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KAGRA 実験による重力波観測が拓くマルチメッセンジャー天文学

重力波検出のこれまで・これから
2015.9 - 2016.1 : LIGO 第１次観測運転( O1 ) 

GW150914  初観測イベント 連星ブラック
ホール (BH-BH)


2016.11 - 2017.8 : LIGO+Virgo 第２次観測運転
( O2 ) 

GW170817  連星中性子星合体(NS-NS)

重力波マルチメッセンジャー観測の大成功


2019.4 - 2020.3 :  
LIGO+Virgo 第３次観測運転( O3 ) 

2020.4末までの予定であったが、コロナ禍で３月ま
でに。


2020.4 GEO+KAGRA (O3GK)
2

observational time with multiple instruments on-sky. The observational implications
of these scenarios are discussed in Sect. 5.

3 Searches and localization of gravitational-wave transients

Data from GW detectors are searched for many types of possible signals (Abbott
et al. 2018e). Here we focus on signals from CBCs, including BNS, NSBH and
BBH systems and generic unmodeled transient signals.

Observational results of searches for transient signals are reported in detail
elsewhere (Abbott et al. 2016b, d, j, o, 2017b, f, g, h, i, k, 2018c, g). The O1 and O2
results include ten clear detections originating from BBH coalescences and
GW170817 which is the first detection of a BNS coalescence (Abbott et al.
2017i, 2018c). The public release of the LIGO and Virgo data allows researchers to
perform independent analyses of the GW data. Some of these analyses report a few
additional significant BBH event candidates (Zackay et al. 2019; Venumadhav et al.
2019, 2020). No other type of transient source has been identified during O1 and O2
(Abbott et al. 2016o, 2017b, l, 2018c).

Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with achieved sensitivities in O1, O2
and O3, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant
uncertainty in the start and end times of the planned observing runs, especially for those further in the
future, and these could move forward or backwards relative to what is shown above. Uncertainty in start
or finish dates is represented by shading. The break between O3 and O4 will last at least 18 months. O3 is
expected to finish by June 30, 2020 at the latest. The O4 run is planned to last for one calendar year. We
indicate a range of potential sensitivities for aLIGO during O4 depending on which upgrades and
improvements are made after O3. The most significant driver of the aLIGO range in O4 is from the
implementation of frequency-dependent squeezing. The observing plan is summarised in Sect. 2.5
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Abstract
We present our current best estimate of the plausible observing scenarios for the
Advanced LIGO, Advanced Virgo and KAGRA gravitational-wave detectors over
the next several years, with the intention of providing information to facilitate
planning for multi-messenger astronomy with gravitational waves. We estimate the
sensitivity of the network to transient gravitational-wave signals for the third (O3),
fourth (O4) and fifth observing (O5) runs, including the planned upgrades of the
Advanced LIGO and Advanced Virgo detectors. We study the capability of the
network to determine the sky location of the source for gravitational-wave signals
from the inspiral of binary systems of compact objects, that is binary neutron star,
neutron star–black hole, and binary black hole systems. The ability to localize the
sources is given as a sky-area probability, luminosity distance, and comoving
volume. The median sky localization area (90% credible region) is expected to be a
few hundreds of square degrees for all types of binary systems during O3 with the
Advanced LIGO and Virgo (HLV) network. The median sky localization area will
improve to a few tens of square degrees during O4 with the Advanced LIGO, Virgo,
and KAGRA (HLVK) network. During O3, the median localization volume (90%

credible region) is expected to be on the order of 105; 106; 107 Mpc3 for binary
neutron star, neutron star–black hole, and binary black hole systems, respectively.

This article is a revised version of https://doi.org/10.1007/s41114-018-0012-9.

Change summary Major revision, updated and expanded.

Change details Since publication of the previous version (Abbott et al 2018f), several updates to the
document have been made. The most significant changes are that we now frame our projections in terms
of observing runs, we include final results from O2, and we updated our localization projections to
include KAGRA as a fourth detector. Key differences are outlined in the Appendix.

& KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration
kscboard-chair@icrr.u-tokyo.ac.jp; lsc-spokesperson@ligo.org; virgo-spokesperson@ego-gw.it

*The full author list and affiliations are given at the end of paper.
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KAGRA 実験による重力波観測が拓くマルチメッセンジャー天文学

世界の重力波検出器（レーザー干渉計型）

advanced LIGO

LIGO (Hanford) 4km

TAMA 300m


CLIO 100m
                          3km


LIGO (Livingston) 4km

Virgo 3km

GEO 600m

LIGO-India
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Today's talk plan
KAGRAの現状～O4へ 

O3/O3-GK におけるKAGRA

現状＝O4準備

O5にむけて


マルチメッセンジャー観測で期待されるKAGRAの貢献 
方向決定精度 ⊆ 重力波源のパラメータ決定精度

全天に対する応答


KAGRAが重力波観測に一層寄与するための検討 
高周波の改良案

　　　　NS-NS合体フェーズの波形

ファイバー共鳴改良案

　　　　BH準固有振動の重力波
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KAGRA 実験による重力波観測が拓くマルチメッセンジャー天文学

重力波とその観測方法
重力波とは？ 
アインシュタインが一般相対性理論で予言した時空の
歪みの波

ブラックホールのように、強い重力場から発生する。

超新星爆発やコンパクト連星などの劇的な天体現象で
発生する

5

何もない　＝＞　平坦な時空

質量があり、重力が働く 
　　　　　＝＞　曲がった時空

質量の運動 
　  ＝＞　時空の歪みの伝播 
　　　　　　　　重力波
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レーザー干渉系重力波検出器

光を２つの方向に往復させ
て、その干渉の変化から時
空の歪みの波を測定する。
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KAGRA 実験による重力波観測が拓くマルチメッセンジャー天文学

信号 = 重力波（×応答） ＋ 雑音

KAGRAの特徴 
低温鏡(~20K, サファイヤ基材）← 熱雑音、将来の第３世代重力波検出器も低温鏡が考えられている。

地下サイト　← 地面振動

6

重力波

距離変化

干渉光強度変化

振り子の伝達関数

FPキャビティの周波数応答

電気回路特性 電圧->数字変換

地面振動
熱雑音 
輻射圧雑音

レーザーの雑音 
(強度、周波数)

回路の雑音
量子化誤差

記録信号(ti, Ni)

散射雑音

時刻情報

地面振動

振り子の熱雑音 
 ∝ f -5/2

鏡の熱雑音 
 ∝ f -1/2

輻射圧雑音 
 ∝ f -2

光子の散射雑音 
const.  ->  ∝ f 



KAGRA 実験による重力波観測が拓くマルチメッセンジャー天文学

重力波観測実験 KAGRA
東京大学宇宙線研究所、高エネル
ギー加速器研究機構、国立天文台、
ほか多数の大学の国際共同研究。 

- 地下：岐阜県飛騨市　神岡鉱山

- 干渉系基線長 3km

- 低温鏡：~20K, サファイア基材
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Super Kamiokande

KamlandXMASS

3km

CLIO
CLIO
(GW)

KAGRA

KamLAND
(neutrino)

Super Kamiokande 
(neutrino)

XMASS
(dark matter)

Office 

KAGRA tunnel 
entrance

Courtesy: O. Miyakawa

Central area (2017.1.7)
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KAGRA collaboration
東大宇宙線研をホストと
し、国立天文台、高エネル
ギー加速器研究機構が建設
を担う。

＋

国内外（14地域と国）の約
110の大学、研究機関から共
同研究者400人余り。

8
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KAGRA 実験による重力波観測が拓くマルチメッセンジャー天文学

KAGRA entered the observing mode!  
We are operating at Mpc-level finally 

After we signed to the memorandum of agreement  (MoA) [JGW-M1910663] [JGW-M1910664], with  LIGO/
Virgo in October, our target has been concentrated to join to Observation 3 (O3) of LIGO/Virgo.  The 
requirements [JGW-M1910813] are to improve the sensitivity of the detector over 1 Mpc in binary neutron-star 
range, and to clear the readiness checklists of data flows/calibrations/organization. When we first locked the 
detector on August 23, 2019, the sensitivity was 0.4 kpc.  In order to reach our target (10 Mpc), the team so far 
made great efforts for commissioning and noise-hunting. 

The planned date for starting observation was postponed a 
couple of times. We made engineering run in December, 
then went back to the commissioning. After the announce 
of the first lock of the power recycling system on January 
26 [klog12639] and OMC readout ready [klog12763],  
our sensitivity started recording the number as we 
graphed below.  
We declare the start of the observation on February 25 
with around 300 kpc level. The team decided to go back to 
commissioning to try again with the signal recycling 
configuration. We heard we momentally locked with dual 
recycling, but not enough stability for observation.   
Since our time was limited and we decided to go into the 
observing run from April 7 for two weeks. However, the new virus COVID-19 changed the situation. Both LIGO/
Virgo had to stop their detector from March 24. On April 3, KAGRA proposed to make a joint observation with 
GEO600 in the framework of LVK network, and core members are discussing details with GEO. 

1

KSC Newsletter 
Issue 7

KAGRA SCIENTIFIC CONGRESS: COLLABORATORS’ INFORMATION EXCHANGE 2020/APRIL 17

The moment of declaring the start of observation on February 
25, 2020.  [Photo from KAGRA webpage]

The current record of the sensitivity is 970 kpc on March  
29, 2020. [klog 13840]

Reported records of the sensitivity in binary neutron-star range 
(in kpc). 

Milestones of KAGRA

9

2013/3

2018/4Cryostat for input test mass (2016.9.20) Control room
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2015 2016 2017 2018 2019 2020 2021 2022
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O3, O3-GK

11
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LIGO-Virgoとのデータ共有
低遅延でのデータ共有 
較正パイプラインの重力波チャンネル出力
(strain): h(t) + quality flag

1secごとのデータ(frame形式)

LIGO, Virgo, KAGRAで相互に連続送受信

遅延時間：数秒～15秒程度


L,Vサイト→カリフォルニア工科大←→柏←Kサイト(神岡)

柏→解析用計算機、大阪、


高遅延でのデータ共有 
- 数十分～１時間強程度分にまとめたデータファ
イルの共有

- オフラインで較正したデータ

12
柏
の
サ
ー
バ
に
到
達
し
た
時
点
 

で
の
デ
ー
タ
遅
延
時
間
[s
]

KAGRA main servers
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1sec frames
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O3までのKAGRAデータ
KAGRAの生データ 

~20MB/s (=630TB/yr)

較正データ 

KAGRA

LIGO, Virgo共有分


2022年春には2PBを
超える。

O4にはストレージを
追加する。
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O4 & O5 に向けて
O4 

O3GKで明らかとなった雑音の対策

懸架系制御、音響雑音、レーザー散射雑音、周波数雑音、強度雑音


O4a (前半)

2022年8月以降

開始時に1Mpc以上の感度を目指す


O4b (後半)

鏡の冷却


O5 
品質改良した新しい鏡
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KAGRAに期待する重力波マルチメッセンジャー
重力波源のパラメータ決定精度 
方向決定精度

重力波源のパラーメータ


- 距離

- 連星合体ならば、質量、自転、軌道面傾斜角


精度を決める要素 ←感度曲線、重力波の大きさ（SNR）

　　　　　　　　 ←検出器の信号較正精度


全天に対する応答 
検出器の位置・方向関係

    KAGRAの利点は？

Duty Cycle

15
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重力波源の方向決定精度

16

2004; van der Sluys et al. 2008; Vitale et al. 2014), but this is not expected for
slowly spinning BNS (Farr et al. 2016). Distance information can further aid the
hunt for counterparts, particularly if the localization can be used together with
galaxy catalogs (Abadie et al. 2012c; Nissanke et al. 2013; Hanna et al. 2014; Fan
et al. 2014; Blackburn et al. 2015; Singer et al. 2016a; Del Pozzo et al. 2018).
Table 3 reports the low-latency and refined estimates for the luminosity distance
and the sky localization (90% credible region) of the eleven confident signals
detected during O1 and O2.12

Some GW searches are triggered by electromagnetic observations, and in these
cases initial localization information is typically available a priori. For example, in

Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016h; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated
calibration and final choice of waveform models (Abbott et al. 2018c). Three events (GW151012,
GW170729, GW170818) among the 11 confidetent detections were identified offline, and were not shared
in low-latency. The shaded areas enclose the 90% credible regions of the posterior probability sky areas in
a Mollweide projection. The inner lines enclose regions starting from the 10% credible area with the color
scheme changing with every 10% increase in confidence level. The localization is shown in equatorial
coordinates (right ascension in hours, and declination in degrees). The HLV label indicates events for
which both the LIGO and Virgo data were used to estimate the sky location

12 The initial sky maps are available from dcc.ligo.org/public/0160/P1900170/001/O1_O2_LowLatency_
Skymaps.zip, and the refined sky maps from dcc.ligo.org/LIGO-P1800381/public, respectively.
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Fig.5より。O1,O2での位置決定。C.L.90% 

重力波検出器  A
B

C

A-Bの時刻差から
推定する到来方向

天球

A-Cの時刻差から
推定する到来方向

推定される重
力波源の方向

the celestial sphere

GW detectors

Guess by A-B

Guess by A-C
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方向決定精度
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candidates with a FAR below a threshold of once per 2 months were selected to
trigger the search for counterparts. Properties of the GW candidates were distributed
using the Gamma-ray Coordinates Network (GCN) system,16 widely used in the
astronomical community for the multiwavelength follow-up of gamma-ray bursts.
The GCNs included event time, sky localization probability map, and the estimated
FARs. For compact binary merger candidates, they also included volume
localization (3D sky map), probability of the system to contain a neutron star and
probability to be electromagnetically bright (based on the estimate of the baryon
mass left outside the merger remnant, Foucart 2012; Pannarale and Ohme 2014).

Fig. 7 Simulated sky localization for unmodeled searches for mergers of BBHs and mergers of IMBHBs.
The simulation uses a population of BBHs with the distribution of the primary mass uniform in the log,
component masses in the 5–50M! range and isotropic distribution of the spin. The population of
IMBHBs is composed of black holes of individual mass 100M!, and with spins aligned with the binary
orbital angular momentum. The plots show the cumulative fractions of events with 90% credible areas
smaller than the abscissa value. The results obtained by the low-latency COHERENT WAVE BURST pipeline
(Klimenko et al. 2005, 2008, 2016) for the third (Top plots—O3) and fourth observing runs (Bottom
plots—O4) consider separately the HL, HLV and HLVK networks (without including sub-networks).
These specific network configurations will be operating for a limited interval of time during the run.
Assuming an instrument duty cycle of 70%, the HL network and HLV network would be operational 14%
and 34% of the time during O3. Once KAGRA joins the observations, the HL, HLV, and HLVK networks
will be operational 4%, 10%, and 24% of the time, respectively. The detection thresholds for cWB are set
to 0.7 for the network correlation coefficient and 12 for the network SNR (see Abbott et al. 2018c).
Shaded regions denote the 1-sigma uncertainty

16 Details of the GCN are available from gcn.gsfc.nasa.gov.
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Fig. 6 Anticipated GW sky localization for CBC signals during the third and fourth runs (for O3, see
Sect. 5.1 and for O4, see Sect. 5.2). For O3, the detector sensitivities were taken to be representative of
the first 3 months of observations for aLIGO Hanford and Livingston, and AdV, and the highest expected
O3 sensitivity for KAGRA (see Fig. 1). For O4, the detector sensitivities were taken to be the target
sensitivities for aLIGO and AdV, and the mid of the interval expected for KAGRA during O4. Top: The
plot shows the cumulative fractions of events with sky-localization area smaller than the abscissa value.
Central: The plot shows the cumulative fractions of events with luminosity distance smaller than the
abscissa value. Bottom: The plot shows the cumulative fractions of events with comoving volume smaller
than the abscissa value. Sky-localization area (comoving volume) is given as the 90% credible region, the
smallest area (comoving volume) enclosing 90% of the total posterior probability. Results are obtained
using the low-latency BAYESTAR pipeline (Singer and Price 2016). The simulation accounts for an
independent 70% duty cycle for each detector, and the different sensitivity of each sub-network or
network of detectors. For O3, all the combinations of sub-networks of two operating detectors and the
three detector network (HLV) are included in the blue lines. All the combinations of sub-networks of two
and three operating detectors, and the four detector network (HLVK) are included in the orange lines for
O3 and in the green lines for O4. The O3 HLV and the O3 HLVK curves in the central panel are very
similar due to the modest contribution by KAGRA to the network SNR. Solid lines represent BNSs,
dashed lines NSBHs, dotted lines BBHs. As a comparison, the plots show the area, distance and volume
of GW170817 and GW170818, which are the best localized BNS and BBH signals during O1 and O2
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方向決定精度

17

candidates with a FAR below a threshold of once per 2 months were selected to
trigger the search for counterparts. Properties of the GW candidates were distributed
using the Gamma-ray Coordinates Network (GCN) system,16 widely used in the
astronomical community for the multiwavelength follow-up of gamma-ray bursts.
The GCNs included event time, sky localization probability map, and the estimated
FARs. For compact binary merger candidates, they also included volume
localization (3D sky map), probability of the system to contain a neutron star and
probability to be electromagnetically bright (based on the estimate of the baryon
mass left outside the merger remnant, Foucart 2012; Pannarale and Ohme 2014).

Fig. 7 Simulated sky localization for unmodeled searches for mergers of BBHs and mergers of IMBHBs.
The simulation uses a population of BBHs with the distribution of the primary mass uniform in the log,
component masses in the 5–50M! range and isotropic distribution of the spin. The population of
IMBHBs is composed of black holes of individual mass 100M!, and with spins aligned with the binary
orbital angular momentum. The plots show the cumulative fractions of events with 90% credible areas
smaller than the abscissa value. The results obtained by the low-latency COHERENT WAVE BURST pipeline
(Klimenko et al. 2005, 2008, 2016) for the third (Top plots—O3) and fourth observing runs (Bottom
plots—O4) consider separately the HL, HLV and HLVK networks (without including sub-networks).
These specific network configurations will be operating for a limited interval of time during the run.
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O3 sensitivity for KAGRA (see Fig. 1). For O4, the detector sensitivities were taken to be the target
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検出器の信号較正精度の影響例（シミュレーションでの見積）
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Conditions: 

• Source parameters: masses, spins, 
distance, sky-location, inclination, 
polarization angle 

• BBH GW150914-like 40+32, Non-
spin 

• 10 Mpc, i=30deg sky-location: 
any location (uniform distribution) 

• Detector network: 

• Virgo: Late_Low (BNS range=65 
Mpc), KAGRA: BNS range=1Mpc 

• Calibration errors 

• CAL error parameters, spcal-
nodes=10, amp-error=0.05, 
phase-error=4.1 deg for Virgo 
(when GW200105)
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推定範囲が広がるだ
けでなく、バイアス
を伴う場合がある。
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KAGRAが重力波観測に一層寄与するための検討 
もう一工夫の検討中の案

20
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KAGRAの初イベントは？
BH-BH　detection rateの上で最有力候補。ブラックホールの物理、重力理論の検証。

NS-NS   マルチメッセンジャーとして重要

超新星爆発  もしもの時には外しちゃいけない！
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高出力レーザー&フィルターキャビティ
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Tokusui application

KAGRA design sensitivity

Target of this research
LIGO O3

• Improve the high frequency sensitivity
• Try to detect post-merger waveforms

• Hardware upgrades for O5
• A high-power laser
• Frequency dependent squeezing

• Reduction of the shot noise by
a factor of 3

• Development of large and low-
absorption sapphire mirrors

Draw/Estimation by Y.Aso (NAOJ)

高周波(kHz)帯域の改良→ NS-NSの合体期や合体後の物理

- 高出力レーザー

- 周波数依存スクイージング

- より大きく、低損失(吸収)の鏡


→散射雑音で３倍改善

Plans under discussion
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KAGRAの感度曲線
赤：2020年3月、黒実線：デザイン

ブラックホールの物理に極めて重要な周波数帯
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鏡懸架ファイバーのヴァイオリン雑音 & BH準固有振動
期待が大きいのはBH-BH。
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ファイバー改良でヴァイオ
リンモードの周波数を上げ
る＋データ処理による除去
（＋冷却による低減） 

→ブラックホールの重力
波解析の向上、準固有振
動によるブラックホール
時空の検証

by K.Rahul, 
T.Tomaru

(NAOJ)

Plans under discussion

さらに低周波の感度を向上してIMBHの準固有振動を狙えるか? 
2000Msolarくらいまではいける.(Shinkai, Kanda, Ebisuzaki, APJ 835, no.2, 276 (2017))

ファイバーの改良案
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展望（ただし、多分に神田の私見...）
KAGRAは初イベント(first light)を目指すべき状況！ 

O4b(第４次観測後半)にどこまで感度をよくできるか？

O5にはKAGRAの重力波イベントが見れるはず。


KAGRAのマルチメッセンジャーへの貢献 
全天探査、実効的な観測時間（３台以上同時）には必ず寄与できる。

パラメータ（方向、重力波源の物理量）決定精度の向上にも寄与できる。

これらのためには、高感度なだけでなく、安定運転とキャリブレーション精度の達成が
鍵。（要するに、検出器としての信頼性）
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