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Gravitational waves are ripples 

in space and time caused by changing 

gravitational fields

perturbation
Mass quadrupole moment



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

41016m
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GW150914 – a burst of gravitational waves…

… matching a BBH inspiral and merger 
waveform from General Relativity

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, 

“Properties of the binary black hole merger GW150914”,

https://arxiv.org/abs/1602.03840

https://arxiv.org/abs/1602.03840


With three or more interferometers we can triangulate the sky position of a 

gravitational wave source much more precisely.

Source 

location

From Aasi et al., https://arxiv.org/abs/1304.0670

Advanced Virgo joined O2 on Aug 1st 2017

Much better 
sky localisation



Abbott et al., “GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Binary Mergers Observed by 
LIGO and Virgo During the First and Second Observing Runs”, http://arxiv.org/abs/1811.12907

http://arxiv.org/abs/1811.12907


Improved Tests of GR With GWTC-1 BBHs
Abbott, et al., “Tests of General Relativity 
with the Binary Black Hole Signals from the 
LIGO-Virgo Catalog GWTC-1”
arxiv.org/1903.04467

arxiv.org/1903.04467






Finding Home

Credit: R. Hurt, Caltech IPAC

The First Gravitational-wave Multi-Messenger 
Event GW170817

Credit: D Reitze (2021)





Credit: M. Soares-Santos (2021)



Abbott et al., “Gravitational Waves and Gamma-rays from a Binary Neutron 
Star Merger: GW170817 and GRB 170817A”, https://arxiv.org/abs/1710.05834

Constraining the speed of gravity:  GW170817

https://arxiv.org/abs/1710.05834


Schutz, “Determining the Hubble Constant 
from gravitational wave observation”
Nature, 323, 310 (1986) 

Cosmology with Standard Sirens

Independent route to 
the Hubble Constant



Freedman, “Cosmology at a Crossroads: Tension with the Hubble Constant”, 
https://arxiv.org/abs/1706.02739

Tension between:

• Measurement of H0 from

cosmic distance ladder

(e.g. SH0ES)

• Inference of H0 from CMBR /

LSS and cosmological

model (e.g. Planck)

Tension increases in e.g.

Riess et al. 1903.07603:

https://arxiv.org/abs/1706.02739


Abbott et al. PRL, 119, 161101 (2017)

Observables:

• =  GW170817 distance

• =  recession velocity

• =  mean pec. velocity



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)

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.



Can we constrain the inclination from 
EM observations?

Hotokezaka et al. measure superluminal
motion of radio jet from VLBI data.

Combined power-law jet + light curve 
model gives tight constraint on jet angle

Hotokezaka et al., “A Hubble Constant measurement from superluminal 
motion of the  jet in GW170817”, https://arxiv.org/abs/1806.10596

https://arxiv.org/abs/1806.10596


We can also use “dark sirens” – no explicit EM counterpart

We ‘marginalise’ over the redshifts of possible host galaxies

Soares-Santos et al., “First measurement of the Hubble constant from a dark 
standard siren using the Dark Energy Survey galaxies and the LIGO/Virgo 
binary black hole merger GW170814”, http://arxiv.org/abs/1901.01540

Useful ‘proof of concept’

http://arxiv.org/abs/1901.01540


We can also use “dark sirens” – no explicit EM counterpart

We ‘marginalise’ over the redshifts of possible host galaxies

Gray et al., “Cosmological inference using gravitational wave standard sirens: 
A mock data analysis”, Phys. Rev. D 101, 122001 (2020)



We can also use “dark sirens” – no explicit EM counterpart

We ‘marginalise’ over the redshifts of possible host galaxies

Abbott et al., “A gravitational-wave measurement of the Hubble constant 
following the second observing run of Advanced LIGO and Virgo”, 
http://arxiv.org/abs/1908.06060

Still dominated 
by GW170817

Dalya et at, https://arxiv.org/pdf/1804.05709

http://arxiv.org/abs/1901.01540
https://arxiv.org/pdf/1804.05709


We can also use “dark sirens” – no explicit EM counterpart

We ‘marginalise’ over the redshifts of possible host galaxies

Palmese et al. (2020): https://arxiv.org/pdf/2006.14961

Still dominated 
by GW170817

Dalya et at, https://arxiv.org/pdf/1804.05709

Now including 
190814

https://arxiv.org/pdf/2006.14961
https://arxiv.org/pdf/1804.05709


#O3ishere





The LIGO-Virgo O3 

Observing Run 

l The LIGO-Virgo observing run 

‘O3’
» O3a from Apr 1, 2019 to Sept 30, 2019

» O3b from Nov 1, 2019 to Mar 27, 2020

» Run ended one month earlier than 

planned early due to COVID-19

l The LIGO and Virgo detectors 

were operating in their most 

sensitive configurations to 

date: 
» LIGO Hanford: 120 Mpc (463 million 

lightyears)

» LIGO Livingston: 142 Mpc (391 Mly)

» Virgo: 61 Mpc (199 Mly)

(quoted range is to a binary neutron star merger 

averaged over sky and orbital orientation)

l …and also had the best 

‘uptime’ to date:  
» Triple coincidence 47.4% of O3

29

A gravitational wave event candidate was 

detected about once every six days 

Credit: D Reitze (2021)



Coming attractions…

Cowperthwaite et al., “Joint Gravitational Wave and Electromagnetic Astronomy 
with LIGO and LSST in the 2020s”,  https://arxiv.org/abs/1712.06531

http://www.lsst.org/

• 3 gigapixel camera, one 6Gb image every 20 sec

• 30 terabytes of data every night for 10 years

(100 Pb final data archive – all public!)

• Revolutionary view of the transient universe:  

1 – 10 million events every night for 10 years

https://arxiv.org/abs/1712.06531


Coming attractions…

Cowperthwaite et al., “Joint Gravitational Wave and Electromagnetic Astronomy 
with LIGO and LSST in the 2020s”,  https://arxiv.org/abs/1712.06531

• 3 gigapixel camera, one 6Gb image every 20 sec

• 30 terabytes of data every night for 10 years

(100 Pb final data archive – all public!)

• Revolutionary view of the transient universe:  

1 – 10 million events every night for 10 years

https://arxiv.org/abs/1712.06531


Coming attractions…

Chen et al., “Precision Standard Siren Cosmology”,
https://arxiv.org/abs/1712.06531

Cowperthwaite et al., “Joint Gravitational Wave and Electromagnetic Astronomy 
with LIGO and LSST in the 2020s”,  https://arxiv.org/abs/1712.06531

https://arxiv.org/abs/1712.06531
https://arxiv.org/abs/1712.06531






O3 Science Highlights (IV)

35

l q

Detected Events in the First Two LIGO-Virgo 

Observing Runs

Credit: D Reitze (2021)



l 1
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Detected Events in the First Two LIGO-Virgo 

Observing Runs and the O3a Run

Credit: D Reitze (2021)



Adapted from Veitch et al: https://dcc.ligo.org/LIGO-G2001898/public  

https://www.youtube.com/ligovirgo

https://www.youtube.com/ligovirgo


Adapted from Veitch et al: https://dcc.ligo.org/LIGO-G2001898/public  

https://www.youtube.com/ligovirgo

https://www.youtube.com/ligovirgo


O3a highlights:
“Exceptional Events”



O3a highlights:
“Exceptional Events”



O3a highlights:
“Exceptional Events”



Future Run and Upgrade Plans

For the Global Gravitational–wave Observatory Network

l O4 will include the two LIGO Observatories, the 
Virgo Observatory, and the KAGRA Observatory 

→ the first LIGO-Virgo-KAGRA 4-detector run

l Target sensitivities (binary neutron star inspiral
range):

» LIGO: 160-190 Mpc

» Virgo: 90 Mpc

» KAGRA: 25 - 130 Mpc
→A 2X to 3X increase in GW event rate

l O4 will start no earlier than June 2022

l O4 run duration is still not set, but likely 
somewhere in the 12 – 18 month range
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Simulated Event Stream for a one 
year duration O4 run



‘Mid-scale’ upgrade of 
the Advanced LIGO 
interferometers

Greater event rate 
than Advanced LIGO

LIGO India planned to 
come online in the A+ 
configuration later 
this decade

Adapted from Reitze (2019)



Mastrogiovanni et al, https://arxiv.org/abs/2012.12836:

“What role will binary neutron star merger afterglows play in multimessenger cosmology?”

https://arxiv.org/abs/2012.12836
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Began initial 
operations 

March 2020

A third LIGO 
detector in India 

(~2028)







State of the Universe – Feb 2020

Why does 95% of the Universe consist 

of ‘strange’ matter and energy?



So what exactly is this dark energy?...

Einstein’s “cosmological 
constant”?...

Constant energy density
(of the quantum vacuum?)

?????

wP =
Density

Pressure

Could the dark energy be evolving?...



~106 NS-NS mergers observed by 3G networks   

Different models for spatial distribution, 

source evolution

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

BUT assumes z known for ~1000 sources, z < 2

Significant ‘multi-messenger’ challenge

BNS:  ET-D + CE

Zhao & Wen: http://arxiv.org/abs/1710.05325

See also Zhao et al. http://arxiv.org/abs/1009.0206

http://arxiv.org/abs/1710.05325
http://arxiv.org/abs/1009.0206


Space detectors

The Gravitational Wave Spectrum

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






