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Einstein and Rosen story

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

Einstein A, Rosen N, On

ON GRAVITATIONAL WAVES. gravitational waves, Journ. of
" Franklin Institute, 223, (1937).
A. EINSTEIN wad N. ROSE, has the same sign. Progressive waves therefore produce a
secular change in the metric.
ABSTRACT. This is related to the fact that the waves transport energy,

The rigorous solution for ¢ylindrical gravitational waves is given. For the which is bound up with a systematic change in time of a
convenience of the reader the theory of gravitational waves and ther production,  gravitating mass localized in the axis x = o,

already known in principle, is given in the first part of this paper,  After encoun- Note—The second part of this paper was considerably altered by me alter

tering relationships which cast doubt on the evistence of rigerons solutions for the departure of Mr. Rosen for Rusia since we had originally interpreted our

undultory gr.'l\'imtinn.ll fiekds, we investigate rigorously the case of cyfindrical lofmglu results erroncously. [ wish _wth.\nk my colleague Professor Robertson
iational wavee, [t { ¢ that 1 | H " | hat th for his friendly assistance in the clarification of the original error, | thank also

fravitationa: Waves, urné :.m s A TIKUN"'US SO?ITIUI'IS exist and that the Mr. Hoffmann for kind assistance in translation.

problem reduces to the usual cylindrical waves in euclidean space. A Enrai,
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Einstein and Rosen story

People: Albert Einstein (14.3.1879-18.04.1955)
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Einstein and Rosen story

People: Nathan Rosen (22.3.1909-18.12.1995)
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Einstein and Rosen story

Historian: Daniel Kennefick

A great scientist can benefit from peer review,
refusing to have anything to do with it.

Daniel Kennefick

Daniel Kennefick is a visiting assistant profsssor of physics at
he University of Arkansas at Fayetteville and an editor with the
Einstoin Papers Project at the California Institute of Technology:

(©2005 Amadoan Instinite of Phy sics, S-0091-9228-0509-020-4

Einstein Versus the
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this matter.
On 30 July, Tate replied that he regretted Einstein’s
decision to withdraw the paper, but stated that he would

September 2005 Physics Today 43
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o Einstein to Max Born (1936):
Together with a young collaborator, | 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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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 | 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 |
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)

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

o 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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Einstein and Rosen story

Who was the referee?

Daniel Kennefick look at the logbook of Phys. Rev. from 1936:
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@ 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!

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

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

o It started again only after Einstein’s death!



Gloom and doom period: 1937-1956

RED LIGHTS!
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Towards green lights: 1957-1962

People: Hermann Bondi (1.11.1919-10.9.2005)

H. Bondi with P. Bergman H. Bondi with L. Infeld
(Warsaw 1962) (Warsaw 1962)
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Bondi 1957 - Einstein and Rosen not right
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Towards green lights: 1957-1962

Plane Gravitational Waves in General
Relativity

Poramizep plane gravitetional waves were first
discovered by N. Rosen!, who, however, cams to the
conclusion that such wavea could not exist because
the metric would have to contain certain physical
singularities,  More recent work by Taub® and
McVittie® showed that there were no unpolarized
plane waves, and this result has tended to confirm
the view that true plane gravitational waves do not
exist in empty space in gensral relativity. FPartly
owing to this, Scheidegger* and I* have both ex-
pressed the opinion that there might be no energy-
carryving gravitational wawves at all in the theory.
T+ i tharafnra of infoareot ta nodnt oot ae ome firet

Bondi H, Plane gravitational
waves in General relativity,
Nature, 179, (25.5.1957)

It is thorefore of interest to point out, a8 was fiest
shown by Robinson® and has now been independently
proved by me, that Fosen's argument is invalid and
that true gravitational waves do in fach exiat, More.
over, it is shown here that these waves caITY energy,
BIL}mug}l it has not yet been possible to relate the
intensity of the wave to the amount of energy carried.
Pheoen b ket

EAGVILRLILILRL WOYDR M W U LG AT Y AL T

H. Boxpr
King's Collage, Strand,
London, W.C.2. March 24.
1 Rosen, N., Phye, Z., smgr Umiom, 12, 566 (1957). S0 nlsn Elnstain,
A., and Rosen, ¥., J. Franklin Inst., 998, 43 (1987))
? Taub, A. H., drn. Mﬂﬂi B3, 472 [lQalJ
! MoVittle, G. C,, J. Imﬂomli Mech, and Analysis, 4, 201 (1955).
¢ Behel + A E Fiew, Mod, Phys,, 85, 451 (1663). Bee also Brditka,
M., Boy. Irieh Acad., 64, 187 (1961),
* Bondl, H., varlous contributions to discusaions at thc Inu:mtitmn.t
Conference tation, Chapel HIll, K.C,
* Robluson, 1. (to be published shortly).
* Plranl, F. A. E., Pﬂw Hev,, 108, 1088 (1857).
* Lichnorowies, A., “Théories p«m.mm de In gravitatlon et de
Télectromagnétiome’ (Parls, 1955).



Towards green lights: 1957-1962

People: Felix Pirani (2.2.1928-31.12.2015)
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Towards green lights: 1957-1962

People: Ivor Robinson (7.10.1923-27.05.2016)

20/58



Towards green lights: 1957-1962

People: Ivor Robinson (7.10.1923-27.05.2016)

H. Bondi with |. Robinson I. Robinson with A. Trautman
(Warsaw 1962) (Trieste 1985)
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Bondi, Pirani, Robinson 1958

22/58

Gravitational waves in ge

al relativity

III. Exact plane waves

By H. Bownr* axp F. A. E. Pmant}
King's College, London
a¥p I Romrvson
Lately of University College of Wales, Aberystuyth

(Communicated by W. H. McCrea, F.R.8.—Received 18 October 1958)

Plane gravitational waves are here dofined ta bo non-flat solutions of Einstein's empty space-
time field equations which admit as much symmetry as do plane olectromagnetio waves,
namely, a 5-parameter group of motions. A general plane-wave metric is written down and
the propertics of plane wave space.times are studiod in detail. Tn partieular, their charasteri-
zation as *plans” is justified farthor by the construetion of ‘sandsich waves' boundad on both
sides by (null) hyperplanes in flat spoce-time, Tt is shown that the passing of a sandwich wave
produces a relative accaleration in fres tost particles, and inferred from this that such waves
transport eneegy.

Bondi H, Pirani F A E,
Robinson | Gravitational waves
in General relativity Ill. Exact
plane waves, Proc. R. Soc.
London, ser. A, 251,
(18.10.1958)
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Towards green lights: 1957-1962
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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

o 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 7 = f(u), differentiable in a real variable v; the
real and imaginary part of f is related to the amplitude and
polarization of the wave, which therefore can be modulated

o 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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Frovrn 1. Arrangement of co-ordinate systems around sandwich wave.
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It was a mathematician H. W. Brinkman who first had a general
solution to Einstein’s equations which now is called plane wave.

Einstein spaces which are mapped conformally
on each other.

Von

H. W. Brinkmann in Cambridge (Mass., U. 8. 4.).

(47) ds*= 2dzdy + 2d@dd + mde=.
2 m

2 — 0 so that
Friy

To this we apply the final equation (41b) which gives us
m=X(z, ¢)+ ¥(y. ¢)
The only surviving components of the Riemann tensor are here

1 8°X 1 2°F
Bopax =3 sz > Bygor =3 o

so that the V, is Euclidean if and only if
X=a,z+b,, Y=a,y+b,.
where a,.b,, a,, b, are functions of ¢.
Thus we can go on constructing Einstein spaces that can be mapped
upon Einstein spaces in more and more ways.

(Eingegangen sm 20, 7, 1924.)
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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, () holomorphic
in complex variable ¢. This solution is called pp-wave. Plane wave
is a special case! Totally overlooked by the physicists!
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Pirani F A E, Invariant Formulation of Gravitational Radiation
Theory, Phys. Rev. 105, (18.10.1956)

PHYSICAL REVIEW YOLUM

105, NUMBER 3 FEBRUARY 1, 1957

Invariant Formulation of Gravitational Radiation Theory

F. A. E. Pmmaxt
Department of Mathematics, King's College, Strand, London, England
(Received Octaber 18, 1956}

In this paper, gravitational radiation is defined invariantly
within the framework of general relativity theory. The 1| finition
is arrived at by assuming (a) ¢ gravitational
characterized by the Riemann tensor, and (b) that it is propagated
with fundamental velocity. Therefore a gravitat wave
front should appear as a discontinuity in the Riemann tensor A covariant approximation to the canonical energ;
across a null 3-surface; the possi m of this discontinuity is pse o tensor lu defin
here calculated fro chnerowicz's continuity conditions.

The concept of an observer who follows the gravitational field is
defined in terms of the eigenbivectors of the Riemann tensor. It  flux cannot be removed by a
is shown that the 4-velocity of this observer is timelike for of  supports the defi
Petrov's three canonical types of Riemann tensor, but null for It is proved th » demanded of a sensible definition,
the other two types. The first type is identified with the absence  there can be no gravitational radiation present in a region of
of radiation, the other two with its presence. This constitutes the  empty space-time where the metric is static

tion is

0
g-the-field

al
y-momentum
using normal eoordinates, which are
pretation. It is shown that when gravita
nal energy
semation, which

al Lorentz trs
than.

n of rac
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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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Pirani 1957 - Petrov classification

Table 4.3. The roots of the algebraic equation (4.18) and their m

The corresponding multiplicities of the princip:

null directions are

symbolic able.

v depicted on the right of b

Type Roots B Multiplicities

b Ve TP - (1,1,1,1) é -
VWAL — Az

Fal 0, oc (2.2} W

ir o, =i (2,1,1} :‘

Fazi 0, oo (2.1) 'ﬂy

o~ o (43 ﬂﬂ
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n (4.18) and their multiplicities

Type Roots E Multiplicities

S Az 225 = WAy 2Aa
I i —_ 2 (1.,1,1,1) é -

R

pal 0, oo (2.2) W
ir 0, =i/ (2,1,1) :
I 0, oo (3.1) 'ﬂy
N o (4) ﬂﬂ

Nowadays, due to our next hero, we know that a gravitational
wave is of Petrov type N
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>n the right of this table.

Type Roots E Multiplicities
/22 ¥ 231 = O F 2Az

I i —_ 2 (1.,1,1,1) é -

VR e

Fo) 0, oo (2.,2) W

ir o 71\,§ (2,1,1) :

I 0, oo (3.1) 'ﬂy

N o (4) W

Nowadays, due to our next hero, we know that a gravitational
wave is of Petrov type NV far from the sources (asymptotically).
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A. Trautman with S.
Chandrasekhar (Warsaw 1973)
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BULLETIN DE 1/ACADEMIE

roLoxams DEa SCIENCES BULLETIN DE L'ACADEMIE
oI TS POLONAISE DES SCIENCES
et phys. Vol. VE, No. 6 1658 D e o mall At

et phys. — Vol. V1, No. 6 1668

Boundary Conditions at Infinity for Physical Theories
_THRORETICAL PRYSICS

by
A TRAUTMAN

Presented by T. INFEED on Apeit 12, 1058 Radiation and Boundary Conditions in the Theory
1. The Cauchy problem is the most natural for hyperbolic partial of Gravitation
differential equations. When dealing with physical problems, we are,
however, often interested in solutions of field aquations with given sonrees by
when nothing is known about initial conditions. A wholo sct of fiolds e e
s i e T e e A TBADTMAN
solution of the problem, we must specify some additional condition. i ]
For linear field equations this condition may consist in prescribing the Presented by L. INFETD on April 12, 105

form of Green's function (e. g. retarded, advanced, ete.). If we investigate
o teld in the whole (unbounded) spaco time wo con cnsuro wniquonoes
¥ specifying some appropriate bowndary conditions wl spabial infinity. The aim of this paper is to discuss the connection betwaen the pro-

Tho e approach has the advantage of being applicable fo non-linear infinity.
theories, such as the theory of gemeral relativity. These boundary con- blem of gravitational radiation and the boundary conditions at

ditions, first formulated for a pmnmc sealar field by Sommerfeld [1], e shall deal with the concept of energy and momentum in Finstein’s
have a definite physical meaning. . g., the “Ausstrahlungsbodingung” neral zelativity and proposs  preseription for computing the total
Rt T e i e e o o P energy in the form & dis conditions and the
of radiation and that no waves are falling on the system from the exterior. mhmd energy. A connection befween our ra ation

The purpose of this paper is to formulate boundary conditions for
scalar and Maxwell theories in A form which exhibits their physical .
meaning and is proper to s generalization for the gravitational case. in section 5.

ons of gravitational radiation by Pirani and Lichnerowicz s shown
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however, often interested in solutions of field aqnations with given sonrees
when nothing is known about initial conditions. A wholo sct of ficlds
corresponds, in general, to given sources and, in order to arrive ab s wnique
solution of the problem, we must specify some additional condition.
For linear field equations this condition may consist in prescribing the
form of Green’s function (6. g. retarded, advanced, ete.). If we investigate
tho field in the whole (unbounded) space timo wo can cneure uniqueness
by specifying some appropriate bowndary conditions wl spatial infinity.
The Iatter approach has the advantage of being applicable to non-lmear
theories, such as the theory of gemeral relativity. These boundary con-
ditions, first formulated for a periodic scalar field hy Sommerfeld [1],
have a definite physical meaning. E. g, the “Ausstrahlungsbodingung’
of Sommerfeld means that the system can lose its energy in the form
of radiation and that 1o waves are falling on the system from the exterior.
The purpose of this paper is to formulate boundary conditions for
scalar and Maxwell theories in A form which exhibits their physical
meaning and is proper to a generalization for tho gravitational case.

BULLETIN DE L'ACADEMIE
POLONAISE DES SCIENCES
série des sci. math, astr
et phys. — Vol. V1, No. 6 1668

THEORETICAL PHYSICS

Radiation and Boundary Conditions in the Theory
of Gravitation

by
A, TRAUTMAN

Prosonted by L. INFEED on April 13, 1038

Tho aim of this paper is to discuss the connection betwaen the rO-
blem of gravitational radiation and the boundary condimnm’ at mhmt‘;
Wo shall deal with the concept of energy and mﬂmentnm_m Rinstein’s
general Telativify and propose a prescription for from}lllljll.lg the total
radiated energy. A connection between our radiation wudm?ns _anﬂ the
ons of gravitational radiation by Pirani and Lichnerowicz s shown

in section 5.

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

o 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)

o if this is done properly, then such conditions can be
straightforwardly defined in nonlinear theories, in particular
in GR.
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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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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).

We generalize the conditions of Fock along the lines presented in
the preceding paper. First, introduce a null vector field &, defined as
follows. Let »* be a unit space-like veetor lying in o, perpendicnlar to
the “sphere” r= const,, and pointing outside it. We put &= w’+#,
where ¢ denotes a unit time-like vector normal to o, such that >0,

Now, we formulate the following boundary conditions to be imposed
on gravitational fields due to isolated systems of matter: there ewist
co-ordingte sysiems and funclions hy, = G(r™) suoch that

9) O =N +00)y o= hoky+0(r?),
(10) (hy— 3R}k = O (r73).

These conditions correspond to Sommferfeld’s “Ausstrahlungsbedin-
gung”; we obtain the ‘FHinstrahlungsbedingung” assuming »* to be
a normsal pointing inward the sphere r = const, Relations (8), (10) are

P eovaan . e
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Trautman 1958 - remarks on boundary conditions

Lichnerowicz:

Let us take an isolated system of masses (7,=0 trutmdn Y bmmdrr]
3-region) and assume the existence of co-ordinates such that [5]

(6) Jo =t 00)y  fuog=0{r),

where r denotes the distance measured along geodesics from a fixed point
on & space-like a. K. (6) have a douhle meaning: they constitute & sy-

Trautman:

We generalize the conditions of Fock along the lines presented in
the preceding paper, First, introduce a null vector field &, defined as
follows. Let w* be a unit space-like veetor lying in o, perpendicnlar to
the “sphere” r= const, and pointing outside it. We put &= wr+#,
where ¢ denotes a unit time-like vector normal to o, such that > 0,

Now, we formulate the following boundary conditions to be imposed
on gravitational fields due to isolated systems of matter: there ewist
co-ordinate systems and funclions h, = 0(r) such that

(9) o =Nt O, fun = Doky +0(r%),
(10) (b= E ) K = O (3.

These conditions correspond to Bomnferfeld’s “Ausstrahlungsbedin-
gung'; we obtain the *Hinstrahlungsbedingung” assuming »* to be
EY normn.l pomtmg mwm’ﬂ the aphuu r = const, Relations (9), (10) n.m

e} L S R S W PV ey ooar.e
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n 1958 - reformulation of Einstein's equations

:n; depend on rr.’ A; is known, in general relativity the energy-momen-
tum tensor of matter T, does not by itself lead to an integral conserva-
tion law. However, if we introduce an energy-momentum pseudotensor
of the gravitational field 1= (40 +g~,80/3g,)/2% then t.he sum
%, + 1, is divergenceless by virtue of Binstein’s equations *). Binstein's
tensor density &, = ¥ —g (B, — 14, R) can namely be written in the form

(1) G, = Z(tp"Fun",J) ¥

where the “superpotentials® U are given in [1]

2) 2;‘11;1 e iﬂﬂ_lgd:gakpmr = _(_,xuﬂfh _
If the Hinstein equations

3 Gp=—uTy

are satisfied, then Egs. (1) and (2) imply

(4) TS =W, thus (TS HE0.=0.

) The functions 1, are not components of a tensor density (equivalence
principle) and many physicista (e. g., Behrodinger [2]) have raised doubts
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Trautman 1958 - energy-momentum of pure gravity

o uses Freud potential 2-form 7, to split the Einstein tensor
E = Ric(g) — 5Rg into E = dF — 8t so that the Einstein
equations £ — 87 T take the form

‘(1f:8W(T+f) ‘

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

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

The fonctions 1, are not components of a tensor density (equivalence
principle) and many physicists (e, g., Schrodinger [2]) have raised doubts
a8 to their physical meaning. Einstein [3] and P. Klein [4] formulated
#ome conditions which enable us to consider the integrals

(5) Pulo}= [(T 4+ 18, = g’ U, a8,

as representing the total energy and momentum of the system: matter
and gravitational ficld. These conditions can be summarized as follows.
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@ uses the closed 3-form T + ¢ to define a 4-momentum
P.(c) of GRAVITATIONAL FIELD attributed to each
space-like hypersurface o of a space-time satisfying his
radiative boundary conditions, [2], p. 408, equation (5).

The fonctions 1, are not components of a tensor density (equivalence
principle) and many physicists (e, g., Schridinger [2]) have raised doubts
a8 to their physical meaning. Einstein [3] and P. Klein [4] formulated
#ome conditions which enable us to consider the integrals
(5) Pulo]= [(T +t))a8, = g’ U, a8,

as representing the total energy and momentum of the system: matter
and gravitational ficld. These conditions can be summarized as follows.

@ shows that
o P,(o) is finite and
o well defined, i.e. that it does NOT depend on the
coordinate systems adapted to the chosen boundary
conditions, [2], pp. 409-410;
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Trautman 1958 - 4-momentum of a gravitational system

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

The fonctions 1, are not components of a tensor density (equivalence
principle) and many physicists (e, g., Schridinger [2]) have raised doubts
a8 to their physical meaning. Einstein [3] and P. Klein [4] formulated
#ome conditions which enable us to consider the integrals
(5) Pulo]= [(T +t))a8, = g’ U, a8,

as representing the total energy and momentum of the system: matter
and gravitational ficld. These conditions can be summarized as follows.

@ shows that
o P,(o) is finite and
o 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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1958: precursor of BMS group

Let us take a co-ordinate fransformation

(11) am—sa =+ (@)
fulfilling
(12) @ =0(r), Gy = bk +0r
‘where
= fua*, b=0(07"),
and
(13) Qe = boselig + O}y Byg= O

From (13) follows the existence of funetions ¢,= O(r~) such that
(14) By = 0,k + O (2.

Co-ordinate transformations (11) satisfying (12) and (13) preserve
the form of our boundary conditions; this can be easily seen from the
transformation formulae for g, and hn:

(15) Pl ') 22 o) + Bules - Bokuy
@) =2 Rpl@) + utou +OuFon

Compnuting the superpotentials in both eco-ordinate systems and
taking into aeccount the relations (9)-(15) we obfain

U Eng = W ke + 002
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n 1958: weak PROOF that gravitational wave CARRY ENERGY

4. The total energy and momentum p, radiated between two hyper-
surfaces o and o' is given by (7), or by
a= PLA1=Fifa] — [ 15,
(T, vanishes on X). The boundary conditions enable the estimation
of p,; we have, indeed,

(16) ) = kK + O(r ),
where
(am 4ot = B (P — & M 72 Biga) «

T i8 invariant with respect to transformation (16) and is won-negative
by virtue of (10); therefore p,= 0, The existence of radiation is cha-

racterized by p,# 0.
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Trautman 1958: previous definitions by boundary
conditions WRONG

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

o he calculates his p,, between two hypersurfaces in the
spacetime satisfying Lichnerowicz's boundary conditions, and
he shows that in them p, = 0.

@ no radiation in Lichnerowicz's spacetimes!

o likewise he corectly criticizes Fock's boundary conditions.
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Trautman 1958: PROOF that grav wave ASSYMPTOTICALLY IS OF TYPE N

o shows that the Riemann tensor of his radiative spacetimes,
far from the sources, is of Petrov type /V, [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!

Moreover, it follows from (10) that

(21) by Rger 20, W'Rup=0.

44/58
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After Trautman's paper [2]:

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

(5) What is the energy of such waves ?

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 py > 0.
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Robinson I, Trautman A, Spherical gravitational waves, Phys. Rev.
Lett. 4, 431-432 (1960).

o Finally, in a common paper with lvor Robinson, Trautman
finds EXACT SOLUTIONS of the full system of Einstein
equations satisfying his boundary conditions.
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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).

o Finally, in a common paper with lvor 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:

2r2d¢d¢ 2m(u)y , -
= —— 2 —2dudr— (Alog P—2r(log P),— 1
g P2(u.C.0) dudr < og r(log P) p )(u

AN(log P) + 12m(log P)y — 4m, =0, A = 2P?9.0;.
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Robinson, Trautman 1960: example of peeling

Voiume 4, Numeer 8 PHYSICAL REVIEW LETTERS AeriL 15, 1960

SPHERICAL GRAVITATIONAL WAVES*

Ivor Robinson
Department of Physics, University of North Carolina, Chapel Hill, North Carolina,

and

A. Trautman 4
Institute of Physics, Polish Academy of Sclence, Warsaw, Poland
(Recelved March 7, 1960; revised manuscript received March 24, 1060)

If these equations are satisfied, the curvature
tensor may be written as

+p~tm -IN

Rt =P Dy ikl P Nijkrr
where Dijpr, Iljjky, and Njjgg are tensors of type
I degenerate, type III, and type II null, respect-
ively. They are covariantly constant on any ray
of constant o, £, 5.

The solution is dezenerate tvoe I if » is non-
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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.

49/58



Towards green lights: 1957-1962

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:

49/58



Towards green lights: 1957-1962

Further consequences: Syracuse 1961

50/58



Towards green lights: 1957-1962

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)

50/58



Towards green lights: 1957-1962

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

50/58



Towards green lights: 1957-1962

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

o 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.

50/58



Towards green lights: 1957-1962

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

o 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

50/58



Towards green lights: 1957-1962

Further consequences: Syracuse 1961

50/58

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.



Towards green lights: 1957-1962

Further consequences: Syracuse 1961

50/58

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



Towards green lights: 1957-1962

Further consequences: Syracuse 1961

50/58

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.



Towards green lights: 1957-1962

Further consequences: Syracuse 1961

50/58

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
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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]:

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

o first ever definition of energy of a gravitational radiation

o first ever general proof that gravitational radiation
carries energy

o first explicit examples of metrics describing gravitational
radiation from bounded sources
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Trautman 1958 - King's College London Lectures

IECTURES O GENERAL RETATIVITY
by

Andrzej Trautmen
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1958 - King's College London Lectures
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