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本日のお話
重力波とは？

• 一般相対論と重力波

• 重力波源候補天体

KAGRA計画の現状

重力波検出の展望

• イベント期待値

• 重力波の波形の語ること

• 多数の重力波イベントで見えてくること
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重力波とは
一般相対論と重力波

重力波源候補天体



重力＝時空の歪み
重力波とは？

Einstein Eq.
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• 光速度

• 横波

• 四重極

• (潮汐力)

重力波の性質
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重力波の間接証明
連星パルサー PSR1913+16

• by Hulse & Taylor

• 公転周期は、連星系からの重力波放射

によって運びさられるエネルギーと角

運動量によって変化する。

• 観測結果と一般相対論による予想計算

が、非常に高い精度で一致。

6
Duncan R. Lorimer, "Binary and Millisecond Pulsars", Living Reviews in Relativity



直接証明（直接測定）の必要性
直接測定の意義

• ‘強い’ 重力場での一般相対論の検証

• 過去、一般相対論はことごとく実験／観測テストに合格してき

た。しかし、それらは太陽系程度の’弱い‘重力場でのテスト。

• また、重力の「波動」の性質は、基本相互作用の探求としても

重要なテーマ

• 重力波は波源の情報を持っている

• 天体物理や宇宙物理の新しいプローブ、新しい窓

• 重力波イベントの同定＝波源を見ること

• 重力波天文学
7



地上検出器の目標とする重力波源
突発性のイベント的なもの:

• コンパクト連星 (NS-NS, NS-BH, BH-BH)

• 中性子星 (NS), ブラックホール (BH)

• 超新星爆発

• BH 準固有振動

• パルサーのグリッジ

連続波:

• パルサー

• 連星

背景輻射重力波

• 初期宇宙 (インフレーション起源など)

• 宇宙紐

• 天体起源の分離できないもの

(& 未知の重力波源...) 8



コンパクト連星合体
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 h ~10-24 for NS-NS 
at 200Mpc away!
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重力波の振幅 ~10-24 （ 200Mpc 離れた中性子星連星の合体）
(周波数スペクトルで ~10-22~-23 [/√Hz] @10~100Hz)
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重力波検出実験
検出原理

国内外の観測実験

KAGRAの現状



自習質点として鏡を用い、レーザー干渉計で高精度の測距をおこなう
検出原理（自由質点形＝レーザー干渉計）
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概念図

13

h =
��

�

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

自由質点 --> 懸架された鏡

時空の歪み‘h’の積分 --> 長い基線

サイズの制限 --> 腕の折りたたみ／多重干渉

雑音対策 -->

• 高出力レーザー

• 鏡を冷やす

• etc..



世界の重力波観測実験
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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)

複数台による観測網の必要性：

・到来方向と偏極の決定

・全天探索

・常時観測



KAGRA
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地下

• 岐阜県神岡鉱山内

• 静謐で安定な環境

低温鏡

• 20K

• サファイア基材

3km 基線長

計画

• 2010  : 建設開始

• 2015  : 最初の常温観測

• 2018 (or late 2017)- : 低温鏡での高感度の本格観測開始

© ICRR, university of Tokyo
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KAGRA コラボレーション
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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



KAGRAの感度
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探索レンジ

18

10
M

pc
10

0M
pc

1G
pc

10
G

pc
10

0G
pc

   
  

Lu
m

in
oc

ity
 D

is
ta

nc
e

100 101 102 103 104

mass of one star [Msolar]
(BH mass = 2M)

10
0M

yr
1G

yr
10

G
yr

13
G

yr

Lo
ok

 B
ac

k 
Ti

m
e

0.001

0.01

0.1

1

10

C
os

m
ol

og
ic

al
 R

ed
sh

ift
 : 

z

1.
4M

so
la

r (
Ty

pi
ca

l N
eu

tro
n 

St
ar

)

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

連星中性子星の合体
(NS-NS) : 検出レンジ
は、最高感度の方向
で、約280 Mpc 。
(全天平均で
~173Mpc )
  -> 10 イベント/年

超新星爆発(SNe)： 
検出原理は、 
typically 典型的に
100kpc から1Mpc 

星の質量 [太陽質量]

赤
方
変
位

距離



スケジュール
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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


トンネル掘削

20 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 Excavation
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2013.12.6 Yアーム貫通



防振装置とクライオスタット
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Cryogenic mirrorCryostat

Vibration 
Isolation

14 m

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



クライオスタット（低温装置）
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光学装置 ( 鏡, バッフル )
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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.



iKAGRA データ転送・保管システム
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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
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DGS Storage
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VPN VPN
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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
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観測データ量
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phase 期間 data rate / duty total expected 
amount

転送

iKAGRA about 2~3 months 
at end of 2015

20MB/s / 100% 100 TiB 神岡→柏
iKAGRA about 2~3 months 

at end of 2015
1MB/s / 100% 5TiB 神岡→大阪市大／阪大

commissioning 2016-2017
20MB/s / ?(5~10%) ? 神岡→柏

commissioning 2016-2017
1MB/s / ?(5~10%) ? 神岡→大阪市大／阪大

bKAGRA 2017 - 
(end of KAGRA)

20MB/s / 100% 3PB / 5yrs 神岡→柏
bKAGRA 2017 - 

(end of KAGRA)
1MB/s / 100% 150 TiB / 5yrs 神岡→大阪市大／阪大

iKAGRA : 常温鏡、テスト観測 2015年末

bKAGRA : 低温鏡での高感度化観測運転 2017年度末～
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干渉計

観測データ：s = h + n
(h : 重力波、n : 雑音)

重力波（波形） h
“イベント” (時刻、方向、...）

データ解析

hは微弱、稀
↓

微小信号解析！
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新学術「重力波天体」
写真（トンネルなど）
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Status�of�construction:�Surface�buildingStatus�of�construction:�Surface�building
Local�government�(Hida city)�kindly�agreed�for�
KAGRA�to�use�old�kindergarten�as�a�part�of�the�
surface�building.�Refurbished�in�summer�2012.�

KAGRA�project�ͲͲ Takaaki�Kajita 27

KAGRA�office�(since�2012,�140m2)

New�office�building�to�be�built�in�
2013.�(340m2).�



重力波検出の展望
イベント期待値

重力波の波形の語ること

多数の重力波イベントで見えてくること



既知の連星パルサー

30

Inspiral            Ringdown

第 1 章. LCGT の重力波源

NS-NS BH-NS BH-BH

銀河系での合体率 [1/yr] 83.0+209.1
−66.1 × 10−6(CI=95%) 10−7 − 10−4 10−7 − 10−5

LCGT(BRSE) での最大観測可能範囲 231Mpc(z=0.0522) 475Mpc(z=0.103) 1.10Gpc(z=0.222)

LCGT でのイベントレート [1/yr] 3.9+9.90
−3.13 0.036 − 36 0.32 − 32

LCGT(DRSE) での最大観測可能範囲 312Mpc(z=0.0697) 662Mpc(z=0.141) 1.50Gpc(z=0.292)

LCGT でのイベントレート [1/yr] 9.2+23.2
−7.35 0.087 − 87 0.70 − 70

表 1.1: コンパクト連星系の銀河系での合体率と LCGT で観測可能な範囲内でのイベントレート．NS-NS については，ビーム補正
と暗いパルサーからの寄与の補正を取り入れたもの．J1906+0746 の寄与は入っていない．最大観測可能範囲は，最適方向・角度
の場合に S/N=8 となる距離とした．また，最適方向・角度からのずれによる観測可能体積の減少率を (0.44)3 = 0.0852 として，
LCGTでのイベントレートは計算した．光度距離と赤方偏移 z の関係はWMAP 5yearの結果である，ΩM = 0.274, ΩΛ = 0.726,

H0 = 70.5kms−1Mpc−1 を用いた．

PSR name Ps (ms) Pb (hr) e τlife (Gyr)
B1913+16a 59.03 7.75 0.617 0.37
B1534+12a 37.90 10.10 0.274 2.93

J0737-3039Aa 22.70 2.45 0.088 0.23
J1756-2251a 28.46 7.67 0.181 2.03
J1906+0746b 144.14 3.98 0.085 0.082
J2127+11Cbcd 32.76 8.047 0.681 0.32

表 1.2: 1010 年以内に合体する連星中性子星．Ps:パルス周期，Pb:公転周期，e:離心率，τlife:寿命，τlife = τsd + τmrg，τsd: spin

down age, τmrg:重力波放出による合体までの時間．J1906+0746は伴星がWDである可能性もある．J2127+11Cは球状星団M15

にあるもの．それ以外は銀河円盤内にあるもの．引用文献，aO’Shaughnessy et al.(2008)[3], bKim et al.(2006)[4], cThe ATNF

Pulsar Catalogue[5]. dPhinney(1991).[6]

selection効果を取り入れた評価によって，R = 2 − 4 × 10−7[yr−1] という結果を得た．この値は合体率の
下限値を与えていると考えられ，実際の値は，以下の２つの因子の補正を更に受ける．一つ目はパルサー
のビーム因子 fb で，これは，4π/(beamが自転しながら覆う立体角)として定義される．Kalogera et al.
では，PSR1913+16及び 1534+12ではビームの形状の解析が進んできていて，それぞれ fb = 5.8, 6.5と
いう値が得られていることから，典型的な値として fb = 6を採用した [8]．もう一つの効果は，暗くて観
測されないパルサーからの寄与をどの程度取り入れるかである．Kalogera et al.では，パルサーの光度関
数を用いた評価により，Rは最大 200倍程度大きくなる可能性があると見積もっている．これは他の不定
性に比べて最も大きな不定性となっている．これらの効果を取り入れ，上記の Rを 6 × (1 ∼ 200)倍する
ことで，最終的な合体率として，10−6 ≤ R ≤ 5 × 10−4[yr−1]を得た．

Kim et al.[9]は，以上に加えて，Bayes統計を導入して合体率の再評価を行った．その結果として，最頻
値はR = 8×10−6[yr−1]で，上限下限はCI=68%で (3−20)×10−6 [yr−1]，CI=99%では (0.7−40)×10−6

[yr−1]という結果を得た．なおこれはビーム因子や暗いパルサーの寄与の効果はすべて含まれた結果であ
る．もし採用されているビーム因子 (fb ∼ 6)の効果を取り除くと，中心値はR = 1.3× 10−6[yr−1]で，上
限下限は CI=99%で (0.11− 6.6)× 10−6 [yr−1]となる．暗いパルサーの寄与は，パルサーの光度関数とし
て空間分布と共に解析の中に取り入れられており，論文の結果からその効果だけを引き去ることはできな
い．しかし，暗いパルサーの光度関数が，合体率の評価に大きな影響を与えている点は以前までの解析と
は同じである．そのような系統誤差は，この評価とは別に与えるべきであると考えるべきである．

2003年頃発見された PSR J0737-3039は，軌道周期がそれまでのものより短く、従って合体までの時
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期待される検出頻度

by H.Tagoshi

NSCNS%merger%rate�

���

Galactic merger rate �

A current official LCGT design (VRSE-D) 
gives horizon distance (@S/N=8)  
= 280Mpc (z=0.065) 
 
 
Event rate for KAGRA:   �

118+174
�79 Myr�1

(Kim (’08), Lorimer (‘08))�

9.8+14
�6.6 yr�1

However, systematic errors which are not 
included in this evaluation may be large.�

See also��Abadie et al. CQG27, 173001(2010) �

１つの銀河系あたり、年間

KAGRAの検出頻度期待値



コンパクト連星合体波形とその物理
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“インスパイラル”
(100sec~)

合体
(~10msec)
合体

(~10msec)
リングダウン
(~100msec)
リングダウン
(~100msec)

波形予想 Post-Newton 近似
(解析的な計算) 数値相対論数値相対論 ブラックホール時空の

摂動
ブラックホール時空の

摂動

周波数帯 (10Hz) ~ 1.5 kHz 2~3 kHz2~3 kHz 数 kHz数 kHz

物理！

星の質量
絶対光度

距離、軌道面の傾き
（要複数台検出器）

EOS,
潮汐変形、潮
汐破壊
粘度, etc...

(もしHyper-
massive NS が
形成されれば)

EOS,
hyperon

(もしHyper-
massive NS が
形成されれば)

EOS,
hyperon

BHの質量と
角運動量

• GW emissions from different phases 
• carry out different informations.
• In case of CBC, methods of waveform prediction are also different.
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by  J.Read



Tidal disruption on NS-BH merger
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Hyper Massive Neutron Stars 
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NSCNS%coalescence%&%HMNS�

���

NS+NS -->(HMNS)-->BH, if highly rotating and/or enough stiff.



36 by Y.Sekiguchi

nomal material

Hyperon EOS is sofeter than noraml.
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Neutron stars in binaries experience 
tides:

Tidal deformability � for realistic EOS

� =
Q

E =
size of quadrupole deformation

strength of external tidal field

� =
2

3
k2R

5

Calculate via linear Y20 perturbation of spherical neutron star
Q and E defined by external field of perturbed star
leading terms � r2 and � r�3 when far from star

For given realistic EOS, � is function of M
(similar to radius or moment of inertia)

Jocelyn Read (AEI) Tidal e�ects in BNS Inspiral 04/03/10 11 / 26
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by Jocelyn Read
California State University Fullerton

潮汐変形の影響
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tides:
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by Jocelyn Read
California State University Fullerton

潮汐変形の影響



Del Pozzo et al:
Full Bayesian analysis of injected signal population
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Uses post-Newtonian inspiral with tidal corrections
up to 1630Hz (ISCO for PP)
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Measurement using hybrid waveforms
3
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FIG. 1. The radius R of the simulated EOS as a function of
mass. The dashed lines indicated the simulated mass value of
1.35M�.

is the dimensionless quadrupole tidal deformability (k2
is the quadrupole Love number). At leading order in the
separation of the stars, ⇤ determines the (`,m) = (2, 0)
departure of the asymptotic metric from spherical sym-
metry and the departure of the waveform phase evolu-
tion from its point-particle form. Our results imply that
⇤ e↵ectively determines the waveform’s departure from
point-particle (or nonspinning BH-BH) inspiral even for
the late inspiral.

Fig. 2 (provided by B. D. Lackey) shows contours of
constant R and ⇤ for 1.35M� stars in the EOS space.
Our simulations suggest that the contours in the EOS
parameter space of constant departure of the waveform
from point-particle inspiral coincide with similar accu-
racy with these contours of constant ⇤, but the range of
high-resolution runs is not yet large enough for a quan-
titative conclusion.

B. Numerical simulations

Here we give only a brief overview of the codes, while
we refer the reader to previous articles for more de-
tails [23–25, 31–33].

1. Initial data

The initial configurations for our simulations are pro-
duced using the numerical code of [31], based on the mul-
tidomain spectral-method library, LORENE. LORENE was
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FIG. 2. Contours of constant R and ⇤ (labeled by the value
of ⇤1/5) in the two-parameter EOS space.

originally written by the Meudon relativity group [34–36]
and is publicly available [37].
[[TODO:Summarize initial data method]]
Some of the physical quantities of the initial configu-

rations are reported in Table II.

2. Overview of evolution codes

Both the SACRA and Whisky codes evolve the Einstein
equations in the Baumgarte-Shapiro-Shibata-Nakamura
formalism [38–41]. For the Whisky simulations, the Ein-
stein equations are solved using the CCATIE code, a three-
dimensional finite-di↵erencing code based on the Cactus
Computational Toolkit [42]. A detailed presentation
of the CCATIE code and of its convergence properties has
been presented in [32]. For tests and details on SACRA,
see [23].
The gauges are specified in terms of the standard

Arnowitt-Deser-Misner (ADM) lapse function, ↵, and
shift vector, �i [43]. We evolve the lapse according to
the “1 + log” slicing condition [44]:

@t↵� �i@i↵ = �2↵K. (2)

The shift is evolved using the hyperbolic �̃-driver condi-
tion [45]

@t�
i � �j@j�

i =
3

4
Bi , (3)

@tB
i � �j@jB

i = @t�̃
i � �j@j�̃

i � ⌘Bi , (4)

where Bi = @t�i and ⌘ is a parameter that acts as a
damping coe�cient. We set ⌘ = 1.0 or ⌘ ⇡ 0.5 in Whisky
and SACRA, respectively.
Both codes adopt a flux-conservative formulation of

the hydrodynamics equations [46–48], in which the set
of conservation equations for the stress-energy tensor
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2. Overview of evolution codes

Both the SACRA and Whisky codes evolve the Einstein
equations in the Baumgarte-Shapiro-Shibata-Nakamura
formalism [38–41]. For the Whisky simulations, the Ein-
stein equations are solved using the CCATIE code, a three-
dimensional finite-di↵erencing code based on the Cactus
Computational Toolkit [42]. A detailed presentation
of the CCATIE code and of its convergence properties has
been presented in [32]. For tests and details on SACRA,
see [23].
The gauges are specified in terms of the standard

Arnowitt-Deser-Misner (ADM) lapse function, ↵, and
shift vector, �i [43]. We evolve the lapse according to
the “1 + log” slicing condition [44]:
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of conservation equations for the stress-energy tensor

distinguishable 
at 300 Mpc 10 20 30 40 50

Events

0

1

2

3

4

5

�
0/

� 10
�

23
s5

�

95% conf MS1
95% conf H4
95% conf SQM3
True value

Magnitude of 
hybrid estimate 

agrees with
PN estimates

39

by Jocelyn Read
California State University Fullerton



いろんな過程で重力波が出ると期待されている。

• コアのバウンス

• 対流

• 原始中性子星の形成時

• ニュートリノ放射

• 物質降着と衝撃波面

• ジェット状の大きな質量放出流？

超新星爆発からの重力波

40



Kinematics エネルギーの収支？
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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)).

Takiwaki & Kotake, 2011

実は超新星の爆発エネルギー ~1051 erg はシミュレーションで再現できていない。
現在のシミュレーションは、これより１～２桁小さいエネルギーでしか爆発できな
い。重力波は、爆発のどの課程が大きなエネルギーを担うかを示唆する。

 (註：ニュートリノの運び出すエネルギー1053 erg).



Dynamics 動的な解明
いつ強い重力波が放出されたか？

• ニュートリノの中性子化バースト以前に強い放出があれば、コ

アは高速で回転している。

• 中性子化バーストの後ならば、コアはあまり回転していない。
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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)



Pulsars　パルサー

連続重力波

• non-axisymetric  --> GW radiation

• GW radiation may cause spin 

down.

バースト的なもの

• Glitches
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Period

time



パルサーからの重力波
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伊藤氏(RESCUE)のコードによる ATNF pulsar catalogue から、
・観測のスピンダウンレート
・楕円率10-7

のいづれかで許される最大の重力波の大きさを求めたもの。



新学術「重力波天体」
フォローアップ観測の必要性

重力波観測の利点...
• 星の質量や距離を推定できる
• 運動や変形の様子が現れる
• ほぼ全方位に感度が有る

（最高感度方向の50%以上の応答を示すのは全立体角の約65%）
しかし、問題点...
• 方向決定精度が悪い

数度角から数十度角。ホスト銀河を決められない。
• 超新星バーストからの重力波のように、波形がよくわからないものもある
• まだ発見したことがない。天体起源であることを確信が欲しい

＝＝＝＝＞　解決策：フォローアップ観測／同時観測（相補的な）
天体の様子を多面的な切り口で調べることが可能に！

中性子星連星合体はShort-GRBか？                        --------> X, ガンマ線観測
重力波の光度距離とホスト銀河の赤方偏移の比較  --------> 光赤外観測
超新星のダイナミクスの解明                                   <------> ニュートリノ観測
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新学術「重力波天体」
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超新星爆発中性子星連星合体

大立体角の連
続モニター

光・赤外広視野望遠鏡 電波観測

X線、γ線、可視光、赤外線、電
波、ニュートリノ...

重力波のデータ解析 各種天体観測

観測衛星

地上の光赤外望遠鏡
海外の重力波検出器
aLIGO, aVirgo

ニュートリノ検出

計画研究A02

計画研究A01

計画研究A04

計画研究A03

重力波源
A. 合体波形
B. バースト波
C. 連続波
D. 背景重力波
E.未知の波源

重力波観測

多様な手
段で観測

MAXI

理論

計画研究A05

連携した観測の構築
重力波事象の理解　　　　　　　　

http://www.gw.hep.osaka-cu.ac.jp/gwastro/

科研費新学術領域研究(H24-28)

http://www.gw.hep.osaka-cu.ac.jp/gwastro/
http://www.gw.hep.osaka-cu.ac.jp/gwastro/


まとめ
重力波

• 一般相対論の重要な検証

• 天体物理、宇宙物理の新しい窓になると期待

重力波の観測がもうじき！

• KAGRA の常温テスト観測(iKAGRA) 2015年

• 2017~2018に初観測か？

重力波源の物理

• それぞれの波源に期待される物理がある。

重力波天体をより良く理解するためには、複数の観測手段や深

い物理の理解が必要

→隣接分野の協力を！ 47



新学術「重力波天体」
おしらせ：「重力波天体」シンポ 2014/1/13-15
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http://www.gw.hep.osaka-cu.ac.jp/gwastro/

http://www.gw.hep.osaka-cu.ac.jp/gwastro/
http://www.gw.hep.osaka-cu.ac.jp/gwastro/

