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three solar masses of gravitational radiation.
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It has suddenly become a long history

1.3 billion years ago (very roughly) a binary system consisting of 
two roughly thirty solar mass black holes coalesced, sending out 
three solar masses of gravitational radiation.

21,040 years ago a binary neutron star system in our galaxy 
emitted gravitational waves which damped its own orbit enough 
for radio astronomers to detect the change using the Arecibo 
antenna in Puerto Rico.

now

4,010 years ago another binary neutron star system 

(known as the double pulsar on Earth) exhibited very 

similar behavior which again convinces us the system is 

emitting gravitational waves in agreement with a formula 

worked out nearly a century ago by Albert Einstein

then



A History of How we pieced this 
history together

That history began 100 years and 22 
days ago:

ñSince then, I have handled Newton's 
case differently, of course, according 
to the final theory. - Thus there are no 
gravitational waves analogous to light 
waves. This probably is also related to 
the one-sidedness of the sign of 
scalar T, incidentally (Nonexistence of 
the 'dipole.')ò

- A. Einstein to K. Schwarzschild 19 
Feb, 1916

Karl Schwarzschild
1873 - 1916



Some Prehistory

Three physicists had discussed the 
emission of gravitational waves 
before Einstein:

Pierre-Simon Laplace 

Henri Poincare

Max Abraham

All three considered what happens 
when a system emits gravitational 
waves.

As Jurgen Renn has pointed out 
Abraham was the first to point out 
that conservation laws forbid the 
emission of dipole gravitational 
waves. 

Max Abraham 1875-1922



Some Prehistory

Three physicists had discussed 
the emission of gravitational 
waves before Einstein:

Pierre-Simon Laplace 

Henri Poincare

Max Abraham

Laplace did not actually 
consider the concept of the 
gravitational waves, only the 
damping of the Moonôs orbit 
around the Earth due to a finite 
propagation time of gravity. This 
is what we now call Radiation 
reaction or Radiation Damping.

P. S. Laplace 1749-1827



Some Prehistory

Three physicists had discussed 
the emission of gravitational 
waves before Einstein:

Pierre-Simon Laplace 

Henri Poincare

Max Abraham

They all concluded that there 
was no evidence that radiation 
damping (and by extension 
gravitational waves) existed at 
all, though Poincare did not rule 
out the possibility that it could be 
observed in the perihelion 
advance of Mercuryôs orbit.Henri Poincare 1854-1912



Einstein changes his mind

In mid 1916, at the suggestion of 
the Dutch Astronomer Willem de 
Sitter, Einstein used harmonic 
coordinates to study the 
linearized approximation of 
General Relativity.

In these coordinates the linearized 
equations look very similar to 
Maxwellôs equations of the 
electromagnetic field. It is easy 
to derive a wave equation and 
Einstein discussed them at 
length in his 1916 paper.

Willem de Sitter           

1872-1934



Let me rephrase that

However Einstein had made a 
critical error in constructing the 
energy pseudo-tensor in his 
1916 paper. 

He only realized this when the 
Finnish theorist Gunnar 
Nordstrom wrote to him puzzled 
by his own attempt to use this 
pseudo-tensor in his own 
calculations. 

Einstein had to rewrite the paper 
in 1918.

Gunnar Nordstrom 1881-1923



The Quadrupole Formula

In his 1918 paper 
Einstein first 
presented the 
quadrupole formula 
for the flux of energy 
in a gravitational wave 
from a generic source.

But his calculation was 
valid only for systems 
with weak gravity.

The Bridge Annex gravitational wave generator.



The Speed of Thought

Even in his 1918 paper Einstein made 
some errors. He at first thought he 
had discovered three different 
types of gravitational waves. Two 
of these types are spurious. 

Einstein quickly realized this and 
Eddington later showed these 
spurious waves travel at arbitrary 
speeds depending on the choice of 
coordinates. As he put it, they 
travel not at the speed of light, but 
at ñthe speed of thought.ò

Arthur Stanley Eddington 1882-1944



A binary in straight lines

Why canôt Einsteinôs 1918 
calculation be applied to 
a binary star system?

Because if we solve the 
linearized Einsteinôs 
equations for the starôs 
motion, they donôt even 
orbit each other. The 
ñgravityò has been taken 
out of these linearized 
ñgravitationalò equations.

Algol, a very famous close stellar 

binary. It is not emitting detectable 

gravitational waves. Images taken 

at Mt. Wilson Observatory.



A promotion

Cost of each Keck 10m telescope 

= $70 million.

You can get 5 Kecks for the cost 

of initial LIGO.

Unlike many relativists, I 

live with an astronomer.



A promotion

Heôs not really an 
astronomer, but he 
does play one on TV.

- my wife

(in response to a 
History channel 
documentary which 
described me as an 
astronomer)

Cost of each Keck 10m telescope 

= $70 million.

You could get 5 Kecks for the cost 

of initial LIGO.



Landau and Lifshitz
In their famous textbook on Field theory (1941) 

the Russian physicists Lev Landau and 
Evgeny Lifshitz argue that an essentially 
linearized calculation like Einsteinôs from 
1918 can be generalized to the case of a 
binary star system by simply importing into 
the calculation the known solutions for the 
starsô motion from the exact theory in the 
absence of gravitational waves. 

This argument, though physically appealing 
(why not use more physically correct 
information even if it is mathematically 
inconsistent?) left many relativists 
skeptical, even though, or perhaps 
because, it obtained the same result 
Einstein had in in 1918 (the quadrupole 
formula). Lev Landau 1908-1968

and

Evgeny Lifshitz 1915-1985



Very interesting é but irrelevant

If you believe Landau and Lifshitz, one lesson 
stands out. Gravitational waves from binary star 
systems will never be detectable. They are too 
weak, given what was known about stars in the 
1940s. 

Ironically skepticism of ñglibò results like this one, 
which you could only credit ñif you believe 
Landau was connected to Godò helped convince 
some people to work on gravitational waves, 
purely to answer the question of principle: Did 
they exist?



ñNext term we are going to have your 

temporary collaborator Infeld here in 

Princeton, and I am looking forward to 

discussions with him. Together with a 

young collaborator, I arrived at the 

interesting result that gravitational 

waves do not 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 had believed up 

to now.ò

-Albert Einstein to Max Born, written 

in mid-1936.

Born and Infeld after the war

Second Thoughts Again



In June 1936 Einstein and his 

ñyoung collaborator,ò Nathan 

Rosen had sent a paper on 

gravitational waves to The 

Physical Review. This was their 

third joint paper submitted to that 

journal. The first two are very 

famous, the EPR paper and the 

Einstein-Rosen bridge (aka 

Wormhole) paper. 

The gravitational wave paper met 

with a different response from the 

journal than the previous two, 

which had been published 

promptly.

Title: ñDo Gravitational 

Waves Exist?ò

Answer: No!



Einsteinôs 

Reply



Dear Sir,

We (Mr. Rosen and I) had sent you our manuscript for 

publication and had not authorized you to show it to

specialists before it is printed. I see no reason to address the

- in any case erroneous - comments of your anonymous expert. 

On the basis of this incident I prefer to publish the paper 

elsewhere.

respectfully,

P.S. Mr. Rosen, who has left for the Soviet Union, has 

authorized me to represent him in this matter.

Einsteinôs Reply



Peer Review

In fairness to Einstein, this was 

likely his first experience of 

anonymous peer review. It was not 

the normal practice in the German 

journals where he was used to 

publishing. 

As we now know, his two previous 

submissions with Rosen to The 

Physical Review were not refereed. 

Other European émigré physicists 

at this time made reference to the 

ñrigorous criticism common for 

American journals.ò In Germany it 

was considered an insult to reject a 

paper by an established physicist.



Who Was The Referee?

The 10 page refereeôs report survives. The spelling used follows the American 

fashion, and at this time there were very few American physicists capable of 

writing this review, which shows a thorough familiarity with the General Theory 

of Relativity and its literature. 

The chief three candidates would be Robert Oppenheimer, Richard Tolman, 

and H. P. Robertson.

Robertson actually had a known connection to this paper. He is acknowledged 

in the published version in the Bulletin of the Franklin Institute.

What about Robertson himself? Interestingly he was not in Princeton for the 

first half of 1936, when Einstein and Rosen were writing the paper. He was on 

sabbatical at Caltech, his alma mater. He only returned to Princeton in August. 



The First Evidence


