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What are gravitational waves?

Spacetime tells matter how to move; 
matter tells spacetime how to curve.

John Archibald Wheeler (2000)



Likely sources: Supernova



Likely sources: Binary neutron star



Likely sources: Binary black hole



Likely sources: Rapidly rotating neutron star



… are all out there



Indirect evidence for gravitational waves

Orbital period = 7.75 hr, Minimum separation (periastron) ~ 1.1R�



Indirect evidence for gravitational waves?

Arecibo



Indirect evidence for gravitational waves

~ 7.35x1024 watt
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Laser

“+” polarised gravitational wave 
propagating orthogonal to screen

Direct detection of gravitational waves with a laser interferometer

Made possible by 40+ years of work, including:

Ø Experimental ‘miracles’ (measure h ~ 10-21)
� over L = 4 km, DL ~ 10-3 fm!

Ø Theoretical breakthroughs
(predicting the signal waveform)



Hanford, Washington Livingston,	Lousiana



Direct detection of gravitational waves



Direct detection of gravitational waves



Detector sensitivity
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Detector sensitivity



… helps to know what one is looking for!
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The long awaited discovery …
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Awarded:

Ø The	Gruber	Cosmology	Prize	(2016)

Ø The	Fundamental	Physics	Prize	(2016)

Ø The	Kavli Prize	(2016)

Ø The	Shaw	Prize	(2016)

1004	authors

90	institutions

15	countries



Rainer Weiss



The detectors
Hanford,	

Washington

Livingston,	

Louisiana



The detection

¤ Found in “unmodeled” and “modeled” searches

¤ “Modeled search” (which makes use of waveform predictions)
uses 16 days of coincident Livingston-Hanford data

●False alarm rate < 1 in 203000 years

●Significance > 5.1σ



The detection

GW frequency rises from 35 to 150 Hz in 0.2 s, so orbital frequency (which is 1/2) 
must� 2 black holes of ~equal mass orbiting each other before merging 



¤ ‘Chirp mass’ of binary black hole merger:

Energy emission: ~3 MSun (� 5x1054 erg)

Peak Luminosity: ~200 Msun/s (� 4 x1056 erg/s)

Biggest	bang	since	the	Big	Bang!

¤ Parameters measured by matching millions of 
trial waveforms in 15-dim. parameter space



Four Breakthroughs!

¤ First direct detection of gravitational waves

¤ First direct evidence for the existence of black holes

¤ First observation of a binary black hole merger

¤ First tests of genuinely strong-field dynamics of GR

�



Tests of General Relativity

Measure masses, spins of component black holes from inspiral signal

¤ General relativity predicts mass, spin of final black hole

¤ Measure these from post-inspiral signal and compare with prediction!
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Tests of General Relativity

Measure masses, spins of component black holes from inspiral signal

¤ General relativity predicts mass, spin of final black hole

¤ Measure these from post-inspiral signal and compare with prediction!
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Open question

Where did these come from?
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X-ray sources



LIGO Hanford + LIGO Livingston LIGO Hanford + LIGO Livingston + Advanced Virgo

90% confidence error box can be reduced from ~180 deg2 to 10 deg2

Three detectors will make astronomy possible





Observing plans
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¤ 2015-16 (O1): 4-month run with only Advanced LIGO
● Detection of GW150914
● Second half of data analysed – detection of GW151226
¤ 2016-17 (O2): 6-month run with Advanced Virgo joining (… delayed) 
¤ 2017-18 (O3): 9-month run LIGO + Virgo + KAGRA?
¤ 2019+: LIGO + Virgo (towards full sensitivity) + KAGRA
¤ 2022+: LIGO-India joins the network
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Multi-wavelength astronomy?

No coincident signals seen in photons … not unexpected however!



?

Could neutrinos be emitted?



ANTARES+IceCube+LIGO+Virgo,	Phys.	Rev.	D93,	122010	(2016)

IceCube

ANTARESKamLAND

1606.07155

However no coincident neutrinos seen …



Detecting binary neutron star coalesence

¤ Equation of state of neutron stars is currently unknown

¤ With multiple binary neutron star coalescences, from the GW signal alone
one can distinguish between “soft”, “intermediate”, “hard” equation of state

Phys.	Rev.	Lett.	111,	071101	(2013)



Distance information in strain amplitude

BH

BH

inspiral

NS

NS

Cosmography with sources as ‘standard sirens’

H0 to ~5% with Ndet = 15
Phys.	Rev.	D	86,	043011	(2012)



The next few decades …

¤ Einstein Telescope (~2030?)
● 3rd generation observatory
● 105 binary mergers per year
● Evolution of the Universe

¤ eLISA (approved for 2034)
● 3 probes orbiting the Sun, 106 km apart
● Probe low frequencies: 10-5 – 10-1 Hz
● Mergers of supermassive binary black 

holes throughout the Universe
● Pathfinder mission launched in 2015

¤ Pulsar timing arrays (active now)
● Correlate variations in pulse arrival
times between pulsars to see GW effects
● Ultra-low frequencies: 10-9 – 10-6 Hz
● Supermassive binaries before they  

merge





‘The real voyage of discovery consists not in seeking new 
lands … but in seeing with new eyes’ Marcel Proust


