
Observation of Gravitational Waves from a 
Binary Black Hole Merger 

In Advanced LIGO Hanford and Livingston 
detectors 	



What are Gravitational waves ?	





GW zoology	

Short duration (1sec)	 Long duration (∞)	

Waveform	
known	

Waveform	
unknown	



Multimessenger astronomy	
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X-rays	

Optical	
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GW ground-based detectors science case	



Detectors : using GW differential effect	
Michelson interferometer	
Goal : (Lx-Ly)/Lx = 10-23	

High power laser	

High quality 
optics	

Fabry-Peroy	
cavities	

Suspended 	
optics	

Full system under 
vacuum ~10-12 atm 	



The GW detectors networks	

Virgo 3-km	

GEO 600m	LIGO – 
Hanford 4-km	

LIGO –  
Livingston 4-km	

3-km in 2017-18	

4-km in 2020-22 	



Ground based network	

•   Increase the detection 
confidence 	

•   Source sky localization	
•   Source parameters inference	
•   GW polarization 

determination	
•   Astrophysics of the sources	

Since 2007, LIGO, GEO & Virgo  
data are jointly analyzed by	
the LIGO Scientific Collaboration  
and the Virgo Collaboration. 	
	

LSC	
15 countries – 900 contributors	
	
Virgo	
5 countries – 200 contributors	



Start of Advanced LIGO run 01	

2010 

2018 
2015 

2020+ 

l  2010-2014: installation 
l  2014-2015: commissioning 
l  September  2015: O1 run start!  

l  Horizon (BNS): 70 – 80 Mpc 
l  3-4 times more sensitive than LIGO 
l  30-60 times larger in volume 

 



The 14th of Septembre 2015	

•  Event reported within 3 minutes by an unmodelled search	
•  Within one hour, first (of a very long list) email reporting an 

interesting event	
•  In less than two hours nature and first parameters derived : BBH !!!	
•  Very low false alarm probability reported – message from 

directorate : this is not an hardware injection	
•  Decision to keep the interferometer in same state to accumulate 

enough data for background estimation	



Time series of GW150914	

Data bandpass filtered 
between 35 Hz and 350 Hz	
Time difference 6.9 ms with 
Livingston first	
	

Second row – calculated 
GW strain using Numerical 
Relativity Waveforms  for 
quoted parameters 
compared to reconstructed 
waveforms (Shaded)	
	

Third Row –residuals	
	



Search for modelled waveform	

FFT of data Template can be generated in 
frequency domain using 
stationary phase approximation 

Noise power spectral density 
(in this case this is the two-sided  
Power spectrum) 
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|�1,2| < 0.9895 September 2015 configuration: 
Waveform templates: EOBNR with aligned spins 
Online: low mass regime (<20 Msun)  
Offline: 1-100 Msun – 250 000 templates 
 
Chi2 test with best match template – coincidence 15 ms 
Calculate quadratic sum of SNR in each detector 
Background estimation done with time slides 



Results for the first  
16 days coincident data	

False Alarm Rate 
< 1 / 200 000 years	

False Alarm Prob. 
< 2 10-7  -   > 5.1 σ	



Looking for unmodelled signal 	

Time	

Fr
eq

ue
nc

y	
Excess in time-frequency map – using wavelet	
Similar efficiency for high mass binaries (< 10 Msun)	
Was running online 	
Background estimation with timeslides	
	

Cross-correlation	
between detectors	

Residual noise energy	



Results for the first  
16 days coincident data	

False Alarm Rate 
< 1 / 67 400 years	

False Alarm Prob. 
< 2 10-6  -   > 4.6 σ	

Signal with f ì	



Around GW150914	
l  Noise investigation 200,000 auxiliary channels scrutinized 

l  Un-correlated noise: anthropogenic, earthquakes, radio-frequency 
modulation, unknown origin / known family glitches. 

l  Correlated noise: potential EM noise sources (lightning exciting 
Schumann resonances, solar wind, …). 

l  Detector's control systems have been checked for hacking hazard 
(thorough investigation to rule out that none has injected a signal). 

l  Detectors outputs are stable for one month after the event 

One of the loudest background trigger compared with the event	



Sky location	

Almost 600 sq 
different pipelines with 
different assumptions got 
similar results	



Follow-up with externals 
observatories	

Alert sent to a private network 
with 48 hours of delay	
Followed up by 21 teams 	

External observatories 
first focus on BNS 
systems	



Follow-up with externals 
observatories	

No clear signal yet reported	



Follow-up with SVOM	
Jianyan Wei and Chao Wu	



Parameters of the source	

θ
JN

 

dL	

S2 , m2	

S1 , m1	

H1	

L1	



Parameters inference	

Initial masses	 Final mass and spin	



Parameters inference	

Distance vs  
inclination angle	



Main parameters	



BBH merger rate	

•  Assuming constant volume up to horizon (z~0.5)	
•  For GW150914 type event R = 2 – 53 Gpc -3 yr -1	

•  Using all infos R = 2 – 400 Gpc -3 yr -1	
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How to form BBH ?	

Weak wind

Strong wind



Testing General relativity  
in a new regime	



Constraining parametrization deviations	
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New regime !	



LIGO and Virgo in the next months	



In terms of rates for BNS	



New detectors not far away	

Comparison between 3 and 5 detectors for sky localization	



At the end	


