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GRAVITATIONAL FIELD OF A SPINNING MASS AS AN EXAMPLE
OF ALGEBRAICALLY SPECIAL METRICS

Roy P. Kerr*

University of Texas, Austin, Texas and Aerospace Research Laboratories, Wright-Patterson Air Force Base, Ohio
(Received 26 July 1963)
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Pirani, Sachs, Bondi, Issacson, Infeld-Trautman
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What can we learn from gravitational waveform?
(Suppose NS+NS ->BH)

WAVEFORM

lllllllllll

INSPIRAL = ALESC|Eﬁ—> BLACKHOLE

FORMATION

|| |
N |

ANNAN LapAN ~ milli

avavavalaaan . N
AAAN AL ~ mins (~ 1000 rot. ) sec {,T10mpBeq, .
Y time -50 0 50

.. Post Newtonian Numerical BH. Perturbation

r
S |, Approx. Relativity

DEPENDENCE ON ¢, FOR e=0: ISCO freq => EoS of NS,
Amp (h .
mp () _ _2cose waveform => Formation of BH or NS,

Amp (h,) © 1+c0s%tL
BH mass
n . m _ . _ 3/5 1/5 ?
chirps® df/dt => chirp mass, Mc= (M1 M2)*>/ (Mi+M2) BH angular momentum,...

amplitude up => Mc, distance
amplitude h+/hx => inclination
waveform => eccentricity

moduration => spin, ... statistics => cosmological parameters
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1981 Sato, Guth AV L—3VFEHm PRD 23. 347
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Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Gurh®

A N\ / " B Bxtnfird Linvar Accelgrator Cemter, Ptanfard Unipreidy, Slenfrd, CaliGrnis 3UI08
N\ U "/ O (Recvived 11 Angust 1980
\ ! / / L\_ The standard muodel ol hat hig-bang cosmology requires initil conditions which are prablemalic i wo says: |1

The sarly universe iz assumed 4o be highly homogeneous, in spite of the fact thes separmied rogions were camsally
disconmeciad (horizon problem); 2ad (2] the inital value of the Hubble constani musi be fine juned to extraordinary

(o) B BCCUrACY 10 produce @ urdverse as Mar Jie. near eritcal mass density) as the one we s poday (flstness probless)
E Thess priaklenis woild s s : : - - -
/ \ () iE ol magnitude helme the Mon. Mar. k. axtr, Soc, (1981) 195, 467479
= from a period of eapone

lmient heat is releassd. &
parcezle dnlere 1. In

D : Unlonunasely, fhe soeni
% ﬁq: /5% a % 7-L. @ . First-order phase transition of a vacuum and the

expansion of the Universe

Katsuhiko Sato wordita, Biegdamsre; 17, DE-2100 Copenhagen §, Denmark™
and Deparfment of Physics, Kvoto University, Kvaro, Japant

Keceived 1980 September 9; in original form 1980 Fehraary 21




S35 AR,

1YL —Y3V%5|&SRITH

|
\ &

S

il

~

ogravity + Lmatter]




—33VETIL
1Y 7L—Y3V%S|ERITH

L

5 D3R5 D1 LE \

\g; K+ okt

\/_[R + aR’ + BR’]

QK2

VIR + aR? + yRUR

QK2

VIR 1 ac®R? + (Vo))

QK2

\g;[R o R —fﬁbZR s —(ng)

E
\




VETI
(Y IL—Y3VEIISRITIS

L=
/ d*z[L Loravity + Liatter.

5 NIRFBODMEIE \

Al
o —

I|m||

Einstein old inflation power-law inflation
R2-cosmology new inflation natural inflation
non-minimum coupling chaotic inflation supernatural inflation
Induced gravity soft inflation eternal inflation
Brans-Dicke gravity extended inflation  mexican inflation
Kaluza-Klein theory hybrid inflation bubble inflation
Gauss-Bonnet gravity topological inflation creeping inflation

etc. open inflation galloping inflation

dilation inflation hyper inflation
etc. etc.
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Universality and Scaling in Gravitational Collapse of a Massless Scalar Field

Matthew W. Choptuik
Cender for Refobisily, DUnaversity of Teray af Austim, Austin, Teras TETIE- 1087
| Hacwlvid 22 Haplaml=ar 1992)

I summarize resalts from o numerical study of spherically symmetrie collapse of & massliss scalar
field. I comslder familses of scluticns, & _Tl{ with the lrllpl-lrl‘} 1.||'\I' S r|1r|r|;|.] pp.:rﬁmrrrr value, p",
separstes solutions oo d "
ﬂil';ﬂrl._ll. ares that I:i;l the atea g-lielel g '|u‘|.|| 11 Im th P — 5 ||111|I' = OEnIyers
striscture on arbitrarily smal]l spatiotemporal scales and (2} the masses of black holis n-hl .'h I'. Wit
.'I'|:I|1:L'E|'}' . POWET law Mpm o= =g |7, wlire = & 0L3T i= a aniverssl axponent,

ERXE#R, massless scalarig® BHAZEL
(1) BRAVEGETIIZIEEEEBV B EBEZITD
(AL/t9—VHRDEENZ) O(te™, ret) cb(t,r)
(2) BHE= M (BkFB/\SX%) (at,}*iﬁ/’(b}}ﬁﬂlea?a&:“d) (FBl1ED) /
M « |p —p*l°
(3) A ~ 3.4, 5 ~ 0.37 OIEFHEEAFCEKE LU,

TABLE II. Numerically determined values of the scaling
exponent 7 in the conjectured relationship Mpu ~ c5 [p—p*|”.
fimin and fimax are the minimum and maximum mass fractions
(1t = Mpu /M) of the black holes computed in the simulation
and < is the least-squares estimate of the scaling exponent.
_————————— — — ———_—_—_——

TABLE I. Initial data specification for various one-param-
eter families discussed in text. For families (a)—(c), I specified
the initial pulses to be purely in-going. For family (d), the
functions X< (r), Y<(r) and X (r), Ys(r) are late-time fits
to subcritical and supercritical evolutions, respectively, of the
pulse shape shown in Fig. 1(d).

Family Parameter Hmin

do 7.9 % 1073

e ———————
Family Form of initial data P p 13 % 10-3
3 x

(a) ¢(r) = dor’exp (= [(r —70)/8]")  do,70,6,q q 3.1x 1078
QS(T) = gy t.aﬂh[l:_'l" - ru},fé] $o ( o 1.3x 1072

$(r+10) = dor lexp(1/r) —1]71 do ’ @0 2.8 x 1073
X(r)=(1- HJX*:EF'J +nXs(r) n 6 4.9 x 1073

Y(r) = (1 —=n)Y<(r) +nYs(r) 2.2 x 107°

Hmax

8.9 x 107!
9.4 x 1071
9.8 x 107!
9.2 x 107!
4.0 x 1071
9.9 x 107!
1.7 x 1072

v

0.376
0.372
0.372
0.379
0.372
0.366
0.380

FIG. 2. Illustration of the rescaling or echoing property
observed in near-critical evolution of the scalar field. The
curve marked with open squares shows the profile of the scalar
field variable, X, at some proper central time Ty. The r:ur\.e
marked with sculld circles is the profile at a later time To+ed"
but on a scale e®# = 30 times smaller.
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ISCO (Innermost Stable Circular Orbit) problem

ISCOIEFRET DDH,
AIDYIENISCOZERDZDH, .

Newtonian, 2 2R.F = no ISCO
Newtonian, FYNER, = ISCO exists
[Q1] Post-Newtonian? GR ?
[Q2] Sychronized Binary ?
Irrotational Binary 7
[Q3) EOS dependence?
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Polytropic EOS  , _ e SRR

N

homogeneous gas sphere, imcompressive
Lane-Emden exact soln. @ Newtonian

Stiff

-
00 0
Hard 3

O:5

7 1 Lane-Emden exact soln. @ Newtonian

5/3 1.5 non-relativistic gas sphere, low density,
: non-relativistic WD, normal star

kS 2

4/3 3 relativistic gas (photon) sphere, high density star
Chandrasekhar mass (relativistic WD)

Soft

-I 2 5 limit for star solution
; Lane-Emden exact soln. @ Newtonian

] 00 isothermal spheres of an ideal gas
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Equilibrium Configuration of Binary NSs
P=Kp" = Kp'*=

Newtonian

Contact or
Terminate

Post-Newtonian

ISCO ISCO separation
@PN @N

SyE | 240 | &0
1.5 1.0 | 05 0

Newtonian [models]

Newtonian [full]
PN [models]
PN [full]

GR [full]




Equilibrium Configuration of Binary NSs

Newtonian

Contact or
Terminate

Post-Newtonian

ISCO ISCO separation
@PN @N
5/3 | 20 | 3.0
1.5 1.0 | 0.5 0
Newtonian [models] no
Newtonian [full] no
PN [models]
PN [full]
GR [full] no no




Equilibrium Configuration of Binary NSs

Newtonian

Contact or
Terminate

Post-Newtonian

ISCO ISCO separation
@PN @N
5/3 | 2.0 | 3.0
1.5 1.0 | 0.5 0
Newtonian [models] no yes
Newtonian [full] no no yes yes
PN [models] yes
PN [full] yes
GR [full] no
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Brane-World model

Brane (4-dim, t,x,y,z) Another Brane?

Bulk /

(with cosmological constant?)

5th dimension 5th dimension

< 4 >

all matter and forces are trapped
in 4-dimensional space-time

/

but only gravitational force propagates
higher dimensional space-time
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John A. Wheeler

(July 9, 1911

physicst@day.org
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Special issue:
John Archibald Wheeler

Physics Today, 2009-4
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April 13, 2008)
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Wheeler®& Tz A

Richard Feynman (PhD 1942) Mentoring at Princeton University 1938-78*

Hugh Everett (PhD 1956) raamer || MO || VDL e mmenn ||
Charles Misner (PhD 1957) — T
David Sharp (AB 1960) rober Dike - - : "
Richard Lindquist (PhD 1962) —————— ¥ Z

Rubby Sherr 14 0.45 17 1

'<ip ThOrne (PhD ]965) Sam Trieman 24 1.04 16 4
Robert Geroch (PhD 1967) e 3 0 ’ p

YaVUZ N utku (Ph D 'I 969) * Physics PhD and senior theses supervised during 1938-78 at Princeton by the nine
professors who supervised the most doctoral theses during that period.
o o t Acknowled ts in PhD th thanki f ther than the advi
WOJCleCh Zurek (PhD -I 979) ofcrencoow:fd gments in eses thanking a professor other than the adviser

William Unruh (PhD 1971) P —
Demetrios Christodoulou (PhD 1971) Physics Today, 2009-4
Robert Wald (PhD 1972)

Jacob Bekenstein (PhD 1972)

Warner A. Miller (PhD 1986)
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John Wheeler believed that the names given to concepts or
to descriptions of an idea strongly influence how we think
about concepts and ideas, even how we work on them and
build on them. In short, the word inspires the deed. Accordingly,
Wheeler spent many hours (often soaking in a warm bathtub)
searching for the most apt terms. Here, in rough chronological
order, are some of his coinages:

S-Matrix the scattering operator in quantum mechanics

Sum over histories Richard Feynman’s path-integral method
Moderator the material that slows neutrons in a nuclear
reactor

Stellarator a plasma magnetic confinement device

Planck length, Planck time the scales at which quantum grav-
ity dominates

Geon an object made from waves bound together by their
energy’s gravity

Mass without mass gravitating object containing no massive
particles

Charge without charge wormholes as sources and sinks of
electric field lines

Wormhole a topological "handle” in the geometry of curved
space

» Quantum foam quantum fluctuations in the geometry of
spacetime

Black hole* the object formed by implosion of a sufficiently
massive star

A black hole has no hair a classical black hole’s properties are
determined by only its mass, spin angular momentum, and
charge

Space tells matter how to move and matter tells space how
to curve the summarized content of general relativity

Law without law** emergence of law from random processes
It from bit** a physical world built of information units
Mutability** susceptibility of physical law to evolution and
change

Observer-participancy*® influence of the observer on reality
The universe as a self-excited circuit** shaping the past from
the present

A single quantum cannot be cloned a theorem that puts a
limit on quantum amplifiers

* The phrase *black hole” appears to have been used first, for
the object formed by stellar implosion, by one or more non-
physicists shortly after the 1963 discovery of quasars, but it did
not stick. Wheeler recalls adopting it in 1968 after somebody at
a lecture he was giving shouted it out as a suggestion, and in
his hands it was quickly adopted worldwide.

**An influential, speculative idea due to Wheeler.
[ Y m

Box 1. Wheeler coinages

S-Matrix,

Sum over histories,
Planck length,
Planck time,
Wormhole,

Black Hole,
Geon,

Quantum foam,
A BH has no hair,
law without law,
o

Physics Today, 2009-4
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Figure 1. Agur
hole in action. /
are washed out
Mass lieved to be uni
Charge tric charge, and
Angular momentum
Figure 3. John Wheeler’s
diagram of the universe as
a self-excited circuit: Start-
ing small (thin part of *U"

at upper right), the universe
grows (loop of “U”) and in

time gives rise to observer-
participancy (upper left), which
in turn imparts “tangible reality”
to even the earliest moments

of the universe. Compare this
notion with the delayed-choice
experiment of figure 2.
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naked singularity vs cosmic censorship conjecture

S

UL\ FEHREREE R. Penrose (1969)
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Whereas Stephen W. Hawking firmly believes that /1\ # ./ 7

naked singularities are an anathema and should
be prohibited by the laws of classical physics,

And whereas John Preskill and Kip Thorne r*ﬁmﬂﬁ-/ < /1\W\ (j:tl:% _:_Ril):\au (L_ CJ: DT

regard naked singularities as quantum

gravitational objects that might exist unclothed A
by horizons, for all the Universe to see, 7_1—1 | | é n ( L \ % _|

l
I"I'l

Therefore Hawking offers, and Preskill/Thorne
accept, a wager with odds of 100 pounds stirling
to 50 pounds stirling, that when any form of
classical matter or fleid that is incapable of
becoming singular in flat spacetime is coupled to

general relativity via the classical Einstein o
equations, the result can never be a naked \/ —_ ,\/ 7 l/ Z # ) I/
singularity. ’

The loser wilf reward the winner with clothing to ,
cover the winner’s nakedness. The clothing is to [ @ D
be embroidered with a suitable concessionary

a R 4 ESZ%(J@MVE?E'B BB
Stephen W. Hawking  John P. Preskill & Kip S. Thorne 5. Z_ 5 Z_ c\_’_

Pasadena, California, 24 September 1981
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Whereas Stephen W. Hawking (having lost a previous bet

this subject by not d di icity) still firmiy b -
zzves’i;:t Jnakedys?:gu!::;?:s ::: ::‘;enf;?h:ma 'an;r:;mzu!: r _ﬂg H/\J 73\* ?)J /HH %14: ? (; ° *% O) "Lr%
be prohibited by the laws of classical physics,
And whereas John Preskill and Kip Thorne {having won the ﬁ }fg\_\ ‘i%éz L/ @ L \_]

previous bet) still regard naked singularities as quantum
gravitational objects that might exist, unclothed by hori-
zons, for all the Universe to see,

Therefore Hawking offers, and Preskill/ Thorne accept, a
wager that

When any form of classical matter or field that is inca- \/ —_— \J, 70 I./R # ) l/

pable of becoming singular in flat spacetime is coupled

to general relativity via the classical Finstein equations,

then r A=
A dynamical evolution from generic initial conditions (i.e., E D 171: % J
from an open set of initial data) can never produce a naked
singularity (a past-incomplete null geodesic from 1., ).

The loser will reward the winner with clothing to cover the
winner's nakedness. The clothing is to be embroidered with
, truly concessionary message.
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hoop conjecture

K. Thorne (1972)

R. Penrose (1969)
Penrose inequality

A < 16mm?




Some Unsolved Problem in Classical GR

KRR +126°R?)
KO, &' 2 '.

R. Penrose,
in “Seminar on Differential Geometry”
(Princeton U Press, 1982)

1. Find a suitable quasi-local definition of energy-momentum in GR.

2. Find a suitable quasi-local definition of angular-momentum in GR.

3. Find an asymptotically simple Ricci-flat space-time which is not flat -- or at least prove that
such space-times exist.

4. Are there restrictions on k for non-stationary k-asymptotically simple space-times, with non-
zero mass, which are vacuum near I(Scri)?

5. Find conditions on the Ricci tensor R_{ab} throughout M which ensure that the generators of
Scri are infinitely long.

6. Show that if a cut C of Scri-plus [or Scri-minus] can be spanned by a spacelike hypersurface
along which an appropriate energy condition holds, then the Bondi-Sachs mass defined at C
IS non-negative.

7. Does the Bondi-Sachs mass defined on cuts of Scri-plus have a well-defined limit as the cuts
recede into the past along Scri-plus, this limit agreeing with the mass defined at spacelike
infinity?



R. Penrose,
in “Seminar on Differential Geometry”
(Princeton U Press, 1982)

8. Show that if the dominant energy condition holds, then the Bondi-Sachs energy-
momentum, and also the energy-momentum defined at spacelike infinity, are future-
timelike, the space-time being assumed not to be flat everywhere in the region of an
appropriate spacelike hypersurface.

9. In an asymptotically simple space-time which is vacuum near A (Scri) and for which
outgoing radiation is present and falls off suitably near i*O and i+, is it necessarily the
case that i”O and i+ are non-trivially related? (At least, are there some examples
i which i*0 and i”+ are non-trivially related?)

10. Find a good definition of angular momentum for asymptotically simple space-times.

11. If there is no incoming radiation and no outgoing radiation and the space-time M is vacuum
near Scri and (in some suitable sense) near i”*0, is M necessarily stationary near Scri?

12. Is Cosmic Censorship a valid principle in classical GR?

13. Let S be a spacelike hypersurface in M which is compact with boundary, the boundary
consisting of a cut C of Scri-plus together with a trapped surface T. Let m be the
Bondi-Sacks mass evaluated at C and let A be the area of T. Show that

A < 16mm?

provided that the dominant energy condition holds throughout some neighbourhood of S.
14. Show that there is ho vacuum equilibrium configuration involving more than one black hole.
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