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Einstein and relativity

In 1905, Einstein 
discovered an essential 
law of the universe:
No information can be 
transmitted faster than 
the speed of light, 
186,000 mile/sec

Simple, but it 
revolutionized physics.
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General Relativity:
Einstein’s account of gravity

In 1915, Einstein reformed our understanding 
of gravity for the first time since Isaac Newton 
(1686).

Gravity isn’t a force that acts in space and 
time, but instead is built into the actual 
structure of space and time.

Space and time are curved; nothing can avoid 
feeling that curved structure. That is what 
makes gravity universal.
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Gravitational waves

Gravity needs to obey the principle of 
relativity (no signals faster than light). 

What about gravity from rapidly accelerating 
stars? Their gravitational effects at large 
distances can’t change instantaneously. (If they 
did, that would violate relativity.)

Gravitational changes “ripple out” from an 
accelerating object. Those ripples in the 
structure of space-time, moving at the speed of 
light, are gravitational waves.
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Gravitational waves would be a 
new way to scan the skies

To make gravitational waves, you need 
something that dramatically changes the 
distribution of matter.

Binary stars are a good example. The more 
massive the stars, the better. The faster they 
accelerate, the better. 

Binaries made of neutron stars are very good.
Binaries made of black holes are best.
In gravitational wave signals, we’d see these 

things in ways no ordinary telescope can rival.
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Einstein’s 1916 prediction 
left many doubts …

… even for Einstein. 
The theory was so subtle, 

Einstein was never sure 
that this prediction was 
correct.

Could the waves be a 
coordinate effect only, with 
no physical reality? 
Einstein didn’t live long 
enough to learn the answer.
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The Chapel Hill Conference

In January 1957, the U.S. Air Force (under 
program officer Josh Goldberg) sponsored the 
Conference on the Role of Gravitation in Physics, 
a.k.a. the Chapel Hill Conference, a.k.a. GR1.     

The organizers were Bryce and Cecile DeWitt. 
44 of the world’s leading relativists attended.

The “gravitational wave problem” was solved 
there, and the quest to detect gravitational 
waves was born.
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Where people were stuck

People were trying to understand the 
generation of gravitational waves.

For ex.: Solve the equations of motion of a 
binary star, and try to show that they generated 
waves that couldn’t be transformed away. 

This was hard. People were still at work on it 
when Hulse and Taylor found the binary pulsar 
in 1974.

But, what about thinking instead about 
detecting gravitational waves?
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Felix Pirani solved the problem of 
the reality of gravitational waves

Felix Pirani was a 
student of Alfred Schild’s 
and then of Hermann 
Bondi’s. In 1957 he was a 
junior colleague of Bondi 
at King’s College, London.

At Chapel Hill, he gave 
the solution of the gravity 
wave problem, although 
Bondi (or Feynman) 
usually get the credit.
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Pirani’s 1957 papers

Pirani’s insight was to analyze the reception of 
gravitational waves, not their generation.

He showed that, in the presence of a 
gravitational wave, a set of freely-falling 
particles would experience genuine motions 
with respect to one another. Thus, gravitational 
waves must be real.

He made this case in two papers submitted 
before the Chapel Hill conference, and 
presented there.
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“By measurement of the relative accelerations 
of several different pairs of particles, one may 
obtain full details about the Riemann tensor”
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Pirani’s set of neighboring 
freely-falling test masses
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They respond in a measurable 
way to a gravitational wave
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Neighboring test 
masses exhibit 
genuine relative 
motions.

“Just” need to find 
a way to implement 
the measurement 
with sufficient 
sensitivity.



Pirani’s mentor Hermann Bondi
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Bondi arrived at 
Chapel Hill unsure 
about whether 
gravitational waves 
were real.



Bondi clarifies Pirani’s point

Listening to Pirani’s talk, he asked whether 
you could connect two nearby masses with a 
dashpot, thus absorbing energy from the wave, 
and proving its physical reality.

Pirani replied: “I have not put in an 
absorption term, but I have put in a ‘spring’. 
You could invent a system with such a term 
quite easily.”

Bondi is credited with the “sticky bead 
argument.”
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Proof by dialog 
that gravitational waves are real
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Pirani got there first

The proceedings of the Chapel Hill 
meeting make it very clear that Felix 
Pirani’s insight was the key to the 
problem, and was considered to be one of 
the most important outcomes of the 
meeting.

Feynman’s famous talk on the same 
subject came later in the meeting. 
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Joe Weber at Chapel Hill

Joe Weber, co-inventor 
of the maser, was 
working with John 
Wheeler at Princeton 
on gravitational 
waves.

The two of them 
were at Chapel Hill, 
and listened well to 
Pirani’s talk.
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Joe Weber starts GW detection

Weber and Wheeler recapped Pirani’s 
argument in a paper written within 
weeks of the Chapel Hill conference.

Joe expanded on the experimental ideas 
in two Gravity Research Foundation 
essays (3rd prize 1958, 1st prize 1959), 
leading to his 1960 Phys. Rev. paper, 
laying out the bar program.
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Weber’s bar

Weber’s gravitational 
wave detector was a 
cylinder of aluminum. 

Each end is like a test 
mass, while the center is 
like a spring. 

PZTs around the midline 
are Bondi’s dashpots, 
absorbing energy to send 
to an electrical amplifier.
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Rainer Weiss, not at Chapel Hill

In 1957, Rai Weiss 
was a grad student of 
Jerrold Zacharias at 
MIT, trying to make 
an atomic fountain 
clock.

In the early ‘60’s, he 
worked with Bob 
Dicke at Princeton on 
gravity experiments.
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Rai Weiss’s mentors, 
Jerrold Zacharias and BobDicke
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Weiss reads Pirani

In 1964, Rai was back at MIT as a 
professor. He was assigned to teach 
general relativity. He didn’t know it, so 
he had to learn it one day ahead of the 
students. 

He asked, What’s really measurable in 
general relativity? He found the answer 
in Pirani’s papers presented at 
Chapel Hill in 1957.
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What Pirani actually proposed

In Pirani’s papers, he didn’t “put in” either a spring 
or a dashpot between the test masses. Instead, he said:

“It is assumed that an observer, by the use of light 
signals or otherwise, determine the coordinates of a 
neighboring particle in his local Cartesian coordinate 
system.”

By this time, Rai had been working on laser 
applications for gravity experiments, with Shaoul 
(“Ziggy”) Ezekiel and Kingston Owens. Rai read Pirani, 
and knew that lasers could do the job of detecting a 
gravitational wave.
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Weber announced 
the reception of signals

In 1969, Weber made his first of many 
announcements that he was seeing coincident 
excitations of two detectors.

That set the world on fire. If true, the signals 
would have been shockingly large.

Many other groups started building resonant 
bars, including: Glasgow, Rome, Frascati, 
Munich, Bell Labs, and IBM.
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Rai Weiss envisions LIGO in 1972

Weiss thought about 
Weber’s claimed detections. 
True or not, he saw how to do 
many orders of magnitude 
better, by implementing 
Pirani’s free-test-masses-
measured-by-lasers as a 
Michelson interferometer. 
Arms could be kilometers 
long. Lasers could measure 
sub-nuclear distances. 
L/L ~ 10-21 could be achieved.
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Weiss wasn’t the first 
with this insight

Already in 1962, 
Gertsenshtein and 
Pustovoit, proposed 
that interferometers 
were a way to achieve 
much better sensitivity 
than Weber had.

V.I. Pustovoit
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Weiss wasn’t the only one 
with this insight (2)

Weber’s former student, 
Robert Forward, had 
thought about 
interferometers with 
Weber. At Hughes 
Research Lab, he started 
building a small 
interferometer and 
published the first gravity 
wave observations with it 
in 1978.
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Sadly, no one else 
could see Weber’s events …

… although lots of people tried.
By the time of GR7 at Tel Aviv in 1974, the 

consensus of the scientific community was that 
Weber’s claims were not confirmed.
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The road toward GW150914

In the wake of the collapse of Weber’s claims, 
people didn’t give up.

Several groups continued to develop Weber 
bars, cooling them to reduce Brownian motion, 
reaching rms noise levels of L/L ~ 10-18. 

Meanwhile, several other groups (at Garching, 
Glasgow, Caltech as well as in Weiss’s group at 
MIT) began serious development of 
interferometers.

Rai will pick up the story from here.
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