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Einstein: gravity = curved spacetime

T. Pyle, Caltech/MIT/LIGO Lab



Accelerating Mass: Gravitational Waves

Courtesy Caltech/MIT/LIGO Laboratory



Accelerating Mass: Gravitational Waves

Courtesy Caltech/MIT/LIGO Laboratory



The Hard Truth

Courtesy Caltech/MIT/LIGO Laboratory

quadrupole approximation:

spacetime line element (Pythagoras):

wave equation:

stress tensor
of the source

10-44 N-1



The Challenge

Courtesy Caltech/MIT/LIGO Laboratory

Neutron-star 
binary:



LIGO Hanford Observatory



LIGO Livingston Observatory



Virgo Observatory (Italy)



T. Pyle, Caltech/MIT/LIGO Lab



ground motion:
10-8 m

(1010 × bigger)
thermal vibrations:

10-12 m
(106 × bigger)

laser 
wavelength:

10-6 m
(1012 × bigger)

gravitational
wave: 10-18 m
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LIGO-Virgo noise spectra

14 Aug 2017

PRL 119, 141101 (2017)
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LIGO-Virgo Black Hole Detections
(so far)

LIGO – Virgo Black Holes

EM Black Holes5
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LIGO-Virgo / Frank Elavsky / Northwestern (modified)

See ECR prize talk by Christopher Berry (17:05) 
Gravitational-wave astronomy and black hole astrophysics



GW170817: Gravitational-Wave
Observations



2017 Aug 17, 12:41 UTC

A New Phenomenon



A Binary Neutron Star Merger



Neutron-Star Masses
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LSC, Virgo Phys. Rev. Lett. 119, 161101 (2017) 



GW170817: Multi-Messenger
Observations



Fermi

Integral

short GRB

LSC, Virgo, Fermi, INTEGRAL, ApJL 848, L13 (2017) GRB 170817A



Source Localisation

LSC, Virgo, + EM partners, ApJL 848, L12 (2017) 

GW-GRB association: 
p-value of 5x10-8

(temporal & spatial)

Constrain relative speed of gravity and light
-3 x 10-15 < (vg - vem)/vem < 7 x 10-16

Also constraints on Lorentz invariance violation, 
Shapiro time delay between EM & GWs



Multi-Messenger Observatories



Multi-Messenger Observations

LSC, Virgo, + EM partners, ApJL 848, L12 (2017) 



LSC, Virgo, + EM partners, ApJL 848, L12 (2017) 

SSS17a / AT 2017gfo 



Credit: Jennifer Johnson/SDSS / CC BY 2.0 (modified)

r-process (?)        



Credit: Brian Metzger 1710.05931



1M2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley





Host galaxy: NGC 4993 Distance to GW Source

Standard Siren Cosmology









Neutrino Observations
(tGW +/- 500 s) – no associated ns

ANTARES/IceCube/Pierre Auger/LIGO/Virgo ApJ 850 (2017) L35





Observing Plans
KAGRA/LIGO/Virgo https://arxiv.org/abs/1304.0670 / Living Rev.Rel. 19 (2016)



GW170817

• Coincident with: 

– a short GRB

– an optical kilonova
counterpart

– plus X-ray and radio 
afterglows

• No detected neutrinos

• Implications for:

– Origin of short GRBs

– Speed of gravity

– Origin of heavy elements 

– Measurement of the 
Hubble constant

– … and more!

• First detection of a binary neutron star coalescence.



SUPPLEMENTAL SLIDES



Neutron Star Deformability





Neutron Star

Black Hole



2017 Aug 17, 1:41 pm

A New Phenomenon



Expectations	for	Future	Runs

Probability	of	
observing	

• N	>	10	(blue)

• N	>	35	(green)

• N	>	70	(red)

highly	significant	
events,	as	a	function	of	
surveyed	time-volume.	

Abbott	et	al.,	1606.04856



3-Detector Localisation


