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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. 
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Gµν =
8πG
c 4 Tµν (= 0 in vacuum)

gµν =ηµν + hµν

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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Image Credit: Caltech/MIT/LIGO Lab  

GW detectors network



Image Credit: Caltech/MIT/LIGO Lab  

Sept 14 2015



February 11, 2016: We did it!
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“We” = LIGO Scientific Collaboration 
(and Virgo Collaboration) 

LIGO Scientific Collaboration



Advanced LIGO:  
complicated instruments!



Not just one signal
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O1-O2 (2015-2017)

10Phys. Rev. X 9, 031040 (2019) 



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) 



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



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 

https://arxiv.org/abs/1304.0670 

3 BBH 

7 BBH, 1 BNS 

56 candidates 
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6 + 1? 
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5 + 2? 

… and a (weak) different signal? 
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Four special detections
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Credit: National Science Foundation/LIGO/Sonoma State University/A. Simonnet.  

Binary neutron star merger 
(most massive NS pair known) 

Asymmetric binary black hole merger 

Image credit: N. Fischer, H. Pfeiffer, A. Buonanno (Max Planck Institute for Gravitational Physics), Simulating 
eXtreme Spacetimes project] 

Mass gap: heavy neutron star or 
black hole? 

Astrophys. J. Lett. 892, L3 (2020) 
Phys. Rev. D 102, 043015 

Astrophys. J. Lett. 896, L44 (2020) 

Credit: Robert Hurt (Caltech)  

Credit: LIGO/Caltech/MIT/R. Hurt (IPAC) 

Intermediate mass black hole 
Phys. Rev. Lett. 125, 101102 



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+ 



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 


