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• Why so long from field equations to detections? 
• Why is it hard? EM vs GR  
• 4 themes - key milestones:  

• Theory (aka mathematical relativity) 
• Simulation (aka numerical relativity) 
• Relativistic astrophysics 
• Experiment: instruments, data analysis 

• Convergence: GW150914
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Main focus: Discoveries, inventions, and 
understanding on the path to gravitational-wave 
detection from the ground 

General Relativity and Gravitation: a Centennial Perspective, ed. by  A. Ashtekar et al, Cambridge U 
Press (2015), Intro. to Part 2
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The E&M analog: 

James Clerk Maxwell, "A Dynamical Theory of the Electromagnetic Field", Philosophical Transactions 
of the Royal Society of London 155, 459–512 (1865).

Field equations published in 1865

https://en.m.wikipedia.org/wiki/James_Clerk_Maxwell
https://en.m.wikipedia.org/wiki/A_Dynamical_Theory_of_the_Electromagnetic_Field
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The E&M analog: 
Hertz experiment performed in 1887

Control EM fields to generate waves 
and then detect them.

Heinrich Hertz (1893). Electric Waves: Being Researches on the Propagation of Electric Action with Finite 
Velocity Through Space. Dover Publications. ISBN 1-4297-4036-1. English translation

https://books.google.com/?id=8GkOAAAAIAAJ
https://en.m.wikipedia.org/wiki/International_Standard_Book_Number
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Rµ⌫ � 1
2gµ⌫R = 8⇡G

c4 Tµ⌫

Field equations presented 
in 1915
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LIGO detection published in 2016 - detected in 2015
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EM GR

Equations, waves well understood 1st geometric theory, not well understood

Fixed background spacetime GR provides the spacetime

Detectable laboratory sources Lab sources not detectable

Strong signals easy to detect Incredibly weak signals

Room sized experiment Require kilometer-scale instruments

Cheap Big science, big bucks

1 author 1000 authors

22 years 100 years



1915 – 1918

8



9

gµ⌫ = ⌘µ⌫ + hµ⌫

⇤⌘ h̄µ⌫ = 0

Rµ⌫ � 1
2gµ⌫R = 8⇡G

c4 Tµ⌫

Linearized GR: gravitational waves

in vacuum

flat metric perturbation

flat spacetime wave operator

¯

hµ⌫ = A✏µ⌫ exp(ik
⇢
x⇢)

Einstein, A. 1916. Annalen der Physik, 49, 769–823; 
1918. Sitzungsber. Preuss. Akad. Wiss., 154.

spacetime metric
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gµ⌫ = ⌘µ⌫ + hµ⌫

⇤⌘ h̄µ⌫ = 0

Rµ⌫ � 1
2gµ⌫R = 8⇡G

c4 Tµ⌫

Linearized GR: gravitational waves BUT

Rµ⌫ = 1
2

�
h↵
µ,⌫↵ + h↵

⌫,µ↵ � hµ⌫,
↵

↵ � h↵
↵,µ⌫

�

h̄µ⌫ = hµ⌫ � 1
2⌘µ⌫h

↵
↵

Impose Lorentz gauge: h̄µ↵,↵ = 0

Are gravitational waves physical?
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Another issue when the linear approximation is not 
appropriate? How does one separate waves from 
background? 

B.K.B., Ph.D. thesis, 1972
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Rµ⌫ � 1
2gµ⌫R = 8⇡G

c4 Tµ⌫

Linearized GR: gravitational wave sources

Plug in the numbers: very discouraging in 1918

2r0

MM

h̄µ⌫ =
2G

rc4

⇣
Ïµ⌫

⌘

ret

reduced moment of inertia at retarded time

distance to detector

I
xx

= 2Mr2
0

✓
cos

2

2⇡f
orb

t� 1

3

◆

h
xx

=

32⇡2G

rc4
Mr2

0

f2

orb

cos 2(2⇡f
orb

)t

f
orb

=
GM

16⇡2r3
0

) |h| ⇡ r2S
r0r

Saulson, P. 1994. Fundamentals of 
interferometric gravitational wave 
detectors. Singapore: World Scientific

use Newtonian treatment of orbit

rS =
2GM

c2
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1M� rS ⇡ 3 km

r0 ⇡ 1AU ⇡ 1.5⇥ 108 km

|h| = �L
L ⇡ 2⇥ 10�23 ; f

orb

⇡ 1/yr

r ⇡ 100 pc ⇡ 3⇥ 1015km

r0 ⇡ 20 km

r ⇡ 15Mpc ⇡ 4⇥ 1020 km

|h| ⇡ 10�21 ; f
orb

⇡ 100Hz

|h| ⇡ r2S
r0r

For            ,

Binary stars

Binary neutron stars near merger
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Karl Schwarzschild

ds2 = �
✓
1� 2GM

c2r

◆
dt2 +

dr2�
1� 2GM

c2r

� + r2d⌦2

Spherically symmetric, vacuum solution in GR:

Reduces to Newtonian gravity for field outside mass M 
for large r and flat spacetime for M = 0, 

BUT 

something funny happens at                                  .  

Physical implications unclear for a long time.

r = rS =
2GM

c2

1916

K. Schwarzschild (1916). Sitzungsber. Preuss. Akad. Wiss. 7: 189–196; 18: 424–434.



1918 - 1955
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Not much happened 
(relevant to this story).



1955 - 1965
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Theory

18



19

Are gravitational waves real? 
Do they carry energy?
Formalism was developed to identify outgoing radiation 
(Pirani, Bondi, Sachs, Goldberg, Newman, ...) using null 
coordinates (light-like trajectories) and the Weyl tensor.

1955+
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Are gravitational waves real? 
Do they carry energy?
Formalism was developed to identify outgoing radiation 
(Pirani, Bondi, Sachs, Goldberg, Newman, ...) using null 
coordinates (light-like trajectories) and the Weyl tensor.

Pirani showed that 
gravitational waves 
would cause test 
masses to move.
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Sticky bead argument in 1957 demonstrates 
(theoretically) physical effect of gravitational waves.

via Shane Larson's blog

Wave makes beads move but friction creates heat. 
Implies that gravitational waves carry energy.

Bondi, Pirani, Robinson (1959). "Gravitational waves in General Relativity III: Exact plane 
waves". Proc. Roy. Soc., A 251: 519–533.



Schwarzschild solution (1916): behavior at r = 2 M not 
understood until about 1960, extended to rotating systems in 
in 1963, BH candidates observed in X-rays in 1970s.

Finkelstein, David (1958). "Past-Future Asymmetry of the Gravitational Field of a Point 
Particle". Phys. Rev 110: 965–967.

1958
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Gravitational Field of a Spinning Mass as an Example of 
Algebraically Special Metrics 
Roy P. Kerr, Phys. Rev. Lett. 11, 237 – Published 1 September 1963

Kerr finds exterior 
(vacuum) solution 
for spinning mass

1963



Gravitational wave 
detection

24
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J. Weber, schematic of an early bar detector

Weber, J.; and Wheeler, J.A. (1957). "Reality of the cylindrical gravitational waves of 
Einstein and Rosen". Rev. Mod. Phys. 29: 509–515.  
Weber, J., Phys. Rev. Lett. 17, 1228 (1966).

<1965



Astrophysics
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M. Schmidt, Nature 197, 1040 (1963)

Quasars: stellar 
appearance, 
cosmological distance

GR taken seriously as 
relevant to astrophysics. 
Black holes may exist ????

1963



1965 - 1975
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Astrophysics

29



30

A Hewish, SJ Bell, JDH Pilkington, PF Scott, RA Collins - Nature 217, 709, 1968

Discovery of pulsars 1967
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Uhuru, an X-ray satellite launched by NASA in 1970, 
discovered the first evidence for stellar mass black holes.



Indirect detection of gravitational waves from PSR 1913+16 
leads to nobel prize for Hulse and Taylor in 1993.
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from 1974
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Gravitational wave 
detection

34
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J. Weber with an early bar detector

Weber, J.; and Wheeler, J.A. (1957). "Reality of the cylindrical gravitational waves of Einstein 
and Rosen". Rev. Mod. Phys. 29 (3): 509–515. 
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J. Weber detection claim in 1969

J. Weber, Phys. Rev. Lett. 22, 1320 (1969) - Published 16 June 1969

Inspired worldwide effort 
---- but not confirmed



Computer Simulation 
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Colliding black hole simulations: U Texas late 1960s



1975 - 1990
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Gravitational wave 
detection

40
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Interferometric detectors were developed 
by R. Weiss and R. Drever (in the US). 
They are scalable and yield waveforms, 
h(t), rather than energy deposition.

R. Weiss

R. Drever 40-meter prototype at Caltech
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Unsung hero: 

Rich Isaacson was the Gravity 
program officer at NSF for 29 
years, from 1973.  

He convinced his division director 
and the NSF director to buy into 
the LIGO project.  

He also ensured that early 
obstacles were overcome.  

By the time I arrived at NSF, LIGO 
was operating smoothly.

R.A. Isaacson, http://ligo.org/magazine/LIGO-magazine-issue-6.pdf#page=14, http://
ligo.org/magazine/LIGO-magazine-issue-8.pdf#page=34

http://ligo.org/magazine/LIGO-magazine-issue-6.pdf#page=14
http://ligo.org/magazine/LIGO-magazine-issue-8.pdf#page=34
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1989



LIGO realizes this design with test mass mirrors 4 km apart.

GWs from a double neutron star coalescence at a distance 
of 15 million light years will change LIGO’s length by about 
10    meters. 

–18
44
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The plan in the proposal for LIGO and Advanced LIGO
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1990 - 2000
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Gravitational wave 
detection
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A. Abramovici et al, Science, 256, 325-333 (1992)

Progression of sensitivity of Caltech 40-meter 
convinced me that LIGO would work. 1991
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1994
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Raab: Status of LIGO Installation & Commissioning 19LIGO-G000159-00-W

LIGO,

Built to Last
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http://www.ligo.caltech.edu/LIGO_web/firstlock/

First lock, LIGO Hanford 2 km, 20 Oct 2000

http://www.ligo.caltech.edu/LIGO_web/firstlock/


Computer simulations
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L. Blanchet, Living Rev. Relativity

S. Chandrasekhar, S. Detweiler, Proc. Royal Soc. A 
10, 1098 (1975) 

The role of simulations (K. Thorne)
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1993



Mixmaster vs spikes

Binary black hole simulations (circa 2000):

S. Brandt et al, Phys.Rev.Lett.85:5496-5499,2000

Grazing incidence + excision
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Steve Brandt, Randall Correll, Roberto Gómez, Mijan 
Huq, Pablo Laguna, Luis Lehner, Pedro Marronetti, 
Richard A. Matzner, David Neilsen, Jorge Pullin, Erik 
Schnetter, Deirdre Shoemaker, and Jeffrey Winicour
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Close limit approximation - stopgap until real solution

J. Baker et al, Class. Quantum Grav. 17 No 20 (21 October 2000) L149-L156

Price R H and Pullin J 1994 Phys. Rev. Lett. 72 3297 

Why so hard?
Input spacetime grid is not physical; no unique way to write 
evolution equations - some ill-posed; issues of initial 
conditions - constraints; ......
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2000 - today



Computer simulations

62



Computer simulation of orbiting black holes:

F. Pretorius63

Pretorius used non-standard methods to demonstrate that 
black hole binaries could be simulated.

2005



Mixmaster vs spikes

Binary black hole simulations: standard 
methods were quickly modified

F. Pretorius, Phys.Rev.Lett.95:121101,2005

M. Campanelli, C. O. Lousto, P. Marronetti, Y. Zlochower, Phys.Rev.Lett.
96:111101,2006
J. G. Baker, J. Centrella, D.-I. Choi, M. Koppitz, J. van Meter, Phys.Rev.Lett.
96:111102,2006 64

UTB/RIT NASA/GSFC

http://arxiv.org/find/gr-qc/1/au:+Campanelli_M/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Lousto_C/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Marronetti_P/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Zlochower_Y/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Baker_J/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Centrella_J/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Choi_D/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Koppitz_M/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Meter_J/0/1/0/all/0/1


Gravitational wave 
detection

65
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Initial LIGO 



How sensitive was Initial LIGO?

67

2002

2010
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Hundreds of thousands of templates are constructed 
with approximate waveforms (EOB). These are 
calibrated with simulations (NR).

A. Buonanno, B.S. Sathyaprakash, 2015

Approximations for data analysis:

A. Buonanno and T. Damour, Phys. Rev. D 59, 084006 (1999)
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LIGO Science:  The dog that didn’t bark in the night: 
no GW signal from nearby short GRBs rules out compact 
binary coalescence as origin.

LSC+Hurley, Astrophys. J. 681 (2008) 1419

M31

LSC + others, Astrophys. J. 755 (2012) 2

M81

GRB 051103GRB 070201

http://www.iop.org/EJ/abstract/0004-637X/681/2/1419/
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Advanced LIGO 



The upgrade from LIGO to Advanced LIGO  started in 
2008 and finished in 2015:

Sampling 1000 X the universe for rare events should 
increase the event rate by 1000 X.71



LSC, Class. Quantum Grav. 32 (2015) 07400172

Advanced LIGO:



Advanced LIGO Quarterly Report      LIGO-M1100195-v7 
For April-June 2011 

Page 22 of 35 
 

 

 
Figure 7: Assembly and test team with the first completed, phase-1 tested,  

Test Mass in-vacuum isolator (BSC-ISI) 
 

 
Figure 8: transport of the completed BSC-ISI from the assembly hall to the LVEA at LHO 

 
 
 
The Hydraulic Pre Isolator (HEPI) installation continued at both observatories. Piping is 
underway, and both the mechanical installation of the units and their connection, flushing, and 
testing continues. The preparation of the seismic isolation in-vacuum instrumentation is the 
responsibility of the Hanford team, and they are keeping up with the needs of both Hanford and 
Livingston in placing seismometers with interface electronics in vacuum-tested neon-backfilled 
pods, running them through both functional and vacuum testing, and shipping to Hanford or 
installing at Livingston as needed.  

Seismic and suspension fit 
together in AdvLIGO

Advanced LIGO Quarterly Report      LIGO-M1100195-v7 
For April-June 2011 

Page 27 of 35 
 

 
4.06 Core Optics 
The Advanced LIGO Core Optics consists of the test masses, beam splitter, recycling mirrors and 
folding mirrors (to allow the sharing of the beam tube by two interferometers at the Hanford 
Observatory). This subsystem includes the substrate procurement, optic machining and polishing, 
the reflective dielectric coatings, and metrology at all stages.  
 
Tinsley has finished polishing the last Beamsplitter and the last ITM from the baseline set of work. 
We are replacing end masses (switching from Corning to Heraeus material, due to deformation of 
the Corning material under annealing temperatures), and Tinsley will be asked to polish additional 
surfaces at a later date. 
 
Work continues at the coating vendors. We have received the optics and data packages for the two 
optics to be used in the one-arm integration, and the Project metrology lab is ready to measure the 
transmission profiles and scatter with the required sensitivity and repeatability.  
 
LMA (the Test Mass coating vendor) is now focusing on addressing shortcomings in their process. 
Software for the oscillating target was developed as a possible approach to improving uniformity, 
but tests determined that it was not a workable approach. LMA is now pursuing development of a 
full planetary system; modeling indicates that it can provide the needed uniformity, and the 
mechanical design is well advanced. LMA has finished characterization of the first coated optics, 
and finds out-of-spec absorption, but workable for the one-arm integration; they are pursuing the 
cause, in particular investigating the possible role of annealing and cleaning in their current higher 
absorption.  
 

 
Figure 14: LIGO team inspects a completed Input Test Mass 

 
 
 

Inspecting input test massAssembly & test team - 
seismic isolation

73

Advanced LIGO

https://www.advancedligo.mit.edu/

Installing mirrors

https://www.advancedligo.mit.edu


January 2013: First lock of 
Input Mode Cleaner at Hanford

June 2013: First lock of IR laser using 
green light in y-arm at Hanford

October 2013: Inspecting 
installed optic at Livingston

October 2013: Aligning 
installed optics at Livingston

74



75

14 September 2015



Frequency [Hz]
101 102 103

St
ra

in
 [ 

(m
/m

) /
 H

z1/
2  ]

10-24

10-23

10-22

10-21

10-20

10-19

cr
ea

te
d 

by
 c

om
bi

ne
of

fic
ia

ls
tra

in
s_

O
1 

on
 2

5-
O

ct
-2

01
5

aLIGO Strain Sensitivity
Representative for Early O1

H1, 2015-Oct-01
L1, 2015-Oct-05

Initial LIGO

Advanced LIGO

frequency (Hz)
10 100 1000

10–23

10–19

10–21

strain /⎷Hz

Advanced LIGO Sensitivity — early October 2015
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The data:

77



The interpretation:

78
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A simulation (by SXS group) of 
GW150914. Many other groups also 
performed simulations.
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Theory

82
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Gravitational waves as solutions of linearized GR:

¯

hµ⌫ = A✏µ⌫ exp(ik
⇢
x⇢)

Schematic of gravitational waves in a non-flat background:
g ⇠ � + h

� << c
�

�̇

⇤�h = 0

Obtain the background by averaging over the waves.
R. A. Isaacon

Rµ⌫(�)� 1
2�µ⌫R(�) ⇠ T e↵

µ⌫ [(hh)avg]
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Are gravitational waves real? 
Do they carry energy?
Formalism was developed to identify outgoing radiation 
(Pirani, Bondi, Sachs, Goldberg, Newman, ...) using null 
coordinates (light-like trajectories) and the Weyl tensor.


