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Plan of the talk

概要
• 主たる重力波源と検出方法

RSE : Broadband or Detuned ?
• 連星合体の探索レンジ
• そのほかの重力波について

LCGT解析の戦略
• “minimum success”



LCGTの重力波源

• コンパクト連星(NS-NS, NS-BH, BH-BH)合体
マッチドフィルターで探索

• 超新星(バースト波)

エクセスパワーフィルター, ALF, TFクラスター　等
• パルサー(連続波)

テンプレート,  heterodyne, Hough変換等
• 背景重力波
２検出器の相関



重力波源 波形重力波源 波形 実験装置できまる精度実験装置できまる精度 抽出できる情報抽出できる情報抽出できる情報 理論予想の精度重力波源 波形
検出頻度または指標検出頻度または指標検出頻度または指標 研究可能な物理／天体物理

連星合体
(中性子星、
ブラック
ホール)

インスパイ
ラル

検出レンジ 
(SNR>10, 最適
方向, 中性子星連
星合体の場合)：
単体　185 Mpc
２台　257 Mpc

予想頻度：
(イベント/年, C.L.
90%)

2.8 (+7.2 -2.3)
7.9 (+20.4 -6.5)

予想頻度：
(イベント/年, C.L.
90%)

2.8 (+7.2 -2.3)
7.9 (+20.4 -6.5)

合体時刻 : !t < 1msec
    ->  源方向 : !q ~ 1-2 
度
質量分解能 :
        !M/M < a few%

合体時刻 : !t < 1msec
    ->  源方向 : !q ~ 1-2 
度
質量分解能 :
        !M/M < a few%

存在頻度
ホスト銀河の推定 <-距離推定
および他の観測との相補性
中性子星質量の測定

連星合体
(中性子星、
ブラック
ホール)

合体 (インスパイラル波形で探索する)(インスパイラル波形で探索する)(インスパイラル波形で探索する)
波形再現 : h(t) および h(f)
可能な精度：!h/h ~ 1-5%
波形再現 : h(t) および h(f)
可能な精度：!h/h ~ 1-5%

中性子星の密度や粘度
-> 超巨大核の状態方程式

ブラック
ホール

準固有振動
リングダウ
ン

3% エネルギー損失として、
  検出レンジ : > 1Gpc (質量依存)
探索質量範囲 : 数～1000太陽質量
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3% エネルギー損失として、
  検出レンジ : > 1Gpc (質量依存)
探索質量範囲 : 数～1000太陽質量

質量分解能: !M/M < 10%
角運動量パラメーター推定
誤差：
!a/a < 典型的な場合20 %

質量分解能: !M/M < 10%
角運動量パラメーター推定
誤差：
!a/a < 典型的な場合20 %

ブラックホールの励起、形成
中間質量ブラックホールの探索
質量スペクトロスコピー

超新星
(GRB等
バースト的
な源)

バースト 検出レンジ :　->(局所銀河団程度)検出レンジ :　->(局所銀河団程度)検出レンジ :　->(局所銀河団程度) 波形再現  : h(t), h(f)到達時刻 : !t 
中心周波数

波形再現  : h(t), h(f)
到達時刻 : !t 
中心周波数

超新星コアの構造、質量分布の
ダイナミックな情報
コア崩壊での相対論効果
状態方程式

背景輻射
重力波のエネ
ルギー密度で
きまるスペク
トル

h02 Wgw  ~ 4.8 x 10-10
(２台の LCGT 検出器の相関,
100Hz付近、1年データ積分)
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100Hz付近、1年データ積分)

h02 Wgw  ~ 4.8 x 10-10
(２台の LCGT 検出器の相関,
100Hz付近、1年データ積分)

背景重力波のスペクトル、
上限値
背景重力波のスペクトル、
上限値

宇宙論的パラメーター
元素合成

パルサー 連続波
既知のパルサーについて、最大
SNRの予想-> SNR>10で10以上
のソース

既知のパルサーについて、最大
SNRの予想-> SNR>10で10以上
のソース

既知のパルサーについて、最大
SNRの予想-> SNR>10で10以上
のソース

スピンダウンまたはその上
限値の推定：dP/dt /P
スピンダウンまたはその上
限値の推定：dP/dt /P

パルサーのスピンダウン、形成
ダイナミクス

*モデルにより１桁違う予想頻度



Binary Coalescence : Most Promised Source
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Nakamura, Ohara (1990)

Inspiral Merger QNM

Compact Binary

• NS-NS, NS-BH, BH-BH

Waveform

• Inspiral

• Merger

• QNM of BH
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The Astrophysical Journal, 614:L137–L138, 2004 October 20
! 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.

ERRATUM: “THE COSMIC COALESCENCE RATES FOR DOUBLE NEUTRON STAR BINARIES”
(ApJ, 601, L179 [2004])

V. Kalogera, C. Kim, D. R. Lorimer, M. Burgay, N. D’Amico, A. Possenti, R. N. Manchester, A. G. Lyne,
B. C. Joshi, M. A. McLaughlin, M. Kramer, J. M. Sarkissian, and F. Camilo

In our original Letter, we calculated the likely size of the Galactic double neutron star (DNS) population in two stages. First,
we simulated the DNS distribution in the Galaxy. At this stage, in addition to storing the spatial properties and luminosities of
the model pulsars, we also computed their expected dispersion measures and pulse scatter broadening times using a model for the
electron density distribution. This information was stored to an intermediate file for subsequent analysis by our simulation code,
in which the simulated population was “searched” using detailed models of the various pulsar surveys. Unfortunately, while the
scatter-broadening times created in the first part of the calculation were saved in units of milliseconds, the survey simulation code
assumed them in units of seconds. This error led to an underprediction of the number of pulsars in the model observed samples,
which in turn resulted in an overestimate of the true number, and hence in-spiral rate, of DNS binaries in the Galaxy.
We have now repeated these calculations using the correct unit conversion and find the Galactic DNS in-spiral rate to beR

Myr!1 at a 95% confidence interval (model 6), a factor of ∼2.2 smaller than in the original paper. The corresponding"209.183.0!66.1

detection rates for the initial and advanced LIGO are yr!1 and yr!1, respectively."87.6 !3 "470.5R p (34.8 )# 10 R p 186.8det,ini !27.7 det,adv !148.7

For all models we consider, the estimated DNS in-spiral rates range between ∼4 and 224 Myr!1. We show the revised result for
our reference model in Figure 1. Table 1 summarizes the revised calculations for all models in our original paper. However, we
note that the increase rate factor (IRF) due to the discovery of J0737–3039 remains essentially unaffected, since the unit error
cancels out, the IRF being a measure of relative changes in rate. The IRF is found to be in the range 6–7 for all models under
consideration. The exact values of IRF are shown in Table 1.
This error also propagates through to our predictions for future DNS discoveries in the Parkes multibeam survey. Repeating the

analysis in § 4 of our original Letter, we find that the average number of DNS with properties similar to those currently known
to be detected using full acceleration search processing is ∼4. The revised probability distribution of expected detections is shown
in Figure 2.

TABLE 1

Estimates for Galactic In-spiral Rates and Predicted LIGO Detection Rates (at 95%
Confidence) for Different Population Models

of LIGObRdet

Modela
Rtot

(Myr!1) IRF
Initial
(kyr!1)

Advanced
(yr!1)

1 . . . . . . . . . . . . . . . .
"59.423.2!18.5 6.4

"24.99.7!7.7
"133.652.2!41.6

6 . . . . . . . . . . . . . . . .
"209.183.0!66.1 6.3

"87.634.8!27.7
"470.5186.8!148.7

9 . . . . . . . . . . . . . . . .
"20.27.9!6.3 6.6

"8.43.3!2.6
"45.417.7!14.1

10 . . . . . . . . . . . . . . .
"57.023.3!18.4 5.8

"23.99.8!7.7
"128.252.4!41.3

12 . . . . . . . . . . . . . . .
"21.99.0!7.1 6.0

"9.23.8!3.0
"49.420.2!15.9

14 . . . . . . . . . . . . . . .
"9.43.8!2.8 5.8

"3.91.6!1.2
"21.18.5!6.2

15 . . . . . . . . . . . . . . .
"593.8223.7!180.6 7.1

"248.693.7!75.6
"1336.0503.2!406.3

17 . . . . . . . . . . . . . . .
"135.351.6!41.5 6.9

"56.721.6!17.4
"304.4116.1!93.4

19 . . . . . . . . . . . . . . .
"38.214.6!11.7 7.0

"16.06.1!4.9
"86.032.8!26.3

20 . . . . . . . . . . . . . . .
"217.989.0!70.8 6.2

"91.237.3!29.6
"490.3200.3!159.3

a Model numbers correspond to KKL. Model 1 was used as a reference model in KKL. Model 6 is our
reference model in this study.

b Increase rate factor compared to previous rates reported in KKL. .IRF{ R /Rpeak,new peak,KKL

L138 KALOGERA ET AL. Vol. 614

Fig. 1.—Probability density function that represents our expectation that the actual DNS binary merger rate in the Galaxy (bottom axis) and the predicted initial
LIGO detector rate (top axis) take on particular values, given the observations. The curves shown are calculated assuming our reference model parameters (see
text). The solid line shows the total probability density, along with those obtained for each of the three binary systems (dashed lines). Inset: Total probability
density, and corresponding 68%, 95%, and 99% confidence limits, shown in a linear scale. Revised from original figure.

Fig. 2.—Probability density function of the predicted number of observed DNS binary systems Nobs for the PMB survey, for our reference model (model 6 in
C. Kim, V. Kalogera, & D. R. Lorimer, ApJ, 584, 985 [2003], KKL). The mean value is estimated to be . Revised from original figure.AN S p 3.6obs

Kalogera et.al., ApJL. 601 (2004) L179-L182

Kim et.al., astro-ph/0405564

ApJ.614:L137-138
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Detection Scheme : Matched Filter

Known wave form

• coalescence of compact binaries ;

• NS-NS, NS-BH, BH-BH, PBMACHO

Known noise spectrum in Fourier domain

Linear system

• signal: s(t) = n(t) + a h(t)

• noise component :n(t),  GW signal: a h(t)

• average noise power spectrum: Sh(f)

• template waveform: h(t)

• signal-to-noise ratio:

• chi^2 test

Require 105 templates and 1011 flops at least

7

〈h, s〉 = 2

∫
h̃∗ · s̃

Sh

df

SNR =

√

〈h+, s〉2 + 〈h×, s〉2 /
√

2



Detection Scheme : Matched Filter

Known wave form

• coalescence of compact binaries ;

• NS-NS, NS-BH, BH-BH, PBMACHO

Known noise spectrum in Fourier domain

Linear system

• signal: s(t) = n(t) + a h(t)

• noise component :n(t),  GW signal: a h(t)

• average noise power spectrum: Sh(f)

• template waveform: h(t)

• signal-to-noise ratio:

• chi^2 test

Require 105 templates and 1011 flops at least

7

〈h, s〉 = 2

∫
h̃∗ · s̃

Sh

df

SNR =

√

〈h+, s〉2 + 〈h×, s〉2 /
√

2

The method was well 
implemented in previous 

experiments: i.e. TAMA, LIGO



Detection Scheme : Matched Filter

Known wave form

• coalescence of compact binaries ;

• NS-NS, NS-BH, BH-BH, PBMACHO

Known noise spectrum in Fourier domain

Linear system

• signal: s(t) = n(t) + a h(t)

• noise component :n(t),  GW signal: a h(t)

• average noise power spectrum: Sh(f)

• template waveform: h(t)

• signal-to-noise ratio:

• chi^2 test

Require 105 templates and 1011 flops at least

7

〈h, s〉 = 2

∫
h̃∗ · s̃

Sh

df

SNR =

√

〈h+, s〉2 + 〈h×, s〉2 /
√

2

The method was well 
implemented in previous 

experiments: i.e. TAMA, LIGO



Detection Scheme : Matched Filter

Known wave form

• coalescence of compact binaries ;

• NS-NS, NS-BH, BH-BH, PBMACHO

Known noise spectrum in Fourier domain

Linear system

• signal: s(t) = n(t) + a h(t)

• noise component :n(t),  GW signal: a h(t)

• average noise power spectrum: Sh(f)

• template waveform: h(t)

• signal-to-noise ratio:

• chi^2 test

Require 105 templates and 1011 flops at least

7

〈h, s〉 = 2

∫
h̃∗ · s̃

Sh

df

SNR =

√

〈h+, s〉2 + 〈h×, s〉2 /
√

2

The method was well 
implemented in previous 

experiments: i.e. TAMA, LIGO



in case of RSE : Broadband or Detuned 
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Binary inspiral: 

 1.4-1.4 Msolar, 200Mpc
 
BH ringdown: Kerr param. a=0.95

 2.8 Msolar
 100 Msolar

 
Stellar core collapse at Galactic Centre

  DFM waveforms

10
-24

10
-23

10
-22

10
-21

10
-20

10
-19

S
t
r
a
i
n
 
e
q
u
i
v
a
l
e
n
t
 
n
o
i
s
e
 
s
p
e
c
t
r
u
m
 
[
1
/
r
H
z
]

10 100 1000

frequency [Hz]

 Broadband RSE
 Detuned RSE

 
Binary inspiral: 

 1.4-1.4 Msolar, 200Mpc
 
BH ringdown: Kerr param. a=0.95

 2.8 Msolar
 100 Msolar

 
Stellar core collapse at Galactic Centre

  DFM waveforms



検出レンジ



検出レンジ



検出レンジ



検出レンジ



検出レンジ



現在と比較



現在と比較



現在と比較



現在と比較



現在と比較



for Contunuous GW
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remarks

Broadband RSE Detued RSE

コンパクト連
星(Inspiral)

検出レンジ
(SNR>10, 最適方向/偏極)

検出レンジ
(SNR>10, 最適方向/偏極)

165 Mpc 250 Mpcコンパクト連
星(Inspiral) 頻度頻度 (1) ~ x 3.5

ブラックホール準
固有振動リングダ

ウン

ブラックホール準
固有振動リングダ

ウン

1Gpc レンジの
質量範囲 80-1000 Msolar 60-350 Msolarブラックホール準

固有振動リングダ
ウン

ブラックホール準
固有振動リングダ

ウン NS-NS で形成され
た場合 @ ~7kHz h ~ 4.3 x 10-22 [1/rHz]

SNR ~ x 0.02
h ~ 1 x 10-21 [1/rHz]

連続波連続波

既知のパルサー539個
中、1年間積分で理論上
限にとどくもの

30個 20個
連続波連続波

LMXB △？ !

超新星バースト @銀河中心超新星バースト @銀河中心超新星バースト @銀河中心 ◯ △

背景重力波背景重力波背景重力波 LIGO, VIRGOとのoverlap function は< ~30HzLIGO, VIRGOとのoverlap function は< ~30Hz



方針、戦略
LCGT解析グループ
（辰巳、田越、神田）

keynote:/Users/kanda/Documents/Gravitational_Wave/LCGT/Design(General)/20081110/strategy4working.key
keynote:/Users/kanda/Documents/Gravitational_Wave/LCGT/Design(General)/20081110/strategy4working.key


LCGTの目標とデータ解析

•!"#$%&'() (first detection)

*$+,-.

/.0123456789:;

 <0123=>;78?@.ABCDE()F$GHIJKLM56?@INOPQ

R.LCGTSTUV278M;WXY$?@I.*$
+,$Z.[9\]



解析の全体概要
!"#$%(raw data)

&

'()(pre-processed data) 
*+,-./0123"#245

&

6789:;(search)
<=>?@ABCD()EFGHIJKLMN#".OPQ2RS".TFPT2#U

&

6789VW(candidates)

XYZ[\(coincidence)

&

]^_or `abcd

1.DAQefghi
2.LCGTjklmn4oef
3.pqr=lsoef
4. jktDupqr=



解析グループの長期戦略
•!"#$%&'()*(+,-./.01

 234567/+,.809:;<=>?

•/@A8BC/DE1F8!"#GH5IJKL

 MN<!O?PQR- NS binary 5STUVW

 XF.!"#Y5Z[1\@]^<_(`.?

• `9`/<aWbcdefgN`,hijklmA\ln = 
minimum success o\pqNrs`,t8uO<v@?



Minimum success 

Local

Analysis

Global

Analysis

Astronomical

Info.

Compact

Binary

Coalescence

NS-NS binary

BH-BH binary

MACHO binary

Coherent analysis
Distance

Chirp mass

Burst
Supernovae

BH ringdown

Event List 

Exchange
Event Timing

Continuous

known pulsars ??? Ellipticity

Continuous

all sky survey
???

all sky survey
Freq, Direction

Stochastic Coherent analysis Wgw

LCGT !"#$%&'( International collaboration

GW sources



Minimum success

•!"#$%&'()*+,-./0&1

 

 2345678 TAMA-LIGO, 98:8

 '()*+,8.;<=&1

=> >?@ABC<DE#FG@HI&1



Minimum success

 Total      17

• CBC       7

– Spinless BNS, BBH     2

– Spinning BBH      2

– GRB associated event     2

– Inspiral + merger + ringdown    1

• Burst      5

– Non-triggered      2

– GRB associated      2

– Supernova associated     1

• Continuous      4

– Known isolated pulsars     2

– Known binary pulsars     1

– Unknown pulsars (all sky survey)   1 

• Stochastic      1


