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/ AEAENDRKRIE. KBETZv I 1h—ILEE (Binary Black-Hole :
| BBH) & 1{&HYE

u i i TRRAZNTWALIGODIRE®D 3 19] IFIANRTBBH i

W shington Livingston, Louisiana (L1)
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Event GW150914 GWI151226 LVTI51012
Signal-to-noise ratio 237 13.0 97
p
False alarmrate ¢y 107 6.0 107 0.37
FAR /yr~! ' ' '
p-value 75x107%  7.5x107° 0.045
Significance >530 >530 1.70
Primary mass 36.2132 14.2783 23118
mﬁource/MQ : :

Secondary mass ey 123 14
m;ource/MG 29'1—4.4 7'5—2.3 13—5
Chirp mass +1.8 +0.3 +1.4

%source/MQ 28'1—1.5 8‘9—0.3 15‘1—1.1
Total mass 4.1 +5.9 +13
Msouree /N 65.375, 21.877 377,
Effective inspiral spin 0. 061_8}1 O°21t8'%8 0.0fg'g
Xeft ' ' '
Final mass 3. 6.1 14
Mfsource/M® 62-35} 2O'SJ—FIJ 35J—r4
Final spin ag 0.687002 0747008 0.66700
Radiated energy +0.5 +0.1 +0.3
Erad/(MQCZ) 3.050% 1.0 1.5%0%
Peak luminosity 3-6f8:;51 X 3-3J_r(1):2 X 3-1J_r(1):§ X
gpeak/(erg S_l) 1056 1056 1056
Luminosity distance +150 +180 +500
4207 120 4407 190 100054,

Dy /Mpc
Source redshift z

Sky localization
AQ /deg?

+0.03
0-09_0.04

230

+0.03
0-09_0'04

850

+0.09
020209

1600

GWI170104

Primary black hole mass m;
Secondary black hole mass m,
Chirp mass M

Total mass M

Final black hole mass M,
Radiated energy E 4

Peak luminosity fpeak
Effective inspiral spin parameter y.g

Final black hole spin a
Luminosity distance D;

Source redshift 7

31.21 50 M
19.4125M,
211539 M
50.7129M
48.743 1M
2.050°M 2
3.107 x 10%%erg s~!
—0.12193)
0.64755)
8801350 Mpc

0.08
0.18%57

sky localization ~1200 deg?
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| IGO, Virgo Observing Run (O2)
2016/11/30: 02 start

2017/1/4 : 3rd detection = GW170104
.~ §2017/8/1 : Advanced Virgo joined
2017/8/25 : O2 end

https://www.ligo.caltech.edu LIGO (Hanford) :
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» Underground

» Kamioka mine

» Silent and Stable
» Cryogenic mirror

» 20K

» Sapphire substrate EENGS
» 3km baseline

g SCthUle © ICRR, universit.y‘.f Tokyo
» 2010 : Construction start | Y
» early 2016 : 1st operation in normal temperature

| oy
J'Ii.E) '|E|.IJ.i llo.' i .

» early 2018 : cryogenic operation
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Calendar year 2010 | 2013 | 2012 | 2013 | 2014 | 2015 | 2036 | 7037 | 2018 | 2015 | 2020

Project start :
Tunnel excavation H I ] i
KAGRA I |
operation i
bKAGRA Adv. vibration isolation, opti _

operation

Cryogemc
Initial KAGRA N mirrors

BRIV FE /
20164E3-4H I 2 BE DER

R E TEIX

2018/3 F & EER



IBTFEEERD | bKAGRA Phase 1

« 2018 F3BICHERERAITRE EI&
o {B)RIBEZ (B LIZMichelsonT 45T Cryogenic
 (BHHOL—T— sapphire
s ETMX/YZ2E2D2Z< DTERBIRFR
« 10PalDEZE
PRM  PR2
il ETMX

1064 nm
2 \W misaligned PR3 BS

SR3

SR2

GW signal ’

KR (KAGRA)zwY > 3> 1 13aS35, 13pU34, 15aU31
KAGRAX7T—% XA k—%213aS35-1 ILU7T(ICRR)
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A Phase 1

6/9: Type-ABFIR% A > X b —JL
8/24 3= M20KFE TOSEEI T X b IH

7 SR2
Type-A

v GW signal
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Cryo-Payloao

Cryo-Payload installed,
Also sapphire test bulk is cooling-down ~15K.
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/77 : N I arXiv:1304.0670
/L://E\IJ ~ 7 1) 7|_ to be submitted to Living Reviews in Relativity

Advanced LIGO Advanced Virgo
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2G ==> 3G

KAGRAIZ2.5G (2.5 % Hzs)
RETIX2G, aLIGO, aVirgo & Attt
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Einstein Telescope

EGO(European
Gravitational
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Classical and Quantum Gravity, Volume 28, Number 9
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Figure 6. Historical evolution of s Arm leneth 10 km 10 km
starting from a single cryogenic bro: iﬂput power (after IMC) 5?\(4)&’ 3WkW
. rm power 3 18
xylophone design (ET-C) [13] to the Temperature 500 K 0K
Mirror material Fused silica Silicon
Mirror diameter / thickness 62cm / 30 cm min 45cm/ TBD
Mirror masses 200 kg 211 kg
Laser wavelength 1064 nm 1550 nm
SR-phase tuned (0.0) detuned (0.6)
Classical and Quantum Gravity, Volume 28, Number 9 SR transmittance 10% 20 %
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Cosmic Explorer

KE DIFFETHE
CEX DHIIC,
advanced
LIGODE 5|(C
r7v7TIL—R
T SLIGO+,
Voyager® &t
BN TWLWB,
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HiFR 40km

Cosmic Explorer (expected R&D improvements)
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Strain [1/VHZ]

m— Quantum

m—— Seismic

=== Newtonian

=== Suspension Thermal

=== Coating Brownian
Coating Thermo-optic
Substrate Brownian
Excess Gas

=== Total Noise

10 10°
Frequency [HZz]
Class. Quantum_ Grav. 34 044001.
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CE design

== Target (flg 1)

=== \Nideband (fig 2) |

Pessimistic (fig 3)

CE CE pess ET-D (HF) ET-D (LF)
L 40 km 40 km 10 km 10 km
P 2 MW 1.4 MW 3 MW 18kW
A 1550 nm 1064 nm 1064 nm 1550nm
Fsqz 3 3 3 3
MTM 320 kg 320 kg 200 kg 200kg
¥ beam 14 cm 12 cm 9 cm 7 cm (LGgs3)
T 123 K 290 K 290 K 10K
Dett 5% 107 1.2 x 1074 1.2 x 107* 1.3x 1074
Blnary Black Hole SNR vs Redshlft
30-30 Msolar@BBHIc >
WT. z<2 7Z5S/N>100
- - - —\\ A\ (' 102 -
(pessimistic’a T ¥4 ) 2
E
(>é
=

Class._Quantum_Grav._34_044001. 4,0

10"

Redshift z

10"
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GW150914 BHEGIREENRAT [
(DT TIEKerr BHO/NS X~ —%&k 2" o~
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MDDRUN, ) R I T
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Pop lll, Dynamical formation, Primordial BH, Zh A ?
Z DREFZANY SDEADRDF

M E

LLmll

T I T I T I T I T I
d. -t'+ =====x Simulated Pop I/II BH-BH binary detections : n!/™
’F .x\ === Simulated Pop III BH-BH binary detections: n'!!

4 4 = = =Simulated Pop I/IT/ITl BH-BH binary detections: 1/
/ == Simulated Pop I/II/IIT BH-BH binary detection events ]

Y

1e+06 ¢

le+05 g:.“ =

10000 H

— Pop Il BBH _
-+ Pop Iand II OLD E
1000 — — PBBH E 106 | i | , | , | . |
0 20 40 60 80 100

100

— Redshifted chrip mass M [Mg]

KAGRAPLIGO DB E Tl
. T VR BBHE B4 7% 5 PoplliiZig% &
0 10 20 30 40 50

redshift z ET‘% %75\:6 L/;hj—d: L\o
PTEP 2016, 093EOQ] A.Miyamoto et.al.,, PRD in press
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_ = e [ N Vo m
ZFDIFEMNDE TR OEA L 7
IChMMCOARXNT B EIFEHUWH. +oEIFIIFTIRIEIEH B,

RiEFEEE (NS-NS)D &
FRIIFE (REER) ORELSS,
REFE—TZ v JVIR—ILEE(NS-BH)?
BBEIMESIHDODLSLEWN, FRLICK WD TIRBEWIHEWSTIHFESH S,

NS-NS,NS-BHIZEMESAINEFTE S5, RRESNNIEXKWCTLAI7RIN—Z2H5TE35,

e S
EZXICEET-
BHEEFES. micro physics EEMEBZIND ANERES S 2 L—Ya VY ARIDEATVNS, 1AMV K
THEZHONIEHEELGRAL VINT MDB B,
EAE—=21—M)/ORKFRAGHFTE 5,
wEEsE (JNILY—. LMXB) Epoch 2015-2016  2016-2017 2018—2019 2020+ 2024+
Planned run duration 4 months 9 months 12 months (per year)  (per year)
BEEAORK LIGO 40-60 60—75 75-90 105 105
Expected burst range/Mpc Virgo — 20-40 40-50 40-70 80
KAGRA — — — — 100
LIGO 40-80 80-120 120-170 190 190
Expected BNS range/Mpc Virgo — 20-65 65-285 65-115 125
KAGRA — — — — 140
LIGO 60-80 60—-100 — — —
Achieved BNS range/Mpc Virgo — 25-30 — — —
KAGRA — — — — —
Estimated BNS detections 0.002-2 0.007-30 0.04-100 0.1-200  0.4-400
Actual BNS detections 0 — — — —
% within > deg® <1 1-5 1-4 3-7 23-30
90% CR 7 20 deg® <1 7-14 12-21 14-22 65-73
median/deg? 460-530 230-320 120-180 110-180 9-12
s 5 deg’ 4-6 15-21 20-26 23-29 62-67
Searched area % within
- 20 deg?® 14-17 33-41 42-50 44 -52 87-90
arXiv:1304.0670




Strain Sensitivity [‘I/Hz1/2]

-

o
N
£

Pre-DECIGO

Einstein
Telescope

107" 10° 10"
Frequency [HZz]

-
o
N
T

1035 Einstein Pre-DECIGO
- Telescope

-
o
N
i

30 Msolar

()
o
S
®
o
c
©
BL
L
[m)
>
=
7
o
£
£
=
i
Q
o)
©
g
o
@
2
[}
[m)

'BBH Inspiral (3

Mass of Star [M ]
solar

Prog. Theor. Exp. Phys. 2016, 093E01 (16 pages)
DOI: 10.1093/ptep/ptw127

Pre-DECIGO can get the smoking gun to decide
the astrophysical or cosmological origin of
GW150914-like binary black holes

Takashi Nakamura', Masaki Ando®**, Tomoya Kinugawa®, Hiroyuki Nakano'*,
Kazunari Eda?*, Shuichi Sato®, Mitsuru Musha’, Tomotada Akutsu?, Takahiro Tanaka'®,
Naoki Seto!, Nobuyuki Kanda® and Yousuke Itoh*
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Detector Sensitivity /'S Range
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30 + 30 solar mass BHs

Interesting target for three
reasons:

LCGT detection range (VRSE-D)
for CBC for BH QNM |
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Inspiral and ringdown phases
have roughly equal SNRs, so
provides good test of GR
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If population Il stars (formed at
redshifts 5-10) exist, these
might be a substantial fraction.
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Perhaps we will detect several
of them in the first aLIGO data

run O1, this September!

Osaka 20.6.2015

viewgraph edited by Bruce Allen : (Personal) summary of new, novel, and interesting results

presented at this workshop
at GWPAW?2015 Osaka, June 2015 37




