BHXbtEYY— 2019FE

FHITECETTHEANZL

4H25H
5H23H
6H27H
B25H
3H29H

9A26E

I'I'

AXFEFHYER SHATNOEREETTOERHDAIE
_Z/:Epixﬁtjtl?@—?\é’*_z BRE | tIkAEREIEREDONS D ?
EETTVIR—ILEKREREIRA | #ESHBIIAID L ?
BHEBREFEHR 6 20/ X—I THINEIEEREFTH
YHFH ERNFYIE . SRTETILHIEL By JINV LLE]
BEOREENEG : 749294V ECETIELLIVDL?

BHHEEFH (LA OZHE)
AR TEAS [SHRRIZE 2

HE) | ZZFRZFE FEFEENERD
IB{LFHTPh EERRE

http://www.oit.ac.jp/is/shinkai/mainichi/




"for decisive contributions to the
LIGO detector and the observation
of gravitational waves"
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http://shop.nationalgeographic.com/ngs/product/maps/wall-maps/space-maps/the-milky-way-map%2C-laminated
http://shop.nationalgeographic.com/ngs/product/maps/wall-maps/space-maps/the-milky-way-map%2C-laminated

S2 orbit around Sgr A*
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www.phdcomics.com
"gravitational waves explained”
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1 —)\—
Joseph Weber

[FHIECTTHASNIZN] [5E6ll] ENKREENER

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 wavez.
His result was never replicated, and was eventually rejected by
nearly everyone except Weber himself. Nonetheless, his work drew
many other researchers into the gravitational wave field.
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BEEREFEDRER (1974)
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http://www.nobelprize.org/nobel_prizes/physics/laureates/1993/illpres/discovery.html
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BEEREFEDRER (1974)
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BEEREFEDRER (1974)

"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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AU, LIGOSTENGE) (19926FE%:3)

Laser Interferometer Gravitational-Wave Observatory

https://mediaassets.caltech.edu/gwave
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Puddle Interference The concept of interference shows up in
everyday life in bodies of water, from puddles to oceans.
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AU, LIGOSTENGE) (19926FE%:3)

Laser Interferometer Gravitational-Wave Observatory

https:.//mediaassets.caltech.edu/gwave
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KAGRA (H'<'5 : XBKRENKREI1=TR)

Kamioka Gravitational wave detector, (Large-scale Cryogenic Gravitational wave Telescope)
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Super-Kamiokande  http://www-sk.icrr.u-tokyo.ac.jp/sk/
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20198HEILICT, KAGRA Face-to-Face meeting
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VIRGO KAGRA LIGO

Jo van den Brand

Albert Lazzarini
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Patrick Brady

Stavros Katsanevas
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“We had detected gravitational waves. We did it. ”
“Bal3, ENRERLELEE. ©OEITFREDE.”

https://www.youtube.com/watch?v=aEPIwWEJmZyE
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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/GW170104.php



https://www.black-holes.org/
http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf
http://ligo.org/detections/GW170104.php

36Msun + 29 Msun
DBHA AL T 62 Msun [ o
(3 Msun>DEEHVE %) ey

observed by LIGO L1, H1 duration from 30 Hz ~ 200 ms
source type black hole (BH) binary | # cycles from 30 Hz ~10
date 14 Sept 2015 peak GW strain 1x10?%
~r \[/ /_ time 09:50:45 UTC Feak displacement of +0.002 fm
-I 3 — 9,_5' likely distance 0.75 to 1.9 Gly interferometers arms
/L,\ 230 to 570 Mpc frequency/wavelength 150 Hz, 2000 km

at peak GW strain

redshift 0.054 to 0.136
peak speed of BHs ~0.6c
(4 O O I -I ; O M p C) signal-to-noise ratio 24 peak GW luminosity 3.6 x 105 erg s
false alarm prob. < 1 in 5 million radiated GW energy 2.5.3.5 Mo
false alarm rate < 1in 200,000 yr remnant ringdown freq.  ~ 250 Hz
(Z — O . O ! I’4-_0 . -I : ; 6 ) Source Masses Mo remnant damping time ~4ms

total mass 60 to 70 ; 180 km, 3.5 x 105 km?

remnant size, area
primary BH 32 to 41

secondary BH 25 to 33
remnant BH 58 to 67

consistent with passes all tests
general relativity? performed

graviton mass bound <1.2x10%2eV

mass ratio 0.6 to 1
coalescence rate of

2 to 400 Gpc3yr!
binary black holes inve

primary BH spin <0.7

secondary BH spin <0.9 - -
online trigger latency ~ 3 min

remnant BH spin 0.57 to 0.72 # offline analysis pipelines 5

signal arrival time arrived in L1 7 ms

delay before H1 CPU hours consumed 50 myllien (=20,000

PCs run for 100 days)

EhKRhREShc

Eﬁ,&h mMT g T‘_ papers on Feb 11, 2016 13

B H h 7.?7— b T— ' resolved to ~600 sq. deg. # researchers ~10i?10{ 582;::,?;:20“
« =

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10’2 km; Mpc=mega

B HEE# 7.?7— b 7.: ! parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10"15 m, Mo=1 solar mass=2 x 10% kg
HEXTEFRDEOMEE E LTIEL W !

likely sky position Southern Hemisphere

likely orientation face-on/off




2016%

L
N

. LIGODWNEDRZ/HTHREUIL, ERFUE

2016/2/13
'®E, 2016/8 BHAH 201672/



i

3

B3I =249—2

INKIE R

A
AE

R [E

3
I\

VF—

201 7F1R€

Bh—00 XONEN 1100 1FUELHSLEHES | EMA0° URVERN HOES (B~ o) L4 Q7 HE
SR@PRNOEEY ] - [B] SR wE O 9R H KR | BYR IR (BE )

[M] BEEEEEHEEUSEONEHPE0° HEEHCEHEVOROFKER +PERUGIIE WDhd [y
SONEVREVSONONSRERSSTEEYE HESLDLEHC | BUOoOMe | BEORBRUYNE O LCEERH
A0 DA FRERUIO0Y TERE[ZME] U DOERDBINL S0 P OEE SRR A S 0 R
(VB0 RIEC RECHEVEKE ANHEKUOKERHH LB IVLEO LSRR 10n | |+ HR
LB EHENCBECLLUIMH0Y T IERHERUED OVIULS0 L 1O BHCEEEERVSPERY
BEOFE0° | 8L QIHEKEREH — HIECHUURDOSMNDUKRE O S O LEPEK°

(O] 81 I KEEKENE THREY S 0N ENBEED0 N KUSEH ZHEEEY SO0+ DERE
K D TN D0 U S AR REO P RS | |- HRES SR RS R BO 20611 E— N ALEE
SRV O M L0 i 306 M0’ BEOEIIEN RNVOYNMEIEE HEESIGEUHT v DL
EEWKS T REHCRNEENR L CEESRE U0 Uil 20

(] +RERE01 [+ HREF LEDPBEHVSNUACRELE SNV UAZEROPRIEVEDS N QL — RiES
HEUQEEDVE K ORRVE O VS [£0 VZIN] UIAK O—RARBERVEIOBLER R0 D& |+
REH CL Y — HEHEEEESHHLSOFE0 BLOTH—HEVT THOHEANEED FEVEERQUIN
NACRERLRD HEEOEUKEPHHDMIKERLEOTD WO PUN KL< HEVE DTS MK
&< BEPORROERUEERREON I WOEK K 0v<ENER MO0 M HLESREAS O LIKOH
FBUEBIA0HNLLO VLR EEY 2 —MECLOTON<HER<E LMWK LK S VPO OELV S

RO Zih—RERRO Y WHBVHATPREAR LLLSCmY SHELIEEGREVOMEINLPVR® o

(3e)

REeREBE2AN )¢ DERBED REME ERRESSURVOEPKER’ B or[#0 VRN VI nKO—
RACERRDEEORR RV RERVERE R U NRLERRRH I ENR SR 200 DR

(=] 28" ZWRBKLVOM[H0 URIN]USNRBUSDAURLD NEHNI[EFRERVENIRIVINESS
DR EHFURPOERGEER OHKE LEFRXERUSLORIOMERT 1)NE0E K<O | REK ¢ CRIRECHE
Xe' THEWNODNIOREVINREORFMELI SO0

[3] QN HERY | MWD LORESEUIIE NoANKUVARG TIALR0" T1A LUt S E I ST
REEM S0 <EREVHEOBOTOUEEY BESRVENR DYWORMEENY N NEXAP0® <ECEELH
27 <EOZRQOUHBNL EEAOMEOPVER D& CHENKBENEKMENYHRS BRUEROMDS
AL VERPRERVEO P20 NDAKVUARTY REPE 3R HERUSSOLHAWED V0L
SNINOEETR—AUFHRERPIRUIN WO 1SN BRROLTX—NVHJWBEL Zh R
OUEBOREVSNES T X— N PENOS MRS EHRTOVKETH R0 UL 0 UEKSREN
O WRENPOAKBOH S VRRERHATONEOWVIN MK HEEUEMSHREY S0 v-X— NG
AOEOKAR DR BHANN DR EUSER0H0 SBELKO LI ( SRERED | EOLHES
VESAQEHAUIOTX—AUERRL O LN IRNR°

[©] M2ANKVUNRORIRES ZHNREOH S LNRC [KEVREONERCRAV I OES X~ | MEH S KB
BON BRIV KHORIOSE MO HVPRI<EYR—N] NHOCTI AT T R—in DE o R0 UM H
EOLSPER WOl EHHAOPNOHKLRHREVEV RESHHOUL HE CEHHUIERUHD v E— KK
ARY—WHIKD THHOES OHERGHVEFIPRNRBRP 0N HERED REEDKRIVIL 0L
AT TRRERAMHOM 210 VNEOE U OUE 8 .

(] ORBONE—KKRARY—6 | ERHLHN | RKRFUDH—L—8" +1 | #CHTNE D MERONKEREY

(2601—4)

(2601—5)



i

MBI —v 3y

INKIE R

A
AE

R [E

3
I\

VF—

201 7F1R€

. Fp FRT s TN\ e Nt TN Vo N TY V'Y eSS R T ATy 'Y VPN Fae e TARTRNG A=TRN Y mie Y ANV HO IV WV Y

D= ARELLA~IHODO P IRRAVRWEROS OISR
)

1)

FORBOUNLE—NXKRARY—8 | ERRLHN | REKFUDH-T—R" +! [ #HSHDISDPEROLHKKREW

(30)
EI ERECENUESRONVER SN NS NLLY TEM-RERERSILES ERZECSHRENRVOVE

FUHONOR0 IOEFURIP KEBUCHNLUBVHLOMINZVINEREEK S AEXKK R
DH — % — QIR WKIM0160 T — b L AL VR VERRI0R S HRV AR OB S TR R4
EBVRNRIDO M0 KESLBHUEREeNVE DH - —SREREOMRD 1SN SKnSEOEREL
BEOHIUSNHERERIULE DR KERTNOAENKORUKERAD ¥MEDH — L —SEBOUE
REQEEHPRUINVUREORUISLT NOHEXKKCRHUY O MEBIOSKERRSHNVYWUAR PRI
*

(0] HHEKFOBLOLLE KKWPOELRRHVUSHNBRRULNRRLE MRS WRVLIHARERE KR
AT TR DRORKOEH IV S MWnTH I UREKSS ERECHE VO N HRK U SR BRE 1
RUIKRERRLEDLIOPRE” EREREINVLLT HKBERLCR WRULEREREINSLDLE XK
BRRHCE" DRIOMWLESES BREREEFRIUNEIAD HONSOKKLOVER ERKESERVINR
OIRESSRY EAN PROVVENLS ERERBEFPORUNEVEONEY ML UEIREVL OO
0850 DED WORBME N MESSERVULKSHDLY RERRNLTLACE N LAUNEELZ0MI O
A0 MSNNERADRY ERESSERAVINIVBLZ0HS )" NDAKUUANRIE S 1N SERD [KE
WO HEK) Uk 2 0°

[c] BRECEFUROPE 1SHNMEEREHD WOREMRHLKHFORKBERIN TRV EOULEEL 0
(R SHHOFEHRER)” RE CREFCCHMERTMN N EDUOM EHNCHERRWSEWNE O MEHELE
W OVESE ERECRENEREUNIS OO NHE SREUMERECEEA OV WSS HUKE L0

BYODOS NI HE NN EINKELOEER RHHOREMEKOINVI NIV

(2] P2AKVUARE DEHNBE—KKRART—RAUL [H 0 U0 EHVRFL0SM0R° BHHRENS |

(2601—6)




GW170814

X7 LIGO 25 &,

[=] B R1 [ BT

3—0v /N VirgoD38D

observed by H1, L1, V1 duration from 30 Hz

source type black hole (BH) binary # of cycles from 30 Hz
date 14 Aug 2017

time 10:30:43 UTC

online trigger latency ~30s

credible region sky area
(with V1)

credible region sky area
at L1 8 ms before H1 (without V1)

signal arrival time delay A o Dara a1
an ms before

latitude, longitude

signal-to-noise ratio 18 (at time of arrival)

false alarm rate = 1 in 27 000 years sky location

probability of noise 0.3% *RA, Dec
producing V1 SNR peak

Peak GW strain (1022
distance 1.1 to 2.2 billion (H1, L1, V1)
light-years

peak stretching of
redshift 0.07 to 0.14

interferometer arm
total mass 53 to 59 M, (H1, L1, V1)

primary BH mass 28 to 36 M, frequency at peak

GW strain
secondary BH mass 21 to 28 M, wavelength at peak

mass ratio 0.6t0 1.0 GW strain

remnant BH mass 51 to 56 M, peak GW luminosity

remnant BH spin 0.65 to 0.77 radiated GW energy

remnant size

139 to 153 km remnant ringdown freq.
(effective radius)

remnant damping time
remnant area 2.4 to 2.9 x 10° km? ping

focti . consistent with general
effective spin parameter -0.06 to 0.18 relativity?

effective precession evidence for

dispersion of GWs

Parameter ranges correspond to 90% credible intervals.

] unconstrained
spin parameter

~0.26t00.28 s

~15t0 16

60 deg?

1160 deg?

45°S,73°W

in direction of
Eridanus constellation

03"11m, -44°57™

~6,6,5

~%1.2,1.2,0.8 am

155 to 203 Hz

1480 to 1930 km

3.2t0 4.2 x 10%
erg s’

2.4 to 3.1 M
312 to 345 Hz
3.1to 3.6 ms

passes all tests
performed

none

L1/H1=LIGO Livingston/Hanford, V1=Virgo, am=attometer=10"'® m, M,=1 solar mass=2 x 103°kg

Background Images (H1, L1, V1 from left to right): time-frequency trace (top), sky maps (middle), and time
series with reconstructed waveforms from modeled and un-modeled searches (bottom)
* Maximum a Posteriori estimates
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GW170817
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and v
relative to the time .. of the gravitational-wave event. Two tvpes of information are shown for each band /messenger. First, the shaded dashes represent the t
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GWTC-1: A GRAVITATIONAL-WAVE TRANSIENT CATALOG ... PHYS. REV. X 9, 031040 (2019)
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FIG. 10. Time-frequency maps and reconstructed signal waveforms for the ten BBH events. Each event is represented with three
panels showing whitened data from the LIGO detector where the higher SNR is recorded. The first panel shows a normalized time-
frequency power map of the GW strain. The remaining pair of panels shows time-domain reconstructions of the whitened signal, in units
of the standard deviation of the noise. The upper panels show the 90% credible intervals from the posterior probability density fu?(@
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Deci-hertz Interferometer Gravitational wave Observatory
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Interplanetary Network of Optical Lattice Clocks

&

&

FHEBRAT—ILT

SX75 R LERAED
ENRHRETE @

FEERH
BARDOBERT S v & h—L LPRR, HEmT |
BB S BERIGAIEZ U TNz ER

BEEGEHA [FHEILEIEXTEASNLN [5o6lol] ENREENER 2019/9/26 #HHBEX{Ltz> 4 —(H#MA) 8



B NRRNFTEHDINS ?

T DRMEDE
—g-  K{FYNEF

I SYOIOR—ILDGFEET SENENIS
g — AR IR SR ODAREIE
RE-FEEESHEDMND LN
—g-  [RFIZDIRETIE

AN NAE - #i5
- FERESTIV - BRI SY IR—Ib
FHR/\STA—F
BRENROFE

- SENRETIV - FEUHETIL

BRF [FHEILEZFTHASNLN,] (el EXKREEHER 2019/9/26 wHXLtz>4—(H#MA)



ENRRXFE TR DOMS ?
EATERWIE? =P fOH, RE5RT. . &h



HeH-REE K X Th
HOSHO




