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Zooming in on the Centre of the I\/Illky Way
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Theaﬁfét black hole candidate discovered
in 1972, is part of an x-ray binary system,
orbiting its visible companion HDE 226868.
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Core of Galaxy NGC 426l

Hubble Space Telescope

Wide ~ield / Planatary Camera

Ground-Based Oplical/Racic Imags HST Image of a Gas and Dust Disk
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g7KR XDFESR (1968/70)

) ap—/ =
Joseph Weber

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 wave2. 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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% The Nobe! Prize in Physics 1993

Russell A. Hulse, Joseoh H, Taylo~Jr

Share this: AR ) 25

The Nobel Prize in Physics

A

Russell A. Hulse Josephn H. Taylor Jr.
Prize share: " /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”

"SEHICOWTOFLWAERZRW:, FHED
NILY—DHFERICHLT"

ENRDFED

——
w
S
@
~—
=
e
=
o
-
-t
o
<
@

o,
—
o
'
.~
L=
w
v
i
—
)
-
=
~
-

Line of zero orbilal decay

General Relativity prediction

|
1980 1985 1990 1995 2000 2005
Year




ENRDOEFEDRZERICIED O SN,

i EHROEESAE LW !
T .
E%i , HEEDPMHFE
T \ .
T BEET DY IIR—I

Inspiral Merge

\_"\:\
Vi f Y
‘l ‘n \ ] -l '
\\":\:‘ \—’

.E\/\/V\/\/\/\/\/\/V\nfm
51 AR

BE DAL AL ZIERHED) w“'”
— = TN h .
- 1 [ I N T T T B 1 L a1 1 [

—29 —20 —15 —10 —5 0 5

RFE [SUFS] SEDRE



7297K—IDEEIZTAL—-T3Y

+

!.

AMIRICAN

ASSOCIATION 1OR THE

ADVANCIMENT OF

SCIENCE
10 NOovimatr 1995 $7.00
VOL. 270 « Pacits 385-1088

(90%

SV IOR—)LOEEREERINE

2 DM

I

=X, NCSAZIL—7)




7§V7$—w®ﬁﬁyszb—9av

- ,
' >
. . b e
. -

)
NCSA-AEI group (1998)



contents

EBARER

Einstein®#% U100 UDERE

IS -ENRK
L—Y—F&FH5tD L << &

=

S JIRANRY b

LIGOVIL—THFER U fc4DDE

-

3 IR ER A DT H
FHZR TOEDKE A
ENRSAD SAD LD B D




i

AT T N N e
- =*
™

N
g

Tl
[T
Cl
LIy
[ T1
Ay
—
S
X

5
[ 4
.
‘.
~ 'z ':
-y t
SRER:
"’.]

Sn b ey



LIGO (511 : L—Y—FBHEARXIR)

Laser Interferemeter Gravitational-Wave Observatory (19925 FH#&:%)

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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A LASER beam is
split up.
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KAGRA (h<5 : XBEREHiKERE)

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

AEBRRE 7REER

P——
- Sa
‘ a N
— P2 .
O -
. N = -
-

ERFEDARES  Hifgf 3km

LR iR B SALLA (SR

BE Y1 R250F (20K) £T

] 3L

(&2 RRET BET) }%fﬂ
L /u\ﬁﬁﬁ%/J\é <-§_%7—(_®
L DA R
A=IX—hIADF e o ~
A i s I CD?ZT \c‘.’_ LY O 7247
1000 %X — )L ‘, 3 & . A7 224

/Jm L—/'Dfl]-a_%
,.\\13%’(51%*558’3},59&75\/1‘73 <7

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



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

BRHEIIREFNIEREDIEEL !

—
<

¢

[\ E—LXT)yR—
\\
\
\
\

N
N\
N
N\
N\
N\
N
\|

BlELFR GRRAFERMZRT) OAZ414 K05




ShIZESEEETAIX

Ty —

<

'S

BEHEHEDEIICLT,
L—H— Azl ELEESES
IR (77 RO—HIRER)

L—H—HE$THIRL

ERNT—FKE{T S \ E— LR T ys—
UHAH)2 35—
5 jJ,J*x’L:.v?O)ﬂF—‘V YFTE5

‘ b ¢ HEEELIT5-0DI5—
P

C\

Il'l1l

4

BlELFR GRRAFERMZRT) OAZ414 K05



Sh[IELIZ,. HETPODITS

BlELFR GRRAFERMZRT) OAZ414 K05



KAGRAT D it F xR

Q) HhEiRE Ay
s MTFICHRHIRZTHET D
¢« ST—ZFKRELFIRYFICHST

N
I
<
E
-
=
o
£
)
Q
o
Q
)
0o

Frequency [HZz]

BlELFR GRRAFERMZRT) OAZ414 K05



KAGRAT D it & x5k
QHHS

BEORED D FOIRY FHEESEIL TEN. N —
ERINIELZTLXFMNONT IZHZT LG5S

T
BME X (| —
Q AL RT L

~=_ o m [ — A FSykTr—L (14 K)
e IT—FVAFTR253°CIZHRT TR (15K) MBI — LK (8 K)

o -Ij-774755_7&1ﬁ—3 %ﬁlwf)blf(so K)

REFHS
KFNEFRIESDFENEZT A NTREIHS
¢ 180OWD/N\Af/INT—L—H—%{FS

BlELFR GRRAFERMZRT) OAZ414 K05



KAGRA sensitivity

Residual gas

— Mirror thermal noise
Seismic noise
Suspension thermal noise |3
Quantum noise ]
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KAGRA (h<5 : XBEREHiKERE)

Kamioka Gravitational wave detector, (Large-scale Cryogenic Gravitational wave Telescope)
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“We had detected gravitational waves. We did it. ”
“Bal3, ENRERLELEE. ©OEITREDE.”

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 ltaly, 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.NZPaW?2LT.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

arXiv:1606.01262
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 IIl. Peak Marginalized In L I: Consisiency belween 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 Il [an asterisk (x)
denotes a new simulation motivated by GW150914, and a (+) denotes one of the simulations reported in LVC-detect [1]]; the inirial
spins of the simulation (using — to denote zero, to enhance readability); the initial ., 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 Kb)’ q Aix Ay Az X2x X2y A2z A et M:/{‘WG fswn(ﬂz‘)
2722 3XS:BBH:0310(%) 1.221 e v cee ce v ces 0.00 73.0 15.1
272.1 D12 q1 00 a-0. 25_0 25 nl(‘O(*) 1.0 (0.250 =(1.250 =0.00 73.2 20.5
272.1 5%XS:3BRH:0002Z( “l 1.0 0.00 73.2 10.0
271.8 D11 g0.7%5 a0.0 2.0 nl00(x) 1.333 —-0.00 72.1 23.1
. b‘: ,:_ * . ... ..o a0 “ . ..o —_ eV A _ 4‘
% SXS 5RO O0TE 1.0 AP 0 [ Y - )] 6
2716 35X5:3BH:0198 1.202 0.00 73.4 12.7
271.6 S5XS:3BH:0307(x%) 1.228 (0.320) —-(1L580 —0.08 70.0 17.0
2716 GT:33H:476 1.0 —0.200 -0.200 -020 67.9 24.3
271.6 50 D10.04 gl.3333 al.45 -0.80 nlo0 1334 --- 0450  --- -~ —0801 —-009 719 27.9
271.5 D1Z.00 q0.85 a0. :00. 0 nI00(*) 1.176 ... . =000 73.0 20.6
2715 D12.25 qO 82 a-0.44 I‘.~.33_r1100(*+) 1.22 (0.330 =440 =0.02 72.9 20.2
271.5 5XS:3RH:03212(%) 1.203 0.390 -0.480 -0.00 739 14.8
2714 35¥S:3BRH:0127 1.34 0.010 -0.077 -0.017 -0.061 -0.065 -0.179 =009 715 14.3
2714 5XS:BBH:0115 1.07 0.019 0.013 -0.204 0243 -0.067 0.291 0.04 74.1 13.8
2713 S5XS:BRH:0213 1.0 —0.800 0.800 0.00 73.2 11.7
2713 UD D£10.01 gl.00 a0.4 nl0OC 1.0 0.400 -0.400 -0.00 734 26.7
2712 D12 ql 00 a-0.25% 0 00 nl(‘O(*) 1.0 =(1.250 =0.12 69.4 21.8
271.2 SXS:3RH:0222 1.0 -0.300 —(.15 69.1 12.3
271.2 5XS:3RH:0217 1.0 —-0.600 0600 0.00 73.2 11.9
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Raceived 21 January 2016; published 11 February 2C16)

On September 14, 2015 at 19:50:45 UTC the two detectors of the Laser Intzrferometer Gravitational-Wave
Observatory simultaneously observed a rransient gravitational-wave signal. The signal sweeps upwarcs in
frequency from 35 to 250 Hz with a peek gravitational-wave strain of 1.0 x 107!, It metches the wavetorm
peedicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resuliing single black hole. The signal was observed with a maiched-filter signal-to-noise ratio of 24 anc &
false alarm ratc cstimated to be kess than 1 event per 203 000 years, equivalent to a significance greater
than 5.1¢. The source lies at a luminosity distance of 410 1§ Mpe corresponding to a redshift z — 0,095
In the source frame, the initial black hule masses are 367 M- wnd 297/ M und the final black hoke mass is
6274 M o, with 30507 M o 17 radiated in graviational waves. All uncertainties define 9% cradible intervals.
These observations demonstrate the existence of binary stellar-mass black hole sysiems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOL 10.1103/PhysRevlett. | 15051102 Hanford, Wash naton (111) -ivingston, Louisiana [L1])
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BACKGROUND IMAGES: TI FREQUENCY TRACE

FACTSHE%T

(TOP) AND TIME-SERIES

(BOTTOM) IN THE TWO LIGO DETECTORS; SIMULATION OF BLACK HOLE
HORIZONS (MIDDLE-TOP), BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

LIGO L1, H1
black hole (BH) binary
14 Sept 2015
09:50:45 UTC

0.75 to 1.9 Gly
230 to 570 Mpc

0.054 to 0.136

observed by
source type
date

time

likely distance

redshift

signal-to-noise ratio 24

false alarm prob. < 1 in 5 million

false alarm rate <1 in 200,000 yr

Source Masses
60 to 70

32 to 41
25 to 33

58 to 67

total mass
primary BH
secondary BH

remnant BH
0.6to 1

<0.7
<0.9

mass ratio
primary BH spin

secondary BH spin

0.57 t0 0.72

arrived in L1 7 ms
before H1

Southern Hemisphere

remnant BH spin

signal arrival time
delay

likely sky position
face-on/off
~600 sq. deg.

likely orientation
resolved to

duration from 30 Hz
# cycles from 30 Hz

peak GW strain

peak displacement of
interferometers arms

frequency/wavelength
at peak GW strain

peak speed of BHs
peak GW luminosity
radiated GW energy

remnant ringdown freq.

remnant damping time

remnant size, area

consistent with
general relativity?

graviton mass bound

coalescence rate of
binary black holes

online trigger latency

~ 200 ms
~10

1x10%

+0.002 fm

150 Hz, 2000 km

~0.6c
3.6 x10° erg s™
2.5-3.5 Mo

~ 250 Hz

~ 4 ms
180 km, 3.5 x 10% km?

passes all tests
performed

<1.2x102%2eV
2 to 400 Gpc3 yr!

~ 3 min

# offline analysis pipelines 5

CPU hours consumed

papers on Feb 11, 2016

# researchers

~ 50 million (=20,000
PCs run for 100 days)
13

~1000, 80 institutions
in 15 countries

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
parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10-"> m, Mo=1 solar mass=2 x 103 kg
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BACKGROUND IMAGES: TIME- FREQUENCY.I'RACE oI'O ) AN-!) “
B SIGNAL-TO-NOI ATIO TIME SERIES (BOTTOM) IN THE TWO 7
LIGO DET TORS; EXAMPLE WAVEFORM (MIDDLE)

14Msun + 7.5 Msun I — E——

3 h /\1 2 _I M source type black hole (BH) binary # cyc|es from 35 Hz
| I S u n Zats 26E0SSERE signal arrival time arrived in H1 1 ms after
N\ EE Y time 03:38:53 UTC 2 EEY L1
—— S f I
( -I I\/I S u n ]] 0) E\l E 7'3 /3 ) distance 250 to 620 Mpc peak GW strain ~3.4x1022
redshift 0.05t0 0.13 i
Peak displacement of - 0.7 am
interferometers arms
/_ signal-to-noise ratio 13
~z \]/
-I 5 Il_:\ i ; | , false alarm prob. ~ 1 in 10 million frequency/wavelength 420 Hz, 710 km

at peak GW strain
Source Masses Mo

(440 i ] 9 O M p C) A AT peak speed of BHs ~0.6¢

peak GW luminosity 2to4x10* erg s
primary BH 11 to 23

Z_ O O 5 O -I 3 radiated GW energy 0.8-1.1 Mo
— . . secondary BH 5to 10

remnant ringdown freq.  ~ 750 Hz
remnant BH 19 to 27

mass ratio > 0.28 remnant damping time ~1.3ms

spin of one of the remnant size, area 60 km, 3.5 x 104 km?

> 0.2
black holes

e e
remnant BH spin 0.7 to 0.8 online trigger latency 67 s

resolved to ~850 sq. deg. # offline analysis pipelines 2

Parameter ranges correspond to 90% credible bounds. Acronyms: L1/H1=LIGO
Livingston/Hanford; Mpc=mega parsec=3.2 million lightyear, am=attometer=10"8 m,
Mo=1 solar mass=2 x 103%kg
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Background Images: time-fre

binary black hole model [rmdcle top 2

observed by
source type
date
time
signal-to-noise ratio
false alarm rate

probability of
astrophysical origin

LIGO L1, H1

black hole (BH) binary

04 Jan 2017
10:11:58.6 UTC

13
<1 in 70,000 years

> 0.99997

quUETICY trace (hop), H1 and L1 time series and @
:7_ : between}k!a,and B
reconstructed waveformﬁam wavelet N .

S _E?_
SQ.

'v-;-

et likelihood
ddle bottom),

s black hole analyses (bottom)

duration from 30 Hz

# of cycles from 30 Hz

signal arrival time delay

credible region sky area

~0.25t00.31s

~14toc 16

arrived at H1
3 ms befare L1

1200 sq. deg.

distance

radshift

1.6 to 4.3 billion
light-years

0.10 ta 0.25

total mass

primary BH mass
secondary BH mass
mass ratio
remnant BH mass

remnant BH spin

remnant size
(effective radius)

remnant area

46 to 57 M.,

25 to 40 M,

13t 25 M,

0.36t0 0.94

44t0 54 M,
0.39 to 0.7
123 ta 150 km

1.9 to 2.8 x 10° km?

peak GW strain

peak displacement of
interferameter arm

frequency at peak
GW strain

wavelength at peak
GW strain

peak GW luminosity

radiated GW energy

~5% 1022

-~ =1 am

160 to 199 Hz

1510 to 1880 km

1.8 t0 3.8 x 10%¢
ergs’

1.3to 2.6 M,

effective spin parameter

effective precession
spin parameter

-0.42 to 0.09

unconstrained

remnant ringdown fraqg.

remnant damping time
consistent with general
relativity?
graviton mass

combined bound

evidence for
dispersion of GWs

Parameter ranges carrespond to 90% credible intervals.
Acronyms:
L1/H1=LIGO Livingston/Hanford, am=attometer=10"* m, M_=1 solar mass=2 x 10 kg

297 to 373 Hz

2510 3.2 ms

passes all tests
performed

s 7.7 x 102 eV/¢c?
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observed by

source type
date
time

online trigger latency
signal arrival time delay
signal-to-noise ratio

false alarm rate

probability of noise
producing V1 SNR peak

H1, L1, V1

black hole (BH) binary

14 Aug 2017
10:30:43 UTC
~30s

at'L1.8 ms before H1
and 14 ms before V1

18

=1 in'27 000 years

0.3%

distance

redshift

1:11/to 2.2 billion
light-years
0.07 to. 0.14

total mass

primary BH mass
secondary BH mass
mass ratio
remnant BH mass
remnant BH spin

remnant size
(effective radius)

remnant area

53 to 59 M,
28 to 36 M,

21 to 28 M,

0.6 to 1.0

51 to 56 M,

0.65 to 0.77

139 to 153 km

2.4 to 2.9 x 105 km?

duration from 30 Hz

# of cycles from 30 Hz

credible region sky area
(with V1)

credible region sky area
(without V1)

latitude, longitude
(at time of arrival)

sky location

*RA, Dec

Peak GW strain (1022)
(H1, L1, V1)

peak stretching of

interferometer arm
(H1, L1, V1)

frequency at peak
GW strain

wavelength at peak
GW strain

peak GW luminosity

radiated GW energy

~0.26 t0 0.28 s

~15to 16

60 deg?

1160 deg?

45°S,73° W

in direction of
Eridanus constellation

03h11m, -44°57™

~6,6,5

~%1.2,1.2,0.8am

155 to 203 Hz

1480 to 1930 km

3.2 to0 4.2 x 10%¢
ergs”’

2.4 t0 3.1 M,

effective spin parameter

effective precession
spin parameter

-0.06 t0 0.18

unconstrained

remnant ringdown freq.
remnant damping time

consistent with general
relativity?
evidence for
dispersion of GWs

312 to 345 Hz
3.1 to 3.6 ms

passes all tests
performed

none

Parameter ranges correspond to 90% credible intervals.
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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GW150914

LVT151012

List of Detected GW events

PRL116,

M1+M2=Mf,
Mdiff /Mtotal

spin

a_final

Mpc
Z

SNR deg”2

GW151226

GW170104

GW170814

36.2+29.1=62.3+3.0 410Mpc
061102 4.59% 0.68 0.09 23.7 | 600
2016/2/11)
23+13=35+1.b 1000Mpc
(2016/2/11) > 789 0.66 0.20 Q.7
PRL116
! 14.2+7.5=20.8+0.9 440Mpc
241103 4.15% 0.74 0.09 13.0 | 850
(2016/6/15)
PRL118
! 31.2+19.4=48.7+1.9 880Mpc
22_1 101_ 3759 0.64 018 13.0 | 1300
(2017/6/1)
30.5+25.3=53.2+2.6 540Mpc
(2017/9/28) 4.66% 0.70 011 18 60

https://losc.ligo.org/events/GW 150914/

https://losc.ligo.org/events/LVT151012/
https://losc.ligo.org/events/GW151226/

https://losc.ligo.org/events/GW170104/

30
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Gravitational Waves from Merging Intermediate-mass Black Holes.
II. Event Rates at Ground-based Detectors

Hisa-aki Shinkai', Nobuyuki Kanda®, and Toshikazu Ebisuzaki’



Signal-to-Noise Ratio (SNR)

Let the true signal h(t), the function of time, is de-
tected as a signal, s(¢), which also includes the unknown
noise, n(t):

s(t) = h(t) —n(t). (17)

The standard procedure for the detection is judged by
the optimal signal-to-noise ratio (SNR), p, whichis.given

by
INFRGING RS

where ﬁ( f) is the Fourier-transformed quantity of the
wave,

h(f) = /OC 2™t p(1) dt, (19)

=20

and S,(f) the (one-sided) power spectral density of
strain noise of the detector, as we showed in Fig. 1.
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Event Rates at bKAGRA/aLIGO
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Event based
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GW151226 353 37 36j95
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Astroph) sical
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Power law (—2.35) 10073 04527 972:}5
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