (6.33d)
A ArG [5—d d—1 _d-1 d(d )
5 Okk d—
O ii = —4 ii — 044 .33f
Wij WG(UJ 5Jd—2) 2= 2)8V8V (6.33f)
A 4rG Okk d—
DZij = -7 V(O'ij — 0ij 7 2> ) (9tV(i )V + 9V 0;Vi + O Vi OV
) d(d — 1) 2
— . . —_— ] —_— i — .
201V 05y Vi i OV, (OkVin — Om Vi) S(d—2)° i (0:V)
(d—1)(d—3)
2(d — 2)2 9V opK. (6.33g)

For example, in 3 dimensions, at the Newtonian order we have

G G 1
v o= SN N2 L g (2) : (6.34)
1 ) C
which becomes in d dimensions
20d—2)k (Gmi  Gmy 1
d) _
v 22 <d2+ "> +O<CQ>, (6.35)
- 1(%2) . . F
where k£ = —425 and I is the Euler function. The constant k is defined such that
T2
A(kr?=?) = —476@(z) in d dimensions. For the rest of the manuscript, we will use for

simplicity the same notation G for the Newton constant in 3 dimensions (Gx) and in d
dimensions (Gn¢473).

6.1.3.c) Difference between dimensional regularization and Hadamard partie
finie

In practice, we do not apply dimensional regularization for UV divergences right away.
It is in fact easier and clearer to do a first computation in 3 dimensions only, using the
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Hadamard partie finie, and then to compute explicitly the difference between the dimensional
regularization and the Hadamard partie finie for the UV divergences. We define DI as the
difference between equation (6.22) and its generalization in d dimensions:

DI=1D_T, (6.36)

where

d
@ = / F@ (x);f'; . (6.37)

where F(4) is the generalization in d dimensions of the function F. To compute (6.36),
we start by doing an expansion similar to the Laurent expansion done in (6.23), but in d
dimensions

r1\ %
Fh(z)= Y 4 (el) £ ) + o(r)) (6.38)
Po<p<N 0/ 1
90<q<q1

At the 4PN order, there is no pole in 1/¢ in the integrand F (@) which enters the source of
the Fokker action. Therefore F(?) will tend to F' when d — 3. This leads to the following
equation relating the expansion of F(4=3) and F@ around y;

f 57 () = fp(ma). (6.39)
a=qo 1 1
As shown in [157], the difference (6.36) only depends on the coefficients f;, and f; §,‘2 that
describe the function F' around y; and reads
Qoge & 1 51 (e)
DI =2 q;o {q o+l (eoﬂ (e 1602400, (6.40)

where the spherical average performed in d dimensions is defined by

(flar = Cmédl(lnl) f(n1). (6.41)

The volume of the (d — 1)-dimensional sphere, embedded into d-dimensional space, is given

by Qq4-1 = 277%/F(%); for instance, )y = 47. Actually, we can see that the Q4_1’s cancel out
between (6.40) and (6.41).

At the end of the day, the constants s; and so that were introduced in the Hadamard
partie finie regularization, disappear when computing the difference with dimensional regu-
larization using the equations (6.40). In exchange, the result contains 1/e poles, as well as
the length scale constant £.

Similarly to what is done in 6.1.2.b), the equations (6.38)—(6.40) have to be adapted in
the presence of logarithm divergences. In the case of Hadamard partie finie, the logarithm
divergences introduce the constants In} and Inr}. These constants vanish when we compute
the difference with dimensional regularization and are replaced by In ¢y [156]. However, (i)
we set o = 1 for simplicity in the rest of the manuscript (except in the expression of the
shift in the appendice B) (ii) the specific shifts we apply systematically replace the In ¢y by
In7} and Inrj for conveniency. Therefore, our final result in d dimensions (after application
of the shifts) contains the constants Inrj and Inr) through the quantities Inry and Inr{
defined in the equations (7.10).
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6.1.4 Infra-red regularization
6.1.4.a) Infra-red divergences

In order to obtain a post-Newtonian expansion of the Fokker Lagrangian, the instantaneous
part of the metric injected in the total action S = S, + Sy, is post-Newtonian expanded.
The post-Newtonian expansion of the metric is valid in the near-zone only and diverges when
r — oo. Therefore, when we integrate over the whole space the Lagrangian density expressed
with the post-Newtonian metric h*¥

/ &z Ly (W) (6.42)

divergences appear because the integrand L, (ﬁ“”) blows up for r — oo. These infra-red

(IR) divergences appear only at the 4PN order in the Fokker Lagrangian and we also use
regularization techniques to cure them.

6.1.4.b) The Finite Part regularization

Let us focus on the infra-red regularization of the integration of a generic function F. We
only want to study the infra-red bound at infinity, so we define

Ig = / o Az F(x), (6.43)

where R is a sufficiently large radius. Similarly to the Finite Part (FP) regularization

B
introduced in chapter 4, we multiply the function F' by a factor (%) where B is a complex

number whose real part is negatively large enough so that the integral

/T & (:0)3 Fla), (6.44)

is well-defined. For functions that admit an expansion at infinity of the type of (6.46), the
result can be extended for values of B through all the complex plane except for isolated poles
by analytical continuation. We then define the Finite Part regularization by doing a Laurent
expansion of the result when B — 0 and taking the Finite Part in B (i.e. the zeroth power
of B in this expansion)

r

B
HR __ 3
bes _g:%/rwd a:(ro) F(z). (6.45)

It is important to notice that (6.44) is well-defined for RB negatively large enough while the
regularization used in the MPM algorithm required 8B to be positively large enough. This
is due to the fact that we are regularizing an IR divergence while the MPM algorithm was
facing an UV divergence. We are going to provide an explicit expression for (6.45). For that,
let us develop F' when r — oo as

F(x) = Z > ep(n) +o <7jv> . (6.46)
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By injecting (6.46) into (6.45) we find that

IRh == 3~ R / Q2 pp(n ( ) / Qs p3(n (6.47)

psﬁ?)

which is the formula that is used to perform the IR Finite Part regularization. Notice that
it depends both on R and rg. The dependence on R disappears when we compute the full
integral

I= / dBxF(x) = / <Rd3wF(w)—|— / >Rd3xF(w). (6.48)

Note that the Fokker Lagrangian, or the equations of motion are not observables but inter-
mediate results, that depend on the choice of gauge, and can depend on gauge constants
such as sy, s9 or rg.

6.1.5 Adding the tail effects in 3 dimensions

According to the matching equation we recall that we have (cf equation (5.41))

FrPt—rfc)—F¥(t+r/c
ZH { (ELREE RS )

g
Z g‘ L{R’” (t—r/c) 2TR‘£”(t+r/0)} | (6.49)

where the term Egzrt corresponds to the metric computed with the potentials in equations
(6.32). The terms depending on F7* correspond to dissipative radiation reaction terms at
2.5PN and 3.5PN. As we are only looking to the conservative part of the dynamics, there
is no need to include them here. The last terms depending on R}” correspond however to
the tails back-scattered into the near-zone and contribute to the conservative part of the
equations of motion at 4PN. We have therefore to include them in the Fokker Lagrangian.
Therefore, we are interested in computing

o A (TR,
C =0 : T
with (cf equation (5.33))
B (S)
RV — FP/d3 <SO’) “%L/l ()M (@t — 2z )c) . (6.51)

In equation (6.51), we have replaced the ro by another constant sy because as we are going
to see, we do not control the scale at which the tail is back-scattered into the near zone when
we do the computation only in 3d. This term is explicitly known for compact binary systems
since 1993 [150] and is given at the leading 4PN order by

. 2 R
" = szx]/ drIn (CT> Ilm( )+ O ( ! ) (6.52a)
0 2s9) ¥
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—0i 8G2M . [*o° e\ (6) 1
—ij  8G*M [too et \ (5 1
=S [ a5 ) im0 () (0:02¢)

By injecting (6.52) into the Fokker Lagrangian and computing its contribution at 4PN in
the action we obtain, after discarding total time derivatives

ai G?M  [+eo oo cT 7
st = [ Catr [ arm (50 ) [[Pe-n - 1P 0] (659

6.1.6 A first result in disagreement with self-force computation

In [92], Bernard et al. computed the 4PN Fokker Lagrangian using the method described
above. This result contains one ambiguity parameter o« = In (Z—g), where rg is the constant
introduced in the Finite Part regularization for the infra-red and sy the constant normalizing
the logarithm in the tails. This constant was adjusted in order to be in agreement with the
energy of circular orbits predicted by self-force computation in the small mass ratio limit
(v — 0). However, by doing so, they did not recover previous results obtained by Damour,
Jaranowski, Schéfer [90]. Moreover, their result was in disagreement with the prediction of
self-force computation of the periastron advance, while Damour, Jaranowski, Schéfer’s result
was in agreement with these predictions.

The discrepancy between Bernard et al. [92] and Damour et al. [90] can be parametrized
by only two coefficients called ambiguities. If L, is the Fokker Lagrangian obtained through
the method described above, then the following Lagrangian Lo is in agreement with the
self-force results [93, 154]

2,2
Lo=11+ G4%(51n121}12 + (521)%2) , (6.54)
12
with 2179 192
§ = 2, = 202 6.55
1 315 ) 2 35 ( )

This discrepancy is imputed to the Finite Part regularization method for the IR which no
longer provides a complete result at 4PN. This regularization method breaks the Lorentz
invariance of the underlying theory which is a strong hint that it might not work at high post-
Newtonian orders. Therefore, it was decided [94] to compute the Fokker Lagrangian using
systematically dimensional regularization. In fact, this regularization technique that has
been used in particle physics for decades has proven to be extremely powerful in perturbation
computations, and does preserve the Lorentz invariance of general relativity.

6.2 The systematic use of dimensional regularization

6.2.1 Infra-red dimensional regularization
6.2.1.a) The method

We are now going to consider dimensional regularization to cure both IR divergences and
the UV divergences (as described in 6.1.3).
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Denoting F(@ the version of F in d dimensions, we define

DR dd
2 :/ —— F(z). (6.56)
>R £

To compute explicitly (6.56), we first define the expansion of F' (@ when r — oo
1
FO@) = Y Z ( ) el (n). (6.57)
P=—Ppo —a

Similarly to equation (6.39), the fact that F(?) does not have a pole when d — 3 can be
translated into the following equation

q1
> e (n). (6.58)
=40
Injecting (6.57) into (6.56) we find that
R3_ R c
I /dQ2 o)+ 3 { e (60)] /dam o) (n)+0(e) .

p7é3 9=—qo0
(6.59)

It is interesting to compute the difference between the Finite Part and the dimensional
regularization for the IR divergence DIx = IgR — I7€R. Doing so, we obtain

DI = 3 [ L (2)] / - 6$)(n) + O (e) . (6.60)

9=—qo (¢ —1)e

Note that the pole 1/¢ here is an IR pole.

6.2.1.b) The result for the instantaneous terms

Using the equation, (6.60), the difference of the instantaneous part of the Fokker Lagrangians
computed with dimensional regularization and Finite Part regularization for the infra-red
divergences was computed in [94]. If we apply to this difference the specific shift x provided
in the appendix B equation (B.7), it reduces to

prim — & [—21 (@”’)] (1)

5¢8 Y

€ 0
G*mmim3 [ 2479 , 1234
Srf,  \as0 M2ve) iz ) 009, (6:61)

where we have defined ¢ = 4weYE with vg being the Euler constant. Besides, it is crucial

2
that (I Z-(f)) is taken in d dimensions, which brings extra ¢ corrections

2 @Pmim? 88 € qr
(Ii(.?)) = # <_3(n12vl2)2 + 3211%2) [1 -3 In <\/i012>]

T2
G3mim3 [ 836
+ €7A12< 9 —(n1ov12)® + 961}%2) +0 (52) . (6.62)
12
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6.2.2 The tails in d dimensions

The following corresponds to the contribution of this thesis in the results presented in this
chapter. For conveniency, we set {5 = 1 in this section, and we restore the constant ¢y for
the result of the computation.

6.2.2.a) The matching equation in DimReg

The result presented in (6.53) corresponds to a computation in 3 dimensions, using a Finite
Part regularization (cf equation (6.51)), which as we have seen is incomplete (presence of
ambiguities) at 4PN. Therefore, we are going to show how to derive in dimensional regular-
ization the contribution of the tails to the Fokker Lagrangian. In d dimensions, the retarded

propagator Dr_ei(d) becomes
1) [ _IE:/ J ,/+°° F(a/,t — zlz — | Jc)
Ut [F} T 4r dz 1 dz ’71%4 (Z) |:L' — .’.l}/‘d72 ) (663)
- d_
where k = F(iill) (I" being the Eulerian function) and
m2
2 1-d
Y pp——C— (6.64)
2

NEDNEY

It turns out that we also need to introduce a new regularization factor r” in order to have

only convergent integrals. This regulator is exactly the same as the (%)B factor introduced
in the Finite Part regularization, but now considered in d dimensions. We thus denote it by
a different name. But it turns out that, in d dimensions, in contrast to 3 dimensions, no 1/n
pole should normally remain in our final result. Therefore we define

ot D[ F] (6.65)

[F] =0
with the prescription that we should take n — 0 at the end of the computation (i.e. after
having taken ¢ = d — 3 — 0). This procedure is called the ne-regularization technique.

In order to compute the tails in d dimensions, we need first to derive a new matching
equation, similar to equation (5.41), but in d dimensions. The first step is to extend the
lemma 1 (i.e. equation (5.32)) to d dimensions. This has been done in [94] (cf equation
(3.15) in [91] ), and the result is

Ort @ [M(A)] = Ot @ M) + 7D (6.66)
where
7. Foo +oo
R R ()R e
H =~ qgo a jZOA Zg dzyi-a(z)

(6.67)

M (A“V(2j)> (y,t— zr’)]
y—a’

7"/d72
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Now, we can see that H D plays a role similar of the last term in (5.32). Based on that
remark, it can be shown that the matching equation in d dimensions leads to

v 167G =

Eﬂ
ct

Ol [ 7] + H O (6.68)

H( D is therefore the generalization in d dimensions of the quantity computed in equations
(6.50)—(6.52) and contains the tails that we want to compute.

6.2.2.b) Computing the tails

In order to compute the tails in d dimensions, we have to compute at the lowest 4PN
order the equation (6.67). For that, we need to compute through the use of the MPM
algorithm, the lowest-order terms in A" contributing in equation (6.67). The part of the
first post-Minkowskian metric that depends on the mass multipole moments can be written
in d dimensions as

hOO — Z E' aLIL s (669&)
h) = Z gl aL Vi (6.69b)
ij 4G -1)¢ 2
Wy = Z O 210 s, (6.69¢)
where I7(t,7) is the generalization of M in d dimensions and is defined as
- L +00
Ip(t,r) = ﬂ/ dzyia(z) IL(t — 2r/c), (6.70)
T 1 2

which, in the monopole case, reduces to M(r) = kMr?~¢. The lowest order of the source
A is given by its quadratic part N (h, h) that can be deduced in d dimensions directly from
(6.31). It reads

3(d —2)

NMX[M = h aoohlkl — h}ila'?]hoo 2(d )a h 8 hIkl + 8 h a(]hjkl s (671&)
NMXIM == aoohlkl 2(d )8 h aohlkl + 8 h/ 80h[k:l
+ ;%7 (0ihy — 0; hlkl) , (6.71b)
God—2 d—
N]\‘}XIM = _h[])\9[a(2)0h1]kl + dfa(lhg)\ga )hlkl - ( )6Z]akh akhlkl
— 0i;05h386h%" + 20,135 A0h7)Y . (6.71c)

Therefore we need to inject the .fij and the M part of the metric into (6.71) and inject the
result into (6.67).
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For the interaction M x I;;, the second post-Minkowskian order of A* is a sum of the
form

+oo
Z rk=2 g /1 dy 'y,l,%(y) FI"(t —yr/c), (6.72)
7p7

where the finite sum ranges over integers k, p, as well as the multipolarity ¢ and the functions
FI'" are made of the products involving M and time derivatives of I;;. Injecting (6.72) into

(6.67), we get
+00 00

HO (@,1) =3 Z — ATay [y (6.73)

(=0 j= O
where, the j-th iterated inverse Poisson operator A=/ acts on 7, as
F(f + %) r2ig L
D(+i+9) 290

Ay = (6.74)

and f1 is given as

k
g (—D)kCy I'(2e —1n)
L 20+1+e T(l+k—1+2—n)

o0
x /O dr 72 k=1 oy (6.75)

cy * are dimensionless coefficients given by
k Hoo
Cyt = /1 dyy” y-1-£(y)
+oo d (+k—2+2e—7 6.76
< [ Tasy+2) T3, (6.76)

that can be computed in analytic closed form as described in the Appendix D of [94].
If we apply the formulae (6.75)—(6.76) to obtain the leading tail effect in the metric at

.+ 77(d)00di ()00 | A (d)ii
the 4PN order, we get (with D00 2:[(d - 2)7-[( 100 4 7@ )]
27 (d)00ii 8G2M id /*00 Vgt i 61 (7, ( 1 )
H = 15a0 & ; dr |In 20 + — 0 Li/(t—7)+0 ) (6.77a)

—(doi _ 8GEM [+ o/qr 1 107| () 1
A = - a:]/o ar i {7 _f+120 19t -m+0 (), (6.77)

—(d)ij SG*M /""’O c/qT 1

= dr l1 _ -
" & o T 2 ) T2
The equations (6.77) are therefore the generalization in d dimensions of the result pro-

vided by the equations (6.52). If we inject the tails in d dimensions into the Fokker La-
grangian in d dimensions, their contributions to the action turn out to be

: G*M too C\/qT 1 41
tail _ 3) q
dt I;; dr |n _ =
Sg 568 [ t ( ) A [ ( 204 ) 60

I<5>( )+ 0 (;0) . (6.77c)

(1Pe-m -1 +7) .
(6.78)
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Therefore, the difference between the tail part of Fokker Lagrangian computed in d dimen-
sions (equation (6.78)) and in 3 dimensions (cf equation (6.53)) is

1 41 NGED (3)\2
—5++2ln<)] (I ) : (6.79)

2 i

tail __
DL =

In equation (6.79), the pole is a UV pole, and exactly cancels the IR pole in equation
(6.61).

6.2.3 Conclusion

The difference between the Fokker Lagrangian obtained using the method described in section
6.1, and the Fokker Lagrangian computed using systematically dimensional regularization is
therefore the sum of (6.79) and (6.61). If we add these two contributions, we see that the
1/e pole disappears non-trivially as well as the In (%) terms. The remaining term in the

total difference is

Gimm3m3 ( 2179

B 192 , )
ASri, 315 ’

total __
DLQO al = ng

(n12v12)* + (6.80)

which corresponds exactly to the ambiguities introduced in (6.54). Therefore, the work
done in [94, 2] shows that the computation of the Fokker Lagrangian using systematically
dimensional regularization yields the 4PN equations of motion without any ambiguities from
first principles. The resulting 4PN Lagrangian is shown in appendix B. Let us emphasize
again that this Lagrangian, is today the only derivation from first principles of the 4PN
dynamics, that it agrees with the result from Damour-Jaranowski-Schéfer [90], and is in
perfect agreement with the predictions of the conserved energy as well as the periastron
advance of self-force computation in the small mass ratio limit.

Indeed, in the ADM formalism results obtained by Damour, Jaranowski and Schéfer
[90, 91], the full 4PN dynamics is not entirely derived from first principle due to one remaining
ambiguity parameter C that needs to be fitted to self-force computation of the energy for
circular orbits. This ambiguity is due to the scale entering the logarithm in the tail effect.

While the full 4PN dynamics has not been derived yet using the effective-field-theory
(EFT) framework, significant results have been already published within that method. In
particular, the effect of the tail on the dynamics has been computed in 2016 by Galley et al.
[98], and our result (6.78) -and in particular the coefficient 41/60- is in perfect agreement
with their own result (cf equation (3.3) in [9%]). This is the main reason why we think that
the EFT method might be able to computed the 4PN dynamics from first principles as well.



7 — Conserved quantities and
equations of motion in the center of
mass

In this chapter, we are going to study in detail the dynamics generated by the Fokker La-
grangian at the 4" post-Newtonian order derived in the previous chapter and provided in
appendix B. In harmonic coordinates, this Lagrangian is manifestly invariant under the
Poincaré group transformation. This leads to 10 Noetherian conserved integrals of the mo-
tion: the integral of the center of mass associated with the invariance under Lorentz boosts
(3 conserved quantities), the conserved angular momentum associated with rotations (3 con-
served quantities), the conserved energy associated with the invariance with respect to time
(1 conserved quantity), and finally the conserved linear momentum associated with transla-
tion invariance (3 conserved quantities).

We first compute explicitly the center of mass at 4PN in order to define the center of
mass (CM) frame at 4PN. Once this is done, we systematically work in the CM frame where
all the results are significantly simpler. The next steps are to express the acceleration in the
CM frame of the compact bodies, and to find a CM Lagrangian, i.e., a Lagrangian whose
Euler-Lagrange equations yield the dynamics of the Fokker Lagrangian expressed in the
CM frame. We then explicitly compute and provide the CM conserved energy and angular
momentum. Finally, we study the dynamics of circular orbits at the 4PN order, as well as
the dissipative effects.

The content of this chapter is mainly based on the work published in [3].

7.1 Conserved integrals of the motion

Any physical quantity @ investigated in this chapter is the sum of (i) many instantaneous
(local-in-time) terms up to the 4PN order, (ii) the non-local conservative tail term arising
at the 4PN order, and, in most cases, (iii) (see section 7.2.3) dissipative radiation-reaction
terms present at the 2.5PN, 3.5PN, as well as the 4PN orders. Accordingly, we write

Q _ Qinst + Qtail + Qdiss ) (7_1)

Since the long explicit results presented in this chapter concern the instantaneous part of
the dynamics, we adopt the convention that any Q™" is directly given by the sequence of
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its PN coefficients Q,,pN:
inst 1 1 1 1 1
Q™ = On + ZQpN + @opn + FQapN + QN + O | 55 ) - (7.2)

Furthermore, as the 4PN coefficient is especially lengthy, we split it into non-linear contri-
butions corresponding to increasing powers of G:

QapN = QA(L%)N +G QSD)N + GzQEﬁD)N + GsQng + G4Q$§N +G° ng : (7.3)

7.1.1 The center of mass

To begin with, let us display the CM position G defined as G = Pt + Z where P is the
conserved linear momentum and Z the conserved CM integral. G satisfies

dG
=P 4
dt ’ (74)

while Z and P are conserved (% =0 and ‘% = 0). The complete results are

Gn = miyr +1 ¢ 2, (7.5&)
Gmim myv?
Gle:y1<— 2T1122+ ;1>+1<—>2, (7.5b)

2,2 2 2
5G*mima  TG“mims

2 2
4riy 4riy

7 7
Gopn = ’Ule1m2< - 1(”1201) - 4(711202)) + Y1 < -

3 4 G 1 1 1
it G (L)t~ Lo o)+ L
19 7 7
+ gv% — Z(’U]_’UQ) — 81}%)) + 1+ 27 (75C)
235G2mimy 235G i my
Gapn = v1 (24m ((n12U1) — (n12v2)) - Tm ((nuvl) - (711202))

5 3 3
+ Gmima (12(”12111)3 + g(n12vl)2(n1202) + g(n12vl)(n12v2)2

5 15
+ E(TLHUQ)?’ — g(nlgvl)v% — (7112212)1)% + Z(nlzvl)(vﬂ&)
1 , 15 )
+ i(nmvz)(vm) — (n12v1)v; — g(nlgvg)%
5miv G 1 1
+ 1( ﬂ;gvl T;L;ng (16(7112111)4 + g(n12vl)3(n12v2) + TG(n12U1)2(n12U2)2
+ }(mzm)(nuvg)?’ — i(mzvz)4 — i(num)%% - 1(71112111)(n12vz)vf
4 16 16 2
11 53 3 3 5
- g(nmw)%% + 1761)411 + g(n12v1)2(’0102) + 1(n1201)(n121)2)(1)1v2) + Z(n1202)2(v102)
1 1 5 5
— 51)%(1)17)2) + g(v1v2)2 — Z(nlgvl)%% — g(nlgvl)(nlgvg)v% + E(nlgvg)%%
31 15 11 G?*m3ms (79 17
+ E’U%U% — g(vlvg)v% - 161}3) ﬁ (12(n12vl)2 _ E(nuvl)(nlﬂ@)
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+ G (n12v2) 51U + — 3 —(v1v2) — 3@2> + 7"%2(_ g(nlwl)
29 2 101 240 139
 1g(m2vn)(mzve) + g(”uvz) + 0 — g (vve) + 241;2>
196G m3m} N G3midms (13721 22 <r12> )
8ri, rly,  \1260 3\ 7}
+G3m1m§<_ 14351 22 (7“12))) e e
i 1260 ' 3 \ 1} 7 (7.5d)
together with
35
o = 128m1y10§ +12, (7.6a)
1 13 11
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5 11 13 1
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+ %(”12”1)(”12”2)3 - %(”1202)4 + 23i07(n1201)2(0102)
+ %(nuvl)(nuvz)(mvz) + 6*3(”12112)2(@102) + 2231 (v1v2)* — %(nlgvl)%%
+ %(num)(nuw)v% - %3(711202)20% - 1(2)31(5)3 (111112)11% + %Uf — %(nmvl)%g
+%(”1201)(”12U2)U§ + %(1)(”1202)21)% - %93(@102)1)% + %:Ogv%v% ?:5’@3] }
+1&2, (7.6¢)
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o _ mlmg [ 213929 2201 (m)] N mym} [215279 220, (m)]
PN iy 3600 7 riy L 3600 3 rh
mlm {1301639 1, 161 <r12> 1o (mﬂ N mim3 [_144347
riy | 12600 2 h 3 rh i, 1800
11, 88 (ri ]}
— —In({——)—161n 1+ 2. 7.6
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The frame of the CM is defined by G = 0, which we solve iteratively for the variable
y1 and ys starting from the Newtonian order, up to the fourth PN order. Doing so, we
have to replace several times the accelerations by their values in the CM found at the
previous post-Newtonian orders. This standard technique is called standard order reduction
of accelerations. This gives the individual positions of the particles y4 in the CM frame as

= [X2 + v(X1 = X2) Pl + v(X1 - X5)Qu, (7.7)
Y= [~ X1+ u(Xi = Xo) Pz + (X1 ~ X2)Qu, (7.7b)

where = y; — yo and v = da/dt are the relative separation and velocity and where
X1 = my/(m1 + ma) and Xo = ma/(m1 + mz). Besides we define r as r = |z| and n as
x = rn. It is important not to confuse the variables x,n,r used to denote the relative



108 CHAPTER 7. CONSERVED QUANTITIES

separation in the CM, with the field variables also note x,n,r described in the figure A.1.
As the context always clarifies without ambiguity which variables we are using, we will keep
this notation in order to be consistent with the notations used in the literature.

The coefficients P and @ admit the following detailed 4PN expansions:!

2 Gm
P _ 2 _ T 7.8
1PN 5 oy (7.8a)
30t 3vt
P = — —
2PN 3 5
+G7m ﬁ+37'°21/+19v2+3m)2
r 8 4 8 2
G*m?2 (7T v
Lz 7.8b
+ r2 (4 2) ’ ( )
500 11vvs
P _2v 2 6
3PN 16 1 +6v°v
Gm [ 5f4y+21f*4y2 5f2v2+21i‘2yvﬂ
T 16 8 16 16 16

117212 p2 N 53 v4 -
2 16 v 2

4 151/21)4>

G%m? 72 7372y 10102 33v02
. 4722 . 312 12
T ( 3ty YTV TR g v
G3m3 14351 v 2 22 r
- -+ In(— 7.8
T ( 260 T8 2 3 n(rg) ’ (7.8¢)

55 125 1;45V2 — 55V3) v®, (7.8d)

pO _ (_
PN T\ TV TR 2

P4PN_7‘<_128 —|—aur —aur +§V’r +EST/U_674VT/U +674V7"’U
213 53 3 95 515
— 1—6u31'"4v2 — m?’"%‘l + 51/7'”2@4 — §I/2’f'21}4 + 3603720 + mvfj
749 91
—3—211116 + ZVQ’UG + 421/306> , (7.8¢)
2 71133 1007 169 31 541
PR = % <960 i vt R 0 i g 26w — =i
83 5631 139 71 45
—?1/37'“21)2 + %v‘l — TV’U4 + Zu2v4 — 2u3v4) , (7.8f)
3
@) _m’ [ 185497 , 64347 ., 123 5 .5 495 5.5 55 3.9 TN\ 2
Pipy = 3 < 3400 T 1120 vr 1287T vre + 16 Ve 4+ 1 v°re + 11lvin (r())r

'For consistency, we also write the dissipative contributions, coming from the dissipative equations of
motion. These terms come from using the dissipative part of the equations of motion when performing the
standard order reductions of acceleration. We write only those that appear at the 2.5PN order, which turn
out to be only of the type Q2.5p~n (thus, we have Paspn = 0). We also expect 3.5PN contributions Ps.spx
and @3.5pN, but we do not need these to control the 3.5PN terms in the CM energy and angular momentum
(equations (7.38)—(7.41)), and they have not been computed yet.
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+50302% — lluln(
) 0
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2 )
268 r r
2 120v1n (— 7.8h
3 (7‘6’)_'_ Vn(ré)’))’ ( )
and
TGmr
QopN = —— (7.92)
4Gmv?  8G*m?
Q25PN = T (7.9b)
57 1972y 1502 21vo?
Q3PN_GmT<12_ 51 8 1 )
G*m?r [ 235 2lv
; (‘24 - 4) ) (7.9¢)
(1) _ 13 5,25 .5 1725 H32 187 39, 19 5.3 9 123 4
Qipn = (64 327 T T U T g T T g
1
+1i:VTU 211/27'“114> , (7.9d)
m? (4621 13 T 25 37332 95 .o
- 23 2 gy 282'2) 7.9
@ipn = (480 2 Tt 160 T R osAt) (7.9)
0¥ m? (14377 N 71509 4l , 49 ,
4PN T 2\ Tog0 T 5040 © 64 1
292 110 r 44 P\ L
v () - m () - v () (7.99)

We have used the variable 7 defined as 7 = v - n. The CM velocities v4 are obtained by
differentiating the equations (7.7) with order reduction of accelerations. The formulae (7.8)-
(7.9) contain logarithmic terms depending on the gauge constants r{ and r{ (i.e., not affecting
physical results) defined as

Inry = X1Inr] + Xolnr), (7.10a)
X2lnr! — XZ1nv}

Inr! = 1 1 2 2 10b

nry X X, (7.10Db)

We recall that the variables r} and 75 were introduced by the Hadamard partie finie UV
regularization (cf the equation (6.27)); they are then replaced by In ¢y when we compute the
difference between dimensional regularization and the Hadamard partie finie. However, the
shifts that we apply (cf the shifts in appendix B) removed the In ¢y and re-introduced the
ri and 5. This is purely an arbitrary gauge choice that we make, and this has no physical
meaning.

Even if the definition of r{ is not well defined for X; = X (i.e. for m; = my), the results
are still well-defined as no divergence appears in that case when the results are expressed
using the variables 7} and rj.



110 CHAPTER 7. CONSERVED QUANTITIES

7.1.2 Equations of motion in the center of mass frame

Now that the CM frame is defined at 4PN we can present the acceleration in the CM coming
from the Fokker Lagrangian. In reality, the computation of the acceleration in the CM
frame was done simultaneously to the computation of y4 in the CM frame as this latter
computation is done post-Newtonian order by order using systematically standard reduction
of accelerations. The final result is of the form

az—%[(1+A)n+Bv], (7.11)

where the various PN coefficients are given by

372y

Aipn = — +v2+3yv2—G—m(4+2y), (7.12a)
T

1570y 457402 972 po?
AgpN = ;V— ;y — r21/v + 67220+ 3vut — 4020t

G 13v0v?
Al (—2&2—257%—27'«21/2— 7;7) +2V2v2>
T

G*m? 87
+ :2” <9+ 4”>, (7.12b)

357y 175702 1757613 1574 v

6 16 16 T 2
135740202 255741302 1572 vt 2377202 0t
- TR 8 T2 ° 8
4572 13 ¢t 11vod 49125
B 2 Tt T
L Gm (7 gpd, 69 7;4 2

Azpn = —

+ 131200

—307* 0% — 12172 vo? + 1672 202

75 v v
+2072 13 0? + ZU +8V27)4—10V31}4>

+

G?*m? (,2+325737'“21/+117“ v? -2 3+6151*2u772 26987 v v?
’r‘ J—

r2 168 8 64 840
123 v 72 v?
+1/3v2—ﬂ—110r Vln( )—1—221/11 ln( )
64 0 0
G3m3 437y 71?2 Alun?
—16 — — 12
T < - > "6 ) (7.12¢)
up to 3PN order, together with, for the 4PN terms,
315 2205 2205 2205 175 595 2415
ESD)N = <1/ R Mty YL 1/4) 78 (—y RS Y2 R V&
128 128 64 128 16 8 16
735 135 1875 4035 1335 21 1191
+8u4> 700? + (81/ ~ 16 V2 + 16 V3 — 3 1/4) ot + (—2V + — 16 v

2 21 1
327y3 + 99 ) 200 4 (81/ ;51/2 + 6102 54y4> v®, (7.12d)
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7o

7.1.3 Lagrangian in the center of mass frame

7.1.3.a) The general method

The previous CM equations of motion actually derive from a Lagrangian. This Lagrangian,
which is also a generalized one?, can be constructed as follows. We start from the general-
frame Lagrangian, which is a functional of y4, v4 and a4, and admits the CM inte-
gral Gya,v4] explicitly given by (7.5)—(7.6). Then, we perform the change of variables
(y1,y2) — (x,G), where we recall that * = y; — yo. Since to Newtonian order we
have G = myy; + mays + O(c™?), we find for instance y; = Xox + %G + O(c™%) and
v; = Xov + 7711%? + O(c™?). Proceeding iteratively with the help of (7.5)—(7.6), it is easy
to see that the old variables y4 are obtained as functionals of the new variables (x, G) and

their derivatives up to some high differentiation order depending on the PN order. In the

2T.e. it depends also on the acceleration.
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process, we do not perform any order reduction of accelerations, so that we get

2
yA:yA[walvva'v"';Ga%7%7"']- (714)
Plugging those relations into the original general-frame Lagrangian and performing time
derivatives, but still without order reduction of the accelerations, yields an equivalent La-
grangian, which is now “doubly generalized” in terms of the two types of variables, i.e.

L=L[zwva, ;G & ] (7.15)

The ensuing equations of motion read

=0, (7.16)

9z dt\dv/)  dt2 \da

0L _ 9L d <6L) d? <8L)
dx Oz dt

together with the equation g—é = 0, which is necessarily equivalent to the conservation law

for the CM integral, hence we have

oL d’G

— =0 = —= 7.17

0G dt? ( )
As a result, we can choose G = 0 as a solution of these equations. The CM equations of
motion are then given by (7.16) in which we pose, everywhere, G = 0, % =0, ---; these

equations are nothing but the CM equations of motion (7.11)—(7.13). Now it is clear, since
(7.16) and (7.17) are independent, that those CM equations of motion derive precisely from
the Lagrangian (7.15) in which we set, everywhere, G = 0, % = 0, ---, hence the CM
Lagrangian is

Loy = Lz, v,a,--- 50,0, . (7.18)

7.1.3.b) Result

Using the usual notations, the CM Lagrangian is given by £ = Lcn/p, where

2 Gm
£N = ? —+ T y (7198.)
vt 3ver Gm (72v 302 v? G?m?
L -2 _ 7.19b
PN g 8 r 2 2 T3 272 (7.19b)
r w8 vl 13120
PN 76 16 16
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Lv‘l 5vvt 92t Trvra,
8 4 8 4
+G2m2 7*2+417*2V+37'“2V2+7v2 27yv2+y27)2
r2 2 8 2 4 8 2
G’m3 /1 15v
-+ — 1
+ 7"3 <2 + 4 ) ) (7 9C)
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7 (7)
The CM Lagrangian in harmonic coordinates still depends on accelerations starting at 2PN
order, through a, = a - n and a, = a - v, as well as logarithms of r/r and r/r{ (cf (7.10)

5
EELP)N - 5

—lZm/ln( )-+16h1(

" 7"0> —124v1n (
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for a definition of r{, and r().

7.1.4 Energy and angular momentum in the center of mass frame

Now that the CM position is defined at 4PN, we can compute the conserved energy and
the conserved angular momentum at this order in the CM frame. The following quantities
can be computed in two ways: we can take the CM Lagrangian defined in the previous
section and compute them using Noether’s theorem, or we can compute them from the
Fokker Lagrangian presented in appendix B, and then apply the CM transformation (7.7) to
the result. We used these two methods and explicitly checked that they provided the same
answers, which is also a nice way to test our computations. We recall that we only provide
here the conserved quantity of the instantaneous part of the dynamic. The tail contribution
to these quantities are detailed in 7.2.

7.1.4.a) Energy

The reduced CM energy is defined by £ = E/u where i is the reduced mass p = (myms)/(mi+
mz). It reads

v Gm

EN = 5 (7.20a)
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7.1.4.b) Angular momentum

The reduced CM angular momentum is defined by J = J/Jn, which is the Euclidean norm
J = |J| rescaled by that of the Newtonian angular momentum Jx = pa x v. We have

INn=1, (7.21a)
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7.2 Circular orbit and dissipative effects

7.2.1 Effects of the tails

All the quantities provided so far did not take the non-local part of the action into account.
The main reasons why we did so are that (i) there is no analytical closed form to express
the acceleration and the contribution to the conserved quantities due to the tails unless we
specify it for circular orbits, (ii) it turns out that even for generic orbits, the tails do not
contribute to the conserved CM, therefore there was no need to take it into account to reduce
all the quantities in the CM frame.

The non-local part of the Fokker Lagrangian is

. G*M too gy
el = 2 1@ (1) pr / 19
5¢8 t ( )27‘12/0 %) |t — t/| v ( )

_G’M 3 oo ) 4)
SN (t)/o dr 1n<2m) 1Pt -m) - 1P+ (7.22)

The contribution of (7.22) to the acceleration in the CM is

s 4G?M +oo dqt
itail _ i pf / I(G) '
“ 568 . 2ri2/cJ—co |t—t/’ K ( )
8G2M . (3) (3) (6) 2G2% n (3)) 2
J .
+ P T [(Iij lnr) IU lnr} 58y, (ng) . (7.23)

Because of the non-locality of the (7.22), the contribution of the tails to the conserved
energy and conserved angular momentum is rather complex to derive. A proper derivation
of these quantities have been done in [93]. In the case of circular orbit, this derivation leads
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to analytically-closed results that we will simply provide in the following section. For the
remaining of this chapter, all the presented quantities consistently include the tail effect.

7.2.2 Circular orbit

Now that we have the dynamics in the CM frame, we are in the position to reduce all
the relevant quantities to the case of circular orbits. The conservative part of the relative
acceleration is then given by the purely radial acceleration @ = —w?x, the physical content
of which is entirely encoded into the relation between the orbital frequency w and the orbital
separation r.

The tails contribution to w (@%@l = —w? @) is [94, 3]
128 Gm 1
Wiy = =3 | (167) + 2vg + = 5 (7.24)

where we have used the PN parameter v defined as v = %‘Q/[; we recall that g is Euler’s

constant.
The instantaneous contributions are computed by a straightforward reduction of the
equations of motion (7.12)—(7.13) to circular orbits, with 7 = 0 and v? = 7?w? (since we

neglect the dissipative terms). Adding the tail contribution (7.24), we get
G 41
w? = 1;”{1+ (=3+v)y+ <6+4u+u2> 7

75707 41 o r 19 5 3\ 3 rh
+(_10+[_840+64 +221n<r0>}u+21/ +v7 )y + 15+481n(ﬁ)
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10644217 163 , 256 128 r
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{ S5600 +i0aa™ * 5 1Et 5 In(167) +82In 0) 37 “(rg)]
4329 1907 , 992 o7 51, 4) 4}
e T 201n 2 (72
V{336 64 307 )*70 (O)]+4V+V v (7.25)

This is a gauge dependent result, as the separation r refers to harmonic coordinates. It also
depends on the gauge constants r{, and r{ defined in (7.10). Inverting (7.25), we express
v = ng as a function of the orbital frequency w or, rather, of the PN parameter x = (Gg}w )2/3
(cf equation (4.127))

1 9 65
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( v { 2520 192 3 <02r6) 3 ( )} 36 81>

+ ot <1+161n(f;”) 161n (Gm)—@ 3,
0

%)~ 3247 T 243
2067859 256 5411 , Gm
— e - — 2?86l
{ 33600 15 © 3072" v (G 0)
Gmy 256 698
+1241n (2 8)_ e )}



7.2 CIRCULAR ORBIT AND DISSIPATIVE EFFECTS 121

153613 6049 , 1168 /Gm Gmy 992
2 2
{15120 3T Ty ln<c2r6) ~ 2400 ( ”)+7ln( >]> } (7.26)

Let us deal next with the conserved energy as a function of the separation r. All the
instantaneous terms in the CM frame are presented in (7.20). We just need to reduce it for

circular orbits and add the contribution of the tails [94]. This leads to
2
1cy 71 7 49 1 2) , ( 235
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This result is not yet the invariant we are looking for, as it still depends on the constant r{,
and r(. However, these constants are canceled when we replace v by the frequency-related
gauge-invariant parameter xz, using (7.26). Finally, we arrive at

2 2
petx 3 v 27 19 v 9
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Equation (7.28) includes the tail contribution which reads
L 224 2
Erail — —1—5uc2yx5 {ln (162) + 2vg + 7] : (7.29)
The 4PN angular momentum for circular orbits can be found either by a direct calculation,
or from the thermodynamic relation fi—E =w gi, which is a particular case of the first law
of compact binary mechanics; this law has been derived up to the 4PN order, taking into
account the non locality associated with the tail effect [158]. We get

Gum 3 v 27 19 v\
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cx1/2{ +(2+6)$+<8 8”+24>”“"
135 6889 41 , 31 5 T 3> 5
+( [ 144+24 } + + Ve x

16 24" " 1296
2835  [98869 6455 , 128 64
— - (1
(128 [5760 1536 3 /B n( 6‘/”)}

356035 _ 2255 ,) , 215 , 55 4> 4}
B N 7.30
{ 3456 576 " ] Yo 1msY T 31104” )T [ (7.30)



122 CHAPTER 7. CONSERVED QUANTITIES

with the tail contribution therein®

4G 22T/ 1
B G (162) + 29 +

Ttail
_ 31
J 3 . 5 (7.31)

7.2.3 Dissipative effects

So far, we have only considered the conservative part of the equations of motion, that are
derived through the use of the Fokker Lagrangian. However, due to the emission of gravita-
tional waves, dissipative effects should be included in the equations of motion. A first kind
of dissipative terms are instantaneous and arise at the 2.5PN and the 3.5PN orders. They
are well-known ([82, 83, 62, , , 80]) and are given here in the CM frame, with the
notation of (7.11)—(7.13)

8Gmv 17Gm
A2.5PN = TT |:_31" — 31)2:| 5 (732&)
8G G
By.spx = 5my {Bm + vﬂ , (7.32b)
G2 2 3956 184 Gmov? (692 724
Asspn = 0 I R T
. (366 ) Gm 72 (294 376 )
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—o%? (114 +120) 4 1127] | (7.32¢)
B _ Gmv | G*m? (_1060 B 104V> Gmu? (164 N M8V>
35PN 2 21 5 21 ' 5
+4<626 12>+Gm7'~2<82 848)
v |\ —— ==V - - —V
3 5 r 3 15
12
+v? (6;8 + v > - 120&4} : (7.32d)

The second kind of dissipative terms is the dissipative contribution of the tails that occurs
at the (formally even) 4PN order. The conservative tail acceleration was obtained in (7.23).
It contains the tail integral

oo At ) _ [T T\ [0 (7)
2Tf:zf/c/ 19 _/O drln (2“2> 1P -m -1 +7)] (7.33)

oo JE—#]

which only corresponds to the conservative part of the tail effect. Indeed, we recognize a
"time-symmetric" decomposition, which is conservative in the sense that the corresponding
acceleration is purely radial in the case of circular orbits, as we have seen in (7.24). The
dissipative part is given by the corresponding time-antisymmetric combination, hence the
dissipative tail acceleration is

i tai AG*M [+ T
al(tiisls:_vy{ /0 d71n<2p) {I()(t—T)-FI()(H-T)} : (7.34)

3Notice that the tail contributions (7.29) and (7.31) satisfy separately the first law: %:“ =w di:“.
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In this expression, P denotes an arbitrary scale, but it is easy to check that this scale cancels
out from the two terms of (7.34) so that we can choose P = ri2/c. Thus, the complete tail
part of the acceleration is the sum of (7.23) and (7.34). It reads

aitall — _ —=5 y{/o d7In (2 > Il-(j)(t —7)

r12
8G*M (3) 2G*M n} 2
J (3) (6) 12 ( 1(3)
+ s [(Iij nrip) = I In m] ~ (1) (7.35)
The non-local tail term agrees with the result found from first-principle derivations of the
near zone metric in [161, , ]. In the case of (quasi-)circular orbits, the 4PN equations
of motion, including the 2.5PN, 3.5PN and 4PN radiation reaction effects, become
32 G3m3v 743 11
_ 2 3/2
a=-w w—5c57A{1+<—336—4u>’y+4wy/]v. (7.36)

The orbital frequency as a function of the separation r, with all conservative terms, has been
obtained in (7.25). In the above equation, we witness the contribution of the radiation
reaction 4PN tail effect with coefficient 4.

With the radiation reaction terms added to the conservative acceleration, the energy and
angular momentum are no longer conserved. Their time derivatives are now equal to (minus)
the corresponding fluxes in gravitational waves. In order to recover the familiar expressions
for those fluxes,* we have to transfer certain terms in the form of total time derivatives from
the right-hand side of the balance equations to the left-hand side. This implies that the
energy and angular momentum also acquire certain radiation-reaction contributions. The
balance equations read

de dJ

a7 dt
with purely dissipative energy and angular momentum fluxes F and M in the right-hand
side. The conservative parts of the CM energy £ = F/u and angular momentum J = J/Jy
have already been provided in (7.20) and (7.21). We now present the 2.5PN and 3.5PN
dissipative contributions to the balance equation for the energy [32, 83, (2, , , 80]

- M, (7.37)

8G2m2v . 9
E2.5PN = TE2 TV (7.38a)
8G2m2V . 271 4 77 3 2.9 79 92 QGm
53_5PN——5T27"|:(28+6V>U + <—4—2V>U r° + (M_'?V)U T
5 242 Gm 4 16 Gm\?
o (e (@)
—+ 107 +<42—|-211/>r " +( 21+211/ " ) (7.38D)

together with the corresponding terms in the flux (with F = F/p)

8G3m3 v 11 .
Fa5PN = A <4U2 - 37"2) ) (7.39a)

4].e., the familiar Einstein quadrupole formula at leading order, and its extension, at next-to-leading orders,
built from an irreducible STF decomposition of the mass and current (radiative type) multipole moments
(see for example (68) in [17]).
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As we said, this expression is nothing but the standard irreducible expression for the flux
reduced to the case of binary motion in the CM frame. For the angular momentum, we have

8G2m2 v
J2.5PN = e (7.40a)
8G2m?v [/40 11 \ ,
J3.5PN = TR 7“|:<3 - 211/) v
439 18 \ 17 169 Gm
S o2 (2 7.40b
(g )P (o) (7)) (7-400)
while the flux contributions are (with M = M/Jyx and Jx = plz X v|)
2,2
Mospy = S6mv (21}2 4olm 37*2) : (7.41a)
513 r
8G*m2v [ /307 137 \ , 58 95 \ ,Gm 37 277 \ 9.5
Mago = =222 (G = 5 ) o'+ (51 = ) o+ (<5 + ) o

62 197 \ ,Gm /95 90 \ ., 745 v\ [Gm\?
We must still include the dissipative 4PN tail contributions to both fluxes. From the ex-

pression of the corresponding acceleration in (7.34), we readily compute the corresponding
terms in the right-hand sides of the balance equations (7.37) as

G 2G*M

4G°M boe e\ [ ™
diss = 5§ Cijk I (t) /o drIn (2“2) [ p (= 7) 4+ 1 (t+ T)] : (7.42Db)
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8 — Computing the source mass
quadrupole moment at 4PN

In chapter 4, we expressed the far-zone metric as a function of unspecified source multipole
moments. Using the matching equation, we found an explicit expression for them in chapter
5. The computations of these multipole moments are crucial within the Blanchet-Damour-
Iyer formalism, but they are quite involved and cumbersome. In order to obtain the 4.5PN
phase of the gravitational waves (and in particular in order to obtain the gravitational wave
flux at the 4PN order), the mass quadrupole moment at the fourth post-Newtonian order
as well as the current quadrupole moment at the third post-Newtonian order have to be
computed.

In this chapter, we detail the computation of the mass quadrupole moment at 4PN and
we present a preliminary result of this computation in section 8.4.

8.1 Expression of the mass quadrupole as a function of the poten-
tials
8.1.1 General introduction

In order to compute the mass quadrupole at the 4" post-Newtonian order, we start from
the equation (5.50) obtained at the end of the chapter 5

‘ B 4(20+1)
1 = FP 3 ‘a”) / { fy s (1)
1(u) = F /d x(ro R T e 1 ) i

2(20 4 1) A (2)}
5 Z E ) ) .1
AU 1)(0+2)(20 1 5) L=y (u+2r/c, ) (8.1)
where

70 47

= (8.2a)
?Oz‘

i = o (8.2b)
Xy =77, (8.2¢)

and where we recall that dy(z) = é%ﬁ_ﬂ;;(l — z%)¢. The functions %, ¥; and ¥;; are to be

evaluated at the spatial point & and at time u+2r/c. As we are computing a post-Newtonian

125
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expansion of Iy, the integral over dz can be evaluated as an asymptotic series in power of
1/c using the following properties of the functions d,(z)

1 o0 2k
/1 dzdp(2)X(u + z|x|/c, ) = Z Qg () Y(u,x), (8.3)
- k=0

where
(2¢+1)N

2k)1(2¢0 4+ 2k + 1)1

ke = ( (8.4)
Therefore, I1,(u) is an integral over the space with the volume element d3z of post-Newtonian
quantities depending on the energy-impulsion pseudo-tensor 7* where

oB _ |gIToP 1 O pab (v

TW = |g|T*” + 167rGA (hHY) . (8.5)
We recall that TH is the energy-impulsion tensor of the matter present in the spacetime
while Aaﬂ(h*“‘ ) corresponds to the stress energy associated with the gravitational field. In
the case of a compact binary system we use the usual point-particle energy-impulsion tensor
for the matter. This energy-impulsion tensor can be derived from the point-particle action
Sy, defined in (6.4)
2 0SS,

T = —— . 8.6
Van') 5gp,u ( )
This yields
T = 1160 (@ — y1) + p26®) (x — y3) (8.7a)
T% = 10166 (2 — y1) + povis® (z — ya) (8.7b)
TV = ,ulvivié(?’) (x—y1)+ ugvivgé(?’)(m —y2), (8.7¢)
where
- 1 L (8.8a)
V= (g )rvfvy V=9
- V1014
ji1 = <1 + 1621 )m- (8.8b)

Hence if we inject (8.8) into (8.7), and then into (8.5), the mass quadrupole can be expressed
at 4PN as a function of the metric h*¥. Then, we need to parametrize the metric with
some potentials as done in the chapter 6. Finally, the integrals with respect to & have to
be performed. These integrals lead to both IR divergences (when r — o) as well as UV
divergences (when € — y; or @ — yo).

The infra-red divergences are cured using the Finite-Part regularization. The choice of
this regularization is a direct consequence of the matching equation leading to (8.1). However,
as we will discuss in the section 8.4, more work is required to understand the problem of the
IR divergence in the 4PN mass quadrupole moment.

Concerning the UV divergences (due to the point-particle approximation), they can be
cured using Hadamard partie finie regularization up to the second post-Newtonian order.
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This technique no longer works at the third post-Newtonian order and dimensional regular-
ization has to be systematically used at the third and the fourth post-Newtonian orders.

All of these regularization techniques have been explained in section 6.1.2 and 6.1.4 in
the case of the integral defining the Fokker Lagrangian. The way we use them in the case
of the source multipole moments is exactly similar. In particular, a first computation using
the Hadamard partie finie for the UV divergences is done, and then the difference between
dimensional regularization and Hadamard partie finie for those divergences is computed and
added to the first result.

8.1.2 Generalization in d dimensions

The use of dimensional regularization requires to extend to d dimensions the formulae (8.1)

and (8.3). This has been done in [135] and reads
_ AP
L) - e [ 425 () oot
A(d+ 20— 2) =
- [ Ez o
2(d+ 0 —2)(d+20) 7t e+ (y:1)
2(d+20—-2)

b iz t
+C4(d+f—1)(d—|—£—2)(d+2€+2)yJL ile+2) (v, 1)

4(d — 3)(d + 2 — 2) oy = }
- 7 7EZ ,t , .
2d—-1D)(d+L—2)d+20) Yyl jle+1 (Y1) (8.9)

where (8.3) becomes in d dimensions

= / 460(2) S5t + 2y o)

_ (‘y’ ) (8.10)

The numerical coefficients oaé? are given by

1
k _
T N2 )20+ d12) (2t d+2k—2)

(8.11)

8.1.3 Metric in d dimensions

In the computation of the Fokker Lagrangian, the n+2 method told us at which post-
Newtonian order we have to expand the metric. In the case of the mass quadrupole, such
a method does not exist, and A* has to be systematically expanded in such a way that we
get all the term up to 1/c® in (8.9). A careful study of the structure of this equation shows
that we need the metric at the order (h%, h% %) ~ (O(c™8),0(c™"), O(c™®)). This metric
can be parametrized as [157]

12(-1+d)V 1 |[4(=-3+d)(-1+d)K 2(-1+d)*V? .

p00 _ fl — —2W
T2 244 T4 (—2+ d)? (—2+ d)?
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8(—3+d)(—1+d)’K

1| 4A-1+dPVe  8(=3+d)VaVa +V(

s 3(—2 + d)3 —2+d (-2 +d)3

4(— i - X .

4 1~|—d)W) _8(-1+dX
—2+d —2+d
1 [2dWaWay  2(=3+d)* (-1 +d)(-4+3d)K*> = 32M  32(-1+d)T
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_ _ 12
(—2+d)? 21d |’ (8.12a)
4 1.  4(-14+d)VV

= SV + = i+ ——

Vit {8R+ 4 }

L [y 83+ D1+ VK 8(—1+ ARV A(=1+d)2V;V2
c? ! (—2+d)? -2+d (=2 +d)?
— 8WiaVa +8ViW] : (8.12b)

. 1 ~ ~ 1 ~ A
W= { — AW + 25ijw} + 5 [ —16Z;; + 8%4

1 ~ A N Al A A A
+ =3 |: — 32M2‘j — 16ViRj — 16R1'Vj — 8W¢jW + 8WiaWja
C

2(=3+ d)2(—1 + d)K? - vo o o A=14+d)VE H
51;A — 1 aVa 2 _2 a ab — 9
+ ]{ Carap +16R,V, + 2W2 — 2W,, W, 4

(8.12¢)

where most of the potentials have already been defined in 6.1.3. The new potentials appearing
in (8.12) at the 4PN order are denoted 7', M;; and Y;. They obey the flat space-time wave
equations

) 1/d—1\ , (G-dd-1) 1 1
D}/; = —47TG |:—2 (H) O'Ri — w O'V‘/; + 5 O'aWia -+ EUiaVa
1 d—3 , 5-d
+2(d_2)aaa‘/z_(d_72)20'z <V + 9 >:|
d—1

d—2

d(d—1) ' _d(d—1)? '
1 2)? Va 0iVO,V 82y Vo,Vo,v

s 1 A s A
W0V = 5 (575 ) 0Wia 0V + 0 0,13 — 0,1y 4V,
d—1 .

— ﬁ aavaiRa —

1/d—1\2 1/d-1 2
-5 (d—2> VO,V Vi + 5 <d—2> Vi Vi + 2Va 0.0,V

(d—1)(d—-3) d(d—1)(d—3)

o OKOVat = os

(O VK + 0,VOK), (8.13)
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(—1+d)oi;Wap0a VO,V 1 o (=1 + d)d;; VO ViV
16(—2 + d) 200 WarOhVa + TECE)
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+ 50 War 0y Wija + 2521 d)? - ECEwE
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9.Vi; R, + 0,V 0; R, 2t d) 2+ d)
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8.1.4 Simplification of the result

The expression of the mass quadrupole moment as a function of the potentials is given in the
appendix C. This result has been obtained by inserting (8.12) into (8.5) and then into (8.9).
Then, different crucial simplifications have to be done. In fact, we do not know explicitly all
the potentials entering the metric (either in 3 or d dimensions), and we are going to perform
different operations in order to transform their contributions into computable forms.

8.1.4.a) Integration by part

The first technique to simplify the expression of the source mass quadrupole is to integrate
by part some terms. For example, we systematically perform the substitution

1
DV, V 5AV2 —~VAV. (8.16)

In (8.16), we can further simplify the right-hand side using

1 6°
AV =0V + 55V
Tz ot?
1 6°

= —4rG -5V 8.17
mGo 2ot ( )
where we have used the definition of V in (8.17). Thus, a complicated integral of the form
i d*x #;0,V0,V is transformed into two simpler terms: a compact term [ Pz Zr0 and a
surface term [d3z £, AV2. These two terms are much easier to integrate as we will see in
section 8.2.1 and 8.2.3. This kind of integration by part is done as much as possible for the

different potentials (and not only for V'), generating so-called Laplacian surface terms.

8.1.4.b) Super-potential

The main technique we use to explicitly compute all the terms at 4PN is called the method
of super-potentials. Some of the terms are of the form V P where V is one of the following
potentials: {0;V, 0;;V, 02V, 0,0V, 0;Vi}, and P represents a complicated potential whose
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explicit expression is not known (for example Mij obeying the equation (8.15)). In order to
compute these terms we define the super potential \IJE such that

AVY =3,V (8.18)

Then we perform the following integration by part

/ VP = / S AUy P

_ / C APUY / (~wforP+ Porw}).  (319)

We can now substitute AP — OP —|— 12 8t2P and replace OpP by its source which is made

of simpler potentials. The term _?2 8t2 ° P will be of higher post-Newtonian order which will
reduce the post-Newtonian order at which P has to be computed. The last term of (8.19)
is called a divergence term and is also a surface term relatively easy to integrate (cf section
8.2.3).

Once these two techniques have been applied, we obtain the result presented in the
appendix C. The following two sections provide all the material needed to compute the
terms of the mass quadrupole presented in the appendix C. In particular, we see in section
8.2 the formulae required to integrate the different types of term, while the section 8.3 focuses
on listing and computing explicitly the different potentials entering the source of these terms.

8.2 Integrating the different terms

In this section, we explain how to integrate in practice the different types of term of the
source mass quadrupole.

8.2.1 Integrating the compact support terms

Some of the integrals that we have to perform to compute the mass quadrupole are compact
terms and their integrations are actually relatively straightforward. Their integrands are
proportional to one of the following three quantities

o= 0D (@ —y) + 120D (x — y2), (8.20a)
o; = vt 0D (@ — yy) + p2vis @ (@ — yy), (8.20b)
Oij = /lelvlé(d) (m - yl) + ﬂ2v2’u 6(d) (w - y2) ) (820C)

where we recall the definitions of p4 and fis4 in the equations (8.22) below. The Dirac
functions in y; and yo are due to the presence of the two point-particles. We recall that

/ddac 5D (@ —y))F = (F), , (8.21)

where (F'), is the value of F' at the point = y; in d dimensions. In fact, as F' can diverge
when * — y;, we need to use dimensional regularization to cure the UV divergence that
might occur.
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8.2.2 M1 and /11

The expressions of p; and fi; in 3 dimensions (equations (8.8)) can be extended in d dimen-

sions
1 1

V= (gurofoy V=)
- 2 V1 V1
= (d— 2+ 1621 > (1, (8.22b)

where g is the determinant of the metric, where (g); and (g, )1 are evaluated at & = yi,
and where v{ = c. For the mass quadrupole at 4PN, the 3PN expression of y; as well as the
4PN expression of fi; are required. They are given in terms of the potentials as

(8.22a)

H1 = mic

1 1[I, (—4+d)V}
/14— 2 A
my +02 [201+ —2+d
1 , 2(-4+d)(-3+d)K 3 ol (—4+d)?*V? 5
— | =4V, — 7—2
+ C4 U1V (—2+d)2 + = g (%] + 1)1V (—2—|—d)2 w
4(—4+a)V;V' 3(-34+dviK . ;i b
—8R'"v1; + 91 d - —2+d1 +2Wij“1"){+%v?
A5 2d)viViV 2(—4+d)* (=3 +d)KV | 3(=8 +5d)viV
~2+d (—2+d)3 8(—2+d)
9 5 o (—4+dPVP o, 24+ VI
+4’01V + 6(—2 1 d) — 6v 12)1V viW o d
A—4+dX 4
S _821 7 (8.23a)

W=D _ g9 +Ci2 de% + (—4+d)V}

le
1 i 244 d)(-34+d)K 1 .
(4 —10d + 3d%)viV (=4 +d)*V? .
—2(=2+d)W
2(—2+d) s2ra) A2

1 g - (=3+d)(4—10d + 3d*)v?K
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N 2(—3 + d)?(16 — 9d + 2d*) K*
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(8.23Db)

where all the potentials are evaluated at the point x = y;.

8.2.3 Integrating the surface terms

Following the notation of [163], let us consider the following Laplacian term

B
Tp = FP/d3w ("”') #1LAG. (8.24)
B T0
We can integrate by part (8.24):
[\ "
jL:FP/d3a:A () ir| G
B 70
[\ " [\ ”
+FP/d3m 0y |—GO, < ) Lo+ <> Tr0.,G| . (8.25)
B To o

The second term in the right-hand side of (8.25) is a surface integral and is zero when RB is
negatively large enough. Therefore, by analytical continuation, this term is exactly zero. In
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order to compute Jr,, we are going to apply the Laplacian operator (we recall that Az = 0)

B-2
1
J. =FPB(B+20+1) /d% (‘“”) .G

B-2
1
BB+ [ @ (E) Lic
B r<R 2

B-2

1

+FP B(B +2(+1) / d3x ('“’") —21G. (8.26)
B r>R T0 o

The first term of (8.26) is actually zero. Indeed, the matching equation is originally done
for smooth matter distribution, and therefore the metric is normally smooth everywhere in
the near zone. As (G is a potential built from the metric, it is also smooth in that region,
and because of the B pre-factor in (8.26), this term is zero by the Finite-Part procedure. In
practice, the point-particle approximation leads to divergences when  — y; or * — yo, but
these UV divergences are killed by the dimensional regularization, and the Finite Part plays
no role in it. Let us focus on the second term of (8.26). Because of the B in the pre-factor
of this term, we need to look at the 1/B pole in the integral. This pole can only come from
radial integrals of the form [drrP~! = rB/B. Because d*z = r?drdQ and i ~ ¢ when
r — oo we need to look for the 7~¢~! term in the asymptotic expansion of G when r — .
Hence, if we define X;(n) to be that coefficient, i.e.,

Goop 2 Lo (r2), (8.27)
we obtain
Ji=FPB(B+20+ 1)rg” /R T B / QA Xo(n)
— _(2041) / A0 Xo(n) . (8.28)

We see that the final result does not depend on R nor on rg. It is simply an angular integral
involving the 1/r/*! coefficient of G. Therefore, there is no need to know G everywhere but
just its asymptotical expansion, which is much easier as we are going to see in section 8.3.7.

The other surface integrals occurring are the divergence terms. They come from the use
of the superpotentials and are of the form

B
K=FP / & ('“3‘) 0. H, (8.29)

7o

A similar reasoning as before shows that the Finite Part procedure yields
K= /dQnaYa(n), (8.30)

where Y, (n) is the 1/r? coefficient of the asymptotic expansion of H, when r — co:

Ya(n)

r2

Hy=-+ +0(r ), (8.31)
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8.2.4 Integrating the non-compact terms

The rest of the integrals are non-compact terms, i.e., terms whose sources have non compact
support, and are the most difficult terms to compute. Such terms are of the form [d3zV
where V represents a generic product of potentials and of derivatives of potentials.

8.2.4.a) Volume integral

The first task, which is the longest computational task, is to compute this integral using
the Finite Part regularization for the IR divergences as well as the Hadamard partie finie
regularization for the UV ones. This is systematically done using a routine developed mainly
by G. Faye in Mathematica using the zAct library [164]. It has been used for different projects
(such as the Fokker Lagrangian project and the computation of the multipole moments at
lower order), and has been heavily tested.

8.2.4.b) Dimensional regularization difference

Once this is done, the difference between dimensional regularization and Hadamard partie
finie needs to be computed as usual. For that, we proceed as explained in section 6.1.3. The
only information required is the expansion of V in d dimensions in a neighborhood of y; and
Y2, in order to apply equation (6.40).

8.2.4.c) Distributional derivative and the Gel’Fand-Shilov formula

Finally, we need to take care of the compact terms generated by the distributional derivatives
appearing in the non-compact terms. Let us consider the following example

T= / BV oV, (8.32)

and compute the distributional derivative part of this term at the newtonian order. As
V= GT—; + GT—; we have

4
8,~jV = —§G7T5ij [mlé(yl) -+ mgd(yg)] . (8.33)

Hence, the Dirac functions generate compact terms and the contribution of the distributional
derivatives to 7' is

4
Tdistr.der. = _§G7T5ij [m1(V)1 +ma(V)a] . (8.34)

More generally, the distributional derivative of a function f is computed using the Gel’Fand-
Shilov equation [108]:

Oif = O f + Dy |05 f| + 60D, (1] (8.35)

where 99™¢ is the ordinary derivative and D the distributional derivative operator. If f is
a positively homogenous function of degree —A where A € N with A > 2, i.e. if for all
a>0, f(ax) = a*f(x) then

(=1)*

Dilf] = 00, ()] /E F(r Q)2 .. 2dS;, (8.36)
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where £k = A — 2. The integral is over a sphere ¥ of radius r and centered on r = 0, where
dSl = nﬁ“QdQ.

For most of the potentials, the equation (8.36) is used for f ~ n’/r™. In that case, the
operator D; is given by [105]

mom I+m—1 m _
D. (nL> _ 47r(_1) 2m(€+1)! ( 5 )! 2oar 'On—2pP0iL+2p—ay 0% ()
S (I +m)! 50 227(p — 1)!(m — 2p)! (B 4 p)1

(8.37)

8.3 Computing the potentials

8.3.1 Summary of the potentials required

Based on the computational methods explained above and the list of terms composing the
mass quadrupole provided in the appendix C, we can list all the potentials required to com-
pute the mass quadrupole at 4PN. These potentials can be required either everywhere when
they enter non-compact integrals, or only at = y; when they enter compact terms. Besides,
we need them in d dimensions in a neighborhood of y; when they enter non-compact inte-
grals in order to implement the UV dimensional regularization. Finally, in order to compute
surface terms, we need to know their explicit expressions when r — oo in 3 dimensions.
The table 8.1 summarized the different potentials required for this computation.

8.3.2 Computing the potentials in 3 dimensions
8.3.2.a) Compact source potentials

The first potentials to compute are the so-called compact source potentials, i.e. V', V; and K.
In fact the d’Alembertian of these potentials are proportional to o, o; or o;;. Their sources
are a combination of products of a function of time (including g1 and fi; for example)
multiplied by a Dirac function (either 6®)(z — y;) or 6®)(x — y3)). It is therefore quite
straightforward to compute them using the following

_ 1 _
AT (2 —y)) = 1 o (8.38a)
Aeo T, ¢ {—2,-3} (8.38b)
' (a+2)(a+3) e '

8.3.2.b) VOV terms: the case of W;; at OPN

The source of Wij contains both compact terms and so-called OV AV terms:

OW;; = —4nG (aij — 8 akk> — VOV . (8.39)

The source —47G (aij —0;j O'kk> is easily integrated as explained in (8.3.2.a)). Now, at 0PN,

we have o o
yo= 2y e (8.40)
1 T2
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’ Potentials H 3 dimensions | d dimensions near y; \ Y1 \ r — 00

v 2PN 2PN 3PN | 3PN
Vv 2PN 2PN 2PN | 2PN
wenV 2PN 2PN 2PN | 2PN
wle 1PN 1PN 1PN | 1PN
gtV 1PN 1PN 1PN | 1PN
v’ 1PN 1PN 1PN | 1PN
Wi 1PN 1PN 1PN | 2PN
W 1PN 1PN 1PN | 2PN
Zyj 0PN 0PN OPN | 1PN
Z 0PN 0PN OPN | 1PN
R; 0PN 0PN 1PN | 1PN
Y; X X 0PN 0PN
X 0PN 0PN 1PN | 1PN
M;; X X X 0PN
M % X OPN | OPN
T X X 0PN 0PN

Table 8.1: List of the post-Newtonian order required for the different potentials in order to get
the 4PN mass quadrupole. The 8 dimensions column corresponds to the potentials computed
in 3 dimensions for all € R3. The d dimensions column to the potentials computed in d
dimensions around y; (and y3). The next column is the value of the potentials at the point
y1 (and therefore y3), and the last column at spatial infinity. In addition to these potentials,
i is required at 4PN and p at 3PN.

Hence

(%V&jv = sz% [ai18j1:| + G2m1m2 [Bilajl} +1+ 2. (8.41)
rn nm T T2

The term proportional to m? is called a self-term and can be computed using the fact that
6‘%8‘7% = nl:# In fact, terms depending only on nq and 71, can be easily integrated using

the following [1 ]:

ra—l—QﬁlL
hip = A L f C\{¢t—2,—¢-3 8.42
L {(a—z+2)(a+z+3) oracC\{f=2, . (8.420)
1 r 1
0—2 A 1 AN
A () —— 42b
1oL {%—l—l[n(m) 2£+1}T1”1L}’ (8.42b)
1 r 1 fl
—0—3 ~ 1 1L
Al 1 - | === 4 42
e { 2€+1{n<r0>+2€+1 T{+1} (842c)

The constant normalizing the logarithm terms can be taken arbitrary here, as it will be fixed
by the matching procedure of the potentials as explained in section 8.3.3.

The term proportional to mimso is called a cross-term, or an interaction term. It repre-
sents the non-linear interaction between the Newtonian fields generated by m; and mo. To
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integrate it, we are going to use the fact that 81-% = —(91i% where 0; represents the space
derivative with respect to yi. Hence we obtain

Oi- af_ah 82]
T2 T2
11

— 81182‘7 |:11"2:| . (843)

We have been able to factorize the derivatives as r; does not depend on y9 and 3 does not
depend on y;. Now, we have

11 11
A_laliazj {] = 81132] [A — ]
T1 T2 T1 T2
= 01i0259 , (8.44)
where g is such that Ag = ——. Such a function g has been known for a long time and is
given by
g=In(ry +ry+r2). (8.45)

Adding up all these computational techniques, we are able to compute Wij at OPN in 3
dimensions. Computing Wij at 1PN, as well as computing more complicated potentials such
as 21‘3' at Newtonian order, relies on the same kind of tricks. In particular, it relies on the
functions f1? and f satisfying Af1? = % and Af = 2g respectively. These are given by [71]

1 1 1
f= 312Ny - My (g - 3> + 6(?“17“12 + rorig — r172) (8.46a)
1 1 1
2= §T1T12’I’L1 5D (g - 3> + 6(7“2?”12 + 11T — 117r12) - (8.46b)

Similarly, a solution of Ah = 2f has been recently computed and is given by!:

1

h = 720 { 1197“12 117“17“%27“2 — 34gr%r% + 11(7“17‘%2 + 7“21)’27“2) — 11(1"%7"127“2 + 7‘17“127’%)
46
+ <9 + 229) (7“17‘12 + 7’127’2) + 11(7“17“2 + 7’17“2) +5(— rlrlg - 7‘127“;’)
104 1
+ (15 - 119) (r] + ré‘)} + §f7“17”2n1 "My (8.47)

8.3.3 Performing correctly the matching

The metric h* that is parametrized by the potentials V,Vj, ... is the instantaneous part of
the metric in the near-zone satisfying the matching equation (5.42)2. This means that when
a potential P satisfies the equation (JP = S then P should be computed as

r B
P=0.l5 = FP Ot K’J S]. (8.48)
0

!Private communication from A. Bohé, L. Bernard and L. Blanchet.
?Indeed, the potentials do not include the tail effects by definition.
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In practice, in order to compute P, we use the different functions f, g, A~!r¢ny, defined in
section 8.3.2; however we are not making sure that we are following the right prescription, i.e.,
that we are using the operator D;e,l;. Said otherwise, there might be an extra homogeneous
solution that we could add to our potentials P. The first step that we can do to solve that
issue is to define gmatch and fmatcn in such a way that

— 1
A_1gmatch = (8493)
172
5!
A fmatch - ; (849b)
Such a procedure has been studied in [71] where the value of gmaten and fmaten are provided.

However, we can proceed in a much more systematic way which ensures us to find au-
tomatically the proper homogeneous solution. Let us assume that we have found a solution
Pyart such that P, = S. We need to compute the homogeneous solution H = P — Pyt
to be added to Ppart. As H is equal to its multipolar expansion, we have

H = M(H) = M(P) = M(Pyart) - (8.50)

The only unknown in (8.50) is M(P) = /\/I(Dret S). Looking at the equation (5.40), we see
that if we formally replace h*” by P and A* by S, we would obtain an explicit expression

for M(O,,
that

~t5). Using techniques similar to the techniques used to derive (5.40), we can show

_1\¥
M(P) = 2(2)& [1M§(t - r/c)]

r

ey E <£t)kF§/(‘ﬁ’;) ('m/|> @ -2 IMS) 1), (8.51)

k>0

where
/
ME(u) FP/d3 ’(' |> xh S(x' ). (8.52)

For a potential computed at a given post-Newtonian order, the equation (8.51) usually
reduces to few terms, and while the matching procedure seems to be cumbersome at first
sight, its implementation is rather straightforward.

8.3.4 Known formulae in d dimensions

The computation of potentials in d dimensions is closely similar to the computation done in
3 dimensions. The compact parts of the sources of the potentials can be integrated using
the extension to d dimensions of (8.38), i.e

A6 D(z —y)) = —il;: ri=d, (8.53a)
47
Ta+2
A= —L (8.53Db)
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b d—2 da—2
where k =T'(%5%)/m 2 .
The self-term in d dimensions are integrated using the extension of equation (8.42)

~ a+2

(@—(+2)(atl+d)’

A e = (8.54)
The generalization of g in d dimensions is known, but its expression is rather cumbersome
and quite inconvenient if one wants to use it to compute potentials in d dimensions in the
full space-time. However, the development of g in d dimensions around y;, which is also
known [156], is quite handy. Therefore, while some potentials cannot be easily computed
for all € R%, we can compute them around y; and ys, which is what we need for the UV
dimensional regularization.

8.3.5 Superpotentials

In order to obtain the result presented in appendix C, we have extensively used superpoten-
tials \IJ%, i.e., potentials such that

AV) =319, (8.55)
The computation of such super-potentials was done in [165], using the following equation
4 k
—2)7¢!
‘I’% = Z El _)k),x<L—K6K>¢2k+27 (8.56)

where have defined the functions ¢y by ¢g = ¢ and Apopio = ¢or. The equation (8.56) have
been derived in 3 dimensions in [165] but all the proofs work as well in d dimensions and no
extra factor needs to be added.

For example, let us find a general formula for ¥} assuming that V is defined by?

V = I (—4nG[in6(y1) + fi26(y2)))

2k
= —47G AR i [i16 + [i29
> () sty + rasya)

_ <a)2k Usp. (8.57)

where Uy, = A™17F(— 47Gl116(y1) + fi2d(y2)]). It is quite straightforward to compute the
functions Uy, using the appendix of [156]:

_ Gk < 2k42—d | ~  2k+2-1
Uov = Gk 12— d) @k — 1) (6= d)(d—d) (r ) (8.58)
Now, for ¢ =V, the function ¢of are given by
92 o2 2]
Jj=0

3In reality, V is defined using IZI;% instead of I='. But this does not impact our computation here, as the
difference is made of odd dissipative terms.
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By inserting (8.59) into (8.56) we can obtain at each post-Newtonian order an explicit ex-

pression for the superpotential \I/g To compute \I/(Ztde V, i.e., the superpotential associated
with 8,‘?8LV, we proceed similarly as all the space derivatives and time derivatives commute.
Thus, we just have to substitute ¢, in (8.56) by OFOr dor.

All these equations enable us to compute \IIZ-]‘-‘ LA \Il?]’?aav and \Ilg‘?kv. The computation

of \I/%flv“ is done in a similar way as the source of V; is also compact.

8.3.6 Potentials at the locations of the point particles

For the integrals with compact support entering the source mass quadrupole, only the values
of the potentials in ® = y; and « = yy are required. When the potentials are known in d
dimensions around y;, we can directly deduce their values in = y;. This is however not
the case for some of the most difficult potentials. In particular, we have to use another way
to compute f’i, Mij and T at © = y1 in d dimensions.

Let S be the source of a potential P that we want to compute at & = y; at Newtonian
order. At OPN, we have AP = S and the problem amounts to computing (A~1S);. We
assume that we can compute S in 3 dimensions for all «, and in d dimensions around y; and
that we known the following decomposition for the source in 3 dimensions

S(x) = Z rszp(nl) + o(rlV), (8.60)

po<p<N

as well as the similar decomposition in d dimensions

r1\ %€
Sy = Y o (;) s E)m) +o(r)). (8.61)
po<p<N 0
q0<9<q1

As usual, we will proceed in two steps. First of all, let us compute (A~15); in 3 dimensions

using Hadamard partie finie. In [75], has been shown that
(P) = ———Pt,, ., / P o)+ [m (”) - 1} <5 a(m) >, (8.62)
47 1 S1 1
where 1
<s2>= /dﬂl(nl) f—2(n1)« (8.63)

Then, the difference between dimensional regularization and Hadamard partie finie is given
by [150]

1 1 r
DPh=--75 —+e|l <1>1D< ©) >
Ph="av9 qog:<q1 (q : {n l §-24(m)
! < ! (‘52)) (=1)* 1 L (e
T A —— +eln|-— o <nks® . (n)>
e(1+¢) QO;q<q1 q+1 to ;) oo i€ 25t 3.4(™1)
+O(e). (8.64)

The values of Mij, M, Y; and T at @ = y; are computed using (8.62)—(8.64).
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8.3.7 Potentials at infinity

Finally, the value of some potentials are required at » — oo in order to compute the surface
terms. For the potentials that are already known in 3 dimensions for all € R3, we just
perform their expansions when r — oo. However, other potentials are not known, namely
Wij at 2PN, Z-j at 1PN, X at 1PN, and T, Y; as well as Mij at OPN. For those potentials,
we proceed differently.

Let us assume that we want to compute the asymptotic value of a potential P satisfying
0P = S. The first step is to develop S when r — oc:

Srsco = 3 >8P (y1,v1,y2, v2) AL + o(r™™). (8.65)
p=—po ¢

Then we can compute P by:

A_2 1 84 A—?)
S+ aal S+, (8.66)

1 02

P=A"'S+ 5=

+ c2 ot?

To apply (8.66) we need the following formulae that are similar to equations (8.42):
ra+2ﬁL

a — A

rnL {(a—l+2)(a—|—l+3)

1 1
20, = A { {m <T> — ] MﬁL} , (8.67b)

2€+1 7‘0
1 T 1 7
—0—3 L
=A{—— |In| — — | = . 8.67
" "L { 2€+1[n(r0)+2€+1 r”l} (8.67c)

Besides, for X at 1PN and Wij at 2PN, we need to integrate terms proportional to log (%) rinr,.

} fora e C\{¢ —2,—¢ -3}, (8.67a)

For that, we use the same method as what was done in equation (4.96) and say that

Al (7)) roiy —Fp L a1 (8.68)
S\r) T B aBS B '

which can be easily integrated using equation (8.67a).

8.4 Results

8.4.1 A preliminary result

We have applied the method described in this chapter to compute the source mass quadrupole
moment at the 4PN order, using dimensional regularization to cure the UV divergences and
the Finite Part regularization to cure the IR divergences. The final result contains around
75000 terms.

8.4.1.a) Applying a shift

As for the Fokker Lagrangian computation, we first used Hadamard partie finie to cure the
UV divergences, and obtain a first result depending on Ins; and Inso. Then we computed
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the difference between the Hadamard partie finie regularization and the dimensional reg-
ularization for the UV divergences, and obtained a new result free of Ins; and Insy but
containing poles in 1/e.

Let us recall that these poles should cancel out when expressing physical observables such
as the energy flux or the phase of the system, but can still be present in intermediate results
such as the equations of motion or the source multipole moments. However, in that case, it
is convenient to remove them by applying a common shift to all our intermediate quantities.
Indeed, at the 3PN order, the same shift was applied to the equations of motion and to the
source mass quadrupole, and was able to remove all the UV poles.

At the 4PN, the situation is a bit more complicated. The shift that we applied to the
Fokker Lagrangian in order to obtain the result presented in the appendix B, and from which
we derived all the conserved quantities in chapter 7 is composed of three terms: (i) the shift
& published in [92] and given in the appendix B by equation (B.4). This shift removes
all the UV 1/e poles in the Fokker Lagrangian; (ii) the shift x (equation (B.7)) that was
applied in [94] and removes all the IR 1/e poles of the Fokker Lagrangian; (iii) and finally
the shift 1 (equation (B.9)) published in [3] that does not contain any pole and was used for
conveniency.

As we have not used dimensional regularization to cure the IR divergence of the mass
quadrupole moment (this is left to future work), we cannot apply the shift x to our result,
but we can still check whether the shift £ removes the UV 1/e poles.

We have therefore applied the shift £ to the mass quadrupole and all the UV 1/e poles
(as well as the constants yg) cancelled out. This constitutes a major achievement and
confirms our understanding of the connection between the source multipole moments and the
equations of motions within the Blanchet-Damour-Iyer formalism. Besides it corroborates
our result, by robustly checking our UV dimensional regularization computations.

8.4.1.b) Expressing the result in the center of mass frame for circular orbits

The next steps is to reduce our result into the center of mass (CM) frame for circular orbits.
It turns out that we only need the 3PN order CM coordinate, and the 3PN circular equations
of motion to express the source mass quadrupole moment at the 4PN order in the CM frame
for circular orbits. Therefore, even if our result does not use dimensional regularization to
cure the IR divergence, we can still consistently express it in the CM for circular orbits —
as the 3PN dynamics can be derived using the Finite Part regularization for the IR, and as
the shift x only starts at the 4PN order. The result is then much more compact and is given
below in 8.4.1.c).

8.4.1.c) Result

The UV-shifted mass quadrupole (with dimensional regularization for the UV and Finite
Part regularization for the IR) in the CM frame for circular orbits at the 4PN order reads:
2 48 G*m?v 1

r

with

A—14 (_1 B 13y> L2 (_ 461 18395 = 241 V2)
T T T 1) T Uiz T 15127 1512
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3 (395899 428 r 3304319 44 r
———In(— )+ | — —In(— + Vi
13200 105 0 166320 3 o 16632 33264

4 (_ 590993023429 " 31886 | ( r ) 4321 (r0> {_213814424807 2783 2
12713500800 2205 0 0 4237833600 1792"

IO (1) T () o (2]
735 o 63 0 i

+[%u%nw%1+44m92 3u” <r>+5w31<r> ZB01<T>}2
— | = n|\—||v
121080960 2688 7 o 21 h Ty

3318635713 , 18836039 4)
T 25045920 © T 1572480 U )
11 1607 1681 229 ,
o1 77 (3m 378~ 3%”)
2(_3&7ml+ﬁw]l<r)_9259y+3$%%ﬁ+ %7Vﬁ
19800 105 "\ry) ~ a4 924 5544
4 /3883914647 1203127977 143 , 1714 (7 968 (7
7 [ () -]

ol

162539 , 2351 3>

(8.70a)

1580187600 ' | 176576400 ' 192 49 \rg) 63 \7}
688171447 41 , 968 [ r\] o 3128539 5 3053 4)
{15135120 24" T 21 <r6>} 81081~ 432432" ) (8.70b)
256 1532
c=1 202200 . 8.70
+7( 135 405 ) (8.70c)

We recall that v is a 1PN parameter defined as v = %, ro is the constant introduced by

the Finite Part regularization, and r{, and r{ depends on 7} and ry and are defined by the
equations (7.10). The equations (8.69)—(8.70) extend to the 4PN order the expression of the
mass source quadrupole moment that was known at the 3.5PN order [110, 15, ]

01;; represents some surface terms whose computations are still being performed and we
expect to have them within few weeks®. In fact, the sources of some integrals contain up
to few millions terms, and their integrations require huge amount of computational power.
The terms in 01;; do not contain UV poles as they are only surface terms. Therefore, our
conclusion regarding the fact that the shift £ removes all the UV poles will of course be still
valid once ¢1;; is fully computed.

8.4.2 Checks and perspectives

The equations (8.69)—(8.70) constitute a preliminary result of the source mass quadrupole
at the 4PN order done in this thesis. However, the fact that the UV 1/e poles disappear
after the application of the shift &, is an excellent check of the dimensional regularization
procedure for the UV divergences.

Using the notation of the appendix C, 0I;; is the 4PN coefficient in the sum of

(—1+d)WhiowobiV L2V R 2(— 1+d)q/8t9bva Ry
(g} from  MQSISDypy, {5 Qﬁd)z }from  MQSISLypy, {2
8,V . s b 8,V 8 v 2V,
2(—14d) WP 86 Zp; 2(—1+4d) 20,0V 4(—14d) ¥ b i 9,0a R 4(—14d)8, v b ot RY
—g , T R = , —Td } from MQSISD,py,
sV
MM GV Yy o MQSISL Creononty L MQSISD CLHD’@rdRaVy g
{ (—2+d) } rom Q 4PN {_ ~5%d } rom Q 4PN { (—21d)2d(4+d) } rom

2(—14d)2(24+d) ¥ Y 8,0, Ry 2(—1+d)2(2+d)d, v 01 R

MQVISLypy and { ——5rgratiis—— sz} from MQVISD,py.
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Different checks are currently being performed on our result, especially regarding the inte-
gration of the surface sources, and regarding our implementation of distributional derivatives;
(8.69)—(8.70) are just preliminary results and have not been published yet.

The next steps, which is left to future work, is therefore to implement the dimensional
regularization to cure the IR divergences, and to apply the IR shift x [94], and to check
whether the IR poles vanish as well. This requires however, a better understanding of the
matching procedure in d dimensions, in order to extend the formula (8.1) in full dimensional
regularization.

Once this is done, we can use the source mass quadrupole moment to express observable
quantities, such as the energy flux, that depends on %%. We expect all the remaining
constants (i.e. 7o, ry and r() to disappear in the final result.
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Conclusion

We have explained in chapters 1 and 2, how post-Newtonian theory plays a major role in the
development of banks of templates, and how the accuracy of these templates directly impacts
our ability to detect gravitational waves and to analyze the data collected by gravitational-
wave detectors. This framework is therefore crucial to study general relativity and produce
great science in the new field of gravitational wave astrophysics.

The projects carried out during this thesis were motivated by the goal to get the 4.5PN
phase of gravitational waves for spinless compact binary systems in circular orbits, using
the Blanchet-Damour-Iyer formalism. We performed computations in the different compo-
nents of this framework and obtained new results in each of them: the multipolar-post-
Minkowskian algorithm studying the radiative field, the equations of motion and the con-
served quantities associated with the dynamics, and finally the computation of the source
multipole moments. Besides, we saw how a matching equation relates all these projects
together by matching the near-zone and the far-zone expansions of the metric.

In our journey to the 4.5PN phase, we made in this thesis significant progress. In the
radiative field, the third-order tail effect at 4.5PN is fully determined. Hence, for circular
orbits, we were able to compute the full 4.5PN coefficient in the energy flux. The last
ambiguity parameter of the 4PN dynamics has been computed from first principles using
the Fokker Lagrangian and the systematic use of the dimensional regularization. Besides, all
the conserved quantities of the dynamics at 4PN are now explicitly computed. Finally, we
computed all the potentials required to get the 4PN source mass quadrupole and obtained
a preliminary result of this quadrupole based on the Finite Part regularization to treat the
IR divergences. This latter result still needs to be checked by an independent computation.
Besides, it appears now that dimensional regularization will also be required to cure the IR
divergences of the 4PN mass quadrupole.This study will be the topic of further work.

Perspective

While the achievements done during this thesis get us closer to the 4.5PN phase of the signal,
there are still few computations left to perform. The three main remaining tasks are:

1. The implementation of the dimensional regularization to cure the IR divergences of the
mass quadrupole. Once this is done, we can check that the shift x removes the 1/¢ IR
poles.

2. The computation of the source current quadrupole .J;; at 3PN. This computation should
also rely on dimensional regularization for the ultra-violet divergences but should be
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however rather straightforward as we believe that most of the technical difficulties have
been solved while computing the 4PN source mass quadrupole.

3. The computation of the 4PN coefficient in the flux. This coefficient requires both the
4PN mass quadrupole moments and the 3PN current quadrupole moments (as well as
other multipole moments at lower PN orders which are already known). Besides, the
leading order effect of the tails entering the flux at 1.5PN, should have a 2.5PN rela-
tive contribution due to the past dynamics of the binary. This contribution therefore
modifies the 4PN coefficient in the flux.

While these three remaining tasks can be rather long and fastidious, we have now tackled
and understood most of their technical difficulties (either in this thesis, or in previous work),
and it would be reasonable to think that the 4.5PN phase and 4PN waveform will be obtained
soon.



A — Conventions and notations

This appendix summarizes the conventions and the notations used within this thesis.

A.1 Indices and summation convention

In all this thesis, the metric g, has a signature +2 and the Minkowski metric is given by
Nw = diag(—,+,+,+). Greek indices (o, f,...u,v,...) are space-time indices and take
their values in {0,1, 2,3}, while latin indices (a,b,...,4,J,...) are space indices and take
their values in {1,2,3}.

g"” is defined as the inverse of g,,, i.e. g"’g, = 6f. We raise and lower the indices of
all the tensors appearing in this manuscript using the Minkowski metric 7, (except for g,.,
R3,, R,,). Therefore, when summing over space indices using the Einstein convention, we
might omit to raise one of the summed indices: Tj; = Tj = ijnij.

In chapters 1 and 2, hy, is defined as h,, = g — M- In chapters 4 to 8, we define
h* as W = \/—gg"” — n*¥. Notice that in the harmonic coordinates, these two quantities
correspond at linear order.

A.2 The Einstein equations

The Riemann tensor is defined as:

R = 0T, — 0,1, + 16,12, —T¢ 7, (A1)

The Ricci tensor as well as the curvature scalar are defined as:

Ry =Ry, R = Rug" . (A.2)
We consider the Einstein equations without cosmological constant:
1 81G
R;U/ - ig;u/R = CTT/U/ . (AB)

A.3 Multiple indices

We often use the notation L to describe ¢ space indices: L = iyia...73p with iy € {1,2,3}.
Similarly, L — 1 represents ¢ — 1 space indices and so on. For example:

orlL = 04,0iy ... 0, Liviy. iy (Ada)
Oir—11p—1 = 0;0:,0i, ... 03y Livig.iy 4 - (A.4b)
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A.4 Geometrical variables

The figure A.1 lists the different variables used in this thesis to describe a compact binary
systems. Quantities in bold (y1, m etc.) represent vectors.

In chapter 7, some results are expressed in the center of mass frame. In that frame, we
usually denotes r19 as r and mn12 as n. While this notation is in conflict with the notation
used for the field point & = rn, the context always removes any ambiguity in the notation.

A

r=1rn
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Figure A.1



B — 4PN Fokker Lagrangian

This appendix provides the 4PN Fokker Lagrangian which constitutes the final result of
chapter 6. This Lagrangian was computed in [92, 93] with the last ambiguities being fully
determined in [94, 2]. This result corresponds to the computation explained in chapter 6,
modulo a shift given in section B.2

B.1 The Fokker Lagrangian

2

G
Ly = —2umm2 | MO L g (B.1a)
2r19 2
I B _sz%mg mivi
1PN 27“%2 8
Gmim 1 3 7
— <—(n12vl)(nlzv2) + Suf — (U1U2)> +12, (B.1b)
712 4 2 4
Lo — G3mims  19G3mIm3
2PN = 27“:{’2 87":132
G*m? 7 7 1 1 7 7
+ % (2(n12U1)2 — 5(”12”1)(”127)2) + 5(”1202)2 + ZU% — Z(U1U2) + 41)%)

Gmims [ 3 7 7 3
r; 2 (16(n12v1)2(n121)2)2 — g(nuvz)zv% + gv% + 1(?112111)(7112@2)(111@2)
1 15 myv$
— 2v%(vlv2) + g(vlv2)2 + 161}%1}%) + 16 !
7 1 9 7 9
mima | ——(a1v2)(n12v2) — 5 (N12a1)(N1202 s(ni12a1)v5 ) .
+G 1(@e2) (n12v2) = S(nizan) (mova)” + L) +1 2, (Bule)
G?*m? 13 83 35 245
Lspn = % (18(n12m)4 + ﬁ(num)g(num) - F(n1201)2(n12v2)2 - ﬁ(nlgvl)zv%
179 9 235 9 o  9O73 4 529 9
+ 12 (mzvl)(nmw)vl Y (n12v2) v] + T vy + o1 (n12v1) (111112)
97 719 4 7
- F(n12v1)(n12?12)(?1102) - ﬁvf(mva) + ﬁ(mw)z - ﬂ(nmvl)%g
1 1 463 19 45
- 5(7112@1)(”12@2)0% + Z(nuvz)zvg + EU%US - 3(”1?12)1)% + 16”51)

3 5 1
+ Gmama (8(611@2)(”1201)(”1202)2 + E(QIUZ)(W12U2)3 + g(leQl)(n12U1)(n12U2)3
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1 11
+ E(nmm)(nuvg)d‘ - (@) (mgva)v v} — (a1v2)(n12v2) 07
1
— 2(a1v1)(n12v2) (v1v2) + 1(047)2)(7112"02)(”1”2)
3 9 5 9 9 15 9
+ g(n12a1)(n12v2) (vivg) — g(nl2al)(n12vl) vy + g(alvl)(n12v2)v2
15 1
- g(a1v2)(n1202)vg - 5(”12%)(”1201)(”1202)@%
5 5mqvd
16(”12a1)(n12v2)203>+ 1281
G?*m? 235 29 235
+ T( — ﬂ(aﬂil)(nlﬂ}l) - ﬂ(n1202)(n1201)2 - ﬂ(alvz)(mzl&)
17 185 235
- E(nwal)(nmw) + E(nm 1)1)% 13 — (n12a2)v %
185 20
— ?(nlgal)(vlvg) + 3(7112@1)2)%)
Gmim 5 5
+ L2 ( — —(n1201)3(n12v2)3 + *(nlzvl)(nmw)?’v% + *(711202)4?1%
12 32 8 8
11 1 11
16(TL12111)(TL12U2)’U§L1 + Z(nuvz)zv% + TGU?
15 2 2 2
3 (n12v1)(n12v2) " (v1v2) + (n1201)(N1202) V7 (V1V2)
3 13
+ g(n12v2)2U%(U1U2) - Tﬁvf(vlvz) + 16(711201)(711202)(01@2)2
1 5 23 1
+ E(UWZ)?) — g(nlgvl)%%v% %9 (n12v1)(n12v2)va§ + 161/111)3
1
32211 (vu&)v%)
3G*mimy  Gim3Im3 ( 9707 22 (7“12>>
87“112 r‘ll2 420 3 7"1
G3m?2m3 /383 5 889
+ T3, (24(”12121) I8 ——(n12v1) (n1202)
123 305 41 439
6l —(n12v1) (n12v12) 72 — ) v 4 — ol 72 (viv1) + m(mvz))
G3mimy [ 8243 5 15541 3 5 15611 ,
7% < ~ 910 (n12v1)” + 120 (n12v1)(n12v2) + 5(7”612112) + 1260 U]
17501 5 12
_ m( 17}2) + 41)2 + 22(71122}1)(71121)12) lIl < ’I“,l >
22
— S (i) n <“2) ) +162. (B.1d)
T

The following 4PN part of the harmonic-coordinates Lagrangian, is expressed using the
convention defined by equation (7.3).
9

7
APN — %m 7)1 + 1+ 2 (BQ&)
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13 5 13
L = mimy (64(a2v1)(n1201) + @(aznm)(nmvl)6 — a(mzm)g’(@w)
11
— (agu1)(n12v1)* (n12v2) + — (agni2)(n12v1)’ (N12v2)
64 64
5 5
+ 32(a21}1)(n1201)3(n1202) - 33(6L17”L12)(71127)1)3(”12112)3
1 11
(GZUl)(n12U1)3(Ule) (aznlg)(n12U1)4(U1’L)2)
16 64
5
16(azmz)(n12v1)3(n12v2)(v1v2) 16(n1zv1)2(a1vz)(n1zv2)(v1v2)
3
- E(azm)(num)(mvg)z + 16(a1v1)(n12v2)(v102)2
5 77 27
16(amm)(n1zv1)(n1zv2)(v1v2)2 - %(azm)(num)%f 128(a2n12)(n1201)4vf
77 3 o 13 2 o 11 3 2
96 —(n12v1)° (agva)vy 32(a2v1)(n12v1) (n1v2)vy 32(a2n12)(n12v1) (n12v2)v}
7 27 19
- @(awl)(nmvl)(mzw)%% — @(a2n12)(n1201)2(n1202) v? — 3 —(a1v1)(n12v2)%v?
3 13
- TG(a2vl)(n12vl)(vlv2) % - 33(@27112)(”12@1)2(”1@2)’0%
33 , 7 )
16(n12v1)(azvz)(v1vz) - E(aznm)(n12v1)(n12v2)(v1v2)vl
(a1v2)(n12v2)(vlv2)vl + — 123 (a2vl)(n12vl)1}f‘ + ﬁ(aznm)(7”L12?11)2?JiL
16 64 128
123 49 31
- a(?’tum)(azvz)vil ol —(agv1)(n19ve)v} + ol “—(agni2)(n12v1) (n1202)v]
49 75 17
64 (CLgnlg)(’011)2)1)411 198 (agmg)vl 96 (nlgvl)?’(alvg)vg
23 15
~ 35 “(a1v1)(n12v1)*(n12v2)v3 + 33(a1n12)(n1201)3(n12712)11§
17 33 93
(a1n12)(n12vl)2(vlv2)vg + f(azvl)(nmvl)ll%v% + —(awl)(nlzvz)va%
32 32 32
23
5y )z (vt
+ . <128 (71121)1) (n12U2) 256(”12111) (n1202)
15 4 2 5 3 3
128(n12v1) (n12v2)*(viv2) + n — (n12v1)°(n12v2)° (V1v2)
15
- ﬁ(n12v1)3(n12v2)(v1v2)2 32(7112111)2(@11)2)3 - E(nmm)(nmvz)(mw)?’
1 5 5
+ 32( 1v9)? — 33(”1201)3(711202)30% - E(nmvl)(nlzw)?’(vlw)ﬁ
9 15
32 (n12vl)(n121}2)(0102)2vf — 33(”1202)2(0102) Ul + 32(0102)30%
15
3,4 2 4,9 2 4
+ 128(7112111)(71121)2) vy — 198 (n12vz) U1 + 128(71121)2) (viv2)v] + 4(0102) (]
11 s B BT ; )
5 (n12v2)“ 0] 4(v1v2)v1 + 1981~ 128 (n12v1)° (n12v2)vy
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15238 (n12v1)* (v1v2) v} + zé(n12v1)3(n1202)”%v% 2i(n12v1)2(n1202)2va§
éi(”mvly(?}lw)v%v% 2;(mgm)(mgvg)(vlvg)va% 312(1)11)2)2”%05

_ %g(mzvl)(mzw)va% 23 (n1gve)2vtv2 — 19298 (viva)vivs + ng

+2§6U1U2> tlez, (B.2b)

LE;QP)N = m;ZQ <2208989(a1v1)(n12v1)3 I 3438401 (as01) (m1ov1)® + %(n12v1)3(a202)
2214907 (a1m12)(n1201)* (n12v2) + %(a2n12)(n1201)3(”12v2)
12233 (m1zv1)” (arvz) (mazvz) + 3829 (a1v1)(n1201)(n120s)?

- %(”12“1)(‘111’2)(”12@)2 + 1234307(a1n12)(n12vl)(n12v2)3 + 4468201 (a1v2)(n12v2)?
1916303 (a1n12) (n1202)* + 325133 (arvr)(nizvi)(vive) + - = (azv1) (n1zvr) (v1v2)
2829 (a1m12)(n12v1)?(v1v2) — %(amlg)(nlgvl)(num)(vlw)

+ 6244909 (a1v2)(n12v2)(v1v2) + %(amu)(nmvg)%vwg) 4 26 (a1m12) (v102)?
7214903 (agv1)(n1gv)v} + 3302201 (agni2)(n12v1) v + %(nmm)(awz)zﬁ
%(mzvl)(%w)v% + %(mm)(mzvz)vl + 8488409(%@1)(”121}2)”%

2823 (a1m12) (n1201) (R12v2)vf + — B —— (agni2)(n12v1 ) (n12ve)v?

+ 4362201 (agni2)(n12v2)?v? + ?;09 (agnia)(vive)vi + 6398443((11”12)”%
%(mgm)(awz)vz + 3176303 (a101)(n12v2)v3 + g(alnu)(nmm)(nmvg)vg

- %(awg)(mgvg)v% - 2309(a1n12)(n1202)2v§ — %%3((117112)(11102)1)%

+%(a1n12)vf?}§ + 23)9;[)1(&17112)113)

mE%TQ <_4§)207(nl2vl)6 + %<n12v1)5(n12”2) - %(n12v1)4(n12v2)2

* %6;)1(”12”1)3(”12”2)3 - 22%(”12171)4(01@2) + 2?;37(7%12?11)3(”12112)(17102)

- %f()l(n12vl)2(n12112)2(1}1’02) - Qiggl (n1201)2(v1v2)?2
%25)(”12”1)(”12”2)<”1U2)2 - %(Ulw)?’ + 127838903 (n1v1) "0}

a 23237 (magv1)*(magva)vt + %(n12vl)2(n1202) + %(mzm)(nlgvg)%f
426T201(n1202)4v% - 1;1237(71127}1)2(01@2)7}1 - %(nlgvl)(nlgvg)(vlv2)v%
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14649 97 4879
W(nmvgy(vlvg)?}% + 3(1}1?}2)2'0% — ﬁ(nlgvl)ZU%
5399 L 83 20, 749 o, 20389
Tog (m200) (nzva)ui + g2 (mzva) o 4 fg (v12)ef + Jaaae
107 1823 1
+ @(nlzvl)%g ~ S0 (n12v1)?(n12v9)v3 — 5(711201)2(721202) v3
1021 1 67
?0(711201)2(0102)03 + 5(711201)(”1202)(0102)1)% + 1(0102)271%
21709 1873 4621
960 (nlgvl)Qvag — E(nlgvl)(nlgvg)v%vg — %(nlgvg)%%v%
42017 11119 21 3
— 960 ('Ul'UQ)U%U% + WU%U% — g(nlgvl)zvé — é(nlgvl)(nuvg)v%
105 105 115
16(11121)2)21);1 - ?(vlvg)% + 16 — vy + 32113) +1+ 2, (B.2¢)
2,92
mim 1099 41 2005
Lng = 7}2 2 < o (agv1)(nigvr) + 6—47r2(a2v1)(n121)1) + W(azmz)(nlzvl)Q
12
123 225233 43
- 1728#2(CL27112)(71121)1)2 + 1800 (a1v1)(n12v2) — @772(@1@1)(7112112)
477941 21 477941
— m(alnlz)(vwz) + T67T2(a1n12)(17102) + W(Cﬂ”m)v%
21
327r2(a1n12)v%>
2.9
mim3 [ 173617 . 2155 , y
T ( o880 12V~ qggg ™ (m2v1)
173587 . 2155 . 85871
To(n1201)5(n12v2) + %ﬂz(nmm)‘*(nuvg) - W(nmv1)2(nmvg)2
6465 5651 939
- @W2(N1QU1)2(H12U2)2 + %(nmvl)z(vm) - ﬁﬂZ(nmm)Q(mw)
6851 939 49139
- %(nlzvl)(nmw)(mw) + 2—%%2(7112111)(7112@2)(@1@2) + =50 (v1v2)?
195 3677 447 222679
512772(7)102)2 - %(nmvl) 2 4 5@7?2(”121/1)20% ~ 1200 (n12v1)(n12v2)v7
189 153079 69
— 2—%772(7112211)@1202)@% + W(n12vg)2l}% — 5@%2(7112@2)20%
61733 55 10337 133 116123
~ gop (V1v2)vl = g (vre2)ot el 4 gl — i
477
+10247T2’U%U%>
m3m 44023 562
+ rl 2 < (a1v1)(n12v1) + T(CLZUl)(nwvl)
12
110 r
+441n ( ) ni2v1)(avy) —441n ( )(nlgvl)(agvg) + 5 In ( Tw)(alvl)(nlgvg)
T 1
6397 198097
e (a1n12)(n1201)(n12v2) + W(amn)(nnm)(nuvz)
14377

(a1v2)(n12v2)

+221In ( 7 )(a2n12)(n12vl)(n12v2) T 980
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- %1 (7;,1,12)(6111)2)(”121)2) + 4;1(2)53(%”12)(@1@2) 441n ( o )(almz)(vwg)
+441n ( ) aimig)v 1;12(7)7 (agnlg)vf + ﬂ)(alnlg)v§>
m1m2 ( 22(1)3 (n12v1)* 6?281(7112@1)3(7112@2) - %2;7(n1z’111)2(n12v2)2
—551n ( ) n12v1)%(n12v9)? + %(nmvl)(mgvg) +551n (7”1 )(nlgvl)(n12v2)3
— gig? (n12v1)2(v102) + %(num)(nuvz)(vlvz)
+221n (%)(nlgvl)(nlgvg)(vwg) - 2;1337 (n12v2)? (v1v2)
—11ln (%)(nlgvz)Q(Uva) 71387( v1v9)? + 91063850809 (n19v1)0?
—55In ( m )(77,121]1)2@% _ 916122807 (n12U1)(n12U2)U1 +55In (7;1/12>(n12v1)(n12v2)v%
412;31 (n12v2)%v} + 111n ( T12)(n121)2)2’0% + 22;237 (v1v9)v?
N %1 (7:12)( vrea)of + 222071669 5351 (7:12)%1 B %(”12”)2”%
+ 66 1n <7"1 )(nlgvl)%g _ 122327(711201)(11121)2) — 881n ( 7 )(n12v1)(n12v2)v§
+ Z(nmw)%% - %(vwz)vz +22In (7:12)(1)1112) vh — 8536507 v —22In ( " )vag
+S1)(13v2> +1< 2, (B.2d)
Lipy = mi:;w <289206029 (n12v1)* — %1 (Tm)(n v1)? — 289309079 (n12v1)(n12v2)
+ ?1 (7:,12)(n12v1)(n12v2) + Z(nlzw)2 + 2223(2)9 (v1v2) — ? In (%2) (v1v2)
~ o+ gl (Tf)vz )
— ?1 (?”12)(n12v1)2 %(nmm)(num
_ %;5#(7112111)(”12@2) +441n ( " )(nlgvl)(nlgvz) +641n ( i )(nlgvl)(n12v2)
- 22536306089 (mygvn)® 1 2;;1 2 (navs)? + %1 (7;1 ) (m9v2)? — 641n (22 . 2) (m190)?
_ 922;(9)7( )+ %ﬂ(vm) - % In (7;},12)(@1@2) — 16 (22 " 2) (v102)
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858533 5 15 5 121 (m) | 5482669 5 101 , , 22 (m) )

Zn - = “n
50400 UV T3 vt 3 ) Tha0 2 T s T e Ty )Y
+161n (2)1}%) +12, (B.2¢)
3mime  mim3 /597771 71 110, /72
L6 _3my 1 2( _n o, 10, )
PN = g r§2 w5, \ 5600 32" 3 n(r’l)
mim3 (1734077 105 , 242, 71 >
- I (—=2) - 161 14 2. B.2f
T (25200 T3RT T3 (7‘1) 6n(7“2> e (B:20)
Besides all previous instantaneous terms, there is also the following non-local tail':
: G*M 3 too  dt/ 3
Ll = 22 19(1) Pt / i
568 t ()27‘12/0 —00 |t—t/’ v ( )
G*M 3),,, [T T\ [ (4)
= =3 I (t)/o dr In (27“12> [Iw (t—7)— 1 (t+7)] . (B.3)

B.2 Shifts applied

The Lagrangian shown above corresponds to the final result of the computation of chapter
6, modulo a shift of the trajectory. For clarity, we decompose this shift into 3 pieces.

A first shift & used in [92], leading to the Lagrangian provided in [93, 94] is given by the
equations (B.4)—(B.6). The poles 1/¢ in this shift correspond to UV divergences.

A second shift x used in [94] (but not published therein), is provided by the equations
(B.7)- (B.8). This shift is used to remove the 1/e poles due to IR divergences.

Finally, the last shift n was published in [3] and is provided by the equations (B.9) -
(B.10). This shift does not contain any 1/& pole and were applied for convenience.

B.2.1 Shift ¢

11 G?2m? TR 327 1
& = 1 L —2In (q 1) - ] H\] C§€1,4PN, (B.4)

3 O ly 1540
where agd%\l represents the Newtonian acceleration of 1 in d dimensions and § = 4we’® and
where

1 _ Z( 1 (0 n12 (0 vl 0 ’U12
&1,apn = &1, 4PN + &1 4PN M2 &1 apN Y [+ 51 4PN V12 5 (B.5)

with viy, = v} — v} and

_ GPm2mavt 11 G* 55 22
1’4;1)\1 - 7;2 2712 (11(nigv12) + E(nlzvl)) + n12( 3 (= 3 m?mg + Em%m% + 4m1m§)
12 L&)
G3mImg 11 11 22
+ 721 2( (n12v12)? — 11(n19v12) (n1201) + — (n1201)% — 71}%2)) (B.6a)
r 2 2 3
12

Zm(™2)) (n1z012)?

(0,n12) 2{1 {(_2539 72
r2, 560 O

_ 3
1,4PN — G"mimj

'For simplicity, we have used 12 to normalize the logarithm entering the non-local term in this form of
the Lagrangian.
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(% + % ln(%))(nuvu)(nnvl) + (_% - % ln(%))(vmvl)
+ (% - % 1n(r7102))022] + %’ [(53159 +481n ( ))("12”12)2(”12y1>

(_% - 1;;4 1n(%))(n12v12)(0123/1) + (_% a %8 1n(7;1§))(n12y1)v%2”
n G:ﬂmgmz{% [(- 21%1 - % ln(qlzrll) - %1 ln(%))(nl21}12)2
# (20 g + P2 4 110 o))

(% - % In( IZ Ly — % 1n(%2))<n12v1)2 + (—% - ?ln(g))(vlzm)
+ (%083 + 22 ln(qlzrl) + ? ln(%))v%z} + %,2 [(% +48 ln(%))(n12vl2)2(”1291)
n (_% B 1%4 ln(%))(nmvlz)(vmyl) + (_% - 45—8 n(:102))(n1291)v%2}}
Gt (it = S )

7;12(_ 13154 _ 353 (%))(nlﬂ/l)}
+G m‘i’mz[i,z(il); - 2?1 (Q1Z - %1 (7;102))
]
o) (-2 - 2 M- (3.6

0,v1)
é-1 4PN —

3 mlmg 839 32 712 m1m2 839 32 712

b ) 2% (22 2% (22

& 12, (anap + 15 (G, ) (mizviz) + =5 = (5555 + 15 () ) (muzoi)]
(B.6¢)

Ol = G3m1m%{é2 [E== BIn("2)) (nizviz) + (222 1n(222)) (1300
1 {( 289 144 ln(%))(num)(myl) + (% + 6—54 ln(?j))(vmyl)]}
+ G3m%m2{é2 [(% —331In( 122T/1) + % ln(%))(nlzvn)

LB 111n((112r’1) - S n(22) - S () maw)

1, 280 144 rp 228 64 71y }
e O YA + (£ In .
3 [ 35~ 5 G, ) mave)(mey) + (G + (T )iz

(B.6d)
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B.2.2 Shift y

. GB 1( )e ;
Xi= 8 { ®+ xOmznl, 4@yl 4 Ol 4y @2y
G*
. [ i(4)e yBmzpi, 4y @ )ylyz] ) (B.7)

2
By defining for convenience I' as I' = 42 , we have

; , 24 2 48 24 16
O =i, {m%mZ [_ (mgvzg (n1291) I— (_ B (n;2y1)> + (v1v9) (_52

712 57"%2 712 T12
48(%123/1)) ( 8 24(n12y1)) ( 24 24(n12y1)>
57"{)2 T (vz02) 57“%2 " 57"{)2 () 57"%2 " 57’:1)’2
48 72 72
(n12v1) ( (n12v2) [ n (n;2y1)} n (Uéyl) - (Ugyl))
12 Oy Ty
72(v 72 v 84 24(n
H(nawa) < 11) ( éyl)ﬂ +mym2 [(n1zv1)2 ( L ( ;2y1)>
57”12 9Ty OT7g 712
36 24(n12y1) 64 48(n12y1) 16
+ (n19v9)? (— - ) + (v1v2) (— - ) + (v2v2) (
57”%2 7“:132 57”%2 57’:1)’2 57”%2
24(n12y1)) ( 48 24(n12y1)> 24 48(ni2v1)
+—r5 ) + (v1v1) + + (n12v1) ((n12v2) { + ]
57“%2 57‘%2 57“?2 7‘%2 7“?2
72 72 72 72
+ évéyl) - (Ugyl)) + (n12v2) < (v§y1) + (Ugyl))]}
712 9Ty 5Ty 9Ty
; 16 72(n12y1)> ( 16 72(’)1123/1)) 32(v1y1)
% 2 _
T {m1m2 [(nmUQ) 1577 2 5r12 + (mavy) 3 57“%2 57“51]’2
32 72( 28 72
4 32(vapn) (v2y1) } \m2 [(n 203) ( n12y1)> + (naw) ( ® 4 (n132y1)>
57“12 157“12 51"12 3r{s o1y
32 32( 72( 32
évlyl (vay1 ” {m g { (n12v2) (n1291) + (nasv1) < .
7’12 57"12 57”12 9T7g
72(n12y1)) 32(v1y1) 32( vy ):| 2 |: ( 52 72(n12y1)>
53, )T 5, 53, | T mama |(mev)  —ge - =g
4 72(n12y1)) 32(v1y1) 32(7)21/1)} } i) 2 8(n12v1)?
—|—(n1202) (T%Q + 57“%2 + 57“?2 57“?2 YL e 51“:1))2
+8(vlv1) 16(n12v1)(n1202) B 8(n12v2)? B 16(viv)  8(vav2)
1573, 5r3, 5r3, 1513, 1573,
2 8(7112’[)1)2 8(’[)1’01) 16(72121)1)(’/“21}2) 8(%121}2)2 16(’[)1’02)
+mimy | — 53 3 3 - 3 - 3
79 1577, o119 5119 1577,
8(@21)2)} }
; B.8
+ 1573, (B.8a)

2096  72InT  48In("12) ( 223 36InT

17572,  5r%, 52,

(3)n12 — 2 -
X s {(”“’1) [ 50, 5
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241n(™2) 2533 24InT  16In("22)
T _ _ _ 0
53, ) mav)| () | mgaes = = 512,
223 36InT 24In(72) 4281
’ (“50r%2“ S ) )| o) [
96InT  64In("22) 223 72InT  48In(%2) ( )
n
512, 512, 2503, | brd, 513, 1201

11477 54InT  361n(%2) (35 36InT

2
T (mazen) [3507’%2—1— 5% | Brg

3 3
21y T2

241n(712) 21719  126InT  84In(%2)
0 2 _ To
T, ) )| (meo)” Tge e TR T
35 36Inl  24In(72) 669
+ (27% + 3 + 2, (n12y1) | + (n12v2) [(507’%
108InT"  72In(7}2) 669  108InT
3 3 () + | —z53 — 3
o1y o1y 5077, o179
721n(72) 24189  36InI  24In(%2)
ro _ _ _ ro
T ) (v2y1) | + (nagv1) | (n12v2) ( 12003, 2, 2,
35  72Inl  48In(%2) 669  108InT
e i g (n12y1) | + TR0, 53
T2 T2 T2 12 T2
721n("2) 669  108InT 72In(72)
70 T0
55, ) s, T e, T e, ) )
2y L (o) [ 28769 _ 36InT 24In(72) ( 223
m{m V10 — - - -
AN 210002, B2, 512, 5013,

36InT  24In(%2) ( [ 30479 12InT
— — n U v
513, 513, 1241) 22 | T5m2, T TR,
8In(72) 223 36InI  24In(2) ()| + (orm) {36137
— — n V10 —
52, 50r%, 5%, 57«12 121 120 1202,
24InT  16In(72) 223 72Inl  48In(’%2)
p) D) 3 3 3 (n12y1)
oris o1 2577, oy o179
18137 35  36ln[ 24In(%2)
2 0
+ (n12'l)2) [200T%2 <27"%2 7"%2 + 7"%2 nl?yl)
2119  72InT  48In(%2) 35 36InT
+ (n1av1)? 5 3 5+ < 3 3
50779 YD o1y 217y 99
24 1In(02) 669  108InDT  72In(%2)
+——="2" | (n12y1) | + (n12v2 + + B V1Y1
T%Q ) ( ) ( ) 507’:132 57"?2 57"%’2 ( )
669 108InI' 72In(%2) 26613
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72InT  48In(%2) 35 72T 48In(’2)
- b - ——3—](n2y1)

57"%2 57“%2 7“%2 7“11)’2 12
669  108InI  72In(%2) 669  108InT
+ | — - G - G 0 (Ulyl) Z z
507“f2 57"152 57"152 507“f2 57"152
72In("22) B.8b
+W (vay1)| ¢ » (B.8b)
769  8InI' 16In(™12) 669
(3)’01 — 2 _ _ _ 7o R,
X mima {(nuvl) [ 247’%2 r%z 37’%2 ( 507’:{’2
_108InT  72In(52) (1o | + (m202) 37267  8InT
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C — The mass quadrupole as a
function of the potentials

We recall that in d dimensions, the mass quadrupole is given by the following (cf section
8.1.2):

d—1 dly _n( <
I(t) = OEE) FBP/%_3 ¥yl {yLEm(y,t)
4(d+ 20 —2) =
_ =
2(d+ 1~ 2)(d +20) e Fier )
2(d + 20 —2) P
+c4(d—i—€ —1)(d+¢—2)(d+20+2) Yisr Lijiero (¥, 1)

B 4(d - 3)(d+20—-2) Yie }
Ald—=1)(d+£—2)(d+20) YiL ly 2 2ijle+1] (y,t) ¢ -

(C.1)

The last term of (C.1) does not contribute in because of the B and the d — 3 factors. The
first three terms of (C.1) are noted respectively MQS, MQV and MQT (MQ standing for
mass quadrupole and S,V,T for scalar vector and tensor).

As

Syt = S~k (M2 550 .2
[ (Y7 ) - Z Qyp c Ot (y7 )7 ( : )
k=0

(where the numerical coefficients o are given by (8.11)), each term MQS, MQV and MQT
corresponds to a finite sum at 4PN indexed by k in (C.2). This sum has 5 elements
(k €{0,1,2,3,4}) for MQS noted MQSI, MQSII, MQSIV and MQSV, 4 elements for MQV
noted MQVI, MQVII, MQVIII and MQVIV and 3 elements for MQT noted MTI, MQTII
and MQTIII. Each of these terms contains non-compact terms corresponding to the suffix
NC (such as MQSINC), compact terms (suffix C) and surface terms (suffix SL for surface
Laplacian terms and SD for surface divergence terms). Hence we have

1

Iij Gm

(MQS + MQV +MQT), (C.3)
where
MQS = FBP / Pz (MQSINC + GrMQSIC + 2;; AMQSISD + 9,MQSISL)
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d2

+ de?

FP / 43z (MQSIINC + GrMQSIIC)

4
+ % FP / d*z (MQSITINC + GrMQSIIIC)

d6
a6
d8
ass

MQV = % FP / 4z (MQVINC + GrMQVIC + #;;, AMQVISD + 9,MQVISL)

+ s TP / d3a (MQSIVNC + GrMQSIVC)

S / & (GrMQSVC) | (C.4)
d3

+ TP / &2 (MQVIINC + GrMQVIIC)

+ ;1; PP / &2 (MQUVIIINC + GrMQUVIIIC)

+ ((j; FP / Pz (+GTMQVIVC) | (C.5)

MQT = % FP / d3z (MQTINC 4 GTMQTIC)

+ ;; FP / d*z (MQTIINC + GrMQTIIC)

+ ;; FP / d*z (MQTIINC + GrMQTIIIC) . (C.6)
The list of all these coefficients are provided below. We use the notation MQSINC =

MQSINCypy +MQSINC, py /% + MQSINCypy /¢ + MQSINC3py /c® + MQSINC jpy /c®. We

do not write the terms that are equal to 0.

MQSI non-compact terms
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Sujet : Etudes des ondes gravitationnelles des binaires compactes a
’approximation post-newtonienne.

Résumé : La détection ainsi que I'analyse des ondes gravitationnelles émises par les systémes
binaires d’objets compacts reposent sur notre capacité a faire des prédictions précises au sein de
la théorie de la relativité générale. Dans cette theése, nous utilisons la théorie post-newtonienne
(PN), et en particulier le formalisme connu sous le nom de Blanchet-Damour-Iyer, afin d’étudier
de tels systemes. La finalité des différents calculs réalisés au sein de cette theése est d’obtenir
la phase du signal gravitationnel a l'ordre 4,5PN, et les résultats que nous présentons nous
rapprochent fortement de cet objectif. Tout d’abord, nous calculons les sillages d’ondes a ’ordre
3 dans le champ radiatif, ce qui nous permet d’obtenir le coefficient 4,5PN du flux d’énergie
émis par des systémes binaries compacts sans spin dans le cas d’orbites circulaires. Puis, nous
calculons la derniére ambiguité apparaissant dans les équations du mouvement de deux corps
compacts sans spin a 'ordre 4PN, ce qui nous permet d’obtenir la premiere dérivation a partir
de principes fondamentaux de ce résultat. Nous étudions alors en détail les différentes quantités
conservées générées par cette dynamique. Enfin, nous présentons un premier résultat préliminaire
du quadrupdle de masse source a l’ordre 4PN, ce qui constitue I'une des étapes cruciales dans
I’obtention de la phase a I'ordre 4.5PN.

Mots clés : théorie post-newtonienne, ondes gravitationnelles, systeme binaire compact

Subject : Studying gravitational waves of compact binary systems
using post-Newtonian theory.

Abstract: The detection and the analysis of gravitational waves emitted by compact binary
systems rely on our ability to make accurate predictions within general relativity. In this thesis, we
use the post-Newtonian (PN) formalism, and in particular the Blanchet-Damour-Iyer framework,
to study the dynamics and the emission of gravitational waves of such systems. The different
computations that we performed are motivated by our aim to obtain the phase of the gravitational
wave signal at the 4.5PN order. In that regard, crucial steps have been achieved within this thesis.
First of all, we compute the third-order tail effects in the radiation field, yielding the 4.5PN
coefficient of the energy flux for binaries of non-spinning objects in circular orbits. Besides, we
determine the remaining ambiguity of the 4PN Lagrangian of two spinless compact bodies. This
result completes the first derivation from first principles of the 4PN equations of motion. Then
we comprehensively study the conserved quantities of the 4PN dynamics. Finally, we provide a
preliminary result of the 4PN source mass quadrupole, which constitutes one of the crucial steps
towards the computation of the 4.5PN phase.

Keywords : Post-newtonian theory, gravitational waves, compact binary system




	Acknowledgements
	Introduction
	1 Introduction to gravitational waves and to the linearized theory of general relativity
	1.1 Short history of the theory of gravitational waves
	1.2 The linearized theory of general relativity and gravitational waves
	1.2.1 The linearized Einstein equations
	1.2.2 Gravitational wave solution to the vacuum linearized Einstein equations
	1.2.3 Effect of gravitational waves on matter

	1.3 The Einstein quadrupole formulae
	1.3.1 Einstein quadrupole formulae for the energy and angular momentum fluxes
	1.3.2 Some applications of the Einstein quadrupole formulae and orders of magnitude

	1.4 The confirmation with radio-astronomy of the Einstein quadrupole formulae
	1.4.1 Neutron stars, pulsars, and pulsar binary systems
	1.4.2 Evolution of the orbits


	2 Detection of gravitational waves
	2.1 Detection of GW with laser interferometry
	2.1.1 History: from the Weber bars to the interferometer detectors.
	2.1.2 Ground-based interferometry
	2.1.3 LISA and space-based interferometry
	2.1.4 Summary of the current and future network of GW observatories

	2.2 Possible sources
	2.2.1 Continuous compact binary systems
	2.2.2 Compact binary coalescence (CBC)
	2.2.3 Super Massive Black Hole Binary
	2.2.4 Extreme mass ratio inspiral (EMRI)
	2.2.5 Supernovae
	2.2.6 Continuous wave
	2.2.7 Stochastic background

	2.3 Template building and match filtering
	2.3.1 Matched filtering
	2.3.2 Post-Newtonian theory
	2.3.3 Numerical relativity
	2.3.4 Studying the ringdown with black hole perturbation
	2.3.5 The self-force framework
	2.3.6 Building the template with Effective-One-Body and IMRPhenomD

	2.4 First detections
	2.4.1 Runs O1 and O2
	2.4.2 The first direct detection of gravitational waves: GW150914
	2.4.3 The first detection of NS-NS coalescence: GW170817
	2.4.4 Summary


	3 Introduction to post-Newtonian theory
	3.1 Introduction to post-Newtonian theory
	3.2 The equations of motion: a historical review
	3.2.1 1PN, 2PN and 2.5PN
	3.2.2 3PN and 3.5PN
	3.2.3 4PN and 4.5PN

	3.3 Spins
	3.3.1 Formalism
	3.3.2 State-of-the-art

	3.4 The 4.5PN Project

	4 The far-zone radiative field and the gravitational wave flux
	4.1 The multipolar post-Minkowskian algorithm
	4.1.1 The Einstein multipolar post-Minkowskian equations
	4.1.2 Solving the MPM Einstein equations in the linear case
	4.1.3 The MPM algorithm at any order n
	4.1.4 A useful notation

	4.2 An explicit computation of the tails
	4.2.1 A computation step by step of h(2)MMij
	4.2.2 Non-locality: the appearance of the tails
	4.2.3 Computation of the tails-of-tails and the tails-of-tails-of-tails
	4.2.4 Explicit closed-form representations of the solution
	4.2.5 Formulae to integrate the tails-of-tails-of-tails
	4.2.6 Result

	4.3 Going to radiative coordinates and flux derivation
	4.3.1 Going to radiative coordinates
	4.3.2 The radiative multipole moments
	4.3.3 Deriving the equation for the flux
	4.3.4 The flux at 4.5PN for circular orbits


	5 The matching equation and its consequences
	5.1 Near zone, far zone, buffer zone and notations
	5.2 The Finite Part regularization and propagators
	5.2.1 Finite Part
	5.2.2 -1ret"0365-1ret, -k"0365-k and I-1"0365I-1

	5.3 The matching equation
	5.3.1 Two useful lemmas
	5.3.2 The matching equation and its consequences

	5.4 Explicit expressions of the source moment multipoles

	6 Ambiguity-free equations of motion at the 4PN order
	6.1 Presentation of the Fokker Lagrangian method
	6.1.1 The method
	6.1.2 UV regularization using Hadamard partie finie regularization
	6.1.3 UV regularization using dimensional regularization
	6.1.4 Infra-red regularization
	6.1.5 Adding the tail effects in 3 dimensions
	6.1.6 A first result in disagreement with self-force computation

	6.2 The systematic use of dimensional regularization
	6.2.1 Infra-red dimensional regularization
	6.2.2 The tails in d dimensions
	6.2.3 Conclusion


	7 Conserved quantities and equations of motion in the center of mass
	7.1 Conserved integrals of the motion
	7.1.1 The center of mass
	7.1.2 Equations of motion in the center of mass frame
	7.1.3 Lagrangian in the center of mass frame
	7.1.4 Energy and angular momentum in the center of mass frame

	7.2 Circular orbit and dissipative effects
	7.2.1 Effects of the tails
	7.2.2 Circular orbit
	7.2.3 Dissipative effects


	8 Computing the source mass quadrupole moment at 4PN
	8.1 Expression of the mass quadrupole as a function of the potentials
	8.1.1 General introduction
	8.1.2 Generalization in d dimensions
	8.1.3 Metric in d dimensions
	8.1.4 Simplification of the result

	8.2 Integrating the different terms
	8.2.1 Integrating the compact support terms
	8.2.2 1 and 1
	8.2.3 Integrating the surface terms
	8.2.4 Integrating the non-compact terms

	8.3 Computing the potentials
	8.3.1 Summary of the potentials required
	8.3.2 Computing the potentials in 3 dimensions
	8.3.3 Performing correctly the matching
	8.3.4 Known formulae in d dimensions
	8.3.5 Superpotentials
	8.3.6 Potentials at the locations of the point particles
	8.3.7 Potentials at infinity

	8.4 Results
	8.4.1 A preliminary result
	8.4.2 Checks and perspectives


	Conclusion
	A Conventions and notations
	A.1 Indices and summation convention
	A.2 The Einstein equations
	A.3 Multiple indices
	A.4 Geometrical variables

	B 4PN Fokker Lagrangian
	B.1 The Fokker Lagrangian
	B.2 Shifts applied
	B.2.1 Shift 
	B.2.2 Shift 
	B.2.3 Shift 


	C The mass quadrupole as a function of the potentials
	Bibliography

