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Acte 1

Les ondes gravitationnelles: qu’est-ce que c’est ?



Rµν –       R gµν  =            Tµν 
1 
2 

courbure de l’espace-temps 

constante de Newton 

contenu en énergie 

8πG 
c 4 

vitesse de la lumière 

©Einstein 1915 



A tout déplacement de masse est associé un déplacement de courbure 
qui se déplace dans l’espace-temps, comme le fait la pierre tombant 
dans l’eau… 

… des ondes se propagent  … 

Ondes gravitationnelles



1916 1918 

Sur les ondes gravitationnelles Intégration approchée des équations  
du champ de la gravitation 





Les ondes gravitationnelles se propagent dans tout  
l’Univers avec une amplitude qui diminue comme  
l’inverse de la distance.  

Elles sont très difficiles à détecter parce qu’elles 
n’interagissent que gravitationnellement et que  
la force gravitationnelle est la plus faible des forces  
fondamentales. 

En conséquence, elles sont très peu perturbées 
par ce qu’elles rencontrent sur leur chemin. 

MESSAGERS COSMIQUES IDEAUX



Les trous noirs, sources d’ondes gravitationnelles

Acte 2



Quelles sont les sources d’ondes gravitationnelles? 

Tous les mouvements de masse importants et rapides : 

Explosions (asymétriques) de supernovae 

Sursauts gamma 

Systèmes binaires 

Fusion de trous noirs 



Noter que : 

Objets massifs et compacts: trous noirs et étoiles à neutrons 

•  événement rapide donc très localisé (v<c) 

•  présence d’une masse importante 



Quelques précisions sur les trous noirs… 



Réactions 
thermonucléaires

Attraction
gravitationnelle

Equilibre

Soleil 



Trous noirs stellaires 

Quand une étoile a épuisé son combustible nucléaire, elle  
s’écroule en trou noir si elle est suffisamment massive. 

Trous noirs de masse de l’ordre de celle du soleil  
jusqu’à une dizaine de masses solaires. 



Image radio (90 cm) Infrarouge NAOS/CONICA

  Trou noir d’une masse de l’ordre 
   de 3 million de masses solaires

Comment s’est-on convaincu que les trous noirs existent? 

centre galactique 



Les trous noirs sont des singularités de l’espace-temps 
prédites par la théorie de la  relativité générale. 

TN

Horizon

matière

lumière



Une comparaison pour comprendre la notion d’horizon : la chute d’eau.

Horizon

« Trou noir »

 



Un trou noir est un objet très simple (caractérisé comme une 
particule par sa masse, sa charge et son moment angulaire)  
mais  
les effets gravitationnels et magnétiques induisent dans son  
voisinage des phénomènes très complexes. 



Disque de matière entourant un trou noir 



Un jet de particules associé à un trou noir sort de la galaxie M87 



Pour observer des ondes gravitationnelles, on a besoin d’un 
système de deux trous noirs en rotation : 

1"

2"

2"

1"

R"

M"

M"M"

M"

fréquence des ondes gravitationnelles 
=   2 fois la fréquence de rotation 

Phase spiralante Fusion Baisser de rideau 





Les ondes gravitationnelles transportent énergie  
                et quantité de mouvement 

e.g. « expérience » de la perle collante(Feynman, Bondi) 

Formule du quadrupôle d’Einstein 

Power carried by a gravitational wave 
PGW =         < Qi jQij > 
 

… … GN 

5c5 

Qij = ⎰d3x xixj ρ(x) 

Note: electric dipole Σi qixi ✔ 
            magnetic dipole Σi qixi∧vi ✔  
            quadrupole ✔ 

Σi mixi = cst ✘    
Σi xi∧mivi= cst ✘   
quadrupole ✔ 
 

c5/GN ≈ 1052 W 



Application: frequency shifts of binary systems 

40 CHAPTER 3. GRAVITATIONAL WAVES

The equation of motion of the two objects, referred respectively by the sub-
script 1 and 2, is:
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This is a circularly polarized wave with frequency ! = 2!s.
In the case of two objects of unequal masses m
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µṙ2 +GN

µM

r
, (3.49) 2-105

where we have defined the total mass M and the reduced mass µ:
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Since the overall motion does not generate gravitational waves, we see by
defining r̂ = µ1/2r, that the relative motion depends on the masses only
through the mass parameter
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. (3.51) 2-107

40 CHAPTER 3. GRAVITATIONAL WAVES

The equation of motion of the two objects, referred respectively by the sub-
script 1 and 2, is:

x
1

=
l
0

2
cos (!st+ �+ ⇡/2) , y

1

=
l
0

2
sin (!st+ �+ ⇡/2) ,

x
2

= �x
1

, y
2

= �y
1

, (3.44)

from which we obtain

Ixx = m(x2

1

+ x2

2

) =
ml2

0

4
(1� cos(2!st+ 2�)) , Iyy =

ml2
0

4
(1 + cos(2!st+ 2�)) ,

Ixy = �ml2
0

4
sin(2!st+ 2�) . (3.45)

Since Ixx + Iyy = ml2
0

we deduce that

6 Ixx = � 6 Iyy = �ml2
0

4
cos(2!st+ 2�) + cst , 6 Ixy = �ml2

0

4
sin(2!st+ 2�) .

(3.46) 2-103

From (
2-98
3.41) and (

2-100
3.43), we obtain

hTT
xx (t, r) = hTT

yy (t, r) =
(2GNm)5/3!2/3

s

c4
1

r
cos (2!s(t� r/c) + 2�) ,(3.47)

hTT
xy (t, r) =

(2GNm)5/3!2/3
s

c4
1

r
sin (2!s(t� r/c) + 2�) .(3.48)

This is a circularly polarized wave with frequency ! = 2!s.
In the case of two objects of unequal masses m

1

and m
2

, one may note
that, classically, the Lagrangian of the system L = T � V may simply be
written in terms of the motion of the centre of mass of the binary system
(R ⌘ r

1

+ r
2

) and of the relative motion (r ⌘ r
1

� r
2

):

L =
1

2
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m1 

m2 

chirp mass 
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we obtain from the last two equations
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This equation can be solved for !s. We write this solution in terms of the
gravitational wave frequency f = !s/⇡:
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where ⌧ ⌘ tc � t, tc being the time where the two objects coalesce. We see
that the frequency increases with time (it chirps) and that the key parameter
is the chirping mass M.
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5.2 Elliptic orbits
sect:5-2

The Hulse and Taylor pulsar

[Schutz
Schutz
[29] Section 9.4 pp. 241,242]

The measurement of the energy loss of the binary pulsar PSR 1913+16
discovered by Hulse and Taylor

HT75
[12] has indeed provided the best indirect

evidence of gravitational waves to this day. This system consists of two bodies
of mass of order 1.4M� orbiting with a period T = 7 hr 45 min7 s = 27907 s
on an elliptical orbit (e = 0.617) with a maximum separation of the order of
R�! One of the objects is a pulsar, a neutron star emitting radio pulses which
sweep space with a period of 59 ms. It is the quasi-periodical fluctuations in
the arrival time of these pulses, due to Doppler shift, that allowed to infer
that this pulsar was in a binary system and to compute the period. We may
compute the power PGW released by gravitational waves from (

2-111
5.1), using

! = 2⇡/T = 2.2515⇥ 10�4 Hz and M = 2.4241⇥ 1030 kg,

PGW = 0.64⇥ 1024 W . (5.7) 2-115

τ time to coalescence = tcoal-t 

Supermassive black holes  (1 miilion solar mass, f = 10-4Hz) : 
                                                                                        τ ≈ 2.106 ︎ s ≈ 1 month  



Les détecteurs d’ondes gravitationnelles
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On introduit l’amplitude de l’onde gravitationnelle: 

h =  ΔL 
L 

variation de longueur due 
  à l’onde gravitationnelle 

longueur totale 

Exemples : 

•  explosion de supernova dans l’amas de la Vierge (15Mpc): h=10-21 à 10-24 

•  système binaire de deux trous noirs (M=1,4Msoleil) à 10 Mpc: h=10-22 à 10-23 

•  système de deux trous noirs supermassifs (M=1 million Msoleil) à z=1:h=10-22 

ΔL 
L 



Pour des masses situées à une distance d’un kilomètre 

ΔL = h L ~ 10-22 . 103 = 10-19 m ! 

Seule solution connue : 
                           interférométrie lumineuse 



Miroir 1 
(fixe)

L2 

L1 

Miroir 2 (mobile)
Interféromètre de Michelson  

Face semi-réfléchissante 

laser 

Figure d’interférence 



Albert Michelson comptant les  franges d‘interférence ���



Sensibilité ΔL= 6.10-10 m!

Appareil original utilisé par Michelson et Morley en 1887 ���



Quelle taille pour l’interféromètre ? 

Taille = Longueur d’onde de l’onde gravitationnelle 
          
          = Vitesse de la lumière / fréquence de l’onde 
            

longueur d’onde/ 



Fréquence f des ondes gravitationnelles ~√M/R3 

Etoiles à neutrons (M ~ 1,4M✸) : f ~ 100 Hz 
 
                       taille ~ 3000 km  

Trous noirs supermassifs (M ~ 106 M✸) : f ~ 10-4 à 10-2 Hz 
 
                       taille ~ 30 millions km  

(loi de Kepler pour systèmes binaires) 

Interféromètres 
terrestres? 

LISA 



Fluctua'ons+quan'ques+dans+l’Univers+primordial+

Systèmes+binaires+de+
trous+noirs+galac'ques+ Transi'ons+de+phase+dans+

l’Univers+primordial+

VIRGO+
++LIGO+

Fond++
cosmologique+

Trous+noirs+compacts+
+capturés+par+trou+noir++
galac'que+

Binaires+
compactes+

D
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Coalescence+de++
binaires+d’étoiles++
à+neutrons+ou+de+
+trous+noirs+stellaires+

AGE(DE(
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Fréquence des ondes gravitationnelles en Hz  



VIRGO, LIGO et quelques autres
                       



Les interféromètres terrestres 

Taille = 3 à 4  km 

Virgo près de Pise 

LIGO en Louisiane (Livingston) et dans l’état de 
Washington (Hanford) 



Hanford 1+2

Livingston

GEO
Virgo

Un ensemble de détecteurs sur plusieurs continents 
     



Comment obtenir les 3000 km nécessaires? 



Comment s’affranchir au  
maximum des ondes  
sismiques? 

Suspendre l’interféromètre 

(ou l’enterrer profondément) 

Suspensions Virgo 



Sensibilité

LIGO Hanford 
Eté 2005 

 
6 milliards de fois mieux que  
Michelson/Morley en 1887! 
 



Il y a 1,3 milliards d’années…
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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]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

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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the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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For robustness and validation, we also use other generic
transient search algorithms [41]. A different search [73] and
a parameter estimation follow-up [74] detected GW150914
with consistent significance and signal parameters.

B. Binary coalescence search

This search targets gravitational-wave emission from
binary systems with individual masses from 1 to 99M⊙,
total mass less than 100M⊙, and dimensionless spins up to
0.99 [44]. To model systems with total mass larger than
4M⊙, we use the effective-one-body formalism [75], which
combines results from the post-Newtonian approach
[11,76] with results from black hole perturbation theory
and numerical relativity. The waveform model [77,78]
assumes that the spins of the merging objects are aligned
with the orbital angular momentum, but the resulting
templates can, nonetheless, effectively recover systems
with misaligned spins in the parameter region of
GW150914 [44]. Approximately 250 000 template wave-
forms are used to cover this parameter space.
The search calculates the matched-filter signal-to-noise

ratio ρðtÞ for each template in each detector and identifies
maxima of ρðtÞwith respect to the time of arrival of the signal
[79–81]. For each maximum we calculate a chi-squared
statistic χ2r to test whether the data in several different
frequency bands are consistent with the matching template
[82]. Values of χ2r near unity indicate that the signal is
consistent with a coalescence. If χ2r is greater than unity, ρðtÞ
is reweighted as ρ̂ ¼ ρ=f½1þ ðχ2rÞ3&=2g1=6 [83,84]. The final
step enforces coincidence between detectors by selecting
event pairs that occur within a 15-ms window and come from
the same template. The 15-ms window is determined by the
10-ms intersite propagation time plus 5 ms for uncertainty in
arrival time of weak signals. We rank coincident events based
on the quadrature sum ρ̂c of the ρ̂ from both detectors [45].
To produce background data for this search the SNR

maxima of one detector are time shifted and a new set of
coincident events is computed. Repeating this procedure
∼107 times produces a noise background analysis time
equivalent to 608 000 years.
To account for the search background noise varying across

the target signal space, candidate and background events are
divided into three search classes based on template length.
The right panel of Fig. 4 shows the background for the
search class of GW150914. The GW150914 detection-
statistic value of ρ̂c ¼ 23.6 is larger than any background
event, so only an upper bound can be placed on its false
alarm rate. Across the three search classes this bound is 1 in
203 000 years. This translates to a false alarm probability
< 2 × 10−7, corresponding to 5.1σ.
A second, independent matched-filter analysis that uses a

different method for estimating the significance of its
events [85,86], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real
gravitational-wave signal, as for GW150914, the back-
ground used to determine the significance of other events is
reestimated without the contribution of this event. This is
the background distribution shown as a purple line in the
right panel of Fig. 4. Based on this, the second most
significant event has a false alarm rate of 1 per 2.3 years and
corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is
astrophysical in origin it is also a binary black hole
merger [44].

VI. SOURCE DISCUSSION

The matched-filter search is optimized for detecting
signals, but it provides only approximate estimates of
the source parameters. To refine them we use general
relativity-based models [77,78,87,88], some of which
include spin precession, and for each model perform a
coherent Bayesian analysis to derive posterior distributions
of the source parameters [89]. The initial and final masses,
final spin, distance, and redshift of the source are shown in
Table I. The spin of the primary black hole is constrained
to be < 0.7 (90% credible interval) indicating it is not
maximally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [39]. The parameter uncertainties include
statistical errors and systematic errors from averaging the
results of different waveform models.
Using the fits to numerical simulations of binary black

hole mergers in [92,93], we provide estimates of the mass
and spin of the final black hole, the total energy radiated
in gravitational waves, and the peak gravitational-wave
luminosity [39]. The estimated total energy radiated in
gravitational waves is 3.0þ0.5

−0.5M⊙c2. The system reached a
peak gravitational-wave luminosity of 3.6þ0.5

−0.4 × 1056 erg=s,
equivalent to 200þ30

−20M⊙c2=s.
Several analyses have been performed to determine

whether or not GW150914 is consistent with a binary
black hole system in general relativity [94]. A first

TABLE I. Source parameters for GW150914. We report
median values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of
different waveform models. Masses are given in the source
frame; to convert to the detector frame multiply by (1þ z)
[90]. The source redshift assumes standard cosmology [91].

Primary black hole mass 36þ5
−4M⊙

Secondary black hole mass 29þ4
−4M⊙

Final black hole mass 62þ4
−4M⊙

Final black hole spin 0.67þ0.05
−0.07

Luminosity distance 410þ160
−180 Mpc

Source redshift z 0.09þ0.03
−0.04
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Difference of black hole masses 3.0±0.5 solar masses  
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we obtain from the last two equations

dE

dt
= � 32

5c5
G7/3

N
(!sM)10/3 = �1

3
G2/3

N
M5/3!�1/3

s

d!s

dt
, (5.3) 2-113

This equation can be solved for !s. We write this solution in terms of the
gravitational wave frequency f = !s/⇡:

f =
1

8⇡



5c5

G5/3
N M5/3

�

3/8 1

⌧ 3/8
. (5.4) 2-114

where ⌧ ⌘ tc � t, tc being the time where the two objects coalesce. We see
that the frequency increases with time (it chirps) and that the key parameter
is the chirping mass M.

f ⇠ 134Hz

✓

1.21M�

M
◆

5/8 ✓1s

⌧

◆
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(5.5)

⌧ ⇠ 2.18s

✓

1.21M�

M
◆

5/3 ✓100Hz

f

◆
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(5.6)

5.2 Elliptic orbits
sect:5-2

The Hulse and Taylor pulsar

[Schutz
Schutz
[29] Section 9.4 pp. 241,242]

The measurement of the energy loss of the binary pulsar PSR 1913+16
discovered by Hulse and Taylor

HT75
[12] has indeed provided the best indirect

evidence of gravitational waves to this day. This system consists of two bodies
of mass of order 1.4M� orbiting with a period T = 7 hr 45 min7 s = 27907 s
on an elliptical orbit (e = 0.617) with a maximum separation of the order of
R�! One of the objects is a pulsar, a neutron star emitting radio pulses which
sweep space with a period of 59 ms. It is the quasi-periodical fluctuations in
the arrival time of these pulses, due to Doppler shift, that allowed to infer
that this pulsar was in a binary system and to compute the period. We may
compute the power PGW released by gravitational waves from (

2-111
5.1), using

! = 2⇡/T = 2.2515⇥ 10�4 Hz and M = 2.4241⇥ 1030 kg,

PGW = 0.64⇥ 1024 W . (5.7) 2-115

Position dans le ciel par triangulation: 
  faible précision, en attente de Virgo 

τ temps avant fusion = tfusion - t 

Pas de possibilité d’alerte: observations avec large champ de vue et enregistrement des 
 données favorisées (Integral, Fermi)  



Conclusions 

La découverte des ondes gravitationnelles clot une traque  
d’un siécle. 

Elle permet de tester pour la première fois la relativité générale  
en champ gravitationnel fort. 

La découverte d’une source binaire de trous noirs et de son  
émission ouvre l’étude directe de l’Univers gravitationnel, qui  
sera poursuivie dans l’espace… 



Fin


