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Sources d’Ondes Gravitationnelles
• Coalescences de systèmes binaires : signal bien modélisé . Technique du filtre adapté à
partir d’une banque de modèles.

• Sources impulsionelles (burst) : évènements courts (0.001-1000s), en général assez mal
modélisés. On recherche un excès de puissance simultanément dans plusieurs détecteurs.
Supernova, collapse, fusion de systèmes binaires, cordes cosmiques.

• Sources périodiques : signal faible mais qui varie très peu pendant la période
d’observation. Intégration du signal sur de longues périodes de temps. Recherche aveugle
ou dirigée. Pulsars.

• Fond gravitationnel stochastique : superposition de toutes les sources non résolues,
d’origine astrophysique ou cosmologique. Corrélation de plusieurs détecteurs pour
éliminer le bruit et retrouver le signal gravitationnel commun.
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Sources d’Ondes Gravitationnelles
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Coalescences de binaires Compactes
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Credit Kipp Thorne

Modélisation du	signal:

- Phase	spirale:	par	les	théories post-
newtoniennes

- Ringdown:		théorie des	perturbations

- Fusion:	relativité numérique



Filtre adapté
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Credit Chad Hanna5

250000	modèles	utilisés	pour	GW150914

• Calcule le rapport signal à bruit pour chaque
détecteur, à chaque instant et pour chaque
modèle.

• Un signal est retenu comme ‘’candidat’’ s’il est
au dessus du seuil simultanément dans au
moins 2 détecteurs.

• Supprime les candidats dûs au bruit non
Gaussien. Tests pour quantiJier l’accord entre
les données et le modèle (chi2, qualité de
l’ajustement).



Significance de l’analyse
• Classement	statistique
Calcul	du	rapport des vraisemblances	d’obtenir	les	paramètres	mesurés	du	
candidat,		pour	un	signal	gravitationnel	et	pour	du	bruit.		

• Comparaison	avec	les	événement	du	bruit	de	fond.
Redistribution	temporelle	des	évènements	et	recherche	de	coı̈ncidences.

• Calcul	du	taux	de	fausse	alarme:

!"# = %&(( ≥ (*)
,
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Recherche non modélisée
• Recherche	un	excès	de	puissance	dans	le	domaine	temps-fréquence	avec	pour	seule	

hypothèse	que	le	signal	est	un	chirp.

• Evènements	en	cohérence	dans	plusieurs	détecteurs.

• Classement	des	évènement		selon	une	statistique	qui	tient	compte	du	rapport	signal	
à	bruit	et	de	la	cohérence	entre	les	sites.

• Comparaison	avec	les	évènement	du	bruit	de	fond	

• Reconstruction	de	la	position	et	de	la	forme	d’onde	commune	dans	les	détecteurs	
(maximum	de	vraisemblance,	ondelettes).
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14	Septembre	2015	à	09:50:45	UTC
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Reconstruction du signal
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Analyse des données de O1/O2
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166.6 jours de données en coın̈cidence:
O1:	LIGO	(12/09/2015-19/01/2016)
O2:	LIGO	(30/11/2016-25/08/2017)	+	Virgo (01-25/08/2017)
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FIG. 1. Left: BNS range for each instrument during O2. The break at week 3 was for the 2016 end-of-year holidays. There was an additional
break in the run at week 23 to make improvements to instrument sensitivity. The Montana earthquake’s impact on the LHO instrument
sensitivity can be seen at week 31. Virgo joined O2 in week 34. Right: Amplitude spectral density of the total strain noise of the Virgo, LHO
and LLO detectors. The curves are representative of the best performance of each detector during O2.

first-generation detector in 2011. The main modifications in-
clude a new optical design, heavier mirrors, and suspended
optical benches, including photodiodes in vacuum. Special
care was also taken to improve the decoupling of the instru-
ment from environmental disturbances. One of the main limit-
ing noise sources below 100 Hz is the thermal Brownian exci-
tation of the wires used for suspending the mirrors. A first test
performed on the Virgo configuration showed that silica fibers
would reduce this contribution. A vacuum contamination is-
sue, which has since been corrected, led to failures of these
silica suspension fibers, so metal wires were used to avoid
delaying Virgo’s participation in O2. Unlike the LIGO instru-
ments, Virgo has not yet implemented signal-recycling. This
will be installed in a later upgrade of the instrument.

After several months of commissioning Virgo joined O2 on
August 1st 2017 with a BNS range of ⇠25 Mpc. The perfor-
mance experienced a temporary degradation on August 11th

and 12th, when the microseismic activity on site was highly
elevated and it was di�cult to keep the interferometer in its
low-noise operating mode.

C. Data

Figure 1 shows the BNS ranges of the LIGO and Virgo in-
struments over the course of O2, and the representative am-
plitude spectral density plots of the total strain noise for each
detector.

We subtracted several independent contributions to the in-
strumental noise from the data at both LIGO detectors [50].
For all of O2, the average increase in the BNS range from this
noise subtraction process at LHO was ⇡18% [50]. At LLO
the noise subtraction process targeted narrow line features, re-
sulting in a negligible increase in BNS range.

Calibrated strain data from each interferometer was pro-
duced online for use in low-latency searches. Following the
run, a final frequency-dependent calibration was generated for
each interferometer.

For the LIGO instruments this final calibration benefitted
from the use of post-run measurements and removal of instru-
mental lines. The calibration uncertainties are 3.8% in ampli-
tude and 2.1 degrees in phase for LLO; 2.6% in amplitude and
2.4 degrees in phase for LHO. The results cited in this paper
use the full frequency-dependent calibration uncertainties de-
scribed in [62, 63]. The LIGO timing uncertainty of < 1 �s
[64] is included in the phase correction factor.

The calibration of strain data produced online by Virgo had
large uncertainties due to the short time available for mea-
surements. The data was reprocessed to reduce the errors by
taking into account better calibration models obtained from
post-run measurements and subtraction of frequency noise.
The reprocessing included a time dependence for the noise
subtraction and for the determination of the finesse of the cav-
ities. The final uncertainties are 5.1% in amplitude and 2.3
degrees in phase [65]. The Virgo calibration has an additional
uncertainty of 20 �s originating from the time stamping of the
data.

During O2 the individual LIGO detectors had duty factors
of ⇠60% with a LIGO network duty factor of ⇠45%. Times
with significant instrumental disturbances are flagged and re-
moved, resulting in 118 days of data suitable for coincident
analysis [66]. Of this data 15 days were collected in coin-
cident operation with Virgo, which after joining O2 operated
with a duty factor of ⇠80%. Times with excess instrumen-
tal noise, which is not expected to render the data unusable
are also flagged [66]. Individual searches may then decide to
include or not include such times in their final results.

III. SEARCHES

The search results presented in the next section were ob-
tained by two di↵erent, largely independent matched-filter
searches, PyCBC and GstLAL, and the burst search cWB.
Because of the sensitivity imbalance between the Advanced
Virgo detector as compared to the two Advanced LIGO de-



Critères de sélection
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• Evènement	con+irmé	(GW)	si	
- FAR<1	pour	30	ans	
- 50%	de	vraisemblance	d’être	d’origine	astrophysique

• Evènement	marginaux	si	seulement	FAR<1	pour	30	ans

• Deux	chaines	d’analyses	« +iltre	adapté »	(GSTLAL	et	PyCBC).	Certains	
évènements	sont	identi+iés	par	l’une	et	pas	par	l’autre.



Observations dans O1/O2
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10	binaires	de	trous	noirs	(4	nouveaux)	et	une	binaires	d’étoiles	à	neutrons
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Observations dans O1/O2
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FIG. 2. Cumulative histograms of search results for the matched-filter searches, plotted versus inverse false-alarm rate. The dashed lines show
the expected background, given the analysis time. Shaded regions denote sigma uncertainty bounds for Poisson uncertainty. The blue dots are
the named gravitational-wave events found by each respective search. Any events with a measured or bounded inverse false alarm rate greater
than 3000 y are shown with an arrow pointing right. Left: PyCBC results. Right: GstLAL results.

FAR [y�1] Network SNR
Event UTC Time PyCBC GstLAL cWB PyCBC GstLAL cWB

GW150914 09:50:45.4 < 1.53 ⇥ 10�5 < 1.00 ⇥ 10�7 < 1.63 ⇥ 10�4 23.6 24.4 25.2
GW151012 09:54:43.4 0.17 7.92 ⇥ 10�3 – 9.5 10.0 –
GW151226 03:38:53.6 < 1.69 ⇥ 10�5 < 1.00 ⇥ 10�7 0.02 13.1 13.1 11.9
GW170104 10:11:58.6 < 1.37 ⇥ 10�5 < 1.00 ⇥ 10�7 2.91 ⇥ 10�4 13.0 13.0 13.0
GW170608 02:01:16.5 < 3.09 ⇥ 10�4 < 1.00 ⇥ 10�7 1.44 ⇥ 10�4 15.4 14.9 14.1
GW170729 18:56:29.3 1.36 0.18 0.02 9.8 10.8 10.2
GW170809 08:28:21.8 1.45 ⇥ 10�4 < 1.00 ⇥ 10�7 – 12.2 12.4 –
GW170814 10:30:43.5 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 < 2.08 ⇥ 10�4 16.3 15.9 17.2
GW170817 12:41:04.4 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 – 30.9 33.0 –
GW170818 02:25:09.1 – 4.20 ⇥ 10�5 – – 11.3 –
GW170823 13:13:58.5 < 3.29 ⇥ 10�5 < 1.00 ⇥ 10�7 2.14 ⇥ 10�3 11.1 11.5 10.8

TABLE I. Search results for the eleven GW events. We report a false-alarm rate for each search that found a given event; otherwise, we display
‘–’. The network SNR for the two matched filter searches is that of the template ranked highest by that search, which is not necessarily the
template with the highest SNR. Moreover, the network SNR is the quadrature sum of the detectors coincident in the highest-ranked trigger; in
some cases, only two detectors contribute, even if all three were operating nominally at the time of that event.

1. GW150914, GW151012, GW151226

During O1, two confident detections of binary black holes
were made: GW150914 [1] and GW151226 [2]. Addition-
ally, a third trigger was noted in the O1 catalog of binary black
holes [3, 4], and labeled LVT151012. That label was a conse-
quence of the higher FAR of that trigger, though detector char-
acterization studies showed no instrumental or environmental
artifact, and the results of parameter estimation were consis-
tent with an astrophysical BBH source. Even with the signifi-
cance that was measured with the O1 search pipelines [4], this
event meets the criteria of Sec. IV A for a gravitational wave
event, and we henceforth relabel this event as GW151012.

The improved O2 pipelines substantially reduced the FAR
assigned to GW151012: it is now 0.17 y�1 in the PyCBC

search (previously, 0.37 y�1), and 7.92 ⇥ 10�3 y�1 in the Gst-
LAL search (previously, 0.17 y�1). These improved FAR
measurements for GW151012 are the most salient result of
the reanalysis of O1 with the O2 pipelines; no new gravita-
tional wave events were discovered. The first binary black
hole observation, GW150914, remains the highest SNR event
in O1, and the second highest in the combined O1 and O2 data
sets, behind only the binary neutron star inspiral GW170817.

As this paper was in preparation, the pre-print [81] ap-
peared. That catalog also presents search results from the Py-
CBC pipeline for O1, and also finds GW150914, GW151012,
and GW151226 as the only confident gravitational wave
events in O1, with identical bounds on FAR to the Py-
CBC results in Table I for GW150914 and GW151226. The
measured FAR for GW151012 is not identical, but is consis-
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FIG. 2. Cumulative histograms of search results for the matched-filter searches, plotted versus inverse false-alarm rate. The dashed lines show
the expected background, given the analysis time. Shaded regions denote sigma uncertainty bounds for Poisson uncertainty. The blue dots are
the named gravitational-wave events found by each respective search. Any events with a measured or bounded inverse false alarm rate greater
than 3000 y are shown with an arrow pointing right. Left: PyCBC results. Right: GstLAL results.

FAR [y�1] Network SNR
Event UTC Time PyCBC GstLAL cWB PyCBC GstLAL cWB

GW150914 09:50:45.4 < 1.53 ⇥ 10�5 < 1.00 ⇥ 10�7 < 1.63 ⇥ 10�4 23.6 24.4 25.2
GW151012 09:54:43.4 0.17 7.92 ⇥ 10�3 – 9.5 10.0 –
GW151226 03:38:53.6 < 1.69 ⇥ 10�5 < 1.00 ⇥ 10�7 0.02 13.1 13.1 11.9
GW170104 10:11:58.6 < 1.37 ⇥ 10�5 < 1.00 ⇥ 10�7 2.91 ⇥ 10�4 13.0 13.0 13.0
GW170608 02:01:16.5 < 3.09 ⇥ 10�4 < 1.00 ⇥ 10�7 1.44 ⇥ 10�4 15.4 14.9 14.1
GW170729 18:56:29.3 1.36 0.18 0.02 9.8 10.8 10.2
GW170809 08:28:21.8 1.45 ⇥ 10�4 < 1.00 ⇥ 10�7 – 12.2 12.4 –
GW170814 10:30:43.5 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 < 2.08 ⇥ 10�4 16.3 15.9 17.2
GW170817 12:41:04.4 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 – 30.9 33.0 –
GW170818 02:25:09.1 – 4.20 ⇥ 10�5 – – 11.3 –
GW170823 13:13:58.5 < 3.29 ⇥ 10�5 < 1.00 ⇥ 10�7 2.14 ⇥ 10�3 11.1 11.5 10.8

TABLE I. Search results for the eleven GW events. We report a false-alarm rate for each search that found a given event; otherwise, we display
‘–’. The network SNR for the two matched filter searches is that of the template ranked highest by that search, which is not necessarily the
template with the highest SNR. Moreover, the network SNR is the quadrature sum of the detectors coincident in the highest-ranked trigger; in
some cases, only two detectors contribute, even if all three were operating nominally at the time of that event.

1. GW150914, GW151012, GW151226

During O1, two confident detections of binary black holes
were made: GW150914 [1] and GW151226 [2]. Addition-
ally, a third trigger was noted in the O1 catalog of binary black
holes [3, 4], and labeled LVT151012. That label was a conse-
quence of the higher FAR of that trigger, though detector char-
acterization studies showed no instrumental or environmental
artifact, and the results of parameter estimation were consis-
tent with an astrophysical BBH source. Even with the signifi-
cance that was measured with the O1 search pipelines [4], this
event meets the criteria of Sec. IV A for a gravitational wave
event, and we henceforth relabel this event as GW151012.

The improved O2 pipelines substantially reduced the FAR
assigned to GW151012: it is now 0.17 y�1 in the PyCBC

search (previously, 0.37 y�1), and 7.92 ⇥ 10�3 y�1 in the Gst-
LAL search (previously, 0.17 y�1). These improved FAR
measurements for GW151012 are the most salient result of
the reanalysis of O1 with the O2 pipelines; no new gravita-
tional wave events were discovered. The first binary black
hole observation, GW150914, remains the highest SNR event
in O1, and the second highest in the combined O1 and O2 data
sets, behind only the binary neutron star inspiral GW170817.

As this paper was in preparation, the pre-print [81] ap-
peared. That catalog also presents search results from the Py-
CBC pipeline for O1, and also finds GW150914, GW151012,
and GW151226 as the only confident gravitational wave
events in O1, with identical bounds on FAR to the Py-
CBC results in Table I for GW150914 and GW151226. The
measured FAR for GW151012 is not identical, but is consis-
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FIG. 2. Cumulative histograms of search results for the matched-filter searches, plotted versus inverse false-alarm rate. The dashed lines show
the expected background, given the analysis time. Shaded regions denote sigma uncertainty bounds for Poisson uncertainty. The blue dots are
the named gravitational-wave events found by each respective search. Any events with a measured or bounded inverse false alarm rate greater
than 3000 y are shown with an arrow pointing right. Left: PyCBC results. Right: GstLAL results.

FAR [y�1] Network SNR
Event UTC Time PyCBC GstLAL cWB PyCBC GstLAL cWB

GW150914 09:50:45.4 < 1.53 ⇥ 10�5 < 1.00 ⇥ 10�7 < 1.63 ⇥ 10�4 23.6 24.4 25.2
GW151012 09:54:43.4 0.17 7.92 ⇥ 10�3 – 9.5 10.0 –
GW151226 03:38:53.6 < 1.69 ⇥ 10�5 < 1.00 ⇥ 10�7 0.02 13.1 13.1 11.9
GW170104 10:11:58.6 < 1.37 ⇥ 10�5 < 1.00 ⇥ 10�7 2.91 ⇥ 10�4 13.0 13.0 13.0
GW170608 02:01:16.5 < 3.09 ⇥ 10�4 < 1.00 ⇥ 10�7 1.44 ⇥ 10�4 15.4 14.9 14.1
GW170729 18:56:29.3 1.36 0.18 0.02 9.8 10.8 10.2
GW170809 08:28:21.8 1.45 ⇥ 10�4 < 1.00 ⇥ 10�7 – 12.2 12.4 –
GW170814 10:30:43.5 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 < 2.08 ⇥ 10�4 16.3 15.9 17.2
GW170817 12:41:04.4 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 – 30.9 33.0 –
GW170818 02:25:09.1 – 4.20 ⇥ 10�5 – – 11.3 –
GW170823 13:13:58.5 < 3.29 ⇥ 10�5 < 1.00 ⇥ 10�7 2.14 ⇥ 10�3 11.1 11.5 10.8

TABLE I. Search results for the eleven GW events. We report a false-alarm rate for each search that found a given event; otherwise, we display
‘–’. The network SNR for the two matched filter searches is that of the template ranked highest by that search, which is not necessarily the
template with the highest SNR. Moreover, the network SNR is the quadrature sum of the detectors coincident in the highest-ranked trigger; in
some cases, only two detectors contribute, even if all three were operating nominally at the time of that event.

1. GW150914, GW151012, GW151226

During O1, two confident detections of binary black holes
were made: GW150914 [1] and GW151226 [2]. Addition-
ally, a third trigger was noted in the O1 catalog of binary black
holes [3, 4], and labeled LVT151012. That label was a conse-
quence of the higher FAR of that trigger, though detector char-
acterization studies showed no instrumental or environmental
artifact, and the results of parameter estimation were consis-
tent with an astrophysical BBH source. Even with the signifi-
cance that was measured with the O1 search pipelines [4], this
event meets the criteria of Sec. IV A for a gravitational wave
event, and we henceforth relabel this event as GW151012.

The improved O2 pipelines substantially reduced the FAR
assigned to GW151012: it is now 0.17 y�1 in the PyCBC

search (previously, 0.37 y�1), and 7.92 ⇥ 10�3 y�1 in the Gst-
LAL search (previously, 0.17 y�1). These improved FAR
measurements for GW151012 are the most salient result of
the reanalysis of O1 with the O2 pipelines; no new gravita-
tional wave events were discovered. The first binary black
hole observation, GW150914, remains the highest SNR event
in O1, and the second highest in the combined O1 and O2 data
sets, behind only the binary neutron star inspiral GW170817.

As this paper was in preparation, the pre-print [81] ap-
peared. That catalog also presents search results from the Py-
CBC pipeline for O1, and also finds GW150914, GW151012,
and GW151226 as the only confident gravitational wave
events in O1, with identical bounds on FAR to the Py-
CBC results in Table I for GW150914 and GW151226. The
measured FAR for GW151012 is not identical, but is consis-
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FIG. 2. Cumulative histograms of search results for the matched-filter searches, plotted versus inverse false-alarm rate. The dashed lines show
the expected background, given the analysis time. Shaded regions denote sigma uncertainty bounds for Poisson uncertainty. The blue dots are
the named gravitational-wave events found by each respective search. Any events with a measured or bounded inverse false alarm rate greater
than 3000 y are shown with an arrow pointing right. Left: PyCBC results. Right: GstLAL results.

FAR [y�1] Network SNR
Event UTC Time PyCBC GstLAL cWB PyCBC GstLAL cWB

GW150914 09:50:45.4 < 1.53 ⇥ 10�5 < 1.00 ⇥ 10�7 < 1.63 ⇥ 10�4 23.6 24.4 25.2
GW151012 09:54:43.4 0.17 7.92 ⇥ 10�3 – 9.5 10.0 –
GW151226 03:38:53.6 < 1.69 ⇥ 10�5 < 1.00 ⇥ 10�7 0.02 13.1 13.1 11.9
GW170104 10:11:58.6 < 1.37 ⇥ 10�5 < 1.00 ⇥ 10�7 2.91 ⇥ 10�4 13.0 13.0 13.0
GW170608 02:01:16.5 < 3.09 ⇥ 10�4 < 1.00 ⇥ 10�7 1.44 ⇥ 10�4 15.4 14.9 14.1
GW170729 18:56:29.3 1.36 0.18 0.02 9.8 10.8 10.2
GW170809 08:28:21.8 1.45 ⇥ 10�4 < 1.00 ⇥ 10�7 – 12.2 12.4 –
GW170814 10:30:43.5 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 < 2.08 ⇥ 10�4 16.3 15.9 17.2
GW170817 12:41:04.4 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 – 30.9 33.0 –
GW170818 02:25:09.1 – 4.20 ⇥ 10�5 – – 11.3 –
GW170823 13:13:58.5 < 3.29 ⇥ 10�5 < 1.00 ⇥ 10�7 2.14 ⇥ 10�3 11.1 11.5 10.8

TABLE I. Search results for the eleven GW events. We report a false-alarm rate for each search that found a given event; otherwise, we display
‘–’. The network SNR for the two matched filter searches is that of the template ranked highest by that search, which is not necessarily the
template with the highest SNR. Moreover, the network SNR is the quadrature sum of the detectors coincident in the highest-ranked trigger; in
some cases, only two detectors contribute, even if all three were operating nominally at the time of that event.

1. GW150914, GW151012, GW151226

During O1, two confident detections of binary black holes
were made: GW150914 [1] and GW151226 [2]. Addition-
ally, a third trigger was noted in the O1 catalog of binary black
holes [3, 4], and labeled LVT151012. That label was a conse-
quence of the higher FAR of that trigger, though detector char-
acterization studies showed no instrumental or environmental
artifact, and the results of parameter estimation were consis-
tent with an astrophysical BBH source. Even with the signifi-
cance that was measured with the O1 search pipelines [4], this
event meets the criteria of Sec. IV A for a gravitational wave
event, and we henceforth relabel this event as GW151012.

The improved O2 pipelines substantially reduced the FAR
assigned to GW151012: it is now 0.17 y�1 in the PyCBC

search (previously, 0.37 y�1), and 7.92 ⇥ 10�3 y�1 in the Gst-
LAL search (previously, 0.17 y�1). These improved FAR
measurements for GW151012 are the most salient result of
the reanalysis of O1 with the O2 pipelines; no new gravita-
tional wave events were discovered. The first binary black
hole observation, GW150914, remains the highest SNR event
in O1, and the second highest in the combined O1 and O2 data
sets, behind only the binary neutron star inspiral GW170817.

As this paper was in preparation, the pre-print [81] ap-
peared. That catalog also presents search results from the Py-
CBC pipeline for O1, and also finds GW150914, GW151012,
and GW151226 as the only confident gravitational wave
events in O1, with identical bounds on FAR to the Py-
CBC results in Table I for GW150914 and GW151226. The
measured FAR for GW151012 is not identical, but is consis-
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FIG. 2. Cumulative histograms of search results for the matched-filter searches, plotted versus inverse false-alarm rate. The dashed lines show
the expected background, given the analysis time. Shaded regions denote sigma uncertainty bounds for Poisson uncertainty. The blue dots are
the named gravitational-wave events found by each respective search. Any events with a measured or bounded inverse false alarm rate greater
than 3000 y are shown with an arrow pointing right. Left: PyCBC results. Right: GstLAL results.

FAR [y�1] Network SNR
Event UTC Time PyCBC GstLAL cWB PyCBC GstLAL cWB

GW150914 09:50:45.4 < 1.53 ⇥ 10�5 < 1.00 ⇥ 10�7 < 1.63 ⇥ 10�4 23.6 24.4 25.2
GW151012 09:54:43.4 0.17 7.92 ⇥ 10�3 – 9.5 10.0 –
GW151226 03:38:53.6 < 1.69 ⇥ 10�5 < 1.00 ⇥ 10�7 0.02 13.1 13.1 11.9
GW170104 10:11:58.6 < 1.37 ⇥ 10�5 < 1.00 ⇥ 10�7 2.91 ⇥ 10�4 13.0 13.0 13.0
GW170608 02:01:16.5 < 3.09 ⇥ 10�4 < 1.00 ⇥ 10�7 1.44 ⇥ 10�4 15.4 14.9 14.1
GW170729 18:56:29.3 1.36 0.18 0.02 9.8 10.8 10.2
GW170809 08:28:21.8 1.45 ⇥ 10�4 < 1.00 ⇥ 10�7 – 12.2 12.4 –
GW170814 10:30:43.5 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 < 2.08 ⇥ 10�4 16.3 15.9 17.2
GW170817 12:41:04.4 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 – 30.9 33.0 –
GW170818 02:25:09.1 – 4.20 ⇥ 10�5 – – 11.3 –
GW170823 13:13:58.5 < 3.29 ⇥ 10�5 < 1.00 ⇥ 10�7 2.14 ⇥ 10�3 11.1 11.5 10.8

TABLE I. Search results for the eleven GW events. We report a false-alarm rate for each search that found a given event; otherwise, we display
‘–’. The network SNR for the two matched filter searches is that of the template ranked highest by that search, which is not necessarily the
template with the highest SNR. Moreover, the network SNR is the quadrature sum of the detectors coincident in the highest-ranked trigger; in
some cases, only two detectors contribute, even if all three were operating nominally at the time of that event.

1. GW150914, GW151012, GW151226

During O1, two confident detections of binary black holes
were made: GW150914 [1] and GW151226 [2]. Addition-
ally, a third trigger was noted in the O1 catalog of binary black
holes [3, 4], and labeled LVT151012. That label was a conse-
quence of the higher FAR of that trigger, though detector char-
acterization studies showed no instrumental or environmental
artifact, and the results of parameter estimation were consis-
tent with an astrophysical BBH source. Even with the signifi-
cance that was measured with the O1 search pipelines [4], this
event meets the criteria of Sec. IV A for a gravitational wave
event, and we henceforth relabel this event as GW151012.

The improved O2 pipelines substantially reduced the FAR
assigned to GW151012: it is now 0.17 y�1 in the PyCBC

search (previously, 0.37 y�1), and 7.92 ⇥ 10�3 y�1 in the Gst-
LAL search (previously, 0.17 y�1). These improved FAR
measurements for GW151012 are the most salient result of
the reanalysis of O1 with the O2 pipelines; no new gravita-
tional wave events were discovered. The first binary black
hole observation, GW150914, remains the highest SNR event
in O1, and the second highest in the combined O1 and O2 data
sets, behind only the binary neutron star inspiral GW170817.

As this paper was in preparation, the pre-print [81] ap-
peared. That catalog also presents search results from the Py-
CBC pipeline for O1, and also finds GW150914, GW151012,
and GW151226 as the only confident gravitational wave
events in O1, with identical bounds on FAR to the Py-
CBC results in Table I for GW150914 and GW151226. The
measured FAR for GW151012 is not identical, but is consis-
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FIG. 2. Cumulative histograms of search results for the matched-filter searches, plotted versus inverse false-alarm rate. The dashed lines show
the expected background, given the analysis time. Shaded regions denote sigma uncertainty bounds for Poisson uncertainty. The blue dots are
the named gravitational-wave events found by each respective search. Any events with a measured or bounded inverse false alarm rate greater
than 3000 y are shown with an arrow pointing right. Left: PyCBC results. Right: GstLAL results.

FAR [y�1] Network SNR
Event UTC Time PyCBC GstLAL cWB PyCBC GstLAL cWB

GW150914 09:50:45.4 < 1.53 ⇥ 10�5 < 1.00 ⇥ 10�7 < 1.63 ⇥ 10�4 23.6 24.4 25.2
GW151012 09:54:43.4 0.17 7.92 ⇥ 10�3 – 9.5 10.0 –
GW151226 03:38:53.6 < 1.69 ⇥ 10�5 < 1.00 ⇥ 10�7 0.02 13.1 13.1 11.9
GW170104 10:11:58.6 < 1.37 ⇥ 10�5 < 1.00 ⇥ 10�7 2.91 ⇥ 10�4 13.0 13.0 13.0
GW170608 02:01:16.5 < 3.09 ⇥ 10�4 < 1.00 ⇥ 10�7 1.44 ⇥ 10�4 15.4 14.9 14.1
GW170729 18:56:29.3 1.36 0.18 0.02 9.8 10.8 10.2
GW170809 08:28:21.8 1.45 ⇥ 10�4 < 1.00 ⇥ 10�7 – 12.2 12.4 –
GW170814 10:30:43.5 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 < 2.08 ⇥ 10�4 16.3 15.9 17.2
GW170817 12:41:04.4 < 1.25 ⇥ 10�5 < 1.00 ⇥ 10�7 – 30.9 33.0 –
GW170818 02:25:09.1 – 4.20 ⇥ 10�5 – – 11.3 –
GW170823 13:13:58.5 < 3.29 ⇥ 10�5 < 1.00 ⇥ 10�7 2.14 ⇥ 10�3 11.1 11.5 10.8

TABLE I. Search results for the eleven GW events. We report a false-alarm rate for each search that found a given event; otherwise, we display
‘–’. The network SNR for the two matched filter searches is that of the template ranked highest by that search, which is not necessarily the
template with the highest SNR. Moreover, the network SNR is the quadrature sum of the detectors coincident in the highest-ranked trigger; in
some cases, only two detectors contribute, even if all three were operating nominally at the time of that event.

1. GW150914, GW151012, GW151226

During O1, two confident detections of binary black holes
were made: GW150914 [1] and GW151226 [2]. Addition-
ally, a third trigger was noted in the O1 catalog of binary black
holes [3, 4], and labeled LVT151012. That label was a conse-
quence of the higher FAR of that trigger, though detector char-
acterization studies showed no instrumental or environmental
artifact, and the results of parameter estimation were consis-
tent with an astrophysical BBH source. Even with the signifi-
cance that was measured with the O1 search pipelines [4], this
event meets the criteria of Sec. IV A for a gravitational wave
event, and we henceforth relabel this event as GW151012.

The improved O2 pipelines substantially reduced the FAR
assigned to GW151012: it is now 0.17 y�1 in the PyCBC

search (previously, 0.37 y�1), and 7.92 ⇥ 10�3 y�1 in the Gst-
LAL search (previously, 0.17 y�1). These improved FAR
measurements for GW151012 are the most salient result of
the reanalysis of O1 with the O2 pipelines; no new gravita-
tional wave events were discovered. The first binary black
hole observation, GW150914, remains the highest SNR event
in O1, and the second highest in the combined O1 and O2 data
sets, behind only the binary neutron star inspiral GW170817.

As this paper was in preparation, the pre-print [81] ap-
peared. That catalog also presents search results from the Py-
CBC pipeline for O1, and also finds GW150914, GW151012,
and GW151226 as the only confident gravitational wave
events in O1, with identical bounds on FAR to the Py-
CBC results in Table I for GW150914 and GW151226. The
measured FAR for GW151012 is not identical, but is consis-

GSTLALPyCBC
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FIG. 3. Cumulative histograms of search results for the cWB search,
plotted versus inverse false-alarm rate. The dashed lines show the
expected background, given the analysis time. Shaded regions de-
note sigma uncertainty bounds for Poisson uncertainty. The blue dots
are the named gravitational-wave events found by each respective
search. Any events with a measured or bounded inverse false alarm
rate greater than 3000 y are shown with an arrow pointing right.

tent with the results we present in Table I.

2. GW170104, GW170608, GW170814

Three binary black hole events from O2 have already
been published: GW170104 [14], GW170608 [16], and
GW170814 [15]. Updated search results for these events are
presented in Table I. As noted in the original publication for
GW170608 [16], the Hanford detector was undergoing a pro-
cedure to stabilize angular noise at the time of the event; the
Livingston detector was operating in a nominal configuration.
For this reason, a specialized analysis time when both LIGO
interferometers were operating in that same configuration was
identified, between June 7, 2017 and June 9, 2017. This period
that was used to analyze GW170608 in the initial publication
was again used for the results in Table I, though with the data
cleaning procedure applied.

In the reanalysis of O2 data, GW170814 is identified as
a double-coincident event between LLO and LHO by Gst-
LAL. This results from the cleaning of the LIGO data and
updated calibration of the Virgo data. Because of the clean-
ing of LIGO data, under GstLAL’s ranking of multiple trig-
gers [9], a new template generated the highest ranked trig-
ger as double-coincident, with a Hanford SNR of 9.1 (the
previous highest ranked trigger, a triple, had 7.3). Though
this highest ranked event is a double-coincident trigger, the
pipeline did identify other highly significant triggers, some
double-coincident and some triple-coincident. As the search
used a discrete template bank, peaks from the SNR time se-
ries of the individual detectors, and clustering of several co-

incident triggers over the bank, it is di�cult in this case to
tell from the search results alone whether the event was truly
a triple-coincident detection. For a definitive answer, we per-
formed a fully Bayesian analysis with and without Virgo data,
similar to the results in Ref. [15]. Comparing the evidences,
this Bayesian analysis—which enforced coherence and there-
fore more fully exploited consistency among detected ampli-
tudes, phases and times of arrival than the search pipelines—
found that a triple-coincident detection is strongly favoured
over a double-coincident detection, by a factor of ⇠60. Thus
the updated results are consistent with those that were previ-
ously published.

3. GW170817

Across the entirety of O1 and O2, the binary neutron star in-
spiral GW170817 remains the event with the highest network
SNR, and is accordingly assigned the most stringent possible
bound on its FAR by PyCBC and the highest value of L (the
logarithm of the likelihood ratio) of any event in the combined
O1 and O2 data set by GstLAL. As explained in detail in the
original detection paper [17], a loud glitch occurred near the
end of this signal in LLO. For the matched-filter searches,
this glitch was excised via time-domain gating (and that gat-
ing was applied consistently to all such glitches throughout
O2). Because the cWB pipeline is designed to detect short
signals, it does not use that gating technique, and it rejected
this event because of the glitch.

4. GW170729

We turn now to gravitational wave events not previously
announced. The first of these is GW170729, observed at
18:56:29.3 UTC on July 29, 2017. The PyCBC pipeline as-
signed it a FAR of 1.36 y�1, the GstLAL pipeline a FAR of
0.18 y�1, and the cWB pipeline a FAR of 0.02 y�1. As it
is identified with the highest significance among all three
search pipelines by the weakly modeled pipeline, it is worth
investigating whether this event is unusual in some way,
exhibiting e↵ects (for instance, precession or higher-order
modes) not adequately modeled by the templates used in the
matched-filter searches. As a relatively simple way of inves-
tigating this, a comparison study was done between the Py-
CBC pipeline and cWB, using software injections with pa-
rameters drawn from the SEOBNRv4 ROM parameter esti-
mation of this event. That waveform does not incorporate
precession or higher-order modes, but by using these samples
as inputs to both searches, we can probe how often we nev-
ertheless see comparable results. It was found that approxi-
mately ⇠4% of these SEOBNRv4 ROM samples were recov-
ered by both the PyCBC and cWB pipelines with FAR> 1 y�1

and FAR6 0.02 y�1, respectively. Thus, the observed di↵er-
ence in FARs between the two pipelines is not exceptionally
unlikely, and is consistent with a noise fluctuation which hap-
pened to decrease the significance of the event as seen by Py-
CBC, and increase it for cWB. The detailed CBC parameter

cWB

Filtre	adapté
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Date UTC Search FAR [y�1] Network SNR M
det [M�] Data Quality

151008 14:09:17.5 PyCBC 10.17 8.8 5.12 No artifacts
151012A 06:30:45.2 GstLAL 8.56 9.6 2.01 Artifacts present
151116 22:41:48.7 PyCBC 4.77 9.0 1.24 No artifacts
161202 03:53:44.9 GstLAL 6.00 10.5 1.54 Artifacts can account for
161217 07:16:24.4 GstLAL 10.12 10.7 7.86 Artifacts can account for
170208 10:39:25.8 GstLAL 11.18 10.0 7.39 Artifacts present
170219 14:04:09.0 GstLAL 6.26 9.6 1.53 No artifacts
170405 11:04:52.7 GstLAL 4.55 9.3 1.44 Artifacts present
170412 15:56:39.0 GstLAL 8.22 9.7 4.36 Artifacts can account for
170423 12:10:45.0 GstLAL 6.47 8.9 1.17 No artifacts
170616 19:47:20.8 PyCBC 1.94 9.1 2.75 Artifacts present
170630 16:17:07.8 GstLAL 10.46 9.7 0.90 Artifacts present
170705 08:45:16.3 GstLAL 10.97 9.3 3.40 No artifacts
170720 22:44:31.8 GstLAL 10.75 13.0 5.96 Artifacts can account for

TABLE II. Marginal triggers from the two matched-filter CBC searches. The search that identified each trigger is given, and the false alarm
and network SNR. This network SNR is the quadrature sum of the individual detector SNRs for all detectors involved in the reported trigger;
that can be fewer than the number of nominally operational detectors at the time, depending on the ranking algorithm of each pipeline. The
detector chirp mass reported is that of the most significant template of the search. The final column indicates whether there are any detector
characterization concerns with the trigger; for an explanation and more details, see the text.

the noise artifact could account for the presence of the trigger
as reported by that search, including SNR and time-frequency
evolution, without the presence of an astrophysical signal.

In and of themselves, these classifications do not a↵ect
the probability that any particular marginal trigger is associ-
ated with a signal as measured by the searches, but are state-
ments about the evidence of transient noise in the detectors.
Noise events accounting for a significant fraction of marginal
events at the significance values reported is consistent with the
searches background estimates and the expected event rates.

1. No noise artifacts present: 151008, 151116, 170219, 170423,

170705

Investigations into this set of marginal triggers have iden-
tified no instrumental artifacts in time coincidence with the
triggers.

2. Light scattering can account for: 161217, 170720

All marginal triggers in this class and the next are in time
coincidence with artifacts from scattered light in one of the
detectors. Scattered light leads to excess power at low fre-
quencies that appear in time-frequency spectrograms as arch-
like shapes. In some cases the frequencies a↵ected are above
the minimum frequency used in the analysis. When this hap-
pens, scattered light transients can create significant triggers
in matched-filter searches [66, 85, 86].

The two marginal triggers 161217 and 170720 occurred
during periods of scattered light a↵ecting frequencies up to
80 Hz with high-amplitude arches. In both cases, significant
overlap with the trigger template and the excess power from
scattering was observed. Investigations into the status of the

observatories at the times in question identified high ampli-
tude ground motion correlated with the scattering.

The marginal trigger 161217 occurred during a period of
high-amplitude ground motion at Livingston caused by storm
activity. During this storm activity, the Livingston detector
was not able to maintain a stable interferometer for periods
longer than 10 min. The presence of intense scattering ar-
tifacts contributed to the unstable state of the interferometer
and can account for the SNR of the marginal trigger. Because
of the short observing duration, this time period was not ana-
lyzed by the PyCBC search.

Within 20 s of trigger 170720, excess ground motion from
earthquakes forced the Livingston detector to drop out of its
nominal mode of operation. Before the detector dropped out
of the observing state, the data was heavily polluted with scat-
tering artifacts that could account for the SNR of the triggers.
As the PyCBC search does not consider times near the edges
of observing periods, this time period was also not analyzed
by the search. Artifacts related to scattered light were also
observed at Hanford at this time.

3. Light scattering present: 151012A, 170208, 170616

In the case of trigger 151012A, light scattering does not in-
troduce significant power above 30 Hz prior to the reported
trigger time. Investigations into the relationship between the
trigger and the scattered light found no power overlap, sug-
gesting that the artifacts could not account for the observed
marginal trigger.

Investigations into triggers 170208 and 170616 have found
similar results. In the case of these triggers, a slight overlap
with excess power from scattering was observed. Multiple ef-
forts, including BayesWave [52] glitch subtraction and gating
[8], were used to mitigate the scattered light artifacts. After
subtraction of the noise artifacts, the data was reanalyzed to
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• modèles	de	formes	d’ondes	(post	newtoniennes,	effective	one	body,	
phénoménologique).

• masses,	spins,	déformabilité	(paramètres	intrinsèques),	coordonnées	célestes,	
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• Méthode	bayésienne:
Fonction	de	vraisemblance	(bruit	Gaussien):	

Fonction	de	probabilité	des	paramètres	pour	un	modèle	donné:
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• Numerically sample the posterior distribution 

• PE improvements: O2 data recalibrated and cleaned

 12 Compact Binary Mergers in O1 & O2 with LIGO & Virgo    Dec 1, 2018

d = n + htrue

L(d|⁄̨) Ã exp
5
≠1

2
1

d ≠ h(⁄̨), d ≠ h(⁄̨)
26

p(⁄̨|d̨, M) = p(⁄̨|M)p(d̨|⁄̨, M)
p(d̨|M)

d̨
⁄̨

d ≠ h(⁄̨)

Parameter Estimation
• Subtract signal model from data:                   where

• Likelihood function for stationary Gaussian noise  
 

• Posterior probability of model parameters     
given the data     (Bayes' theorem): 
 
 
 

• Need Models for signal and noise & specify prior knowledge

• Numerically sample the posterior distribution 

• PE improvements: O2 data recalibrated and cleaned

 12 Compact Binary Mergers in O1 & O2 with LIGO & Virgo    Dec 1, 2018

d = n + htrue

L(d|⁄̨) Ã exp
5
≠1

2
1

d ≠ h(⁄̨), d ≠ h(⁄̨)
26

p(⁄̨|d̨, M) = p(⁄̨|M)p(d̨|⁄̨, M)
p(d̨|M)

d̨
⁄̨

d ≠ h(⁄̨)



Es#ma#on des paramètres
23

12

Event m1/M� m2/M� M/M� �e↵ Mf/M� af Erad/(M�c
2) `peak/(erg s�1) dL/Mpc z �⌦/deg2

GW150914 35.6+4.8
�3.0 30.6+3.0

�4.4 28.6+1.6
�1.5 �0.01+0.12

�0.13 63.1+3.3
�3.0 0.69+0.05

�0.04 3.1+0.4
�0.4 3.6+0.4

�0.4 ⇥ 1056 430+150
�170 0.09+0.03

�0.03 179

GW151012 23.3+14.0
�5.5 13.6+4.1

�4.8 15.2+2.0
�1.1 0.04+0.28

�0.19 35.7+9.9
�3.8 0.67+0.13

�0.11 1.5+0.5
�0.5 3.2+0.8

�1.7 ⇥ 1056 1060+540
�480 0.21+0.09

�0.09 1555

GW151226 13.7+8.8
�3.2 7.7+2.2

�2.6 8.9+0.3
�0.3 0.18+0.20

�0.12 20.5+6.4
�1.5 0.74+0.07

�0.05 1.0+0.1
�0.2 3.4+0.7

�1.7 ⇥ 1056 440+180
�190 0.09+0.04

�0.04 1033

GW170104 31.0+7.2
�5.6 20.1+4.9

�4.5 21.5+2.1
�1.7 �0.04+0.17

�0.20 49.1+5.2
�3.9 0.66+0.08

�0.10 2.2+0.5
�0.5 3.3+0.6

�0.9 ⇥ 1056 960+430
�410 0.19+0.07

�0.08 924

GW170608 10.9+5.3
�1.7 7.6+1.3

�2.1 7.9+0.2
�0.2 0.03+0.19

�0.07 17.8+3.2
�0.7 0.69+0.04

�0.04 0.9+0.0
�0.1 3.5+0.4

�1.3 ⇥ 1056 320+120
�110 0.07+0.02

�0.02 396

GW170729 50.6+16.6
�10.2 34.3+9.1

�10.1 35.7+6.5
�4.7 0.36+0.21

�0.25 80.3+14.6
�10.2 0.81+0.07

�0.13 4.8+1.7
�1.7 4.2+0.9

�1.5 ⇥ 1056 2750+1350
�1320 0.48+0.19

�0.20 1033

GW170809 35.2+8.3
�6.0 23.8+5.2

�5.1 25.0+2.1
�1.6 0.07+0.16

�0.16 56.4+5.2
�3.7 0.70+0.08

�0.09 2.7+0.6
�0.6 3.5+0.6

�0.9 ⇥ 1056 990+320
�380 0.20+0.05

�0.07 340

GW170814 30.7+5.7
�3.0 25.3+2.9

�4.1 24.2+1.4
�1.1 0.07+0.12

�0.11 53.4+3.2
�2.4 0.72+0.07

�0.05 2.7+0.4
�0.3 3.7+0.4

�0.5 ⇥ 1056 580+160
�210 0.12+0.03

�0.04 87

GW170817 1.46+0.12
�0.10 1.27+0.09

�0.09 1.186+0.001
�0.001 0.00+0.02

�0.01  2.8  0.89 � 0.04 � 0.1 ⇥ 1056 40+10
�10 0.01+0.00

�0.00 16

GW170818 35.5+7.5
�4.7 26.8+4.3

�5.2 26.7+2.1
�1.7 �0.09+0.18

�0.21 59.8+4.8
�3.8 0.67+0.07

�0.08 2.7+0.5
�0.5 3.4+0.5

�0.7 ⇥ 1056 1020+430
�360 0.20+0.07

�0.07 39

GW170823 39.6+10.0
�6.6 29.4+6.3

�7.1 29.3+4.2
�3.2 0.08+0.20

�0.22 65.6+9.4
�6.6 0.71+0.08

�0.10 3.3+0.9
�0.8 3.6+0.6

�0.9 ⇥ 1056 1850+840
�840 0.34+0.13

�0.14 1651

TABLE III. Selected source parameters of the eleven confident detections. We report median values with 90% credible intervals that include
statistical errors, and systematic errors from averaging the results of two waveform models for BBHs. For GW170817 credible intervals
and statistical errors are shown for IMRPhenomPv2NRT with low spin prior, while the sky area was computed from TaylorF2 samples. The
redshift for NGC 4993 from [87] and its associated uncertainties were used to calculate source frame masses for GW170817. For BBH events
the redshift was calculated from the luminosity distance and assumed cosmology as discussed in Appendix B. The columns show source frame
component masses mi and chirp massM, dimensionless e↵ective aligned spin �e↵ , final source frame mass Mf , final spin af , radiated energy
Erad, peak luminosity lpeak, luminosity distance dL, redshift z and sky localization �⌦. The sky localization is the area of the 90% credible
region. For GW170817 we give conservative bounds on parameters of the final remnant discussed in Sec. V E.

angular momentum ~L and its spin vectors precess [113, 114]
around the total angular momentum ~J = ~L + ~S 1 + ~S 2.

We describe the dominant spin e↵ects by introducing ef-
fective parameters. The e↵ective aligned spin is defined as a
simple mass-weighted linear combination of the spins [22, 23,
115] projected onto the Newtonian angular momentum L̂N ,
which is normal to the orbital plane (L̂ = L̂N for aligned-spin
binaries)

�e↵ =
(m1~�1 + m2~�2) · L̂N

M
, (4)

where M = m1 + m2 is the total mass of the binary, and m1 is
defined to be the mass of the larger component of the binary,
such that m1 � m2. Di↵erent parameterizations of spin e↵ects
are possible and can be motivated from their appearance in
the GW phase or dynamics [116–118]. �e↵ is approximately
conserved throughout the inspiral [115]. To assess whether a
binary is precessing we use a single e↵ective precession spin
parameter �p [119] (see Appendix C).

During the inspiral the phase evolution depends at leading
order on the chirp mass [33, 120, 121],

M =
(m1m2)3/5

M1/5 , (5)

which is also the best measured parameter for low mass sys-
tems dominated by the inspiral [60, 95, 116, 122]. The mass
ratio

q =
m2

m1
 1 (6)

and e↵ective aligned spin �e↵ appear in the phasing at higher
orders [95, 115, 117].

For precessing binaries the orbital angular momentum vec-
tor ~L is not a stable direction, and it is preferable to describe
the source inclination by the angle ✓JN between the total an-
gular momentum ~J (which typically is approximately constant
throughout the inspiral) and the line of sight vector ~N instead
of the orbital inclination angle ◆ between ~L and ~N [113, 123].
We quote frequency-dependent quantities such as spin vec-
tors and derived quantities as �p at a GW reference frequency
fref = 20Hz.

Binary neutron stars have additional degrees of freedom re-
lated to their response to a tidal field. The dominant quadrupo-
lar (` = 2) tidal deformation is described by the dimensionless
tidal deformability ⇤ = (2/3)k2

h
(c2/G)(R/m)

i5
of each neu-

tron star (NS), where k2 is the dimensionless ` = 2 Love num-
ber and R is the NS radius. The tidal deformabilities depend
on the NS mass m and the equation of state (EOS). The domi-
nant tidal contribution to the GW phase evolution is encapsu-
lated in an e↵ective tidal deformability parameter [124, 125]

⇤̃ =
16
13

(m1 + 12m2)m4
1⇤1 + (m2 + 12m1)m4

2⇤2

M5 . (7)

B. Masses

In the left panel of Fig. 4 we show the inferred component
masses of the binaries in the source frame as contours in the
m1-m2 plane. Because of the mass prior, we consider only sys-
tems with m1 � m2 and exclude the shaded region. The com-
ponent masses of the detected BH binaries cover a wide range
from ⇠ 5M� to ⇠ 70M� and lie within the range expected for
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Event m1/M� m2/M� M/M� �e↵ Mf/M� af Erad/(M�c
2) `peak/(erg s�1) dL/Mpc z �⌦/deg2

GW150914 35.6+4.8
�3.0 30.6+3.0

�4.4 28.6+1.6
�1.5 �0.01+0.12

�0.13 63.1+3.3
�3.0 0.69+0.05

�0.04 3.1+0.4
�0.4 3.6+0.4

�0.4 ⇥ 1056 430+150
�170 0.09+0.03

�0.03 179

GW151012 23.3+14.0
�5.5 13.6+4.1

�4.8 15.2+2.0
�1.1 0.04+0.28

�0.19 35.7+9.9
�3.8 0.67+0.13

�0.11 1.5+0.5
�0.5 3.2+0.8

�1.7 ⇥ 1056 1060+540
�480 0.21+0.09

�0.09 1555

GW151226 13.7+8.8
�3.2 7.7+2.2

�2.6 8.9+0.3
�0.3 0.18+0.20

�0.12 20.5+6.4
�1.5 0.74+0.07

�0.05 1.0+0.1
�0.2 3.4+0.7

�1.7 ⇥ 1056 440+180
�190 0.09+0.04

�0.04 1033

GW170104 31.0+7.2
�5.6 20.1+4.9

�4.5 21.5+2.1
�1.7 �0.04+0.17

�0.20 49.1+5.2
�3.9 0.66+0.08

�0.10 2.2+0.5
�0.5 3.3+0.6

�0.9 ⇥ 1056 960+430
�410 0.19+0.07

�0.08 924

GW170608 10.9+5.3
�1.7 7.6+1.3

�2.1 7.9+0.2
�0.2 0.03+0.19

�0.07 17.8+3.2
�0.7 0.69+0.04

�0.04 0.9+0.0
�0.1 3.5+0.4

�1.3 ⇥ 1056 320+120
�110 0.07+0.02

�0.02 396

GW170729 50.6+16.6
�10.2 34.3+9.1

�10.1 35.7+6.5
�4.7 0.36+0.21

�0.25 80.3+14.6
�10.2 0.81+0.07

�0.13 4.8+1.7
�1.7 4.2+0.9

�1.5 ⇥ 1056 2750+1350
�1320 0.48+0.19

�0.20 1033

GW170809 35.2+8.3
�6.0 23.8+5.2

�5.1 25.0+2.1
�1.6 0.07+0.16

�0.16 56.4+5.2
�3.7 0.70+0.08

�0.09 2.7+0.6
�0.6 3.5+0.6

�0.9 ⇥ 1056 990+320
�380 0.20+0.05

�0.07 340

GW170814 30.7+5.7
�3.0 25.3+2.9

�4.1 24.2+1.4
�1.1 0.07+0.12

�0.11 53.4+3.2
�2.4 0.72+0.07

�0.05 2.7+0.4
�0.3 3.7+0.4

�0.5 ⇥ 1056 580+160
�210 0.12+0.03

�0.04 87

GW170817 1.46+0.12
�0.10 1.27+0.09

�0.09 1.186+0.001
�0.001 0.00+0.02

�0.01  2.8  0.89 � 0.04 � 0.1 ⇥ 1056 40+10
�10 0.01+0.00

�0.00 16

GW170818 35.5+7.5
�4.7 26.8+4.3

�5.2 26.7+2.1
�1.7 �0.09+0.18

�0.21 59.8+4.8
�3.8 0.67+0.07

�0.08 2.7+0.5
�0.5 3.4+0.5

�0.7 ⇥ 1056 1020+430
�360 0.20+0.07

�0.07 39

GW170823 39.6+10.0
�6.6 29.4+6.3

�7.1 29.3+4.2
�3.2 0.08+0.20

�0.22 65.6+9.4
�6.6 0.71+0.08

�0.10 3.3+0.9
�0.8 3.6+0.6

�0.9 ⇥ 1056 1850+840
�840 0.34+0.13

�0.14 1651

TABLE III. Selected source parameters of the eleven confident detections. We report median values with 90% credible intervals that include
statistical errors, and systematic errors from averaging the results of two waveform models for BBHs. For GW170817 credible intervals
and statistical errors are shown for IMRPhenomPv2NRT with low spin prior, while the sky area was computed from TaylorF2 samples. The
redshift for NGC 4993 from [87] and its associated uncertainties were used to calculate source frame masses for GW170817. For BBH events
the redshift was calculated from the luminosity distance and assumed cosmology as discussed in Appendix B. The columns show source frame
component masses mi and chirp massM, dimensionless e↵ective aligned spin �e↵ , final source frame mass Mf , final spin af , radiated energy
Erad, peak luminosity lpeak, luminosity distance dL, redshift z and sky localization �⌦. The sky localization is the area of the 90% credible
region. For GW170817 we give conservative bounds on parameters of the final remnant discussed in Sec. V E.

angular momentum ~L and its spin vectors precess [113, 114]
around the total angular momentum ~J = ~L + ~S 1 + ~S 2.

We describe the dominant spin e↵ects by introducing ef-
fective parameters. The e↵ective aligned spin is defined as a
simple mass-weighted linear combination of the spins [22, 23,
115] projected onto the Newtonian angular momentum L̂N ,
which is normal to the orbital plane (L̂ = L̂N for aligned-spin
binaries)

�e↵ =
(m1~�1 + m2~�2) · L̂N

M
, (4)

where M = m1 + m2 is the total mass of the binary, and m1 is
defined to be the mass of the larger component of the binary,
such that m1 � m2. Di↵erent parameterizations of spin e↵ects
are possible and can be motivated from their appearance in
the GW phase or dynamics [116–118]. �e↵ is approximately
conserved throughout the inspiral [115]. To assess whether a
binary is precessing we use a single e↵ective precession spin
parameter �p [119] (see Appendix C).

During the inspiral the phase evolution depends at leading
order on the chirp mass [33, 120, 121],

M =
(m1m2)3/5

M1/5 , (5)

which is also the best measured parameter for low mass sys-
tems dominated by the inspiral [60, 95, 116, 122]. The mass
ratio

q =
m2

m1
 1 (6)

and e↵ective aligned spin �e↵ appear in the phasing at higher
orders [95, 115, 117].

For precessing binaries the orbital angular momentum vec-
tor ~L is not a stable direction, and it is preferable to describe
the source inclination by the angle ✓JN between the total an-
gular momentum ~J (which typically is approximately constant
throughout the inspiral) and the line of sight vector ~N instead
of the orbital inclination angle ◆ between ~L and ~N [113, 123].
We quote frequency-dependent quantities such as spin vec-
tors and derived quantities as �p at a GW reference frequency
fref = 20Hz.

Binary neutron stars have additional degrees of freedom re-
lated to their response to a tidal field. The dominant quadrupo-
lar (` = 2) tidal deformation is described by the dimensionless
tidal deformability ⇤ = (2/3)k2

h
(c2/G)(R/m)

i5
of each neu-

tron star (NS), where k2 is the dimensionless ` = 2 Love num-
ber and R is the NS radius. The tidal deformabilities depend
on the NS mass m and the equation of state (EOS). The domi-
nant tidal contribution to the GW phase evolution is encapsu-
lated in an e↵ective tidal deformability parameter [124, 125]

⇤̃ =
16
13

(m1 + 12m2)m4
1⇤1 + (m2 + 12m1)m4

2⇤2

M5 . (7)

B. Masses

In the left panel of Fig. 4 we show the inferred component
masses of the binaries in the source frame as contours in the
m1-m2 plane. Because of the mass prior, we consider only sys-
tems with m1 � m2 and exclude the shaded region. The com-
ponent masses of the detected BH binaries cover a wide range
from ⇠ 5M� to ⇠ 70M� and lie within the range expected for
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Localisa(on
26

Sky location

O2 GW events for which alerts were 
sent to EM observers.

 19 Compact Binary Mergers in O1 & O2 with LIGO & Virgo    Dec 1, 2018

O1 events along with O2 events 
(GW170729, GW170818)  
not previously released to EM observers. 

• Inclusion of Virgo improves sky localization:  
importance of a global GW detector network for accurately localizing 
GW sources  

• GW170818 is best localized BBH to date: with a 90% area of 39 deg2 

Détections	dans	O2	–
alerte	pour	suivi	EM		

Détections	dans	O1	et	O2	
sans	suivi	EM		



GW170817: observa0on mul0messagère
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• observée	à	la	fois	en	ondes	gravitationnelles	et	ondes	électromagnétiques	(gamma,	
rayons	X,	ultraviolet,	optique,	infrarouge,	radio).	

• Détection	par	Fermi	GBM	après	1.74	s	

• Identification	de	la	galaxie	hôte	NGC	4993	
après	11h	par	le	Swope Supernova	Survey	(SSS)



Aussi, limites supérieures sur... 
• l’énergie	gravitationelle sur	l’objet	résultant	de	GW170817

• l’emission gravitationnelle	des	pulsars	connus	et	sur	leur	
déformation équatoriale

• la	densité	d’énergie énergie en	ondes	gravitationnelles	

28



33x meilleure que celle de initial LIGO/Virgo.

Abbott	et	al.	PRL,	118.121101

Constraintes sur la densité d’énergie en OG



Contraintes sur l’objet résultant de GW170817
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Limites supérieures sur les pulsars connus
31



Conclusion
• début	de	l’astronomie	gravitationnelle	(GW150914)	et	de	
l’atronomie multimessagers (GW170917)
• premier	catalogue	de	sources	d’ondes	gravitationnelles	de	
LIGO/Virgo (arxiv:1811.12907)
• Limites	supérieures	et	contraintes	sur	certains	modèles
• importantes	résultats	en	physique	fondamentales,	
astrophysiques	et	cosmologie	(D.	Buskulic)
• de	nombreuse	sources	encore	à	découvrir,	connues	ou	
inconnue.
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Spins
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