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Thanks !!
• Thanks to the Societa Italiana di Fisica for the award.
• I am honored to be associated with name of Enrico 

Fermi, and especially thanks to all my Italian 
colleagues.
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• I am very indebted to my many amazing colleagues on LIGO

• I especially thank my wife and family, who have been tremendously 

supportive of me and my dedication to physics all these years.

• Lastly,  I congratulate my friend and colleague, Adalberto Giazotto.  
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100 Years Ago -- 1916
Einstein Predicted Gravitational Waves

• 1st publication indicating the existence of gravitational 
waves by Einstein in 1916
• Contained errors relating wave amplitude to source 

motions

• 1918 paper corrected earlier errors (factor of 2), and it contains the 
quadrupole formula for radiating source



General Relativity 
determines exactly 
what gravitational 
wave signal merging 
black holes produce

Gravitational Wave Source






BUT, the effect is incredibly small

• Consider ~30 solar mass 
binary Merging Black Holes
– M =  30 M

R = 100 km
f =  100 Hz
r = 3 1024 m (500 Mpc)

Credit: T. Strohmayer and D. Berry
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Gravitational waves

• Predicted by Einstein’s theory of 
General Relativity

• Ripples of spacetime that stretch and 
compress spacetime itself

• The amplitude of the wave is h ≈ 10-21

• Change the distance between masses 
that are free to move by ΔL = h x L

• Spacetime is “stiff” so changes in 
distance are very small

L

Δ
L
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Suspended Mass Interferometry
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Interferometer Noise Limits
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What Limits 
LIGO Sensitivity? 

 Seismic noise limits low 
frequencies

 Thermal Noise limits middle 
frequencies

 Quantum nature of light 
(Shot Noise) limits high 
frequencies

 Technical issues  - alignment, 
electronics, acoustics, etc
limit us before we reach 
these design goals 
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Siting LIGO
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LIGO Sites
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Hanford, WA

Livingston, LA
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LIGO Interferometers
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Virgo
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LIGO/Virgo Collaboration
• Common Data Formats

– Agreement in 1997
• MOU Collaboration - 2007

– Share Data 
– Joint Meeting / Analysis / 

Publications

• Motivation
– Three-fold coincidence
– GW polarization 
– Improve pointing
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Klimenko April 11, 2015, APS meeting, Baltimore, 
LIGO-1500032

Elliptical Wave Patterns



Localization on the sky
Actual estimates with H1 and L1 Simulated estimates with Virgo

Image credit: LIGO/Mellinger

10% to 90% confidence regions

More detectors with large spatially separations 
and non-degenerate orientations needed



Initial LIGO/Virgo Sensitivities
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Virgo  Pendulum Chain
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Better 
seismic 
isolation

Higher
power
laser

Better test 
masses

and suspension

Advanced LIGO



200W Nd:YAG laser
Designed and contributed by Max Planck Albert Einstein Institute

• Stabilized in power and frequency

• Uses a monolithic master oscillator 
followed by injection-locked rod 
amplifier 
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• Mechanical requirements: bulk and coating 
thermal noise, high resonant frequency

• Optical requirements: figure, scatter, 
homogeneity, bulk and coating absorption

Mirror / Test Masses

1
9

Test Masses:
34cm φ x 20cm

40 kg

40 kg

BS: 
37cm φ x 6cm ITM

T = 1.4%

Round-trip 
optical loss: 75 
ppm max

Compensation plates:
34cm φ x 10cm

Fermi Prize26-Sept-2016



Seismic Isolation
Passive / Active Multi-Stage
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Sensitivity for first Observing Run

Initial LIGO

O1 aLIGO

Design aLIGO

Broadband,
Factor ~3 

improvement

At ~40 Hz, 
Factor ~100 
improvement
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Gravitational Wave Event
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

bottom row – time frequency plot 
showing frequency increases with 
time (chirp)
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Phys. Rev. Lett. 116, 061102 (2016)
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Statistical Significance of GW150914
Binary Coalescence Search
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Phys. Rev. Lett. 116, 061102 (2016)



Black Hole Merger: GW150914

Full bandwidth waveforms without filtering.    
Numerical relativity models of black hole 
horizons during coalescence

Effective black hole separation in units of 
Schwarzschild radius (Rs=2GMf / c2);  and 
effective relative velocities given by post-
Newtonian parameter v/c = (GMfπf/c3)1/3

2426-Sept-2016

Phys. Rev. Lett. 116, 061102 (2016)
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 Use numerical simulations fits of black hole 
merger to determine parameters; determine total 
energy radiated in gravitational waves is 3.0±0.5
Mo c2 .  The system reached a peak ~3.6 x1056

ergs, and the spin of the final black hole < 0.7  
(not maximal spin)
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Black Hole Merger Parameters for GW150914
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Phys. Rev. Lett. 116, 061102 (2016)
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More 
Events?

Image credit: LIGO
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Second Event, Plus another Candidate
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Sept 2015 – Jan 2016 (4 months)
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arXiv:1606.04856



“Second Event”  Inspiral and Merger GW151226

Phys. Rev. Lett. 116, 241103 (2016)
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Final Black Hole Masses, Spins and Distance
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arXiv:1606.04856 arXiv:1606.04856



Binary black hole merger rate

90% allowed range: 9 to 240 /Gpc3/yr



New Astrophysics
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 Stellar binary black holes 
exist

 They form into binary pairs
 They merge within the 

lifetime of the universe
 The masses (M > 20 M☉) are 

much larger than what was 
known about stellar mass  
Black Holes.

26-Sept-2016 Fermi Prize

Image credit: LIGO



Testing General 
Relativity

graviton massIf v GW < c  , gravitational waves then have a modified 
dispersion relation.  There is no evidence of a modified inspiral
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LIMIT  90% Confidence

26-Sept-2016

Phys. Rev. Lett. 116, 061102 (2016)
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Testing General Relativity

The most stringent test of strong field gravity

Double pulsar J0737-3039
Masses ~ Msun

Speeds ~ 1e-3 c
Derivative orbital period ~ 1e-12

Double black hole GW150914
Masses ~ 30 Msun

Speeds ~ 0.5 c
Derivative orbital period ~ 1
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GW detector network: 2015-2025
GEO600 (HF)
2011 

Advanced LIGO 
Hanford 
2015 

Advanced LIGO 
Livingston 
2015 

Advanced 
Virgo
2016 LIGO-India

2022

KAGRA
2017
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Improving Localization

2016-
17

2017-
18

2019+ 2024
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The Birth of a New Astronomy
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Thanks!

37

26-Sept-2016

Fermi Prize


	Observation of Gravitational Waves from Binary Black Hole Mergers
	Thanks !!
	100 Years Ago -- 1916
	General Relativity determines exactly what gravitational wave signal merging black holes produce
	BUT, the effect is incredibly small
	Gravitational waves
	Suspended Mass Interferometry
	Interferometer Noise Limits
	What Limits �LIGO Sensitivity? 
	Slide Number 10
	Hanford, WA
	Virgo
	Slide Number 13
	LIGO/Virgo Collaboration
	Localization on the sky
	Initial LIGO/Virgo Sensitivities
	Slide Number 17
	200W Nd:YAG laser�Designed and contributed by Max Planck Albert Einstein Institute
	Mirror / Test Masses
	Seismic Isolation�Passive / Active Multi-Stage
	Sensitivity for first Observing Run
	Gravitational Wave Event�GW150914
	Slide Number 23
	Black Hole Merger: GW150914
	Slide Number 25
	Slide Number 26
	Second Event, Plus another Candidate
	“Second Event”  Inspiral and Merger GW151226
	Final Black Hole Masses, Spins and Distance
	Binary black hole merger rate
	New Astrophysics
	Testing General Relativity�graviton mass
	Testing General Relativity�
	Slide Number 34
	Improving Localization�
	Slide Number 36
	Slide Number 37

