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He was an early advocate of Einstein’'s General Relativity, and an
interesting anecdote well illustrates his humour and personal
intellectual investment: Ludwig Silberstein, a physicist who thought of
himself as an expert on relativity, approached Eddington at the Royal
Society’s (6 November) 1919 meeting where he had defended Einstein’s
Relativity with his Brazil-Principe Solar Eclipse calculations with some
degree of scepticism and ruefully charged Arthur as one who claimed to
be one of three men who actually understood the theory (Silberstein, of
course, was including himself and Einstein as the other two). When
Eddington refrained from replying, he insisted Arthur not be "so shy’,
whereupon Eddington replied,

"Oh, no! I was wondering who the third one might be!”

Arthur Stanley Eddington
(1882-1944)

Silberstein I—fixfEX M IEzRmZ IRV TCLWDDITHEHFRICIAEENDNTULWERIT M ?
Eddington I...]
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Richard Feynman (PhD 1942)
Hugh Everett (PhD 19506)
Charles Misner (PhD 1957)
David Sharp (AB 1960)
Richard Lindquist (PhD 1962)
Kip Thorne (PhD 1965)
Robert Geroch (PhD 1967)
Yavuz Nutku (PhD 1969)
Wojciech Zurek (PhD 1979)
William Unruh (PhD 1971)
Demetrios Christodoulou (PhD 1971)
Robert Wald (PhD 1972)
Jacob Bekenstein (PhD 1972)
Warner A. Miller (PhD 1986)

WheelerDgll> =S

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 chronologica
order, are some of his coinages:

S-Matrix the scattering operator in guantum 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
ty 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
imit on gquantum 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.

S-Matrix,

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

Black Hole,
Geon,

Quantum foam,
A BH has no hair,
law without law,
it from bit, ...

"

Arngular momentum = 3
™ - Strangeness

Graviational and
electrom agnetic

Charge
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.

Physics Today, 2009-4

Figure 1. Ag:
hole in action
are washed o
heved to be u
tric charge, ar



PAOIA9MIELTIVIOR—ILEVWIERZHS T ICTSRDOTLS

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

~N

19644 Science Newsletter(Jan 18)Ic T, Y v —
+ U X ~DANnN Elizabeth EwinghY, ™Black
Holes” in Space; &EWSEEZEWDH, FU
». (FEILHENS X—)L)

35 Tolman, 39 Oppenheimer-Volkoff ‘ . .

Science News LerTer for January 18, 1964
39 Oppenheimer-Snyder —
r S 4t _ ,
) — EBREAT 7Y "Black Holes" in Space
réj] —G\tﬂ D II%IIE é ;hsz 'I—:l,E\:I:EZJ r;%%n == The heavy densely packed dying stars that speckle

space may help determine how matter behaves when
enclosed in its own gravitational field—By Ann Ewing

A. Einstein 1879-1955

67 Wheeler

» SPACE may be peppered with “black Modern tools, such as telescopes on an
holes.” orbiting space platform, may be used to
This was suggested at the American detect such black holes and to help deter-
Association for the Advancement of Science mine how matter behaves when it is en-
meeting in Cleveland by astronomers and closed by its own gravitational field.
physicists who are experts on what are The light from the most famous white
called degenerate stars. dwarf star, Sirius B, a companion to Sirius—
Degenerate stars are not Hollywood types  which is the brightest star in the heavens
with low morals. dThcy arc dying stars, o (ichle from earth—has been captured using
white dwarfs, and make up about 109, of the 200inch telescope atop Mt. Palomar.

all stars in the sky. . This was done as part of a program to
The faint light they emit comes from the study at least 20 white dwarfs.

little heat left in their last stages of life. . " .
It is not known how a star quietly declines Preliminary analysis of the light from
to become a white dwarf. Sirius B indicates that it has an cffective

Degenerate stars arc made of denscly temperature of 16,800 degrees Kelvin, or
packed electrons and nuclei, or cores of 30,000 degrees Fahrenheit. Its radius can be

atoms. They arc so dense that a thimbleful —calculated from the temperature, and is only
of their matter weighs a ton. nine-thousandths that of the sun,

Some such stars are predicted in theory The star must therefore consist mainly
to have a density of one million tons per of helium or heavier elements.
thimbleful. When this happens, the star is The speakers at the symposium were Drs.
essentially made of necutrons and strange A, G. W. Cameron of the National Aero-

particles. nautics and Space Administration’s Goddard
> ' » : g _ Because a degenerate star is so dense, Institute for Space Studies, New York;
. / _ ' _ A its gravitational field is very strong. Ac- Charles Misner of the University of Mary-
: .; : cording to Einstein’s general theory of rela-  land; Volker Weidemann, Physikalisch-
4 : tivity, as mass is added to a degenerate star  Technische Bundesanstalt, Braunschweig,
1% , W 91—_7 ﬁib‘& —2% A a sudden collapse will take place and the Germany, and J. B. Oke of California Insti-
= \ I\ C.. intense gravitational field of the star will tute of Technology. The symposium was
\l close in on itself. arranged by Dr. Hong-yee Chiu of the
\ Such a star then forms a "black hole” Goddard Institute for Space Studies.
in the universe. * Science News Letter, 85:39 Jan. 18, 1964
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On Continued Gravitational Contraction

J. R. OpPENHEIMER AND H. SNYDER
Unaversity of California, Berkeley, California

(Received July 10, 1939)

When all thermonuclear sources of energy are exhausted a sufficiently heavy star will
collapse. Unless fission due to rotation, the radiation of mass, or the blowing off of mass by
radiation, reduce the star’s mass to the order of that of the sun, this contraction will continue
indefinitely. In the present paper we study the solutions of the gravitational field equations
which describe this process. In I, general and qualitative arguments are given on the
behavior of the metrical tensor as the contraction progresses: the radius of the star ap-
proaches asymptotically its gravitational radius; light from the surface of the star is pro-
gressively reddened, and can escape over a progressively narrower range of angles. In II, an
analytic solution of the field equations confirming these general arguments is obtained for the
case that the pressure within the star can be neglected. The total time of collapse for an ob-
server comoving with the stellar matter is finite, and for this idealized case and typical stellar
masses, of the order of a day; an external observer sees the star asymptotically shrinking to
its gravitational radius.

slowed up by a factor (1—7¢/7). All energy

emitted outward from the surface of the star

will be reduced very much in escaping, by the

Doppler effect from the receding source, by the I;ﬁ}'(\j'*ﬂ‘\ _¢§9\\Z )
large gravitational red-shift, (1—7¢/7)% and by
the gravitational deflection of light which will Ejj Elfgig
prevent the escape of radiation except through a
cone about the outward normal of progressively
shrinking aperture as the star contracts. The star
thus tends to close itself off from any communi-
‘cation with a distant observer; only its gravi-
"It 1akes, Trom the point of view of a
distant observer, an infinite time for this
asymptotic isolation to be established, for an
observer comoving with the stellar matter this
time 1s finite and may be quite short.
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PHYSICAL REVIEW LETTERS

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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B4R o (spacetime singularity) DORIRE
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HESTEE (Penrose, 1965%F)

TJo5YOIR—IVDEE = HEHERZERITEIR\ZZEER (BROMFErORE])
e (light cone)

75y k=) H%fﬁﬁ
SR ’
i? / (singularity)
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(Event Horizon) l §
L\ - ¥
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TRIVF—FHF
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(EC=energy condition)
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HESTEE (Penrose, 1965%F)
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FHEREERSE (Penrose, 1969/79%)

RFESDFRET D E, MBOEHEHTELLKEH->THS.
FESFRERER, MEBENIREZEESNTWSDTIEGEWLWD ?

cosmic censorship conjecture
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ROFERUIFETDION? ((R—FTvsV—2UDHET)

Whereas Stephen W. Hawking firmly believes that

naked singularities are an anathema and should W
be prohibited by the laws of classical physics, h—=x>7

And whereas John Preskill and Kip Thorne B == N —_

regard naked singularities as quantum J %7& O) % >~ zr.l—:_'\ (3: “1:7_’ i:: f E\IJ ‘L_ A: - T
gravitational objects that might exist unclothed ok

by horizons, for all the Universe to see, 5< JJ: é nf \J \ 5 |

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 fieid that is Incapable of \ )

becoming singular In flat spacetime is coupled to / /9 70 l/ Z $) I/
general reiativity via the classical Einstein

equations, the resuit can never be a naked [ @ D fTE % ]

singularity. )

The joser wilf reward the winner with clothing to

cover the winner’s nakedness. The clothing is to - _
f:; :;;bgr:idared with a suitable concessionary IQ\Q % ( 3: %7&17_'_( % % >, %fl;% % H%% ‘:
; 525
TGt 8 s

Stephen W. Hawking  John P. Preskill & Kip S. Thorne

Pasadena, California, 24 September 1991 19919 H24H
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HEIZ2L—23VI[CKDEH (1991)

collisionless B[+ M & /] FRIE

VOLUME 66, NUMBER 8 PHYSICAL REVIEW LETTERS 25 FEBRUARY 1991

oKD LY & naked singularity 35

Formation of Naked Singularities: The Violation of Cosmic Censorship

Stuart L. Shapiro and Saul A. Teukolsky

. . . - T " - v - T —_ L I TTrTrTTTTT™Y T T L
Center for Radiophysics and Space Research and Departments of Astronomy and Physics, o TT T T I ol ! LR iy I
Cornell University, Ithaca, New York 14853 o t/M=0 | - t/M=0 -
(Received 7 September 1990) i - ] - :
s 4
1.5k N 8 - J
We use a new numerical code to evolve collisionless gas spheroids in full general relativity. In all cases i ) ' .
the spheroids collapse to singularities. When the spheroids are sufficiently compact, the singularities are . . 6 .
hidden inside black holes. However, when the spheroids are sufficiently large, there are no apparent hor- o L i o ! :
: . . . = . > *
izons. These results lend support to the hoop conjecture and appear to demonstrate that naked singulari- o : < F
ties can form in asymptotically flat spacetimes. ! ﬁ 4
0.5 i | o
g | _
- : ¥ !
O'J [T S R S W TP | S T N S T AT U S U A O""‘ ederfo o Lo o Lo L )
. . o T 1 f?j T T 171 ] T T rj T LI | [_J LN I A B B B I L A o ]—Y—T—'r' ]’ 'T‘_i_'_I_T
FIG. 1. Snapshots of the particle positions at initial and late 2 t/M=23
m times for prolate collapse. The positions (in units of M) are - t/M=77 ] 10 - - :
h‘f projected onto a meridional plane. Initially the semimajor axis : )
;u t/M=23 of the spheroid is 2M and the eccentricity is 0.9. The collapse i . i ) _
3. procce(_is nonhomologously and t.erminates with the formation | 5 Ap pa rent Horlzon | 8- NO AH i
of a spindle singularity on the axis. However, an apparent hor- "~L i - oA
izon (dashed line) forms to cover the singularity. At ¢/ M =7.7 i . — I 1
its area is A/167M *>=0.98, close to the asymptotic theoretical i a p pea rS ) - n a ked SI n g U Ia rlty
limit of 1. Its polar and equatorial circumferences at that time v - K o 6 - 1
are Cp/arM =1.03 and @AV/4xM =0.91. At later times > - ~ = L j
these circumferences become equal and approach the expected < - 1 <1 |
theoretical value 1. The minimum exterior polar circumfer- = 1
ence is shown by a dotted line when it does not coincide with I~ y
the matter surface. Likewise, the minimum equatorial cir- - )
cumference, which is a circle, is indicated by a solid dot. Here ' o
o C&L"/4rM =0.59 and CRt/4xM =0.99. The formation of a ) -
FIG. 4. Profile of I in a meridional plane for the collapse black hole is thus consistent with the hoop conjecture. |
shown in Fig. 2. For the case of 32 angular zones shown here, : | |
the peak value of I is 24/M * and occurs on the axis just outside T IS BV ETEE SRR . S SR coee Lo

05 { 1.5 2 e 4 6 8 10
Equator Equator

the matter.
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BIES1L—o3avlckdEM (2011)

PHYSICAL REVIEW D 83, 064006 (2011) 0— e
(al) m-o0 | OV &y UM = 0.0
Formation of naked singularities in five-dimensional space-time ol _ sp i |
Yuta Yamada'* and Hisa-aki Shinkai'~' o _ Mg vy )
' Faculty of Information Science and Technology, Osaka Institute of Technology, § 'f: “e: ’
1-79-1 Kitayama, Hirakata, Osaka 573-0196, Japan . AREL e
*Computational Astrophysics Laboratory, Institute of Physical and Chemical Research (RIKEN), :’ufj :
Hirosawa, Wako, Saitama 351-0198, Japan : ZEERLET RN
(Received 18 December 2010; published 4 March 2011) ‘, , v.-& |
We numerically investigate the gravitational collapse of collisionless particles in spheroidal configu- 2 3 4 56 00 1 2 3 4 5 6
rations both in four- and five-dimensional (5D) space-time. We repeat the simulation performed by RIM RIM
Shapiro and Teukolsky (1991) that announced an appearance of a naked singularity, and also find similar @) Vf————————— 2) O
results in the 5D version. That is, in a collapse of a highly prolate spindle, the Kretschmann invariant 3 _'..U"h’;':;'; (‘::;‘e” UM =154
blows up outside the matter and no apparent horizon forms. We also find that the collapses in 5D proceed 8r | - UM=55 (matter) [ 8r
more rapidly than in 4D, and the critical prolateness for the appearance of an apparent horizon in 5D is — e
loosened, compared to 4D cases. We also show how collapses differ with spatial symmetries comparing s °f 1 = -
5D evolutions in single-axisymmetry, SO(3), and those in double-axisymmetry, U(1) X U(1). ~ | =
DOI: 10.1103/PhysRevD.83.064006 PACS numbers: 04.20.Dw, 04.20.Ex, 04.25.dc, 04.50.Gh ]
- . L 01 2 3 4 5 6 3 4 5 6
collisionless fFDEJIFFE /M /M

FIG. 2 (color online). Snapshots of 5D axisymmetric evolution
with the initial matter distribution of b/M = 4 [(al) and (a2);
model 5DSS in Table I] and 10 [(bl) and (b2); model 5DSé].
We see the apparent horizon (AH) is formed at the coordinate
time t/M = 3.3 for the former model and the area of AH
increases, while AH is not observed for the latter model up to

SRTTICT B EENRFEIFIE P VDY,
the time /M = 15.4, when our code stops due to the large

:I: \[/ L \ FIG. 3 (color online). Kretschmann invariant I for model curvature. The big circle indicates the location of the maximum
: 5DSé att/M = 15.4. The maximum is O(1000), and its location

: . : Kretschmann invariant 7, at the final time at each evolution.
1S on z-axis, just outside of the matter. .
Number of particles are reduced to 1/10 for figures.

AR DR UL\ & naked singularity B3R
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(2) BHEE M (R/\DXY) ([EFEYIRBGED (FlIE

massless scalariz DBHZEL

IRR

VOLUME 70, NUMBER |

Choptuik, PRL70(1993)9

PHYSICAL REVIEW LETTERS

Universality and Scaling in Gravitational Collapse of a Massless Scalar Field

Matthew W. Choptuik

Center for Relativity, University of Texas at Austin, Austin, Texas 78712-1081

(Received 22 September 1992)

I summarize results from a numerical study of spherically symmetric collapse of a massless scalar
field. I consider families of solutions, S[p|, with the property that a critical parameter value, p*,
separates solutions containing black holes from those which do not. I present evidence in support
of conjectures that (1) the strong-field evolution in the p — p* limit is universal and generates

1115 T35 (S BEEIBY 7R E

CEEUEZERD

b Tl

d(te?

M o |p — p*|*
(3) A ~ 3.4 3 ~ (.37 DEIIRRLECEE LR,

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 X5 (r), Y<(r) and X5 (), Y5 (r) are late-time fits
to subcritical and supercritical evolutions, respectively, of the
pulse shape shown in Fig. 1(d).

Form of initial data P

(a) d(r) = por’exp(— [(r —70)/6]?)  ¢o,70,8,q

(b) ¢(r) = ¢o tanh[(r — 7o) /6] bo

(c) @(r + 10) = ¢or " [exp(1/r) — 1]* bo

(d) X(r)=01A=-n)X<(r) +nX5(r) 7
Y(r) = (1 -n)Y<(r) +nY5(r)

Family

TABLE II. Numerically determined values of the scaling
exponent 7y in the conjectured relationship Mpu =~ c¢s |[p—p*|”.
Kmin and fmax are the minimum and maximum mass fractions
(u = Mpu/M) of the black holes computed in the simulation
and 7y is the least-squares estimate of the scaling exponent.

Family Parameter

Hmax

8.9 x 1071
9.4 x 1071
9.8 x 10~}
0.2 x 101
4.0 x 1071
9.9 x 10!
1.7 x 102

Hmin

7.9 x 1073
1.3 x 1073
3.1 x 103
1.3 x 10~2
2.8 x 1073
4.9 x 1073
2.2 x 10~°

structure on arbitrarily small spatiotemporal scales and (2) the masses of black holes which form
satisfy a power law Mgy « |p — p*|”, where 7 = 0.37 is a universal exponent.

Family (o) A,=344 A, =343

- — o — — e = e e

o X(pT1)

-0.2

P

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 7p. The curve
marked with solid circles is the profile at a later time 7o + e®
but on a scale e®* &~ 30 times smaller.
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1993 Choptuik: EKXIFR, massless scalariz D BHAZEL
1993 Abrahams-Evans: #xJ%r, E2ZE, &K, PRL 70 (1994) 2980
1994 Evans-Coleman: EkXI#n, @594, PRL 72 (1994) 1782
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MNT VI vIGRNS—135,
axion-dilaton3g,
2+1RITTETIL,
BERRA NS5,

BEZRICEDLSETIL, RFES,

A +HIRRE A IET,

1995 Koike-Hara-Adachi, PRL74 (1995) 5170
1995 Gundlach, PRL75 (1995) 3214
1996 Maison, PLB366 (1996) 82
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Whereas Stephen W. Hawking (having lost a previous bet
on this subject by not demanding genericity) still firmiy be-
lieves that naked singularities are an anathema and should
be prohibited by the laws of classical physics,

And whereas John Preskill and Kip Thorne (having won the
previous bet) still regard naked singularities as quantum
gravitational objects that might exist, unciothed 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-
pable of becoming singular in flat spacetime is coupled
to general relativity via the classical Finstein equations,
then
A dynamical evolution from generic initial conditions (i.e.,
from an open set of initial data) can never produce a naked
singularity (a past-incomplete null geodesic from 71, ).

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

. Hawking John P. Preskill & Kip S. Thorne
Pasadena, California, 5 February 1997

Jeo P 1,3 Nas
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FHEE (cosmological principle)

FHZEZAS LTOXmiE

FHFRE (KR)
B FHOFCEN MBIV DT T, (AR
DOHMNIVE DT TIEZR\W,)

FHERE (YERE/I\—Y3Y)
FHIZER R AT — VTR - S5 Th o, Thbh
FHEMOTNTOARRENICA%ETH S,

(FHIZZEMICTIIIZZAE R L, EE5%2MWTHRLETHA.)

(Sloan Digital Sky Survey, SDSS)

B IC[ERIEPIEED B 5D,

1.35 SRS mEBHE VI 2L —a VI8 E RS D. (] SDSS H—XA 12X B sy

= o A JC — = A EN 1.34 #EA-DD. SDSS i, kK25 HR 25 65 FEULEDOSTZE 2 BHEFT TRLTVAS.
*iﬁjj— # % 1.3 EAEDHEIIC KA 1 HEALDT L — by +—v (FRORK) dFHCER SN (£) 2dFGR

P —RANZ X BEETOSAK. RO 22 FELLEORTE 2B NREF TRLTVS. (F) IL=7T4 -

V3ialb—varviwn) BEFEERZLDE TR LS D, [Springel, Frenk, White D3 (2006) %
]
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1. FEERNIDDDET

FHEHE (cosmological principle)
wll BRFREEZEE LT, 3DDYITHEFIND

(a) BV /=FH (b) 1B % FH (c) FAU %=FH
a+B+v<2n a+B+v=2n a+ B+ v>2nm

PO L
AT T A=
JRAS %
k=1 k=0
FUVZFE PO IRFH FAU 7= FE

PAA91 ) hIENER#ESE, AT
AT DRFZDEE (T —FV ) D

o~ DR &S
1 C<3

—p>

(4

‘ oo (o, )] dr? 0 ‘ -
ds® = —c dt? +m | gy | rz(dé‘z + sin® Odc,o‘z)
— KT1*°

Friedmann, Robertson, Walker, Lemaitre (1920s)
SEERME, —HREFARKE B TOEinstein SR DEKE

B
F
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A2 91 2 I ERFEZECBD DT

STESNBRFHETIVZ DL S0, ABRRZIELE
(7818, cosmological constant)

=8 (5|hH) ERICKTTB3FI=EAN
Jcf2U, RNETERDDEVDEBTULDRW,
A a1 5 0L R0,
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1. FEERNIDDDET

FHEASER-INET D ?

wlly —HAENHER(BEDHER) ZHEOT, 3D0D517%
AIRISIDE, BARULZWINRELIZY I SFEDBRICE DT

IEDFEHIA FHIELGTY BEOFHIA
Fﬂﬁ A>0 A=0 A<O
LY

R R f?
y A

i — > t
(i) (ii) (iii)

ﬂ} ﬁ Einstein- 1
de Sitter

H~] () (i g i
AnA. A=A,

|7 %
iic) Eddi

L: Lemaitre < , 4("3) Einstein
(iib)

>t — t Ly ¢
(iv) (v)

i)

= (i)
'JIUFig. 23.1 Ciassification of Friedmann models.

d’'Inverno: Introducing Einstein’s Relativity

wlp FEIREODED, EEZTWVEPIIVIIIVITETE
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1. FEERNIDDDET

Edwin Powell Hubble

(1889-1953) 1923%

1000KM

500 KM

INYT IV ILAX—BIL FEEROER (1927/1929)

7Y RAXTEED, HRDIFAANT
(7R <L U e fRFITH B

1929F R D|AIF EBRBEERENKE L)

VELOCITY

DISTANCE

0 10 PARSECS 2x10% PARSECS

Ny TIWVER Hy x §47 £ TO R

H = 530 km/s/Mpc

IWEE(E 70 km/s/Mpc & D i b K= L

F B Fin 1 815 F

EH: BRAYEIEZELN < FH

% IIII
=

1546 30 FHESRE/\Y TILOFERH

FHEEZ I]E L7201 1929 SEDONy TWVOFLIZE ) OAGEHRE. HE L RO HIERZ /v
TIVEE Ho EVWI)DLLELLHNE-TWS, LAL, WA= DMVD 1927 ED T T~ AFED LTI,
T TICHEIORBEENFHPRICLALDDZLEABRXENTWT, [Ny TNVER] 231312 CMETEHRE
SNTWz, EWI)FHFED, 2011 FI27% - THIEE B TREEIC R - 72,

WA= FIVORLIXIZE A EHM SN T W d o 7225, 1931 FICER S N TEE T K LELKEICHR
SNTWEG, 7205, ZOBRIZ, Ny TIVOFERMEELR HEHMTITHEICRINTIC, RFELTWwWAZ L
b ans, Ny TIVEBOEREICHTARO—#HE, KLBLUHEIT 1T LIkTEDLTWAS
DTH5.

Ny TIWVOBIFERIE, 5.7 L7225, LRi»S [ChZTFESRT—2506, FHEEEZT
ClZHEEm L7z D] &) BERIIPMEFEZ OB T L KFEEIC R > TWwWiz, Ny TIVOERZE, L3
HENAEZ L LD o728, BRIV A—FMVOERBEEZH > TV 0B TEAL. W A— MITAKL
THHo72DT, [FHETHEBRLIZEA vs FHEEROLHHEITERREN] LWOBHIEZ LN, 2
LT, Ny TNWVEANDEANGR, Ny TIVERLELIE2BNEETE TR EFERENG L ENWS
WA RIENARUZEE ) Z &k o7z,

2011 FDOF|RIZR > T, TOEENIKIEFTF 228 ENH o7z, ERLZDIE, VXA —FPVEKATH
D, EUEFHEZHERLZZOLIV A= RMVEEWIDE., ZOBHHIZOWTRAHTHEH, Ny TIVE
ANBITEBREIZ o722 L2 h (BATIE o722 EDEEBHEIN2DIT TR WD), wFhice Xk, v
A— FIVOERIZOWTHIHMEIEATEY, 1927 FEOHE DR LOF A ML T 5.

Z% | JHEY, HARYHSZAES, 20124 5 A%, p3ll

TNy DL - LA — NLDER], EFERE & o,
2019%F, EERKXZES (AU) H=R
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FHm ) 1. FEERIDNSET

FHEFIIER- TS ?
wlly —HAENHER(BEDHER) ZHEOT, 3D0D517%

— 1. AC7ZFHTFHELZL, A=0,k=+1.
— Yo x %=/ - - rir-i- yall N - o ) * ’
E'l'ﬁj-% ITHE y sk U7zY l'mﬁ"ﬁ L7zY 9 5FH OD&FL_&D = 2. FH AFH CHEEHEL L, A=0,k=0.
3. VWA FEHTFHELZL., A=0,k=—1.
- 4. FHLRFHTFHEDD. A>0,k=0.
IEDFHIA FHIELZY SOFHIE
Eﬁ A>0 A=0 A<O A
\ R 5
}- . A r &
I_I_I
T |k=—1 &
= =
(i) (if) (i) Fr
Mz ﬁ R Einstein ?ﬁ é’,
de Sitter
iE I ;
fd: k=0 i
- 5 .
is 0 5 W W
= 1 A> A, A——-_Ac\ A>A>0
| R R B R R
! ﬁ Eddington— t i
Fj'ﬁ Lemaitre T | 1
L: Lemaitre < | _(iia) Einstein ("ib)_ :
— k=+1 fib) (iiia) < Tz .
- - . L n > TNENDET N TOFHEHER
= 0 ' i t (iv) ’ W t -— T
:'JIEFig. 23.1 Ciassification of Friedmann models. - T, -

d’'Inverno: Introducing Einstein’s Relativity

wl FEHEIFRZDED, EEZTVEPAIYII1VIEE -
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FHERDARIZ RS, BEIFNESRFHICOEIET.
FHDIEUFXRVIE, IXRTOYBEEIXRIVF—HERFY,
JERICER CRBEDIRREIC T2 &2 D.

NDEFHmDAE

2

=, AED, IFENEEEEEDKDEDIR

1948«

REICOTzETIC, ERE TR EmREN LD/

~

NASA G-68-10,41L4

=, o B, IEEREEEDOFHIHICECD MEPHER (1950)

HED BRIST, 9 xwﬁﬁﬁbb< 5N3]

The Origin of Chemical Elements

R. A. ALPHER¥*

Applied Physics Laboratory, The Johns %pkins University,
Stlver Spring, Maryland

AND
H. BETHE B
Cornell University, Ithaca, New York

AND

G. Gamow
The George Washinglton University, Washington, D. C.
February 18, 1948

S pointed out by one of us,! various nuclear species
must have originated not as the result of an equilib-

rium corresponding to a certain temperature and density,
but rather as a consequence of a continuous building-up
process arrested by a rapid expansion and cooling of the
primordial matter. According to this picture, we must
imagine the early stage of matter as a highly compressed
neutron gas (overheated neutral nuclear fluid) which
started decaying into protons and electrons when the gas

IREEIEIEUSHDINE TR T

The results of these calculations were first announced in a letter to The Physical
Review, April 1, 1948. This was signed Alpher, Bethe, and Gamow, and is often
referred to as the 'alphabetical article'. It seemed unfair to the Greek alphabet to have
the article signed by Alpher and Gamow only, and so the name of Dr. Hans A. Bethe (in
absentia) was inserted in preparing the manuscript for print. Dr. Bethe, who received a
copy of the manuscript, did not object, and, as a matter of fact, was quite helpful in
subsequent discussions. There was, however, a rumor that later, when the alpha, beta,
gamma theory went temporarily on the rocks, Dr. Bethe seriously considered changing
his name to Zacharias. The close fit of the calculated curve and the observed
abundances is shown In Fig. 15, which represents the results of later calculations
carried out on the electronic computer of the National Bureau of Standards by Ralph
Alpher and R. C. Herman (who stubbornly refuses to change his name to Delter).

wikipedia
Physical Review, 1948/4/1 477



FHE ) 2 EvINUEETER

NDEFHHAE vs ERFHA
1950—60F YBFDERT—9H 5, FRFEHL18EE
vs HMEKOSAN ST, tERFEEIL30EE

IFEICITHBED DB > Tl IFHICBEDHEDD HEZL,
FEIAEER, 3D CTHRITEODSHEHA SN FHEERZ UTWBAHNMATIETEHZICHELER L TULD

#*51 EvINVFHETIVEEERTFHETIVOLK.

4

Ey FNVFEHET IV ERFHETIV
FH Bk FHEEDT 1 KL LE Y, Bk | WkZH TWE5, WEERDR

BTV, BRREEBEED | ITbhT20T, FHOWEHE
KOER o728, BAEWROI0, | R—EThb. FHOE, BELH
EEEAYET L7z L RETHb.

FH A 7 DR R | BEOKOEFHOZR) & LT 5K | FHET 2 LERZ V.

~TK THETHIET 7.

SEEDAAER TLHREROHERD S, ¥ItHE (H, He) | (FiAET) \
DHEAELIIFHETE 7. #nlshd | N
FETETVRN. L\ r i | i
FH FHPELBNT 5L ICEoT, F | FHEAARHICAELROT, FHER
HAEMATRE 5. %% 2B LB, N1 )L
A FHIEH LB LT o7 L | ZRTHLERR W
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FHEYMIOKRERERRN

Cosmological Microwave Background Radiation (CMB)

= a (BAAERST)

7o — WAL, REICRUT
T 2\5000[K] BN B D CTHRETT D
p T = 4500[K]

T = 4000[K]

BEICFENERIZ DD,
TORD G 1IN DILT

T 23500[K]

101 P R (Hz]
ER[Nm]

FEHIMER, S0FFEFERDE, NTATONTICEETETDLDIC
RD. TDOEDEE GFIS000K) BB INTER-OTLBIET.

PEHEARTRE AT 5~7K (-268°~ -266°)fi
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Discovery of CMB

Arno A. Penzias (1933-)
Robert W. Wilson (1936-)

NIVERZEFT, ERBEDEER
[ESUVTERYURKRITRWVW/ AR5 3]
[BRICEKST, ZEICKDT, AAICKSRVWS A XANHSB]

19784, /—NRN)V¥BFESE

FHHER, 30AFIFERDE, ENTATONT CEHETETDLDIC
85, TORDERE (FI3000K)H ﬁﬂzﬁﬂ‘*n’cﬁﬂmﬂ\é(i@“

FHEERTCaE IO 5=7K (-268°~ -266")1i
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Mon. Not. R. astr. Soc. (1981) 195, 467-479

0 Lania
First-order phase transition of a vacuum and the

Guth, PRD23(1981)347 expansion of the Universe

Sato, MNRAS 195(1981)467
Starobinsky, PLB 91(1980) 99
Kazanas, ApJL 241 (1980) L59 Katsuhiko Sato nordita, Blegdamsvej 17, DK-2100 Copenhagen ®, Denmark*

and Department of Physics, Kyoto University, Kyoto, Japant

Received 1980 September 9; in original form 1980 February 21

52 . = =A
¢ﬁ§8|988n9$$5ﬁ® PHYSICAL REVIEW D VOLUME 23, NUMBER 2 15 JANUARY 1981

N/ = Inflationary universe: A possible solution to the horizon and flatness problems
b AR RS ey
an H. Guth*

T/ : = Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
q.__ ia " $ Foﬁ iLE_ (Received 11 August 1980)
& N

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)

A S "/ S =) The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
iE \ﬂ- J:I:/ & Foﬁ EE_ disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
/ A = accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).

These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders

_|_O BE of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
I / / \ T ) L Fﬂﬁ ;E, —~ from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
73> particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
% % ;_.F ;% a % TC @ Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.
o
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Einstein

R2-cosmology

non-minimum coupling

Induced gravity

Brans-Dicke gravity

Kaluza-Klein theory

Gauss-Bonnet gravity
etc.
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SR (DR L
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il

old inflation

new inflation
chaotic inflation
soft inflation
extended inflation
hybrid inflation
topological inflation
open inflation
dilation inflation

shacEe

power-law inflation
natural inflation
supernatural inflation
eternal inflation
mexican inflation
bubble inflation
creeping inflation
galloping inflation
hyper inflation

etc. etc.
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Cosmological Background Explorer, 1992

Cosmic Microwave Background Spectrum from COBE
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WMAPRIEICKSCMBDHIE

Wilkinson Microwave Anisotropy Probe, 2002

37759000%F FHOEmLII7TEESE, CHhe
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33, TOEDEREFIS000K) BB TN TR O TLDIET.
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PlanckE&£IC X DCMBMOAIE

Planck, 2013
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Temperature fluctuations [ u K? ]
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[EHRKIZTFEURLVI(Einstein-Rosen, 1936) ;, Einstein Versus the

«,\*‘60‘:
—" Physical Review
1 936£: L:\ r1r>a 9 121 _t\\\/ & ;:H‘_— r-—:ééjjiﬁlz ('j:?_?— L fd: L) WD éﬁj{%iﬂ A great scientist can benefit from peer review, even while
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[ERDOEL] (Weber, 1968)

J. Webert
Department of Physics and Astronomy, University of Maryland, College Park, Maryland
(Received 3 October 1966)

We report operation of apparatus to measure the Fourier transform of the Riemann
curvature tensor at sensitivity limited by the thermal fluctuations. The gravitational in-
teraction drives a mechanical system which in turn is coupled to the electromagnetic

OBSERVATION OF THE THERMAL FLUCTUATIONS OF A GRAVITATIONAL-WAVE DETECTOR*

of a large cylinder.

AIP Emilio Segre Visual Archives

PHYSICAL REVIEW LETTERS

OLUME 20, NUMBER 23

field. Strains as small as a few parts in 10" are observable for a compressional mode ALgusT: PLrER

3 JunNEg 1968

GRAVITATIONAL-WAVE-DETECTOR EVENTS*
J. Weber PRL 20, 1307 (1968)

Department of Physics and Astronomy, University of Maryland, College Park, Maryland
(Received 4 April 1968)

A new series of experiments is described, involving two gravitational wave detectors

ACOUSTIC FRTER
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FIG. 1. Schematic diagram of apparatus to measure Fourier transform of the Riemann tensor,

Table I. Observed coincidences January-March 1968.

e R G —

spaced about 2 km. A number of coincident events have been observed, with extremely No. of large- No. of small-  Probability

1 ilitv th h ictical. It is clear that are occasions the P o due (Large- detector events (Small- detector events of a Frequency of Date and
small probability that they are statistical, It is clear thal on rare occasions these instru- detector  per day exceeding  detector  per day exceeding  random random  Greenwich
ments respond to a common external excitation which may be gravitational radiation, Event power)/mean  given power  power)/mean  given power  coincidence coincidence mean time
A 18 Too infrequent 2.2 43 7.7x10™ 4 Once in 7 February

to determine by 8000 yr 2101

EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION* EEPERTens 0 _ ,
B 11 Too infrequent 2.2 43 1.5x10 Once in 13 March
i 7 [

J. Weber PRL 22, 1320 (1969) ot 10y L0
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742 C 6 40 2.3 39 §x 10~* Once in 29 March

(Received 29 April 1969) 300 d 0732
D 5 80 2.3 39 1.6x107° Once in 29 March

150 d 0358

Coincidences have been observed on gravitational-radiation detectors over a base line
of about 1000 km at Argonne National Laboratory and at the University of Maryland.
The probability that all of these coincidences were accidental is incredibly small., Ex-
periments imply that electromagnetic and seismic effects can be ruled out with a high
level of confidence., These data are consistent with the conclusion that the detectors are
being excited by gravitational radiation,
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What can we learn from gravitational waveform?

Inspiral Merger Ringdown
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 INSPIRAL —&» (QOALESCE/|— BLALKHOLE

T MW i~ FORMATION
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DEPENDENCE ON e, FOR t=90°:
’/\V/\V/\VA\ /AVAVA Adn,
A AN [AAAA, = mns C 1000 rot. ) L T,10.m Feq
VL VG T =Y time " .50 0 50
op—ap— +—=—], Post Newtonian Numer'jgcc.ll BH. Perturbation
= H——" Approx. Relativity

DEPENDENCE ON 1, FOR 6=0: ISCO freq => EoS of NS,

o = R waveform => Formation of BH or NS,

i BH mass

"chirps" df/dt => chirp mass, Mc = (M1 M2)35/ (Mi+M2)1/5 BH an gul’. ar momentum
amplitude up  => Mc, distance U
amplitude h+/hx => inclination
waveform => eccentricity
moduration => spin, ... statistics => cosmological parameters
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Animation of the inspiral and collision of two black holes consistent with the masses and spins of GW170104. The top part of the movie shows the black hole horizons (surfaces of "no return"). The initial two black
holes orbit each other, until they merge and form one larger remnant black hole. The shown black holes are spinning, and angular momentum is exchanged among the two black holes and with the orbit. This results in a
quite dramatic change in the orientation of the orbital plane, clearly visible in the movie. Furthermore, the spin-axes of the black holes change, as visible through the colored patch on each black hole horizon, which
indicates the north pole.

The lower part of the movie shows the two distinct gravitational waves (called 'polarizations') that the merger is emitting into the direction of the camera. The modulations of the polarizations depend sensitively on the
orientation of the orbital plane, and thus encode information about the orientation of the orbital plane and its change during the inspiral. Presently, LIGO can only measure one of the polarizations and therefore obtains only
limited information about the orientation of the binary. This disadvantage will be remedied with the advent of additional gravitational wave detectors in Italy, Japan and India.

Finally, the slowed-down replay of the merger at the end of the movie makes it possible to observe the distortion of the newly formed remnant black hole, which decays quickly. Furthermore, the remnant black hole is
"kicked" by the emitted gravitational waves, and moves upward. (Credit: A. Babul/H. Pfeiffer/CITA/SXS.) - See more at: http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf

http://ligo.org/detections/GW1/70104.php 4
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signal = gw + noise

s(t) = h(t) + n(t)
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KAGRA (Kamioka GW Observatory)
¢ Underground and Cryogenic interferometric gravitational-wave detector at Kamioka, Japan
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BT —Y8ETDER Matched-Filtering method
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B.P. ABBOTT et al PHYSICAL REVIEW D 94, 064035 (2016)

APPENDIX B: SIMULATION RANKINGS

In this appendix, we enumerate the simulations used in this work, ordered by one measure of their similarity with the data
(In L, in Table III). For nonprecessing binaries, Fig. 6 provides a visual illustration of some trends in In L versus mass ratio
and the two component spins.

TABLE III. Peak Marginalized In L I: Consistency between simulations: Peak value of the marginalized log likelihood In L [Eq. (7)]
evaluated using a lower frequency f},, = 30 Hz and all modes with / < 2; the simulation key, described in Table II [an asterisk (x)
denotes a new simulation motivated by GW150914, and a (+) denotes one of the simulations reported in LVC-detect [1]]; the initial
spins of the simulation (using — to denote zero, to enhance readability); the initial y.¢; the total (redshifted) mass of the best fit; and the
starting frequency (in Hz) of the best fit. Though omitting information accessible to the longest simulations, this choice of low-frequency
cutoff eliminates systematic biases associated with simulation duration, which differs across our archive, as seen by the last column.

InL Key q Alx Xl,y A1z X2x XZ,y X2z Aeff Mz/MO fstan (HZ)
272.2 SXS:BBH:0310(%) 1.221 0.00 73.0 15.1
272.1 D12 gl.00 a-0.25 0.25 nl00(x) 1.0 0250  --- .-+ =0250 -0.00 732 20.5
272.1 SXS:BBH:0002[ S] 1.0 0.00 732 10.0
2718 D11 g0.75 a0.0 0.0 nl00(x) 1.333 ... —0.00 72.1 23.1
3 OXS:BBH: €29 1221 0330 - S —0.440  —0.02 7432 1787
.6 SXS:BBH:0218 1.0 -0.500 - 0500  0.00 733 10.
271.6 SXS:BBH:0198 1.202 0.00 734 12.7
271.6 SXS:BBH:0307(%) 1.228 0320  --- .-~ —0.580 -0.08 700 17.0
2716 GT:BBH:476 1.0 -0.200  --- .-+ =0200 -020 679 24.3
2716 S0 D10.04 gl1.3333 a0.45 -0.80 nl00 1.334 0450  --- ..+ —=0.801 -0.09 719 27.9
271.5 D12.00 _g0.85 a0.0 0.0 nT00(x) 1.176 .- =000 730 20.6
271.5 D12.25 q0.82 a-0.44 0.33 nl00(x+) 1.22 0330 --- ..+ —=0440 -0.02 729 20.2
271.5 SXS:BBH:0312(%) 1203 --- 0390  --- .- —0480 -0.00 739 14.8
2714 SXS:BBH:0127 134  0.010 -0.077 -0.017 -0.061 -0.065 -0.179 -0.09 715 14.3
2714 SXS:BBH:0115 1.07 0019 0013 -0204 0243 -0.067 0291 004 741 13.8
271.3 SXS:BBH:0213 1.0 .- —=0.800 --- 0.800 0.00 73.2 11.7
2713 UD D10.01 gl1.00 a0.4 nl0O0 1.0 0.400  --- .-+ —0400 -0.00 734 26.7
2712 D12 gl1.00 a-0.25 0.00 nl00(x) 1.0 .- =0250 -0.12 694 21.8
271.2 SXS:BBH:0222 1.0 -0300  --- - =015  69.1 12.3
271.2 SXS:BBH:0217 1.0 -0.600  --- 0.600 000 732 11.9

(M=60Msun, a=0.75 —> 300Hz, tau =3 ms)
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Masses in the Stellar Graveyard
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FILLING THE MASS «<——> GAP [ E SN

with observations of compact binaries from gravitational waves

GW190425
i T GW230529 GW200115 g
{primary) {primary) g
of?._.
GW230529 ,
Gocondany O | owm
GW190814 51 8\ * \\
© iy EE m GW190814 )
GW200105_162426

| /
[ B GW200115-04230 (‘—
Mass of compact object (M) 1 2 3 4 5 6 HER : kgt (; 042309

Includes components of compact binary mergers detected with a False Alarm Rate (FAR) of less than 0.25 per year

m1 []\J@] — DBroad Population

== GW200105 + GW200115 + GW230529
0.75 F GW200105 + GW200115 .
== Only GW230529

ApJL 970. [ 34 (2024)

Abstract

s
We report the observation of a coalescing compact binary with component masses 2.5-4.5 M, and 1.2-2.0 M, (all 2
measurements quoted at the 90% credible level). The gravitational-wave signal GW230529_181500 was observed e
during the fourth observing run of the LIGO-Virgo-KAGRA detector network on 2023 May 29 by the LIGO =
Livingston observatory. The primary component of the source has a mass less than 5 M, at 99% credibility. We -
cannot definitively determine from gravitational-wave data alone whether either component of the source is a 2
neutron star or a black hole. However, given existing estimates of the maximum neutron star mass, we find the Z,
most probable interpretation of the source to be the coalescence of a neutron star with a black hole that has a mass =
between the most massive neutron stars and the least massive black holes observed in the Galaxy. We provisionally

estimate a merger rate density of 55337 Gpc~3 yr~! for compact binary coalescences with properties similar to the

source of GW230529_181500; assuming that the source is a neutron star—black hole merger, GW230529_181500- e
like sources may make up the majority of neutron star-black hole coalescences. The discovery of this system 0.00 =co” T et
implies an increase in the expected rate of neutron star—black hole mergers with electromagnetic counterparts and 1 10 100

provides further evidence for compact objects existing within the purported lower mass gap.
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Gravitational-wave Extraction using Independent Component Analysis
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FIG. 7. Input and Output data of ICA analysis.
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(e2) Output of ICA for GW200112_155838.

(j1) Input signals of GW200129.065458 with Aty =
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x3 are of Hanford, Livingston, and Virgo, respectively.
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FIG. 7. Input and Output data of ICA analysis (cont.)
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FIG. 7. Input and Output data of ICA analysis (cont.)
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TABLE III. Results of the wave extractions by ICA for large SNR events in O1-O3. The column obs shows which detector
(Hanford /Livingston/Virgo) observed. SNR is the network signal-to-noise ratio (centered value) which is announced in GWOSC
(https://gwosc.org). Aty is the time shift between Hanford data and Livingston data, ¢, — tfy, in ms when ICA shows the

best separation of the signal. A is the ratio of extracted signal to the other noise(s) evaluated by eq. (10). R is the residuals
of the extracted waveform and estimated inspiral waveform, (11), between [t. — 0.15 ms, t.|. See table IV for comparisons of
chirp-mass and red-shift.

event obs SNR | Atur (ms) Atgyv (ms) Aty (ms) | A R/10712 ref.
GW150914 HL  26.0 | —7.32412 = — 4.19 5.88 Fig.4
GW190521.074359 HL  25.9 | —6.35+0-95 ~ = 1.83 10.3 Fig.7(a)
GW191109.010717 HL 173 | 3.17+328 — = 3.40 18.4 Fig.7(b)
GW191204.171526 HL  17.5 | —2.44+042 = — 2.07 3.27 | Fig.7(c)
GW191216.213338 HV  18.6 - —11.0+32, = 3.08 2.09 | Fig.7(d)
GW200112-155838 LV  19.8 - : —23.240-37 | 2.43 10.5 Fig.7(e)
GW170814 HLV 17.7 | —8.06+£032  0.98+%13, — 3.54 5.07 | Fig.7(f)
GW190412 HLV 19.8 | —3.91+%2% —13.9249:9% = 2.21 4.40 | Fig.7(g)
GW190521 HLV 14.3 | 2.93+£93° —25.1549-3° = 2.85 31.8 Fig.7(h)
GW190814 HLV 253 | 2.20+347  21.244972 — 2.00 1.65 Fig.7(i)
GW200129.065458 HLV  26.8 | 3.424095% —18.31495; — 3.96 11.3 Fig.7(j)
GW200224 222234 HLV 20.0 | —3.66+27, —9.284023 — 3.28 13.4 Fig.7(k)
GW200311.115853 HLV  17.8 | —3.66+£)4° —27.104353 = 3.17 4.34 Fig.7(1)

2025/3/21 ¥E=F

SNR h'@WLWED &, GW190527

=@ AT1Y

R AVAR %o ax ik

ICAOKGWIZ

dbE
= B2t

SEMEPEBULIEEED

JAAEDEE HEUYEDSLN

JWVZERMEAEDIESRE] MU,

SNIZGW{ES &, inspiral Bz

2hE—, EBFA(KIRTX)

A0S SNRAELEEEN ()

107



EKT—IADIHA: 01-O03MBBH 1RV~

BRERICEHE INTULSSNROSWVEDTAT

TABLE IV. Comparisons of chirp mass, M>°" shown in GWOSC and the one obtained by ICA,MSbS from the best fit

inspiral-wave model.
shown.

GWOSC
event obs SNR|MZOUCC /M ref.
GW150914 HL 26.0| 28.67;7 Fig.4
GW190521_074359 HL 25.9| 32.8%52 Fig.7(a)
GW191109.010717 HL 17.3| 47.5%0° Fig.7(b)
GW191204.171526 HL 17.5| 8.56107% Fig.7(c)
GW191216 213338 HV 18.6| 8.3319-22 Fig.7(d)
GW200112.155838 LV 19.8| 27.472%6 Fig.7(e)
GW170814  HLV 17.7| 24.1717 Fig.7(f)
GW190412  HLV 19.8| 13.3%0° Fig.7(g)
GW190521  HLV 14.3| 63.3713% Fig.7(h)
GW190814  HLV 25.3| 6.117902 Fig.7(i)
GW200129_065458 HLV 26.8 | 27.275% Fig.7(j)
GW200224 222234 HLV 20.0| 31.175% Fig.7(k)
GW200311.115853 HLV 17.8| 26.6122 Fig.7(1)
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The difference can be regard as redshift factor (1 + zica). The redshift factor in GWOSC, z, is also
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Abstract

Astrophysical black holes are expected to be described by the Kerr metric. This is the only stationary, vacuum,
axisymmetric metric, without electromagnetic charge, that satisfies Einstein’s equations and does not have
pathologies outside of the event horizon. We present new constraints on potential deviations from the Kerr
prediction based on 2017 EHT observations of Sagittarius A* (Sgr A*). We calibrate the relationship between the
geometrically defined black hole shadow and the observed size of the ring-like images using a library that includes
both Kerr and non-Kerr simulations. We use the exquisite prior constraints on the mass-to-distance ratio for Sgr A™
to show that the observed image size is within ~10% of the Kerr predictions. We use these bounds to constrain
metrics that are parametrically different from Kerr, as well as the charges of several known spacetimes. To consider
alternatives to the presence of an event horizon, we explore the possibility that Sgr A* is a compact object with a
surface that either absorbs and thermally reemits incident radiation or partially reflects it. Using the observed image
size and the broadband spectrum of Sgr A®, we conclude that a thermal surface can be ruled out and a fully
reflective one is unlikely. We compare our results to the broader landscape of gravitational tests. Together with the
bounds found for stellar-mass black holes and the M87 black hole, our observations provide further support that
the external spacetimes of all black holes are described by the Kerr metric, independent of their mass.

April 7

Figure 11. Inferred diameter of the black hole shadow boundary overlaid on S ~ Az

the average EHT image of Sgr A" obtained from the 2017 April 7 data. Solid i'm;}:kh\ b 2 J i 8000 7| ;E
lines show the range of most likely values, while the dashed lines show the

envelope of the 68th percentile credible intervals for all methods.

https://eventhorizontelescope.org
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VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry
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Black Hole Explorer (BHEX) Eti

https://www.blackholeexplorer.org/
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