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登場人物
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重力波

ブラックホール 中性子星

Ute	Kraus,	Physics	education	group	Kraus,	Universität	Hildesheim,	Space	Time	
Travel,	(background	image	of	the	milky	way:	Axel	Mellinger)	- Gallery	of	Space	
Time	Travel,	CC	表示-継承 2.5,	
https://commons.wikimedia.org/w/index.php?curid=370240による

レーザー干渉計型
重力波検出器
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重力波

物体の運動 => 時空のゆがみの振動 => 波動として伝搬

3画像：https://www.ligo.caltech.edu/image/ligo20160615f時空：時間・空間



一般相対性理論
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(時空の曲がり)	=	(質量エネルギー)

wikipediaより



重力波とは

時空のゆがみが波動として光速で伝搬する現象

アインシュタイン方程式により重力波の存在は
示される

しかし，非常に微弱なため，実験的な確認が長
らく出来なかった．
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重力波の発生源
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強い重力波を出すには，
強い重力場と高速運動が必要

ブラックホール
中性子星

及びこれらが関係する天体現象
(超新星爆発，ガンマ線バースト，．．．)

普通の恒星や惑星も発生源だが，弱い

人工的に発生させた重力波を検出することは更に困難…



ブラックホール(BH)
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光すら外に出ることが出来ない，強い重力場をもつ
時空の領域

時空の「穴」

物質はない

２つのBHが衝突しても光(電磁波)は放射されない

アインシュタイン方程式の解
1916年 球対称ブラックホール解 (Schwarzschild1873-1916)
1963年 回転ブラックホール解(Roy	P.	Kerr	1934-)

太陽がブラックホールに
なったら直径は約6km

6km



レーザー干渉計

8LIGO	detection	paper,	PRL	116,	061102	(2016)

レーザー光源

光検出器

the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-4



アメリカ LIGO(ライゴ)

LIGO-Hanford(H1) LIGO-Livingston(L1)

9写真:	https://www.ligo.caltech.edu/

4km



人類最初の重力波GW150914のデータ
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この重力波の振幅は
4kmの腕の長さが，
4km	x	10-21 =		4	x	10-18 m	変化する大きさ！

h =
L1 � L2

L<latexit sha1_base64="tC0CLK8Y7xYNlMDoq578SO1PWgg="></latexit><latexit sha1_base64="tC0CLK8Y7xYNlMDoq578SO1PWgg="></latexit><latexit sha1_base64="tC0CLK8Y7xYNlMDoq578SO1PWgg="></latexit><latexit sha1_base64="tC0CLK8Y7xYNlMDoq578SO1PWgg="></latexit>

２つの腕の長さの差

重力波が無いときの腕の長さ
=

0.05秒



GW150914

11

連星ブラックホールが合体し，

36Msun 29Msun

Msun =									=	太陽質量 =	2	x	1033 g



GW150914
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62Msun

回転ブラックホールになった
q=0.67	:	最大回転角運動量の67%で

回転している



レーザー干渉計の感度(ノイズレベル)
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output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-
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minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-4

周波数

歪み雑音レベル

小さい方が
感度が良い

大体80/90Hzから500Hzくらいが一番感度が良い．

(30,30)BBH

(1.4,1.4)BNS
軽い連星は高周
波数で合体

重い連星は低周
波数で合体



初観測の意義，何がわかったか？
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• 人間は重力波を検出出来る

• 重力波はやはりあった．

• 地球まで伝搬している．

• 連星ブラックホールの初めての存在確認

• 30倍太陽質量のブラックホールの初の存在確認
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2017年ノーベル物理学賞
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200km

36Msun 29Msun

212km 171km



ブラックホールの写真!		
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2019年4月10日国立天文台web楕円銀河M87の中心(5500万光年，16.7Mpc)

太陽の65億倍の質量,	半径190億km

との違いは何か?

ApJ.Lett.875,L1(2019)

Event	Horizon	Telescopeグループによる観測



中性子星(NS)
超高密度の物質で出来ている．

（太陽と同じくらいの質量をもつが、半径は１０km程度）

従って，電磁波を放射する可能性がある

https://www.nasa.gov/multimedia/imagegallery/image_feature_1604.html

かに星雲(M1)
1054年の超新星爆発の残骸
(藤原定家「明月記」に記述)

中心に「かにパルサー」という
中性子星がある



Advanced	LIGO
O1:	2015/9/12			- 2016/1/19	
O2:	2016/11/30	- 2017/8/25
O3:	2019/4/1					- 2020/3/27

LIGO-Virgoネットワーク
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LIGO-Livingston	(L)LIGO-Hanford	(H)

Virgo	(V)

Advanced	Virgo
O2:	2017/8/1- 8/25
O3:	2019/4/1- 2020/3/27



2017/8/17
LIGO(H)	1台検出器でまず重力波検出
LIGO(L),	Virgoと３台で方向決定

Fermi	GBMが検出したショートガンマ線バースト
GRB170817Aと時刻と方向が一致．
(ガンマ線バーストが1.7秒遅い)

重力波で決めた方向に，光学望遠鏡で
新しい天体が発見された

その後，電磁波のあらゆる波長で観測された

連星中性子星合体信号 GW170817	

20
PRL	119,	161101	(2017)	



GW170817の光学対応天体の発見
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NGC4993

重力波：GW170817
ガンマ線バースト：GRB170817A
光学：SSS17a	/	AT2017gfo

20日前
には
なかった
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連星中性子星合体観測の成果
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• 中性子星を構成する超高密度物質の性質

• 電磁波による観測
• 短いガンマ線バーストとの同時観測

• 可視光赤外線（キロノバ，マクロノバ）
=>	重元素合成の現場か?

• 宇宙の膨張則（ハッブル定数）の新しい制限
• 重力波による距離の決定

• これらを可能にしたのは，重力波観測で方向を絞り込
めたことが大きい

地球70個分の金!!



ガンマ線バースト
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ガンマ線バースト・・・ガンマ線が数秒から数時間に渡り地球に降り注ぐ現象．
天球上の様々な方向で１日数回発生している．
1967年，アメリカの核実験監視衛星Veraによって発見された．

何がバーストを発生させているかが謎．

２秒以下の短いバースト波は，連星中性子星合体である可能性が言われていた．

GW170817は，連星中性子星合体がガンマ線バーストを起こしたことが確認された
初めての例となった



J-GEM

25https://www.subarutelescope.org/Pressrelease/2017/10/16/j_index.html



どのように光ったのか？
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中性子星の合体の際に，まき散らされる中性子が沢山含まれる物質で，
r過程元素合成がおき，鉄より重い元素が生成された．
その過程で生じる放射性元素の崩壊によって発生する放射線で物質が
温められて，可視光や近赤外線で光ったと考えられている．

https://www.natureasia.com/ja-jp/nature/highlights/89854



元素の周期律表
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ビッグバン

星の内部,	超新星爆発

プラチナ,	金これらは，連星中性子星合体
で生成されたのかもしれない



LIGO-Virgo重力波信号 (2017年まで)
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2015年9月から2016年1月（O1），2016年11月から2017年8月（O2） 合計１１個

ID Type 質量1 質量2 χeff 合体後質量 距離

GW150914 BBH 35.6 30.6 -0.01 63.1 430

GW151012 BBH 23.3 13.6 0.04 35.7 1060

GW151226 BBH 13.7 7.7 0.18 20.5 440

GW170104 BBH 31.0 20.1 -0.04 49.1 960

GW170608 BBH 10.9 7.6 0.03 17.8 320

GW170729 BBH 50.6 34.3 0.36 80.3 2750

GW170809 BBH 35.2 23.8 0.07 56.4 990

GW170814 BBH 30.7 25.3 0.07 53.5 580

GW170817 BNS 1.46 1.27 0.00 ≦ 2.8 40

GW170818 BBH 35.5 26.8 -0.09 59.8 1020

GW170823 BBH 39.6 29.4 0.08 65.6 1850
太陽質量 太陽質量 無次元 太陽質量 メガパーセク

BBH:	連星ブラックホール
BNS:	連星中性子星 Mpc(メガパーセク)	≃ 330万光年



LIGO-Virgo	第３回観測
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2019/4/1	– 2020/3/27,	56個の候補

BBH(連星ブラックホール)			約40個
BNS(連星中性子星)											約7個
BH-NS?(ブラックホール中性子星連星)		約5個
MassGap?	約4個

MassGap:	どちらか，あるいは両方の質量が
3-5倍太陽質量にある場合

電磁波対応天体は発見されていない



LIGO-Virgo	O3a	(O3前半)カタログ
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論文 https://arxiv.org/abs/2010.14527
解説 https://www.ligo.org/science/Publication-O3aCatalog/index.php

2019/4/1,	15:00	UTC	– 2020/10/1,	15:00	UTC
39個の重力波イベント候補検出 (26個は速報済み，13個は新規) 26

Event M
(M�)

M
(M�)

m1

(M�)
m2

(M�)
�e↵ DL

(Gpc)
z Mf

(M�)
�f �⌦

(deg2)
SNR

GW190408 181802 42.9+4.1
�2.9 18.3+1.8

�1.2 24.5+5.1
�3.4 18.3+3.2

�3.5 �0.03+0.13
�0.19 1.58+0.40

�0.59 0.30+0.06
�0.10 41.0+3.8

�2.7 0.67+0.06
�0.07 140 15.3+0.2

�0.3

GW190412 38.4+3.8
�3.7 13.3+0.4

�0.3 30.0+4.7
�5.1 8.3+1.6

�0.9 0.25+0.08
�0.11 0.74+0.14

�0.17 0.15+0.03
�0.03 37.3+3.9

�3.9 0.67+0.05
�0.06 21 18.9+0.2

�0.3

GW190413 052954 56.9+13.1
�8.9 24.0+5.4

�3.7 33.4+12.4
�7.4 23.4+6.7

�6.3 0.01+0.29
�0.33 4.10+2.41

�1.89 0.66+0.30
�0.27 54.3+12.4

�8.4 0.69+0.12
�0.13 1400 8.9+0.4

�0.8

GW190413 134308 76.1+15.9
�10.6 31.9+7.3

�4.6 45.4+13.6
�9.6 30.9+10.2

�9.6 �0.01+0.24
�0.28 5.15+2.44

�2.34 0.80+0.30
�0.31 72.8+15.2

�10.3 0.69+0.10
�0.12 520 10.0+0.4

�0.5

GW190421 213856 71.8+12.5
�8.6 30.7+5.5

�3.9 40.6+10.4
�6.6 31.4+7.5

�8.2 �0.05+0.23
�0.26 3.15+1.37

�1.42 0.53+0.18
�0.21 68.6+11.7

�8.1 0.68+0.10
�0.11 1000 10.7+0.2

�0.4

GW190424 180648 70.7+13.4
�9.8 30.3+5.7

�4.2 39.5+10.9
�6.9 31.0+7.4

�7.3 0.15+0.22
�0.22 2.55+1.56

�1.33 0.45+0.22
�0.21 67.1+12.5

�9.2 0.75+0.08
�0.09 26000 10.4+0.2

�0.4

GW190425 3.4+0.3
�0.1 1.44+0.02

�0.02 2.0+0.6
�0.3 1.4+0.3

�0.3 0.06+0.11
�0.05 0.16+0.07

�0.07 0.03+0.01
�0.02 – – 9900 12.4+0.3

�0.4

GW190426 152155 7.2+3.5
�1.5 2.41+0.08

�0.08 5.7+4.0
�2.3 1.5+0.8

�0.5 �0.03+0.33
�0.30 0.38+0.19

�0.16 0.08+0.04
�0.03 – – 1400 8.7+0.5

�0.6

GW190503 185404 71.3+9.3
�8.0 30.1+4.2

�4.0 42.9+9.2
�7.8 28.5+7.5

�7.9 �0.02+0.20
�0.26 1.52+0.71

�0.66 0.29+0.11
�0.11 68.2+8.7

�7.5 0.67+0.09
�0.12 94 12.4+0.2

�0.3

GW190512 180714 35.6+3.9
�3.4 14.5+1.3

�1.0 23.0+5.4
�5.7 12.5+3.5

�2.5 0.03+0.13
�0.13 1.49+0.53

�0.59 0.28+0.09
�0.10 34.2+3.9

�3.4 0.65+0.07
�0.07 230 12.2+0.2

�0.4

GW190513 205428 53.6+8.6
�5.9 21.5+3.6

�1.9 35.3+9.6
�9.0 18.1+7.3

�4.2 0.12+0.29
�0.18 2.16+0.94

�0.80 0.39+0.14
�0.13 51.3+8.1

�5.8 0.69+0.14
�0.12 490 12.9+0.3

�0.4

GW190514 065416 64.2+16.6
�9.6 27.4+6.9

�4.3 36.9+13.4
�7.3 27.5+8.2

�7.7 �0.16+0.28
�0.32 4.93+2.76

�2.41 0.77+0.34
�0.33 61.6+16.0

�9.2 0.64+0.11
�0.14 2400 8.2+0.3

�0.6

GW190517 055101 61.9+10.0
�9.6 26.0+4.2

�4.0 36.4+11.8
�7.8 24.8+6.9

�7.1 0.53+0.20
�0.19 2.11+1.79

�1.00 0.38+0.26
�0.16 57.8+9.4

�9.1 0.87+0.05
�0.07 460 10.7+0.4

�0.6

GW190519 153544 104.2+14.5
�14.9 43.5+6.8

�6.8 64.5+11.3
�13.2 39.9+11.0

�10.6 0.33+0.19
�0.22 2.85+2.02

�1.14 0.49+0.27
�0.17 98.7+13.5

�14.2 0.80+0.07
�0.12 770 15.6+0.2

�0.3

GW190521 157.9+37.4
�20.966.9+15.5

�9.2 91.4+29.3
�17.5 66.8+20.7

�20.7 0.06+0.31
�0.37 4.53+2.30

�2.13 0.72+0.29
�0.29 150.3+35.8

�20.00.73+0.11
�0.14 940 14.2+0.3

�0.3

GW190521 074359 74.4+6.8
�4.6 31.9+3.1

�2.4 42.1+5.9
�4.9 32.7+5.4

�6.2 0.09+0.10
�0.13 1.28+0.38

�0.57 0.25+0.06
�0.10 70.7+6.4

�4.2 0.72+0.05
�0.07 500 25.8+0.1

�0.2

GW190527 092055 58.5+27.9
�10.6 24.2+11.9

�4.4 36.2+19.1
�9.5 22.8+12.7

�8.1 0.13+0.29
�0.28 3.10+4.85

�1.64 0.53+0.61
�0.25 55.9+26.4

�10.1 0.73+0.12
�0.16 3800 8.1+0.4

�1.0

GW190602 175927 114.1+18.5
�15.7 48.3+8.6

�8.0 67.2+16.0
�12.6 47.4+13.4

�16.6 0.10+0.25
�0.25 2.99+2.02

�1.26 0.51+0.27
�0.19 108.8+17.2

�14.80.71+0.10
�0.13 720 12.8+0.2

�0.3

GW190620 030421 90.1+17.3
�12.1 37.5+7.8

�5.7 55.4+15.8
�12.0 35.0+11.6

�11.4 0.34+0.21
�0.25 3.16+1.67

�1.43 0.54+0.22
�0.21 85.4+15.9

�11.4 0.80+0.08
�0.14 6700 12.1+0.3

�0.4

GW190630 185205 58.8+4.7
�4.8 24.8+2.1

�2.0 35.0+6.9
�5.7 23.6+5.2

�5.1 0.10+0.12
�0.13 0.93+0.56

�0.40 0.19+0.10
�0.07 56.1+4.5

�4.6 0.70+0.06
�0.07 1300 15.6+0.2

�0.3

GW190701 203306 94.1+11.6
�9.3 40.2+5.2

�4.7 53.6+11.7
�7.8 40.8+8.3

�11.5 �0.06+0.23
�0.28 2.14+0.79

�0.73 0.38+0.12
�0.12 90.0+10.8

�8.6 0.67+0.09
�0.12 45 11.3+0.2

�0.4

GW190706 222641 101.6+17.9
�13.5 42.0+8.4

�6.2 64.0+15.2
�15.2 38.5+12.5

�12.4 0.32+0.25
�0.30 5.07+2.57

�2.11 0.79+0.31
�0.28 96.3+16.7

�13.2 0.80+0.08
�0.17 610 12.6+0.2

�0.4

GW190707 093326 20.0+1.9
�1.3 8.5+0.6

�0.4 11.5+3.3
�1.7 8.4+1.4

�1.6 �0.05+0.10
�0.08 0.80+0.37

�0.38 0.16+0.07
�0.07 19.2+1.9

�1.3 0.66+0.03
�0.04 1300 13.3+0.2

�0.4

GW190708 232457 30.8+2.5
�1.8 13.1+0.9

�0.6 17.5+4.7
�2.3 13.1+2.0

�2.7 0.02+0.10
�0.08 0.90+0.33

�0.40 0.18+0.06
�0.07 29.4+2.5

�1.7 0.69+0.04
�0.04 14000 13.1+0.2

�0.3

GW190719 215514 55.8+16.3
�10.0 22.7+5.9

�3.7 35.2+16.9
�9.9 20.2+8.1

�6.5 0.35+0.28
�0.32 4.61+2.84

�2.17 0.73+0.35
�0.30 52.9+15.6

�9.5 0.80+0.10
�0.16 2300 8.3+0.3

�1.0

GW190720 000836 21.3+4.3
�2.3 8.9+0.5

�0.8 13.3+6.6
�3.0 7.8+2.2

�2.2 0.18+0.14
�0.12 0.81+0.71

�0.33 0.16+0.12
�0.06 20.3+4.5

�2.3 0.72+0.06
�0.05 510 11.0+0.3

�0.8

GW190727 060333 65.8+10.9
�7.4 28.1+4.9

�3.4 37.2+9.4
�5.9 28.8+6.6

�7.9 0.12+0.26
�0.25 3.60+1.56

�1.51 0.60+0.20
�0.22 62.6+10.2

�7.0 0.73+0.10
�0.10 860 11.9+0.3

�0.5

GW190728 064510 20.5+4.5
�1.3 8.6+0.5

�0.3 12.2+7.1
�2.2 8.1+1.7

�2.6 0.12+0.19
�0.07 0.89+0.25

�0.37 0.18+0.05
�0.07 19.5+4.6

�1.3 0.71+0.04
�0.04 410 13.0+0.2

�0.4

GW190731 140936 67.1+15.3
�10.2 28.4+6.8

�4.5 39.3+11.8
�8.2 28.0+8.9

�8.4 0.08+0.24
�0.24 3.97+2.56

�2.07 0.65+0.32
�0.30 63.9+14.4

�9.8 0.71+0.10
�0.12 3000 8.6+0.2

�0.5

GW190803 022701 62.7+11.8
�8.4 26.7+5.2

�3.8 36.1+10.2
�6.7 26.7+7.1

�7.6 �0.01+0.25
�0.26 3.69+2.04

�1.69 0.61+0.26
�0.24 59.9+11.2

�7.9 0.69+0.10
�0.11 1500 8.6+0.3

�0.5

GW190814 25.8+1.0
�0.9 6.09+0.06

�0.06 23.2+1.1
�1.0 2.59+0.08

�0.09 0.00+0.06
�0.06 0.24+0.04

�0.05 0.05+0.009
�0.010 25.6+1.0

�0.9 0.28+0.02
�0.02 19 24.9+0.1

�0.2

GW190828 063405 57.5+7.5
�4.4 24.8+3.3

�2.0 31.8+5.8
�3.9 25.9+4.4

�4.6 0.19+0.15
�0.16 2.22+0.63

�0.95 0.40+0.09
�0.15 54.5+6.9

�4.0 0.76+0.06
�0.07 520 16.2+0.2

�0.3

GW190828 065509 34.1+5.5
�4.5 13.3+1.2

�0.9 23.8+7.2
�7.0 10.2+3.5

�2.1 0.08+0.16
�0.16 1.66+0.63

�0.61 0.31+0.10
�0.10 32.9+5.7

�4.5 0.65+0.09
�0.08 640 10.0+0.3

�0.5

GW190909 114149 71.2+54.3
�15.0 29.5+17.5

�6.3 43.2+50.7
�12.2 27.6+13.0

�10.9 �0.03+0.44
�0.36 4.77+3.70

�2.66 0.75+0.45
�0.37 68.3+52.5

�14.5 0.68+0.16
�0.18 4200 8.1+0.4

�0.7

GW190910 112807 78.7+9.5
�9.0 33.9+4.3

�3.9 43.5+7.6
�6.2 35.1+6.3

�7.0 0.02+0.19
�0.18 1.57+1.07

�0.64 0.29+0.17
�0.11 75.0+8.7

�8.5 0.70+0.08
�0.07 10000 14.1+0.2

�0.3

GW190915 235702 59.5+7.5
�6.2 25.1+3.1

�2.6 34.9+9.5
�6.2 24.4+5.5

�6.0 0.03+0.19
�0.24 1.70+0.71

�0.64 0.32+0.11
�0.11 56.8+7.1

�5.8 0.71+0.09
�0.11 380 13.6+0.2

�0.3

GW190924 021846 13.9+5.1
�0.9 5.8+0.2

�0.2 8.8+7.0
�2.0 5.0+1.3

�1.9 0.03+0.30
�0.09 0.57+0.22

�0.22 0.12+0.04
�0.04 13.3+5.2

�1.0 0.67+0.05
�0.05 380 11.5+0.3

�0.4

GW190929 012149 90.6+21.2
�14.1 34.3+8.6

�6.5 64.7+22.4
�18.9 25.7+14.4

�9.7 0.03+0.27
�0.27 3.68+2.98

�1.68 0.61+0.38
�0.24 87.5+20.7

�14.1 0.64+0.17
�0.23 1800 9.8+0.8

�0.6

GW190930 133541 20.3+9.0
�1.5 8.5+0.5

�0.5 12.3+12.5
�2.3 7.8+1.7

�3.3 0.14+0.31
�0.15 0.78+0.37

�0.33 0.16+0.07
�0.06 19.3+9.3

�1.5 0.72+0.07
�0.06 1800 9.5+0.3

�0.5

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M , chirp mass M and component masses mi, dimensionless e↵ective inspiral spin �e↵ , luminosity distance DL, redshift z, final
mass Mf , final spin �f , and sky localization �⌦. The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|~�i|  0.89). We also report the network matched filter SNR for all events.
These SNRs are from LALInference IMRPhenomPv2 runs since RIFT does not produce the SNRs automatically, except for
GW190425 and GW190426 152155 which use the SNRs from fiducial runs, and GW190412, GW190521, and GW190814, which
use IMRPhenomPv3HM SNRs. For GW190521 we report results averaged over three waveform families, in contrast to the
results highlighting one waveform family in [32].

BBH																		36個
BH-NS																1個
BNS																				1個
BBH	or	BH-NS				1個

BBH(連星ブラックホール)	
BNS(連星中性子星)						
BH-NS(ブラックホール中性子星連星)	

電磁波対応天体は発見されていない
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質量



GW190521
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Phys.Rev.Lett.	125,	101102	(2020)

85倍太陽質量(カタログ論文では91倍)と66倍太陽質量ブラックホールの合体
O3aで一番重い
• 合体後の質量は142倍太陽質量

=>	中間質量ブラックホール (超巨大BHと恒星質量BHの中間)	
(太陽の100倍から1万倍程度)

• 85倍太陽質量は，1つの星からは出来ないと思われる(Mass	Gap)
• じゃあどうやって出来たんだ？

たぶんO3aで一番の話題

coalescence rate [38]. The remnant of GW190521 fulfills
the above definition of an IMBH.
GW190521 was detected by searches for quasicircular

binary coalescences, and there is no evidence in the data for
significant departures from such a signal model. However,
for any transient with high inferred masses, there are few
cycles observable in ground-based detectors, and therefore
alternative signal models may also fit the data. This is
further addressed in the companion paper [39] that also
provides details about physical parameter estimation, and
the astrophysical implications of the observation of GWs
from this massive system.
Observation.—On May 21, 2019 at 03:02:29 UTC, the

LIGO Hanford (LHO), LIGO Livingston (LLO), and Virgo
observatories detected a coincident transient signal. A
matched-filter search for compact binary mergers,
PYCBC LIVE [40,41,42], reported the transient with a
network signal-to-noise ratio (SNR) of 14.5 and a false-
alarm rate of 1 in 8 yr, triggering the initial alert. Aweakly
modeled transient search based on coherent wave burst
(CWB) [43] in its IMBH search configuration [35] reported
a signal with a network SNR of 15.0 and a false-alarm rate
lower than 1 in 28 yr. Two other matched-filter pipelines,
SPIIR [44] and GSTLAL [45], found consistent candidates
albeit with higher false-alarm rates. The identification,
localization, and classification of the transient as a binary
BH merger were reported publicly within ≈6 min, with the
candidate name S190521g [46,47].

A second significant GW trigger occurred on the same
day at 07:43:59 UTC, S190521r [48]. Despite the short
time separation, the inferred sky positions of GW190521
and S190521r are disjointed at high confidence, and so the
events are not related by gravitational lensing. Further
discussions pertaining to gravitational lensing and
GW190521 are presented in the companion paper [39].
GW190521, shown in Fig. 1, is a short transient signal

with a duration of approximately 0.1 s and around four
cycles in the frequency band 30–80 Hz. A frequency of
60 Hz at the signal peak and the assumption that the source
is a compact binary merger imply a massive system.
Data.—The LIGO and Virgo strain data are conditioned

prior to their use in search pipelines and parameter
estimation analyses. During online calibration of the data
[53], narrow spectral features (lines) are subtracted using
auxiliary witness sensors. Specifically, we remove from the
data the 60 Hz U.S. mains power signature (LIGO), as well
as calibration lines (LIGO and Virgo) that are intentionally
injected into the detectors to measure the instruments’
responses. During online calibration of Virgo data, broad-
band noise in the 40–1000 Hz frequency range is subtracted
from the data [54]. The noise-subtracted data produced by
the online calibration pipelines are used by online search
pipelines and initial parameter estimation analyses.
Subsequent to the subtraction conducted within the

online calibration pipeline, we perform a secondary offline
subtraction [55] on the LIGO data with the goal of

FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
(LALINFERENCE [49]) with the NRSur7dq4 binary BH waveform model [50] (orange bands), and with a generic wavelet model
(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].

PHYSICAL REVIEW LETTERS 125, 101102 (2020)

101102-2
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23倍太陽質量のブラックホールと
2.6倍太陽質量の星の合体

et al. 2020). The first binary neutron star (BNS) coalescence signal,
GW170817, was discovered during the second of these observing
campaigns (Abbott et al. 2017a, 2019b). It proved to be a
multmessenger source with emission across the electromagnetic
spectrum (Abbott et al. 2017b), with implications for the origin of
short gamma-ray bursts (Abbott et al. 2017c), the formation of
heavy elements (Abbott et al. 2017d; Chornock et al. 2017; Tanvir
et al. 2017; Rosswog et al. 2018; Kasliwal et al. 2019; Watson
et al. 2019), cosmology (Abbott et al. 2017e, 2019c), and
fundamental physics (Abbott et al. 2017c, 2019d).

The first six months of the third observing run (O3) were
completed between 2019 April 1 and September 30. The LVC
recently reported on the discovery of GW190425, the coalescence
signal of what is most likely a BNS with unusually large chirp
mass and total mass compared to the Galactic BNSs known from
radio pulsar observations (Abbott et al. 2020a). Another discovery
from O3 is that of GW190412, the first BBH coalescence with an
unequivocally unequal mass ratio q=m2/m1 of �

�0.28 0.06
0.12(all

measurements are reported as symmetric 90% credible intervals
around the median of the marginalized posterior distribution,
unless otherwise specified). It is also the first event for which
higher-multipole gravitational radiation was detected with high
significance(Abbott et al. 2020d).

Here we report on another O3 detection, GW190814, the signal
of a compact binary coalescence with the most unequal mass ratio
yet measured with gravitational waves: q= �

�0.112 0.009
0.008. The

signal was first identified in data from two detectors, LIGO
Livingston and Virgo, on 2019 August 14, 21:11:00 UTC.
Subsequent analysis of data from the full three-detector network
revealed a merger signal with signal-to-noise ratio (S/N) of ;25.

The primary component of GW190814 is conclusively a black
hole (BH) with mass m1= �

�23.2 1.0
1.1 Me. Its dimensionless spin

magnitude is constrained to χ1�0.07. The nature of the �
�2.59 0.09

0.08

Me secondary component is unclear. The lack of measurable tidal
deformations and the absence of an electromagnetic counterpart
are consistent with either a neutron star (NS) or a BH given the
event’s asymmetric masses and distance of �

�241 45
41 Mpc. However,

we show here that comparisons with the maximum NS mass
predicted by studies of GW170817ʼs remnant, by current
knowledge of the NS equation of state, and by electromagnetic
observations of NSs in binary systems indicate that the secondary
is likely too heavy to be an NS. Either way, this is an
unprecedented source because the secondary’s well-constrained
mass of 2.50–2.67Memakes it either the lightest BH or the
heaviest NS ever observed in a double compact-object system.

As in the case of GW190412, we are able to measure the
presence of higher multipoles in the gravitational radiation, and
a set of tests of general relativity with the signal reveal no
deviations from the theory. Treating this event as a new class of
compact binary coalescences, we estimate a merger rate density
of 1–23 Gpc−3 yr−1 for GW190814-like events. Forming
coalescing compact binaries with this unusual combination of
masses at such a rate challenges our current understanding of
astrophysical models.

We report on the status of the detector network and the
specifics of the detection in Sections 2 and 3. In Section 4, we
estimate physical source properties with a set of waveform
models, and we assess statistical and systematic uncertainties.
Tests of general relativity are described in Section 5. In Section 6,
we calculate the merger rate density and discuss implications for
the nature of the secondary component, compact binary formation,
and cosmology. Section 7 summarizes our findings.

2. Detector Network

At the time of GW190814, LIGO Hanford, LIGO Living-
ston,and Virgo were operating with typical O3 sensitivities
(Abbott et al. 2020a). Although LIGO Hanford was in a stable
operating configuration at the time of GW190814, the detector
was not in observing mode due to a routine procedure to minimize
angular noise coupling to the strain measurement(Kasprzack &
Yu 2017). This same procedure took place at LIGO Hanford
around the time of GW170608; we refer the reader to Abbott et al.
(2017f) for details of this procedure. Within a 5minute window
around GW190814, this procedure was not taking place;
therefore, LIGO Hanford data for GW190814 are usable in the
nominal range of analyzed frequencies. A time–frequency
representation(Chatterji et al. 2004) of the data from all three
detectors around the time of the signal is shown in Figure 1.
We used validation procedures similar to those used to vet

previous gravitational-wave events(Abbott et al. 2016c, 2019a).
Overall we found no evidence that instrumental or environmental
disturbances(Effler et al. 2015) could account for GW190814.
However, we did identify low-frequency transient noise due to
scattered light at LIGO Livingston, a common source of noise in

Figure 1. Time–frequency representations(Chatterji et al. 2004) of data
containing GW190814, observed by LIGO Hanford (top), LIGO Livingston
(middle), and Virgo (bottom). Times are shown relative to 2019 August 14,
21:10:39 UTC. Each detector’s data are whitened by their respective noise
amplitude spectral density and a Q-transform is calculated. The colorbar
displays the normalized energy reported by the Q-transform at each frequency.
These plots are not used in our detection procedure and are for visualization
purposes only.

7

The Astrophysical Journal Letters, 896:L44 (20pp), 2020 June 20 Abbott et al.

• 2.6倍太陽質量の星
• ブラックホールと中性子星の中間質量
• どちらなのか，決定的証拠がない．
• 波形データからは判別出来ない

ApJ,	896,	L44	(2020)
https://arxiv.org/abs/2006.12611
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ホスト機関:	東京大学宇宙線研究所
国立天文台，KEK，他国内外の多数の研
究機関(〜400名,	〜80機関)

• 岐阜県飛騨市神岡町 神岡鉱山
• 3kmレーザー干渉計
• 地下
• 低温鏡
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トンネル完成(2014年7月)
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（掘削終了は2014年5月）

2014/7/30

トンネル掘削完成披露会 (2014年夏)

第62回応用物理学会 春季学術講演会 (2015年3月12日, 東海大学)

From presentation file by T.Kajita  (Dec. 2014)トンネル完成披露会(2014/7/4)
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飛騨市北部会館&重力波解析棟
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国際共同観測の協定書に調印
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2019年10月4日

国際重力波観測ネットワークへ仲間入り



KAGRAの状況
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• 2018年4月5月に初の低温鏡での試験運転を実施

• LIGO-Virgo	O3中(2020年4月末まで)の観測運転を目指して作業
• 2020年３月２７日新型コロナウイルスによりLIGO-Virgo観測中断

• コロナ禍の中，2020年4月7日から4月21日まで，LIGO-Virgo-
KAGRAの枠組みで，ドイツにあるGEO600と国際共同観測を実施し
た．

• 観測データの解析実施中．

• 現在と今後
• 検出器改修と感度向上作業
• 2022年夏頃?から，LIGO,	Virgoと共に長期間観測(O4)実施見込み



KAGRAの貢献：到来方向の決定

２台の検出器では
到来方向の特定は出来ない

３台以上の検出器で方向が
絞れてくる

KAGRAにより，３台で観測
出来る確率が増える

LIGO２台，Virgo,	KAGRA
の計４台では，平均10平方度
程度まで決まる

https://www.ligo.caltech.edu/i
mage/ligo20160211b

1

大マゼラン星雲

小マゼラン星雲雲

シリウス リゲル

オリオン
星雲

ベテルギウス
プロキオン

GW150914の到来方向決定精度 600平方度

GW150914

GW170817



超新星爆発

11th Asian-Pacific Regional IAU Meeting  /  Plenary Session C      N. Kanda     /     28-July-2011  

LCGT and the Global Network of Gravitational Wave Detectors

LCGT
 (Large-scale Cryogenic Gravitational wave Telescope)

Underground

• in Kamioka, Japan

Silent & Stable 
environment

Cryogenic Mirror

• 20K

• sapphire substrate

3km baseline

Plan

• 2010  : construction 
started

• 2014  : first run in normal 
temperature

• 2017- : observation with 
cryogenic mirror
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© ICRR, university of Tokyo
LCGT

2011年7月24日日曜日

スーパーカミオカンデ

ニュートリノ
重力波

KAGRA

同時観測
超新星爆発メカニズム解明

銀河系近傍で起これば可能（おそらく数十年に１回） 45



将来の検出器
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欧米の地上干渉計将来計画

47

Einstein	Telescope	(ヨーロッパ) Cosmic	Explorer	(アメリカ)



宇宙空間レーザー干渉計 LISA
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低周波数重力波(0.1mHz	– 0.1	Hz)
基線長 250万km
３台の衛星の編隊飛行
打ち上げ予定 2034年

主要なターゲット：
超巨大ブラックホールからの重力波



まとめと展望
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• 重力波天文学は2015年の初観測以来，大きく進展．
• 人類は宇宙を観測する新たな目(耳)を手に入れた．
• しかし，まだ始まったばかり．

• 地上検出器の将来計画として，ヨーロッパのEinstein	
Telescope,	アメリカのCosmic	Exploreが提唱されいる．

• 宇宙空間の将来計画として，ヨーロッパのLISAがあり，
2034年打ち上げを予定している．

• 日本グループはDECIGO,	B-DECIGOを提唱している．
• 中国ではTianQin,	Taiji計画などがある．

• 今後大きな進歩が期待される



付録
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宇宙線研究所イベント案内
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2020年11月22日,	23日（今日と明日！）
スーパーカミオカンデ・KAGRAオンライン一般公開
「今年はおうちで地底探検」
https://sites.google.com/g.ecc.u-tokyo.ac.jp/sk-kagra-online-open-days
YouTube	Live
スーパーカミオカンデとKAGRAの坑内からのライブ中継
ファミリーツアーなど

大学3年生向け
2021年2月から3月
大学3年生のための宇宙・素粒子スプリングスクール2021
http://www.icrr.u-tokyo.ac.jp/event/9768/
宇宙線研で行われているプロジェクトの実習体験と講義
申し込み締切：2020年12月31日



DECIGO,	B-DECIGO
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2018年 DECIGO嵗嵤崗崟嵏崫崿 (2018年11月01日, 名古屋大学 東山崕嵋嵛崹崡, 愛知)

終峹峴
23

PTEP 2016, 093E01 T. Nakamura et al.

Fig. 2. Strain sensitivity of Pre-DECIGO. Sensitivity curves for the second-generation terrestrial GW
antenna (KAGRA [25]; sensitivity curve at http://gwcenter.icrr.u-tokyo.ac.jp/en/researcher/parameter), third-
generation antenna (ET [26]), and space antenna (eLISA [27]) are shown together for references. The dashed
curve shows the signal amplitude from BBH merger with masses of 30M! at a distance of z = 1.

Fig. 3. Observable range for inspiral and mergers of BBHs. Here, we assume optimal direction and polarization
of the source, and a detection SNR threshold of 8.

The target sensitivity of Pre-DECIGO is 2 × 10−23 Hz−1/2 in strain in the current design (Fig. 2).
It is fundamentally limited by the optical quantum noise of the interferometer: laser shot noise and
radiation pressure noise in high and low frequency bands, respectively. The external force noise on
the test-mass mirrors is also critical; the requirement is 1 × 10−16 N/Hz1/2. With this sensitivity,
mergers of BBHs at z = 10 will be within the observable range of Pre-DECIGO, assuming optimal
direction and polarization of the source, and detection SNR of 8 (Fig. 3).

The candidate orbit of Pre-DECIGO is a record-disk (or cartwheel) orbit around the earth. The
reference orbit, the orbit of the center of the mass of the three spacecraft, is a Sun-synchronized dusk–
dawn circular orbit with an altitude of 2000 km. Each spacecraft has a slightly eccentric orbit around
this reference orbit so as to minimize the natural fluctuation in the relative distance between the
spacecraft during the orbital motion. Moreover, there will be no eclipse in these spacecraft, which
is beneficial to avoid thermal shock and drift in the spacecraft. The formation flight of the three
spacecraft is realized by continuous feedback control. The laser interferometers measure the cavity
length changes, which are fed back to the positions of the test-mass mirrors. Since the spacecraft
follows the test-mass position inside it by drag-free control, the 100 km triangular formation flight
is realized. The orbital period of the formation flight interferometer unit around the earth is 124 min.
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今後の観測で期待されること
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連星ブラックホール (おおよそ2日に１-2個)
• 連星ブラックホールの分布と起源
• 一般相対論はどこまで正しいか?

連星中性子星(１年に１0-20個)
ブラックホール中性子星連星 (１年に１0-20個)

多数のコンパクト連星合体の観測
例えば感度が２倍 =>		距離が２倍 =>		体積８倍 =>	発生率８倍

• 中性子星を構成する超高密度物質の性質の解明

• 電磁波による追観測
• 短いガンマ線バーストとの関係の明確化
• キロノバ，重元素合成の現場の確認
• 宇宙の膨張則（ハッブル定数）の新しい制限
• ．．．
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LIGO-Virgo	第３回観測観測例

GW190425
• ２例目の連星中性子星合体
• 電磁波対応天体は発見されなかった．
• 中性子星の質量が，前回より少し重い．

• ２つの質量の和 太陽の3.4倍程度

data with that using the non-pre-processed data and by
comparing results with a low-frequency cutoff of 30 Hz. We
estimated the noise spectra of the data from both detectors
using the methods described in Littenberg & Cornish (2015)
and Chatziioannou et al. (2019).

We estimated the posterior probability distribution for the
source model parameter space using the Bayesian stochastic
sampling software in LALINFERENCE (Veitch et al. 2015); the
analysis marginalized over the uncertainty in detector calibra-
tion (Cahillane et al. 2017). The data used in this analysis are
open-access and available from the Gravitational Wave Open
Science Centre (LIGO Scientific Collaboration & Virgo
Collaboration 2019b).

The primary analysis presented here was produced using the
PhenomPv2NRT signal model (Dietrich et al. 2019), a phenom-
enological waveform model for spin-precessing (Hannam et al.
2014; Khan et al. 2016) compact binary systems, which also
includes tidal interactions (Dietrich et al. 2017). At the S/N of
GW190425, it is not expected that systematic errors coming from
our choice of waveform approximant would be significant.
Indeed, comparisons between PhenomPv2NRT and effective-one-
body (EOB) tidal models (Hinderer et al. 2016; Nagar et al. 2018)
in the case of GW170817 suggested that even at the relatively
high S/N of 33, model systematics were subdominant to statistical
errors (Abbott et al. 2019c). To verify this expectation, we also
obtained results with three further models: SEOBNRv4Tsurrogate
(Hinderer et al. 2016; Steinhoff et al. 2016; Bohé et al. 2017;
Lackey et al. 2019), IMRPhenomDNRT (Husa et al. 2016; Khan
et al. 2016; Dietrich et al. 2017, 2019), and TaylorF2
(Sathyaprakash & Dhurandhar 1991; Poisson 1998; Mikóczi
et al. 2005; Arun et al. 2009; Bohé et al. 2013, 2015; Mishra et al.
2016) and conclude that our findings are robust with respect to
waveform systematics. We present details of this investigation in
Appendix D. For the PhenomPv2NRT and PhenomDNRT
waveforms, we applied the reduced-order quadrature method for
evaluating the likelihood (Smith et al. 2016; Baylor et al. 2019;
Smith 2019) to reduce the overall computational cost.

We chose a uniform prior between M1.00 : and M5.31 : for
the redshifted (detector-frame) component masses and used the
conventional definition that .m m1 2. As in Abbott et al. (2019d),
we present separate results from using different low-spin and
high-spin priors, with dimensionless spin magnitudes ( DD � ∣ ∣)
for both components uniformly distributed within D � 0.05 and
D � 0.89, respectively, and assuming that the spin directions are
isotropically distributed. The low-spin prior was chosen so as to
include the fastest pulsars among known Galactic BNS systems
that will merge within a Hubble time (Zhu et al. 2018) although,
as we show below, for this event the chirp mass is not consistent
with the known Galactic BNS systems. We gave the component
tidal deformability parameters uniform priors in the ranges
- � 0, 5 0001 [ ] and - � 0, 10 000 ;2 [ ] the distinct prior ranges
were selected to ensure that the priors did not affect regions with
significant posterior support. These prior ranges are consistent
with the constraints imposed by causality (Van Oeveren &
Friedman 2017).

All results below are given assuming the high-spin prior
unless otherwise stated. The secondary mass m2 has posterior
support near to the arbitrary bounds enforced by the reduced-
order quadrature method for PhenomPv2NRT. However,
results from the TaylorF2 waveform, with a lower prior bound
on m2 of 0.7, confirm that these restrictions do not affect the
overall results.

In Table 1 we summarize the inferred values for a selection
of the source parameters; unless otherwise stated, all bounds
are given by a 90% credible interval, symmetric in probability
about the median of the marginalized posterior probability
distribution for a given parameter. Frequency-dependent binary
parameters are quoted at 20 Hz.
Assuming a standard flat ΛCDM cosmology with Hubble

constant � � �H 67.9 km s Mpc0
1 1 and matter density para-

meter 8 � 0.306m (Ade et al. 2016), we infer the cosmological
redshift to be � �

�z 0.03 0.02
0.01. The redshift from peculiar velocity

is expected to be negligible (see Carrick et al. 2015). Therefore,
we find the source-frame chirp mass to be � �

�% M1.44 0.02
0.02

:.
From the source-frame chirp mass and inferred mass ratio, we
constrain the primary mass to the range M1.61, 2.52[ ] : and the
secondary mass to the range M1.12, 1.68[ ] : as shown in
Figure 3. We discuss the implications of the chirp mass and the
total system mass of �

� M3.4 0.1
0.3

: in Section 5.
Spin effects are measurable primarily through the effective

spin parameter Deff (Racine 2008; Ajith et al. 2011), which is
the mass-weighted sum of spins projected along the direction
perpendicular to the orbital plane. In Figure 4 we show the joint
posterior distribution between Deff and mass ratio ( �q m m2 1)
along with one-dimensional posterior distributions. The Deff–q
correlation causes a positive skew in the marginalized Deff
posterior (Cutler & Flanagan 1994). To quantify the support for
spins in GW190425, we calculated the Bayesian evidence for
the same PhenomPv2NRT model, but with spin effects turned
off. We found a Bayes factor of ∼1 between the non-spinning
and spinning cases, implying no evidence for or against spins.
In order to place Figure 4 in an astrophysical context, we also
show the mass ratios and expected effective spins at merger for
the two fastest Galactic BNS systems that are expected to
merge within a Hubble time. For the double pulsar J0737
−3039A/B, precise mass and spin-period measurements are
available for both components (Kramer et al. 2006). With a
mass ratio of 0.93, it is expected to have Deff between 0.008

Table 1
Source Properties for GW190425

Low-spin Prior
D � 0.05( )

High-spin Prior
D � 0.89( )

Primary mass m1 M1.60 1.87– : M1.61 2.52– :

Secondary mass m2 M1.46 1.69– : M1.12 1.68– :

Chirp mass% �
� M1.44 0.02

0.02
: �

� M1.44 0.02
0.02

:

Detector-frame chirp mass �
� M1.4868 0.0003

0.0003
: �

� M1.4873 0.0006
0.0008

:

Mass ratio m m2 1 0.8 – 1.0 0.4 – 1.0
Total mass mtot �

�3.3 M0.1
0.1

: �
� M3.4 0.1

0.3
:

Effective inspiral spin
parameter Deff

�
�0.012 0.01

0.01
�
�0.058 0.05

0.11

Luminosity distance DL �
�159 Mpc72

69
�
�159 Mpc71

69

Combined dimensionless
tidal deformability -̃

-600 -1100

Note. We give ranges encompassing the 90% credible intervals for the
PhenomPv2NRT model; in Appendix D we demonstrate these results are
robust to systematic uncertainty in the waveform. Mass values are quoted in
the frame of the source, accounting for uncertainty in the source redshift. For
the primary mass we give the 0%–90% interval, while for the secondary mass
and mass ratio we give the 10%–100% interval: the uncertainty on the
luminosity distance means that there is no well-defined equal-mass bound for
GW190425. The quoted 90% upper limits for -̃ are obtained by reweighting its
posterior distribution as detailed in Appendix F.1.
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to 23.5 days. Even though the FAR estimation of single-detector
candidates is challenging (Callister et al. 2017), the matched-filter
pipelines are capable of identifying loud single-detector events.
GW170817 (Abbott et al. 2017b) was initially identified by
GSTLAL as a single-detector event. To further establish the
significance of GW190425, it was compared against the 169.5
days of background from O1 and O2 and 50 days of background
from O3 in the BNS part of the parameter space, and found to be
louder than any background event. The BNS region is defined as
the parameter space with component masses between 1 and 3 M:.
The results of this background analysis from the GSTLAL search
are shown in Figure 1, which shows the combined S/N–Y2 noise
probability density function for LHO, LLO, and Virgo. The
S/N–Y2 distributions from O1 and O2 are taken from the analysis
performed for GWTC-1 (Abbott et al. 2019c), while the S/N–Y2

distributions from O3 come from the low-latency search. The
S/N–Y2 background distributions are a subset of the parameters
that factor in the calculation of the log-likelihood ratio, which is
the detection statistic used by the GSTLAL search. These
background distributions allow us to include the S/N–Y2

information from all the triggers, and not just the trigger in
question while assigning the detection statistic. Events with low
S/Ns and accidentally small residuals would be disfavored by the
signal model, which also factors in the log-likelihood ratio.

As seen in Figure 1, there is no background recorded at the
GW190425 parameters in all the data searched over until now.
Thus, despite the caveats associated with finding signals in a
single detector, GW190425 is a highly significant event that
stands out above all background. In Appendix B we also show
the results from the PYCBC.

We sent out an alert ∼43 min after the trigger (LIGO
Scientific Collaboration & Virgo Collaboration 2019a), which
included a sky map computed using a rapid Bayesian algorithm
(Singer & Price 2016). We assigned GW190425 a �99%
probability of belonging to the BNS source category. The
initial sky map had a 90% credible region of 10,200 deg2.
Although data from both LLO and Virgo were used to

constrain the sky location, it extended over a large area due to
the fact that the signal was only observed with high confidence
in a single observatory. Gravitational-wave localization relies
predominantly on measuring the time delay between observa-
tories. However, in this case it is primarily the observed stain
amplitude that localizes the signal, with the more likely parts of
the sky being dominated by positions where the the antenna
response of LLO is favorable.
We generated an improved sky map using a Bayesian

analysis that sampled over all binary system parameters (see
Section 4), producing a 90% credible sky area of 8284 deg2 and
a distance constrained to �

�159 Mpc71
69 . This sky map, and the

initial low-latency map, are shown in Figure 2. As a
comparison, GW170817 was localized to within 28 deg2 at a
90% credible level. The broad probability region in the sky
map for this event presented a significant challenge for follow-
up searches for electromagnetic counterparts. At the time of
writing, no clear detection of a counterpart has been reported in
coincidence with GW190425 (e.g., Coughlin et al. 2019;
Hosseinzadeh et al. 2019; Lundquist et al. 2019, but also see
Pozanenko et al. 2019), although a wide range of searches for
coincident electromagnetic or neutrino signals have been
performed and reported in the GCN Circular archive.203

4. Source Properties

We have inferred the parameters of the GW190425 source
using a coherent analysis of the data from LLO and Virgo (in
the frequency range 19.4–2048 Hz) following the methodology
described in AppendixB of Abbott et al. (2019c).204 The low-
frequency cutoff of 19.4 Hz was chosen such that the signal
was in-band for the 128 s of data chosen for analysis. In this
frequency range there were ∼3900 phase cycles before merger.
We cleaned the data from LLO to remove lines from

calibration and from known environmental artifacts (Davis
et al. 2019; Driggers et al. 2019). For Virgo, we used the low-
latency data. The LLO data were subsequently pre-processed
(Cornish & Littenberg 2015; Pankow et al. 2018) to remove the
noise transient discussed in Section 2. Details of the transient
model and the data analyzed can be found in Abbott et al.
(2019b). The results have been verified to be robust to this
glitch removal by comparing the analysis of the pre-processed

Figure 1. Combined S/N–Y2 noise probability density function for LHO, LLO,
and Virgo in the BNS region, computed by adding the normalized 2D
histograms of background triggers in the S/N–Y S N2 2 plane from the three
detectors. The gold star indicates GW190425. There is no background present
at the position of GW190425; it stands out above all of the background
recorded in the Advanced LIGO and Virgo detectors in the first three observing
runs. The background contains 169.5 days of data from O1 and O2 and the first
50 days of O3, at times when any of the detectors were operating. For
comparison the LLO and LHO triggers for GW170817 are also shown in the
plot as blue and red diamonds, respectively.

Figure 2. Sky map for GW190425. The shaded patch is the sky map obtained
from the Bayesian parameter estimation code LALINFERENCE (Veitch et al. 2015)
(see Section 4) with the 90% confidence region bounded by the thin dotted
contour. The thick solid contour shows the 90% confidence region from the low-
latency sky localization algorithm BAYESTAR (Singer & Price 2016).

203 All GCN Circulars related to this event are archived athttps://gcn.gsfc.
nasa.gov/other/S190425z.gcn3.
204 From here on, we will use GW190425 to refer to the gravitational-wave
signal and as shorthand for the system that produced the signal.
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推定された到来方向

ApJ 892,	L3	(2020)
https://arxiv.org/abs/2001.01761



連星ブラックホールはどうやってで
きたか?
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１．大きな恒星が進化してブラックホールになった．
• 重元素量が少ない恒星ならば可能
• 宇宙のかなり昔に出来た星である可能性
• 宇宙で最初に誕生した星が起源である可能性

２．小さいブラックホールが合体して大きくなった

３．宇宙の誕生直後に出来た（原始ブラックホール）
• 宇宙誕生後，約0.005秒後に宇宙の密度のむらむらか
ら誕生した

以前まで知られていたものより重い，恒星質量ブラックホールが多い



ハッブル=ルメートルの法則
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宇宙の膨張法則

(ある銀河の遠ざかる速さ)		=		(ハッブル定数)	× (銀河までの距離)

天体望遠鏡による
銀河の分光観測

いくつかの天文
観測の組み合わせ

Ia型超新星爆発の観測 73.24±1.74  km/s/Mpc
宇宙マイクロ波背景放射のプランク衛星による観測 67.74±0.46  km/s/Mpc

電磁波観測：



ハッブル=ルメートルの法則
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宇宙の膨張法則

(ある銀河の遠ざかる速さ)		=		(ハッブル定数)	× (銀河までの距離)

天体望遠鏡による
銀河の分光観測

重力波による観測

Ia型超新星爆発の観測 73.24±1.74  km/s/Mpc
宇宙マイクロ波背景放射のプランク衛星による観測 67.74±0.46  km/s/Mpc

H0 = 70.0+12.0
�8.0 km s�1 Mpc�1重力波観測(GW170817)

電磁波観測：



時空
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時間と空間

ニュートン力学に代表される19世紀までは，不変で絶対的な概念．

特殊相対性理論(1905)

時空の絶対性が崩れた．
相対的：誰が観測するかによって，時間空間の長さなどが変わる．

一般相対性理論(1915)

時空の不変性も崩れた．
時空は変化する．
=>
時空の曲がり，宇宙の膨張，重力波
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初観測前の重力波の間接的示唆

連星中性子星
例:  PSR 1913+16 (Hulse-Taylor binary)
1974年発見.  1993年ノーベル物理学賞

軌道の変化

重力波によるエネルギー放出

一般相対論の予測と一致

重力波放射の間接的な証明
http://www.nobelprize.org/nobel_prizes/physi
cs/laureates/1993/

でも直接観測することがやはり重要
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