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Planetary Motions
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Newtonian Gravity
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Newtonian Gravity
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General relativity

Albert Einstein (1879-1955)
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Gravity Revisited

LIGO



General Relativity: Predictions

Shane Larson
Shane Larson Dyson, Eddington & Davidson (1919)



General Relativity: Predictions

NASA



Black holes

ESO, ESA/Hubble, M. KornmesserESO/L. Calçada





Black Holes



General Relativity
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Spacetime

LIGO



Spacetime

© Science Photo Library

Material Elastic modulus (GPa)

Rubber 0.1

Wood 10

Concrete 15

Steel 200

Diamond 1200

Spacetime 1,000,000,000,000,000,000,000,000



Steve Mould demonstration

www.youtube.com/watch?v=dw7U3BYMs4U



Gravitational Waves



Gravitational Waves
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Gravitational Wave Polarisation
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Earthly effects



Detecting Gravitational Waves



The LIGO Scientific Collaboration

www.ligo.org



The LIGO-Virgo Collaboration

www.virgo-gw.eu



Humans of LIGO –humansofligo.blogspot.com



LIGO-Virgo-KAGRA

LIGO Hanford LIGO Livingston

GEO600Virgo KAGRA



Laser Interferometer



Zooming in

Zoom level: x 1Zoom level: x 1,000Zoom level: x 10,000

M. Heyde, www.mpg.de/8239438/silicate-films-glass
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M. Heyde, www.mpg.de/8239438/silicate-films-glass

Zooming in

Zoom level: x 1,000,000,000,000 (1 trillion)Zoom level: x 100,000,000,000,000 (100 trillion)

x 100

x 10,000

~1 nm~10 pm

Zoom level: x 1,000,000,000,000,000,000 (1 quintillion)

©Wikipedia/Marekich

x 10

~10 fm~0.1 fm~1 fm

x 100

~0.01 fm~0.001 fm

x 1000

Zoom level: x 10,000,000,000,000,000,000 (10 quintillion)Zoom level: x 100,000,000,000,000,000,000 (100 quintillion)Zoom level: x 1000,000,000,000,000,000,000 (1 sextillion)



Technical Challenges

• Seismic oscillations

• Thermal variations

• Scattering

• Quantum noise

• Laser variation



Seismic Isolation

Input test mass

End test mass

Lx = 4 km

M
ic

h
e
ls

o
n
 p

e
rp

e
n
d

ic
u
la

r 
a
rm

Laser

Output port

L
y
 =

 4
 k

m

Suspension 

System

Stage 1

Stage 2

Stage 3

1
.6

 m

Stage 4

Metal masses

Fused silica 

masses

Steel wire

Fused silica fibers

Electrostatic 

actuator



Power Recycling

200W

750 kW



Advanced LIGO Sensitivity







Parameter Estimation 



System Parameters

Initial Black Hole Masses 29 M⊙ & 36 M⊙

Distance ~1300 Mly (z~0.09)

Final Black Hole Mass 62 M⊙

Max speed of black holes ~0.6 c

Final Black Hole Spin rate ~100 Hz

Energy released 6 x 1047 J (3 MSunc
2)

Peak power 3.6 x 1049 W



waveview.cardiffgravity.org – Observing Run 1





catalog.cardiffgravity.org – Observing Run 1



Multiple Detections



LIGO/Virgo/NASA/Leo Singer

(Milky Way image: Axel Mellinger)

GW150914

GW151226

LVT151012

GW170104

GW170814

GW170817



gwcat.cardiffgravity.org/skymaps

GW170104

GW170608 GW170729 GW170809 GW170814

GW170817 GW170818 GW170823

GW150914 GW151012 GW151226



Multiple Detections





Finding the source



Electromagnetic Followup



Worldwide Followup



Across the spectrum









Obs Run 1-3

waveview.cardiffgravity.org

60s0s Time 2s



catalog.cardiffgravity.org





Future upgrades



Expected rates



Future prospects (rough numbers)

Estimated BBH rate 25-100 Gpc-3 yr-1 (# events per cubic-Gigaparsec per year)

O1

[2015-16]

O2

[2016-17]

O3

[2019-20]

Design

[~2023]

A+

[~2025]

LIGO BNS 

range
(1.5 + 1.5 Msun)

~220-260 Mly

(70-80 Mpc)

~260-330 Mly

(75-100 Mpc)

~330-420 Mly

(100-130 Mpc)

~580 Mly

~180 Mpc

~1100 Mly

~340 Mpc

LIGO BBH 

range
(15 + 15 Msun)

~0.4 Gpc ~0.5 Gpc ~0.6 Gpc ~1 Gpc ~1.8 Gpc

LIGO BBH 

Volume
~0.3 Gpc3 ~0.5 Gpc3 ~1 Gpc3 ~4 Gpc3 ~24 Gpc3

Observing time ~4 months ~9 months ~1 year

Number of 

events
3 8 ~50 ~daily? 6/day?

Detection Rate ~1 per month ~1 per month ~weekly!



aLIGO (2015)
(2019)

eLISA

SKA

rhcole.com/apps/GWplotter/

Einstein 
Telescope

What the future holds…



Stay Tuned!
Observing Run 4: 2021-2022
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