King's College and the story of how
gravitational waves became real

Daniel Kennefick
Univ. of Arkansas
and
Einstein Papers Project

Kings College, January 2017



In the News




Belief In gravitational
waves: A History

That history began 101 years ago:

AnSIi nce then, | hav

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."')o

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

Karl Schwarzschild
1873 - 1916



——— Ihe Power of Analogy

Shoul dndét accelerating
Earth-Moon system, produce gravitational
waves?

Shoul dnét radiating th
Accelerating charges produce make the Earth-Moon system decay?

Electromagnetic Waves, according
to Maxwell and Hertz



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
Maxwel |l 6s equat.
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
guadrupole formula
for the flux of energy
in a gravitational wave [
from a generic source.| nu\

But his calculation was
valid only for systems

with weak graVIty. The Bridge Annex gravitational wave generator
at Caltech.




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. They
merely represent flat space seen in
t he Awavyo har mon

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 Nthe speed of

Arthur Stanley Eddington 1882-1944

N



Debate on the Analoc

ry far,

A major debate on the
analogy took place in 1957
at the Chapel Hill
conference. Hermann
Bondi appeared on behalf

Hermann Bondi 1919-2005 .
of the prosecution.



Debate on the Analo

Hermann Bondi 1919-2005

John Wheeler 1911-2008



Debate on the Analoc

Hermann Bondi 1919-2005

John Wheeler 1911-2008



Use of Analogies

Analogy

Looks for similarities
between the two
phenomena being
compared.

Uses that analogy as a
guide to which tools
(exemplars) will
prove useful in the
newer field

whic
brea

Usest

Disanalogy
_ooks for the points at

N the analogy
KS down

nese as a guide

to uncover the
Interesting new
physics to be found

In our story,
assoclated with the
skeptics.



Ti1 t 1| e: NnDo

Waves EXI st

Answer: No!

In June 1936 Einstein
and his nyo
coll aborato
Rosen had sent a paper
on gravitational waves
to The Physical Review.

The editor sent back a
critical 10 page referee
report.

Gravitati onal

?0

Herrn John T, Tate

Lditor The FPhysical Review
University of Linnesota
Xinneapolis,liinn,

Sehr geehrter Herrs
wir (Herr Rosen und ich) hatten Ihnen

unser Manuskript zur Fublikztion gesandt und Sie nichi

autorisiert, dasselbe Fachleuten zu z?igen,bevor es
gedruckt ist. Auf die - librigens irrtiimlichen - Ausfilhrune
gen Ihres anonymen Gewahrsmannes einzugehen sehe ich
keine Veranlassung. Auf Grund des Vorkommmisses ziehe kch

es8 vor, die Arbeit anderweitig zu publizieren,

Nit vorziiglicher Hochachtung

P.S. Herr Rosen, der nach Sowjet-Russland abgereist ist,

hat mich autorisierty,ihn in dieser Sache zu vertreten.



El nsteil ndos Letter

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. | see no reason to address the
- in any case erroneous - comments of your anonymous expert.
On the basis of this incident | 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.



The Referee
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The Physical Review Logbook from the 1930s, a scan from which has been
kindly provided by a recent editor of the Review, Martin Blume.

It shows that the Einstein and Rosen paper was received on June 1, sent to

the referee Robertson on July 6, arrived back from Robertson on July 17
and was returned to Einstein on July 23.

By contrast, the same logbook shows that neither of the previous two
Einstein and Rosen submissions were refereed at all, and the EPR paper
was sent ATO N.Y.o the day after its



A Timely Intervention

|l n his memoir, |l nfeld tells how he came
claim, and even came up with his own version of the proof,

but his new friend nAnBobo Robertson did n
insisted on checking his calculation.

AHe began qui ck
efficiently to check all the

steps of my argument, even

the most simple ones,
comparing the results on

the blackboard with those in

Ve

my notes ¢

| marveled at the quickness
and sureness with which
Robertson performed all the
computations. o

from Quest, p. 267

Howard Percy Robertson 1903-1961



Physics vrs. Maths

One common Issue Iin the debate on the reality of
gravitational waves was the guestion of rigor.

How rigorous does the argument for or against
their existence need to be? Are physicists less
rigorous than mathematicians?

For instance Bondi might be said to be demanding
a higher standard of rigor before he accepts the
analogy between em and gravitational waves.

Wheeler, by contrast, views the analogy as purely
heuristic, which demands little rigor.



Kings College

At Kings, as with many of the older schools of
relativity, the relativity group resides in the Math

department.

Gravitational waves was, especially before World

War Il, regarc

ed as a topic for mathematicians.

For instance, w

nen Guido Beck submitted his

paper on cylindrical gravitational waves to
Annalen der Physik, the editor, Willy Wien,
replied advising him to send the paper to a math

journal.



Lack of Journals

Beckos paper vani shed wi
common fate for relativity papers in this period.
It was hard to publish in physics journals and no
one really knew where to look for papers about
General Relativity.

The 1955 conference in Bern was held to mark
the 50" anniversary of special relativity. But
many people, like Bondi, interested in GR
attended and were surprised and delighted to
find others there who were interested In this
subject.



Felix Pirani

Pirani began his career in relativity at
the University of Toronto as a student
of Alfred Schild. He followed Schild to
Pittsburgh and then did a second PhD
at Cambridge, with Bondi as his
advisor.

He then went to the DIAS in Dublin,
where he worked with John Synge.
While there he became interested In
gravitational waves.

When Bondi moved to Kings, he hired
Pirani and it was Pirani who ensured
t hat one focus of
research would be gravitational

waves. Felix Pirani 1928-2015




Internment

Schild knew Bondi from
their time spent together
as internees in World War
Il. They both counted as
enemy aliens, despite
their anti-fascist attitudes.
Tommy Gold also met
Bondi in this way.

Guido Beck and his student
Peter Havas were also S e R
Interned early N WW” by World War Il era photo of inmates at the

the FrenCh ] lle Sainte-Hélene camp near Montreal,
Canada where Bondi was interned.
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Plane Gravitational Waves

Rosen was never happy with the
revised Einstein-Rosen paper.
He subsequently published the
argument of the original paper,
which Is that plane gravitational
waves cannot exist.

In 1955 he went further and
argued that even the cylindrical
gravitational waves of the
published ER paper are more
apparent than real, because
they cannot carry energy.

\\«;

Nathan Rosen 1909 - 1995



Coordinate Singularities

At Kings, Pirani collaborated with
Bondi and Ivor Robinson to show
t hat RosenoO0s arg
plane waves was invalid.

Rosen (with Einstein) had shown
that you could not construct a
metric which described plane
gravitational waves without a
singularity being present.

But the Kings group showed that
this singularity was merely a
coordinate singularity, not a
physical one.

’ "
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lvor Robinson 1923-206



More scepticism

The article which really drew
Pi rani 0s atter 'y
skepticism about gravitational
ways was one by George
McVittie, which Pirani
reviewed for Math Reviews.

McVittie had been part of the
pre-war relativity group at
Kings, but by 1955 he was at ©
lllinois, where he was
iInfluenced by Abraham Taub.

George McVittie 1904-1988



First in the field

Actually the first paper that | -
know of to discuss the exact |
solution for plane waves
was by Baldwin and Jeffery.
George Jeffery, another
student of EUO
a chair at Kings for a while
beginning in 1922. Kings
can claim to have one of the
longest pedigrees of any
center of relativity theory.

George Jeffery 1891-1957



Show me the Energy

Pirani also answered
Rosenods other objection.

How to describe energy In
gravitational waves has
been controversial from the

beginning. o S
Inspired by Synge, Pirani e . L
used the equation of tereeae v

geodesic deviation to
describe how particles
actually moved in response
to a gravitational wave.




Bondi and Feynmann

Both Hermann Bondi and Richard
Feynman sel zed u
work, presented at the seminal
Chapel Hill conference of 1957, to
propose a thought experiment
which convinced many that
gravitational waves must carry
energy. And if they can transmit
energy to an absorber, as
Feynman pointed out, then surely

they can also carry energy off from
a source.

» 4

Feynman at a gravity
conference with Dirac, 1962.



GR1

That photograph of Dirac and Feynman was taken
In Warsaw in 1962 at GR3.

The 1957 conference at Chapel Hill, North
Carolina was an American version of the Bern
conference, except it was designed as a
research conference in GR.

] t0Os success Inspired th
International Committee on General Relativity
and Gravitation to organize a series of such
conferences. Later, it started a dedicated journal
for the field (GRG).



| nf el d and Bondi 0s

But if Bondi had helped
answer Roseno
he initially agreed with
another skeptic, Infeld that
binary star systems would
not be a source of
gravitational waves.

Thelr arguments were stated
In opposition to the analogy
with em waves. The analogy &
implies that accelerating .
masses generate
gravitational waves

Hermann Bondi 1919 - 2005



A binary In straight lines

If we solve the linearized
Einstein equations (which
gives us the quadrupole
formula) for the motion of a
binary star system, the stars
donodot even or
The ngravityo
out of these linearized
nNngravitationa

In short, we must show that the
type of motion permitted by
the field equations is also the

Algol, a very famous close stellar

type of motion which binary. It is not emitting detectable
generates gravitationa| gravitational waves.
waVves.

-



Newmanos Anecdot e

General Relativity is a theory
which relativizes the concept of
acceleration. This makes it
problematic to identify the
sources of gravitational waves.

Suppose Galileo were to hold
onto one ball and drop the
other. Which one emits
gravitational waves?

Infeld and Bondi argued that the

dropped ball, like a binary star, .
does not radiate. According to Ted Newman,

an evenly split vote on this.




No longer equivalent?

If we accept that objects
In free fall must radiate
gravitational waves,
then we must give up
the equivalence
principle when we
consider radiation.

It Is normally claimed
that this Is because
radiation Is not a local
phenomenon.




Petrov-Pirani classification

Pi rani 0s work gshawad + hg
way forward in another
respect. While in Dublin
he became interested In -¥.~
the classification of .

. . ——
spacetimes and (having —
also discovered the work ‘\/
by Petrov) showed how ‘ |

Aleksel Zinonevich Petrov

1910-1972

this could be done In
terms of null properties
of the Weyl tensor.




Peeling Theorem

A realistic spacetime may be a mixture of different
Petrov types, but each of these types will have
different asymptotic behavior, so that the
di fferent types npeel 0
approaches infinity, leaving finally a type
representing gravitational waves (type N).

The complex of ideas embodied by the Peeling
Theorem arose out of the work of Rainer Sachs
and others. Multiple collaborations were
Involved, but a key location can be identified
where interactions took place: Kings College.



Kings College

Syracuse Cambridge

Warsaw



USAF and MATS

The Chapel Hill conference was supported by
funds from the United States Air Force, through
the good offices of Josh Goldberg.

The Kings group benefited from funds from the
USAF, available to groups in NATO countries,
and also were able to travel to conferences on
MATS (Military Air Transport Service).

One difficulty with the USAF funding was that it
could not be used to help the collaboration
between Kings and the Warsaw group led by
Leopold Infeld.



The Bondi News

Bondi had been critical of the level of rigor In
some work on gravitational waves (he described
Landau and Lifshitzo f a

In the end he satisfied himself that gravitational
waves were real by introducing the Bondi news
function.

Gravitational waves travel along null geodesics of
the metric. Bondi showed how the news quantity
could be described as the flux of energy In the
wave because it was related to actual mass loss
from the source system.




Infinity
A key aspect of Bondi 0s
appreciation of the meaning of infinity.

Bondi was concerned to distinguish between
iInduction and actual wave transmission.

The former Is reversible, the latter Is not.

Associated with the latter is the idea that the
energy I s radiated ar bl
Infinity

But It turns out that infinity Is more complex than

people had imagined in a geometrical theory like
general relativity.



To I nfinity e and

A major issue was that of boundary
conditions, which should be

TIMELIKE

sul table. Examples I ncfude #fAno
i ncoming waveodo BCs. O¥i\xwould
like to impose these boundary A JTPTRRY — HoHTUKE
conditions in asymptotically flat
spacetime.

The study of asymptotic flatness led il i SPACELIKE
to an understanding that there is
more than one infinity in
spacetime, as demonstrated in
the compactified spacetime ST
diagrams of Roger Penrose. time

space




Talls

An aspect of infinity which Bondi found very
troubling was talls, which he described as an
Nabsolutely disastrous

Nevertheless the work of Newman and Penrose
forced him to accept that tails of gravitational
waves are real. His emphasis on the importance
of Anewso had made him
with static systems. Now he felt that no system
Involving gravitational waves would ever quite
settle down completely. He disliked this
Ndependence on historyo



Problem of Motion

Bondi and I nfeldos | dea
of binary stars, if solved exactly, would turn out
to be just the kind of motion which did not
produce gravitational waves. One way to check
this was to do the calculation, including both the
binary motion and the waves far from the source

Unfortunately efforts to do this produced, up until
the mid 1960s, conflicting results. Some
theorists even derived the counter-intuitive
result that the system would not be damped but
would instead paradoxically gain energy and
outspiral instead of inspiral!




The Theoreti cl ans
Regress

1947 Ning Hu T binary gains energy from waves!
1953 Infeld and Scheidegger T no energy gain
1958 Trautman i energy loss from binary

1959 Peres 1 binary gains energy!

1960 Peres 1 energy loss, quadrupole formula
1965 Smith and Havas i energy gain!



Trautman

A student of I n
Warsaw, Andrzej Trautman

was the first to show that by
carefully matching a binary
source to the distant field one
could demonstrate that binary
star systems did emit energy

In the form of gravitational
waves.

Hi's 1958 |l ectures @
College and his collaborations '
with various people there
were very influential.



New Pursuits

During the 1960s several —
protagonists left the field. The Universe

Pirani 1 author
Bondi 1 government service
Sachs 1 Biology

More authors (in the
seventies) Robert Forward,
Alan Lightman




Matched Asymptotic
Expansions

In 1969 a Caltech graduate
student of K
Bill Burke, introduced a
technigue from applied
math, that of matched
asymptotic expansions, to
facilitate matching
between the near zone
solution and the far zone
where the waves

propagate. Bill Burke 1941 - 1996




Quadrupole Formula
Controversy

By the early 1970s many
relativists agreed that the
emission of gravitational
waves by binary stars was
well understood.

But some champions of
mathematical rigor, such as
Peter Havas and Jurgen
Ehlers, complained that it was oS )
not yet proven Tat EI NST
quadrupole formula applied to Peter Havas 1921 - 2004
such systems.
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The Binary Pulsar

1963 Freeman Dyson proposes that binary
neutron stars might be constructed by

alien civilizations, and thus SETI
should focus on gravitational
wave sources

1967 Discovery of first pulsar

1974 Discover of first binary pulsar
PSR1913+16 by Hulse and Taylor

1978 Measurement of Orbital Decay agrees
with Einstein's quadrupole formula
prediction of 1918

1980s Resolution of the Quadrupole Formula
Controversy. |l nterestingly Tayl or 0s

results arguably revitalized the
controversy rather than initially settling it.

Joseph Taylor
Nobel Laureate, 1993



