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Preface

Since the first direct detection of gravitational waves in September 2015, the LIGO and also
later Virgo detectors have observed 11 events until the end of 2018. These events correspond to
the mergers of binary black holes of tens of solar masses except for a single event correspond-
ing to the merger of binary neutron stars. The LIGO, Virgo and other detectors including KA-
GRA in Kamioka, Japan are expected to observe much more events with higher accuracy and
higher resolution in the near future so that we can study various aspects of sciences based on
improved statistical significance. Gravitational waves are now playing a crucial role not only
in astronomy and astrophysics but also in cosmology, gravitational theories and many other
fields of physics. In such an extremely stimulating and historical year, it is our great pleasure
to have hosted the 28th workshop on general relativity and gravitation in Japan (JGRG28). The
workshop was held at Tachikawa Memorial Hall on Ikebukuro campus of Rikkyo University
from the 5th to the 9th of November 2018.

Rikkyo University is a private university in Ikebukuro, Tokyo. It started as Rikkyo School
in 1874 in Tsukiji, Tokyo and has been located in Ikebukuro since 1918. It has 11 faculties and
20,000 undergraduate students and is a member of Tokyo 6 universities. Its College of Science
was founded in 1949 and has the longest history among those in private universities in Japan.

We invited outstanding lecturers, who are very active in the theoretical and observational
research fields, including Bernard J. Carr (Queen Mary University of London), Jonathan R. Gair
(University of Edinburgh), Mark B. Hindmarsh (University of Sussex), David F. Mota (Institute
for Theoretical Physics, University of Oslo), José M. M. Senovilla (University of Basque Coun-
try UPV/EHU), Alexei A. Starobinsky (Landau Institute for Theoretical Physics, Moscow), Hiro-
taka Takahashi (Nagaoka University of Technology), Jean-Philippe Uzan (Institut d’Astrophysique
de Paris), and Vincent Vennin (Paris U. VII, APC). Besides these 9 invited talks, 76 contribu-
tion talks and 54 poster presentations were given. The total number of participants was 220
including 25 participants from abroad.

The workshop was co-hosted by College of Science, Rikkyo University and Research Cen-
ter for Measurement in Advanced Science, Rikkyo University. The workshop was supported by
MEXT Grant-in-Aid for Scientific Research on Innovative Areas “New developments of grav-
ity theory research in gravitational wave physics”, JP17H06359, PI: Shinji Mukohyama, “Infla-
tionary Universe”, 1I5H05888, PI: Misao Sasaki, and MEXT-Supported Program for the Strate-
gic Research Foundation at Private Universities, 2014-2017 (S1411024), PI: Shunji Kitamoto.
The Local Orginizing Committee includes Tomohiro Harada (Rikkyo U.) [Chair], Takashi Hi-
ramatsu (Rikkyo U.), Takahisa Igata (Rikkyo U.), Tsutomu Kobayashi (Rikkyo U.), Takafumi
Kokubu (Rikkyo U.), Kazufumi Takahashi (Rikkyo U.), and Shuichiro Yokoyama (Rikkyo U.).

We would like to thank all the participants for their paticipation in and important contri-
butions to the JGRG28.

Tomohiro Harada (on behalf of the JGRG28 LOC)



Presentation Award

The JGRG presentation award program was established at the occasion of JGRG22 in 2012. This
year, we are pleased to announce the following six winners of the Outstanding Presentation
Award for their excellent presentations at JGRG28. The winners were selected by the selection
committee consisting of the JGRG28 SOC based on ballots of the participants.

Haruka Suzuki (Waseda University)
“The Effect of Kozai-Lidov Mechanism on the Period Shift of the Binary Neu-
tron Stars by Gravitational Waves” (Oral)

Keigo Shimada (Waseda University)
“Inflation in Metric-Affine Gravity” (Oral)

Masato Nozawa (YITP, Kyoto University
“On the uniqueness theorems of static black holes” (Oral)

Shi Pi (Kavli IPMU)

“Gravitational Waves Induced by non-Gaussian Scalar Perturbations” (Oral)

Priti Gupta (Waseda University)
“Gravitational Waves and Chaos” (Poster)

Takahisa Igata (Rikkyo University)
“Bright edge of a near extremal Kerr black hole shadow” (Poster)
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Monday 5th November
Invited lecture 10:15-11:00

[Chair: Takahiro Tanaka]

Hirotaka Takahashi
Nagaoka University of Technology

“Status of KAGRA and KAGRA data analysis (tentative)”
(40+10 min.)

[JGRG28 (2018) 110501]
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Status of KAGRA
and
KAGRA data analysis

Hirotaka Takahashi*
on behalf of the KAGRA collaboration
*Nagaoka University of Technology

KACRA
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KAGRA Project

3km laser interferometer
Underground site
Cryogenic mirror



KAGRA Collaboration KAGCRA

- Host Institute: ICRR, University of Tokyo
- Cooperative institutes: NAOJ, KEK, and many universities.
- Over 385 collaborators (June 2018)

KAGRA management structure 7=

Aug,2018

/'7 = .
KA/‘BRA F2F meeting @ OCU, May 2018 RERAH A

Nagaoka versity of Technology

Z

Brief history of KAGRA

- June 2010: KAGRA was funded by MEXT

- 2011: Tunnel excavation postponed for 1 year due to the
earthquake

- May 2012: Started the tunnel excavation
- March 2014: Finished the tunnel
- Nov. 2015: Laboratory area mostly done

NS e s

ag University of Technology



History and Roadmap of KAGRA

mma.mmmmmmmmmm

Project start
1

Tunnel excavation C———— :
iKAGRA E Spring 2019
operation [ | i —
bKAGRA Adv. vibration isolation, optics, ... [ L__/M
Cryogenic system L :
Commissioning & B I”
operation o ']
< Sapphire ¢
3 mirrors \ .
S (one cryo.) =
e - R, o
* & — > &
- /V - >
B (*) The configuration
IKAGRA bKAGRA in 2019 is still to be
decided referring the
milestones.
KAGRA master schedule:

- iIKAGRA (- Mar 2016): Room Temperature Michelson Interferometer
- bKAGRA phase-1 (- May 2018): Cryogenic Michelson Interferometer
- bKAGRA phase-2 (- 2019): Cryogenic FPM/RSE Interferometer

(full configuration)
-EKAGRA phase-3 (2019 - ): Commissioning and Observation run

KACRA  EBENE AL

aaaaaaa University of Technology

initial KAGRA (IKAGRA\) test run (1)

KAGRA Collaboration, PTEP 013F01-1-23 (2018). ,

- March 25 - 31 and April 12 - 25, 2016

Main purpose:
Demonstration of 3km interferometer operation

= ETMY

Configuration:
- 3 km Michelson at room temperature

- Low power laser
- Simplified suspension IMC
- At air pressure PR2

1064 nm

o 2W
KACRA GW Signal



IKAGRA test run (2)

KAGRA Collaboration, PTEP 013F01-1-23 (2018).

Sensitivity and duty cycle:
- Typical sensitivity: 3 x 10-15 Hz1/2 o

~6x 1016 HZ2 @ 100Hz {2 .
- Continuous operation with duty cycle : 85 — 90% **

5
FF

= SNE
Data transfer and data analysis:

- Stable online data transfer to permanent data storage site (ICRR-Kashiwa)
(K. Sakai et al., EFEHEISFRMEE B, Vol.J101-B No.9, pp.818-827 (2018).)

- Hardware signal injection test was performed 0

- CBC: Matched filter analysis (for 1-3 Msun) wr il

- Continuous wave: F-statistic analysis :ﬁ ik |
for 62 known pulars T f B

- Burst: Excess power analysis (all sky search, B Y vt e
targeted search for GRB events) paltieaha bttt
L — e.g. Analysis result of hardware injection signal

K A/GR A from Ueki-kun’s Master Thesis )\\ﬁ NE; Ejﬂ};ﬁ{,j*qﬁ %CZS.%

baseline KAGRA (bKAGRA)

Final goal : Operation of full configuration KAGRA with good
sensitivity

- bKAGRA phase-1 (- May 2018): Cryogenic Michelson Interferometer
- bKAGRA phase-2 (- 2019): Cryogenic FPM/RSE Interferometer

(full configuration)
- bKAGRA phase-3 (2019 - ): Commissioning and Observation run

mwzagmmmmmm:mm

Project start
Tunnel excavation C—

IKAGRA I Spring 2019
operation | |
bKAGRA Adv. vibration isolation, optics, ... | "P/— Fall 2019
Cryogenic system L .
Commissioning & il
« Sapphire <
i < mirrors )
- ¥ v
—

(*) The configuration

iIKAGRA bKAGRA  in 2019 is still to be

/
KAGRA decided referring the
B milestones.
il ’



bKAGRA phase-1 test run (1)

bKAGRA phase-1 test run: April 28 — May 6, 2018.
- Michelson IF with Cryogenic mirrors.
- One end mirror cooled down ~18 K.

- Many tests for the interferometer, calibration,
GW waveform injection, data transfer and

analysis pipeline etc. ey

- Analysis of the injection signal is going on.

DEVEN OLG  Type-A Type-A Noise  Noise WS""“’ Noise  cRy
(R[0T measure  Yend Xend injection injection & injection Extra EXP. Phase 2

iFZ0)] ments  TRF TRF  Center YEND '™ xgnp 1&2 !
NGl OLC TeeA L TeA o o sy O6 cay A i\ PD dark noise "\
QRged measure  Yend Xend oo &  measure Extra EXP. ot peey Yo S T R P 18
YO ments TR TeCtOn qpg  fniection injection woroee et a2 - | ) i \E
Parallel Data transfer, Pipeline tests, GIF e o P '°= h

| recuency 1
—

. P Fvs
KACRA EmBR 2 A%
= Nagaoka University of Technology

bKAGRA phase-1 test run (2)

100 ‘ .
all_locklist.txt ——
E 10 |]]
1S
9
0
K
0 10000 20000 30000 40000 50000

lock duration [s]

® The maximum of the lock duration was 40721 seconds ~ 11.3 hours.

-
KACRA | EERHREAL

University of Technology



Example of activity during bKAGRA phase-1 test run (1)

Hardware injection test
30 ¥107°

20
10
0
-10
-20

-30 w
30 X107

o0 E 30-30Msun waveformat 41.2 pc  Rinj(t)

10
0
-10
-20
-30

Timeseries data (> 40Hz ) (t) = hobs(t) + n(t)

amplitude

amplitude

%
§

X7/ ndt 1310/ 111

30 Matched filter output p(t) Constant 1626167
from GPS 1209498592 = o e

Sigma 0.8118 + 0.0065

20

SNR

10

0 tndetrstfhrivinthngissr ottt otr s gttt VL
6.4 6.6 68 time [s] 7.2 7.4

KACRA PN §: kA e waes

Example of activity during bKAGRA phase-1 test run (2)

Summary plots of the data transfer system
- to check status of data transfer system easily.

v the latency of data transfer

v amounts of received/sent data to/from a server and the remaining
space of disk

- Useful for checking the transfer system during the phase-|
operation.

-
KACRA | EARINEAS

iversity of Technology



Example of activity during bKAGRA phase-1 test run (3)

monitor example

sne R B

Monitor of Frame Data

- We prepared a monitor system of the latest T ‘
frame data on DMG data transfer. Al A r;"\U‘"-u;:-:
- The latest data will be displayed and updated - 1 time series
automatically. SRR
- This system is installed in Kamioka and OCU 5 PSD

server. It will be also installed in Kashiwa EE ey

server.

We are planning to provide the GUI application.

/

KACR

baseline KAGRA (bKAGRA)

Final goal : Operation of full configuration KAGRA with good
sensitivity
- bKAGRA phase-1 (- May 2018): Cryogenic Michelson Interferometer
- bKAGRA phase-2 (- 2019): Cryogenic FPM/RSE Interferometer

(full configuration)
- bKAGRA phase-3 (2019 - ): Commissioning and Observation run

mmagmmmmmmmmm

Project start
Tunnel excavation C—
iIKAGRA ] Spring 2019
operation |
bKAGRA Adbv. vibration isolation, optics; ... [ "P’/‘ Fall 2019
Cryogenic system L -
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~ International

Sapphire mirrors FLAE A

2018.8.21 oiBsaRRR (x

ry7 BE-BR EYRR v-syh Fo/0Y- ER-FIY7 RK-Y
@fza [Mu#H-57 G

BAREES "H<5) . DEBOSFEEAR KX
BEaHR
2018/8/21 12:53

All 4 sapphire mirrors are ready to
install.

3 of them have been installed.

These are suspended by Type-A
suspension and Cryo-Payload.

ORE OE BOR @ & ¥ f zot-
RRAETHERRARAG SRLORREESEBRTENREES 1<) ODRE
BEBBABRDATY 7 74 7 OHNTR, BRO 4BREDSRARF ¢/ (FER
i) TABRARS NI, H<SRMERIL (RERRET) ORTICHS, 1703
OO LFHORR/ M TRTL—f—HEEES ¢, ENRCLZEZROERICDY
HROHHEREREE TRET %,

FRROBENRERHIKRIC 3AH DD I <5 IEEE
HBEMEHFAL TS, FHEBBONL—F—HERS
SEBY 77 A7HR. BERCHPT LT BAOREIC
BEEORICLZRBENZ B,
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Two mirrors cooled down to 20K.

o
QoK

DS ERKOSEFDERTNIL, ENUBEOFAD g e
SERLTNE0N, &DEVRETRECRE LY
. ENBTTHERDRNEOFSBO—RORBIBEHFINT S, RATHEH

ORBERYRIE 'RFNIEREI0A b ERIFEBRRAICSMULIL EBELTVWS,
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The Nikkei (Japan Economical Newspaper)

Installation of Mirrors and Cryo-Payload

Type A suspension

Pre-isolator §

Cryo-Payload

2nd Floor

Filter1
Bore Hole

Filter2

Filter3
1st Floor
Cryo-payload

Bottom Filter
Payload ¢
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Calibration

Photon calibrator is preparing for
Phase-2 and after.

Periscope

Camera mirror

Receiver module

P

oo

AN /A

Y. Periscope}
, 2
3 &,

[Z

Data sharing with LIGO and Virgo

Bulk data sharing

hyades-01/02

- preparing LDR (LIGO Data Replicator) protocol. :

aldebaran

perseus-02

Low latency h(t) MJ
- 4sec frame is also preparing. |
- We achieved the shared memory J/ »
connection with LIGO/Virgo - \\
in June, 2018. Oy | =aEE

(Thanks for the support by LIGO/Virgo colleagues.) o wmipn

- KAGRA calibration group is now installing { \WL/J

low latency h(t) generator. R——

Technical items for the data sharing will be fully ready soon.
KACRA NG EBEmREAS
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LIGO/Virgo joint observation plan

/i E ” Living Rev Relativ (2018) 21:3
Scenarlo Paper https://doi.org/10.1007/s41114-018-0012-9

==Early ==Mid ==l ate  =smDesign
60-80  60-100 120-170 190
Mpc Mpc Mpc Mpc
LGOo & [ & .
/ .
| 25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virg oz & W
' 25-40 40-140 140
10-30 Mee (M i
wolk 1|1 -
1 1 1 1 1
2017 2018 | 2019 2020 2021 2022 2023
* “We try to catch up with 03"
today
/—w .
RE#EMRNPEAZE

Nagaoka University of Technology

JGRG28 @ Rikkyo University

2018/11/5

Installation and commissioning toward
phase-2 and phase-3

. Checkpoint at the end of September
feedback from PAB If either ITMY, high power laser or green lock system is not available at this point, go FPMI.
(e Ad el Checkpoint at the end of December
Committee). . . .
Thanks for PAB If any serious delay or troubles in X-arm commissioning would be found, go FPMI
members. | | Checkpoint at the end of March
DRFPMI will be selected if all the elements are available, otherwise ASC

' i A4 (alignr‘nent sensing contro!) of FPMI is ;rroceedred. ‘

2018
Aug Sep Oct Nov Dec Jan Feb Mar Apr ‘ May Jun | Jul Aug Sep Oct Nov Dec Jan
0, RGO Observatio
|
o Original Plan
- t
Yearm DRFPMI (RSE) pos DRFPMI (R
Xend com. ETMX com.
ETMY voarm | FPMI ‘
ITMY com. B3 0 Pla
Laser mode cleaner
post com. P
data analysis rehearsal Data Sharing AGRA 0 go

Steps toward O3. We have two plans: RSE or FPMI. We anyway will join the observation no later than October 2019.
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Data Analysis Activities

IR R

GWsearch  CBC (KAGALI) KAGALI  KAGALI Management
ipeline = Analysis of HW injection dat
= CBC (gstlal-inspiral) S e ectonde
Developme CBC-PE (BNS tidal)
Burst f
nto EOB waveforms
cw analysis QNM analysis
method, .
Radiomet i
v f\?:’::: of Auto Regressive model
CBC (GPU acceralation) R HHT
Cosmic string NHA
PE pipeline  CBC MCMC (KAGALI) Others Commissioning tools
CBC Nested Samping Sensitivity Threshold for 03
KACGRA EMEHLAY
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On the KAGRA's sensitivity threshold at O3

by Tagoshi-san, Haino-san, Narikawa-san and Morisaki-san

- Installation of KAGRA is ongoing

- We want to perform an observation run during the period of
LIGO/Virgo O3 run, and want to join the international network of
LIGO/Nirgo.

- How much improvement on the measurement accuracy of CBC
signals
- we would have for various possible sensitivities of KAGRA during
O3 period.

« In this talk:
v We show some results for source localization accuracy evaluated by Fisher matrix.
v We show the case when KAGRA's sensitivity is 10Mpc as BNS range.

(The possibility of 10Mpc sensitivity was first pointed out by Kipp Cannon.)

KACRA W ERRAREAS

gaoka University of Technology



Noise Curves

Enomoto-san and Michimura-san made 3 noise curves of KAGRA with
BNS range of 1.3Mpc, 9.6Mpc, and 42Mpc.

We interpolate these curves to obtain noise curves for other ranges.
For LIGO/Virgo, LIGO: 120Mpc, Virgo 60Mpc (taken from

arXiv:1304.0670v6) (Living Reviews in Relativity; 21:3; 2018)
Possible bKAQRA phase-2 noise curve

10—17

1Mpc
—5Mpc — ; . . . L
— 10Mpc " Various possibjlities of KAGRA's sensitivity

—20Mpc
—-=-aVirgo EarlyHighMidLow(60Mpc) | |
—alLIGO MidHighLateLow(120Mpc)

N
1078
210710
G
E 10-20 1 KAGRA(1Mpc)
= KAGRA(5Mpc)
*g 102! 4 KAGRA(10Mpc)
o3 KAGRA(20Mpc)
ﬂ;) 1022 ~1Virgo(60Mpc)
8 LIGO(120Mpc)
.23 |
210
Z
1024 ‘ ‘
G 10’ 102 108 : 4
KA/,/ F [Hz] %:@a%ﬁlﬁ%cﬁl?

Setup

Source
Binary Neutron stars at 40Mpc (like GW170817)
Uniform distribution for sky location, inclination, polarization
5000 realizations

Sensitivity
BNS range (average observable distance with SNR=8):
KAGRA: 10Mpc
LIGO: 120Mpc (MidHighLateLow)
Virgo: 60Mpc (EarlyHighMidLow)

Method
Fisher matrix

KACRA ( ERRHREAS
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Source localization accuracy (1)

LHV

1000 |

Direction error (1.4,1.4)Msolar

500

0

LHV]
'mean=33.2 medlan 125 deg

_IlIIIIIIIIIIIIIlI--___
0 1 2

3

1000

500t

0

——]
[LHVK
mean=21.8 medlan 10.5 deg

3

..
0 1 2

Log[AQ[deg?]]

KACRA

4 detectors BRI B2 A

oooooooooooooooooooooooooooo

Source localization accuracy (2)

All cases

Direction error (1.4,1.4)Msolar Direction error (1.4,1.4)Msolar

1000

Only pyagra > 2 cases

500

500 -

1000

LHV ‘ ‘ >
mean=33.2 median=12.5 deg

median=10.3 de
_I.IIIIIIIIIIIII..I- _____ | oL | lI.-—_
0 1 2

LHV ( only PKAGRA > 2 cases)

Log[AQ[deg ]]
500

LHVK

500 1

mean=21.8 medlan 10.5 deg

_-llIIIIIIIIIIIIIlII-__
0 1 2

Log[AQ[deg?]] LoglAQ[deg?]

LHVK (only pKAGRA >2 cases)

median=7.8 de
III-___

3

O

AQLHV . 10.5

=0.84

AQrpvi 125
KACRA

AQruv],>s 18
AQLHVK‘pZQ 10.3
RE M RZERE

.............................
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Source localization accuracy (3)

3 detectors including KAGRA
3 detectors Only pyacra > 2 cases

Direction error (1.4,1.4)Msolar Direction error (1.4,1.4)Msolar (only pKAGRA >2)

1000 : 500
LHK
Im!ﬂ 73.8 median=85.7 deg? dSian-sa deg”
500 - - b
0 . _llIIIIIIIIIIIIlI- _____ ‘ - I.--__
0 1 2 3 0
1000 | 500
LVK LV
£00 7Im1|=145.3 median=54.4 deg? | PdSian-233 deg”
0 _--IlllllllllllI--___, -.III.- ‘
0 1 2 3 O 3
1000 [— 500 ﬁ ‘
500l mean=175.2 median=62.3 deg | median 233—deL
_--llIIIIIIIIIIlI- _____ III
0 = 0 -. .- ‘
0 1 2 3
Log[AQ[deg ]] LoglAQ[deg?]]
[y
KACRA GW170817 case: AQ ~ 30 deg” ) EMEMMEAS

Fraction of number of events with pxagra > 2

Source: BNS (1.4, 1.4) Msolar at 40Mpc

BNSRange | 20 15 10 & 8 7 6 5
[Mpc]

Fraction of

B me | 71.8% | 54.7% 28.5% | 21.0% 14.6% 94% 4% | 0.8%

source

Horizon
distance

with SNR=2 | 180 135 90 81 72 63 54 45

[Mpc]

KAGRA sensitivity : 10Mpc (for BNS range)

28.5 % are pkagra > 2

-
KACRA NG EBEmREAS
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On the KAGRA's sensitivity threshold at O3

* If BNS range of KAGRA is 10Mpc, for BNS sources at 40Mpc, the median of the
source localization accuracy for the LHVK case is about 10% better than that of
LHV.

* If BNS range of KAGRA is 10Mpc, about 28% of events can be detected by
KAGRA with SNR > 2. In these cases, the improvement of the localization
accuracy from LHV to LHVK becomes larger (about 24%).

* Above results are derived with Fisher matrix. We did not explain in this talk
Nested sampling code produces slightly different results quantitatively, but
overall feature is similar to that of Fisher matrix.

* For some limited number of specific cases, the results are confirmed by
LALInference.

* Based on these results, in the KAGRA's collaboration meeting, we agreed that
we want to realize the sensitivity of at least 10 Mpc for BNS range.

* If that sensitivity is realized, we would be able to contribute to the

improvement of localization accuracy slightly even if the improvement is not
very large.

KA/éRjA B RE A%

Nagaoka University of Technology

Data Analysis Activities

I S

GW search  CBC (KAGALI) KAGALI KAGALI Management
ipeline - Analysis of HW injection dat
PP CBC (gstlal-inspiral) Phase-1 e et

Developme CBC-PE (BNS tidal)

Burst f
nto EOB waveforms

tw analysis QNM analysis
method,

Radiomet i

L f\? 2';’:': o Auto Regressive model
CBC (GPU acceralation
( ) data,etc  HHT
Cosmic string NHA
PE pipeline  CBC MCMC (KAGALI) Others Commissioning tools
CBC Nested Samping Sensitivity Threshold for O3

iversity of Technology
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QNM Analysis

Mock data challenge for finding ringdown gravitational waves

Hiroyuki Nakano,'»* Tatsuya Narikawa,?  Ken’ichi Ohara,* ¥ Kazuki Sakai,® § Hisa-aki Shinkai,% ¥ Hirotaka
Takahashi,” 8 ** Takahiro Tanaka,® T Nami Uchikata,> % # Shun Yamamoto,® and Takahiro Yamamoto®: §§

. 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

ga b W N =

A5 o
P S o5 2 P <
10 P P 1 e S — = -
Pl = = A
— Al e P p 0 iy
W o L ¥ ,,
o -,
= v{ ~ P 5 6 7 8 9 10 1 1213 1 15
-
S -
& P
v Iy -
o
Tz g4 s 6 7 8 9 b1l 23 WIS )
Ja—A& ® |mproved matched filter : \smpmlved mshtc:f;d"lrlter
x7 ¥ Simple matched filter iz o Simple Fratekied fili;
-os A Neural network A Neurs .
/ + Auto-regression 3 Gm regression
" HHT

FIG. 1: Real part for Set A FIG. 3: Imaginary part for Set A

KAGRA PA21:Tanaka-san’s poster .

& Nagaoka University of Technology
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Data Analysis Activities

I . CC—

GW search  CBC (KAGALI) KAGALI KAGALI Management
ipeline = Analysis of HW injection dat
pip CBC (gstlak-inspiral) Phase-1 nalysis o injection data
Developme CBC-PE (BNS tidal)
Bt nt of EOB waveforms
cw analysis QNM analysis
method, v
Radiomet i
a AnBysts ot Auto Regressive model
CBC (GPU acceralation) LV open
data, etc | HHT
Cosmic string NHA
PE pipeline CBCMCMC (KAGALI Others Commissioning tools
CBC Nested Samping Sensitivity Threshold for O3
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Analysis of GWSs from Core Collapse
Supernovae with Hilbert-Huang Transform

We consider gravitational waves from core collapse
supernovae obtained by 3D numerical simulation (T. Kuroda,
K. Kotake, and T. Takiwaki, ApdJ, 827, L14 (2016)).

This is one of the
waveform and its
time-frequency map
made with the short-
time Fourier transform.

A, [cm]

N.l:
I

~235 ~-23 ~225

-24

KACRA

Analysis of GWSs from Core Collapse
Supernovae with Hilbert-Huang Transform

There are mainly two components in the time-frequency map;

The high-frequency component (A) is originated from the g-mode
oscillation of the proto-neutron star.

The low-frequency one (B) is considered to be associated with
the standing accretion shock instability (SASI) activities.

.............................



Analysis of GWSs from Core Collapse
Supernovae with Hilbert-Huang Transform

1 - L le-20
=
0.5 ~0.5
=
>
= g le-21
[P
0.2 20.2
o'
(0]
0.1 Ho.1
I . YRR :T. : le-22
0 100 200 300 100 200 300
Too (ms)

Time [ms]

The detailed discussion can be found in Hiranuma-kun's poster (PA3) and
Watanabe-kun’s poster (PB5)

( EBEHNEAS
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Re-organize data analysis group in KAGRA

We reorganized the New organization structure of KAGRA

data analysis group “
KSC

in KAGRA.

. Exe:fl:ltive KSC board \
Data analysis group Sl

moves under the System |
KSC (KAGRA i e R e
Scientific Congress). (or Counci)

Working groups are
organized as
corresponding to
LV data analysis
groups for near
future cooperation.
KACRA | EREMmREAS
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Data analysis related talks

l Monday, November 5

11:00 - 12:15 Session 1A

[T1*] Nami Uchikata Niigata University

Analysis of echoes by a new template

[T2*] Takahiro Yamamoto Kyoto University

Analysis of Ringdown Gravitational Wave by Neural Network

[T3*] Hiroki Takeda University of Tokyo

Polarization test of gravitational waves from compact binary coalescences

[T4*] Haruka Suzuki  Waseda University

The Effect of Kozai-Lidov Mechanism on the Period Shift of the Binary Neutron Stars by Gravitational VWaves
[T5*] Asuka lto  Kobe University

A strategy for detecting the bispectrum of stochastic gravitational waves

I Wednesday, November 7
9:00 - 9:45 Invited Talk 5 (Chair: H. Tagoshi)

Jonathan Gair University of Edinburgh
Science with the Laser Interferometer Space Antenna )\\6 ?Iﬁgjuﬁﬁ‘ﬁ Sy =2

Summary

KAGRA achieved phase-1 test run in this April-May.
3km Michelson Interferometer with cryogenic mirrors.

KAGRA is under the installation and commissioning
for phase-2.
In 2019, KAGRA would like to join O3 with full configuration.

KAGRA master schedule:
- iIKAGRA (- Mar 2016): Room Temperature Michelson Interferometer
- bKAGRA phase-1 (- May 2018): Cryogenic Michelson Interferometer
- bKAGRA phase-2 (- 2019): Cryogenic FPM/RSE Interferometer

(full configuration)
- bKAGRA phase-3 (2019 - ): Commissioning and Observation run

{ ERRAHEAS

University of Technology

KACRA




Session S1A 11:00-12:15

[Chair: Takahiro Tanaka]

Nami Uchikata
Niigata University

“Analysis of echoes by a new template”
(10+5 min.)

[JGRG28 (2018) 110502]
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Analysis of echoes
by a new template

Nami Uchikata (Niigata Univ.)

Takahiro Tanaka (Kyoto Univ.),
Hiroyuki Nakano (Ryukoku Univ.), Tatsuya Narikawa (Kyoto Univ.),
Norichika Sago (Kyushu Univ.), and Hideyuki Tagoshi (ICRR)

Exotic Compact Objects

Five binary black hole merger events were detected by LIGO and Virgo.
These events are consistent with black holes but do not exclude

exotic compact objects.

4

Theoretical compact object models alternative to black holes

Ex) Boson stars, gravastars, wormholes

As compact as black holes, but do not possess the event horizon.

Cannot distinguish from black holes by electromagnetic observations.



How to distinguish ECOs from black holes?

» Gravitational waves

- Quadrupole moment (rotation Q, tidal force A)
Cardoso et al. (2016)

Black holes: Q = 1, A = 0 (dimensionless) 05T T T T T T T
N 0.10F
- Oscillation modes o
. "E ingoingat hoizon /'l T
Black holes: quasinormal modes DS
- "Echoes” after mergers 0105 ‘
£ 0.05E o0
(Cardoso et al . (2016)) o 'Wi’
015" \’ ——— 5
E ce ntrifugal barri star Ilke ECO
0.10F 3
* Tentative evidence of echoes from . \ _— / \\9°
0.00E =

: \ . -
LIGO events was reported by Abedi et al. (2017) 400 20 40" 0 o 1020 30 40 50

Gravitational wave echoes from binary black hole
mergers

Abedi et al. (2017) T \\o
* Reflection membrane near the event ] ed (Plecro

horizon produced by quantum effects. s :

,VA techo
: : I 50

* Merger-ringdown waveform will be - ;"x"\'c;xeo

iteratively reflected. . tmerger
* Observable as “echoes”. \ / ¢

Abedi et al. (2017)



Evidence of echoes?

Abedi et al. (2017)

* Tentative evidence 2.50 significance level. 32 seconds data were
used.

(GW150914, GW151226, LVT151012)

Westerweck et al. (2018) (AEI group)

* Re-analyse echo-signals using the same template as Abedi et al..
(GW150914, GW151226, LVT151012, GW170104)

* Using 4096 seconds of data for background estimation, the
significance level decreases.

Templates of echoes

Abedi et al. (2017) jo-tt

1 —
---- |- techo T Emierger -+ e

hur(t) = 0(to)himr(t)
~

seed waveform

N
- ! '
h(f) = z Vn_l(—l)nhMR(f) e—meAtechO(n—1)
n=1

Template with echoes
o

Parameters

0.‘0 OiZ 0i4 OiG 018 1.0
Cutoff parameter: t

Reflection rate: y <= Less physical?

Abedi et al. (2017
Interval of echoes: Atqcpo | )

(Can be determined theoretically.)



Modification of template

* Spacetime outside the membrane is exactly Kerr spacetime.

* Reflection rate can be obtained by solving linear perturbation of Kerr
spacetime. (Nakano et al. 2017)

* In this study, we reanalyze echo signals by new templates whose reflection
rate depends on frequency.

New echo templates

Nakano et al. (2017)
reflection rate

|

N
R = ) (Rr(@ MO 1) g (1) 2t
n=1

seed waveform

Parameters

(Cutoff parameter: ¢, )

Black hole spin and mass: (a, M)
Interval of echoes: At p,



Method of analysis 1

L Atoepo forx =1

le—22

Searching events
(Abedi et al. (2017), Westerweck et al. (2018))
* Analyze the data set around

each binary black hole event.

» Search the maximum

Template with echoes

signal-to-noise ratio (SNR)

in the interval of

Peak of the first echo |  |Peak of the binary black hole

t —t merger
0.99 < x = -scho—tmerger 4 9
techo

Method of analysis 2

Background estimation (Westerweck et al. (2018))
* Perform the same analysis as the above for the rest of 4096 second-data.

* Count the number of data set whose SNR is above that of the event data
set.

* p-value : number of data set that have higher SNR / number of total data
set

st | [ [ feveet | | | | | |

4096 [s] (more than 200 data set)



Results (Preliminary)

Template

* Black hole spin and mass is fixed. R¢(a, M, f) = R¢(f)

* Vary At,.noaround the theoretical values. (Abedi et al. (2017))
* Length : 16 seconds

Data

+ Of 4096 seconds LIGO open data for 3 events (GW150914, GW151226,
LVT151012) (https://www.gw-openscience.org/events/)

+ Sampling frequency: 4096Hz

SNR data] ltemplate
+ Matched filtering method p=(x,5)=4Re (/0 x(j;i(f)(f)df>

noise power spectrum 1

Results (Preliminary)

p-values
reflection rate | GW150914 |GW151226 |LVT151012 | Total
(Fisher's
method)
Westerweck  parameter 0.199 0.414 0.056
et al. (2018)
Our result Depends on 0.727 0.826 0.285 0.74
frequency

In general, critical p-value is 0.05 or 0.01.
Higher p-value = consistent with noise.

Excluding LVT151012 makes p-value much higher. =Detected echo signals are consistent
with the pure noise null hypothesis.(Westerweck et al. (2018))



Summary

* We have analyzed echo signals from LIGO open data.

* We use new templates whose reflection rate is obtained by solving black
hole perturbation.

* We find no evidence for echoes from our template. (LVT151012 gives the
lowest p-value.)

Future works

* Reflection rate and At,p, depend on black hole spin and mass (a, M).
* We should vary (a, M) .

* Analyze O2 events.



Takahiro Yamamoto
Kyoto University

“Analysis of Ringdown Gravitational Wave by Neural Network”
(10+5 min.)

[JGRG28 (2018) 110503]

39



Analysis of
ringdown gravitational wave
by neural network

Takahiro Yamamoto, Takahiro Tanaka
(Kyoto Univ.)

Gravitational Wave
Physics and Astrcnomy

encdcd JGRG28

2018.11.05

Binary BH merger
™ &® %\"‘} //.)/
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Black hole ringdown

. Ringdown is emitted when black hole is perturbed.

. Occupied with BH quasi-normal modes (QNMs)

h(t) = Aexp[—27f;(t — tog)] cos[2m f,.(t — to) — o]
fry fi: QNM frequency
100 | In general relativity,
o | | QNM frequency is determined
I by BH mass and spin.

0.50

0.25

-0.25 ( | \‘
|| u‘ ’ ¢o = 0.0 ¢ In general, ringdown is the linear combination of

- “,' to = 0.0[sec] various modes. Usually, we focus on (I,m)=(2,2) mode

-001  0.00 o.o%ime[s?.oz 0.03 004 which has the longest damping time.

-0.50

Matched Filter(MF)

Calculate the correlation (SNR) between signal and templates.

The parameter maximizing SNR is the estimated value.

[ RADEf) + h(H)F(F)
SNR = 2/0 Sn(f) df

Ringdown have 5 parameters { A fr. f1, to, ¢o}

The amplitude A can be replaced by the value of SNR.

The phase @ can be optimized analytically.

Fixing the start time %o , search the QNM frequency {fR, f]}



e.g. GW150914

IMR: using inspiral-merger-ringdown waveform

If tgis around coalescence time,

estimation is biased by non-linearity.

If tois late time, detector noise dominate.

h(t) = Aexp[—2m f;(t — to)] cos[2m f;-(t — to) — o]
fry fi: QNM frequency

4= IMR (1=2,m=2,n=0)

12
-
g
<10}
g
= gl s, 00w,

%
g SO
8 6l Sl L%
ke Va & [RNRN
o ‘ ' M
. o
2 . BRI
, ’ -

(Zy S “30ms-- I
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frequency (Hz)
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T | |

300

LIGO Scientific Collaboration and Virgo Collaboration (2016)

Mock Data Challenge

. Investigate the optimal method for analysis of ringdown

- Mockdata is based on the GR template and modified only
ringdown part. We estimate QNM frequency of this

modified waveform.

- We prepare 2 types of modification (A, B).

- For each templates (A, B), generate 15 signals. b are SNR=60,

another 5 are SNR=30 and the last 5 are SNR=20. These 30

signals is used as mockdata.

ref) poster: Testing gravity theories using gravitational waves (T. Tanaka)



Mock Data Challenge

. Comparing b methods,

- Hilbert-Huang transformation (Oohara, Sakai, Takahashi)
- Auto-regressive model(Shinkai, Yamamoto)

- plain MF (Tanaka, Uchikata)

- improved MF (Tanaka)

- neural network

. Here, | will talk about neural network method, compare
with improved MF,

ref) poster: Testing gravity theories using gravitational waves (T. Tanaka)

Improved MF

Calculate the correlation (SNR) between signal and templates.

The parameter maximizing SNR is the estimated value.

[ RADEf) + h(H)F(F)
SNR = 2/0 Sn(f) df

Modification :
- Use the template with modification A including the inspiral part
- Filter the template using the window function before calculate SNR

1
1+ e—50(t—tc)wIGR

W (t) =




Neural Network (NN)

. Find the (highly-nonlinear) relation
between inputs and labels.

output = f(input; W)

input|

output

. Prepare the dataset ( the pairs of inputs and labels) f3r

training.

. Evaluate the error between labels and outputs for adjusting

the parameter W

J(label, output) = [label — output|?

Convolutional NN

Convolutional Layer

L H
/ l
2y =) > ik + bip

=1 p=1

Using “filter” to extract the local patterns
(L: size of input from previous layer. H: size of filter)

activation map

__—— 32x32x3 image
. 5x5x3 filter

28

convolve (slide) over all
spatial locations

site)
https://qiita.com/icoxfog417/items/5fd55fad152231d706¢c2

layer |dimension
Input | (256, 2)
Conv | (256, 64)
Pooling| (128, 64)
ReLU | (128, 64)
Conv |(128, 128)
Pooling| (64, 128)
ReLU | (64, 128)
Conv | (64, 256)
Pooling| (32, 256)
ReLU | (32, 256)
Conv | (32, 512)
ReLU | (32, 512)
Flatten| 32x512
Dense 256
ReLU 256
Dense 2
Output 2




Convolutional NN

Pooling Layer

/
k=1,....p

- Improve the validity against the small shift
- Suppress the computational cost

Single depth slice

* 11124
max pool with 2x2 filters
5|16 | 7|8 and stride 2 6 [ 8
3|12|1]0 3|4
1123 | 4
site: y

https://qiita.com/icoxfog417/items/5fd55fad152231d706c2

Convolutional NN

Dense layer

(=1

Affine transform a Z wf;)zﬁl—l) -+ ’w(l)

Nonlinear transformation

2 = n(al") = max(0,al"”) (ReLL)

layer |dimension
Input | (256, 2)
Conv | (256, 64)
Pooling| (128, 64)
ReLU | (128, 64)
Conv (128, 128)
Pooling| (64, 128)
ReLU | (64, 128)
Conv | (64, 256)
Pooling| (32, 256)
ReLU | (32, 256)
Conv | (32, 512)
ReLU | (32, 512)
Flatten| 32x512
Dense 256
ReLU 256
Dense 2
Output 2
layer |dimension
Input | (256, 2)
Conv | (256, 64)
Pooling| (128, 64)
ReLU | (128, 64)
Conv (128, 128)
Pooling| (64, 128)
ReLU | (64, 128)
Conv | (64, 256)
Pooling| (32, 256)
ReLU | (32, 256)
Conv | (32, 512)
ReLU | (32, 512)
Flatten| 32x512
Dense 256
ReLLU 256
Dense 2
Output 2




Dataset

. Training data consists of 441 templates A. They have various

QNM frequencies covering enough area.

- Adding noise to the templates, the total number of signal is

8820.

- The noise amplitudes are adjusted so that their SNR are same

as the testdata.

. Pick up 256 data points starting from the merger time.

. Use the plus and cross modes.

Detall

neural network and machine
- optimization algorithm: Adam

- library: Keras with TensorFlow backend

- GPU GeForce 1080 Ti

(@Nagaoka University of Technology)

Keras

QF“

Tensor

(X, y):

x is the size of input
y is the number of channels

layer

dimension

Input
Conv
Pooling
ReLU
Conv
Pooling
ReLU
Conv
Pooling
ReLU
Conv
ReLLU
Flatten
Dense
ReLU
Dense
Output

(256, 2)
256, 64

N TN N
—
[\}
[0¢)
(@)
.
N N N

32x512
256
256
2
2



Results for data A

relative error [%]
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data

For real part, CNN can estimate less than 10% error.

Results for data A

relative error [%]

40 1

30 1

Imaginary part
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7
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The smaller SNR is, the larger the error of the imaginary part.



Results for data B

15

relative error [%]

-101
-151

=25
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real part
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data

Error is about 20%, larger than for data A.

Results for data B

60

relative error [%]

imaginary part

40 1

20 1

()
SNR=20
SNR=60 SNR=30 s
Q
® (]
o]
o
S ,
o @ ® o
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data

The errors become larger. For SNR~20, the error is ~60%.



Results

We evaluate the log error to suppress the variation of the error.

N .
1 estimate N estimate \ 2
510g Q = N Z (10g Qétrue > O(Q) = []if Z (10g C2Z)true > ]

dlogwr(%) | o(wr)(%)  dlogwr(%) | o(wr)(%)

NN 069 475 3.36 16.67
MF 128 358 220 31.76

NN 450 12.08 -13.48 29.34

B """""""""""""""""" I
iIMF -0.79 11.65 15.51 31.35

Conclusion

. For both of templates, CNN have the comparable
ability to the improved matched filtering.

. For now, NN can output the point value. We need to
Investigate the method how NN estimate the
prediction error.

- We will implement the hierarchical training* so that
NN can be applied to the signal having any SNR.
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