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Gravitational waves: Einstein and Rosen 1937 - plane waves are unphysical

Einstein A, Rosen N, On
gravitational waves, Journ. of
Franklin Institute, 223, (1937).
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People: Albert Einstein (14.3.1879-18.04.1955)
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People: Nathan Rosen (22.3.1909-18.12.1995)
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Historian: Daniel Kennefick
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Gravitational waves: Einstein and Rosen 1937

Einstein to Max Born (1936):
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 aproximation. This
shows that the non-linear general realtivistic field
equations can tell us more or, rather, limit us more than we
have believed up to now.

The result mentioned in the letter to Born was submitted to
the Physical Review on 1st June 1936 in a paper under the
title ‘Do Gravitational Waves Exist?’ coauthored by Rosen.

As seen from the letter to Born, Einstein’s answer to the
question in the title was ‘No!’.
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Gravitational waves: Einstein and Rosen 1937

The paper was sent back to Einstein, by the Editor John Tate,
on 23rd July 1936 with a 10 page (!) critical review, and a
mild request that Tate ‘would be glad to have [Einstein’s]
reaction to the various comments and criticisms the referee
has made’.

Einstein’s reply from 27th July 1936:
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,
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Gravitational waves: Einstein and Rosen 1937

Einstein and Rosen made an ansatz on something that they
belived to be a plane wave; the ansatz was:

g = e2φ(dτ2 − dξ2)− u2
(
e2βdη2 + e−2βdζ2

)
with u = τ − ξ, and the unknowns β = β(u), φ = φ(u);

then the Einstein equations Ric(g) = 0 imposed on the
unknown functions β and φ reduced to: φ′ = uβ′2 and
uβ′′ + 2β′ − u2β′3 = 0.

analyzing these equations they observed that the defining
functions β and φ become singular at finite regions of
spacetime;

they concluded that this is physically not aceptable, so
plane waves are not admitted by GR
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Gravitational waves: Einstein and Rosen 1937

This was before the concept of a manifold, with coordiante
patches, penetrated the world of GR;

after suitable coordinate change this wave can be interpreted
as a cylindrical wave

We know from Einstein’s NOTE that the person who told
them this was Howard Percy Robertson.

But WHO WAS THE REFEREE?
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Who was the referee?

H. P. Robertson to J. Tate (18th February 1937):
You neglected to keep me informed on the paper submitted last
summer by your most distinguished contributor. But I shall
nevertheless let you in on the subsequent history. It was sent
(without even the correction of one or two numerical slips
pointed out by your referee) to another journal, and when it
came back in galley proofs was completely revised because I
had been able to convince him in the meantime that it proved
the opposite of what he thought. You might be interested in
looking up an article in the Journal of the Franklin Institute,
January 1937, p. 43, and comparing the conclusions reached with
your referee’s criticism.
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Howard Percy Robertson (27.01.1903-26.08.1961)

Infeld in Quest: Robertson
‘enjoyed spiteful gossip’
about his colleagues

Wikipedia: ‘After the war
Robertson was director of
the Weapons System
Evaluation Group in the
Office of the Secretary of
Defense from 1950 to
1952, chairman of the
Robertson Panel on UFO’s
in 1953’
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Evaluation Group in the
Office of the Secretary of
Defense from 1950 to
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Who was the referee?

Daniel Kennefick look at the logbook of Phys. Rev. from 1936:
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Red lights

Towards green lights: 1957-1962

Gravitational waves: Einstein and Rosen 1937

Both Rosen, but what is more important Einstein, acccepted
that they have a cylindrical wave, but they lost the hope for
a plane wave to be admitted by the full theory!

Einstein truly belived that a plane wave should admit a global
coordinate system in which it is expressed;

THIS STOPPED THE SEARCH FOR GRAVITATIONAL
WAVES FOR ABOUT 20 YEARS!

It started again only after Einstein’s death!
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Gloom and doom period: 1937-1956

RED LIGHTS!
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Red lights

Towards green lights: 1957-1962

Do the fully nonlinear Einstein equations admit solutions
which can be interpreted as gravitational waves?

1 What is a definition of a plane gravitational wave in the full
theory?

2 Does the so defined plane wave exist as a solution to the
full Einstein system?

3 Do plane waves carry energy?
4 What is a definition of a gravitational wave with nonplanar

front in the full theory?
5 What is the energy of such waves?
6 Do there exist solutions to the full Einstein system

satisfying this definition?
7 Does the full theory admit solutions corrresponding to the

gravitational waves emitted by bounded sources?
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People: Hermann Bondi (1.11.1919-10.9.2005)

H. Bondi with P. Bergman
(Warsaw 1962)

H. Bondi with L. Infeld
(Warsaw 1962)
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Bondi 1957 - Einstein and Rosen not right

Bondi H, Plane gravitational
waves in General relativity,
Nature, 179, (25.5.1957)
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People: Felix Pirani (2.2.1928-31.12.2015)
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People: Ivor Robinson (7.10.1923-27.05.2016)
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People: Ivor Robinson (7.10.1923-27.05.2016)

H. Bondi with I. Robinson
(Warsaw 1962)

I. Robinson with A. Trautman
(Trieste 1985)
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Bondi, Pirani, Robinson 1958

Bondi H, Pirani F A E,
Robinson I Gravitational waves
in General relativity III. Exact
plane waves, Proc. R. Soc.
London, ser. A, 251,
(18.10.1958)
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Bondi, Pirani, Robinson 1958

motivated by the analogy with electromagnetism, where
plane waves have a 5-dimensional group of symmetries they
defined a plane wave in the full GR theory as a solution
to the equations Ric(g) = 0, which has precisely
5-dimensional group of symmetries
inspecting Petrov’s list of solutions to Ric(g) = 0 with high
symmetries they found a unique class of solutions that have 5
symmetries; the class is given in terms of one free complex
function f = f (u), differentiable in a real variable u; the
real and imaginary part of f is related to the amplitude and
polarization of the wave, which therefore can be modulated
this enables to produce waves of a sandwich type; they have
shown that a sandwich wave falling on a system of test
particles affects their motion, concluding that plane waves
carry energy.
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Towards green lights

The Bondi - Pirani - Robinson paper solves our questions (1)-(3):

(1) What is a definition of a plane gravitational wave in the full
theory? SOLVED!

(2) Does the so defined plane wave exist as a solution to the full
Einstein system? YES!

(3) Do such waves carry energy? YES!
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Brinkmann 1924

It was a mathematician H. W. Brinkman who first had a general
solution to Einstein’s equations which now is called plane wave. It
was in Einstein spaces which are mapped conformally on each
other, Mathem. Annalen, 94, (1925). Actually he had more general
solution depending on a complex function f = f (u, ζ) holomorphic
in complex variable ζ. This solution is called pp-wave. Plane wave
is a special case! Totally overlooked by the physicists!
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Closer to the green: Pirani 1957

Pirani F A E, Invariant Formulation of Gravitational Radiation
Theory, Phys. Rev. 105, (18.10.1956)
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Pirani 1957

Pirani had an idea that radiative solutions of the
Einstein’s equations should be characterized by the
properties of the curvature tensor Riemann(g) of the
metric g ;

he postulated that the proper condition on Riemann(g) is
that in a radiative spacetime it is algebraically special,
according to the Petrov classification

Pirani did not know all Petrov types, which were spelled out
in full generality by Roger Penrose, few years later; he did
not made his statement precise: it was unclear which Petrov
type he attributes to gravitational radiation

also, Pirani postulated that radiative spacetimes should be
algebraically special everywhere, which was wrong.
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in full generality by Roger Penrose, few years later; he did
not made his statement precise: it was unclear which Petrov
type he attributes to gravitational radiation
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Red lights

Towards green lights: 1957-1962

People: Andrzej Trautman

A. Trautman with S.
Chandrasekhar (Warsaw 1973)
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Red lights

Towards green lights: 1957-1962

Green lights: Trautman 1958

[1] Trautman A, Boundary conditions at infinity for physical
theories Bull. Acad. Polon. Sci., 6, (12.04.1958)
[2] Trautman A, Radiation and boundary conditions in the
theory of gravitation, Bull. Acad. Polon. Sci., 6, (12.04.1958).
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Green lights: Trautman 1958

In these two papers Trautman solves our red light problems:

(4) What is a definition of a gravitational wave with nonplanar
front in the full theory?

(5) What is the energy of such waves ?
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Trautman 1958 - gravitational waves via boundary conditions

Trautman’s idea: from all solutions of vacuum Einstein
equations select those that satisfy suitable boundary
conditions at infinity

apropriately reformulate boundary conditions for radiative
solutions of the relativistic wave equation for a scalar
field known as Sommerfeld’s radiation conditions
(Courant, Hilbert, Methods of Mathematical Physics, vol.2, p.
315)

if this is done properly, then such conditions can be
straightforwardly defined in nonlinear theories, in particular
in GR.
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Trautman 1958

the first of the two quoted papers is a preparation for the
masterpiece, which is the next paper

In the first one Trautman reformulates Sommerfeld’s
RADIATION boundary conditions for the scalar relativistic
wave equation to be easily generalized to any field theory

as an example he shows how to do it in Maxwell’s theory

The second paper does it for Einstein’s General Relativity
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Trautman 1958: gravitational waves - DEFINITION

In it Trautman defines the boundary conditions for a
radiative spacetime in full GR theory. This is a definition
of gravitational radiation. This is in [2], on p. 409,
equations (9) and (10).
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Trautman 1958: gravitational waves - DEFINITION

A spacetime contains radiation, if sufficiently far from the
sources, it admits a coordinate system xµ in which

the metric coefficients behave as gµν = ηµν +O(1/r), with r
being one of the coordinates xµ interpreted as an affine
parameter along geodesics escaping to infinity (spatial or null)

metric’s first derivatives behave as gµν,ρ = vµνkρ +O(1/r2)
with a null vector kµ, and with vµν = O(1/r)

the coordinate system is assymptotically harmonic
�xµ = O(1/r2).
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Red lights

Towards green lights: 1957-1962

Trautman 1958 - remarks on boundary conditions

Lichnerowicz:

Trautman:
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Trautman 1958 - reformulation of Einstein’s equations
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Trautman 1958 - energy-momentum of pure gravity

uses Freud potential 2-form F , to split the Einstein tensor
E = Ric(g)− 12Rg into E = dF − 8πt so that the Einstein
equations E = 8πT take the form

dF = 8π(T + t) .

Here T is the energy-momentum 3-form.

Since t is a 3-form totally determined by the geometry, he
interprets it as an energy-momentum 3-form of a PURE
GRAVITY. This is in [2], on p. 407, equations (1) and (2).
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Trautman 1958 - 4-momentum of a gravitational system

uses the closed 3-form T + t to define a 4-momentum
Pµ(σ) of GRAVITATIONAL FIELD attributed to each
space-like hypersurface σ of a space-time satisfying his
radiative boundary conditions, [2], p. 408, equation (5).

shows that
Pµ(σ) is finite and
well defined, i.e. that it does NOT depend on the
coordinate systems adapted to the chosen boundary
conditions, [2], pp. 409-410; he finds the most general
coordinate system (BMS group)
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Trautman 1958: precursor of BMS group
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Trautman 1958: weak PROOF that gravitational wave CARRY ENERGY

calculates precisely how much of the gravitational energy
pµ = Pµ(σ1)− Pµ(σ2) contained between the spacelike
hypersurfaces σ1 (initial one) and σ2 (final one) escapes to
infinity - or, in nowadays Penrose’s terminology - to scri,
[2], p.410-411, equations (16)-(17).

shows that p0 is NON-negative, [2], p. 411, remark after
(17). Weak proof, because he is only able to prove p0  0.
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Trautman 1958: previous definitions by boundary
conditions WRONG

he shows that contrary to his boundary conditions, conditions
given earlier by A. Lichnerowicz are wrong

he calculates his pµ between two hypersurfaces in the
spacetime satisfying Lichnerowicz’s boundary conditions, and
he shows that in them pµ ≡ 0.

no radiation in Lichnerowicz’s spacetimes!

likewise he corectly criticizes Fock’s boundary conditions.
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Trautman 1958: PROOF that grav wave ASSYMPTOTICALLY IS OF TYPE N

shows that the Riemann tensor of his radiative spacetimes,
far from the sources, is of Petrov type N, [2], p. 411, eq.
(21). This gives a precise meaning to the intuitive
criterion of Pirani. In Trautman’s formulation this follows
from the definition of a gravitational wave in terms of
boundary conditions!
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Einstein and Rosen story
Red lights

Towards green lights: 1957-1962

Almost everything green

After Trautman’s paper [2]:

(4) What is a definition of a gravitational wave with nonplanar
front in the full theory? SOLVED!

(5) What is the energy of such waves ? SOLVED!

What is missing is to find at least one example of an exact
solution to Ric(g) = 0, satisfying Trautman’s boundary
conditions, and having p0 > 0.
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(6) Do there exist solutions to the full Einstein system satisfying
Trautman’s definition?

(7) Does the full theory admit solutions corrresponding to the
gravitational waves emitted by bounded sources ?
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Robinson, Trautman 1960: gravitational waves FROM BOUNDED SOURCES

Robinson I, Trautman A, Spherical gravitational waves, Phys. Rev.
Lett. 4, 431–432 (1960).

Finally, in a common paper with Ivor Robinson, Trautman
finds EXACT SOLUTIONS of the full system of Einstein
equations satisfying his boundary conditions. The
solutions describe waves with closed fronts so can be
interpreted as coming from bounded sources.

Robinson-Trautman waves:

g =
2r2dζdζ̄
P2(u, ζ, ζ̄)

−2dudr−
(
4 logP−2r(logP)u−

2m(u)

r

)
du2

44(logP) + 12m(logP)u − 4mu = 0, 4 = 2P2∂ζ∂ζ̄ .
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Robinson, Trautman 1960: example of peeling
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Further consequences: Syracuse 1961

In 1961 P. Bergmann, A. Trautman, R. Penrose, J. Goldberg, R.
Sachs, E. T. Newman, E. Schucking, and others met in Syracuse
NY (nowadays it would be called one year postdoc) , where a lot
of the development happened.
In particular:
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Further consequences: Syracuse 1961

inspired by the Robinson-Trautman paper Sachs generalized
exact peeling apearing in the RT solutions to general radiative
spacetimes (Sachs’ peeling-off theorem)
Penrose introduced conformal compactifications, Penrose
diagrams, and scri as a proper place to analyze radiation
Goldberg and Sachs generalized observation of RT that their
spacetimes, whose main feature was that they admit a
shearfree congruence of null geodesics, are algebraically
special. This led to the Goldberg-Sachs theorem
Newman and Penrose developed NP formalism to construct
more solutions with shearfree congruences. Challenge was to
find them with twisting rays
R. Kerr, using RT paper tried to generalized their method to
twisting case and obtained Kerr black hole solution. He
quotes RT on that.
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Many friendships from this year in Syracuse last up to now.
In particular, Roger Penrose keep coming to Warsaw through the
years. We were visiting him many times in Oxford.
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Trautman 1958-1960: Importance

Importance of Trautman’s papers [2]-[3]:

first ever precise definition of a gravitational radiation in
the full GR theory

first ever definition of energy of a gravitational radiation

first ever general proof that gravitational radiation
carries energy

first explicit examples of metrics describing gravitational
radiation from bounded sources
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Green lights on

Bondi-Pirani-Robinson 1957/1958 papers, Trautman 1958
paper, and Robinson-Trautman 1961 paper solve all the red
lights problems (Bondi-Pirani-Robinson - problems (1)-(3),
Trautman - problems (4)-(5), Robinson-Trautman (5)-(7)).

From 1962 all the lights GREEN!
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THANK YOU!
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