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“We must now describe the photon as going partly into each
of two components into which the incident beam is split.”
P. A. M. Dirac, Principle of Quantum Mechanics

#

B MYSYEHEHYLNLE0R HOSEROHERIVIVINQPELI USR8 R
B Mvopd’ ERVOHEREMORN SNVIoVIREEASERRAS K MWV
WE SHETQOVUNNINOUR® Qv URTERENY &MY T OfRiyVOoPp
k@?@ﬂi?oc®Lam%%&gﬁﬁ®ﬁ§ﬁ%6bwénk&$0ﬁTg

£ Mown’ TEOMMESOVVOEN OIVERLIYREH OV I RUD SR04 5°
%nfmm<ﬁ\w%mﬁmaﬁﬁéﬁotﬁ@ac6wﬁ%\%oﬁmaimmﬁxb\%bti
OOV VEROINLVYI QNG

B IVvouRS Wi

K& O~vUdE ELXQORFEVRRBOVIOYOY R MDY~ hS VMY say” HEN
FHX A EBIHOVH VLS FHOBINENBECRERAHNVRAVHSIDeN-»" ELCR
EWRROINQI S RPRFERNDANY S 446 CHIENOV LS00 BN OV B
W50 5089 R S ONBEOY OV IO W R°

W S00MEURHUUNNE O UHNAURSHWIHNO® YEWNIRKZOMR0D S HE
ELQETSHECOSWVAIBEL HAQ | HEENENIF LIS #O8° EEkhn 18400 N #pIE Y
PN ops N

B TWORHMNE | OO RBHUELIIVERRVIN® BIIBVONO0ORROBLKOING &°
MO E S EE NS 0 VN B0 B O S VIOV DS |

VR EEPORIOHE 8B NFERHIKELPO VRS IN

B I OCHOERN | ENEBEOVHEEL O NQ V4]

REVOHNR DN VO #HOIN® | R | <ORRIOCHOERN | EXEOLVY L O
VAREED D %0 4° S-S 00 ERVER SN AL R OR IREVMO N 40P

K MR 00MOERY | ENEOLUERENLI VL | BEORHBOU SN vup



[L7R—

e EFROBRIRGRSE

R R
o MNZEREEZXDD, HIFLEZXSD DRFRARXAD. WRTRESERETIOHELVD.

o FKIR—EIDEFE W DEFOEHA (1949) 7V ¥ F 2 I MOFZERICEHFLTVWET. ZOEF%
FEHTLEIWN,

o ZLT, RDF—TU—F»622UEZH-T, WPFREMBREREZHAL T I,
i3 a0z 3640 MERER) TFREEMRE) FARE) Tal—71 2 H—0D3H)
EPR NS Ry X1 Th2RILBR) TARIN=F U8R TZHFEIR]

o HRIZ, HEADZDMEICEHT 2B ZBEVWL 7.

(%3
o A4 HIMK 3-5 BIEEE. R"MIIAE. LETHIUE, RRREZBMN LTIV (R=IBREIZED D) .

o BEYL LXK (web R=TZL) 3Facd . (Fg, HEEz&ETARHHLEOZE LR, &
LALHIHT %% 6 OK).

REFIR
e Google Classroom DO #EE L THH. FHEZOHSEERREZ LD D%2IE
o RHIXYNZ, 20254%F12H28H (H) 23:59

o IBH 7 7 A NDHAAENZ, QFF XXXXXXX OO00) o35 Z . (Q X Quantum D IEHILF
TLR—=IHTE27HDHD, #’M;tka/%ﬂf*t:}:“z;z?f, XXXXXXX id7fgE#=, OO000
K#%) £356Z8. 774 N0KIKEZEHEZANT, FERESITVAT. —FHEXvre—-FLTHadkD,
D7 7ANEKZTBENLET.

o 77 ANKADFIDIZDH, XA bb - EERFERIEE - FRRRE - KGZGHT 22 L.
o pdf 77 ANVDLEE L WA, word 7 7 4/ L TH KL,




"

\—

WAR—\—

Period

1s

3s

4s

6s

HAF (periodic table

)

BEIE

1 18
1A VIIA
1 1 RFES |29 21| — BETE2MF 2 Offisk 2
H zxieg - CUu |- aZEsSsrRE0tOFAIaRShTR He
KE 2 THEL(AKE — " 13 14 15 16 17 AUBL
hydrogen A TR (KB —|  copper mA IVA VA VIA VIIA helium
1.008 | FEETHR 63.55 ~R¥E —JEEETHE 4.003
—
3 +1(4 2| | 2B E l ﬁﬁﬁ§i5 +3|6 -4(7 -3|8 -2(9 -1]10
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lithium beryllium boron carbon nitrogen oxygen fluorine neon
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1" +1(12 +2 13 +3314 -4(15 -3|116 -2(17 -1118
Na Mg Al Si P S Cl Ar
FRUYL SZESLIN 3 4 5 6 7 8 9 10 11 12 3p| rrz=mu AR yy i3 % 7y
sodium magnesium mB VB VB vViB Vil B Vil B vii B vii B 1B B aluminum silicon phosphorus sulfur chlorine argon
22.99 24.31 26.98 28.09 30.97 32.07 35.45 39.95
19 +1(20 +2) 21 +3|122 +432(23  +5234|24 +32,6|25 +234,6,7(26 +32[27 +2,3|28 +2,3(29 +2,1(30 +2 31 +3|32 +4,2133 -3|134 -2"__35 -1)|36
K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
HUD L AN L 3d PO FN FHy NFOYL PI=PN VA E VAV = # R 4p) HIY L FII=9 L =1 pd%% LES ST
potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
39.10 40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.41 69.72 72.64 74.92 78.96 79.90 83.80
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rubidium strontium yttrium zirconium niobium i rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
85.47 87.62 88.91 91.22 92.91 95.94 98 101.1 102.9 106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 131.3
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cesium barium lanthanides hafnium tantalum tungsten thenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
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francium radium actinides rutherfordium dubnium seaborgium bohrium hassium itneril i i i nihonium flerovium i i
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(rare earth metals) lanthanum cerium i i i i europium gadolinium terbium dysprosium holmium erbium thulium ytterbium lutetium
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TOF/AL 89 +3(90 +4/91 +54|92  +6345/93  +5346(94  +4356(95  +3456[96 +3/97 +3,4/98 +3/99 +3[100 +3[101 +3,2(102 +2,3/1103 +3
actinides Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
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actinium thorium protactinium uranium i | i icil curium i il i fermium mendelevium nobelium lawrencium
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9 3FLEIL, IRTAIEHENILEHD

®roRAE

)

LT

ARTELy «9NT. ToHeTIA !

g
9',.::11-‘:'.’"

@

http://users.erols.com/iri/show49.html

REKZ
AVIFIVT VX

13 (periodic table)

97 | 98 | 99 [100 | 101

AR A ANy

T S e e

\\ﬂ;\\,\;\w o b e Bl el
ol
3 YTTRIUM
Y » Y 39 89
o o SCANDIUM TITANIUM
S g,\t‘;m 01 s 2 51 Ti 22 479
W
SES WIGNESIUM
12 23 Ay,
NS v,
< J D X griliom &,
S % 9 ‘94’
o/ A2 e NS
N/ S 2 4
S o 2
g 2%\ 2z
o |~2 @ =
o o =
= 55
7, e
~ o\ Y $S
O 55
o Y
%99/ oxveEN \ N /g
0 g WIS
SULPHUR 2
16 9
ARSENIC GERMANIUM GALLIUM NG :
As 33 79| ce 32 726 ca 31 697 | zn 30 654
TIN INDIUM CAOMIUM
sn 50 187 | n 49 148 | cd 48 1124
AD THALLOM [ MERGUR o
Pb T 81 2084 | ﬁz 80 2006

http://img.gawkerassets.com/img/18pdj3j02ehfwpng/original.png

589

COBALT
21
RHODIUM
45

Co

1029

R

‘5,

IRIDIUM
1931

I

77




Group 1

Period

1

2

B8z (periodic table)

https://upload.wikimedia.org/wikipedia/commons/a/a8/Periodic_Table_of Elements_showing_Electron
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Shells.svg
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1: Hydrogen 1 2: Helium 2
Key:
. . ' .
) Halogens The primary determinant of an element's chemical
Non-metqls | properties is the electron configuration, particularly
Metaloids — I of the outermost electrons (those in the valence
3: Lithium 2,1 | 4: Beryllium 2,2 She”) . 5: Boron 2,3 | 6: Carbon 2,4 | 7: Nitrogen 2,5 8: Oxygen 2,6 | 9: Fluorine 2,7 | 10: Neon 2,8
. Noble
Alkali —
Metals TErEten e ases In the periodic table, a period is represented by
Poor a row. The number of electron shells an atom
Metals has determines what period it belongs to.
11+ Sodium 2,81 | 12 Magnesium 282 Al kaline La nth an|des In the periOdiC table a group is represented by a 13: Aummnium 2,8.3 | 14: Silicon 2,84 | 15: Phosphorus 2,85 16: Sulfur 2:86 | 17+ Chiorine 2,87 | 18: Argon 288
Earth Actinides vertical column. The number of electrons in
Metals the outermost shell determines the group.

19: Potassium 2,8,8,1 | 20: Calcium 2,8,8,2 | 21: Scandium 2,8,9,2 i 22: Titanium 2,8,10,2 i 23: Vanadium 2,8,11,2 i 24: Chromium 2,8,13,1 i 25: Manganese 2,8,13,2 i 26: Iron 2,8,14,2 i 27: Cobalt 2,8,15,2 i 28: Nickel 2,8,16,2 | 29: Copper 2,8,18,1 i 30: Zinc 2,8,18,2 | 31: Gallium 2,8,18,3 | 32: Germanium 2,8,18,4 i 33: Arsenic 2,8,18,5 | 34: Selenium 2,8,18,6 | 35: Bromine 2,8,18,7 | 36: Krypton 2,8,18,8
37: Rubidium 2,8,18,8,1 | 38: Strontium 2,8,18,8,2 | 39: Yttrium 2,8,18,9,2 : 40: Zirconium 2,8,18,10,2 | 41: Niobium 2,8,18,12,1 i 42: Molybdenum 2,8,18, | 43: Technetium 2,8,18, | 44: Ruthenium 2,8,18, | 45: Rhodium 2,8,18, | 46: Palladium 2,8,18, | 47: Silver 2,8,18, | 48: Cadmium 2,8,18, | 49: Indium 2,8,18, i 50: Tin 2,8,18, | 51: Antimony 2,8,18, i 52: Tellurium 2,8,18, | 53: Iodine 2,8,18, | 54: Xenon 2,8,18,
13,1 14,1 15,1 16,1 18 18,1 18,2 18,3 18,4 18,5 18,6 18,7 18,8

55: Caesium 2,8,18, | 56: Barium 2,8,18, 72: Hafnium 2,8,18, | 73: Tantalum 2,8,18, : 74: Tungsten 2,8,18, | 75: Rhenium 2,8,18, i 76: Osmium 2,8,18, i 77: Iridium 2,8,18, i 78: Platinum 2,8,18,  79: Gold 2,8,18, i 80: Mercury 2,8,18, | 81: Thallium 2,8,18, i 82: Lead 2,8,18, i 83: Bismuth 2,8,18, | 84: Polonium 2,8,18, | 85: Astatine 2,8,18, | 86: Radon 2,8,18,
18,8,1 18,8,2 32,10,2 32,11,2 32,12,2 32,13,2 32,14,2 32,15,2 32,171 32,18,1 32,18,2 32,18,3 32,18,4 32,18,5 32,18,6 32,18,7 32,18,8

l l i Q
87: Francium 2,8,18,32, | 88: Radium 2,8,18,32, 104: Rutherfordium 2,8,18, i 105: Dubnium 2,8,18, i 106: Seaborgium 2,8,18, | 107: Bohrium 2,8,18, | 108: Hassium 2,8,18,32, | 109: Meitnurium 2,8,18, i 110: Darmstadium 2,8,18, i 111: Roentgenium 2,8,18, 113: Nihonium 2,8,18, i 114: Flerovium 2,8,18, | 115: Moscovium 2,8,18, i 116: Livermorium 2,8,18, | 117: Tennessine 2,8,18, | 118: Oganesson 2,8,18,
18,8,1 &~ 18,8,2 32,32, 32,32, 32,14,2 32,32, 32,32, 32,32, 32,32 32,32, 32,32, : 32,32, oy
10,2 16,2 17,2 ! 18,7

i
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FIGURE 2.19 » How the rainbow forms. Each water droplet, schematically represented
by a sphere, is penetrated by white light, which is dispersed, then partly refracted outside
the droplet, partly internally reflected.
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https://www.youtube.com/watch?v=60h6lpnSgck
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Nobel Prize

/—=NIVIBFERESR 20205

Nobel Laureates in Physics 2020 http://www.nobelprize.org/
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Roger Penrose “for the discovery that black hole formation is a
robust prediction of the general theory of relativity”

Reinhard Genzel and Andrea Ghez "for the discovery of a
supermassive compact object at the centre of our galaxy".
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Nobel Prize

OJv—-AR20O0—X Roger Penrose
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Penrose Stairs
Penrose Triangle

Relativity (1953) by M. C. Escher

OJv—-AR2O—X & M. C. IvIy—

Ascending and Descending by M. C. Escher

Nobel Prize

54


https://en.wikipedia.org/wiki/Ascending_and_Descending
https://en.wikipedia.org/wiki/M._C._Escher
https://en.wikipedia.org/wiki/M._C._Escher
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3.4.3 TSV IR—ILDFREREE: RERFERZE E SRR T DD
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3.4.3 T3V IR—ILDXREREE: RERFESRZEE SRRT DD
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3.4.3 T3YIIR—IVDRERMEE  FEFRRE ESHERIT DD A RIEPp98

ROFERUIFEITDION? ((R—FTvsYV—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: tl:% i::/f zg\ 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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AOFERIIDIRTS |

BIEZAL—23VICKDEHF (1991)

VOLUME 66, NUMBER 8 PHYSICAL REVIEW LETTERS 25 FEBRUARY 1991

Formation of Naked Singularities: The Violation of Cosmic Censorship

Stuart L. Shapiro and Saul A. Teukolsky

o o . - . ¥ . T — T LI . | T L
Center for Radiophysics and Space Research and Departments of Astronomy and Physics, o T LI R S e I ol | ' o1 ]/M ’
Cornell University, Ithaca, New York 14853 o t/M=0 - N t/M=0 -
(Received 7 September 1990) i - 1 " .
: s |
1.5\ b 8- |
We use a new numerical code to evolve collisionless gas spheroids in full general relativity. In all cases i i .
the spheroids collapse to singularities. When the spheroids are sufficiently compact, the singularities are - 1 6 I- .
hidden inside black holes. However, when the spheroids are sufficiently large, there are no apparent hor- o L ) v f :
: . A . = . > :
izons. These results lend support to the hoop conjecture and appear to demonstrate that naked singulari- x I : a -
ties can form in asymptotically flat spacetimes. ] | 4 )
L - - J
0.5 r_ N 2|
Ol TS N I S TN T W S WY S SN T N S S S Ot o L o L o Laa o |y
T 1 ﬁ#j T T T T ' LA rj T LI | [_J LI I A B B B | I T T I T T ]’ T I T
FIG. 1. Snapshots of the particle positions at initial and late 2 t/M=23
fﬁ‘] times for prolate collapse. The positions (in units of M) are - t/M=77 J 10 - - -
I f projected onto a meridional plane. Initially the semimajor axis ﬂ )
;u t/M=23 of the spheroid is 2M and the eccentricity is 0.9. The collapse i . i ) _
il proceeds nonhomologously and terminates with the formation 15 Ap pa rent Horlzon _ 8- NO AH !
of a spindle singularity on the axis. However, an apparent hor- ' r_— i - ) oA
i izon (dashed line) forms to cover the singularity. At ¢/ M =7.7 i . — 1
its area is A/167M *>=0.98, close to the asymptotic theoretical - 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 . 1 ' 1
are Cp/arM =1.03 and @AV/4xM =0.91. At later times > - - |
these circumferences become equal and approach the expected < - . |
theoretical value 1. The minimum exterior polar circumfer- 1 |
ence is shown by a dotted line when it does not coincide with I~ y J
the matter surface. Likewise, the minimum equatorial cir- - )
cumference, which is a circle, is indicated by a solid dot. Here ‘ o
C&L"/4rM =0.59 and CRt/4xM =0.99. The formation of a ] 7
FIG. 4. Profile of I in a meridional plane for the collapse black hole is thus consistent with the hoop conjecture. i
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 BT T VRV SRR e T B B R
the matter. 05 { 1.5 2 4 © 8 10
Equator Equator
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HROFERIELIRTSD |

BIES1L—o3avlckdEM (2011)

PHYSICAL REVIEW D 83, 064006 (2011) 10— — 10 g
(al) m-o0 | OV &y UM = 0.0
Formation of naked singularities in five-dimensional space-time o _ ol £, |
Yuta Yamada'* and Hisa-aki Shinkai'*' 6l - ﬁiv«f‘ ]
' Faculty of Information Science and Technology, Osaka Institute of Technology, < - "ei
1-79-1 Kitayama, Hirakata, Osaka 573-0196, Japan ) {7 apEET
*Computational Astrophysics Laboratory, Institute of Physical and Chemical Research (RIKEN), k. sf::
Hirosawa, Wako, Saitama 351-0198, Japan : PAENET RN
(Received 18 December 2010; published 4 March 2011) ‘, g ,‘4 |
We numerically investigate the gravitational collapse of collisionless particles in spheroidal configu- 2 3 456 00 12 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 @) 0= e ®2) 10— T

results in the 5D version. That is, in a collapse of a highly prolate spindle, the Kretschmann iavariant (| VA= S5 (AT
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 1s ) m— )
loosened, compared to 4D cases. We also show how collapses differ with spatial symmetries comparing = I | =

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

0O 1 2 3 4 5 6 3 4 5 6
I'M R/M
FIG. 2 (color online). Snapshots of 5D axisymmetric evolution
with the initial matter distribution of b/M = 4 [(al) and (a2);
model 5DSB in Table I] and 10 [(bl) and (b2); model 5DSéd].
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
the time /M = 15.4, when our code stops due to the large
curvature. The big circle indicates the location of the maximum
Kretschmann invariant J_,  at the final time at each evolution.

Number of particles are reduced to 1/10 for figures.

FIG. 3 (color online). Kretschmann invariant J for model
5DSé att/M = 15.4. The maximum is O(1000), and its location
1s on z-axis, just outside of the matter.
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3.4.3 T3YIIR—IVDRERMEE  FEFRRE ESHERIT DD A RIEPp98

ROYFEBIIFEIDIDN? ((h—F2TvsV—2 DT ver2)

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, /_I_\ _ # \J 7\\
And whereas John Preskill and Kip Thorne (having won the r n 7_ H .

previous bet) still regard naked singularities as quantum —_— 170 x B
gravitational objects that might exist, unciothed by hori- EX H,J ch *7] / ‘H 7|<1é|: T (j: ’ *Z(

zons, for all the Universe to see,

l=I=I
Therefore Hawking offers, and Preskill/ Thorne accept, a tl:%/ </ (;%EE L/ fd\ L \ J

wager that
When any form of classical matter or field that is inca-
pable of becoming singular in flat spacetime is coupled

ral relativity via the classical Einstel jons,
EZ ;ener refativity via the classical panstem equations \/ _\/, 70 l/z # ) l/

A dynamical evolution from generic initial conditions (i.e.,

G S, 3 - /
from an open set of initial data) can never produce a naked [ ZD D 1%; % ]
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.

. _ KB (IR Z=E OB ZBBIC
PRt KA e
. Hawking \ﬁi‘; P. Prei:ﬁ & Jii; S. Thorne 5—2, %O)Eq:% (: (j:,g\i:l t%ofg
asadena, California, 5 February 5j{$¢(\3]\n%z<‘_’_.

1997F2H5H
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http://www.mitsubishielectric.co.jp/me/dspace/column/c1805_2.html
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[ B 7l )

S
7) llvtsgﬁﬁ Atacama Large Millimeter/Submillimeter Array

KD, K EHE T,

/5\66@0) VT FHER

FYUDT I NVICERUICERERE

Bxh, HEREF168ZHE, TWwakw, &amd

EH5000MM R ICERE S N TN D,

ER1I2XA—RNILO 7 VT FZ508HA;ELEZ 7T FEE, ER1I2X—RNILO7 VT 74

SEERIXA—NILT7 Y

TH12ENSRS, FR185FOX—KNILETrP VT HHERZIAT

éc_é:jb*‘?éc R ADZEFDEREE, 0.05 Y7 OZI 7Y

,’vx
i w-emh Oln-

http://alma.mtk.nao.ac.jp/

T KRICHD—HEZERISBERITSNBIFEDS
UWVERRE

66


http://www.nasa.gov/mission_pages/messenger/multimedia/messenger_orbit_image20120615_1.html
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VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry
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http://veraserver.mtk.nao.ac.jp/system/index.html
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Event Horizon Telescope
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Tur ASTROPHYSICAL JOURNAL LerTers, 875:L1 (17pp), 2019 April 10 https:/ /doi.org/10.3847 /2041-8213 /abOex

e Wl MS8T* April 11, 2017
CrossMa

First M87 Event Horizon Telescope Results. 1.
The Shadow of the Supermassive Black Hole

The Event Horizon Telescope Collaboration

(See the end matter for the full list of authors.)
Received 2019 March 1; revised 2019 March 12; accepted 2019 March 12; published 2019 April 10

Abstract

When surrounded by a transparent emuission region, black holes are expected to reveal a dark shadow caused by
gravitational light bending and photon capture at the event horizon. To image and study this phenomenon, we have
asscmbled the Event Horizon Telescope, a global very long bascline interferometry array observing at a wavelength of
1.3 mm. This allows us to reconstruct event-horizon-scale images of the supermassive black hole candidate in the center
of the giant elliptical galaxy M87. We have resolved the central compact radio source as an asymmetric bright emission
ring with a diameter of 42 & 3 pas, which is circular and encompasses a central depression in brightness with a flux
ratio >10:1. The emission ring is recovered using different calibration and imaging schemes, with its diameter and
width remaining stable over four different observations carried out in different days. Overall, the observed image is
consistent with expectations for the shadow of a Kerr black hole as predicted by general relativity. The asymmetry in
brightness in the ring can be explained in terms of relativistic beaming of the emission from a plasma rotating close to
the speed of light around a black hole. We compare our images to an extensive library of ray-traced general-relativistic
magnctohydrodynamic simulations of black holes and derive a central mass of M = (6.5 = 0.7) x 10° M.... Our radio-
wave observations thus provide powerful evidence for the presence of supermassive black holes in centers of galaxies
and as the central engines of active galactic nuclei. They also present a new (ool (o explore gravity in its most extreme
limit and on a mass scale that was so far not accessible.

0 1 2 3 4 D 6
Brightness Temperature (10 K)

Figure 3. Top: EHT image of M87" from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 pas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T, = SX?/2kg(2, where S is the flux density,
A is the observing wavelength, kg is the Boltzmann constant, and €2 is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the eaquatorial plane. Solid baselines represent mutual
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THE ASTROPHYSICAL JOURNAL LETTERS, 930:L17 (44pp), 2022 May 10 https://doi.org/10.3847/2041-8213 /ac6756
© 2022. The Author(s). Published by the American Astronomical Society.
OPEN ACCESS

CrossMark

First Sagittarius A* Event Horizon Telescope Results. VI. Testing the Black Hole Metric

The Event Horizon Telescope Collaboration
(See the end matter for the full list of authors.)

Received 2022 March 15; revised 2022 April 12; accepted 2022 April 12; published 2022 May 12

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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Gravity Ink. - The Future of Astronomy (Episode 2)
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LISAcommunity http://support.elisascience.org Start on click, 3 min
Hand: Pavel Gurov Voice: Heather Audley
Concept: Oliver Gerberding, Simon Barke, Heather Audley, Benjamin Knispel

http://www.youtube.com/watch?v=8Kelub_Kks4
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lj T —) \— Joseph Weber (pictured), a physicist at the University of Maryland in College Park, believed that gravitational waves were real. In
1969, he announced that he had found them with a detector of his own invention: an aluminium cylinder, about 2 metres long and
1 metre in diameter, that ‘rang’ when it was struck by such a wavez2. His result was never replicated, and was eventually rejected
Joseph \Weber by nearly everyone except Weber himself. Nonetheless, his work drew many other researchers into the gravitational wave field.
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The Nobel Prize in Physics

1993

Russell A. Hulse Joseph H. Taylor Jr.

Prize share: 1/2 Prize share: 1/2

"for the discovery of a new type
of pulsar, a discovery that has
opened up new possibilities for
the study of gravitation”
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The waveform explained

SN
[BLACK HOLE]) / MASS [STAGES)

A BLACK HOLE IS ONE OF THE SIMPLEST OBJECTS I THE UNIVERSE
IT HAS ONLY TWO CHARACTERISTICS. ITS MASS (WHICH DETERMINES

ONE OF THE REASONS WE DIVIDE UP THE GRAVITATIONAL WAVE SIGNAL IS BECAUSE DIFFERENT
TECHNIQUES CAN BE USED TO CALCULATE THE WAVES AT DIFFERENT POINTS. THE EARLY

ITS SIZE), AND ITS SPIN (HOW MUCH SPACETIME SWIRLS AROUND). CAN BE CALCULATED USING POST-NEWTONIAN THEORY (THIS STARTS WITH NEWTON'S o }
EORY OF GRAVITY AND ADDS LITTLE EXTRA BITS TO ACCOUNT FOR HOW THINGS CHANGE IV INSPIRA!
WHEN YOU HAVE TWO BLACK HOLES IN A BINARY SYSTEM, THINGS CENERAL RELATMITY). THE CAN BE CALCULATED USING BLACK HOLE PERTURBATION L4 -
GET MORE COMPLICATED. WE NOW HAVE THE MASSES AND SPINS OF THEORY (THIS STARTS SHAPE OF THE BLACK HOLE, AND SEES HOW IT REACTS
BOTH BLACK HOLES, THE SPINS STAY THE SAME SIZE DURING THE ' > my TO SMALL CHANGES). THE CAN ONLY BE CALCULATED USING NUMERICAL RELATMITY
ORBIT, BUT THEIR DIRECTIONS WOBBLE AROUND IN A PROCESS (SIMULATIONS OF THE FULL % OF GENERAL RELATVITY WHICH TAKE LOTS OF COMPUT - S
CALLED PRECESSION. THE GRAVITATIONAL WAVES REACHING EARTH [CHIRP MASS] ING POWER); THIS HAS ONLY BEEN IN THE LAST 10 YEARS, SO THE MERGER WAS THE ‘ M ERGER
FROM THE BINARY ALSO DEPEND ON WHERE THE BINARY IS AND LAST PART OF THE PUZZLE
WHICH WAY IT IS ORIENTATED. THE WAY THE SIGNAL CHANGES DURING THE INSPIRAL IS -
PRIMARILY FIXED BY A COMBINATION OF THE BLACK HOLE IF WE HAD A BINARY CONT NEUTRON STARS INSTEAD OF BLACK HOLES, THE INSPIRAL
4, MASSES WE CALL THE CHIRP MASS. IF WE SEE LOTS OF WOULD BE MUCH THE SAME, [BUT THERE WOULD NOT BE THE SAME MERGER AND RINGDOWN
N & CYCLES OF INSPIRAL, WE CAN MEASURE THE CHIRP MASS THE SIGNAL WOULD BE MUCH MESSIER, POSSIBLY FEATURING NEUTRON STARS BEING RIPPED ( ‘ \ R | NC—,DOWN
v REALLY WELL (BETTER THAN A FRACTION OF A PERCENT). APART, BEFORE POLLIDNG AND COLLAPSING TO A FINAL BLACK HOLE
S P, R micassion WHEN THINKING ABOUT WHAT WE CAN LEARN FROM GRAVI-
\ TATIONAL WAVES, PEOPLE OFTEN FIRST THINK ABOUT THE
CHIRP MASS
-
[AMPLITUDE]
e THE SIZE OF THE SIGNAL, ITS AMPLITUDE, DEPENDS ON HOW FAR AWAY
[SPIN] : THE BINARY IS IF THE DISTANCE WERE TWICE AS BIC, THE AMPLITUDE
_ o WOULD BE HALF THE QUIETER A SIGNAL IS, THE HARDER IT IS TO DETECT,
AS THE BLACK HOLES ORBIT EACH OTHER, THEIR SPINS CHANGE DIRECTION T T T . AND THE LESS WE CAN LEARN ABOUT ITS PROPERTIES
THIS ALSO CAUSES THE ORIENTATION OF THE ORBIT TO TOPPLE BACKWARDS -
AND FORWARDS A LITTLE. THIS PRECESSION LEAVES AN IMPRINT ON THE : HEAVIER SYSTEMS PRODUCE LOUDER CRAVITATIONAL WAVES AS THERE IS
CRAVITATIONAL WAVES: THEY BECOME LOUDER AND QUIETER AS THE SPINS : MORE MASS MOVING AROUND TO CREATE THE WAVES
WOBBLE AROUND. THE PRECESSION DEPENDS ON DIRECTIONS OF THE TWO 1.0 :
SPINS, COMPARED TO EACH OTHER AND COMPARED TO THAT OF THE ORBIT. : THE SIGNAL AMPLITUDE DEPENDS UPON THE WAY THE BINARY IS FACING
THE SPIN OF THE MORE MASSIVE BLACK HOLE HAS A LARGER EFFECT THAN : (ITS INCLINATION), AND ITS POSITION IN THE SKY: THE DETECTORS ARE NOT
mAT“mEWALLEpwE : LA R L R R R R R L R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R Y N 'E: “ Ew“LYSEmETocpAWATmALWAVEsmmmsm(m
- ‘e | SICNAL IS LOUDEST WHEN THE SOURCE IS DIRECTLY ABOVE OR BELOW A
WE DON'T SEE MUCH SIGN OF PRECESSION IN GW150914. THIS MAY BE BE- . 0.5; is || DETECTOR
CAUSE SPINS ARE SMALL, ITS INCLINATION MEANS THE WOBBLES ARENT VISI- | & . S e IR
BLE, OR A COMBINATION OF BOTH. SINCE THE INSPIRAL IS SHORT, WE WOULD [} . ¥ ,
NOT EXPECT TO SEE A LARGE EFFECT IN ANY CASE. & . o ‘
g o o: : -
: o |1
E E : | | . c‘ r
-~ o |
0.5: | (@ | N
. K ' [RINGDOWN]
PY : THE RINGDOWN PART OF THE SICNAL COMES FROM THE FINAL BLACK HOLE, SO
-1.0 : : IT DEPENDS UPON ITS MASS AND SPIN. THE FINAL MASS IS ALMOST THE SAME AS
S : THE TOTAL MASS OF THE TWO IITIAL BLACK HOLES (SOME ENERCY IS LOST,
a) : CARRIED AWAY BY THE GRAVITATIONAL WAVES). THE FINAL SPI) DEPENDS
[REDSHIFT] ‘ : UPON THE SPIN OF THE INITIAL BLACK HOLES AND HOW THEY WERE ORBITING
e . AROUND EACH OTHER WHEN THEY MERCED
THE EXPANSION OF THE UNIVERSE AFFECTS GRAVITATIONAL WAVES IN A 1 1 ] I . L
COUPLE OF WAYS. AS THE UNIVERSE EXPANDS, IT STRETCHES THE WAVES . .
TRAVELLING THROUGH IT. THIS IS WELL KNOWN I\ ASTRONOMY AND IS 0.30 0.35 040 : ......... OMS  TIME(S)
CALLED REDSHIFT, AS IT MAKES VISIBLE LIGHT MORE RED. TO HAVE A
LARGE EFFECT, THE WAVES MUST HAVE TRAVELLED A LONG WAY X
THE FIRST EFFECT IS THAT THE FREQUENCY OF THE WAVE CHANGES. THIS A Moo M, WITH MULTIPLE DETECTORS. WE CAN WORK OUT WHICH DIRECTION
HAS THE SAME IMPACT AS CHANGING THE MASSES: THINGS FURTHER ° THE CRAVITATIONAL WAVES CAME FROM BY LOOKING AT THE TIMES
AWAY APPEAR MORE MASSIVE. THE SECOND EFFECT IS TO CHANGE THE N [TOTAL MASS) “ WHEN THE SICNALS ARRIVED AT EACH DETECTOR. THIS IS SIMILAR TO
AMPLITUDE, WHICH IS THE SAME AS CHANGING THE DISTANCE: WE OFTEN P o w*- v — HOW YOU CAN LOCATE THE SOURCE OF A SOUND USING YOUR EARS
TALK ABOUT THE LUMINOSITY DISTANCE, WHICH ABSORBS THIS EFFECT, PY THE TOTAL MASS OF THE SYSTEM DETERMINES HOW LONG IT TAKES FOR
BUT ISN'T THE SAME AS IF WE MEASURED THE DISTANCE TO THE SOURCE THINGS TO HAPPEN. HEAVY SYSTEMS ARE BICGER, AND SO CHANGE MORE WE CAN GET SOME EXTRA INFORMATION ABOUT THE DIRECTION FROM
USING A TAPE MEASURE. SLOWLY THE CRAVITATIONAL WAVES ARE AT LOWER FREQUENCIES, WHICH HOW LOUD EACH SIGNAL IS (SINCE EACH OF THE DETECTORS HAS ITS
[INCLINATION] MEANS THAT LICO CAN ONLY SEE THE FINAL PARTS. LICHTER SYSTEMS PRO- BEST SENSITMITY I A DIFFERENT DIRECTION), AND WHERE THE WAVE
IF WE GET ENOUGH MEASUREMENTS OF HOW GRAVITATIONAL WAVES ARE DUCE CRAVITATIONAL WAVES AT HIGHER FREQUENCIES, SO WE CAN MEASURE IS N ITS CYCLE
PEMSD WE COULD POSSIBLY LEARN SOMETHING ABOUT HOW THE THE WAY THE BINARY IS FACING THE EARTH DETERMINES THE MORE OF THE INSPIRAL

UNIVERSE IS EXPANDING GRAVITATIONAL WAVES WE SEE. IF IT IS EDGE ON, THE SIGNAL IS

QUIETER, BUT IT IS EASIER TO SPOT SMALL CHANGES CAUSED BY
THE BLACK HOLES SPINS. IF IT IS FACING US, THE SIGNAL IS
‘ LOUDER, BUT IT'S HARDER TO TELL IF THE ORBIT WOBBLES BE -

THE TOTAL MASS OF THE SYSTEM SETS WHICH PARAMETERS ARE MOST
EASILY MEASURED. FOR REALLY MASSIVE SYSTEMS WE MEASURE THE TOTAL
MASS BEST (AS WE ONLY SEE THE MERGER AND RINGDOWN), BUT FOR LIGHT
SYSTEMS, LKE BINARY NEUTRON STARS, WE MEASURE THE CHIRP MASS BEST
(AS WE ONLY SEE THE INSPIRAL). GW150914 IS SOMEWHERE IN THE MIDDLE

CAUSE OF PRECESSION. WE HAVE A GREATER CHANCE OF DE-

. TECTING A FACE-ON BINARY BECAUSE THEY CAN BE DETECTED
k f\ FROM FURTHER AWAY
=

http://www.ligo.org/magazine/L IGO-magazine-issue-8.pdf
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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 59
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PHYSICAL REVIEW LETTERS week ending

PRL 116, 061102 (2016) 12 FEBRUARY 2016
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33-38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.
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“We had detected gravitational waves. We did it. ”
“BRRIE, EORERELE. PORITFEDEE.”

https://www.youtube.com/watch?v=aEPIwEJm/ZyE
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|24 Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10721, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater

than 5.16. The source lies at a luminosity distance of 4107{$) Mpc corresponding to a redshift z = 0.09™0 ;.

In the source frame, the initial black hole masses are 363 M, and 2974 M, and the final black hole mass is

6211 M, with 3.0702 M, c? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102 Hanford, Washington (H1) Livingston, Louisiana (L1)
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FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
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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
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GWI170817

E2EREFESH BNRRL, Z<OXRXEDEFES

On August 17, 2017, 12:41 UTC,
LIGO (US) and Virgo (Europe) detect
gravitational waves from the merger
of two neutron stars, each around
1.5 times the mass of our Sun. This is

the first detection.otf spacetime ripples

from neutron stars

FIRST Cosmic EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Within two seconds, NASA's

Fermi Gamma-ray Space Telescope

detects a short gamma-ray burst from a
region-of the sky overlapping the LIGO/Virgo
position. Optical telescope observations

pinpoint the origin of this signal to NGC 4993,

a galaxy located 130 million light years distant

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of

heavy elements like gold and platinum

ZiL 1GO Geotnvclhamixo. :“:




Tl

=Nt

AlZRE

I:I

KAGRA (WK 5 : REUERE 1R E =)

Kamioka Gravitational wave detector, (Large-scale Cryogenic Gravitational wave Telescope)

ABBRE ) REER s

=25 5 7 1B ) i LU PN [ 385
HOE iiEEJJb\/J\?S WIRBRREEM (CDH

R[] S Ly
(i B R 7 88 > 7 ] €T )

X1 FTR250E (20K) £TH

52
XMASS & 5,155 K il
Kkl g ==

BDOMBE LTY I P A 7
5‘6?’%?“ ECEN., EallmAlTdE
2MEEPEMBVBRAN DR <ED

http://gwcenter.icrr.u-tokyo.ac.jp/plan/history

111


http://gwcenter.icrr.u-tokyo.ac.jp/plan/history

AR=I\= e AZSANDYT (=a—KY/

Super-Kamiokande http://www-sk.icrr.u-tokyo.ac.jp/sk/

M-,
MAE ...
LT YT

e
s b
ey

AAm s s~

PRRRRRANR D
REERRRERRA D
DEEREREERER

L A I
.-
P
sAAAASASSSS

P X R

- AR AR AR, sss

LR B
S R R 2 B

Cred
' et
Iv-,,,.,.,',‘..tl

el
.t

L

X

I ER1E - A D EEILBFDZER
FEHMISRFEIT D I =-_a2—K ) /%

112



KAGRA(MK 5 ABUKIRE IR ERER)




KAGRA(MK 5 ABUKIRE IR ERER)

M1900145-v1, VIR-0091A, and JGW-M1910663¢

Memorandum of Agreement |
between¢
VIRGO, ¢
KAGRA,
and the
Laser Interferometer Gravitational Wave Observatory (LIGO)+¢
October 2019¢

Purpose of agreement:

The purpose of this Memorandum of Agreement (MOA) is to establish and define a collaborative
relationship between VIRGO, KAGRA and the Laser Interferometer Gravitational Wave
Observatory (LIGO) to develop and exploit laser interferometry to measure and study gravitational
waves.

We enter into this agreement in,.qrder,.Jo lay the groundwork for decades of world-wide
collaboration. We intend to carry out the search for and analysis of gravitational waves in a spirit
of teamwork, not competition. Furthermore, we remain open to participation of new partners,
whenever additional data can add scientific value to the detection and study of gravitational waves.
All partners in the world-wide collaboration should have a fair share in the scientific governance
of the collaborative work.

Among the scientific benefits we hope to achieve from this collaboration are: better confidence in
detection of signals, better duty cycle and sky coverage for searches, better estimation of the,.
legatiop, and physical parameters of the sources, and gravitational wave studies based on the
detected signals. Furthermore, we believe that the sharing of ideas will also offer additional
benefits.

This MOA supersedes the MOU LIGO-M060038-v5 between VIRGO and LIGO, established in
March 2019. This MOA also supersedes the MOU JGW-M1201315-v3 between KAGRA, LSC
and Virgo scientific collaboration in December 2012.

Details of, and extensions to, this MOA will be provided in Attachments agreed to by LIGQ,.~
VIRGO, and KAGRA.

We refer to the joint bodies of the LIGO Scientific Collaboration (LSC), the Virgo Collaboration,
and the KAGRA Collaboration as ‘LVKC’ in this document for brevity. The three Collaborations
maintain their independent existence and may have differing (but not mutually incompatible) rules
and procedures in some domains.
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A DIRIK

O1 (2015/9/12 - 2016/1/19)

Masses In the Stellar Graveyard

in Solar Masses

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

3 BHBH

GW150914: the first ever detection of gravitational waves from the merger of two black holes more than a billion light years away

https://media.ligo.northwestern.edu/gallery/mass-plot
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https://www.ligo.org/detections/GW150914.php
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SEIDIRYIR
02 (2016/11/30 - 2017/8/25) After 02:GWTC1 (2018/12/3 released)

Masses In the Stellar Graveyard

In Solar Masses

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

« GW170814: the first GW signal measured by the three-detector network, also from a binary black hole (BBH) 1 O B H B H
merger;
* GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first event 1 N S N S

observed in light, by dozens of telescopes across the entire electromagnetic spectrum.
https://media.ligo.northwestern.edu/gallery/mass-plot
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https://www.ligo.org/detections/GW170814.php
https://www.ligo.org/detections/GW170817.php
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5 SR ERAIDIRIA
0O3a (2019/4/1 - 2019/9/30) After O3a:GWTC2 (2020/10/28 released)

Masses in the Stellar Graveyard

In Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

e GW190412: the first BBH with definitively asymmetric component masses, which also shows evidence for higher
harmonics
GW190425: the second gravitational-wave event consistent with a BNS, following G\W170817

GW190426 152155: a low-mass event consistent with either an NSBH or BBH 4 6 B H B H
GW190514_065416: a BBH with the smallest effective aligned spin of all O3a events

GW190517_055101: a BBH with the largest effective aligned spin of all O3a events

GW190521: a BBH with total mass over 150 times the mass of the Sun 2 NSNS
GW190814: a highly asymmetric system of ambiguous nature, corresponding to the merger of a 23 solar mass black

hole with a 2.6 solar mass compact object, making the latter either the lightest black hole or heaviest neutron star

observed in a compact binary 2 B H _|_ ?

o  (GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses
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https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/
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O4a (2023/5/24 - 2024/1/16) GWTC4 (2025/8/26 released)

Masses In the Stellar Graveyard

GO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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O4a
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O3b (2019/11/1 - 2020/3/27) After O3b:GWTC3 (2021/11/7 released)

Masses in the Stellar Graveyard
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O4a (2023/5/24 - 2024/1/16) GWTC4 (2025/8/26 released)
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A New Perspective on the Universe
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O4a (2023/5/24 - 2024/1/16)

https://ligo.org/science-summaries/

LIGO
LSC ) st | |
-cg'.?a“bg,'.‘;tion Science~ News Resources~ Collaboration- @ © Q -

Science Summaries

Foreach of ournew research articles, we feature a summary of the
paper’s key points written for the general public. Simply click on any
of the ‘[PDF]’ links fora downloadable file in PDF format. Translations

into several languages are also available for some of these summaries.

Most recent papers, and their summaries, are written together by the
LIGO Scientific Collaboration (LSC), the Virgo Collaboration and the
KAGRA Collaboration, forming the LVK collaboration.

Translations are a volunteer effort and different sets of languages are
available for each summary. Formost summaries, we list any available
translations by theirISO 639-1/1S0O 639-2 keys, as listed here. YOU
CAN FIND TRANSLATIONS BY CLICKING ON THE BLACK TRIANGLE
NEXT TO EACH SCIENCE SUMMARY ENTRY.

Jump to: 202520242023 |2022|2021] 2020|2019 |2018 2017 |
2016|2015 | 2014|2013 | 2012 | 2011

Translations

You cansearch for the key of your
language, in square brackets - for
instance [fr] for French - on this
page to find all science summaries
that have been translatedintoit.

e [bla]: Blackfoot

e [bn]: Bengali(Bangla /i)

e [ca]: Catalan(Catala)

e [de]: German (Deutsch)

e [el]: Greek (Ellinika /
EAANV (L ka)

e [es]: Spanish (Espanol/
Castellano)
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GWTC4 (2025/8/26 released)

2025

@earching for elusive ultralight dark matter
25-11-07 PDF:[en][ja] ja = Ezlggg

Qrobing the Universe for persistent gravitational waves
o)

25-10-29 PDF:[en][ja] ja = HA&:E

W241011 and GW241110: A pair of rapidly spinning, unequal mass black
hole mergers detected with gravitational waves
2025-10-28 PDF:[en][ja] ja — EZI:EE

an we detect gravitational waves from vector boson clouds?
2025-09-10 PDF:[en][it][ja] [pt] ja — Ezlggani

v Black hole spectroscopy and tests of general relativity with GW250114
2025-09-10 PDF:[en][ca][es][all[it][ja] [pt]

v GW250114: Cosmic carillon of chaos
2025-09-10 PDF:[en][da]l[el]l[es][all[it] [ia] [pt] [zh-Hant]

v GW230814: A loud gravitational-wave signal detected by LIGO Livingston

2025-09-09 PDF:[en][es][hi][it][ja]l[ta]

¥ New constraints on the cosmic expansion and general relativity with

gravitational waves
2025-09-08 PDF:[en][ca][ja] [pt]
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228, K AABO CHAERAH LD 1 FAOEF 0BT MESATWDE. HAD
KAGRA (° < 5) b 03b DB FBIENIC A - 72, O4 B A%, 202345 H 5 5
18 » HEIO VP TIThNhT\wb.

FHPA R M, B NEAHEHWT, GW150914 O CHis S b, O3a
LV, MABEMAGHIERE 2 o7z BHWA N> MEHRERHIR SR, SR
WRIGEBM AT RIS > TV B2, S E TISlIEAHSE S 720 id GWI170817 0 &
Th 5.

HHW L —HF —THEtoNE & Fon X
(B Z XN 36°W 1AL 5 F71Z 36° Daj & 2§53, )

Tt e | BEE (km) R HERE X - Y - i
LIGO Hanford y,NE| 4 46°27'19” N | 119°24°28” W [N 36°W | W 36° S
LIGO Livingston KE 4 303346 N | 904627 W | W 18° S S 18° E
Virgo DR 3 433753 N | 103016 E [N 19°E W 19° N
KAGRA HAR 3 362436 N |1371836 E |E 283°N |N 283° W

I EA ] (Observing Run)
L HA Advanced LIGO Advanced Virgo KAGRA
£ H H £ H H £ H H £ H H £ H OH £ H H
01 2015 9 12-2016 1 19 — —
02 2016 11 30 -2017 8 2512017 8 1-2017 8 25 —
0O3a 2019 4 1-2019 9 30 A —
O3b 201911 1-2020 3 27 [m] A (O3GK) 2020 4 7-2020 4 21
04 2023 5 26 - 2023 & & 0 Big 2023 5 26 - 2023 6 25,
2024 FIZ P

BBAESh/AhTIHEINZEAN N EBRWHENPE S 20273 (GWTC3) & LT 2021
11 AICRBESINIZDODPERFTOEIREA R AR TH5S.

GW150914 @l S M 7-BHJJPEFEEIE A X2 M. BBH OfFfE 2L 2L, K
i (Me) @ 3050 > BH OAFfE X Wb CTHERE L 72, GW170817 WIS
72BNS A XY b, BRIZZL OBEBHUNDPZIN, IVF - Xy I v —RILFDHND
TORIIBI L 7o 72, WD S48 52 h T2 o RE RIS 3 2 HIBR A%
BE prue=28%x10" g/cm® D 25 DEEICBIFTHETTE LT (2pu) =357 x10° dyn/cm?
(90% EHEIX ) TH B, yMPEHWEOE —2 & 1.7 BETHEHE L7122 &2 5\ =R
HWEONHED» S DT NOREGIZ 110 PN EHIBR SNz £/, WTH - RAMTBIT S

1N

N

N

N

L

X 80(156) PN )'a

EBEH S FEOBREIICERRDOESRE SN, B ITEAROEEL T v 2 VIZ
o TWAHI EZRIEBL TS, GWI190412 HOLNIZEENRDOEZL S BBH S DOE))
WT, EHEOBRE—FOBHEIZR I N7, GWI190425 2 F H T A X 172 BNS.
GW190521 #E =T AKD BBH T, 6 ZOEHEDN I50MEE LEZOLNSL. VWHW
A g m BH O HIBOBEMH RIEKDOPIOFEE & 72 - 72. BBH ODEKRDE 2 DK &
LFEZO5NTW5S., GWI190814 FEo#EAbd T ) F TIREBEEERASHWE & S b 2-5Ms
DEBEHEBO TN PREDNPSOENKREEZ ONDL. GW190924 Bife $ TTHR/NMNYE
#® BBH. GW200115 #I&TEWAEREE TNSBH 64k & L CHE I N/ A XV b,

WG IN/T-BD REIIUE (2023 4F 6 HHAE)

HWEOERE M, M, L2 XD, Fx—7HE M= (MM,)*°/ (M,+ M,) ">,
et (hRMED ) My/M, HHAYE Yy, WEWICIEE S 72 BH OB &
Mena(NS 2 S 3H B Ma=M+ M,), FHEE WHEISERE CEHE) (A0)%
TTFN - 24 R EIRT. WO D EIL 0% OIEHEX . (¥ L2 HAHIE.
BBH I22W T, GW190521 &£ SNR 25173 XD KXW DDA, )

A~y b (BBH) | M. (M) | B | x| Mua (Mo) | HilE (Mpc) | (A6)" | SNR
GW150914 286 “if| 086 | —001%G% | 631 i 440 1% 182 |26

GW170814 241 “ii] 082 | 007:B| 532 # 600 '3 92 |17.7
GW190412 133 | 032 | 0215|356 i 720 53 240 198
GW190521 633 i | 058 | —0.14%%%| 1474 R 33101 1000 |14.3
GW190521 074359 | 328 | 077 | 01 | 726 4 1080 3 470 | 259
GW190814 611 i | 011 0 % | 257 3 230 % 22 1253
GW191109_010717 | 475 ~ *35| 072 | —029°6% | 107 “i% 12904’ 1600 |17.3
GW191204 171526 | 855 03| 069 | 016%% | 192175 650 5% 350 | 175
GW191216_213338 | 833 4| 064 | 0117 | 1887 8 340 *1% 490 | 186
GW200112_155838 | 274 8| 079 | 0064 | 608 i 1250 “if 4300 |19.8
GW200129_065458 | 272 “% | 084 | 011%| 603 3 900 “55 130 |26.8
GW200224_222234 | 311 % | 0381 01 63| 686 i 1710 &6 500 |20

GW200311_115853 | 266 4 | 081 | —002%%| 59 i 1170 5 35 178
A~Y b (BNS) | M. (Mo) |HRIL|  xa M. (Mo) | Hi#ff (Mpc) | (A6)° | SNR
GW170817 L1868 | 087 | 0 Bf — 40 25 16 | 33
GW190425 144 36| 062 | 007:F | 34 150 i 8700 | 124
ANY b+ (NSBH) | M. (Me) |HHI| e M. (Mo) | HilE (Mpc) | (A0)® | SNR
GW190917_114630 | 37 (3| 022 | —008%%| 116 3 720 38 2100 | 83
GW200115_042309 | 243 0% | 024 | —015%% | 72 *¥f 290 “1% 370 | 113

BONEFFHRE HERIIOWTIE, FOEMKHEEIZOWT, BBH 3R TIREZ z
=02 fF 12 B v T 17.9-44/Gpc’/yr, BNS ix 10—1700/Gpc?®/yr, NSBH iZ 7.8 — 140/
Gpel/yr EREL ONTWSE. oI, WEREHHRISH LT, FHERRIIN L TED
WOZAINF—NELGITLEEE LT CFHZZANTF—AXRTZ PUVEIREL72H 2 T)
Qew<60x108 D FERAZE SN TW5S. HEE IO E I RIFEFEICT LT, BBXZ1
10 FE (200Hz D) OFERPESLSNTWS. T2, BEHIO NIV — 5 O
FEIWITH L THM A FESESNTW5.

— AT OMEE D AT, HdH BT A M TRTT, — GG r BN
FESELENEINTOEZENHEESEOMIIFEIZEL TRV, 5%, BREI IO
NTHERDER S F ) ABHLNIC A EMEINS, RN, SRR >
F U F R FTHOER R LD, EHEBISZ L DHARAED 7253 NS5 THA ).



fan
e

an
NE

HEFR2025 (2024F 11 B F5)

O X 79(155)
X 80(156) PN b B OO X 81 (157)
" /] L BRI PTHEINEIAN N ERWENEH» 073 (GWTC3) &L Wi I NzBd E P (2024 42 6 HBUE)
BEHROERERE —BAATHHGEICIE, RERTIa N7 b ERED M T2021 4E 11 HIZREBESINT-DOPERTTOENHEA R VA4 a 7 ThH5b. EROBES M, My & L7 X0, F % — T8 M.= (MM Y/ M+ M) "5,

GW150914 s AIZHE SN2 EH DB EEBI A X2 . BBH OfFEXH 5 2
2L, KBERE (Me) ®30RLL o BH DEAEZ WO THER L 7-. GW170817
Esz?)J IHE SN BNS A XY b, HELEOBEBMPZEIN, VT - Avk
VIV —RLFOHMDTORIIB L 7o 72 BHREIE»SE SN TED

HMEEEE T A EICLY, EHENEAT S, EHEEE LTLHEROAKRE
Pra@s, FEERNH RO ERKR, FH IR %2 o\ FH 22 H
PIEH/LTWwAELEEZLNSE. ThoDH b, F—7 L OMHMMITZEEICT 5
BETFHXATELDR, HEAGA»LOENKETHS. +HIZEAKRIIE=2—F

Helt (FREDI) My/M, FRAY Yy REWICER S 7 BHOE &
Mioa(NS 2 &8 A 3R M =M+ M,), BB, WEARERE CEHE) (A0)2
YITFN - A4 X (SNR) Z#RY. WEDBH 5L 90% OEFHENXE. (FHEI LI
HAHIE. BBH I22oWTid, GW190521 & SNR 25173 X ) KEWVWH DDA, )

AN RHIEZMAZZARA S - =2 — P VREICEY, SERRIIEH Y ﬁﬁﬁﬁﬁﬁﬂ#é@@df%ﬁmfﬂygwg@n@2ﬁ®ﬁﬁkbﬁéﬁﬁ A2 b (BBH) | M. (Mo) |ERI|  yu  |Mua (Mo) | Bil (Mpc) | (40)* | SNR
Ialb—=2aviliy, AURBET I 2R —NVBELBGAICIET Iy 2 k= & léf (Z,J‘Pnuc);l&?l? 19 }:dyné C%n jj(?O/yE'EF?XFHEJ)\,;&)Z; y@#ﬁgﬁz\@; B GW150914 286 M| 086 |-0017012| 631 3| 440 1 250 |26
HZOEIIZL > THHBLET VR /GONL. ChO6DET IV EENPETHRIT 4 - L7B=THR L2 C 27 (Fﬂﬂél“g%@?tl‘.ﬁ DTRORGE 1x GW170814 241 M| 082 | 00770%2| 532 32| 600 10 92 |177
, g L omEo ‘ \ 10 P PTFERBRES Rz 7 T8 - FIMCBT 2 6B S8 EoETES i o1 o o
BONLEFOMHEZELZ LT, HETT v 7 5k— (LLF BBH) R#EHH W OTEAHL &L B RE A DT LT © o RN o T2 = b Bl L GW190412 133 *05| 032 | 021%012] 356 48| 790 *200 240 198
. . 5 AN 7)> , A N ') b N
T2 (BNS), BLXUHHTE - 797 v 7 k- ViR (NSBH) OFHBEHRIZL S Wz GWI190412 ;}g%ﬁj BRI e % 7 BRI 706 0 ) I C. Ejj;)jig# GW190521 633 19| 058 |-0.14 *05.|1474 1001 3310 *2 1000 | 143
> : Fr S N - PR R e L -H =l +3. +0. +6. +
HEHBEOKE, BXU/IT XA —FHEEH 2015 FFELRTHEIC 2 - 7z, KE— FORIAEA S . GWI00A25 2% H 1255 5 17 BNS. GW190521 GW190521 074359 328 ~ *33| 077 | 01 g13| 726 83| 1080 % 470 | 259
EAROER hITIC, KKOL—F—TF#i LIGO, Virgo Ik - T, 03b WERAEA D BBH T, SEOERED 150MeMBELEZHNE. Wb Hil CWLBLE 611 §%) 011 | 0 G| 257 i 230 | 22 |23
‘ ol N . > Nl Y > : +9. _ +0. +18. +11
L FFitn s MINMAT £ C1c, BBH WIBO TS B, BNS Wil 2 1 e hrve s oA LU AR CE R T [
NSBH #4524, Ji 74" BH CHIZ AR % b 0 1 BloAFH90 Blasis Sh LEZLNTVA, GWINSIA RORLD S F U 4 TIEIEERAREE %2 GWIDLOLITIS20| 856 ~gze| 072 | 16005 1918 ~oma) = 040 0 | 3007 174
3. HADKAGRA (95) b 0b ORAIIHBIMIZAS 72 O4 Bl 2SO (R x 7 7) 027757 | RIDSORNE 53 0%, ootz oo s o5 | 079 | ooots| o8 05| 1m0 | s |10
- 2025 I P frbhEas. | {} - GW190924 Bife 2 TTheMHE D BBH. GW2001L5 #1% T i\ g 2 T NSBH Gﬁé%m_oema 27.2 21 0.84 0.11 ou 60.2 - 890 a0 130 26.8
bREr EANWANY M, BHSHZEAHZHCT, GWI50914 OB THH SN L. Gfke LCHE SN A~ b, GW230529 181500 LIGO Livingston T 0 i ] Tl w013 | gay 17 0 |
‘ NI . . o . -~ N o GW200224 222234 (311 33| 082 | 01 *013| 687 67| 1710 T30 500 |20
038 EJ] J: b ’ Bf?ﬁﬁ"i’ﬂl] X.fu%ﬁ:ﬁ IEit & o) f_. ij](&’f N/ ]‘ &iiﬁiﬁﬂiﬁﬁ II:EI é 7“«71.75‘, 1.2—2.0M@k 2.5—4.5M@@:@.§5 l:l’legf, jf”i NS @Eivﬁiﬂ&tﬁ"fmﬁ GW200311 115853 126.6 J_r% 0.81 —0.02f8%6 59 tég 1170 tigg 35 (178
Woh, ZREERIGEBNATTERICZ>TWwEA, ThE TIREEIFES FEEF Yy THBETH LI 0D, Odafflof X¥ e LTHBES N, - A - o ;
2 DIz GW170817 DHTH 5 ARy (BNS) | M. (Me) |EEL Xeit M (M) | Hi#E (Mpc) (AB) SNR
BONARFHRE MERICOVTE, ZOAKEEICOWT, BBH i3k GW170817 1186 “goni | 087 | 0 oo —| 40 i 16 | 33
EHB L —F =T HErONE & o & W68 2=02 FH3 125> T 179 - 44/Gpc®/yr, BNS 12 10— 1700/Gpc’/yr, NSBH 12 GW190425 144 10fF) o2 | 007 34 ) 150 1P 8700 | 124
(B ZIEN 36°W 1Zdb 2 6P 5 36° DI & 2357, ) 78-140/Gpc®/yr L REED SN TW5b. ZDEHdh, BRENKRICH LT, FHE {~Y b (NSBH) | M, Me) |EE| M: (Mo)| Hi# (Mpc) | (A0)* | SNR
F¥at Fifed | Bik (km) g R X- b Y- RBICH L THNBEDOLANF =D HE5THHEE LT CPFHAZ AV F— AR GW190917_114630 | 37  *02| 022 |-008%02| 118 *39| 720 *3% 2100 | 83
LIGO Hanford X5 4 46°27'19” N |119°2428" W [N 36°W |W 36° S 7 MVERELZD ZT) Qew<60x10* D EEIHE LN TS, #HEE KO GW200115_042309 | 243 *0%®| 024 |-01579%8| 74 *17| 200 *120 370 |11.3
I\‘,I.GO Livingston @ g 2(; 33732 E ?g gg i‘g IVEV IV\IV ig}sz %Vigg FEHWIRIEIH LTI, BBLZ1IXI0”HE 200Hz £H0H) O LBEPELN GW230529_181500 | 194 2% | 039 |[—01 *%12| 51 *06| 9o *102 — 116
irgo , . LA s B 0 LT U 17 % ;
KAGRA H A 3 369436 N 1371836 B |E 283° N |N 983 W :CC:: ;j T2, B0V =0 OEBE P L THMEL I EERELN
EIEAM (Observing Run) *ﬂ“*ﬁi}‘ PR OMEAE L IThN, ¥HbHT A MTRTT, —BHASEIHR»S
iRl Advanced LIGO Advanced Virgo KAGRA FTONLTELBUMINTVLENWESTLEOMICFIFIIEL TRV, 574,
% A H 4 A H % A H % A H # A H 4 A H %ﬁﬁﬁ%? WONTHEERDIEK Y TV ADPHLNC 0L EBHFEIN5,
8; gg;?g-%Péég o1 813M78% — Rk, SUTREK Y ) R0 THEOBRE LIS, EHEBIHN»S%
- 2017 7 - - S - 3 2
O3a [2019 4 1-2019 9 30 Al — (OHMRABIHINLTHS .
03b 201911 1-2020 3 27 [\ A2 (O3GK) 20204 7-2020 4 21
O4a 2023 5 26-2024 1 16 — 20235 26 -2023 6 25
O4b (2024 4 3-2025 6 9(F&) A% 202441 L 17 ]

l KA&PA I'F. Pg&:ﬁ_@@(chz 5720-\7 i\ 202‘9‘??7757

BlRez 2015830 . §a:dy = B3

A
P

fos

T R $2025_02K X _078-090_indd18-5. indd 157 2024/08/02  11:33:52

R FFR2025_02K32_078-090_indd18-5. indd 156 2024/08/02  11:33:52
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HEER 2026FhR

B 7 I 2025-0825v4 B H - EE R
8 AICH7=#IF1Zxt 3 2B IEE AR - JBRcE T 2 R TS

SIEOEREE —BAE R I LAUE, KREETa Y 87 bR g &)
THZrIIEY, EHEIRET S, BRI L TOHEE DSRS0 2ER, FEERN
R EOERMERL, FHYHNGERZ2 D OB NENFHEMEZLGEL TWEIEZIOLN5.
INBEDSB, T—&XE OHBENT R BEIC T 2 IRE TRINTE 2013, #HEAKNLSDE
HETH 3. TRICERENE= 2 — RN EZ A 2RA S « =2 — b VER
Wb, EREIREEES I 2L —alickh, ERET T v 2 R—APEL ZEEICIX
75w 7 R—NARZEOBENC X > THIHREETANELNS, INHDETILEENRTH
HTELNZEEOMHERZ 22T, HET vy 7 k—L (LK BBH) S#EEHFHTE
(BNS), BXUHNHTE - 75 v 7k —#E (NSBH) OGAHRIHRIC K 2 EH DML
BIU, 7 X —XHEED 2015 ELLRATEEIC TR © 7=,

FIEOER ZhFTig, KKDOL—¥—FEF LIGO, Virgo IZ& > T, Oda & X
N EBPHARR T £ I, BBH BRIROE D 169 #l, BNS #7203 2 ], NSBH KA 3
B, F52 BH THADBAIRZRS D 1H], /52 NS THEDAHZS O 14l O&F 176
B, PRD AT X=X EDT MEZINTWVWS., HEAD KAGRA (72<5) 3 03b Ok
BRICHFBEENC A 572, KAGRA ZEEEFLEHETOX X —I 5L T 2025 4E 6 A
BHEEBE L. O4 8ENE, 2025 & 11 HETiTbihz. 20k, HAEHPOTHFHIEE
[ EDDHDT7 v F 7L — REITW, O5 BlHllZ 2028 £ X HiThbiLs.

HRARY ME, Bl EAHZHWT, GW150914 OFE T . 03a ik
D, R EMA 2P IERE o7z, BHHEA XY MIEREFDE S, ZIEREE
BCEBEBIDSATREIC IR o TV B DY, TN E TIZEDFIE S N72DI1X GW170817 DATH 5.

B —Y —T e OB & Fom &
(B Z1E N 36° WX, db25FE512 36° DRIE 2157.)

TUBET e Bik (km) #fEE TERE X- i Y-
LIGO Hanford KE 4 46°27'19" N 119°24/28” W N 36° W W 36° S
LIGO Livingston KIE 4 303346 N 90 46 27 W W 18° S S 18° E
Virgo R 3 43 37 53 N 10 30 16 E N 19° E W 19° N
KAGRA HA 3 36 24 36 N 137 18 36 E E 28.3° N N 28.3° W
B (Observing Run) HAfHE UTC &R
EHHA Advanced LIGO Advanced Virgo KAGRA
£ H H £ H H £ H H £ H H £ H H & H

O1 2015 912 -2016 1 19 — -

02 2016 11 30 —2017 8 25 2017 8 1 -2017 8 25 —

O3a 2019 4 1 -2019 9 30 Al A2 —

O3b 2019 11 1 -2020 3 27 [El e (O3GK) 2020 4 7 —2020 4 21

O4a 2023 5 24 —2024 116 — 2023 5 26 —2023 6 25

O4b 2024 4 10— 2025 128 [El /2 —

O4c 2025 129 — 2025 11 18 Al A2 2025 6 6 —2025 11 18

BHAINI-HPTEHEIRZIARYE Oda FTORERZF LD ERNE RS X
0274 (GWTC4) | & LT 2025 4% 8 HITHRREINDDVEHDOENPTA RV AL
THh 5.

GW150914 RANIHE S NT-BEIREZEBHIA X2 b, BBH OFERZHL 2L, KGE
2 (Mg) D 30152 ED BH OIFEZHID THERR L7z, GW170817 FHNIHE S 4172 BNS A
N b, BRRIZZ L OBEHIN LR EN, LF X vty Iy —REDHDTORIE L o7,
B 5158 & - ik T B OREES RT3 2 HIRIZEEE poue = 2.8 x 10Mg/cm?®
D 2 fEDEEICBITBENE LT 2pnue = 3.5727 x 103 dyn/cm?*(90% SHEIX[E) TH 3.
VIRWENFEOVY— 27 L 1.7 ETIHE LI 25BN EREEOEED S DT hod|
AlX 1 x 107 IR HIR XNz, 72, Al - FRAMSB T 28805 58 EOETCES
OB R SN, rBfE TRz AROEELRTF v IR TWE I EZRB LTV,
GW190412 FHS B EHLD K Z 7 BBH 225 DE NPT, EHHOERE— K OBH D
A SN, GW190425 2 FHICHE R X /- BNS. GW190521 SiA% DFRE &H 150M
FREYrEZ 5405 BBH T, Wb HiEE BH OMEBOEMRIKOPIIDOFER L 71 - 7.
GW190814 B DS F V) A TIEIARJHEL SN b 2-5My DEEMEE (BEX vy ) Dav
R NRIEPSDENFEEEZ HNS. GW200115: #1H TEWEE T NSBH &1k LTt
HE N4 RV b, GW230529_181500 LIGO Livingston TODAMH X7223, 1.2-2.0M¢
¥ 2.5-45Mq OHEEESIKT, —HIE NS OEEHEBEPGIZEEX vy THEIITH 5.
GW230627_015337 #RE&D 5.78 Ms DE/ND BBH. GW231123_135430 #AEED K
® BBH T, &BROEED 190-265Me EHESIND. —HDT T v 7 K= MINAELE
EHEICL2EREX vy T2BASMBRRKEEDDDTH D, MFOEEIFEEX vy I
WKAD, WAL bIEWHIEZE D HEEXNE 25, GW190521 & [FHEEIC BBH @
52 MROEHIREREINS.

BONTRPEMNRE HERICOWTE, ZOAWEEIZOWT, BBH ZRGIFEE 2 =0
LIz BNWT 1426 /Gpe® /yr, BNS 1 7.6-250 /Gpc? /yr, NSBH & 9.1-84/Gpc?® /yr &
RN TWS. ZoiEh, BRENFICH LT, FHFBERICN L TENEOZ L F—
DAG5 T 5EEGL LT (FHRZAALF —ARY PAZRE LT ET) Qqw < 2.7 x 1077
DERBESNTNS., HiGENHEOENRREICH L TIE, BBXZ1x1072 &E (200
Hz D) OLERMESNTWS. £/, BEHID LY —7 5 O E RIS LT H1HE 4
W ERBE SN TWS.

—RAEMEFRER OMGEE D ITON, D BT A FFRTT, —BENEER»HEHNE T
SLBHENTOWZENBES L ORICFEIZELT TRV, 5%, BREIHEITICONT
HEROERS F VU ADBHS 22 Z e IS, FERINCIX, SBRRERS F 1 4
PLHUEHFHEOEFR L LIWCH, EHFEBHLLZ L DHRN S -6XNE3THAS.

WX NFBHIREN (2025 F 8 H BiLE)
HEOERE M, My £ L7z ED, Fv—THEE M. = (M M)*® /(M + M)/

wmit (PFR{ED L) My /My, BIMAE Y Xen,

=

9y ==

RAEINCTE R S 72 BH OB & Mina (NS

2aUCHEREEE My = My + My), R, WRIERERE CFTE) AQ, ¥ 7)./
A4 Xtk (SNR) 2R3, IROD % EIE 90% OFHENXR]. (FEZ L ICHMIE. BBH IZDWT
1%, GW190521 & SNR 2 17.5 XD KREWVWDDDA. ) 4 N MAIRFIEHHFEM, 14X

> b HFRFITHIBR.

A>T (BBH) Mc (M) HE X off Meinal (Mo) WEE (Mpc ) AQ SNR
GW150914 28.61_1'; 0.86 0 014:8'&3 63.11_:;'.3 440J_F1§8 250 26

GW170814 241111 082 0.071012 5327132 600t 150 92 17.7
GW190412 13.370% 032 0211022 35.6177%% 7201239 240  19.8
GW190521 63 3451?1:2 0.58 0 144:8'.25 147.445‘;2:8 33101%23 1000 14.3
GW190521.074359 32 8*_‘3:2 0.77 0.1W_L(0"é§ 72.64_'?5 10801_223 470  25.9
GW191109-010717 a7512% o072 0207022 1077180 12001 [ 180 1600  17.3
GW191204_171526 8 56—_i_8'éé 0.72 0 16__’_8'.32 19 1845%:;; 640t3%8 350 17.4
GW191216.213338 8 334_'8'%3 0.64 0 111_Lg"82 18.871’%:2; 3404:123 490 18.6
GW200112_155838 27.472:%  0.79 0.0610-1% 60.8753 12501350 4300  19.8
GW200129_065458 27 thé 0.84 0.1142811% 60 zJ_Fé'é sgofggg 130  26.8
GW200224_222234 31 1"_’3:2 0.82 0 1W_Lg'ég 68 74_'3'; 1710f228 50.0 20

GW200311.115853 26.6120 081 0.0279:16 5ot 18 11707380 35 17.8
GW230627.015337 6 024:8.33 0.70 0.02 J_rg..gg 13 54:8'.2 310J_F(1”(3))0 99  28.7
GW230814.230901 26.8 "_‘8:2 0.85 0 Olig:gg 58.94_'1'8 2004:183 25000  45.9
GW230914.111401 39.8T75 0.0 01192 9157139 260011599 1600  17.7
GW230927.153832 16.4 J_Fé:‘l 0.75 0.02 J_rg'.g; 36 6453'& 1200J_F‘é88 270  21.5
GW231028_.153006 62.0 4_‘1?):8 0.54 0 4W_Lg'; 1451?3l 41001’1383 1200  22.9
GW231123.135430 102 J_Fil)j 0.75 0.34_“8)'3L 225J_Fi§ 22007:1288 1200  22.6
GW231206.233901 28.1 J_F?:f; 0.76 0.054:8&2 63 oJ_F4'; 1500J_F§88 310  22.9
GW231226.101520 32.5 "_‘}g 0.88 0.09 W_Lg:gg 71.5tg:é 120041383 150  40.7
4>+ (BNS) Mc (M) il X off M4 (M) PERE (Mpc) AQ SNR
GW170817 1.1861_8'.881 0.87 J_Fg:g? - 404:1'50.0 16 33

GW190425 1.44418:83 0.62 0 07W_Lg:gg 3.4418:? 150W_L23 8700 12.4
4 XYk (NSBH) Mc (M) HEt Xeff M4 (M) PEEE (Mpc) AQ SNR
GW190917_114630 3.74:8:3 0.22 o.osfg:ié 11.81_?2".0 720J_F§28 2100 8.3

GW200115.042309 2.43458:85; 0.24 0.154:8:32 7 44:}'.7 zgofigg 370 11.3
GW230518.125908 2 804:8:82 0.17 0 01418:(1’? 9.4418:; 240J_F1(1)8 520  14.3
ARV b (REEX vy 7REZZT) Mc (M) Bt Xeff M4 (M) BEHE (Mpc ) AQ SNR
GW190814 6.11t8:8§ 0.11 oJ_rg'.g; 25.74:}.3 230f48 22 25.3
GW230529.181500 1.944_'8:83 0.36 0 0541811?) 5.04418123 QOOti(l)g 24000 11.8
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N DEDREA Future Plans
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