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The Discovery

Was that you I heard just now, or 
was it two black holes colliding? -

The New Yorker



September 14, 2015 at 09:50:45 GMT

GW150914 found within 3 
minutes of arriving.

• Over 1 billion light 
years away.

• 3 M☉ radiated as GW 
energy in fraction of 
second.

Binary Black Hole 
Merger!

Courtesy: SXS Collaboration

LVC, PRL 116, 061102 (2016)



Confirming 
Gravitational Waves



Confirming 
Gravitational Waves

Courtesy: SXS Collaboration



Implications of This 
Discovery

• First direct detection of gravitational waves.

• First direct evidence of black holes in nature.

• First direct evidence of very massive stellar-
mass black holes.

• First observation of a binary black hole 
system.

• First event to test Einstein’s GR in strong field

• Then....



December 26, 2015 at 03:38:53 GMT

GW151226 found within 70 
seconds of arriving.

•  Over 1 billion light 
years away.

• 1 M☉ radiated as GW 
energy in ~1 second.

Another Binary 
Black Hole Merger!

LVC, PRL 116, 241103 (2016)



October 12, 2015 at 09:54:43 GMT
A third detection?

• 2% chance LVT151012 could be 
due to noise.

• It would also be a binary black 
hole.

LVC, CQG 33, 134001 (2016)



Detections from LIGO’s First 
Observing Run



January 4, 2017 at 10:11:58 GMT

GW170104 was the first signal detected in 
LIGO’s second observing run.



Summary of Signals Seen So Far
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Measured Component Masses
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LVC, PRX 6, 041015 (2016) 



Measured Component Masses
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Measured Effective Spins and Mass Ratio
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Measured Effective Spins



Measured Component Spins

primary 
spin

secondary 
spin

Prior on spins:
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Measured Component Spins

primary 
spin

secondary 
spin

GW150914:

LVC, PRX 6, 041015 (2016) 
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Measured Component Spins

primary 
spin

secondary 
spin

LVT151012:

LVC, PRX 6, 041015 (2016) 
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Measured Component Spins

primary 
spin

secondary 
spin

GW151226:

LVC, PRX 6, 041015 (2016) 
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GW170104:

primary 
spin

secondary 
spin

Measured Component Spins
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Measured Final Black Hole Parameters
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From late inspiral and 
merger:



GW170104: Measured Final Black Hole 
Parameters
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Text
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Sky Localization



Sky Localization



Sky localization if we had Virgo...
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External Triggers

Gamma-ray Coordination Network GraceDB

Time Coincidence? Location Coincidence?

Swift Burst Alert 
Telescope Fermi

Credit: NASA Goddard



EM Partner First observation

Fermi 12-27-15

ZTF 12-28-15

J-GEM 12-29-15

INAF 12-29-15

SkyMapper 12-30-15

LOFAR-TKSP 01-03-16

Swift 01-04-16

MWA 01-26-16

EWE 03-14-16

GOTO 04-15-16

External Alerts
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Possible Formation Pathways
I. Isolated Stellar Environment II. Dynamical Formation

OR

96 M⊙ 60 M⊙

85 M⊙35 M⊙

37 M⊙ 31 M⊙

10.3 Myr

K. Belczynski, et. al. Nature 534, 512-515 (2016) C. Rodriguez, et al. ApJL 824 (2016)



How many more GWs from binary black 
holes?

30
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Advanced 
LIGO

Rates 
(Gpc-3 yr-1)

Previous rate 
estimate* 0.1 - 300

Updated rate 
estimates 9 - 240

* LVC, Class. Quant. Grav. 27. 173001 (2010) 

We should see at least several more BBH 
signals in O2.



Merger/
RD

Inter-
mediate

Phase of waveform characterized by coefficients:

Allow for departures from GR:
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Testing General Relativity
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{pi} ! (1 + �p̂i) pi
n

��̂i

o n

��̂i

o

{�↵̂i}Inspiral: Intermediate: Merger/Ringdown:

LVC, PRX 6, 041015 (2016) 

Inspiral



32

Testing General Relativity
Phase of waveform characterized by coefficients:

Allow for departures from GR:
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LVC, PRX 6, 041015 (2016) 



LVC, PRX 6, 041015 (2016) 



Binary Neutron Stars and Neutron-Star-
Black-Hole Mergers 
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BNS Rate (Gpc�3yr�1)

aLIGO 2010 rate compendium

Kim et al. pulsar

Fong et al. GRB

Siellez et al. GRB

Coward et al. GRB

Petrillo et al. GRB

Jin et al. kilonova

Vangioni et al. r-process

de Mink & Belczynski pop syn

Dominik et al. pop syn
O1O2O3
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NSBH Rate (Gpc�3yr�1)

aLIGO 2010 rate compendium

Fong et al. GRB

Coward et al. GRB

Petrillo et al. GRB

Jin et al. kilonova

Vangioni et al. r-process

de Mink & Belczynski pop syn

Dominik et al. pop syn
O1O2O3

LVC, ApJL 832, L21 (2016)

Much potential for interesting BNS and 
NSBH science and discovery starting in 

O2.



Keep Listening...
www.ligo.org

Detection paper available: 
http://dcc.ligo.org

facebook

twitter

http://www.ligo.org
http://www.ligo.org
http://www.ligo.org
http://www.ligo.org

