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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
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What can we learn from gravitational waveform?
| (Suppose NS+NS ->BH)
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DEPENDENCE ON t, FOR @=0: ISCO freq => EoS of NS,
B~ waveform => Formation of BH or NS,
! BH
"chirps" df/dt => chirp mass, Mc = (M1 M2)35/ (Mi+M2)V/5 BH ::Z:{ ey
amplitude up  => Mc, distance e
amplitude h+/hx => inclination
waveform => eccentricity

moduration => spin, ... statistics => cosmological parameters
10



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

InL Key q Alx Aly Xz Ko % XZ,y X2,z Aeff Mz/MO fstan(HZ)
272.2 SXS:BBH:0310(x) 1.221 = e e = 0.00 73.0 15.1
272.1 D12 gl.00 a-0.25 0.25 nl00(*) 1.0 0.250 -0.250 -0.00 132 20.5
272.1 SXS:BBH:0002[ S] 1.0 0.00 732 10.0
271.8 D11 g0. 75 a0.0 0.0 nl100(x) 1.333 —0.00 72:1 23.1
6 SXS:BBH:0218 1.0 ~0.500 ; : :
271.6 SXS:BBH:0198 1.202 0.00 734 127
271.6 SXS:BBH:0307(x) 1.228 0.320 e e —-0.580 -0.08 70.0 17.0
271.6 GT:BBH:476 1.0 -0.200 -0.200 -0.20 67.9 24.3
271.6 S0 D10.04 gl1.3333 a0.45 -0.80 nl00 1.334 0.450 -0.801 -0.09 71.9 27.9
271.5 D12.00 ~g0.85 _a0.0 0.0 nlOO(*) 1.176 -0.00 73.0 20.6
271.5 D12.25 qO 82 a-0.44 . 0 +33 ~nl00(x+) 1.22 0.330 -0.440 -0.02 729 20.2
271.5 SXS:BBH:0312(%) 1.203 0.390 -0.480 -0.00 73.9 14.8
2714 SXS:BBH:0127 1.34 0.010 -0.077 -0.017 -0.061 -0.065 -0.179 -0.09 715 14.3
2714 8SXS<BBH:0115 1.07 0.019 0.013 -0.204 0.243 -0.067 0.291 0.04 74.1 13.8
271.3 SXS:BBH:0213 1.0 -0.800 0.800 0.00 73.2 11.7
2713 UD D10.01 gl1.00 a0.4 nl00 1.0 0.400 -0.400 -0.00 73.4 26.7
2712 D12 gl1.00 a-0.25 0. 00 - nl00(x) 1.0 -0.250 -0.12 69.4 21.8
271.2 SXS:BBH:0222 1.0 -0.300 -0.15 69.1 12.3
2712 SXS:BBH:0217 1.0 —0.600 0600 0.00 732 11.9
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1. Gravitational Wave >> Expected Amplitude
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KAGRA sensitivity

Residual gas

— Mirror thermal noise
Seismic noise
Suspension thermal noise |
Quantum noise :
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strain [1/rtHz]

bKAGRA phase-1 operation (Apr 28 - May 6, 2018)

e All vacuum

e Cooled ETMY (18K for 30 days).

e Duty cycle (88.6% first 5 days; 26.8% May 3 & 4;
59.8% May 5 &6)

e Longest lock was >10 hrs

e Sensitivity 2x10™MN{-17} / rHz

e PEM injection, hardware injection tests

MICH NoiseBudget
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! -~ Thermal noise ] Py ‘ Cooling down time was 23 days. /
10-13 | — — iKAGRA d Q —
i s ! 3 QE) { =—— Bottom Filter / \N N——
§ f l . = —— Marionette Recoil N —)
{
FF T | ¢ ; , 3 Platform metastable state
| l\mﬁ o \'-‘J'. I' ;‘ || L , . ) ‘ 3 101 ——— Marionette
f '\,f By, M ” Ql ”I ! i f| i i i —— Intermediate Mass Restart |
15 v 1‘ Al « 4 I—Mro estart cryocooler
10 _ | I Ilﬂ }-l ‘ ﬁj ’\' l/‘ B 1|\| ||fl \’“ i fEiit 3 i Intermediate Recoil ry
v "I 3 \\M\\M i RS “ W ““ Iy ’l\\ ||rl i R ! Mirror Recoil
fi W T | 3 : : ; . ;
10-1® - l ! by 0 5 10 15 20 25 30 35
o . w" ; Time [day]
b\ PD dark n0|se X
L — S W - I
1 ol 18
- Aeyv -~ =t~ ‘__
o)
H E
N
o
{0}

frequency [Hz] 3 5



EIRER & — SR

baseline KAGRA #rX

first science run in FY2017 @ Brr

bKAGRA configuration g E™
- Cryogenic test masses
- 3 km arm cavities
- RSE with power recycling

- 0
dml .. dm]
Type-C system

Type-A system

- Cryogenic test mass
Sapphire, 23kg, 20K

- Tall seismic isolator

IP + GASF + Payload

- Mode cleaner
Silica, 0.5kg, 290K ]
- Stack + Payload

T SRM

Type-Bp payload %l\:ﬁl\éT
- Test mass and Core optics (BS, FM,.. ﬂﬁ%
Silica, 10kg, 290K

- Seismic isolator
A Table + GASF + Type-B Payload

Type-B system

- Core optics (BS, SRM,...)
Silica, 10kg, 290K

- IP + GASF + Payload

- Stack for aux. optics

EH &8 (KPR K) 2018/10/31 @ REPEZEK
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M Kamioka Gravitational Observatory

former name LCGT = large cryogenic gravitational telescope
named by public naming contest, 2 (/M < 5) dance music in front of Gods

3km Laser Interferometer, Cryogenic

i 1000 nder the
: 48 [ BT 31 O mu r
Mozumi , LtLTE7HS1000m summit of the Mt.
control office.
(15 min)
Toyama City
(60 min) 358m above the

sea level.

http://gwcehter.icrr.u—tokyo.ac.jp/en/
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Schedule  (Construction and Operation)

slide from Kajita

Calendar year [ 20102011 2012 | 2013 | 2014 2015 [ 2016 [ 2017 [ 2018 | 201 | 2020
Project start —

Tunnel excavation

KAGRA I ——

operation 0
bKAGRA Adv. vibration isolation, optics, ... |

Cryogenic system

operation

phase 2, 3, 4
I
phase 1 |
- S Cryogenic & <
2 mlrrors % ) /
/ e

/ \\,\

- \
»

2

(*) The configuration

IKAGRA in 2019 is still to be
bKAGRA decided referring the

baseline KAGRA milestones.
e Phase-1 operation (Apr 28 — May 6) finished
e Phase-2 starts on May 7. 38
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KAGRA (<5 : XEERENRERIR)

IKAGRA B &#xH

IKAGRA Operating
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KAGRA (<5 : XBUEREDREEELR)
I

N

Seiji Kawamura Kieran Craig
Martynov Denis

Hisaaki Shinkai
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KAGRA collaboration: as of June 2018
385 collaborators
(8 B students, 73 M students, 35 D students, 10 PDs)
90 institutes
15 countries
(Australia 5, China 35, France 1, German 1, India 3, Italy 17, Japan 253,
Korea 23, The Netherlands 1, Poland 2, Russia 1, Taiwan 34, UK 2, USA 10, Vietnam 2)

PI: Takaaki Kajita
{EHEE

Face-to-Face meeting
at Osaka City Univ.
May 2018 =
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KSC (KAGRA Scientific Congress)

KAGRA Scientific Congress (KSC)
organization chart 2018/10/16

Pi

“ sharing information & idea

* Hisaaki Shinkai Takahiro Yamamoto

* Chunglee Kim Koji Nagano
Sadakazu Haino Zong-Hong Zhu
Yuta Michimura Hyung-Won Lee

Nobuyuki Kanda Ray-Kuang Lee

KSC newsletter
editor

Data Analysis Collaborator-list Authonj-list
Committee (DAC) Manager Committee
* Hideyuki Tagoshi Yousuke Itoh * Hisaaki Shinkai

Hideyuki Tagoshi Sachiko Kuroyanagi Takashi Uchiyama Ayaka Shoda
- - Rie Kikuchi Feng-Li Lin Yoshihisa Oobayashi
Compact Binary | | Computing & Yoichi Aso Kentaro Komori
Coalesence Software Kazuhiro Hayama
Hideyuki Tagoshi Ken-ichi Ohara John J. Oh

Continuos Wave | —| International Diversity
Joint Run Planning Yousuke Ttoh Cooperation WG Committee
Committee . . Tadayuki Tomaru * Keiko Kokeyama
Yousuke Itoh Burst Wave ] Nobuyuki Kanda Joseph M Fedrow v_vq.for
Shinji Miyoki Hisaaki Shinkai Chunglee Kim definition of
Kazuhiro Hayama Hyung-Won Lee Kazuki Sakai KAGRA data
~ Zhong-Hong Zhu Hisaaki Shinkai
Stochastic ] Feng-Li Lin Hirotaka Yuzurihara WG for author-
Wave Helios Vocca list policy in
Guo-Chin Liu CPC rules

Editorial board

Data Analysis Computing & Detector Meetin
Council Software Characterization g
XXX Hideyuki Tagoshi Ken-ichi Ohara XXX XXX
XXX XXX

EH &8 (KPR K) 2018/10/31 @ REPEZEK

- Committees with violet color are joint ones with LIGO/Virgo
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LIGO/Virgo joint observation plans

1 - 17 Living Rev Relativ (2018) 21:3
Scena o Pa per https://doi.org/10.1007/s41114-018-0012-9

Early w==Mid m= | ate  =mDesign

60-80 60-100 120-170 190

Mpc Mpc Mpc Mpc

T e
GW150914 2530 | 6585 65-115 125
BHBH@440Mpc Mpc i  Mpc Mpc Mpc

GW151226 Virgo o] & I

BHBH@440Mpc
25-40 140-140 140
Mpc | Mpc Mpc

KAGRA - e | -
GW170104 1 ¢/ . g \ ) | |
SHIbH@ecaipe 2015/ 2016 2017 2018 : 2019 2020 2021 2022 2023
GW170608
BHBH@340Mpc + *
GW170814
BHBH@540Mpc today
GW170817 . _ )
NSNS@40Mpc We try to catch up with O3

BB &8 (KBRTK) 2018/10/31 @ REPEZFEK 47
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Roadmap of bKAGRA phase2 &3, Join LIGO/Virgo O3 run

time limited, we have to compromise

2018 2019 2020
July Aug Sep Oct Nov  Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec Jan Feb

LIGO/VIRGO Observation 3

VX )i—j:nm post com. FPMI plan A
Xend ' ETMX
ETMY Y-arm FPMI
ITMY : N sost DRFPMI plan B
Laser mode cleaner com. (RS E)
y data analysis rehearsal Data Sharing with KAGRA-LIGO-Virgo

— — —

— — —

— either DRFPMI(RSE) (-25Mpc, Oct?) or FPMI (-10Mpc, June?)
checking points: Sep/2018, Dec/2018 and Mar/2019

EH &8 (KPR K) 2018/10/31 @ REPEZEK 48
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KAGRA
Observatory Muti-Messenger Joint xxx LIGO
Observatory Astronomy Committees VIRGO
Observatory

education

promotlon Detector Science

Optics
Seismic
Lasers
Quantum

Data Analysis

Burst
CBC
continuous

Publication talks
articles

Test GR
Event Rates
Waveforms
EQOS

New Sources
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KAGRA SCIENTIFIC CONGRESS: COLLABORATORS' INFORMATION EXCHANGE 2018/08/01

KSC Newsletter

Second Issue

From Phase 1 to Phase 2
Nine-day operation with wild weather & earthquakes

KAGRA now has the world's tallest vibration isolation systems (13.5 m)
which help to reduce seismic noise at low frequencies. The volume of the
vacuum system is third largest in the world. Two 23-kg sapphire mirrors
have been installed at each end, and one of them was kept for 30 days at
cryogenic temperature (18K).

A leakage of the vacuum system was found in April 2018, therefore the
Phase-1 experimental activity was delayed for 5 days. Despite the

difficulties, the phase-1 operation was a success: it lasted from April 28
to May 6, 2018, and during this period many injection tests were  Weather map of May 3, 2018.
performed.
The interferometer duty cycle during the Phase-1
operation reached 88.6% between April 28 and May 2,

while it dropped to 26.8% on May 3 and 4. Finally it =
slightly improved to 59.8% over the final days (May 5 & 6). \ - stop cryocoolor

The longest lock was over 10 hours. The low duty cycle on §1°,§

May 3 and on the following days was mainly attributed to % g ol i \ / / 5;.”;3:2

the high micro-seismic noise caused by a heavy storm, local % I - \

earthquakes, volcano eruptions in Hawaii, and visits of "~ 2l = mm:table state

theorists. {= K:’ Restart ctyocooler
The achieved sensitivity during Phase 1 was still worse D T R

than the final sensitivities of TAMA and CLIO, except at the Time {cay]

lower frequencies (40 Hz), where KAGRA's sensitivity was
better than that of TAMA. KAGRA started Phase 2 from May

Contents of this issue
p-2 Directions

7: the final installation work before the real observation Steps to the Observation 2019
run. p-3 Kamioka local
Subgroup orientation
10-12 o —— TAMASOD (2008) ] Kagra River / Science Cafe
10-13 | — CLIO (2010) 1 p-5 Meetings
—14 | | —— bKAGRA Phase-1 (2018) | .
%8_15_ | bKAGRA Design | F2F at Osaka City U.
KIWS5 at Seoul

@ 10—16
Zz 107V Poster Award Winners
c 1078
£ 10-1 L. ) Group LOGO
5 10-20 | Next F2F at Toyama

10-21 ]\ ‘}K p-8 Virgo Visit

%8:22 | p-9 We hear that ...

| ——
-24
10 10! 102 103

frequency (Hz)

1 http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/KAGRA

KAGRA SCIENTIFIC CONGRESS: COLLABORATORS' INFORMATION EXCHANGE

KSC NewsLetter

The premiere issue

Phase-1 operation starts on April 23

First cryogenic interferometer test will start soon.

After two years from the iKAGRA run, we will start phase-1 operation on April 23
to May 6. Due to the tight schedule for our upcoming real observation, system
engineering office (SEO) decided to operate phase-1 with one cryogenic mirror (Y-
arm), and the other at normal temperature. We do not know what will be the
outcomes. So it might become a sort of fun. A detail list of tests planned during
the run is at page-3.

The above photo, taken in a clean room in the University of Toyama, is our 23kg-
Sapphire mirror for X-end, which is now under installation. The installation of the
cryo-payload at X-end is almost done and the main beam is coming back to the

center now @ .

Three words you should not miss in our conversation.

2018/04/01

What is this
NewsLetter?
Nobody knows if this
is the first issue of a
series of information
letters, or just a April
fool's day joke.

03=0zone.

We are in a rush for
O3 this year. Let's
finish looking for O2.

~

N

We call for
volunteers

We welcome your
editorial participation
to this journal. It will
give you a career
update definitely.
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Ideal vs Reality (Theory vs Data Analysis)
GW150914 (s/N=23.7)
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x10? 1 " " n L " 1 L 1 L
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challenging for data analysis
GW data is with noise
signal quickly decays

LIGO Hanford Data Predicted

LIGO Livingston Data Predicted

® [
X -\A. Loy /’\\\/’_/p"\’—// \ // \\ /

V'

LIGO Hanford Data (shifted)

LIGO Livingston Data

ED) 0.35 0.40
Time (sec)

0.45

(M=60Msun, a=0.75 —> 300Hz, tau = 3 ms)
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ShREleT—o8r 3. BHROT—YEMN
Matched Filter &t

signal = gw + noise gw template
s(t) = h(t) + n(t) h(t)
. N e 10 &O\km
R

GW151226 (s/N=13.0)

10~
a:;___ : 0‘6 1 1 ] I I 1 ]
= 2 0.3} L
-n"_': —22 i AR '11 il
20 c 0.0 pacamarmVMAVARIY *NJ-W-Iilk\uwaaﬂlilﬂM" vl
g ®—-0.3 | !
o H—0.6 } 1

= ~1.0 -0.8 -0.6 —-0.4 —0.2 0.0

20 10 1000 Time (s)
Frequency (Hz)
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List of Detected GW events

M1+M2=Mf,

Mdiff /Mtotal

spin
a_final

S T PR(I;O 1]2,/253]1]1)02 36.2+Zi:15;;2.3+3.0 0en 410(?(I;/I9pc N
LVT151012 BRENTZ8 23“2?7:;’;“'5 0.66 mg%pc 9.7

SR PR(I;O ]1%/?;1] ;)03 14.2+1&3]=52(2.8+o.9 0 4400.g/lgpc e
Sy PRI(_2101]8%/262/11101 31.2+1§§;;8.7+1.9 0 ea 880(?I]\/I8pc O
GW170608 [t 1o 0.69 JMee | 13 | s20
T PR(’IZ_; :3,/114(;1/ ;5)01 30.5+2222;3.2+2.6 075 54OC.)I]\/I]pC ' -
ST PF({2I_311;9/,11O6/1116())1 1.36~1=.62().7+41J;1?7~1.36 , SV o
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LIGO LIGO Computing Latencies

LIGO Laboratory Tier | XSEDE Resources

O . Deep offline
] R Daily Detector :
60 m“wn .| Characterization 'Negg:_lh fO:’ BB';?-;
PRETEe — Analysis . -
ok \ Low-latency detchar_ahope ;
BNS & NSBH ; of fline_ahope
Search Publication
of Detection
gstlal Paper
________________________________ (or limit on rate
: | of sources if no
' - detection)
| Rapid )
| Rapid Sky Para:ieter |
: Localisation Estimation :
E Lo lalinference E
Rapid GRB
' Followup : Full
; | Parameter
) grb_ahope | Estimation
[ 2 ' lalinference
To Electromagnetic Observing Partners |
Latency . Seconds - Minutes Hours | Week - 2Weeks 3 months

Sharon Brunett, 2015/10
B8 H0 (AIRTA) 2018/10/31 @ REMEZA
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Mock data example (0) : QNM extraction contest

Mock data challenge for finding ringdown gravitational waves

Hiroyuki Nakano,!> * Tatsuya Narikawa,? 2 T Ken’ichi Ohara,*'* Kazuki Sakai,? 3 Hisa-aki Shinkai,®> ¥ Hirotaka
Takahashi,”>® ** Takahiro Tanaka,3' IT Nami Uchikata,? 4 ¥ Shun Yamamoto,® and Takahiro Yamamoto3: 38

Standard Matched-filtering method
Improved Matched-filtering method
Hilbert-Huang transformation method
. Auto-Regressive method

Neural network method

modified ringdown signals from GR
with LIGO detector’s noise

“nh e

T8 .
,g - _.. ,/!
_—g—F ¢/ _m—w— T g
a7 o gy ——
1o} P e - A 1 oy » > ¥ 17, =
g @ g A—F e
. I A 4 Ay
W iy L A v~ > & *—&
I S ¥ P NP, A g i ; i g . i i A ,
2 ol PR 1 /2~3 hA 5 6 7 8 9 10 11 12 13 14 15
& @ / {
S 4 o / ,1:
; 7 A—K ¢ f
v _ /
- A - ! /
1 : & /4 5 6 7 8 9 10 11 12 13 14 15 } - )
fa—K ® Improved matched filter A }e’ v Irsmprcalved mar:[czij filter
A/ ¥ Simple matched filter | A Nlen:fr)a? rTeatf/\?ori L
=05 A Neural network / PO
e Auto-regression oo —9© ® HHT Sl
" HHT

FIG. 1: Real part for Set A FIG. 3: Imaginary part for Set A
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1. Auto-Regressive model (Method, general) 1

rFitting data with linear func. )

Tpn = QA1Tp—11T0a2Tp—2+ T+ aAMTpn—M T E
M
E AjTn—j 1+ €
_ =

e.qg. x, = Ae "t cos(wnAt)

_J

_ —(r—jw)At A n n
Ty = 6—(r—|—jw)At

[ ]
[ ]
/\
10

=

can be applied also to noisy data by adjusting M
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1. Auto-Regressive model (Method, general) II

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
_ T J
e find a; (Burg method) 0o 000000000
e find M (FPE final prediction error method) oo
e re-construct wave signal from fitted function o—o—e
e apply FFT with arbitrary precision.
oe—0—10—0
/ power spectrum ) e
02 o—o—0—o
p(f) = 2
M
i Z aje—IZ’n‘ijt
j=1

- _J

BHH &8 (KBRTK) 2018/10/31 @ REPEZEK
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Auto-Regressive model vs Short FFT

segment = 1/128 sec = 32 points

shift = 1/1024 sec = 4 points

"thspectrum.d
“arspectrum.dat” using 1:($2)/20000 —

Even for short segment,
P(f) - t 1 AR model shows precise

| FFT 1 power-spectrum.
N A% VAN
/) ‘,‘ \ BN

freq [mock data SNR=40, inspiral part]

BB &8 (KBRTK) 2018/10/31 @ REPEZFEK

— The order M can be fixed at 2~8.
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1. Auto-Regressive model (Method, general) III

rFitting data with linear func. )

L, = QG1ZTp—1t+a2Zp—2+-+apmMTpn—M +E€

M
— E AjTn—j + €
j=1

\_ ),
e find a; (Burg method)
e find M (FPE final prediction error method)
e re-construct wave signal from fitted function
e apply FFT with arbitrary precision.
fpower spectrum ) rcharacteristic eq. )
072 M |
plf) = = 2 f(z)ZI—Z;asz:O
J=1 2| says amplitude
\_ W, |

arg(z) says frequency.

BHH &8 (KBRTK) 2018/10/31 @ REPEZEK
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Mock data example (1) fitting well

Mock Data (Nakano0O2 p)

spectrogram h(t) x original data, — fitted
req. ochaNO 2 Seamench. e
0.05 °|
400 [~
4 I
380 2}
ol
300 [~
-2
250 - o
-4 | \y/
-6 . . . . . . . .
200 - 3 " i 3 . 1.593 1.594 1.595 1.596 1.597 1.598 1.599 1.6 1.601 1.602

rFitting data with linear func. A

Ty = @A1%Tp-11+02Tp—2+ 4+ aMTn—-rr +E€
M
= Z AjTn—j T € a.l1 = -2.235e+00
K¥ §=1 a.2 = 1.869e+00
a.3 = =5.545e-01

BB &8 (KBRTK) 2018/10/31 @ REPEZFEK
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Mock data example (2) spectrogram

Mock Data (Nakano0O2 p)

spectrogram
freq.

1.582 1.584 1.586 1.588 1.59 1.592 1.534 1.596 1.598

02 %

M . T lr I
1i— E :a’je—IZﬂ'_]fAt . “
j=1 o

L]
N\ 2

BB &8 (KBRTK) 2018/10/31 @ REPEZFEK
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Mock data example (3) characteristic eq.

Mock Data (Nakano0O2 p)

rFitting data with linear func. )
Tpn = 0Q1Tp—-1TA2Tp—2+ '+ aAMTpn—M +E
M
= § :ajwn—j TE€ a.l = -2.235e+00
L 1=1 a.2 = 1.869e+00
a.3 = -5.545e-01
(characteristic eq. )
M Lpn—1 — £dn
f(z) =1-— E a;z’ =0 .
— z = exp|—2mi fAt]
_ ’ J
2% | says amplitude,
arg(z) says frequency.
X.r X.1 f R[Hz] | x| f I[Hz]
1 0.962 0.566 (. 346.800 ) 8.025e-01( 71.721 )
2 0.962 -0.566 -346.800 8.025e-01 71.721
3 1.447 0.000 0.000 4.775e-01 240.931

BH F&8 (KR K) 2018/10/31 @ REBEZFEK
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Mock data example (4) identify ring-down freq.

Mock Data (Nakano0O2 p)

rc:haracterestic eq. )

M
f(z) =1-— Zajzj =0
j=1

_ J

2% | says amplitude,
arg(zx) says frequency.

Ln—1 — 2Ln

z = exp|—2mi f At]

X.r x.1i f R[Hz] | x| f I[Hz]

1 0.962 0.566 (346.800 ) 8.025e-01( 71.721 )

2 0.962 -0.566 -346.800 8.025e-01 71.721

3 1.447 0.000 0.000 4.775e-01 240.931
t (?_R (z_plane?\ f I (z_plane) f Rh(spectr) f Rmax(spectr) £ Rh(spectr)
0.159375E+01 0.363837E+03 0.280414E+02 0.340000E+03 0.363000E+03 0.384000E+03
0.159668E+01 0.344258E+03 0.166608E+02 0.331000E+03 0.344000E+03 0.357000E+03
0.159766E+01 0.346800E+03 0.717212E+02 0.240000E+03 0.329000E+03 0.382000E+03
0.161230E+01 0.357677E+03 0.122067E+03 0.213000E+03 0.338000E+03 0.431000E+03
0.161328E+01 0.361098E+03 0.948919E+02 0.261000E+03 0.350000E+03 0.422000E+03
0.161523E+01 \‘.379918E+034)\9.772796E+0gj 0.304000E+03 0.373000E+03 0.432000E+03
average & variance zfr 0.359E+03 0.118E+02 fr(sp) = 0.350E+03 0.148E+02

average & variance zfi

0.684E+02 0.365E+02

BB &8 (KBRTK) 2018/10/31 @ REPEZFEK
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Application to the LIGO/Virgo data

List of Detected GW events

M1+M2=Mf,

Mdiff/Mtotal

SR A PR(;) 112,/26/3]1 ]1)02 36.2+Zils ;;2.3+3.o oM
LVT151012 BRENIZa8 23“2‘?’7:;’;” = 0.66 mg%pc 9.7

T S PR(I;O 1]2,/2;1 51)03 14.2+151=520/C()).8+O.9 04 44OC.)(|\)/19pC e
GW170104 PRI(_21(]18%/262/1];O1 31 .2+12:§;;8.7+1 9 064 880(?l]\/l8pc 13 1300
GW170608 [Nelstrpny 1T 0.69 JMee |13 | s20
ST PR;IZ_; : 3,/114{)1/ (13 ;)1 30.5+22:?é=6;)3.2+2.6 075 540(?11\/I]pc I -

ST PF({2|_(111 ;9/,]106/1] 16 ())1 1.36~1=.620.7+41J;1?7~1 36 , SV .

EH & (KPR K) 2018/10/31 @ REPEZEKX
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U
-
N

N
9
(@)

(@)
A

Ringdown wave of GW150914

Frequency (Hz)
=
N
00

w
N

0.30

0.35 0.

Timie (s)

16.34 15.36 16.38

LIGO paper

AR model
Hanford

45 4096 sampling rate
100-400 Hz filter

1 segment = 1/64 sec= 64 points
B 1 shift = 1/512 sec = 8 points

ax10%8 |

mmmmmm

maxM=3

0% |

x10*8

EH & (KPR K) 2018/10/31 @ REPEZEKX
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3::%218?5 —
".timp4.dat" 4
~P(f) |
6x1078 1
—> |
i
freq n f I\ /' "u‘ : .

. . NI

100 150 250
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Ringdown wave of GW150914

16384 sampling rate

4096 sampling rate
100-400 Hz filter

AR model
Hanford
AR model
Hanford

1 segment = 1/64 sec= 64 points
B 1 shift = 1/512 sec = 8 points

ax10%®

) ) ' .Amp1.dar ——
*.Amp2.dat' ——
,d "+ Amp3.dat*
ax10*8 - .tmp4.dpt'
ex10%8 | 5
5x10™° | i
410 ‘ ‘ b
I a0 i
Max — |
200* | ‘ A
| 1\‘ |
|
1 b r [ | ‘4 | i
x10 eq ] I\
/ “\
\
1 1 — ¥_
100 150

BHH 58 (KBRTK) 2018/10/31 @ REBEZFEK
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AR model
Hanford

Ringdown wave of GW150914

16.32 16.34 16.36 16.38 164 1642 16.44

16384 sampling rate

................................................. )
. I gw1_H16_segmentH +
gw1_H16_segmentA T, |
ﬁ 350 { | } |
I ik 1] “
x10% i- E { H ﬁ H}
g 3 |
T fﬁ%
+
. 7 ;
Y 4% A
+ \ 7 X
I SR f\% |
i i t 1 13 :
0 + 1 I ! g :
+ l ] t
+ { L $
AR
o ] ]
.5x10'.’.e_ -{r -*L
1 4
T4
¥ 3
-1x]0'21 +
+
¥
5%10% | l |
16.422 6.424 6.426 6.428 16.43 16432 16434 16.436 e 2 |

+
N
L I
—_—

BHH 58 (KBRTK) 2018/10/31 @ REBEZFEK
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Ringdown wave of GW150914

t f real f imag
4486 1 0.164258E+02 0.313508E+03 0.432791E+02 0.259000E+03 0.305000E+03 %)
4488xx 2 0.164297E+02 0.300353E+03 0.578188E+02 0.218000E+03 0.287000E+03 %)
4489 1 0.164316E+02 0.317507E+63 0.382182E+02 0.274000E+03 0.311000E+03 0
4498 1 0.164492E+02 0.314336E+03 0.538556E+02 0.261000E+03 0.309000E+03 (%)
4501 1 0.164551E+02 0.317640E+03 0.349751E+02 0.282000E+03 0.314000E+03 (%]
4505 1 0.164629E+02 0.316355E+03 0.429281E+02 0.277000E+03 0.314000E+03 %)
4508 4 | 0.164688E+02 0.311752E+03 0.297619E+02 0.285000E+03 0.310000E+03 0
data points = 7
average & variance zfr = 0.313E+03 0.556E+01 fr(sp) = 0.307E+03 0.871E+01
average & variance zfi = 0.430E+02 0.926E+01

We see QNM at 300Hz, 0.003s after the merger.

fi+ f2(1 —a)f3

f—R=CI1+CI2(1—a)

2/ Berti, Cardoso & Will PRD 73, 064030 (2006).

fr =
Q

3 M [
% Foa[He = %ZM fr ~ 32314.1 (ﬁ) fr. ]<
q3

.337000E+03
.330000E+03
.339000E+03
.349000E+03
.340000E+03
.346000E+03
.332000E+03

M[Meg)]

(@& 1/as
- (550)
fi+ f2(1 —a)f3

32314.1. %
jhnnluiz]

fTable 1. Results of frequency and damping rate of ring-down gravitational wave of \

GW150914.
data Feenl [HEZ] Fionag| Bz mass (M/Mg)  Kerr parameter a/M
Hanford 305.947255 4355700 | B 0
Livingston | 300.02737-37 44.94732:3% | = 58.1515%%° BT

J

LIGO says (GW150914): M = 62.2137

EH & (KPR K) 2018/10/31 @ REPEZEKX
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Ringdown wave of GW150914, GW170814, GW170104

Table 1. Results of frequency and damping rate of ring-down gravitational wave of

GW150914.

data Tresii [H2] Finae 2] mass (M/Mg)  Kerr parameter a/M
Hanford 305.947.-55 43.557:000 | s
Livingston | 300.0275757 44.94712-3% | REGSHISESE 0 e

LIGO says (GW150914): M = 62.2+37 g =0.6870-02

Table 2. Results of frequency and damping rate of ring-down gravitational wave of
GW170814.

data Tz Fionsie | HZ] mass (M/Me)  Kerr parameter a/M
Hanford | 308.677g55° 39397175 | 6LT05g5 0.8170 13
Livingston | 287.54710%7 471771550 |INSENEEE— AaaTE

LIGO says (GW170814): M = 532152 a=0.70100¢

Table 3. Results of frequency and damping rate of ring-down gravitational wave of
GW170104.

data Freat[H2] fimag[Hz] mass (M /M)  Kerr parameter a/M
Hanford | 338.217072 155772 2: | [N DB
Livingston | 339.967277  13.927-0.27 | NSNS 0,987 001

LIGO says (GW170104): M = 48.7+37 a=0.64109

EH & (KPR K) 2018/10/31 @ REPEZEKX
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Ringdown wave of GW150914, GW170814, GW170104

GW150914 (S/N = 23.7) GW170814 (S/N = 18)

0.6} 0.6}

Hanford (AR)
~ Livingston (AR)

| ¥ Excellent y : j
02| LIGO/Virgo ozl

Hanford (AR)
- Livingston (AR)

LIGO/Virgo

0.4} 0.4}

= " | . 410 N . . 610 . L L 810 - - + 1(')0 Mass = . L N 410 L L L 6]0 60 Mass
GW170104 (S/N = 13)
Kerr parameter a
1.0 1
| !
0.8}
0.6}

Hanford (AR)
- Livingston (AR)

4 N/A

20 40 60 80 100
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Summary & Outlook

HoBEIERESIL x(t)

4 )
Tn = Q1Tp—1+02Tp—2+- - -+apmMTn—_pM +E
M
= Z AjLp—j +E
_ g y,

BT —4 (~ 30 pts) (U TCERELLLBEER - BREXRZFTECED.
SOFIVERDITDIDICT T L — MIAE.

LIGO/Virgo M 3 /AR M—LI(TER, U050 aaommtbhaRAy .

LIGO/VirgoD(FREXL TLD (M, a) £EGW150914, GW170814 < —%
S/NOIKLY GW170104 TlIL\FEULS (S/N=23.7) (S/N=18)
(S/N=13)
*x U OF I EDIE T ERE TENE, BMUVWENIZOENIBHRIIN TES.
DAL EMBHFENDE, BRET—FHEDETNE, B HEIRIENTEDRESD.
* T T — hEEDIRRWGEL, 518, RIMDEKRS T F)LDIEFIRE(C
"I DOhE.

BHH 58 (KBRTK) 2018/10/31 @ REPEZFEK
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NS p N —
~ = = R ), Y4
late 2010s early 2020s late 2020s early 2030s
03 04
USA aLlGO A+ Voyager Cosmic Explorer ?

LIGO-India

Europe aVirgo aVirgo+ Einstein Telescope ?

Europe eLISA

Japan

?

Japan DECIGO?

| | |

: "m'""; Horizon -
10% detected
50% detected -
10' E =
& :
=
72}
o
Q
EM colnterpat .. *x \
(certain ‘Z\ : )
| = alIGO ==ET Y\ \
10! 5 == Voyager === CE R L
100 10! 102 103 104
Total source-frame mass [ M|
Evan Hall, MIT

BEH &8 (KPR K) 2018/10/31 @ REPEZEK
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Cosmic Explorer
40km L-shape

Einstein Telescope

10km Triangle

EiL

EINSTEIN

TELESCOVE|
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2018/10
Fermi@&F—L, HYVEIN—X NKF
HYOJT21EE%RM

https://fermi.gsfc.nasa.gov/science/constellations/

Castie

Black Wldow Splder

2\ _Fermi Bubbles S

Colosseum'

Eiffel Tow.er'__‘,.,-..,__‘q -
. #Elnsteln .
3 e
- \.Fermi satellite
"“‘GOdZIlla i R

.~I:‘qolden Gate |

HUH( ,‘ ’

' {The thtle Pringe /| \
MJoImr | ﬁ‘—\—:—i
Mount FUJI
Gastle\ 1A
Qbélisk\/ ‘\,.—;) C

Pharos i:;/: Y
Rﬁle Telescope
.Saturn V Rocket,

~/Schrédingér's Cat

[ Starship/ Enterprise

" 7ARDIS.
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GW170104

LVT151012

GW151226

GW170817

Rapid LIGO and Virgo localization ~ 7%
. Refined localization ~ /ot

R ¢
'@ﬁ]ﬁ

GW150914

GW1708 1 LIGO/Virgo/NASA/Leo Singer

(Milky Way image: Axel Mellinger)

http://www.virgo-gw.eu/skymap.html BEHREMIESNTDIEZ, FE1 2.
LHUL
| \‘I— 201 9F DERAID I U FENIL,
NEWS — »-T,= 38ic 1[E, BH-BH
O we @ e () e () e — ii; 4E§‘€:'| El, PJES-PQSS
202x/xx FHERTOHAN I L NI,

LIGO/Virgo/KAGRAF—L, 18IC10E, BH-BH ??
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FEH

1. ENRSBARHEIULX o1
BH-BH, NS-NS. x(&BH-NS? SN?
2. HEDKAGRAH2019Fh 5 RERAIFEMS
LIGO/Virgo & D FEEAAHIBEA.
3. TIBIRICE, FEIXERIRETZAT7HKSAHBS.

REG < SABZ. Pl Sl

Y. 1RR) nall>J @
:
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