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Gravitational waves are ripples in spacetime propagating at
the speed of light (according to GR)

Created by acceleration of massive compact objects

Gravitational Waves: the Story So Far

In General Relativity gravity is described by the curvature of space-time

Matter tells spacetime how to curve. 

Spacetime tells matter how to move

Gravitational wave detectors measure changes in
the separation between free test masses in this
spacetime

L+L

L-L





Interferometers monitor the position of suspended test masses separated by a few km

A passing gravitational wave will lengthen one arm and shrink the other arm; transducer of GW strain-
intensity (10-18 m over 4 km)

Interferometric Detectors

41016m

10-5m



Many sources of “noise”

• Seismic noise 

• Gravitational gradient 

noise

• Radiation pressure

• Thermal noise 

• Photon shot noise
M

ea
su

re
 o

f 
se

n
si

ti
vi

ty

Limitations to sensitivity
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Ground-based network of detectors: 2002-2010



Upgrading for the Advanced Detector Era!...



Developed 

in Glasgow, 

UK supplied: 

fused silica 

suspensions, 

fibre-pulling, 

bonding and 

welding









Abbott et al (2016): https://dcc.ligo.org/P1500218/

GW150914 – a burst of gravitational waves…

… matching a BBH inspiral and merger 
waveform from General Relativity





https://www.ligo.caltech.edu/video/ligo20160211v10





Are we sure that GW150914 was real?...



www.ligo.org



Does General Relativity really fit?

Compton Wavelength of the GravitonPost-Newtonian Approximation to GR

• GW150914 was the first observation of a binary black hole merger  

• Our best test of GR in the strong field, dynamical, nonlinear regime

• Event better than the binary pulsar system PSR J0737-3039

Abbott, et al. ,LIGO Scientific Collaboration and Virgo Collaboration, “Tests of general relativity with GW150914”, 

http://arxiv.org/abs/1602.03841

http://arxiv.org/abs/1602.03841


Locating GW150914 on the sky…



Locating GW150914 on the sky…



• Consortium agreement between 
LIGO and 63 teams using ground-
and space-based telescopes 
(gamma-ray, X-ray, optical, IR and 
radio) to follow-up the alert.

http://arxiv.org/abs/1602.08492

Electromagnetic Follow-up



@ligo
#Gravitationalwaves

#GW150914

#Einsteinwasright

70 million+ 

impressions

961 front-page 
stories worldwide 
on February 12th







BBH detections announced to date

First Observing run Second Observing run



Further tests of General Relativity Abbott, et al., LIGO Scientific Collaboration 
and Virgo Collaboration,   “GW170104: 
Observation of a 50-solar binary black
hole coalescence at redshift 0.2”
Phys. Rev. Lett. 118, 221101 (2017)

Parameterised test of PN expansion

Modified dispersion relation

Lower limit on QG energy scale



Population-level inferences Abbott, et al., LIGO Scientific Collaboration 
and Virgo Collaboration,   “GW170104: 
Observation of a 50-solar binary black
hole coalescence at redshift 0.2”
Phys. Rev. Lett. 118, 221101 (2017)

• Only GW151226 has 

inconsistent with zero

• Future measurements 

may constrain isotropy

of spin distribution

• This may constrain BH 

formation mechanisms 





August 2017: a 3-detector global network













Schutz, Nature, 323, 310 (1986) 

Cosmology with Standard Sirens



Abbott et al. Nature, 551, 85 (2017)

Assuming optical counterpart in NGC 4993, 
and at true sky location of BNS… 

Observables:

• =  GW170817 distance

• =  recession velocity

• =  mean pec. velocity

Recessional velocity of CoM of galaxy group 



Abbott et al. Nature, 551, 85 (2017)

Maximum 
posterior value

minimal
68% C.I.
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With a global network of interferometers we 

can triangulate the sky position of a 

gravitational wave source even better.

Source 

location

From Aasi et al.

arXiv:1304.0670

• The sky localisation depends on 

• the individual detector beam patterns

• time delay between well separated sites 

• vastly improved with more detectors:

LIGO and Virgo only

Adding LIGO India



Coming attractions…

Nissanke et al, arxiv:1307.2638 



Finding the E-M counterpart…

Metzger & Berger 2012
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http://www.lsst.org/lsst/



Cosmic 

Explorer 



Zhao et al. (2011)     

[See also Zhao & Wen in prep.]

~106 NS-NS mergers observed by ET.   

Different models for spatial distribution, 

source evolution; more general DE models

Cosmological constraints from 
3G detectors
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GW constraints similar to those from BAO, SNIe.

Results only weakly affected by source evolution.

BUT assumes z known for ~1000 sources

Significant ‘multi-messenger’ challenge



Space detectors

The Gravitational Wave Spectrum

Adapted from M. Evans (LIGO G1300662-v4)

10-9 Hz 10-4 Hz 100 Hz 103 Hz

Relic radiation

Cosmic Strings

Supermassive BH Binaries

BH and NS Binaries

Binaries coalescences

Extreme Mass Ratio

Inspirals

Supernovae

Spinning NS

10-16 Hz
Inflation Probe Pulsar timing Ground based







See e.g. Colpi & Sesana – arxiv: 1610.05309;  Sesana, PRL , 116, 231102 (2016)




