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Gravitational waves

Credit: SXS

Definition: Wave-like perturbation of 
the gravitational field

Generation: Accelerating masses 
(changing quadrupole and 
higher multipole moments)

Propagation:

Spectrum: Kepler 3rd Law:                                     ,  

Light speed, weakly interacting

Amplitude: Small
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Example: for GW150914, EGW ⇠ 3M� ⇠ 103ESN ⇠ 0.6EGRB
More luminous than the 

entire EM universe
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LIGO Scientific 
Collaboration



Three detectors (for now)

LIGO Hanford

LIGO Livingston
Virgo



Observing schedule

LVC LRR 19 (2016) 1



https://losc.ligo.org/events/



September 14, 2015

First gravitational 
wave detection

First black hole 
binary detection

Heaviest black hole

LVC PRL 116, 061102 (2016)



GW150914

LVC PRL 116, 241102 (2016)

Models predicted by General Relativity

Model-agnostic reconstruction



And before you know it…

Credit: ButterlyLove1/Christopher Berry

6 black hole binaries 
of varying masses



Spinning black holes

LVC PRL 118, 221101 (2017)
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Spin measurements 
have important 
consequences 

for astrophysical 
formation channels



August 14, 2017

LVC PRL 119, 141101 (2017)

First event seen 
by 3 detectors

An order of magnitude 
improvement in sky localization

1160deg2 ! 60deg2
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Do the signals agree with General Relativity?

Yes, as far as we can tell

LVC PRL 116, 061102 (2016)

SNR~7, no statistically 
significant residual power

LVC PRL 116, 221101 (2016)



Parametric deviations
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Yunes and Pretorius PRD 80, 122003 (2009)
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LVC PRL 118, 221101 (2017)



Final object consistency

LVC PRL 116, 221101 (2016)

LVC PRL 118, 221101 (2017)

Initial masses 
and spins

Final mass 
and spin



Propagation effects

Modified dispersion arises when Lorentz invariance is violated

E2 = p2c2 +Ap↵c↵

�vg ⇠ GW period

travel time
⇠ GW wavelength

distance

For 800Mpc and 250Hz, �vg ⇠ 5⇥ 10
�20



Modified dispersion

LVC PRL 118, 221101 (2017)
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Gravitational wave polarization

Will LRR 17 (2014), 4

General Relativity 
possesses only two tensor 

degrees of freedom



Detector response

Isi+ PRD 96, 042001 (2017)

Affects the inferred 
sky location

Inconclusive when 
we only have 2 detectors



Three detectors: GW170814

Tensor modes preferred by more than 1000:1 (scalar) and 200:1 (tensor)

  

Isi and Weistein (arxiv:1710.03794)
LVC PRL 119, 141101 (2017)

https://arxiv.org/abs/1709.09660




August 17, 2017

Credit: LIGO/Virgo/Lovelace, Brown, Macleod, McIver, Nitz



GW170817

Credit: LSC/Sonoma State University/Aurore Simonnet

First detection of a binary neutron star coalescence

• Properties of supranuclear matter
• Astrophysical origin on sGRBs
• Origin of heavy elements
• Measurement of the Hubble constant
• Constraints on the speed of gravity

✓Gravitational wave
✓Short gamma ray burst
✓Optical/UV emission
✓X-ray (ongoing)
✓Radio (ongoing)



Binary neutron star
OBSERVATION

LVC PRL 119, 161101 (2017)



Masses

LVC PRL 119, 161101 (2017)

The chirp mass is 
measured very well

}
The mass ratio is 

measured less well

The mass ratio is 
correlated with the spin

� ⇠ 0.4
1ms

T



Extreme matter

Ozel, Freire (AnnuRev. of Astronomy and Astrophysics  54,401-440)

Eij

Credit: Aaron Zimmerman

Qij = �⇤Eij

Neutron stars are 
extended bodies 

with structure



Deformability

LVC PRL 119, 161101 (2017)

The tidal deformation 
accelerates the inspiral 

(additional energy sinks)

Radius upper limit
R<14km



Extensive followup

LVC & EM partners, ApJL 848, 12 (2017)

GW localization 
enabled EM followup

Credit: LIGO/VIRGO/NASA/Leo Singer



Short gamma ray burst
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Bound on the 
speed of gravity

LVC & Fermi GBM & INTEGRAL, ApJL 848, 13 (2017)

BNS coalescences are 
the progenitors of sGRBs



Optical emission

LVC & EM partners, ApJL 848, 12 (2017)

kilonova: radioactive 
decay of r-process 

elements

BNS coalescences 
are a heavy-element 

production site



Cosmology

LVC & EM partners, Nature (2017)

Combining information 
from GW and EM

Consistent with existing 
measurements



Looking ahead

BNS: 0.4-400/year

LVC CQG 27, 173001 (2010)
LVC ApJL 832, 2 (2016)

At design sensitivity

NSBH: 0.2-300/year
BBH: 0.4-1000/year

LVC LRR 19 (2016) 1




