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今日のお話
1. LIGOによる重力波の初観測 
2. 重力波とその源 
重力波とは 
検出が期待されてきた候補 
重力波天文学・重力波物理学の幕開け！？ 
3. LIGO, Virgoの現状 
4. KAGRAの現状 
5. 再び、初観測の波形について 
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おことわり ^^; 
いくつかの「内部情報」は、話せないので勘弁してください。 

「あと何イベントみつかっているのか？」 
「次の論文はいつ？」



重力波の発見
重力波の直接観測がなされました。その結果 

１、一般相対論の重要な予言が検証された 

２、ブラックホールが確認された（連星、合体後） 

3、重力波天文学、重力波物理学が始まります 
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０、検出器は原理通りに動いた！
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GW150914
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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コンパクト連星合体
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インスパイラル 合体 ブラックホール準
固有振動

 h ~10-24 for NS-NS 
at 200Mpc away!
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filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

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

061102-2

インスパイラル 
２つのブラックホールが
お互いに回っている。 

合体

BH準固有振動？! 
重力波でBH時空の性質が見えている！
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重力波とは？
★ 一般相対論による「時空の

歪みの波」 

光速度で伝搬 

横波 

質点間に潮汐力として働く 
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gµ� = �µ� + hµ�

時空計量 g を平坦な時空と摂動 h で表す

摂動 h の満たす波動方程式
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“KAGRA and the Global Network of Gravitational Wave Detectors” at CHEP2015

Antenna Pattern  
(Response for source direction and polarization)
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国際観測網
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advanced LIGO

TAMA 300m 
CLIO 100m 
                          3km

LIGO (Livingston) 4kmGEO 600m

IndIGO

2017年頃には本格観測へ

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



主な重力波源
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★ 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) 
    Note: 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...)



LIGO 
Laser 
Interferometric 
Gravitational 
Observatory

14Cr
ed

it:
 A
dr
ia
n 
Ap

od
ac

a,
 N
SF



LIGO

O1 観測
2015/9/18 - 2016/1/12

1100時間の２台同時観測

Hanford (H1:4km)

Livingston (L1:4km)

US project
Two dislocated 

site

http://www.ligo.org/
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http://www.ligo.org
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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
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viewgraph by Matthew John Evans : Advanced LIGO: status and plans 
at GWPAW2015 Osaka, June 2015
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viewgraph by Matthew John Evans : Advanced LIGO: status and plans 
at GWPAW2015 Osaka, June 2015
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Detection Rates

Neutron Star Binaries:
Advanced LIGO: ~ 200 Mpc 
“Detection rate” ~ 10/year
 Class. Quant. Grav. 27, 173001 (2010)
 
(Initial LIGO: ~15 Mpc, Rate 

~1/50years)

8

these are “best guesses” not targets,
we aim to do better!

viewgraph by Matthew John Evans : Advanced LIGO: status and plans 
at GWPAW2015 Osaka, June 2015
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1st Observing Run

• Official O1: Sept 18th - Jan 12th

• LIGO Hanford (H1) and Livingston (L1) only

• O1A: Sept 12 - Oct 20th (includes end of ER8) 
used for dataset presented here

• Duty cycle: H1 70%, L1 55%, ~50% coincident

• 16.5 days coincident, good quality data

• BNS range H1: ~80Mpc, L1: ~60 Mpc

• See talk from K. Cannon for search details

LIGO-P150914-v13
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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 [48]. Narrowband features include calibration lines (33 – 38 Hz, 330 Hz, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

isolation from ground motion for frequencies 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 di-
electric optical coatings [59, 60], and are suspended with
fused silica fibers from the stage above [61].

To minimize additional noise sources, all components
other than the laser source are mounted on vibration iso-
lation stages in ultra-high 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 1µPa.

Servo controls are used to hold the arm cavities on res-
onance [62] and maintain proper alignment of the opti-
cal components [63]. The detector output is calibrated in
strain by measuring its response to test mass motion in-
duced by photon pressure from a modulated calibration
laser beam [64]. The calibration is established to an uncer-
tainty (1�) 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 [65]. Additionally, the detector
response to gravitational waves is tested by injecting simu-
lated waveforms with the calibration laser.

To monitor environmental disturbances and their influ-
ence on the detectors, each observatory site is equipped
with an array of sensors: seismometers, accelerometers,
microphones, magnetometers, radio receivers, weather
sensors, AC-power line monitors, and a cosmic-ray detec-
tor [66]. Another ⇠ 105 channels record the interferome-
ter’s operating point and the state of the control systems.
Data collection is synchronized to Global Positioning Sys-
tem (GPS) time to better than 10µs [67]. Timing accuracy
is verified with an atomic clock and a secondary GPS re-
ceiver at each observatory site.

4

3

viewgraph by John Veitch 
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O2 は2016年後半。 
aVirgoが稼働するのか? 

LIGO India の計画が進ん
でいる。





KAGRA

© ICRR, university of Tokyo

under the mountain
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KAGRA

242 persons (78 affiliations ) as of May 29, 2015 ▸ 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 
▸ 2017年度中 : 低温鏡での高感度観測開始

iKAGRA 
再来週から初運転 

（３月に２週間＋４月に２週間）

LSSTの稼働(2020?)より前にGW
検出器４台時代に入る（と期待）



トンネル掘削完成＠2014年3月
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at  Oct. 28, 2014

at July 6, 2015  
(from almost same viewpoint of Oct.2014) 

Photo : KAGRA tunnel, center corner



26

optics installation



エンド（3kmの端）へ 27

Drive by Electric car

mid of the X-arm (almost) and of X-arm 

End room
Upper floor



X側エンドルーム 28

Clean booth

CryostatSomeone’s Stop-off



データ解析棟　＠神岡 29

at Jan.2014



コントロール室
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Control room, surface building at Kamioka

Spool data system 
in next room



iKAGRA observation
2016/3/25-31 
2016/4/11-25
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低遅延解析用(low latency analysis)システム
▸ 観測中にリアルタイムで重力波を探索する 

▸ フォローアップ観測へのイベント情報も目的 

▸ ＠大阪市大 

▸ クラスタ計算機 

▸ KAGRA（神岡） 
からデータを転送 

▸ total 392 cores 

▸ 288 TiB storage  
(144 TiB x 2sets)
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再び、GW150914について…

33

番号は見つかった日付 2015年9月14日
LIGOの２台の検出器(Hanfordサイト、Livingstonサイト)で同時観測した。
実はこの日は LIGO o1ランの２日前。

連星合体重力波である。
２つの星はブラックホールである。 -ブラックホールの初めての直接検出。
２つの星が合体してできるさらに大きなブラックホール形成時の、「準固有振動」が確認されている
（ように見える）。これはブラックホール時空の基礎的性質である。

"Observation of Gravitational Waves from a
Binary Black Hole Merger", PRL 116, 061102
(2016)
イベント名：GW150914

重要な事実

重力波の波形
S/N ~24

CBCマッチドフィルターでの値
２つのサイトの"combined"となっている。

有為性 5.1 σ

FAR < 1回/203000年に一回 (←Binary search)

検出時刻 09:50:45 UTC

Livingstonサイトから 6.9(+0.5-0.4) msec後にHanfordサイトに届いている。
参考：LIGOの１つのサイト間を光速度で伝播する時間差は約10msec.
（２つのサイトを結ぶ直線に対して、比較的浅い角度から到来したと推定できる）

連星の質量　

36 太陽質量(誤差 +5-4）
29 太陽質量(誤差 ±4) が合体

ブラックホールである。この重さの天体は中性子星では存在しえない。

形成されたブラックホール

62 ±4 太陽質量
スピン 0.67 (+0.05 -0.07) <-カー(Kerr)パラメーター
[神田註] BH QNMの周波数は 283 Hz

連星までの距離

光度距離 410 Mpc (約13.4億光年）(誤差 +160Mpc -180Mpc)

シグナルの大きさと有為性

求められたパラメータ

multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þ En=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.

FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1σ and 4.6σ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2þ C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016
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viewgraph by John Veitch 
14

• Mf ~ 62±4 M☉ 

• due to spin ~ 4 M

• 20 million Earths

• frot ~ 100 Hz (G2)

• f22 ~ 250 Hz (B3)

•   !22 ~ 4ms

• Surface gravity ~ 2x1010 gEarth

• Equatorial speed ~ 0.4 c

• Area ~ 3x105 km

r+ ~ 160 km

re ~ 183 km

ergosphere
outer

horizon

inner
horizon



到来方向
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検出器の時間差 
２台の信号の振幅比 



36

Future Outlook
Localisation

22

viewgraph by John Veitch 



Parameter Estimation
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arXiv:1602.03840   
Properties of the binary black hole merger GW150914 

The LIGO Scientific Collaboration and The Virgo Collaboration 
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Hz. The priors on spin orientation for the precessing model
is uniform on the 2-sphere. For the non-precessing model,
the prior on the spin magnitudes may be interpreted as the
dimensionless spin projection onto L̂ having a uniform dis-
tribution [�1, 1]. This range includes binaries where the
two spins are strongly antialigned relative to one another.
Many such antialigned-spin comparable-mass systems are
unstable to large-angle precession well before entering our
sensitive band [82, 83] and could not have formed from an
asymptotically spin antialigned binary. We could exclude
those systems if we believe the binary is not precessing.
However, we do not make this assumption here and instead
accept that the models can only extract limited spin infor-
mation about a more general, precessing binary.

We also need to specify the prior ranges for the
amplitude and phase error functions �Ak(f ; ~#) and
��k(f ; ~#). The calibration during the time of observa-
tion of GW150914 is characterised by a 1-� statistical
uncertainty of no more than 10% in amplitude and 10�

in phase [1, 38]. We use zero-mean Gaussian priors on
the values of the spline at each node with widths corre-
sponding to the uncertainties quoted above [39]. Calibra-
tion uncertainties therefore add 10 parameters per instru-
ment to the model used in the analysis. For validation pur-
poses we also considered an independent method that as-
sumes frequency-independent calibration errors [84], and
obtained consistent results.

Results— The results of the analysis using binary coa-
lescence waveforms are posterior PDFs for the parameters
describing the GW signal and the model evidence. A sum-
mary is provided in Table I. For the model evidence, we
quote (the logarithm of) the Bayes factor B

s/n = Z/Z
n

,
which is the ratio of the evidence for a coherent signal hy-
pothesis divided by that for (Gaussian) noise [45]. At the
leading order, the Bayes factor and the optimal signal-to-
noise ratio ⇢ = [

P
khhM

k |hM

k i]1/2 are related by lnB
s/n ⇡

⇢2/2 [85].
Before discussing parameter estimates in detail, we

consider how the inference is affected by the choice of
compact-binary waveform model. From Table I, we see
that the posterior estimates for each parameter are broadly
consistent across the two models, despite the fact that they
are based on different analytical approaches and that they
include different aspects of BBH spin dynamics. The mod-
els’ log Bayes factors, 288.7±0.2 and 290.1±0.2, are also
comparable for both models: the data do not allow us to
conclusively prefer one model over the other [88]. There-
fore, we use both for the Overall column in Table I. We
combine the posterior samples of both distributions with
equal weight, in effect marginalising over our choice of
waveform model. These averaged results give our best es-
timate for the parameters describing GW150914.

In Table I, we also indicate how sensitive our results are
to our choice of waveform. For each parameter, we give
systematic errors on the boundaries of the 90% credible

FIG. 1. Posterior PDFs for the source-frame component masses
msource

1

and msource

2

, where msource

2

 msource

1

. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded posterior
density function.

intervals due to the uncertainty in the waveform models
considered in the analysis; the quoted values are the 90%
range of a normal distribution estimated from the variance
of results from the different models.4 Assuming normally
distributed error is the least constraining choice [89] and
gives a conservative estimate. The uncertainty from wave-
form modelling is less significant than statistical uncer-
tainty; therefore, we are confident that the results are ro-
bust against this potential systematic error. We consider
this point in detail later in the paper.

The analysis presented here yields an optimal coherent
signal-to-noise ratio of ⇢ = 25.1+1.7

�1.7. This value is higher
than the one reported by the search [1, 3] because it is ob-
tained using a finer sampling of (a larger) parameter space.

GW150914’s source corresponds to a stellar-mass BBH
with individual source-frame masses msource

1

= 36+5

�4

M�
and msource

2

= 29+4

�4

M�, as shown in Table I and Figure 1.

4 If X were an edge of a credible interval, we quote systematic uncertainty
±1.64�sys using the estimate �2

sys = [(XEOBNR � XOverall)2 +

(XIMRPhenom � XOverall)2]/2. For parameters with bounded ranges,
like the spins, the normal distributions should be truncated. However, for
transparency, we still quote the 90% range of the uncut distributions. These
numbers provide estimates of the order of magnitude of the potential sys-
tematic error.

dr
af

t
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FIG. 2. Posterior PDFs for the source luminosity distance D
L

and
the binary inclination ✓JN . In the 1-dimensional marginalised
distributions we show the Overall (solid black), IMRPhenom
(blue) and EOBNR (red) PDFs; the dashed vertical lines mark the
90% credible interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90% credible regions
plotted over a colour-coded PDF.

misaligned to the line of sight is disfavoured; the probabil-
ity that 45� < ✓JN < 135� is 0.35.

The masses and spins of the BHs in a (circular) binary
are the only parameters needed to determine the final mass
and spin of the BH that is produced at the end of the
merger. Appropriate relations are embedded intrinsically
in the waveform models used in the analysis, but they do
not give direct access to the parameters of the remnant BH.
However, applying the fitting formula calibrated to non-
precessing NR simulations provided in [96] to the posterior
for the component masses and spins [97], we infer the mass
and spin of the remnant BH to be M source

f

= 62+4

�4

M�,
and a

f

= 0.67+0.05
�0.07, as shown in Figure 3 and Table I.

These results are fully consistent with those obtained us-
ing an independent non-precessing fit [55]. The systematic
uncertainties of the fit are much smaller than the statistical
uncertainties. The value of the final spin is a consequence
of conservation of angular momentum in which the total
angular momentum of the system (which for a nearly equal
mass binary, such as GW150914’s source, is dominated by
the orbital angular momentum) is converted partially into
the spin of the remnant black hole and partially radiated
away in GWs during the merger. Therefore, the final spin
is more precisely determined than either of the spins of the
binary’s BHs.

The calculation of the final mass also provides an esti-

FIG. 3. PDFs for the source-frame mass and spin of the rem-
nant BH produced by the coalescence of the binary. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded PDF.

mate of the total energy emitted in GWs. GW150914 ra-
diated a total of 3.0+0.5

�0.5 M�c
2 in GWs, the majority of

which was at frequencies in LIGO’s sensitive band. These
values are fully consistent with those given in the literature
for NR simulations of similar binaries [98, 99]. The ener-
getics of a BBH merger can be estimated at the order of
magnitude level using simple Newtonian arguments. The
total energy of a binary system at separation r is given by
E ⇡ (m

1

+ m
2

)c2 � Gm
1

m
2

/(2r). For an equal-mass
system, and assuming the inspiral phase to end at about
r ⇡ 5GM/c2, then around 2–3% of the initial total energy
of the system is emitted as GWs. Only a fully general rela-
tivistic treatment of the system can accurately describe the
physical process during the final strong-field phase of the
coalescence. This indicates that a comparable amount of
energy is emitted during the merger portion of GW150914,
leading to ⇡ 5% of the total energy emitted.

We further infer the peak GW luminosity achieved dur-
ing the merger phase by applying to the posteriors a sep-
arate fit to non-precessing NR simulations [100]. The
source reached a maximum instantaneous GW luminosity
of 3.6+0.5

�0.4 ⇥ 1056 erg s�1 = 200+30

�20

M�c
2/s. Here, the

uncertainties include an estimate for the systematic error
of the fit as obtained by comparison with a separate set
of precessing NR simulations, in addition to the dominant
statistical contribution. An order-of-magnitude estimate of
the luminosity corroborates this result. For the dominant
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viewgraph by John Veitch 

Future Outlook
Localisation

23

LIGO-T1600022: Sky localization

Figure 2: As figure 1 zoomed in on the design sensitivity results.

Comparison page, Injection 9

5 Shared Settings

Table 6 shows the settings which are constant across all runs or only different for the ’zero’ at early ER8b/O1
sensitivity.

5

• Studied simulated replicas with 
different network configurations

• HL Design sensitivity: ~50 sq. deg.

• HLV Design: ~4.6 sq. deg.

• HLVI Design: ~3.9 sq. deg.

• KAGRA!

• SNR goes from

• 25→70→87→97



重力波天文学・重力波天体物理学の幕開け?!
長らく、NS-NSが本命である
とされてきた。また超新星爆発
も重力波源として有望視されて
きた。これらの重力波源は、依
然として興味深い対象であるこ
とは間違いない。 
しかし、今回いきなりBH-BH
からの重力波が見つかった。 
NS-NSと違って、以下のこと
がすぐに物理の問題として浮上
した。

39

数値相対論波形の活躍 
（NS-NSであれば、おそらく長いPN波形での話題になったのではないか？） 
ブラックホール準固有振動は見えているか、否か？ 
　　　→基礎物理の問題の研究対象になる。
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LIGOはイベント付近の検出器信号を公開しています。
https://losc.ligo.org/events/GW150914/



波形を読む

LIGOが配布している観測波形データと、パラメタ推定
に用いた数値相対論波形

41
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LIGO配布のデータ
合体付近32sec, 4096Hzサンプリング

FFT

(FFTは実部虚部両方グラフにしてある）

バンドパス操作
いまは時間が無いので簡単のため、
下記の周波数の値を0にするだけ。
1, 電源ラインの雑音�59.98 - 60.02 Hz
2, 低周波�36.8以下
3, 高周波 200Hz以上

逆FFT

15秒付近

さらに拡大

(1)

(2)

(3)

(4)

(5)

(6)



せっかくなので元データ(h(t))から、フィルタを変えて試す
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なんとなく…！？ 
しかし、このデータでリングダウン部分のみから、
SchwarzschildかKerrかの区別がつくとは思えない。

（日本の解析Gに、もっと面白いt-f
分解の解析をやっている人がいるの
で、そのうち発表するはずです…）



光学観測　　見つかっていない 
日本では、J-GEM グループがフォローアップ観測した。（木曽シュ
ミット、すばる望遠鏡、MOAほか） 

X線・ガンマ線 
Fermi  : なにかあったと主張 

INTEGRAL : ない 
Swift : ない 
ニュートリノ 
IceCube, ANTARES : IceCubeで 
当該時刻にイベントはあるが、 
方向は整合していない。

フォローアップ観測
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Fermi GBM Observations of LIGO Gravitational Wave event GW150914

V. Connaughton⇤,1, E. Burns2, A. Goldstein+,3, L. Blackburn4, M. S. Briggs5, B.-B. Zhang6

C. M. Hui3, P. Jenke6, J. Racusin7, C. A. Wilson-Hodge3, P. N. Bhat6, W. Cleveland1,

G. Fitzpatrick6, M. M. Giles8, M. H. Gibby8, J. Greiner9, A. von Kienlin9, R. M. Kippen10,

S. McBreen11, B. Mailyan6, C. A. Meegan6, W. S. Paciesas1, R. D. Preece5, O. Roberts10,

L. Sparke12, M. Stanbro2, K. Toelge9, P. Veres6, H.-F. Yu9,13

and other authors

ABSTRACT

With an instantaneous view of 70% of the sky, the Fermi Gamma-ray Burst Monitor

(GBM) is an excellent partner in the search for electromagnetic counterparts to gravi-

tational wave (GW) events. GBM observations at the time of the Laser Interferometer

Gravitational-wave Observatory (LIGO) event GW150914 reveal the presence of a weak

transient source above 50 keV, 0.4 s after the GW event was detected, with a false alarm

probability of 0.0022. This weak transient lasting 1 s does not appear connected with

other previously known astrophysical, solar, terrestrial, or magnetospheric activity. Its

localization is ill-constrained but consistent with the direction of GW150914. The du-

ration and spectrum of the transient event suggest it is a weak short Gamma-Ray Burst

arriving at a large angle to the direction in which Fermi was pointing, where the GBM

*Email: valerie@nasa.gov

+NASA Postdoctoral Fellow

1Universities Space Research Association, 320 Sparkman Dr. Huntsville, AL 35806, USA

2Physics Dept, University of Alabama in Huntsville, 320 Sparkman Dr., Huntsville, AL 35899, USA
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5Dept. of Space Science, University of Alabama in Huntsville, 320 Sparkman Dr., Huntsville, AL 35899, USA
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7NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
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– 8 –

Fig. 2.— Count rates detected as a function of time relative to the start of GW150914-GBM, ⇠0.4 s

after the GW event GW150914, weighted and summed to maximize signal-to-noise for a modeled

source. CTIME time bins are 0.256 s wide. The blue data points are used in the background fit.

The green points are the counts in the time period determined to be significant, the grey points are

outside this time period, and the red points show the 1.024 s average over the green points. For a

single spectrum and sky location, detector counts for each energy channel are weighted according

to the modeled rate and inverse noise variance due to background. The weighted counts from all

NaI and BGO detectors are then summed to obtain a signal-to-noise optimized light curve for that

model. Each model is also assigned a likelihood by the targeted search based on the foreground

counts (in the region of time spanned by the green points), and this is used to marginalize the light

curve over the unknown source location and spectrum.



重力波の発見
重力波の直接観測がなされました。その結果 

１、一般相対論の重要な予言が検証された 

２、ブラックホールが確認された（連星、合体後） 

3、重力波天文学、重力波物理学が始まります 
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０、検出器は原理通りに動いた！

時空の「波動」の直接測定、強い重力場での検証 
次なる検証は？相対論を超える範囲？重力子？

BH自体から出る重力波！ 
BH時空(Kerr時空)そのものの性質に根ざす放射 
したがって、基礎物理学的にも極めて興味深い対象

統計的になにかを探る時代が、予想していたより
も早く訪れるかもしれない。



さらに…
BH-BHが見つかったとはいえ、中性子星連星や超新星
爆発も期待されている。 
これらでできる物理や天文学は、BHの物理とはまた
ちょっと違う。 
もう一点… 
３０太陽質量のブラックホールはどうやって生まれたか？

考えられるものはいくつかある。 
星形成の問題になる。 
Population III 星起源という可能性もある。

46
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viewgraph edited by Bruce Allen : (Personal) summary of new, novel, and interesting results 
presented at this workshop 
at GWPAW2015 Osaka, June 2015

Osaka&20.6.2015

30%+%30%solar%mass%BHs
Interes1ng&target&for&three&

reasons: 
 
Inspiral&and&ringdown&phases&

have&roughly&equal&SNRs,&so&

provides&good&test&of&GR 
 
If&popula1on&III&stars&(formed&at&

redshios&5\10)&exist,&these&

might&be&a&substan1al&frac1on.&

Perhaps&we&will&detect&several&

of&them&in&the&first&aLIGO&data&

run&O1,&this&September!

18

y Kanda, the LCGT collaboration, arXiv:1112.3092

30M_sun-30M_sun

Similar SNR for the inspiral and ringdown phases

Nakano%Talk
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The detection rate of inspiral and quasi-normal modes of Population III
binary black holes which can confirm or refute the general relativity
in the strong gravity region
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ABSTRACT
Using our population synthesis code, we found that the typical chirp mass defined by
(m1m2)3/5/(m1 + m2)1/5 of Population III (Pop III) binary black holes (BH–BHs) is ∼30 M⊙
with the total mass of ∼60 M⊙ so that the inspiral chirp signal as well as quasi-normal mode
(QNM) of the merging black hole (BH) are interesting targets of KAGRA. The detection rate of
the coalescing Pop III BH–BHs is ∼180 events yr−1 (SFRp/(10−2.5 M⊙ yr−1 Mpc−3))([fb/(1
+ fb)]/0.33)Errsys in our standard model, where SFRp, fb and Errsys are the peak value of
the Pop III star formation rate, the binary fraction and the systematic error with Errsys = 1
for our standard model, respectively. To evaluate the robustness of chirp mass distribution
and the range of Errsys, we examine the dependence of the results on the unknown parame-
ters and the distribution functions in the population synthesis code. We found that the chirp
mass has a peak at ∼30 M⊙ in most of parameters and distribution functions as well as
Errsys ranges from 0.046 to 4. Therefore, the detection rate of the coalescing Pop III BH–
BHs ranges about 8.3-720 events yr−1(SFRp/(10−2.5 M⊙ yr−1 Mpc−3))([fb/(1 + fb)]/0.33).
The minimum rate corresponds to the worst model which we think unlikely so that unless
(SFRp/(10−2.5 M⊙ yr−1 Mpc−3))([fb/(1 + fb)]/0.33) ≪ 0.1, we expect the Pop III BH–BHs
merger rate of at least one event per year by KAGRA. Nakano, Tanaka & Nakamura show that
if signal-to-noise ratio (S/N) of QNM is larger than 35, we can confirm or refute the general
relativity (GR) more than 5σ level. In our standard model, the detection rate of Pop III BH–
BHs whose S/N is larger than 35 is 3.2 events yr−1 (SFRp/(10−2.5 M⊙ yr−1 Mpc−3))([fb/(1 +
fb)]/0.33)Errsys. Thus, there is a good chance to check whether GR is correct or not in the
strong gravity region.

Key words: black hole physics – gravitational waves – binaries: general – stars: black holes.

1 IN T RO D U C T I O N

The second generation gravitational wave (GW) detectors such as
KAGRA,1 Advanced LIGO,2 Advanced VIRGO3 and GEO4 are
under construction and the first detection of GW is expected in near
future. The most important sources of GWs are compact binary
mergers such as the binary neutron star (NS–NS), the neutron star

⋆ E-mail: kinugawa@tap.scphys.kyoto-u.ac.jp
1 http://gwcenter.icrr.u-tokyo.ac.jp/en/
2 http://www.ligo.caltech.edu/
3 http://www.ego-gw.it/index.aspx/
4 http://www.geo600.org/

black hole binary (NS–BH) and the binary black hole (BH–BH). As
the compact binary radiates GW and loses the orbital energy and
the angular momentum, the compact binary coalesces. The merger
rate of NS–NS can be estimated using the binary pulsar observa-
tion (e.g. Kalogera et al. 2004a,b). However, NS–BH and BH–BH
merger rates cannot be estimated using the observation since no
such binaries have been observed so that they can be estimated
only by the theoretical approach called the population synthesis.
For Population I (Pop I) and Population II (Pop II) stars, the merger
rates of compact binaries are estimated by Belczynski, Kalogera &
Bulik (2002), Belczynski et al. (2007, 2012b) and Dominik et al.
(2012, 2013).

In this paper, we focus on Population III (Pop III) stars which
were formed first in the Universe with zero metal after the big

C⃝ 2015 The Authors
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重力波観測時代へようこそ！
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