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1    GW150914	

“The  first  direct  detection  of   
        gravitational  waves” 
 
    “The  first  discovery  of   
         binary  black  holes”	



一般相対性理論と重力波�

1915：一般相対論	

1916：重力波の存在予言	

Rai Weiss & Kip Thorne	

1960代：Weber の努力 
1970代〜：レーザー干渉計による 
重力波の直接観測計画 
1990代〜：LIGO, VIRGO,  
GEO, TAMA	
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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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propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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連星ブラックホール合体：�
数値シミュレーションの結果とよく一致  !�
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Gravitational  waveform  by  numerical  relativity: 
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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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LIGO  noise  vs  signal	
PRL 116, 2016, LIGO collaboration 	
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•  SNR < 10  events = low  confidence  level
•  SNR > 12:  Significant  confidence�

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.
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何がわかるのか？�
Merger + Ringdown 

à Final BH mass ~ 62 Msun  & spin ~ 0.7	
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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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ブラックホールの準固有振動	 
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f0 :  oscillation frequency,  τ : damping  timescale

MBH : BH  mass,  a : dimensionless  BH  spin  parameter

BHスピンが大きいほど、減衰率が低く、周波数が高い�
→　減衰の速さからスピンの大きさに制限�

Fitting formula 
(Berti  et al. 09)	



2　　連星中性子星の合体�

Ø LIGO/VIRGO/KAGRAに対するもう１つの
強力な重力波源 



連星中性子星合体は、なぜ重要か？�
(特に我々のプロジェクトとの関連から)�

1.  中性子星や高密度物質探査の貴重な実験場�
2.  未解明の重元素合成場の有力候補�

?	



連星中性子星合体を解明するには  �

•  数値相対論が必須。準備OK.�
•  コンピュータ資源も充実(例：京)�
•  現在では、強力な現象予言力がある�
à 　標準的シナリオは確率。�
à 　今後はあらゆる可能性の探査が必須�



1.  B1913+16      10.4       59.0         1.441/1.387      1.0        3.0  
2.  B1534+12      10.0       37.9         1.333/1.345      2.5        27 
3.  B2127+11C   10.7       30.5           1.36/1.35         1.0        2.2 
4.  J0737-3039  9.8/12.2  22.7/2770  1.34/1.25       2.0/0.5    0.86 
5.  J1756-2251    9.7         28.5          1.34/1.23         4.0        17　 
6.  J1906+746    (12.2)     (144)         1.29/1.32        (<0.1)    3.1 

Parameters  of  compact  NS-NS  binaries �
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E.g.,  http://stellarcollapse.org/nsmasses	
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Merger  of  1.35-1.35Msun NS  with  four  EOSs	

APR4: R=11.1km	 ALF2: R=12.4km	

H4: R=13.6km	 MS1: R=14.5km	

For  all,  maximum  mass  is  larger  than  2  solar  mass	



Merger  of  1.35-1.35Msun NS  with  four  EOSs	

APR4: R=11.1km	 ALF2: R=12.4km	

H4: R=13.6km	 MS1: R=14.5km	

Log(ρ g/cc)	 Log(ρ g/cc)	

B
y  hotokezaka + 2013

	

重い中性子星が合体後に誕生し、�
多様な現象が起きる(例えば質量放出)　�
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数値的相対論による波形：�
合体直前に中性子星の差異が反映される�

Hotokezaka  et  al. 2015	

Mass: 1.35-1.35 solar mass	
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Merger 
SNR<1 
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Measurable 
for δR=1km 
  with 2-σ   
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系統的なシミュレーション�
による予言が、早急に不可欠�

半径大�

Hotokezaka et al. 2016	



24	

質量放出 
SFHo (R~11.9 km): 1.35-1.35 Msun	

Sekiguchi et al. 2015	

Electron fraction=Neutron un-richness Ye	

軌道面�

軌道面に垂直�



中性子過剰物質  à  速い中性子捕獲による元素合成�

Wanajo et al. ApJ 2014	

à  大量の不安定性元素の崩壊  à  heat up & shine   
(Li & Pacyznski, 1998)	



連星中性子星の合体の標準シナリオ�

A black hole  or   
massive  NS 
+  accretion torus:  

Ejecta  

GRB  Observer	

R-process 
& β decay 

Original  figure  by  Hotokezaka	

GRB  jet 



Expected  light  curves @ 200Mpc (初期成果) 	

Bright  in  near  infrared  for  1  week  after  the  merger	

Radiative Transfer Simulations for NS Merger Ejecta 9
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Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min exposure). For optical wavelengths (ugriz bands), “1 m”, “4 m”, and “8 m” limits
are taken or deduced from those of PTF (Law et al. 2009), CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For
NIR wavelengths (JHK bands), “4 m” and “space” limits are taken or deduced from those of Vista/VIRCAM and the planned limits of
WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.

Near infrared	

Tanaka & Hotoke 2013
Barnes & Kasen 2013

10 min  integration
 by  Subaru HSC (SNR=5)	

M=0.01 sola mass
    0.004
    0.0007	

観測計画策定には、シミュレーションにより、多様な�
可能性をあらかじめ調べておく必要あり：要至急！�



3    連星中性子星合体初観測の展望�
�
�

合体率  ?�



A  latest  population  synthesis  result���
(M. Dominik et al., 2014)	

7

TABLE 1
Local merger rates and simply-scaled detection rate predictionsa :

Model
〈

Mc
15/6

〉

R(0) RD (aLIGO ρ ≥ 8) RD (3-det network ρ ≥ 10)

M
15/6
⊙ Gpc−3 yr−1 yr−1 yr−1

NS-NS
Standard 1.1 (1.1) 61 (52) 1.3 (1.1) 3.2 (2.7)
Optimistic CE 1.2 (1.2) 162 (137) 3.9 (3.3) 9.2 (7.7)
Delayed SN 1.4 (1.4) 67 (60) 1.9 (1.7) 4.5 (4.0)
High BH Kicks 1.1 (1.1) 57 (52) 1.2 (1.1) 3.0 (2.7)
BH-NS
Standard 18 (19) 2.8 (3.0) 1.0 (1.2) 2.4 (2.7)
Optimistic CE 17 (16) 17 (20) 5.7 (6.5) 13.8 (15.4)
Delayed SN 24 (20) 1.0 (2.4) 0.5 (0.9) 1.1 (2.3)
High BH Kicks 19 (13) 0.04 (0.3) 0.01 (0.08) 0.04 (0.2)
BH-BH
Standard 402 (595) 28 (36) 227 (427) 540 (1017)
Optimistic CE 311 (359) 109 (221) 676 (1585) 1610 (3773)
Delayed SN 829 (814) 14 (24) 232 (394) 552 (938)
High Kick 2159 (3413) 0.5 (0.5) 22 (34) 51 (81)
a Detection rates computed using the basic scaling of Eq. (3) for both the high-end and
low-end (the latter in parentheses) metallicity scenarios (see Section 2.2). These rates
should be compared with those from more careful calculations presented in Tables 2
and 3.

TABLE 2
Detection rates for second-generation detectors in the high-end metallicity scenario

AdV [ρ ≥ 8] KAGRA [ρ ≥ 8] aLIGO [ρ ≥ 8] 3-det network [ρ ≥ 10(12)]
fcut = 20 Hz fcut = 10 Hz fcut = 20 Hz fcut = 20 Hz

Model Insp PhC (EOB) Insp PhC (EOB) Insp PhC (EOB) PhC (spin) Insp PhC
yr−1 yr−1 yr−1 yr−1 yr−1 yr−1 yr−1 yr−1 yr−1

NS-NS
Standard 0.3 0.3 0.8 0.7 1.2 1.1 - 2.5 (1.5) 2.4 (1.4)
Optimistic CE 0.9 0.9 2.1 1.9 3.3 3.1 - 6.9 (4.0) 6.5 (3.8)
Delayed SN 0.4 0.4 1.0 0.9 1.6 1.5 - 3.3 (1.9) 3.1 (1.8)
High BH Kicks 0.3 0.3 0.7 0.7 1.1 1.1 - 2.3 (1.4) 2.2 (1.3)
BH-NS
Standard 0.2 0.2 0.5 0.4 0.7 0.6 0.8 1.5 (0.9) 1.2 (0.7)
Optimistic CE 1.1 1.0 2.9 2.2 4.4 3.6 4.4 9.2 (5.4) 7.4 (4.3)
Delayed SN 0.09 0.07 0.2 0.2 0.4 0.3 0.5 0.8 (0.5) 0.6 (0.3)
High BH Kicks 0.01 0.007 0.02 0.02 0.04 0.03 0.1 0.09 (0.05) 0.07 (0.04)
BH-BH
Standard 35 41 (38) 70 93 (86) 117 148 (142) 348 236 (144) 306 (177)
Optimistic CE 126 144 (133) 281 366 (333) 491 618 (585) 1554 1042 (588) 1338 (713)
Delayed SN 27 34 (32) 50 81 (75) 90 129 (124) 320 182 (110) 270 (155)
High Kick 0.6 1.0 (0.9) 0.9 2.5 (2.3) 2.1 3.8 (3.8) 12 4.2 (2.7) 8.2 (4.7)

a Detection rates computed for the high-end metallicity evolution scenario using the inspiral (“Insp”) and PhC or EOB IMR
models for nonspinning binaries. For aLIGO we also list rough upper limits on the rates computed with the IMR PhC model by
assuming that BHs have near-maximal aligned spins (χ1 = χ2 = 0.998 for BH-BH systems; χ1 = 0.998 and χ2 = 0 for BH-NS
systems). The inspiral is calculated using the restricted PN approximation, which overestimates the amplitude (and therefore
the detection rates) for low-mass systems (NS-NS) when compared to the full IMR calculations; cf. Section 3 for details. The
last two columns were computed assuming a minimum network SNR of 10 (or 12, in parentheses) for a three-detector network
composed of three instruments located at the LIGO Hanford, LIGO Livingston, and Virgo sites, all with aLIGO sensitivity. For
each detector, fcut is the assumed low-frequency cutoff in the power spectral density: see section 5.2.

DCOs containing NSs. In fact, when compared with
the restricted PN model, the IMR waveforms slightly de-
crease event rates for NS-NS and BH-NS systems. The
reason for this reduction is that IMR waveforms (such as
PhC and EOB) provide a more accurate representation
of the early inspiral, incorporating PN amplitude correc-
tions that reduce the signal amplitude1—and hence the
event rates—for signals dominated by the early inspiral.
BH-NS systems may be subject to an additional event

rate reduction mechanism. There is the possibility of
the NS being distorted and disrupted by the BH tidal
field. When these violent phenomena occur, a suppres-

1 Note that in Eq. (3.14) of Santamaŕıa et al. (2010) the coef-
ficient of the dominant correction, A2, listed in their Eq. (A5) is
negative.

sion of the GW amplitude takes place before the ISCO
frequency, and the SNR decreases with respect to that
of a BH-BH system with the same properties. The GW
shut–off due to NS tidal disruption depends on the pa-
rameters of the system: large values of the mass ratio,
the BH spin, the NS radius and the low tilt angles of NS
orbital angular momentum relative to BH spin all favor
NS disruption (e.g., Belczynski et al. (2008b)). By using
point-particle IMR waveforms to describe the GW emis-
sion of BH-NS systems we are neglecting this event rate
reduction mechanism. While it would be possible to take
these effects into account for nonspinning systems by us-
ing the GW amplitude model of Pannarale et al. (2013),
accurate models for systems with spinning BHs do not
exist yet. For consistency we therefore use BH-BH wave-

大雑把な理論による推定�

多い	

十分	
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Figure 7. Pg(Rg) (solid) is overlaid with individual P(R) ob-
tained from PSR B1916+13 (dotted) and the Double Pulsar
(short dashed). Based on our reference model, the Galactic
NS−NS merger rate is most likely to be 21 Myr−1. The corre-
sponding GW detection rate for the advanced ground-based GW
detectors is ∼ 8 yr−1.

tions for these binaries, different observational biases are re-
quired. Monte Carlo simulations of such systems with no de-
tection require free parameters, most importantly the epoch
of detection. Although it is technically possible to model a
few different orbital configurations assuming binary orbital
evolution (e.g. Peters & Mathews 1963) and simple spin-
down for A, the uncertainties involved would substantially
increases uncertainties in our rate estimates. In this work,
we therefore calculate the Galactic NS−NS merger rate esti-
mates only using the best observational constraints available
at present, especially for the A and B pulsars.

In order to better constrain the contribution of known
pulsar binaries to the Galactic NS−NS merger rate esti-
mates, we call for a more realistic surface magnetic field
and/or radio emission model. A binary formation model that
can describe the spin evolution of A and B (to pin down the
binary age) is also useful. Additional pulse profile observa-
tions of B will be invaluable to map out its beam function
more accurately when it reappears.

More discoveries of relativistic NS−NS binaries are also
important. Large-scale pulsar surveys with unprecedented
sensitivity such as the LOFAR (LOw Frequency ARray; van
Leeuwen & Stappers 2010) and the planned Square Kilo-
metre Array (Smits et al. 2009) are expected to find more
NS−NS binaries. In addition to electromagnetic wave sur-
veys, GW detection will provide a completely new, inde-
pendent probe for relativistic NS−NS binaries. When the
ground-based GW detectors start detecting NS−NS binaries
or pulsar-black hole binaries, those observed GW detection

rate will be useful to further constrain the pulsar population
models.
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Planned  sensitivity  of  advanced LIGO	
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~10Hz—several kHz	

1 event  may    
be  expected   
in  2016~17	



Summary	

•  The  first  direct  detection  of  gravitational  waves  
open  a  new  window  for  astronomy:

•  First  discovery  of  black-hole  binary                     
à BH-BH  merger  rate  would  be  high:                             
More  detection  will  be  achieved  this  year  in  O2

•  Statistical/population-synthesis  studies  suggest  that   
NS-NS  merger  may  be  detected  by  aLIGO  this  
year  or  next  year                                                                                 
à  Detection  could  solve  several  unsolved  issues

•  Numerical-relativity  simulations  are  crucial  
for  understanding  gravitational-wave  events  
à  Urgent  task !!



BH-BH  merger  rate  based  on  
GW150914:  very  simple  version	

•  1  event  in  16-day  observation
•  D ~ 410 Mpc (SNR=24)
à  365/16 = 23 events/yr  in  410 

Mpc  in  the  current  noise  
level

à  For  SNR=10,  318/yr
à  Sensitivity  will  be  improved  

by  a  factor  of  ~ 3
à  For  SNR=10, 8600/yr

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.
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Estimated 244Pu density	
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Time  scale	

1M sun →  GM
c3

= 4.9255 µs

62M sun →  GM
c3

≈ 0.3 ms

Orbital  period  around  the  Black  hole  with  spin < 0.7

P = 2π r3
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viscous  timescale ~ P
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~ 100P > 2 s

For  achieving  short  GRB,  
need  a  highly  non-standard  picture   	



Binary  neutron  star 
--Typical  formation  scenario -- 
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