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Prehistory

1876, William Kingdon Clifford: “I hold that… 

(1) small portions of space are in fact of a 
nature analogous to little hills on a surface 
which is on average flat; namely that the 
ordinary laws of geometry are not valid for 
them. 

     (2) That the property of being curved or distorted is 
continually being passed on from one portion of space to 
another after the manner of a wave. 
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History: the first steps

• In 1779 Laplace wondered what would happen if 
gravity propagated at a finite speed. 

• In 1900 Lorentz conjectured that gravitation “can be 
attributed to actions which can not propagate” faster 
than light. (Proc. K.Ak Amsterdam 8, 603).

• In 1905 Poincaré coined the term “onde gravifique” 
(gravitational wave) discussing the extension of 
Lorentz invariance to gravitation (C. R. Ac. Sci. Paris 
140, 1504).
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Einstein 1916: Weak field 
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• These calculations, although an approximation, 
provided a clear mathematical framework for the 
theory of gravitational radiation. 

• But, being that no astrophysical sources were yet 
known, was it “real”?

• i.e. there was some skepticism regarding the 
detectability of gravitational radiation.

• There were not known solutions of Einstein’s eqs. 
representing astrophysical objects emitting 
gravitational waves.
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1936: A letter to Max Born 
Together with a young collaborator, I arrived 
at the interesting result that gravitational 
waves do no exist, though they had been 
assumed a certainty to the first 
approximation. This shows that the non-
linear general relativistic field equations can 
tell us more or, rather, limit us more than we 
have believed up to now.  
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Journal of the Franklin Institute, January 1937, From Physics Today September 2005

But in less than a year Einstein changed his view:
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What happened:

Einstein had submitted, before publishing the article shown in the 
previous slide, another version to PR with a result consistent to what he 

said in his letter to Max Born

From Physics Today September 2005

The PR log book: Percy Robertson was the referee
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The first solution representing 
gravitational waves

was published in 1925 by Guido Beck.
In 1943 he emigrated to Argentina taking a position 
in what is today the FAMAF, UNC. In 1944 he 
founded the Argentine Physics Association, the first 
one in Latin America. In 1951 he moved to Brazil, 
in 1975 to Centro Brasileiro de Pesquisas Fisicas. 

Zeitschrift für Physik
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The Problem of Motion of a Wave 
Source

• Einstein, Infeld and Hofman (EIH) (1938): motion 
of particles completely determined by the field 
equations (not like EM!).

• The 2-body problem does not have an analytical 
solution.

• One treatment: slow moving Newtonian bodies and 
calculate GR corrections with the solution as a 
power series in v/c and GM/rc2.

• This is the post-Newtonian expansion. Quadrupole 
radiation formula was in doubt.



FAPESP Advanced School, Sao Paulo, May 30, 2023

Next Chapter in the saga: 
But do they exist?

• The Berne conference, GR0 (1955, the year of 
Einstein’s death): was held as a jubilee in honor of 
the fiftieth anniversary of SR.

• A small group of specialized physicists, 
Lichnerowicz, Pauli, Infeld, Hoffman, Fock, 
astronomers, Lemaitre mathematicians, Levi-
Civita, de Donder, Darmois.

• The themes: the structure of the Einstein field 
equations (the initial value problem) and the 
problem of motion.
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Berne II
• Gravitational waves, received little attention in 

1955.  

• Nathan Rosen, in his talk, basically reviewed his 
work with Einstein of 1937 in which they had 
expressed doubts about the existence of 
gravitational waves in the full non-linear theory.  

• According to them, the plane wave solutions of the 
linearized theory do not correspond to any exact 
solution of the full theory.

13



FAPESP Advanced School, Sao Paulo, May 30, 2023

Feynman’s views Chapel Hill (GR1): The role 
of gravitation in physics conference - 1957

• There exists, however, one serious difficulty...and 
that is the lack of experiments. 

• …how to deal with problems where no experiments 
are available? There are two choices:

• mathematical rigor...or 
• play games...
• The attempt at mathematically rigorous solutions 

without guiding experiments is exactly the reason 
the subject is difficult, but not the equations.

DeWitt and Rickles, 2017
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Feynman’s views
A thought experiment 

The friction will heat up the particle on the right.
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Feynman’s views I

“I am not getting anything out of the meeting. I am 
learning nothing. Because there are no experiments, 
this field is not an active one, so few of the best men 
are doing work in it. The result is that there are hosts 
of dopes here (126) and it is not good for my blood 
pressure. Remind me not to come to any more gravity 
conferences!”
GR Conference Warsaw 1962.
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A recap

• 1936 Einstein-Rosen.
• 1938 EIH first post-Newtonian order.
• 1941 Landau and Lifshitz quadrupole formula 

applies to GW from binary stars.
• 1955 Rosen argues GW cannot carry energy.
• 1957 Bondi, Feynman present thought experiments 

to show that GW carry energy.
• 1962 Bondi and the News function: systems which 

emit GW loose mass.
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A recap (cont)

• 1960 Infeld and Plebanski text-book
• 1965 Smith and Havas using fast motion 

calculations find energy gained by binary systems.
• 1970 Chandrasekhar and Esposito recover 

quadrupole formula for a binary star system 
(physically extended bodies).

• 1979 Rosen argues that binary stars do not lose 
energy.



FAPESP Advanced School, Sao Paulo, May 30, 2023

After the war: the anti-gravity 
machine

• Gravity Foundation and 
Roger Babson.

• USAF main source of 
funding until 1970.

• A higher level than NSF.
• There was a relativity 

group at Wright-Patterson.
• J. Goldberg (1993).
• Mansfield Amendment 

(1969).

Jon Ronson’s The Men who stare at goats
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The low watermark 
1930-60’s

• The term was coined by Jean Eisenstaedt. 

• Eventually DoD financing ended. 

• Richard Isaacson goes to NSF. 

• 1930’s Karl Jansky finds a source of radio antennas 
noise in the Milky Way. 
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An important result during the low 
watermark

• Tolman–Oppenheimer–Volkoff (TOV) equation constrains the 
structure of a spherically symmetric body of isotropic material 
which is in static gravitational equilibrium, as modeled by general 
relativity. 

• The Tolman–Oppenheimer–Volkoff limit (or TOV limit) is an upper 
bound to the mass of cold, nonrotating neutron stars, analogous to 
the Chandrasekhar limit for white dwarf stars.

dp

dr
= � (⇢ + p)(m + 4⇡r3p)

r(r � 2m)
,

dm(r)
dr

= 4⇡r2⇢
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Joe Weber

Resonant bar detectors: very narrow band and limited 
sensitivity
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1. Sinsky: proved the sensitivity through 
calibration to detect changes in one bar 
induced by controlled changes in 
another one.

2. The detector was suspended in a 
vacuum chamber on acoustic filters with 
strongest sensitivity at 1660 Hz.

3. Quartz strain gauges converted 
mechanical strain to voltages.

4. The bar was sensitive to strains of 
10-16.

Bar detectors start the field of experimental GW detection
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Sinsky’s calibration
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SN1987A

Essays in Honor of Ted Newman (1991)
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• 1950’2 a mysterious radio source can not be identified: 
Quasars. 

• The 60’: quick development of astrophysics. 

• Jocelyn Bell and Antony Hewish discovered a pulsating 
radio source (P=1.33s): LGM-1.

• 1963 Marteen Schmidt 
discovered the first quasar: 3C 
273. 

•  Kerr metric: the birth of 
Relativistic Astrophysics.

The new Astrophysics
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The binary pulsar

The first binary pulsar, PSR 
B1913+16 or the "Hulse-
Taylor binary pulsar" was 
discovered in 1974 at 
Arecibo by Joseph Taylor, Jr. 
and Russell Hulse, for which 
they won the 1993 Nobel 
Prize in Physics. 
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These sources exist! 
The Hulse and Taylor pulsar PSR 1913+16

Two neutron stars in orbit 
Each has mass 1.4 M☉  and the 

orbital period is 7.5 Hrs 
The stars are orbiting at a 

thousandth of the speed of 
light  

Emission of the gravitational 
radiation causes the two stars 
to spiral towards each other 
getting closer and decreasing 
then the orbital period 

The decrease, about 10 micro 
seconds per year, is exactly 
the one predicted by Einstein’s 
theory (1 part in 1014).

Eventually the binary system will coalesce emitting a burst of GW.  
Just in a 300 million years!

The periastron advances 4.2 degrees p/day.          Weisberg et al. 1981

Reported in 1976 at the Texas 
Astrophysics Relativity 
Symposium



FAPESP Advanced School, Sao Paulo, May 30, 202332

The Holy Grail

• Mercury’s perihelion precession 43 arcsec/100 year. 
• PSR B1913+16: 4 degrees per year !
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The Vela Satellites

USA project to monitor compliance 
with the international nuclear testing 
banning treaty by the Soviet Union.

Image credit: wikipedia
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• GRBs can be classified:


• Longer than 2 seconds: now clearly 
associated with core collapse of 
massive stars (supernovae)


• Less than 2 seconds ?


• Possible: neutron star collision.

GRB 140903A credit Chandra, NASA

GRBs
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1971: Black Holes

• Cygnus X-1 

• An X ray 
binary. 

• BH are real!

35



Interferometers
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The challenge
Imagine this distance: around the  world 
100,000 million times (the total is 3, 840 billions 
of kilometers, or a million times the distance 
from Earth to Neptune). Take two small objects 
separated by this distance. A strong gravitational 
wave will modify it less than the thickness of a 
human hair. There is less than a few tenths of a 
second to measure this. And we don’t know if 
this event will happen next month, next year or 
in thirty years. 
(testimony from Anthony Tyson to the subcommittee of Science from the Committee of Science, Space and 

Technology in the House of Representatives when the construction of LIGO was under consideration, 
March 13 1991).
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1996: Breaking Ground
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And they were 
built!
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Numerical Relativity

• ADM formalism (1950s).
• Hahn and Lindquist  (1964), first attempt.
• L. Smarr Eppley (1965).
• Richard Stark and Tsvi Piran (1980) -rotating 

collapse-.
• Binary Black Hole Grand Challenge Alliance, first 

head on collision.
• Lazarus project late early 2000.

http://en.wikipedia.org/wiki/Grand_Challenge
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Full evolution

• M. Campanelli, C.O. Lousto, P. Marronetti, and Y. 
Zlochower: "Accurate Evolutions of Orbiting 
Black-Hole Binaries without Excision", Phys. Rev. 
Lett. 96, 111101 (2006)

• John G. Baker, Joan Centrella, Dae-Il Choi, 
Michael Koppitz, and James van Meter: 
"Gravitational-Wave Extraction from an Inspiraling 
Configuration of Merging Black Holes", Phys. Rev. 
Lett. 96, 111102 (2006)

http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000096000011111101000001&idtype=cvips&gifs=yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000096000011111101000001&idtype=cvips&gifs=yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000096000011111102000001&idtype=cvips&gifs=yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000096000011111102000001&idtype=cvips&gifs=yes
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The end of 
a long 

journey:  
GW150914
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The end of History: 
Detection 

• On September 14, 2015 at 09:50:45 UTC, the 
LIGO Hanford, WA, and Livingston, LA, 
observatories detected the coincident signal 
GW150914.

• The signal was observed with a matched-filter 
signal-to-noise ratio of 24 and a false alarm rate 
estimated to be less than 1 event per 203,000 
years, equivalent to a significance greater than 
5.1σ. 



FAPESP Advanced School, Sao Paulo, May 30, 2023

Physical Parameters
• One               BH, the other               . One final          

BH                  

• Luminosity distance               Mpc.  Equivalent to a              

•                    radiated away in gravitational waves. 

• Final BH spin 

410+180
�160
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�4M� 29+4

�4M�

62+4
�4M�

z = 0.09+0.03
�0.04M�

3.0+0.5
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Historic result
• All uncertainties define 90% credible intervals.  

• These observations demonstrate the existence of 
binary stellar-mass black hole systems.  

• This is the first direct detection of gravitational waves 
and, 

•  the first observation of a binary black hole merger. 
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Dismissing our Sun for its domesticity (Davis, 
1968) only three clear events so far: 

• SN1987A (Hirata et al, 1987). 

• GW170817-GRB170817A-AT2017gfo (Abbott 
et al. , 2017 ).  

• Blazar TXS 0506+056 Flaring, 
IceCube-170922, (Aartsen et al. 2018).

Multi-messenger Astronomy
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August 17, 2017

Díaz et al, 2017
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• Two neutron stars in the galaxy NGC4993 collided about 140 
million years ago.  Gravitational and electromagnetic waves 
travel from the big explosion reaching our earth on August 17 
2017. 

• GWs first detected by AdLIGO and AVIRGO (Abbott et al. 
2017), GRB 170817A  by Fermi and INTEGRAL (Goldstein et 
al. , Savchenko et al. , 2017)  

• Then AT2017gfo (Coulter et al. 2017;, Valenti et al. 2017;, 
Tanvir et al. 2017, Lipunov et al. 2017, Soares-Santos et al. 
2017, Arcavi et al. 2017)

GW170817-GRB170817A-AT2017gfo



Workshop on Gravity: classical, quantum, theoretical and experimental, March 17-18 2023, Baton Rouge

GW170817: Multimessenger 
Astronomy

Credit: Caltech-LIGO-NSF 

The End
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Extra slides
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The associated metric perturbation is:

Binary systems
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