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GW150914:	The	First	Binary	Black	Hole	Merger	
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Outline	
•  Gravitational Waves and GW Astrophysics 

•  LIGO/Virgo Detectors 

•  Gravitational Waves from Binary Black Hole Mergers 

–  Detection Confidence  

–  Astrophysics 

•  Multi-messenger Astronomy with Gravitational Waves 
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General	RelaPvity	and	GravitaPonal	
Waves	

Gµν =
8πG
c4

Tµν

Weak	field	approximaPon	
--		
space-Pme	is	slightly		
perturbed	from	flat	space-
Pme:	

General	
RelaPvity:		
Einstein	Field	
EquaPons	

Wave	equaPon	for	hµν	!	
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gµν ≈ηµν + hµν

~	10-43	

“Ma&er	tells	space-0me	how	to	curve.		
Space-0me	tells	ma&er	how	to	move.”	

John	Archibald	Wheeler		



SoluPon	for	an	outward	propagaPng	wave	in	z-direcPon:		

h(t, z) = hµνe
i(ωt−kz) = h+(t − z / c)+ h×(t − z / c)

h+	

Physically, h is a strain: ΔL/L

hx	

hµν =
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Gravitational Waves 
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The Astrophysical  
Gravitational-Wave Source Catalog 

Credit:	Casey	Reed,	Penn	State		

Coalescing Binary 
Systems 
•  Black hole – black 
hole 
• Black hole – neutron 
star 
•  Neutron star – 
neutron star  
•  modeled waveform Credit:	Chandra	X-ray	Observatory		

Transient‘Burst’Sources 
•  asymmetric core 
collapse supernovae 
•  cosmic strings 
•  ??? 
• Unmodeled waveform 

Credit:	Planck	CollaboraPon	

Cosmic GW Background 

•  residue of the Big Bang 

•  probes back to < 10-15 s 

•  stochastic, incoherent 
background 

•  Difficult (impossible?) 
for LIGO-Virgo to detect 

Continuous Sources 
•  Spinning neutron 
stars 
•  monotone waveform 

Credit:	Bohn,	Hébert,	Throwe,	SXS	



Gravitational Wave Detectors:
LIGO and Virgo
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Precision	GravitaPonal-wave	
Interferometry	

•  LIGO	uses	enhanced	Michelson	
interferometry	

–  With	suspended	(‘freely	falling’)	mirrors	

•  Passing	GWs	stretch	and	compress	the	
distance	between	the	end	test	mass	and	
the	beam	spliMer	

•  The	interferometer	acts	as	a	transducer,	
turning	GWs	into	photocurrent		

–  A	coherent	detector!	
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Advanced	LIGO	



Laser	

•  Gravitational waves twist 
t he space - t ime and 
during their crossing they 
produce a positive or 
nega t i ve sepa ra t i on 
among the two f ree 
masses.

 
 
 
 

€ 

h =
ΔL
L

“+”	polarized	GW	
propaga7ng	

orthogonal	to	the	
screen	

•  The h parameter is the 
m e a s u r e o f r e l a t i v e 
variation among the two 
free masses.

 

 

Laser	

How does an interferometer work? 

L

ΔL 



Tiny ripples: 
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LIGO: Laser Interferometer  
Gravitational-wave Observatory 

LLO 

LHO 

4 km (H1) 

4 km 
L1

Hanford, WA

Livingston, LA

Caltech 

MIT 
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LIGO Livingston Performance 
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LIGO Hanford Performance 
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ADVANCED VIRGO
6 EU countries: France, Hungary, Italy, Poland, Spain, and The Netherlands 
20 labs, ~280 authors 

APC Paris  
ARTEMIS Nice 
EGO Cascina 
INFN Firenze-Urbino 
INFN Genova 
INFN Napoli 
INFN Perugia 
INFN Pisa 
INFN Roma La 
Sapienza 
INFN Roma Tor 
Vergata 
INFN Trento-Padova 
LAL Orsay – ESPCI 
Paris 
LAPP Annecy 
LKB Paris 
LMA Lyon 
NIKHEF Amsterdam 
POLGRAW(Poland) 
RADBOUD Uni. 
Nijmegen 
RMKI Budapest 
University of Valencia 



•  Advanced	Virgo	integraPon	completed	in	late	2016,	
followed	by	commissioning	period	

•  First	project	milestone	(1h	stable	lock)	reached	in	March	
2017	

•  First	commissioning	run	(C8)	in	May	2017	
•  SensiPvity	exceed	that	of	Virgo+	in	July,	2017	
•  Weekend	run	on	May	27	to	29	to	test	long-term	stability,	

and	effecPveness	of	automaPon.		
•  Longest	stable	lock	stretch	was	69	hours	
•  Binary	neutron	star	range	up	to	28	Mpc	

•  Joined	O2	on	August	1,	2017	
•  Virgo	science	duty	cycle	was	more	than	80%	(over	last	
							four	weeks	of	O2)	
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Advanced Virgo Progress 
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Advanced Virgo Performance 



The First Gravitational Wave 
Detections: Binary Black Holes
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Assessing Statistical Significance: Modeled Search 
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•  Matched	filter	search:	X-correlaPon	of	L1,	H1	data	streams	

•  Background	computed	from	Pme-shiring	coincident	data	in	100	ms	
steps		

–  For	GW150914,	51.5	days	à	5x106	years	

SimulaPon:	Reed	Essick,	LIGO	MIT	

AbboM,	et	al.,	LIGO	ScienPfic	CollaboraPon	and	Virgo	CollaboraPon,	“Binary	Black	Hole	Mergers	
in	the	first	Advanced	LIGO	Observing	Run”,	Phys.	Rev.	X	6,	041015	(2016).	
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AbboM,	et	al.,	LIGO	ScienPfic	
CollaboraPon	and	Virgo	
CollaboraPon,	“Binary	Black	Hole	
Mergers	in	the	first	Advanced	LIGO	
Observing	Run”,	Phys.	Rev.	X	6,	
041015	(2016).	

Assessing Statistical Significance: Modeled Search 



•  Pipelines	look	for	excess	power	in	Pme-frequency	
domain	

–  e.g.	wavelet	basis	
–  More	sensiPve	to	generic	sources,	but	also	to	noise	transients	in	

the	interferometers		
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Assessing Statistical Significance:  
Unmodeled Search 

SimulaPon:	Reed	
Essick,	LIGO	MIT	



Extracting Astrophysical Parameters from 
GW Waveforms 	

•  Compact object 
parameters encoded in the 
waveforms: 

–  Constituent masses, 
constituent spins, sky 
location, luminosity distance, 
orbital inclination, time of 
arrival

•  Intrinsic degeneracies 
make parameter estimation 
difficult! 

–  E.g., luminosity distance vs. 
inclination angle

•  The SNR of the waveform 
matters

–  often buried in detector noise; 
lower SNR obscures 
parameter estimation

Inspiral                            Merger Ringdown 

22	

LIGO	ScienPfic	CollaboraPon	and	Virgo	CollaboraPon,	
“Parameter	esPmaPon	for	compact	binary	coalescence	
signals		with	the	first	generaPon	gravitaPonal	wave	
detector	network”	Phys.	Rev.	D	88(2013)	062001	
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AbboM,	et	al.,	LIGO	ScienPfic	CollaboraPon	and	Virgo	CollaboraPon,	
“Binary	Black	Hole	Mergers	in	the	first	Advanced	LIGO	Observing	Run”,	
Phys.	Rev.	X	6,	041015	(2016).	

•  Total Mass: 

•  Mass ratio:  
 
•  Chirp Mass: 
 

•  Black Hole Spins: 

 
•  Spin component aligned with 

orbital angular momentum: 

•  Effective spin parameter: 

•  Luminosity Distance DL  

•  Bayesian	computaPon	of	posterior	PDFs	
•  Markov	chain	Monte	Carlo	
•  Nested	Sampling			

Extracting Astrophysical  
Parameters from Waveforms  



Astrophysical Parameters of the  
Detected BBH Mergers 
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GW170104	



What These GW Detections Tell Us 
About Black Holes
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The Newest Black Hole Merger 

•  asd	
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Reported	June	2,	2017	

Credit: Robert Hurt/Caltech, Aurore Simmonet, SSU   
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NEW	RESULT!	

Black	Holes	Detected	By	LIGO	



The Future: 
 Multi-messenger Astronomy With 

Gravitational Waves
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MulP-messenger	Astronomy	with	
GravitaPonal	Waves	

X-rays/Gamma-rays	
Gravita%onal	Waves	

Binary	Neutron	Star	Merger	

Visible/Infrared	Light	

Radio	Waves	

Neutrinos	



GW150914	EM	Follow	Up	
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LOCALIZATION AND BROADBAND FOLLOW-UP OF GW150914 15

100 101 102

t � tmerger (days)

Initial GW
Burst Recovery

Initial
GCN Circular

Updated GCN Circular
(identified as BBH candidate)

Final
sky map

Fermi GBM, LAT, MAXI,
IPN, INTEGRAL (archival)

Swift
XRT

Swift
XRT

Fermi LAT,
MAXI (ongoing)

BOOTES-3 MASTER Swift UVOT, SkyMapper, MASTER, TOROS, TAROT, VST, iPTF, Keck,
Pan-STARRS1, KWFC, QUEST, DECam, LT, P200, Pi of the Sky, PESSTO, UH

Pan-STARRS1
VST TOROS

VISTA

MWA ASKAP,
LOFAR

ASKAP,
MWA

VLA,
LOFAR

VLA,
LOFAR VLA

Figure 1. Timeline of observations of GW150914, separated by band and relative to the time of the GW trigger. The top row shows
GW information releases. The bottom four rows show high-energy, optical, near-infrared, and radio observations respectively.
Optical spectroscopy and narrow-field radio observations are indicated with darker tick marks and boldface text. More detailed
information on the timeline of observations is reported in Table 2.

matched-filter searches using a template bank which includes
both NS binary and BBH mergers. The waveform was con-
firmed to be consistent with a BBH merger and this infor-
mation was shared with observers about 3 weeks after the
event (GCN 18388). The FAR was evaluated with the data
collected through 20 October, reported to be less than 1 in
100 years (GCN 18851; Abbott et al. 2016c), and ultimately
determined to be much lower. The final results of the offline
search are reported in Abbott et al. (2016a).

3. SKY MAPS

We produce and disseminate probability sky maps using a
sequence of algorithms with increasing accuracy and compu-
tational cost. Here, we compare four location estimates: the
prompt cWB and LIB localizations that were initially shared
with observing partners plus the rapid BAYESTAR localiza-
tion and the final localization from LALInference. All four
are shown in Fig. 2.

cWB performs a constrained maximum likelihood (ML) es-
timate of the reconstructed signal on a sky grid (Klimenko
et al. 2015) weighted by the detectors’ antenna patterns (Es-
sick et al. 2015) and makes minimal assumptions about the
waveform morphology. With two detectors, this amounts to
restricting the signal to only one of two orthogonal GW polar-
izations throughout most of the sky. LIB performs Bayesian
inference assuming the signal is a sinusoidally modulated
Gaussian (Lynch et al. 2015). While this assumption may
not perfectly match the data, it is flexible enough to produce
reliable localizations for a wide variety of waveforms, in-
cluding BBH inspiral-merger-ringdown signals (Essick et al.
2015). BAYESTAR produces sky maps by triangulating the
times, amplitudes, and phases on arrival supplied by the CBC
pipelines (Singer & Price 2016). BAYESTAR was not avail-
able promptly because the low-latency CBC searches were

not configured for BBHs; the localization presented here is
derived from the offline CBC search. LALInference performs
full forward modeling of the data using a parameterized CBC
waveform which allows for BH spins and detector calibra-
tion uncertainties (Veitch et al. 2015). It is the most accurate
method for CBC signals but takes the most time due to the
high dimensionality. We present the same LALInference map
as Abbott et al. (2016e), with a spline interpolation proce-
dure to include the potential effects of calibration uncertain-
ties. The BAYESTAR and LALInference maps were shared
with observers on 2016 January 13 (GCN 18858), at the con-
clusion of the O1 run. Since GW150914 is a CBC event, we
consider the LALInference map to be the most accurate, au-
thoritative, and final localization for this event.

All of the sky maps agree qualitatively, favoring a broad,
long section of arc in the Southern hemisphere and to a lesser
extent a shorter section of nearly the same arc near the equa-
tor. While the majority of LIB’s probability is concentrated
in the Southern hemisphere, a non-trivial fraction of the 90%
confidence region extends into the Northern hemisphere. The
LALInference shows much less support in the Northern hemi-
sphere which is likely associated with the stronger constraints
available with full CBC waveforms. The cWB localization
also supports an isolated hot spot near ↵ ⇠ 9h, � ⇠ 5�. While
all algorithms assume elliptical polarization throughout most
of the sky, cWB’s assumptions are relaxed near this island
where the detector responses make it possible to distinguish
other polarizations.

Table 1 shows that the size of confidence regions varies be-
tween the algorithms. For this event, cWB produces smaller
confidence regions than the other algorithms. While cWB
produces reasonably accurate maps for typical BBH signals,
it can systematically misestimate the sizes of large confidence

AbboM,	et	al.	,LIGO	ScienPfic	CollaboraPon	and	Virgo	
CollaboraPon,	“LocalizaPon	and	Broadband	Follow-Up	of	
the	GravitaPonal-Wave	Transient	GW150914”,	Ap.	J.	LeM,	
826:L13,	2016.		

•  Follow-up	observaPons	reported	by	
25	teams	via	private	Gamma-ray	
Coordinates	Network	(GCN)	
Circulars	



Event	Sky	LocaPon	
•  With	2	detectors	can	only	limit	locaPon	to	annulus	on	the	sky	

–  PreferenPal	angles	from	interferometer	antenna	paMerns		

	
	
	

•  90%	credible	regions:	
–  GW150914:	230	deg2	
–  GW151226:	850	deg2	
–  LVT151012:	1600	deg2	
–  (GW170104:	1200	deg2)	

32	



Event	Sky	LocaPon	
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•  90%	credible	regions:	

–  GW150914:	230	deg2	

–  GW151226:	850	deg2	

–  LVT151012:	1600	deg2	

–  (GW170104:	1200	deg2)	 33	

With	Virgo,	90%	credible	regions	decrease		
by	approximately	2	–	6	Pmes:		
•  Assuming	Equal	LIGO	sensiPviPes;	Virgo	1/3	as	sensiPve		
•  Also	depends	on	duty	cycle	and	sky	locaPon	



GW170104	

LVT151012	

GW150914	

GW151226	

Sky Locations of Gravitational-wave Events: LIGO Only 



GW170104	

LVT151012	

GW150914	

GW151226	

GW170104+V	

LVT151012+V	

GW150914+V	

GW151226+V	

Sky Locations of Gravitational-wave Events: LIGO + Virgo 







Stay Tuned… 

•  LIGO-Virgo has made first 
measurements of gravitational 
wave amplitude and phase 

•  Merging binary black hole 
systems have been observed for 
the first time!  

 
•  Plans are underway to improve 

LIGO’s sensitivity for O3 and 
beyond 

•  LIGO-Virgo O2 run completed on 
August 25 

Conclusions 



THANKS 
for the 

attention! 
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