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Plan of Talk
Gravitational Wave

• What ?
• How to detect

KAGRA
• Conceptual Design
• Schedule
• Construction Status

GW from SNe
• Possible Radiation Scenario
• What can be obtained from GW detection?

(GW and GRB)
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What is Gravitational Wave ?

Einstein Eq.
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Gravitational Wave

Gravity distorts the space-time !



• Source
change (time derivative) of quadrupole 
moment of mass distribution

• Amplitude
inversely proportional to the distance 
between source and observer

• Energy
total energy is given as :

GW radiation
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Need direct measurement.
Why direct measurement ?

• We have to test in ‘strong’ gravity field !
Past experimental GR tests had been done in weak gravity 
field (in Solar system)
Direct measurement of wave property is important 
as the test of a fundamental interaction .

• GW waveform carry information of its sources
New probe for astrophysics and cosmology

• Tagging GW events = seeing sources
Gravitational Wave Astronomy

Possible sources are also attractive for us: 
black-hole, neuron star, supernovae, cosmic string, etc... 
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Event Like
It will occur suddenly. Sometime it can be luminous!

• Compact Binary Coalescence
 (Neutron Star-NS, NS-Blackhole, BH-BH)

• Supernova
(Stellar-core collapse)

• BH QNM
• Pulsar glitch

Continuous
It exists anywhere, anytime in our universe ...

• Rotating Pulsar
• Binary
• Stochastic Background

(+Unknown sources) 

Possible GW sources
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typical target : h � 10�22 � 10�24



GW signal (example: NS-NS Coalescence)
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GW signal (example : Supernova)
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Dimmermeier et al.

Supernova (type II) will emit 
short duration GW (Burst 
wave) according to various 
processes in it.

• Rotational Core 
collapse (Bounce)

• Convection
• Proto-neutron star 

formation and g-mode 
instability

• Standing-Accretion-
Shock Instability

• ...



Free Test Masses & Laser interferometer
How to detect GW

Mirror
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Laser Light

Beam Splitter

Interference
cos( 2 pi  2dL /lambda)

Michelson Interferometer

t

x
Free mass = mirror

t

x

light

fla
t s

pa
ce

-ti
m

e
di

st
or

te
d 

sp
ac

e-
tim

e

9



Free Test Masses & Laser interferometer
How to detect GW

Mirror

Mirror

Laser Light

Beam Splitter

Interference
cos( 2 pi  2dL /lambda)

Michelson Interferometer

t

x
Free mass = mirror

t

x

light

fla
t s

pa
ce

-ti
m

e
di

st
or

te
d 

sp
ac

e-
tim

e

9



Free Test Masses & Laser interferometer
How to detect GW

Mirror

Mirror

Laser Light

Beam Splitter

Interference
cos( 2 pi  2dL /lambda)

Michelson Interferometer

t

x
Free mass = mirror

t

x

light

fla
t s

pa
ce

-ti
m

e
di

st
or

te
d 

sp
ac

e-
tim

e

9

GW



• Free mass --> suspended mirror
To integrate strain ‘h’ --> long 
baseline arms.

• Limited size --> Folding arms / 
Storage cavity

• Against noises -->
high power laser
Cooling
etc..

Schematic Figure
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merit on long base-line

h =
��

�

<-- mirror and suspension
of CLIO interferometer
 (prototype of KAGRA)



Global Network of GW detectors
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advanced LIGO

TAMA 300m
CLIO 100m
                          3km

LIGO (Livingston) 4kmGEO 600m

LIGO (Hanford) 4km & 2kmVirgo 3km
advanced Virgo

IndIGO
(LIGO-India)



KAGRA
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Underground
• in Kamioka, Japan
• Silent & Stable 

environment
Cryogenic Mirror

• 20K
• sapphire substrate

3km baseline

Plan
• 2010  : construction started
• 2015  : first run in normal temperature
• 2018 (or late 2017)- : observation with cryogenic mirror

© ICRR, university of Tokyo

LCGT
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KAGRA collaboration
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KAGRA Collaboration in the world 

• Research organizations of laboratories and 
universities are 41 in Japan and 38 in overseas 

• 158 researchers in Japan and 67 in abroad, 
225 members in total 

 

viewgraph by K.Kuroda



Sensitivity Limit of KAGRA
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h ~ factor x 10-24 [/√Hz] for observation band
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Noise budget

 mirror substrate Brownian thermal noise      VRSE(D) quantum noise 
 mirror substrate thermoelastic noise             VRSE(B) quantum noise
 seismic noise                                                 suspension thermal noise
 standard quantum limit 



Detection Range
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LCGT detection range (VRSE-D)
Detection Range (with optimal direction)
  for CBC       |  for BH QNM
   SNR=3     |   SNR=3
   SNR=8     |   SNR=8
   SNR=100   |   SNR=100

KAGRA’s NS-NS 
detection range is 
280 Mpc for optimal 
direction and orbit 
inclination.
(~158Mpc in all sky 
average, LIGO definition)
  -> 10 event/yr

For supernovae, the 
range may be 
typically 100kpc 
~1Mpc or as like, 
depending on the 
model (waveform).



Schedule & Target
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Budget�and�revised�scheduleBudget�and�revised�schedule
2010 2011 2012 2013 2014 2015 2016 2017 2018Calendar�year

Project�start

Tunnel�excavation

initialͲKAGRA

baselineͲKAGRA

iKAGRA obs.

Adv.�Optics�system�and�tests
Cryogenic system

(~1�year�delay…)

Oct�2013�

Budget�

LeadingͲedge�…

Excavation

Additional�budget

Budget for�operation?

GrantsͲinͲaid for�Sci.?

Observation

Cryogenic�system

Detector�(not�approved�yet)
Data�analysis
(approved)��� 2

Requested.�We�have�
not�officially�changed�

the�schedule�(yet).

Surface�building

by T.Kajita

resolution along directions perpendicular to the
line connecting the US and Europe, and corres-
pondingly poor polarization information. A quali-
tative improvement arises from adding even a sin-
gle detector at a large distance from this line.
Such a network forms a triangle, and will typically
have useful angular resolution (~ 1 degree or bet-
ter in both dimensions) for sources located near
the perpendicular to the plane of the triangle.
This angular resolution degrades, however, for
sources closer to the plane of the triangle.  So a
triangular network would achieve good resolution
for some sources, a qualitative change, but not
for all sources.

The addition of another detector, well out of the
plane of the other three, makes a large quantita-
tive change, enabling good angular resolution for
sources that would otherwise be poorly resolved.
The process is similar to (sparsely populated) co-
herent aperture synthesis in radio astronomy —
the resolution power of the network is determined
by the projected area of the network as seen by
the source.  Preliminary studies indicate that the
jump in useful identifications is very significant
when going from (effectively) three sites in a plane

to four, with one located well out of the plane. As
many as three times more sources become locat-
able to a single galaxy.  Further studies are requi-
red to quantify this benefit, taking into account all
factors, but it is clear that detailed astronomical
studies of gravitational wave sources will require
an expansion of the network.

To augment the second generation network, the
most advanced plans for additional detectors cen-
ter on the Japanese Large-scale Cryogenic Gravita-
tional-wave Telescope (LCGT), and the Australian
International Gravitational Observatory (AIGO).
Preliminary discussions have also begun as to the
possibility of a detector located in India (INDIGO).  

LCGT is a proposed 3-km detector. The interferom-
eter optical configuration is similar to Advanced
LIGO and Advanced Virgo, with optical cavities in
the arms and power recycling and signal recycling
mirrors. However LCGT would consist of two inter-
ferometers in one vacuum envelope. The planned
laser power is similar to that of Advanced LIGO
and Advanced Virgo, giving LCGT comparable sen-
sitivity in the high frequency region.  

65

Fig. 5.1 – Time-line for ground based detector developments

https://gwic.ligo.org/roadmap
GWIC roadmap

https://gwic.ligo.org/roadmap/Roadmap_100814.pdf
https://gwic.ligo.org/roadmap/Roadmap_100814.pdf
https://gwic.ligo.org/roadmap/Roadmap_100814.pdf
https://gwic.ligo.org/roadmap/Roadmap_100814.pdf
https://gwic.ligo.org/roadmap/Roadmap_100814.pdf
https://gwic.ligo.org/roadmap/Roadmap_100814.pdf


iKAGRA and bKAGRA
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viewgraph by T.Kajita
iKAGRAiKAGRA and�and�bKAGRAbKAGRA

iKAGRA (�~�2015) bKAGRA (2016��~�)

KAGRA�project�ͲͲ Takaaki�Kajita 17

䂹Simple�interferometer�with:
room�temperature�operation,
10W�class�laser,�and
no�power�and�signal�recycling

䂹 However,�full�endͲtoͲend��
(relatively�short)�observation,�in�
order�to�experience�the�operation�
and�to�understand�the�potential�
problems�as�soon�as�possible.

䂹Advanced�interferometer�with:
power�and�signal�recycling,�but�still�
room�temperature�operation.

䂹 Full�bKAGRA with;

power�and�signal�recycling,���
cryogenic�sapphire�mirrors,�
and�>150W�laser.



tunnel

18 Takashi Uchiyama, ICRR

Tunnel subgroup brief report for the KAGRA 
international collaboration meeting on 2013/10/09.
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• Excavation from Mozumi entrance finished on 
2013/03/06.
• The Yend has been completed except for the 

vertical hole.  Length of the Y arm tunnel is 
1165m.

• Center area has been completed except for the 
vertical hole.

• The current progress of Xarm and Yarm are 1950m 
and 1385m, respectively.

• Yarm tunnel will be completed on 2013/12.
• The excavation will be completed on 2014/03.

1165m 1385ｍ

　　　　　
　　　　　1950m

JGW-G1301891

by T.Uchiyama



Tunnel Excavation
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Tunnel�excavationTunnel�excavation

End�of�April,�2012

Mid�June,�2012

New�Atotsu entrance

KAGRA�project�ͲͲ Takaaki�Kajita 19

viewgraph by T.Kajita



Tunnel Excavation
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Tunnel Excavation
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Vibration isolation and cryostat
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Cryogenic mirrorCryostat

Vibration 
Isolation

14 m

viewgraph by K.Yamamoto, 
S.Koike & R.Takahashi



Cryostat
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Cryostat
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viewgraph by T.SuzukiCryostats

Cryostat #1, #2, #4 : Move to the Miyakawachou Storage    (7/27, 7/28) 

Cryostat #3 : Extra cooling test of 1/2 payload with dummy baffles in July and Aug. 
                     Vibration measurement by Roma and ICRR accelerometers. 
                     Waiting for transportation to Miyakawachou Storage.

Y. Sakakibara D. Chen



Clean Booth Plan for Cryostats
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viewgraph by S.Miyoki



Optics ( Mirror, Buffle )
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Example of a large baffle�

LSC meeting xxx� 10 

400#mm#radius�

Surface: electro-chemical buffed (ECB)�

#3 Narrow-angle baffle 
Material: A5052�

Blackened surface: Solblack�

ECB: low scattering 
Solblack: Vacuum Compatibility (10-7 
Pa), Cryogenic compatibility (<8K), Low 
reflectivity (~2%@1064nm), Applicable 
for a large work 

viewgraph by T.Akutsu

Sapphire polish 

Unit: [nm] 180mm 140mm 180mm 140mm 

RMS 
 (-6 terms) 

0.48 0.24 0.45 0.21 

Z2,2 -0.68 -0.41 -0.30 -0.13 

Z2,-2 0.45 0.26 0.29 0.27 

ZYGO CALTECH 

We confirmed sapphire, 
although it is very hard,  
can be polished as the 
same level as silica.  
Next challenge is how 
well uniformity and 
homogeneity of optical 
properties) can be 
achieved on it. 

viewgraph by N.Mio

Sapphire test-polish 
was successful.



Network design for control and DAQ
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Network�design�for�controls�and�DAQNetwork�design�for�controls�and�DAQ

GPS�antenna

Mozumi
Entrance

Timing: Synchronization�for�all�
RT�PC�and�ADC/DAC�

RFM�RT�control�signal:�very�low�latencyRFM�RT�control�signal:�very�low�latency
DAQ�GW�data:�huge�amount,�low�latencyDAQ�GW�data:�huge�amount,�low�latency

TCP/IP:�EPICS,�NFS,�network�bootTCP/IP:�EPICS,�NFS,�network�boot

New�Atotsu

Entrance

GW�buildings�
at�Kamioka

Remote�
control

Data�
storage

KAGRA�project�ͲͲ Takaaki�Kajita 35

ICRR�@Kashiwa

Main�Data�
storage

viewgraph by 
O.Miyakawa



iKAGRA Data System
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A. Inside Mine B. Analysis Building at Kamioka C. Kashiwa Campus

Kamioka Mine Kamika (outside) Kashiwa campus, ICRR

SINET 
(ICRR’ s VPN)

KAGRA general pupose intranet

optial fiber
(~4.5km)

DGS
frame writer

DGS Storage

primary storage
server

FC

DGS
frame writer

DGS Storage

primary storage
server

FC

data server
capacity  >200 TiB

precess 
node

precess 
node

precess 
node

precess 
node

data server

capacity >100 TiB

VPN VPN

job mamagement
server

job mamagement
server

login
 server

login
 server

200 TiB Luster file system
for safety spool and general purpose
on-site processing/studies.

100 TiB Luster file system
 for iKAGRA two months obs.

5PB system will be 
available for bKAGRA.

The equipments will be installed at Kamioka and Kashiwa by the end of February 2014.
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stream of raw data

The equipments will be installed at Kamioka and Kashiwa by the end of February 2014.



Amount of Data

iKAGRA : normal temperature operation at end of 2015
bKAGRA : cryogenic hi-sensitivity observation after mid 
of 2017 or 2018

28

phase duration data rate / duty total expected 
amount

from -> to

iKAGRA about 2~3 months 
at end of 2015

20MB/s / 100% 100 TiB Kamioka -> Kashiwa

iKAGRA about 2~3 months 
at end of 2015

1MB/s / 100% 5TiB Kamioka -> Osaka City U./Osaka U.

commissioning 2016-2017
20MB/s / ?(5~10%) ? Kamioka -> Kashiwa

commissioning 2016-2017
1MB/s / ?(5~10%) ? Kamioka -> Osaka City U./Osaka U.

bKAGRA 2017 - 
(end of KAGRA)

20MB/s / 100% 3PB / 5yrs Kamioka -> Kashiwa
bKAGRA 2017 - 

(end of KAGRA)
1MB/s / 100% 150 TiB / 5yrs Kamioka -> Osaka City U./Osaka U.



Data Analysis
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Data$analysis$ac+vi+es�

��

Current$ac+vi+es:$
! Development$of$data$analysis$package$for$KAGRA$
! We$have$determined$the$name$of$data$analysis$
library$for$KAGRA.$

$$$"KAGALI":$KAGRA$Algorithmic$Library$
$
! We$are$now$wri+ng$the$data$analysis$white$paper.$

��



GW from supernovae
Supernova will emit GW 
in various phase of its development.

• core bounce
• convection
• formation of proto-neutron star

g-mode oscillation
• neutrino emission
• accretion

cf: SASI (standing-accretion-shock instability)
• etc.

30

Dimmermeier at al.
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What is a key feature 
from the view of GW detection and analysis ?

Dimmermeier at al.



GW waves : view of event detection ...
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Features Supernovae Compact Binary Coalescence 

GW waveform
“Burst” various prediction,

but is NOT well-known or hard to 
give waveform analytically

“Chirp” Post-Newton
+

“Merger” Numerical Relativity 
+

“Ringdown” Perturbation of BH
(analytical + NR waveforms)

Detection 
(Signal 

Identification)

•Excess power filter 
(Integration of signal power), 
•Time-Frequency analysis 

(Sonogram by Short-FFT, Wavelet 
etc.) 

Matched filter between 
signal and templates
(Winer optimal filter)

Typical Range
for current detectors.

≤1Mpc ~200 Mpc

Follow-ups / 
Counterparts

EM (visible-infrared, 
X-ray, Gamma-Ray),

Neutrino

EM (visible-infrared, 
X-ray, Gamma-Ray),

Neutrino



Detectability of GW from SNe
Typically, the detection range is 
roughly ≤1Mpc.
Excess power filter

• Integrate signal power between wider 
frequency band around certain arrival 
time.

• It may give most high S/N.
• Structure (waveform, accurate timing) 

of the signal might be lost.
Time-Frequency analysis

• There are many methods ! 
(Sonogram/Spectrogram with Short-
FFT, Wavelet etc.)

• These are looks fine to give 
information in t-f domain.

32

ΔTh(t)

time[ms]

example : ROC for the SNe at Galactic center in 
KAGRA study (See M.Asano’s poster [P49] )



Obtained from GW of SNe
What can be obtained from GW 
observation of SNe ?
Simply three things :
•Structure
•Dynamics
•Kinematics

33



Structure
If we will get the GW,

the SN is not spherical symmetry !
• There are some asymmetric development of SNe, at core? 

shock? convection?(density or temperature), etc.
• It is simply happy scenario for both GW experimentalists and 

theorists. 

If we will NOT found any GW at close SN event(s),
the SN might be completely symmetric.

• ...It is terrible scenario for experimentalists (and current 
simulation predictions also!)..., but unhoped-for exciting 
situation...
It may hard to proof really no GW or detector disorder...

34
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GW or no-GW is simple, 
however, have to be confirmed 

for current our works.



Dynamics
When strong GW will be emitted ?

• GW before neutralization burst suggest that the 
core is highly rotating.

• GW after neutralization burst, core does not rotate.

35

The coincidence analysis of gravitational waves 
and neutrinos from core-collapse supernovae

Osaka City University, Okayama university¹, YITP Kyoto University², Kavli IPMU³
T.Yokozawa, M.Asano, N.Kanda, T.Kayano¹, Y.Koshio¹,  Y.Suwa², V.Mark³

Theory

GW analysis Neutrino analysis

Abstract
If a core-collapse supernova happens in our galaxy, gravitational waves and neutrinos would be observed in various detectors. Using current constructing or upgrading gravitational wave detectors : KAGRA, 
advanced LIGO, advanced Virgo, and using novel neutrino detector EGADS, which is 200 ton water Cherenkov detector loading 0.1% Gd, a coincidence of gravitational waves and neutrino bursts is expected.
We will present the  possible physical potentials of the coincidence with estimations of detector responses using common supernova simulations which can derives both gravitational waves and neutrinos.

GW from SNe Neutrino from SNe
 - One of the main GW source
 - Various numerical simulations  
shows various waveform

 - short duration(<1s)
 - a few kHz frequency
 - difficult to predict waveform

 - direction dependence
 - Antenna pattern
 - Prepare multi detectors

Fig.1 KAGRA antenna 
pattern

 - Provide GW and Neutrino signals with same time domain
 - Suggest signature signals physical phenomenon (ex:SASI )

 - Observed neutrinos from 1987A 
Supernova(Total 24 events)
 - main interaction mode : 

(water Cherenkov detector)
⌫ + e ! ⌫ + e

(Scattering)
⌫̄e + p ! n+ e+

(Inverse beta decay)

Neutron tagging is a key point to identify interaction

Motivation of our team
 - Time variation of GW an neutrino 

 - Condition of core rotation + Neutralization burst
 - Try to identify core-bounce time

- From GW signal we can indicate there is core rotation 
or not
 - EGADS can distinguish inverse beta decay event and 
others

  - Possible to identify neutralization burst 
  - Using frequency information of GW wave and neutrino 
flux
  - Obtain the information of convection and SASI

 - GW search with neutrino trigger
 - Using neutrino information 

 - Number of observed event
 - Timing of observed event

 - For the future online GW burst search

window width long
False Alarm Rate　high

Efficiency high

window width short
False Alarm Rate　low
Efficiency　low

Supernova

GW signal : <1s
neutrino signal : ~10s

GW emitting time νemitting time

Supernova simulations with 
KAGRA and EGADS detector 

 - KAGRA detector simulations (Evaluate signal significance)
 - Develop / Optimize GW analysis tools (Excess power or so)
 - Prepare for realtime observation

 - R&D studies and calibration of EGADS detector
 - Estimation of various parameters (n-tagging efficiency ...)
 - Signal simulations with EGADS and SK

Team SKE!

Picture of SN2011fe

 - 2nd generation GW detector in Japan of High-power interferometer
 - 3km baseline length
 - Cryogenic interferometer (20K)
 - Observe 1000m underground

 - iKAGRA observation : 2015 
 - bKAGRA physics observation : 2018 

Fig.2 Luminosity and mean 
energy by Livermore group[3]

Large-scale Cryogenic Gravitational-wave Telescope[1]

 KAGRA Detector
Evaluating Gadolinium’s Action on Detector Systems[2]

 - Water Cherenkov detector located in Kamioka mine
 - 200ton・0.1% Gd loaded water
 - Neutron capture rate : 90%

 - Identify inverse bata decay event

 EGADS Detector

No core rotation case core rotation : pi[rad/s] 

GW waveform GW waveform

Neutrino luminosity Neutrino luminosity

< E⌫ > (MeV ) time[s]

time[s]

Numerical simulation
⌫e ⌫̄e

⌫e ⌫̄e

L⌫(10
54erg/s)

GW signal (Use 0.2[sec]-)

Neutrino interact rate [event/1msec]
Start observation from 0.18[sec]-

1st observed neutrino time (N=23)

99% GW observable timing window width

Schedule : 
August 2013 - finished mounting PMTs
Rest of 2013 - run with pure water, calibration baseline
Early 2014 - add gadolinium, recalibrate to see Gd effects
April 1st, 2014 - official end of R&D phase, start of SN phase

Time-correlated GW and Neutrino signalsMotivation 
 Searching the best timing window 
of GW wave search if neutrinos 
observed. 
 No core rotation model are used 
in this analysis

 Analysis motivation, method and results

GW analysis 
 Excess power filter method

 - Evaluate signal power for the given 
(t~t+Δt) and (f~f+Δf)
 -Δt=32ms, Δf=5000Hz
 - See details in Asano poster (P49)

1. Generate time series data
2. FFT and Whiting
3. Evaluate signal and noise power
4. Estimate S/N ratio

 S/N threshold dependence of 
efficiency, False Alarm Ratio 
and ROC curve @ GC 
S/N=8 ; FAR = 1.5e-6[/year]

efficiency

FAR[/year]

one of DFM waveform

No core rotation model

Neutrino analysis
 - Not taken into account neutrino oscillation 
 - This analysis is considered only inverse bata decay interactions
 - Numerical simulation result below 0.6sec (need to extrapolate)

 - Luminosity : PNSC simulation (Nakazato et. al.)
 - Mean energy : No time variation

 - EGADS tank Fiducial Volume : 100ton
 - SN @Galatic Center (10kpc)

 Mean event rate
  22.9event /1SN

Time variation of interact 
rate [event/1ms]

Expected observed 
event distribution

Neutrino-GW coincidence analysis

Time profile of neutrino observed event in case of N=23

 - Obtained Neutrino information : 
1st detected neutrino time : t1
Number of observed event : N

 - Make distribution of t1 for each N
 - Estimate window width which can 99% GW signal 
can observe
 - Calculate S/N threshold from window width and 
FAR< 10e-5[/window]

Result in case of Galatic Center SNe
 - When N=23 neutrinos are observed

 - window width = 0.61[sec]
 - S/N threshold 5.03
 - Efficiency 54.3% 

 - In case of N=15~35, GW detection efficiency 
would be 53-55%

Summary
 - Co-operating with Theory, Neutrino analysis group and GW analysis group, make Supernovae simulation 
analysis team
  - Focus mainly on time correlation between neutrino and GW

 - Identification of core-bounce time
 - Evaluate core is rotated or not

 - Show GW search with neutrino trigger
 - with 23 neutrinos are observed, window width = 0.61[s]
 - S/N threshold set to 5.03, detection efficiency 54.3% for no core rotation model

Reference, related oral/poster presentation

Future Plan
 - GW analysis

 - Try to identify characteristics waveform, such as GWs from convection, SASI and so on
 - Try to identify the core-bounce time from waveform, make new tool to determine time

 - Neutrino analysis
 - Calculate expected observed event rate of neutrino scattering event, taken into account energy threshold
 - Estimate and Evaluate the detection efficiency of neutralization burst time

 - Coincidence analysis
 - Identify core-bounce time from GW and neutrino analysis and evaluate core is rotated or not

 - Tue. 29th 12:10-12:30 Y. Suwa: Physical ingredients of core-collapse supernova driven by neutrino-heating mechanism
 - Wed. 30th 10:20-11:00 N. Kanda (Invited): Status of KAGRA and Detection of Gravitational Waves from SNe
 - Poster P49 M.Asano : Detection efficiency for gravitational waves from core-collapse supernovae with KAGRA detector

[1]  Y.Aso et. al. Phys Rev. D 88, 043007 (2013)
[2]  J.F. Beacom and M.Vagins Phys. Rev. Lett. 93, 171101 (2004)
[3] T.Totani, K.Sato, H.E.Dalhed and J.R.Wilson, ApJ. 496, 216 (1998)

Simulation by Y.Suwa (drawn by T.Yokozawa)
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Theory

GW analysis Neutrino analysis

Abstract
If a core-collapse supernova happens in our galaxy, gravitational waves and neutrinos would be observed in various detectors. Using current constructing or upgrading gravitational wave detectors : KAGRA, 
advanced LIGO, advanced Virgo, and using novel neutrino detector EGADS, which is 200 ton water Cherenkov detector loading 0.1% Gd, a coincidence of gravitational waves and neutrino bursts is expected.
We will present the  possible physical potentials of the coincidence with estimations of detector responses using common supernova simulations which can derives both gravitational waves and neutrinos.

GW from SNe Neutrino from SNe
 - One of the main GW source
 - Various numerical simulations  
shows various waveform

 - short duration(<1s)
 - a few kHz frequency
 - difficult to predict waveform

 - direction dependence
 - Antenna pattern
 - Prepare multi detectors

Fig.1 KAGRA antenna 
pattern

 - Provide GW and Neutrino signals with same time domain
 - Suggest signature signals physical phenomenon (ex:SASI )

 - Observed neutrinos from 1987A 
Supernova(Total 24 events)
 - main interaction mode : 

(water Cherenkov detector)
⌫ + e ! ⌫ + e

(Scattering)
⌫̄e + p ! n+ e+

(Inverse beta decay)

Neutron tagging is a key point to identify interaction

Motivation of our team
 - Time variation of GW an neutrino 

 - Condition of core rotation + Neutralization burst
 - Try to identify core-bounce time

- From GW signal we can indicate there is core rotation 
or not
 - EGADS can distinguish inverse beta decay event and 
others

  - Possible to identify neutralization burst 
  - Using frequency information of GW wave and neutrino 
flux
  - Obtain the information of convection and SASI

 - GW search with neutrino trigger
 - Using neutrino information 

 - Number of observed event
 - Timing of observed event

 - For the future online GW burst search

window width long
False Alarm Rate　high

Efficiency high

window width short
False Alarm Rate　low
Efficiency　low

Supernova

GW signal : <1s
neutrino signal : ~10s

GW emitting time νemitting time

Supernova simulations with 
KAGRA and EGADS detector 

 - KAGRA detector simulations (Evaluate signal significance)
 - Develop / Optimize GW analysis tools (Excess power or so)
 - Prepare for realtime observation

 - R&D studies and calibration of EGADS detector
 - Estimation of various parameters (n-tagging efficiency ...)
 - Signal simulations with EGADS and SK

Team SKE!

Picture of SN2011fe

 - 2nd generation GW detector in Japan of High-power interferometer
 - 3km baseline length
 - Cryogenic interferometer (20K)
 - Observe 1000m underground

 - iKAGRA observation : 2015 
 - bKAGRA physics observation : 2018 

Fig.2 Luminosity and mean 
energy by Livermore group[3]

Large-scale Cryogenic Gravitational-wave Telescope[1]

 KAGRA Detector
Evaluating Gadolinium’s Action on Detector Systems[2]

 - Water Cherenkov detector located in Kamioka mine
 - 200ton・0.1% Gd loaded water
 - Neutron capture rate : 90%

 - Identify inverse bata decay event

 EGADS Detector

No core rotation case core rotation : pi[rad/s] 

GW waveform GW waveform

Neutrino luminosity Neutrino luminosity

< E⌫ > (MeV ) time[s]
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Numerical simulation
⌫e ⌫̄e

⌫e ⌫̄e

L⌫(10
54erg/s)

GW signal (Use 0.2[sec]-)

Neutrino interact rate [event/1msec]
Start observation from 0.18[sec]-

1st observed neutrino time (N=23)

99% GW observable timing window width

Schedule : 
August 2013 - finished mounting PMTs
Rest of 2013 - run with pure water, calibration baseline
Early 2014 - add gadolinium, recalibrate to see Gd effects
April 1st, 2014 - official end of R&D phase, start of SN phase

Time-correlated GW and Neutrino signalsMotivation 
 Searching the best timing window 
of GW wave search if neutrinos 
observed. 
 No core rotation model are used 
in this analysis

 Analysis motivation, method and results

GW analysis 
 Excess power filter method

 - Evaluate signal power for the given 
(t~t+Δt) and (f~f+Δf)
 -Δt=32ms, Δf=5000Hz
 - See details in Asano poster (P49)

1. Generate time series data
2. FFT and Whiting
3. Evaluate signal and noise power
4. Estimate S/N ratio

 S/N threshold dependence of 
efficiency, False Alarm Ratio 
and ROC curve @ GC 
S/N=8 ; FAR = 1.5e-6[/year]

efficiency

FAR[/year]

one of DFM waveform

No core rotation model

Neutrino analysis
 - Not taken into account neutrino oscillation 
 - This analysis is considered only inverse bata decay interactions
 - Numerical simulation result below 0.6sec (need to extrapolate)

 - Luminosity : PNSC simulation (Nakazato et. al.)
 - Mean energy : No time variation

 - EGADS tank Fiducial Volume : 100ton
 - SN @Galatic Center (10kpc)

 Mean event rate
  22.9event /1SN

Time variation of interact 
rate [event/1ms]

Expected observed 
event distribution

Neutrino-GW coincidence analysis

Time profile of neutrino observed event in case of N=23

 - Obtained Neutrino information : 
1st detected neutrino time : t1
Number of observed event : N

 - Make distribution of t1 for each N
 - Estimate window width which can 99% GW signal 
can observe
 - Calculate S/N threshold from window width and 
FAR< 10e-5[/window]

Result in case of Galatic Center SNe
 - When N=23 neutrinos are observed

 - window width = 0.61[sec]
 - S/N threshold 5.03
 - Efficiency 54.3% 

 - In case of N=15~35, GW detection efficiency 
would be 53-55%

Summary
 - Co-operating with Theory, Neutrino analysis group and GW analysis group, make Supernovae simulation 
analysis team
  - Focus mainly on time correlation between neutrino and GW

 - Identification of core-bounce time
 - Evaluate core is rotated or not

 - Show GW search with neutrino trigger
 - with 23 neutrinos are observed, window width = 0.61[s]
 - S/N threshold set to 5.03, detection efficiency 54.3% for no core rotation model

Reference, related oral/poster presentation

Future Plan
 - GW analysis

 - Try to identify characteristics waveform, such as GWs from convection, SASI and so on
 - Try to identify the core-bounce time from waveform, make new tool to determine time

 - Neutrino analysis
 - Calculate expected observed event rate of neutrino scattering event, taken into account energy threshold
 - Estimate and Evaluate the detection efficiency of neutralization burst time

 - Coincidence analysis
 - Identify core-bounce time from GW and neutrino analysis and evaluate core is rotated or not

 - Tue. 29th 12:10-12:30 Y. Suwa: Physical ingredients of core-collapse supernova driven by neutrino-heating mechanism
 - Wed. 30th 10:20-11:00 N. Kanda (Invited): Status of KAGRA and Detection of Gravitational Waves from SNe
 - Poster P49 M.Asano : Detection efficiency for gravitational waves from core-collapse supernovae with KAGRA detector

[1]  Y.Aso et. al. Phys Rev. D 88, 043007 (2013)
[2]  J.F. Beacom and M.Vagins Phys. Rev. Lett. 93, 171101 (2004)
[3] T.Totani, K.Sato, H.E.Dalhed and J.R.Wilson, ApJ. 496, 216 (1998)

See poster by T.Yokozawa in detail [P08]

e.g. Neutrino and GW timing
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If a core-collapse supernova happens in our galaxy, gravitational waves and neutrinos would be observed in various detectors. Using current constructing or upgrading gravitational wave detectors : KAGRA, 
advanced LIGO, advanced Virgo, and using novel neutrino detector EGADS, which is 200 ton water Cherenkov detector loading 0.1% Gd, a coincidence of gravitational waves and neutrino bursts is expected.
We will present the  possible physical potentials of the coincidence with estimations of detector responses using common supernova simulations which can derives both gravitational waves and neutrinos.

GW from SNe Neutrino from SNe
 - One of the main GW source
 - Various numerical simulations  
shows various waveform

 - short duration(<1s)
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 - difficult to predict waveform

 - direction dependence
 - Antenna pattern
 - Prepare multi detectors
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 - Provide GW and Neutrino signals with same time domain
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 - Condition of core rotation + Neutralization burst
 - Try to identify core-bounce time

- From GW signal we can indicate there is core rotation 
or not
 - EGADS can distinguish inverse beta decay event and 
others

  - Possible to identify neutralization burst 
  - Using frequency information of GW wave and neutrino 
flux
  - Obtain the information of convection and SASI
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 - Using neutrino information 
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 - For the future online GW burst search
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KAGRA and EGADS detector 

 - KAGRA detector simulations (Evaluate signal significance)
 - Develop / Optimize GW analysis tools (Excess power or so)
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 - Signal simulations with EGADS and SK
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Rest of 2013 - run with pure water, calibration baseline
Early 2014 - add gadolinium, recalibrate to see Gd effects
April 1st, 2014 - official end of R&D phase, start of SN phase

Time-correlated GW and Neutrino signalsMotivation 
 Searching the best timing window 
of GW wave search if neutrinos 
observed. 
 No core rotation model are used 
in this analysis

 Analysis motivation, method and results

GW analysis 
 Excess power filter method

 - Evaluate signal power for the given 
(t~t+Δt) and (f~f+Δf)
 -Δt=32ms, Δf=5000Hz
 - See details in Asano poster (P49)

1. Generate time series data
2. FFT and Whiting
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 - This analysis is considered only inverse bata decay interactions
 - Numerical simulation result below 0.6sec (need to extrapolate)

 - Luminosity : PNSC simulation (Nakazato et. al.)
 - Mean energy : No time variation

 - EGADS tank Fiducial Volume : 100ton
 - SN @Galatic Center (10kpc)

 Mean event rate
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Time profile of neutrino observed event in case of N=23

 - Obtained Neutrino information : 
1st detected neutrino time : t1
Number of observed event : N

 - Make distribution of t1 for each N
 - Estimate window width which can 99% GW signal 
can observe
 - Calculate S/N threshold from window width and 
FAR< 10e-5[/window]

Result in case of Galatic Center SNe
 - When N=23 neutrinos are observed

 - window width = 0.61[sec]
 - S/N threshold 5.03
 - Efficiency 54.3% 

 - In case of N=15~35, GW detection efficiency 
would be 53-55%

Summary
 - Co-operating with Theory, Neutrino analysis group and GW analysis group, make Supernovae simulation 
analysis team
  - Focus mainly on time correlation between neutrino and GW

 - Identification of core-bounce time
 - Evaluate core is rotated or not

 - Show GW search with neutrino trigger
 - with 23 neutrinos are observed, window width = 0.61[s]
 - S/N threshold set to 5.03, detection efficiency 54.3% for no core rotation model
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Future Plan
 - GW analysis

 - Try to identify characteristics waveform, such as GWs from convection, SASI and so on
 - Try to identify the core-bounce time from waveform, make new tool to determine time

 - Neutrino analysis
 - Calculate expected observed event rate of neutrino scattering event, taken into account energy threshold
 - Estimate and Evaluate the detection efficiency of neutralization burst time

 - Coincidence analysis
 - Identify core-bounce time from GW and neutrino analysis and evaluate core is rotated or not

 - Tue. 29th 12:10-12:30 Y. Suwa: Physical ingredients of core-collapse supernova driven by neutrino-heating mechanism
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See poster by T.Yokozawa in detail [P08]
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Comparison between GW and 
counterparts should be done in 

time domain.



Kinematics
• Where dominant GW power come from ? core-bounce? convection? SASI?
• Does Magnet-Hydro Dynamics induce large mass ejecta ?
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At this point, it is useful to define for future reference the
dimensionless characteristic GW strain (Flanagan & Hughes
1998), in terms of the GW spectral energy density,

hchar =

√
2
π2

G

c3

1
D2

dEGW

df
. (17)

For signals with relatively stable frequencies and amplitudes,
Fourier transforms and their energy spectra are adequate fre-
quency analysis tools. However, for signals with time-varying
amplitudes and frequencies, a short-time Fourier transform
(STFT) is more appropriate. The STFT of A(t) is

S̃(f, τ ) =
∫ ∞

−∞
A(t) H (t − τ ) e−2π if t dt, (18)

where τ is the time offset of the window function, H (t − τ ). We
use the Hann window function:

H (t − τ ) =






1
2

(
1 + cos

(
π(t−τ )

δt

))
for |t − τ | ! δt

2
0 for |t − τ | >

δt

2

,

(19)
where δt is the width of the window function. The analog of the
energy spectrum of the Fourier transform is the spectrogram,
|S̃(f, τ )|2. Using the spectrogram, we define an analog to the
energy emission per frequency interval (Equation (15)):

dE∗
GW

df
(f, τ ) = 3

5
G

c5
(2πf )2|S̃(f, τ )|2 . (20)

We emphasize that the GW strains reported in this paper
are based upon matter motions alone and do not include the
low-frequency signal that results from asymmetric neutrino
emission (Burrows & Hayes 1996; Müller & Janka 1997).
Accurate calculations of asymmetric neutrino emission require
multi-dimensional, multi-angle neutrino transport to capture
the true asymmetry of the neutrino radiation field (see, e.g.,
Ott et al. 2008). Our choice to parameterize the effects of
neutrino transport by local heating and cooling algorithms is
based upon assumptions of transparency, which ignore diffusive
effects and would exaggerate the asymmetries and resulting
GWs. For example, Kotake et al. (2007) estimated the neutrino
GW signal using a similar heating and cooling parameterization
and obtained GW strain amplitudes that are ∼100 times the
matter GW signal. However, with an improved ray-tracing-
based method, the same authors find much smaller amplitudes
that are larger than those due to matter motions by only a
factor of a few (Kotake et al. 2009). This is in agreement with
the GW estimates of Marek et al. (2009) who used 1D ray-
by-ray neutrino transport and coupled neighboring rays in 2D
hydrodynamic simulations.

Studying the matter GW signal alone is worthwhile. Although
the neutrino GW strain amplitudes can be as large or even larger
than the contribution by matter (Burrows & Hayes 1996; Müller
& Janka 1997; Müller et al. 2004; Marek et al. 2009), the typical
frequencies, f, of the neutrino GW signal (∼10 Hz or less) are
typically much lower than the frequencies of the matter signal
("100 Hz). Consequently, the GW power emitted, which is
proportional to f 2, can be much higher for the matter GW signal.
Furthermore, although future GW detectors (e.g., Advanced
LIGO) will have improved sensitivity at low frequencies, current
detectors have response curves that are not sensitive to the lower
frequencies of the neutrino GW signal.

Figure 2. Sample of GW strain (h+) times the distance, D, vs. time after
bounce. This signal was extracted from a simulation using a 15 M% progenitor
model (Woosley & Heger 2007) and an electron-type neutrino luminosity of
Lνe = 3.7 × 1052 erg s−1. Prompt convection, which results from a negative
entropy gradient left by the stalling shock, is the first distinctive feature in the
GW signal from 0 to ∼50 ms after bounce. From ∼50 ms to ∼550 ms past
bounce, the signal is dominated by PNS and postshock convection. Afterward
and until the onset of explosion (∼800 ms), strong nonlinear SASI motions
dominate the signal. The most distinctive features are spikes that correlate with
dense and narrow down-flowing plumes striking the “PNS” surface (∼50 km).
Around ∼800 ms, the model starts to explode. In this simulation, the GW
signal during explosion is marked by a significant decrease in nonlinear SASI
characteristics. The aspherical (predominantly prolate) explosion manifests in a
monotonic rise in h+D that is similar to the “memory” signature of asymmetric
neutrino emission.

3.2. Signatures in the GW Strain

In Figure 1, we plot the GW strain (Equation (13)) times the
distance to a 10 kpc source, h+D, versus time after bounce for
all simulations. Though there is some diversity in amplitude and
timescale among these GW strains, there are several recurring
features that exhibit systematic trends with mass and neutrino
luminosity. We illustrate these features in Figure 2 with the
GW strain of the simulation using the 15 M% progenitor and
Lνe

= 3.7 × 1052 erg s−1. Before bounce, spherical collapse
results in zero GW strain. Just after bounce the prompt shock
loses energy and stalls, leaving a negative entropy gradient that
is unstable to convection. Because the speeds of this prompt
convection are larger than those of steady-state postshock or
PNS convection afterward, the GW strain amplitude rises to
h+D ∼ 5 cm during prompt convection and settles down to
∼1 cm roughly 50 ms later, which is consistent with the results
of Ott (2009b) and Marek et al. (2009). Later in this section, we
show that during both phases, convective motions in postshock
convection above the neutrinosphere and PNS convection below
it contribute to the GW strain. Since nonlinear SASI oscillation
amplitudes increase around 550 ms past bounce, the GW signal
strengthens from h+D ∼ 1 to 10 cm and is punctuated by
spikes that are coincident in time with narrow plumes striking
the PNS “surface” (at ∼50 km). Marek et al. (2009) also noted
this correlation.

The final feature after ∼800 ms is associated with explosion.
The signatures of explosion are twofold. First, during explosion,
postshock convection and the SASI subside in strength and the
higher frequency (∼300–400 Hz) oscillations in h+D diminish.
Second, global asymmetries in mass ejection result in long-term
and large deviations of the GW strain. In Figure 2, a monotonic
rise of h+D to nonzero, specifically positive, values corresponds

Murphy, Ott, Burrows, 2009
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Fig. 1.— Gravitational waveforms with the increasing (left) or the cancellation trend (right)
(see text for more detail). At the right bottom in each panel, the model names are given

such as B12X1β0.1 (top left, for example). The total wave amplitudes are shown by the red
line, while the contribution from the magnetic fields and from the sum of the hydrodynamic

and gravitational parts are shown by blue and green lines, respectively (e.g., equation (29)
and equations (25,27)).
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GW might suggest what is a dominant process to 
supply explosion energy of 1051 erg.



Kinematics
• Where dominant GW power come from ? core-bounce? convection? SASI?
• Does Magnet-Hydro Dynamics induce large mass ejecta ?
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At this point, it is useful to define for future reference the
dimensionless characteristic GW strain (Flanagan & Hughes
1998), in terms of the GW spectral energy density,

hchar =

√
2
π2

G

c3

1
D2

dEGW

df
. (17)

For signals with relatively stable frequencies and amplitudes,
Fourier transforms and their energy spectra are adequate fre-
quency analysis tools. However, for signals with time-varying
amplitudes and frequencies, a short-time Fourier transform
(STFT) is more appropriate. The STFT of A(t) is

S̃(f, τ ) =
∫ ∞

−∞
A(t) H (t − τ ) e−2π if t dt, (18)

where τ is the time offset of the window function, H (t − τ ). We
use the Hann window function:

H (t − τ ) =






1
2

(
1 + cos

(
π(t−τ )

δt

))
for |t − τ | ! δt

2
0 for |t − τ | >

δt

2

,

(19)
where δt is the width of the window function. The analog of the
energy spectrum of the Fourier transform is the spectrogram,
|S̃(f, τ )|2. Using the spectrogram, we define an analog to the
energy emission per frequency interval (Equation (15)):

dE∗
GW

df
(f, τ ) = 3

5
G

c5
(2πf )2|S̃(f, τ )|2 . (20)

We emphasize that the GW strains reported in this paper
are based upon matter motions alone and do not include the
low-frequency signal that results from asymmetric neutrino
emission (Burrows & Hayes 1996; Müller & Janka 1997).
Accurate calculations of asymmetric neutrino emission require
multi-dimensional, multi-angle neutrino transport to capture
the true asymmetry of the neutrino radiation field (see, e.g.,
Ott et al. 2008). Our choice to parameterize the effects of
neutrino transport by local heating and cooling algorithms is
based upon assumptions of transparency, which ignore diffusive
effects and would exaggerate the asymmetries and resulting
GWs. For example, Kotake et al. (2007) estimated the neutrino
GW signal using a similar heating and cooling parameterization
and obtained GW strain amplitudes that are ∼100 times the
matter GW signal. However, with an improved ray-tracing-
based method, the same authors find much smaller amplitudes
that are larger than those due to matter motions by only a
factor of a few (Kotake et al. 2009). This is in agreement with
the GW estimates of Marek et al. (2009) who used 1D ray-
by-ray neutrino transport and coupled neighboring rays in 2D
hydrodynamic simulations.

Studying the matter GW signal alone is worthwhile. Although
the neutrino GW strain amplitudes can be as large or even larger
than the contribution by matter (Burrows & Hayes 1996; Müller
& Janka 1997; Müller et al. 2004; Marek et al. 2009), the typical
frequencies, f, of the neutrino GW signal (∼10 Hz or less) are
typically much lower than the frequencies of the matter signal
("100 Hz). Consequently, the GW power emitted, which is
proportional to f 2, can be much higher for the matter GW signal.
Furthermore, although future GW detectors (e.g., Advanced
LIGO) will have improved sensitivity at low frequencies, current
detectors have response curves that are not sensitive to the lower
frequencies of the neutrino GW signal.

Figure 2. Sample of GW strain (h+) times the distance, D, vs. time after
bounce. This signal was extracted from a simulation using a 15 M% progenitor
model (Woosley & Heger 2007) and an electron-type neutrino luminosity of
Lνe = 3.7 × 1052 erg s−1. Prompt convection, which results from a negative
entropy gradient left by the stalling shock, is the first distinctive feature in the
GW signal from 0 to ∼50 ms after bounce. From ∼50 ms to ∼550 ms past
bounce, the signal is dominated by PNS and postshock convection. Afterward
and until the onset of explosion (∼800 ms), strong nonlinear SASI motions
dominate the signal. The most distinctive features are spikes that correlate with
dense and narrow down-flowing plumes striking the “PNS” surface (∼50 km).
Around ∼800 ms, the model starts to explode. In this simulation, the GW
signal during explosion is marked by a significant decrease in nonlinear SASI
characteristics. The aspherical (predominantly prolate) explosion manifests in a
monotonic rise in h+D that is similar to the “memory” signature of asymmetric
neutrino emission.

3.2. Signatures in the GW Strain

In Figure 1, we plot the GW strain (Equation (13)) times the
distance to a 10 kpc source, h+D, versus time after bounce for
all simulations. Though there is some diversity in amplitude and
timescale among these GW strains, there are several recurring
features that exhibit systematic trends with mass and neutrino
luminosity. We illustrate these features in Figure 2 with the
GW strain of the simulation using the 15 M% progenitor and
Lνe

= 3.7 × 1052 erg s−1. Before bounce, spherical collapse
results in zero GW strain. Just after bounce the prompt shock
loses energy and stalls, leaving a negative entropy gradient that
is unstable to convection. Because the speeds of this prompt
convection are larger than those of steady-state postshock or
PNS convection afterward, the GW strain amplitude rises to
h+D ∼ 5 cm during prompt convection and settles down to
∼1 cm roughly 50 ms later, which is consistent with the results
of Ott (2009b) and Marek et al. (2009). Later in this section, we
show that during both phases, convective motions in postshock
convection above the neutrinosphere and PNS convection below
it contribute to the GW strain. Since nonlinear SASI oscillation
amplitudes increase around 550 ms past bounce, the GW signal
strengthens from h+D ∼ 1 to 10 cm and is punctuated by
spikes that are coincident in time with narrow plumes striking
the PNS “surface” (at ∼50 km). Marek et al. (2009) also noted
this correlation.

The final feature after ∼800 ms is associated with explosion.
The signatures of explosion are twofold. First, during explosion,
postshock convection and the SASI subside in strength and the
higher frequency (∼300–400 Hz) oscillations in h+D diminish.
Second, global asymmetries in mass ejection result in long-term
and large deviations of the GW strain. In Figure 2, a monotonic
rise of h+D to nonzero, specifically positive, values corresponds

Murphy, Ott, Burrows, 2009
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Fig. 1.— Gravitational waveforms with the increasing (left) or the cancellation trend (right)
(see text for more detail). At the right bottom in each panel, the model names are given

such as B12X1β0.1 (top left, for example). The total wave amplitudes are shown by the red
line, while the contribution from the magnetic fields and from the sum of the hydrodynamic

and gravitational parts are shown by blue and green lines, respectively (e.g., equation (29)
and equations (25,27)).
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GW might suggest what is a dominant process to 
supply explosion energy of 1051 erg.

How to : Theories and NR simulations 
propose possible mechanisms.

↓↑
How much  : GW measurement may 

obtain how much energetic really, 
respectively.



Obtained from GW of SNe !

• Structure : Symmetry or NOT 

• Dynamics : Rotating or NOT

• Kinematics : Where come from 
explosion energy 1051 erg
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Important key is ‘timing’ analysis.
(GW itself and between counterparts)



GW and GRB
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Features Supernovae Compact Binary Coalescence 

Follow-ups / 
Counterparts

EM (visible-infrared, 
X-ray, Gamma-Ray),

Neutrino

EM (visible-infrared, 
X-ray, Gamma-Ray),

Neutrino
2 Metzger & Berger

of the event (Phinney 2009; Mandel & O’Shaughnessy
2010), for example an association with specific stellar
populations (e.g., Fong et al. 2010).
Motivated by the importance of EM detections, in this

paper we address the critical question: What is the most
promising EM counterpart of a compact object binary
merger? The answer of course depends on the definition
of “most promising”. In our view, a promising coun-
terpart should exhibit four Cardinal Virtues, namely it
should:

1. Be detectable with present or upcoming telescope
facilities, provided a reasonable allocation of re-
sources.

2. Accompany a high fraction of GW events.

3. Be unambiguously identifiable (a “smoking gun”),
such that it can be distinguished from other astro-
physical transients.

4. Allow for a determination of ∼ arcsecond sky posi-
tions.

Virtue #1 is necessary to ensure that effective EM
searches indeed take place for a substantial number of
GW triggers. Virtue #2 is important because a large
number of events may be necessary to build up statis-
tical samples, particularly if GW detections are rare; in
this context, ALIGO/Virgo is predicted to detect NS-
NS mergers at a rate ranging from ∼ 0.4 to ∼ 400 yr−1,
with a “best-bet” rate of ∼ 40 yr−1 (Abadie et al. 2010b;
cf. Kopparapu et al. 2008), while the best-bet rate for
detection of NS-BH mergers is ∼ 10 yr−1. Virtue #3 is
necessary to make the association with high confidence
and hence to avoid contamination from more common
transient sources (e.g., supernovae). Finally, Virtue #4
is essential to identifying the host galaxy and hence the
redshift, as well as other relevant properties (e.g., asso-
ciation with specific stellar populations).
It is important to distinguish two general strategies

for connecting EM and GW events. One approach is to
search for a GW signal following an EM trigger, either in
real time or at a post-processing stage (e.g., Finn et al.
1999; Mohanty et al. 2004). This is particularly promis-
ing for counterparts predicted to occur in temporal co-
incidence with the GW chirp, such as short-duration
gamma-ray bursts (SGRBs). Unfortunately, most other
promising counterparts (none of which have yet been in-
dependently identified) occur hours to months after co-
alescence6. Thus, the predicted arrival time of the GW
signal will remain uncertain, in which case the additional
sensitivity gained from this information is significantly
reduced. For instance, if the time of merger is known
only to within an uncertainty of ∼ hours(weeks), as we
will show is the case for optical(radio) counterparts, then
the number of trial GW templates that must be searched
is larger by a factor ∼ 104 − 106 than if the merger time
is known to within seconds, as in the case of SGRBs.

6 Predicted EM counterparts that may instead precede the
GW signal include emission powered by the magnetosphere of the
NS (e.g. Hansen & Lyutikov 2001; McWilliams & Levin 2011), or
cracking of the NS crust due to tidal interactions (e.g. Troja et al.
2010), during the final inspiral. However, given the current uncer-
tainties in these models, we do not discuss them further.

BH

θobs

θj
Tidal Tail & Disk Wind

Ejecta−ISM Shock

Merger Ejecta 

v ~ 0.1−0.3 c

Optical (hours−days)

Kilonova
Optical (t ~ 1 day)

Jet−ISM Shock (Afterglow)

GRB
(t ~ 0.1−1 s)

Radio (weeks−years)

Radio (years)

Fig. 1.— Summary of potential electromagnetic counterparts
of NS-NS/NS-BH mergers discussed in this paper, as a function
of the observer angle, θobs. Following the merger a centrifugally
supported disk (blue) remains around the central compact object
(usually a BH). Rapid accretion lasting ! 1 s powers a collimated
relativistic jet, which produces a short-duration gamma-ray burst
(§2). Due to relativistic beaming, the gamma-ray emission is re-
stricted to observers with θobs ! θj , the half-opening angle of the
jet. Non-thermal afterglow emission results from the interaction of
the jet with the surrounding circumburst medium (red). Optical af-
terglow emission is observable on timescales up to∼ days−weeks by
observers with viewing angles of θobs ! 2θj (§3.1). Radio afterglow
emission is observable from all viewing angles (isotropic) once the
jet decelerates to mildly relativistic speeds on a timescale of weeks-
months, and can also be produced on timescales of years from sub-
relativistic ejecta (§3.2). Short-lived isotropic optical emission last-
ing ∼ few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in
the ejecta (§4).

A second approach, which is the primary focus of
this paper, is EM follow-up of GW triggers. A poten-
tial advantage in this case is that counterpart searches
are restricted to the nearby universe, as determined by
the ALIGO/Virgo sensitivity range (redshift z ! 0.05−
0.1). On the other hand, a significant challenge are the
large error regions, which are estimated to be tens of
square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009;
Wen & Chen 2010; Nissanke et al. 2011). Although it
has been argued that this difficulty may be alleviated
if the search is restricted to galaxies within 200 Mpc
(Nuttall & Sutton 2010), we stress that the number of
galaxies with L " 0.1L∗ (typical of SGRB host galax-
ies; Berger 2009, 2011b) within an expected GW error
region is ∼ 400, large enough to negate this advantage
for most search strategies. In principle the number of
candidate galaxies could be reduced if the distance can
be constrained from the GW signal; however, distance
estimates for individual events are rather uncertain, es-
pecially at that low SNRs that will characterize most de-
tections (Nissanke et al. 2010). Moreover, current galaxy
catalogs are incomplete within the ALIGO/Virgo volume
(e.g. Kulkarni & Kasliwal 2009), especially at lower lu-
minosities. Finally, some mergers may also occur outside
of their host galaxies (Berger 2010a; Kelley et al. 2010).
At the present there are no optical or radio facilities

that can provide all-sky coverage at a cadence and depth
matched to the expected light curves of EM counter-

Metzger & Berger, 2011
“Kilonova” 

NS-NS merger 
may emit EM 
radiation.

EM Follow-ups are expected for 
GW. LIGO, Virgo already started 
these cooperative works. 



KAGRA also starts cooperation...
“New Developments in Astrophysics Through Multi-Messenger 
Observations of Gravitational Wave Sources” (Head : T.Nakamura)

by Grant-in-Aid for Scientific Research on Innovative Areas, MEXT 
Japan
Invite possible counterparts / follow-up channels of Japan !!

• X-ray and Gamma-ray
• Optical, Infrared and Radio
• Neutrino
• GW low latency analysis
• Theory for GW and 

counterpart

The project started in 2012.
KAGRA and these partners 
are ‘open-minded’ for also international partners.

40



Summary
• First GW detection is near future !
• KAGRA construction steadily

iKAGRA ~ end of 2015
bKAGRA 2018~ (or late 2017~)

• Supernova is promising GW source.
GW is expected to give rich information 
for SN - its structure, dynamics and 
kinetics.
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