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1.3 billion years ago…
(give or take)
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 Early in the Universe 

monster stars can form out 
of Hydrogen only

 Stars produce metals
(Metal in astronomy is 
anything heavier than 
Helium)

 30 solar mass black holes 
can not be formed with core 
collapses in the current solar 
environment 

LIGO Black Holes

Current solar 
environment Early

Universe
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Volume-Time 
product now 

about the 
same for O1 

& O2

Goal was 80-
120 Mpc2n
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Dec 2016

End:
Aug 2017
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 Fix LHO-ITMX Contamination
 Hartmann wavefront sensor
 Small point absorber (~10mW)
 Resulting phase front distortion is problematic

 Squeezed Light injection at LLO
 Target is 3 dB of effective squeezing: 

equivalent to doubling the laser power
 Possibly LHO as well?

 Stray Light Control improvements 
 70 W amplifier stage at LLO to double the laser power

 LHO: likely to move from the HPO to a 70 W amplifier as well

 Replace End Reaction Masses with Annular versions
 Squeezed film damping; possibly electro-static charge
 May also replace ETMs at LHO

 Monolithic Signal Recycling Mirrors
 Remove several kHz peak in DARM; lower frequency impact?

~60 nm distortion 
over 20 mm
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Potential to 
see all stellar
size black
hole mergers
in the entire
Universe!

Learn about 
Early Star and 
Structure 
Formation
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Next Generation Gravitational Wave Detectors
Current Facilities:
 Until 2020: Advanced LIGO/VIRGO 
 Beyond 2020: A+ Upgrade

Aims at a factor of 2 improvement
using squeezed light

 2030 time frame: Voyager
Possible cryogenic detector

20 Years+: New Facilities Needed
 Einstein Telescope (10 km)
 Cosmic Explorer (40 km)

Every black hole merger in the entire Universe!
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Specifications:
 Diameter: 340 mm 
 Thickness: 200 mm
 Mass: 39.6 kg
 ROC: 2250 m / 1940 m
 Figure: <1 nm rms
 Scatter: ~10 ppm
 Surface absorption: ~0.3 ppm
 Bulk absorption: ~0.2 ppm/cm
 HR transmission: ~4 ppm
 AR reflectivity: ~200 ppm
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2016: The Centenary of Gravitational Waves

Physically, 
h is a strain ~ ΔL/L
LIGO measures: h ~ 10−21

For Example:
L = 4 km → 4 x 10−18 m
(Proton radius ~ 1 fm)
L = 4.4 ly (Alpha Centauri)
→ ~40 µm (human hair)

Measure with a MicheIson
interferometer

h+

h×



Parameter
GW150914 GW151226 LVT151012

Unit
Value 90% 

Error Value 90% 
Error Value 90% 

Error

Signal-to-Noise Ratio (SNR) 23.7 13.0 9.7

Primary black hole mass 36 +5
−4 14.2 +8.3

−3.7 23 +18
−6 M

Secondary black hole mass 29 +4
−4 7.5 +2.3

−2.3 13 +4
−5 M

Final black hole mass 62 +4
−4 20.8 +6.1

−1.7 35 +14
−4 M

Total radiated energy 3.0 +0.5
−0.5 1.0 +0.1

−0.2 1.5 +0.3
−0.4 M

Final black hole spin 0.67 +0.05
−0.07 0.74 +0.06

−0.06 0.66 +0.09
−0.10

Luminosity distance 410 +160
−180 440 +180

−190 1000 +500
−500 Mpc

Source redshift z 0.09 +0.03
−0.04 0.09 +0.03

−0.04 0.20 +0.09
−0.09
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General Relativity Tests

GW150914 is the first observation of a binary black hole merger…  
… and thus is the best test of GR in the strong field, nonlinear regime

Post Newtonian Approximation Graviton Mass / Compton Wavelength



Presenter
Presentation Notes
Having three or more detectors will help us narrow down the location of the gravitational signals even more: You need at least two ears to know where a sound comes in a plane, but having more ears you can localize the source much better.  We have more detectors in the near future: The Virgo detector will joining the gravitational wave network later this year – and we expect more detectors to join in Japan and perhaps India. 

We have opened the era of gravitational wave astronomy, and expect to learn much astrophysics from the many detections to come.  This is the end of a long quest, but more than that it’s the beginning of a new era. To quote one of our young scientists: we’ll never stop listening to gravitational waves now!

I have the honor to let now Rai Weiss, one of the founders of LIGO, tell you more about the history and technology involved in these amazing instruments. 





Binary Neutron Star Merger Localization: 
Hanford-Livingston-Virgo

3 site network
x denotes blind spots

S. Fairhurst, “Improved source localization with 
LIGO India”, J. Phys.: Conf. Ser. 484 012007

Presenter
Presentation Notes
Note that this map assumes design sensitivity for LIGO and Virgo

http://iopscience.iop.org/1742-6596/484/1/012007


Binary Neutron Star Merger Localization: 
Hanford-Livingston-Virgo-India

4 site network

S. Fairhurst, “Improved source localization with 
LIGO India”, J. Phys.: Conf. Ser. 484 012007

http://iopscience.iop.org/1742-6596/484/1/012007


Advanced LIGO and the Dawn of 
Gravitational-waves Physics and Astronomy 

• LIGO has made the first 
measurement of gravitational 
wave amplitude and phase

• A merging binary black hole 
system has been observed for the 
first time 

• LIGO has resumed the search for 
gravitational waves until the Fall 
of 2017; Virgo will join in

• The next few years will be very 
interesting ones for the field of 
gravitational-wave science!

Stay Tuned…
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