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Gravitational waves

Gravitational waves are quadrupolar distortions of 
distances between freely falling masses. They are 
produced by time-varying mass quadrupoles.

The first gravitational wave detected on September 14, 2015, produced by merging black holes 
400 Mpc away had a peak amplitude h ~ 10-21 .
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Presentation Notes
1AU x 1e-21 = 149 598 000 000 meters x 1e-21 = 1.5e11m x 1e-21 = 1.5 e-10 m = 3 Bohr radius
1 Bohr radius = 0.5 e-10 m 
1km x 1e-21 = 1.5 e-10 m = 3 Bohr radius
1 Bohr radius = 0.5 e-10 m 




Image Credit: Caltech/MIT/LIGO Lab 

GW detectors network
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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. 





Advanced LIGO: 
complicated instruments!



Image Credit: Caltech/MIT/LIGO Lab 

Sept 14 2015
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The observed signals matched beautifully the predicted waveform for the motion of a pair of black holes and vibration of the resulting single black hole. From the frequency of the signals, we can tell the masses of each initial black hole and the mass of the final black LIGO has made the first-ever detection of two black holes merging into one, proving that binary black holes are more common in the universe than most scientists earlier thought. 
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Not just one signal
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O1-O2 (2015-2017)

8Phys. Rev. X 9, 031040 (2019)

http://journals.aps.org/prx/abstract/10.1103/PhysRevX.9.031040


Where do GWs come from?
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A kilonova rainbow
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Astrophys. J. Lett. 848, L12 (2017) 

Credit: NSF/LIGO/Sonoma State University/A. Simonnet



Testing General Relativity
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• RT: If we subtract the best fit from data, are residuals inconsistent with instrumental 
noise?

• IMR: Are parameters obtained when fitting the inspiral phase different than those fitting 
the merger-ringdown phase? 

• PI/PPI: If we parameterize the inspiral/post-inspiral phase,  do we find deviations from 
the GR parameters?

• MDR: Do we have evidence of a modified dispersion relation (a.k.a. as graviton mass)?
Ans: mg<10-23 eV/c2

Phys. Rev. D 100, 104036 (2019)

http://link.aps.org/doi/10.1103/PhysRevD.100.104036


Nuclear physics with GWs
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Cosmology with GWs
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Nature 551, 85 (2017) 

http://www.nature.com/nature/journal/v551/n7678/full/nature24471.html


GW-GRB observation:
Fundamental physics
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ApJL, 848:L13, 2017



More discoveries
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Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced 
LIGO, Advanced Virgo and KAGRA

Living Reviews in Relativity 23, 3 (2020)

3 BBH

7 BBH, 1 BNS

56 candidates
37

6 + 1?

4

5 + 2?

… and a (weak) different signal?

https://doi.org/10.1007/s41114-020-00026-9


16



17



18



GWTC-2 catalog (O3a): 
39 events 
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http://arxiv.org/abs/2010.14527
https://www.gw-openscience.org

https://pnp.ligo.org/ppcomm/Papers.html

http://arxiv.org/abs/2010.14527


GW190425: Another BNS merger
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http://arxiv.org/abs/2010.14527
Astrophys. J. Lett. 892, L3 (2020)

http://arxiv.org/abs/2010.14527
https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5


GW190412: Asymmetric mases
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Phys. Rev. D 102, 043015 (2020)
http://arxiv.org/abs/2010.14527

http://link.aps.org/doi/10.1103/PhysRevD.102.043015
http://arxiv.org/abs/2010.14527


GW190814: Even more 
asymmetric masses
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Astrophys. J. Lett. 896, L44 (2020)
http://arxiv.org/abs/2010.14527

https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
http://arxiv.org/abs/2010.14527


GW190521: Largest black hole 
masses
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Phys. Rev. Lett. 125, 101102 (2020)
http://arxiv.org/abs/2010.14527

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.101102
http://arxiv.org/abs/2010.14527


GW190924_021846: Smallest 
black hole masses
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http://arxiv.org/abs/2010.14527
https://pnp.ligo.org/ppcomm/Papers.html

http://arxiv.org/abs/2010.14527


Effective Aligned Spin
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Credit: Carl Rodriguez



Effective Precession Spin
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Credit: 
LIGO/Caltech/MIT/Sono

ma State (Aurore
Simmonnet)



Sources of gravitational waves: 
not just binary systems!
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Astrophysical or 



Reducing the noise, 
increasing the rate of detections
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LIGO Livingston Detector 

https://arxiv.org/abs/2008.01301



The next few years 
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Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced 
LIGO, Advanced Virgo and KAGRA

https://arxiv.org/abs/1304.0670 (last updated September 2019)

A+

https://arxiv.org/abs/1304.0670


Third Generation Detectors
(Ground based)
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Einstein Telescope



Different wavelengths need 
different instruments



The era of GW astronomy is here! 
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Image credit: LIGO/T. Pyle 

www.ligo.org
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