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Gravitational waves: basic math

Gravitational waves are quadrupolar distortions of 
distances between freely falling masses. They are 
produced by time-varying mass quadrupoles.
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How to “see” black holes
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How to “hear” black holes – with gravitational 
waves 
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How to measure gravitational 
waves: interferometers
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Image Credit: Caltech/MIT/LIGO Lab 

GW detectors network



Image Credit: Caltech/MIT/LIGO Lab 

September 14 2015
A big surprise!

Credit: LIGO



February 11, 2016: We did it!
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The music of the Universe
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The music of the Universe
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2015-2017: 11 detections

13Phys. Rev. X 9, 031040 (2019)

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


GW170817: fireworks too!
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And a galaxy had a new bright spot
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Credit: GROWTH collaboration

Credit: LIGO/Virgo



Binary Neutron Star merger: 
the movie
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We are made of star stuff 
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Projected noise in Advanced LIGO
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Seismic noise: 
multiple pendulums, 
active seismic isolation
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Thermal noise: 
less lossy 
mirrors/coatings

Projected noise in Advanced LIGO
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Quantum Noise: 
more photons,
vacuum squeezing

Projected noise in Advanced LIGO



Advanced LIGO detectors
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LIGO detectors: 
very complex instruments



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

Phys. Rev. D 102, 062003 (2020)



Past and future LVK Observing 
Runs
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A+

https://observing.docs.ligo.org/plan/



Third Generation Detectors
(Ground based)
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https://cosmicexplorer.org/

http://www.et-gw.eu/



Different wavelengths need 
different instruments



Gravitational waves astronomy: 
this is just the beginning!
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