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Qu’est-ce qu’une onde gravitationnelle?

L’onde gravitationnelle est une déformation de la surface de l’espace-temps se
propageant à la vitesse de la lumière c

Luc Blanchet (GR"CO) Les ondes gravitationnelles Cité des Sciences 15 / 47

Introduction



propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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How many cycles we detect?

NS binary systems
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Einstein telescope LISA



‣Post-Newtonian theory  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Post-Newtonian theory



F =
G
5c5

 
d3M (N)

ij
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d3M (N)
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✓
1
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◆!

Equation of motion  
1PN  Lorentz&Droste 17; Einstein-Infeld-Hoffman 38; 
Fock 39; […] 4PN Damour-Jaranowski-Schäfer 14; 
Bernard-Blanchet-Bohé-Faye-Marsat 16 
Emission and propagation of GW  
(Einstein 1918; Landau-Lifshitz  1947;[…]; Thorne 
1980;[…];3.5PN Liv. Rev. Blanchet) 

2 tasks:

Post-Newtonian theory

Einstein quadrupole formula:

Blanchet-Damour-Iyer formalism

‣ Perturbative expansion of relativistic effects
‣1 PN 

⇣v
c

⌘2



Blanchet-Damour-Iyer formalism

Length of the source

�GW
⇠ v

c

v

c
<< 1The source is post-Newtonian if: 

If the source is post-Newtonian we can define:

‣A near zone: 
‣A far zone: 
‣An intermediate zone:

r << �
r >> Length of the source

Length of the source << r << �



diverges for r ! 1
‣Post-Newtonian development diverges in the far-zone

‣ (Vacuum) multipolar expansion diverges when            , and is not valid 
inside the source
‣ If the source is post-Newtonian, there is an intermediate zone for 

which both expansions are valid and where a matching equation can 
be written

Blanchet-Damour-Iyer formalism

• PN expansion in the near zone
• Multipolar post-Minkowkian 
expansion in the far zone

• Matching equation between 
the two expansions

F (t� r

c
) = F (t)� r

c
F 0(t) + . . .

r ! 0

[[…];Blanchet 98]
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Once the equations of motions and the flux is known at n-PN, 
we consider circular orbits:

dEn

dt
= Fn

124 Luc Blanchet

The orbital phase is defined as the angle �, oriented in the sense of the motion, between the
separation of the two bodies and the direction of the ascending node (called N in Section 9.4)
within the plane of the sky. We have d�/dt = ⌦, which translates, with our notation, into
d�/d⇥ = �5x3/2/⌫, from which we determine68

� = �1
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, (317)

where ⇥0 is a constant of integration that can be fixed by the initial conditions when the wave
frequency enters the detector. Finally we want also to dispose of the important expression of the
phase in terms of the frequency x. For this we get

� = �x�5/2
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where x0 is another constant of integration. With the formula (318) the orbital phase is complete
up to the 3.5PN order for non-spinning compact binaries. Note that the contributions of the
quadrupole moments of compact objects which are induced by tidal e↵ects, are expected from
Eq. (16) to come into play only at the 5PN order.

As a rough estimate of the relative importance of the various post-Newtonian terms, we give
in Table 3 their contributions to the accumulated number of gravitational-wave cycles Ncycle in
the bandwidth of ground-based detectors. Note that such an estimate is only indicative, because a
full treatment would require the knowledge of the detector’s power spectral density of noise, and a
complete simulation of the parameter estimation using matched filtering techniques [138, 350, 284].
We define Ncycle as

Ncycle ⌘
�ISCO � �seismic

⇡
. (319)

The frequency of the signal at the entrance of the bandwidth is the seismic cut-o↵ frequency
fseismic of ground-based detectors; the terminal frequency is assumed for simplicity to be given

68 This procedure for computing analytically the orbital phase corresponds to what is called in the jargon the
“Taylor T2 approximant”. We refer to Ref. [98] for discussions on the usefulness of defining several types of
approximants for computing (in general numerically) the orbital phase.

Living Reviews in Relativity
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FIG. 7. The 90% credible upper bounds on deviations in the PN
coefficients, from GW150914 and GW151226. Also shown are
joint upper bounds from the two detections; the main contributor
is GW151226, which had many more inspiral cycles in band than
GW150914. At 1 PN order and higher the joint bounds are slightly
looser than the ones from GW151226 alone; this is due to the large
offsets in the posteriors for GW150914.

[41]. For convenience we list them again: (i) {d ĵ0, . . . ,d ĵ7}6

and {d ĵ5l ,d ĵ6l} for the PN coefficients (where the last two
multiply a term of the form f g log f ), (ii) intermediate-regime
parameters {d b̂2,d b̂3}, and (iii) merger-ringdown parameters
{d â2,d â3,d â4}.7

In our analyses we let each one of the d p̂i in turn vary
freely while all others are fixed to their general relativity val-
ues, d p̂ j = 0 for j 6= i. These tests model general relativ-
ity violations that would occur predominantly at a particu-
lar PN order (or in the case of the intermediate and merger-
ringdown parameters, a specific power of frequency in the rel-
evant regime), although together they can capture deviations
that are measurably present at more than one order.8

Given more than one detection of BBH mergers, posterior
distributions for the d p̂i can be combined to yield stronger
constraints. In Fig. 6 we show the posteriors from GW150914,
generated with final instrumental calibration, and GW151226
by themselves, as well as joint posteriors from the two events
together. We do not present similar results for the candidate
LVT151012 since it is not as confident a detection as the oth-
ers; furthermore, its smaller detection SNR means that its con-
tribution to the overall posteriors is insignificant.

6 This includes a 0.5PN testing parameter d ĵ1; since j1 is identically zero in
general relativity, we let d ĵ1 be an absolute rather than a relative deviation.

7 We do not consider parameters that are degenerate with the reference time
or the reference phase, nor the late-inspiral parameters d ŝi (for which the
uncertainty on the calibration can be almost as large as the measurement
uncertainty).

8 In [41], for completeness we had also shown results from analyses where
the parameters in each of the regimes (i)-(iii) are allowed to vary simulta-
neously; however, these tests return wide and uninformative posteriors.

For GW150914, the testing parameters for the PN coeffi-
cients, d ĵi and d ĵil , showed moderately significant (2–2.5s )
deviations from their general relativity values of zero [41]. By
contrast, the posteriors of GW151226 tend to be centered on
the general relativity value. As a result, the offsets of the com-
bined posteriors are smaller. Moreover, the joint posteriors
are considerably tighter, with a 1-s spread as small as 0.07
for deviations in the 1.5PN parameter j3, which encapsulates
the leading-order effects of the dynamical self-interaction of
spacetime geometry (the “tail” effect) [137] as well as spin-
orbit interaction [66, 138, 139].

In Fig. 7, we show the 90% credible upper bounds on
the magnitude of the fractional deviations in PN coefficients,
|d ĵi|, which are affected by both the offsets and widths of
the posterior density functions for the d ĵi. We show bounds
for GW150914 and GW151226 individually, as well as the
joint upper bounds resulting from the combined posterior den-
sity functions of the two events. Not surprisingly, the quality
of the joint bounds is mainly due to GW151226, because of
the larger number of inspiral cycles in the detectors’ sensitive
frequency band. Note how at high PN order the combined
bounds are slightly looser than the ones from GW151226
alone; this is because of the large offsets in the posteriors from
GW150914.

Next we consider the intermediate-regime coefficients d b̂i,
which pertain to the transition between inspiral and merger–
ringdown. For GW151226, this stage is well inside the sensi-
tive part of the detectors’ frequency band. Returning to Fig. 6,
we see that the measurements for GW151226 are of compa-
rable quality to GW150914, and the combined posteriors im-
prove on the ones from either detection by itself.

Last, we look at the merger-ringdown parameters d âi. For
GW150914, this regime corresponded to frequencies of f 2
[130,300] Hz, while for GW151226 it occurred at f & 400 Hz.
As expected, the posteriors from GW151226 are not very in-
formative for these parameters, and the combined posteriors
are essentially determined by those of GW150914.

In summary, GW151226 makes its most important contri-
bution to the combined posteriors in the PN inspiral regime,
where both offsets and statistical uncertainties have signif-
icantly decreased over the ones from GW150914, in some
cases to the ⇠ 10% level.

An inspiral-merger-ringdown consistency test as performed
on GW150914 in [41] is not meaningful for GW151226, since
very little of the signal is observed in the post-merger phase.
Likewise, the SNR of GW151226 is too low to allow for an
analysis of residuals after subtraction of the most probable
waveform. Finally, in [41], GW150914 was used to place a
lower bound on the graviton Compton wavelength of 1013 km.
Combining information from the two signals does not signif-
icantly improve on this; an updated bound must await further
observations.

VI. BINARY BLACK HOLE MERGER RATES

The observations reported here enable us to constrain the
rate of BBH coalescences in the local Universe more precisely

LIGO Scientific and Virgo collaboration arxiv:1606.04856 
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FIG. 6. Posterior density distributions and 90% credible intervals for relative deviations d p̂i in the PN parameters pi, as well as intermediate
parameters bi and merger-ringdown parameters ai. The top panel is for GW150914 by itself and the middle one for GW151226 by itself,
while the bottom panel shows combined posteriors from GW150914 and GW151226. While the posteriors for deviations in PN coefficients
from GW150914 show large offsets, the ones from GW151226 are well-centered on zero as well as being more tight, causing the combined
posteriors to similarly improve over those of GW150914 alone. For deviations in the bi, the combined posteriors improve over those of either
event individually. For the ai, the joint posteriors are mostly set by the posteriors from GW150914, whose merger-ringdown occurred at
frequencies where the detectors are the most sensitive.

up to 3.5PN. Since the source of GW151226 merged at
⇠ 450 Hz, the signal provides the opportunity to probe the
PN inspiral with many more waveform cycles, albeit at rel-
atively low SNR. Especially in this regime, it allows us to
tighten further our bounds on violations of general relativity.

As in [41], to analyze GW151226 we start from the IMR-
Phenom waveform model of [35–37] which is capable of de-
scribing inspiral, merger, and ringdown, and partly accounts
for spin precession. The phase of this waveform is charac-
terized by phenomenological coefficients {pi}, which include
PN coefficients as well as coefficients describing merger and
ringdown. The latter were obtained by calibrating against nu-

merical waveforms and tend to multiply specific powers of
f , and they characterize the gravitational-wave amplitude and
phase in different stages of the coalescence process. We then
allow for possible departures from general relativity, param-
eterized by a set of testing coefficients d p̂i, which take the
form of fractional deviations in the pi [135, 136]. Thus, we
replace pi ! (1+d p̂i) pi and let one or more of the d p̂i vary
freely in addition to the source parameters that also appear
in pure general relativity waveforms, using the general rel-
ativity expressions in terms of masses and spins for the pi
themselves. Our testing coefficients are those in Table I of
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by the Schwarzschild innermost stable circular orbit: fISCO = c

3

63/2⇡Gm

. Here we denote by f =
⌦/⇡ = 2/P the signal frequency of the dominant harmonics at twice the orbital frequency. As
we see in Table 3, with the 3PN or 3.5PN approximations we reach an acceptable accuracy level
of a few cycles say, that roughly corresponds to the demand made by data-analysists in the case
of neutron-star binaries [139, 137, 138, 346, 105, 106]. Indeed, the above estimation suggests that
the neglected 4PN terms will yield some systematic errors that are, at most, of the same order of
magnitude, i.e., a few cycles, and perhaps much less.

Table 3: Post-Newtonian contributions to the accumulated number of gravitational-wave cycles Ncycle

for compact binaries detectable in the bandwidth of LIGO-VIRGO detectors. The entry frequency is

fseismic = 10 Hz and the terminal frequency is fISCO = c3

63/2⇡Gm
. The main origin of the approximation

(instantaneous vs. tail) is indicated. See also Table 4 in Section 11 below for the contributions of spin-orbit
e↵ects.

PN order 1.4M� + 1.4M� 10M� + 1.4M� 10M� + 10M�

N (inst) 15952.6 3558.9 598.8
1PN (inst) 439.5 212.4 59.1
1.5PN (leading tail) �210.3 �180.9 �51.2
2PN (inst) 9.9 9.8 4.0
2.5PN (1PN tail) �11.7 �20.0 �7.1
3PN (inst + tail-of-tail) 2.6 2.3 2.2
3.5PN (2PN tail) �0.9 �1.8 �0.8

9.4 Polarization waveforms for data analysis

The theoretical templates of the compact binary inspiral follow from insertion of the previous
solutions for the 3.5PN-accurate orbital frequency and phase into the binary’s two polarization
waveforms h+ and h⇥ defined with respect to a choice of two polarization vectors P = (P

i

) and
Q = (Q

i

) orthogonal to the direction N of the observer; see Eqs. (69).
Our convention for the two polarization vectors is that they form with N a right-handed triad,

and that P and Q lie along the major and minor axis, respectively, of the projection onto the plane
of the sky of the circular orbit. This means that P is oriented toward the orbit’s ascending node –
namely the point N at which the orbit intersects the plane of the sky and the bodies are moving
toward the observer located in the direction N . The ascending node is also chosen for the origin of
the orbital phase �. We denote by i the inclination angle between the direction of the detector N
as seen from the binary’s center-of-mass, and the normal to the orbital plane (we always suppose
that the normal is right-handed with respect to the sense of motion, so that 0 6 i 6 ⇡). We use
the shorthands c

i

⌘ cos i and s
i

⌘ sin i for the cosine and sine of the inclination angle.
We shall include in h+ and h⇥ all the harmonics, besides the dominant one at twice the orbital

frequency, consistent with the 3PN approximation [82, 11, 74]. In Section 9.5 we shall give all
the modes (`,m) in a spherical-harmonic decomposition of the waveform, and shall extend the
dominant quadrupole mode (2, 2) at 3.5PN order [197]. The post-Newtonian terms are ordered by
means of the frequency-related variable x = (Gm⌦

c

3 )2/3; to ease the notation we pose

h+,⇥ =
2Gµx

c2R

+1
X

p=0

xp/2
H
p/2

+,⇥( , ci, si; lnx) +O
✓

1

R2

◆

. (320)

Note that the post-Newtonian coe�cients will involve the logarithm lnx starting at 3PN order;
see Eq. (127). They depend on the binary’s phase �, explicitly given at 3.5PN order by Eq. (318),

Living Reviews in Relativity
DOI 10.12942/lrr-2014-2

[Liv. Review L. Blanchet] 

Post-Newtonian contributions to the accumulated number of gravitational-wave 
cycles Ncycle  for compact binaries detectable in the bandwidth of LIGO-
VIRGO detectors. The entry frequency is  fseismic = 10 Hz and the terminal 
frequency is the ISCO frequency.

Impact of 4.5PN        
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The Multipolar-Post-Minkowskian algorithm

‣Goal: building the most general past-stationary vacuum solution 
representing the spacetime in the far-zone 

‣This solution will depend on unspecified functions (     and    ). 

‣The matching equation will relate these functions to the physical 
properties of the source and will provide explicit formulae to 
compute them.  

‣      correspond to the mass L-multipole moments of the source 
and      to its current L-multipole moments.

ML SL

ML

SL
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n

The MPM algorithm

Gµ⌫(g↵� , @g↵� , @
2g↵�) = 0

hµ⌫ =
p
�ggµ⌫ � ⌘µ⌫ = Ghµ⌫ + G2h(2)µ⌫ + . . .

⇤h(i)
µ⌫ = ⇤µ⌫(h

(1), . . . , h(i�1))

@µh(i)
µ⌫ = 0
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h1
µ⌫ ⇠

X

l�0

@i1,...,il

✓
Mi1...il(t� r)

r

◆
+

X

l�2

@i1,...,il

✓
Si1...il(t� r)

r

◆

= h1
M + h1

Mij
+ h1

Mijk
+ · · ·+ h1

Sij
+ h1

Sijk
+ . . .

The MPM algorithm

n
⇤h(i)

µ⌫ = ⇤µ⌫(h
(1), . . . , h(i�1))

@µh(i)
µ⌫ = 0

h(2) = h(2)
M⇥M + h(2)

M⇥Mij
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Issue:
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First issue: UV regularisation
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Second issue: tails
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Second issue: tails
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The 4.5PN project



Our goal: compute  the phase at 4.5PN for circular orbit

In this presentation: contributions at 4.5PN of the tails:

4.5PN project

31

arxiv:1607.07601

‣Equation of motion at 4PN 
‣Energy at 4.5PN 
‣Flux at 4.5PN:  - Contributions to the tails at 4.5PN 
                          - Other contributions at 4PN which require 
                              to compute the 4PN mass quadrupole and 
                              the 3PN current quadrupole […]
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‣ Required new analytical formulae

‣Implementing the algorithm into Mathematica
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Finally our complete result for the leading 1/r term (actually made of 1/r, ln r/r and
ln2 r/r terms) of the quartic metric in harmonic coordinates reads
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The quadrupole moments inside the integrals are evaluated at time t− r − τ . Note that at
this stage the logarithms involve both the radial distance r to the source and the constant r0
originally introduced into the MPM algorithm. We shall now extract the relevant physical
information from this metric as viewed at future null infinity, in the form of the so-called
radiative quadrupole moment Uij [34] — not to be confused of course with the source type
quadrupole moment Mij .

So far we have used harmonic coordinates xµ for our computations. However, this choice
of coordinates has the well-known disadvantage that the coordinate cones t − r (where
r = |xi|) deviate by powers of the logarithm of r from the true space-time characteristics or
light cones. As a result, the 1/r expansion of the metric in harmonic coordinates (as r → +∞
with t − r = const) involves powers of logarithms. We can get rid of these logarithms by
going to radiative coordinates Xµ for which the associated coordinate cones T − R (where
R = |X i|) become asymptotically tangent to the true light cones at future null infinity. As
done in previous work [8], we will perform the coordinate transformation Xµ = xµ + ξµ(x),
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with b0 denoting an arbitrary scale which is a priori different from the scale r0. We shall
show that this simple coordinate change is sufficient to remove all the log-terms from our
quartic metric (4.1). In radiative coordinates Xµ the radiative quadrupole moment Uij will
then be straightforwardly defined. Keeping only the 1/R terms and consistently taking
into account all the M3 ×Mij interactions, we find that the metric in radiative coordinates
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where both sides are evaluated at the same dummy coordinate point, say Xµ. Injecting
the results found for hM3×Mij

, hM2×Mij
, hM×Mij

and hMij
recalled in Sec. II with ξµ defined

by (4.2), we indeed find that all the logarithms of R vanish, and obtain

H00
M3×Mij

=
M3N̂ab

R

∫ +∞

0

dτ M (6)
ab

{

−
8

3
ln3

(

τ

2b0

)

− 4 ln2

(

τ

2b0

)

+
232

21
ln

(

τ

2b0

)

ln

(

τ

2r0

)

−
14272

2205
ln

(

τ

2b0

)

+
104

15
ln

(

τ

2r0

)

+
16489

1575
−

232π2

63

}

+O
(

1

R2

)

, (4.4a)

H0i
M3×Mij

=
M3N̂abi

R

∫ +∞

0

dτ M (6)
ab

{

−
2

3
ln2

(

τ

2b0

)

−
8

105
ln

(

τ

2b0

)

ln

(

τ

2r0

)

−
1432

1225
ln

(

τ

2b0

)

+
178

315
ln

(

τ

2r0

)

−
59287

33075
+

8π2

315

}

+
M3N̂a

R

∫ +∞

0

dτ M (6)
ai

{

−
8

3
ln3

(

τ

2b0

)

−
18

5
ln2

(

τ

2b0

)

+
832

75
ln

(

τ

2b0

)

ln

(

τ

2r0

)

−
45448

7875
ln

(

τ

2b0

)

+
1154

175
ln

(

τ

2r0

)

+
212134

18375
−

832π2

225

}

+O
(

1

R2

)

,

(4.4b)

H ij
M3×Mij

=
M3N̂abij

R

∫ +∞

0

dτ M (6)
ab

{

− ln2

(

τ

2b0

)

−
191

105
ln

(

τ

2b0

)

+
107

105
ln

(

τ

2r0

)

−
30868

11025

}

+ 2
M3N̂a(j

R

∫ +∞

0

dτ M (6)
i)a

{

26

7
ln2

(

τ

2b0

)

+
104

35
ln

(

τ

2b0

)

ln

(

τ

2r0

)

+
8812

525
ln

(

τ

2b0

)

−
598

735
ln

(

τ

2r0

)

+
1487812

77175
−

104π2

105

}

+
M3N̂abδij

R

∫ +∞

0

dτ M (6)
ab

{

−
80

21
ln2

(

τ

2b0

)

−
64

21
ln

(

τ

2b0

)

ln

(

τ

2r0

)

−
592

35
ln

(

τ

2b0

)

+
1756

2205
ln

(

τ

2r0

)

−
4508029

231525
+

64π2

63

}

19

r ! 1When            :



F =
1X

l=2

G

c2l+1


al
�
U (1)
L

�2
+

bl
c2

�
V (1)
L

�2
�

+
M3

R

∫ +∞

0

dτ M (6)
ij

{

−
8

3
ln3

(

τ

2b0

)

−
24

5
ln2

(

τ

2b0

)

+
152

15
ln

(

τ

2b0

)

ln

(

τ

2r0

)

−
396

35
ln

(

τ

2b0

)

+
3608

525
ln

(

τ

2r0

)

+
286408

55125
−

152π2

45

}

+O
(

1

R2

)

, (4.4c)

where the quadrupole moments are evaluated at time TR − τ in the past, denoting by
TR = T − R the retarded time in radiative coordinates.

By definition, the radiative mass and current multipole moments UL(TR) and VL(TR) are
the multipolar coefficients in the transverse-tracefree (TT) projection of the spatial metric
in radiative coordinates, at retarded radiative time TR, i.e.,
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The TT projection operator is Pijkl = PikPjl − 1

2PijPkl where the projector is defined as
Pij = δij −NiNj and the unit direction from the source to the observer is Ni = Xi/R. The
associated total energy flux F = (dE/dTR)GW reads [34]

F =
+∞
∑

ℓ=2

[

(ℓ+ 1)(ℓ+ 2)

(ℓ− 1)ℓℓ!(2ℓ+ 1)!!

(

U (1)
L

)2
+

4ℓ(ℓ+ 2)

(ℓ− 1)(ℓ+ 1)!(2ℓ+ 1)!!

(

V (1)
L

)2
]

. (4.6)

We thus find that the contribution of the tails-of-tails-of-tails part of the radiative met-
ric (4.4) to the radiative quadrupole moment Uij is
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Adding also the known quadratic tails and cubic tails-of-tails [8], we obtain the radiative
mass quadrupole moment complete with respect to such tail interactions up to quartic level,
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‣         computed explicitly for circular orbits with the matching 
equation !

Mij

Computing the flux for circular orbits

where ξµ is defined by
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, (4.2a)

ξi = 0 , (4.2b)

with b0 denoting an arbitrary scale which is a priori different from the scale r0. We shall
show that this simple coordinate change is sufficient to remove all the log-terms from our
quartic metric (4.1). In radiative coordinates Xµ the radiative quadrupole moment Uij will
then be straightforwardly defined. Keeping only the 1/R terms and consistently taking
into account all the M3 ×Mij interactions, we find that the metric in radiative coordinates
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in harmonic-coordinates by
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where both sides are evaluated at the same dummy coordinate point, say Xµ. Injecting
the results found for hM3×Mij

, hM2×Mij
, hM×Mij

and hMij
recalled in Sec. II with ξµ defined

by (4.2), we indeed find that all the logarithms of R vanish, and obtain
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Matching equation:

,,

‣ 

‣ 

‣ 

(PN expansion)

The computation of        is a PN computation in the near zone.  
It is known at 3PN and in progress at 4PN [2nd year PhD project]

Mij

Computing the mass quadrupole

IR regularisation !



Results            
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What is next?

‣ The 4PN equation of motion has now been computed by 
different methods (Hamiltonian and Fokker Lagrangian 
complete, EFT in progress).  

‣ In order to compute the 4PN coefficient of the flux for circular 
orbits, the 4PN mass quadrupole  and the 3PN current 
quadrupole still need to be computed.  

‣ Once this is done, different physical results (Flux, phase 
evolution, waveform, polarization modes etc.) can be 
computed at 4PN and then directly used.



Conclusion

‣ With the first detections of gravitational waves and the 
future development of gravitational detectors, improving the 
accuracy of GW template is more and more crucial.  

‣ PN computation plays a major role for building templates  

‣ We have computed all the contributions entering the flux at 
4.5PN but the 4PN coefficient is still required  

‣ Once the 4PN mass quadrupole and the 3PN current 
quadrupole are computed, we’ll be able to plug in all the 
pieces up to 4.5PN and obtain physical quantities such as 
the phase of the signal at 4.5PN.



Thank you


