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Basics of Gravitational Wave
Gravitational Wave (GW) is 
- distortion of Space-Time
- predicted by General Relativity (GR) at 1915-1916
- directly measured at 2015

Detection / Observation of  GWs
- by large base-length laser interferometer
- with multi-detectors : two LIGOs +Virgo, KAGRA in near future
- can extract information of source’s dynamical motion.

GW sources are
- massive and compact objects : neutron star (NS), black-hole (BH)
- energetic motion : compact binary coalescence (CBC), supernova (SN)

==> These events inevitably lead to high-energy astronomical 
phenomena. Therefore, transient GWs may have multi-messenger 
counterpart.

- Pulsar
- Stochastic background (cosmological origin, astronomical origin, string, etc..)
- unknown
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Space-time and its wave
Einstein Eq.

3

Rµ� � 1
2

gµ�R = �� Tµ�

4

metric tensor
“flat” space-time (Minkowski)

gµ� = �µ� =

�

���

�1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

�

���

“curved (distorted)” space-time 

gµ� �= �µ�

ct   x   y   z
ct
x
y
z

small perturbation ‘h’  --> Waves  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No mass, No energy  
   => Flat space-time

Gravity caused by mass 
         => Distorted space-time

Mass motion (non-spherical) 
=> Propagation of the distortion 
          “Gravitational Wave”

Gravity distorts the space-time !



Source
- change (time derivative) of quadrupole moment of 

mass distribution

Amplitude
- inversely proportional to the distance between source 

and observer

Energy
- total energy is given as :

GW radiation
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Electromagnetic Wave Gravitational Wave

Theory Electromagnetism

（Maxwell Equation）

General Relativity

（Perturbation of Einstein Equation）

Field

Electric filed, Magnetic Field

(Vector/Scalar potential)

Metric  
(distortion of the space-time)

Coupled 
Charge

Electric Charge, Current Mass (Quadrupole moment)

Strength

(=Coupling Constant of 

the interaction)

Character
speed of light speed of light

transverse transverse

easily interact with materials,

can shield

very small loss passing the 
materials,


cannot shield
Note:
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連星 四重極変形

非軸対称な物体の回転

運動方向、変形方向

Quadrupole 
deformation

Rotation of non-
axisymmetric object

binary  
= rotating dumbbell



Propagation of GW
Important characters:
- Light speed
- Transverse wave

Tidal force between 
point masses
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Perturbation h of the metric tensor g :

h is the strain of the spacetime. 



Typical Sources of GW
Occasionally events :
- Compact binary coalescence (CBC):

NS-NS, NS-BH, BH-BH
    Neutron star : NS, Blackhole : BH

- Supernovae
BH Quasi-normal mode oscillation

- Pulsar glitch

Continuous :
- Pulsar rotation

Binary

Stochastic Background
- Early Universe

Cosmic string
- Unresolvable astronomical origins

(& Unknown...)
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How to detect GW
Important characters:
- Light speed
- Transverse wave

Tidal force between 
point masses

8

�
�2 � 1

c2
�2

�t2

�
hµ� = 0

gµ� = �µ� + hµ�

Perturbation h of the metric tensor g :

h is the strain of the spacetime. 

Mirror

Mirror

Laser Light

Beam Splitter

Interference
cos( 2 pi  2dL /lambda)



Mirror

Mirror

Laser Light

Beam Splitter

Interference
cos( 2 pi  2dL /lambda)

Fundamental of the detection

Michelson Interferometer
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Schematics of Laser Interferometric Detector

GW

change of the baseline length

Fringe of light

transfer function 
of pendulum and servo

Response of Fabry=Perot cavity

Electric circuit
A/D conversion

Seismic noise

Thermal noise 
(Brownian motion)

Laser noise 
(intensity, frequency)

Electric noise
Quantization 
noise

signal (ti, Ni)

Shot noise

Time stamp
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detector signal = GW * response + noises

Radiation pressure noise



Global Network of GW detectors
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TAMA 300m

CLIO 100m

                          3km

GEO 600m

(Hanford) 4kmVirgo 3km 
advanced Virgo

advanced LIGO  
(Livingston) 4km

LIGO India



重力波検出器  A
B

C

A-Bの時刻差から
推定する到来方向

天球

A-Cの時刻差から
推定する到来方向

推定される重
力波源の方向

the celestial sphere

GW detectors

Guess of the 
arrival direction

Guess by A-B

Guess by A-C

Why we need many GW detectors ?
1. Localization of GW source direction

At least, Four or three detectors are necessary.
(depend on the relative direction and polarization of GW.)

We will use :
- - arrival time difference
- - amplitude ratio of detectors

GW150914 : ~600 deg^2
Average using  
4 detectors : ~5 deg^2

2. Sky coverage

3. Survey volume

4. Duty time for operation
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Antenna Pattern  (Response for source direction and polarization)
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Interferometer’s antenna 
pattern is widely spread as 
almost ‘omni-directional’.
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Since a single detector can not 
resolve the incident direction and 
has (narrow) blind spots, we need 
multi-detectors. 
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with a complemental sensitivity map.
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KAGRA will make important role in the network, 
with a complemental sensitivity map.
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20Solid angle vs diffraction limit

Spreading of point source

diffraction limit

frequency

� = 60�
� = 45�
� = 30�
� = 0�

�

�
1
2

c

f�x

⇥2

10

1

100

30

3

�
�

⇥ �

�
�

[s
tr

]

[d
eg

re
e]

� ⇥

�
1
2

c

f�x

�2

�
�

80� �

100

�

[Hz]

図 B.13 周波数に対する点源の広がり。横軸:周波数 [Hz]、縦軸:点源の広がり (立体角)[str]。
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Figure 2. The localization accuracy for face on BNS at 160 MPc in various networks of advanced
detecors. The ellipses contain the 90% localization regions for sources from varioius points in the
sky. A ⇥ is plotted at points where the network would not confidently detect the system. The
plots show the localization for six di↵erent networks: Hanford–Hanford–KAGRA–Livingston
(HHKL); Hanford–India–KAGRA–Livingston (HIKL); Hanford–Hanford–Livingston–Virgo
(HHLV); Hanford–India–Livingston–Virgo (HILV); Hanford–Hanford–KAGRA–Livingston–
Virgo (HHKLV); Hanford–India–KAGRA–Livingston–Virgo (HIKLV).

reasonably be an order of magnitude larger or smaller than the rate used here.
The number of sources that will be detected by the various networks increases significantly

with the addition of a detector, but varies little between the networks. With our assumed rate,
the three detector networks would observe 55-60 sources annually; four detector networks 82-87;
five detector networks 110-115. However, the fraction of sources that are well localized will
vary significantly with detector locations. Figure 3 shows how well sources are localized with
the various three, four and five detector networks. In all cases, there is a clear improvement in
localization between a network with a LIGO detector in India over the corresponding network
with two detectors at Hanford. In particular, for the LIGO only network with the (two-)Hanford–
Livingston network providing no well localized sources while Hanford–Livingston–India gives
almost half of sources localized to within 20 deg2. For the four detector networks, an Indian

Fairhurst,  arXivL1205.6611

CBC : ~10 deg2 resolution, at 160Mpc away, 5 detectors.

Radiometry : ~3° @ 100Hz , 岡田雄太(2012, 修論)
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Figure 4. Average angular resolution as a function of arrival time accuracy. Circles
show the whole sky average of angular resolution. Solid circle show the average
resolution for neutron binary star events which distributed as equation (6), and squares
are same of MACHO events which distributed as equation (7). For whole sky average,
the accuracy can be represented by fitting: δθ [deg] � 3.5 ×

�
∆T [msec]. For Galactic

events, it can be written as δθ [deg] � 4.4 ×
�

∆T [msec].

We note that the angular resolution ’order of degree’ is not good comparing with

other astronomical observations. However, the determination of the source direction

will be a key issue to identify the first detection of the gravitational wave event.
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Appendix A. Example: Combined Antenna Pattern

We show the illustrative example for sky coverage of detector network. A single ground-

based laser interferometric gravitational wave detector has maximum sensitivity for

gravitational wave from zenith direction and is insensitive along the bisector between

two interferometer arms [6]. Figure Appendix A (a) shows a its projection on the sky

in equatorial coordinate system (x-axis: RA, y-axis: declination angle). The relative

sensitivity of the antenna is displayed as gray scale. The numbers on contour lines

represent sensitivity that is normalized by that of the optimal direction for single

detector is unity. As well known, the whole sky average is 1/
√

5 � 0.45. The bright

General (time delay based) :  
3.5 deg x (dt [msec])^(1/2), NK 2003



LIGO and 1st GW observation

O1 (Observation 1)

2015/9/18 - 2016/1/12


1100 hours

Hanford (H1:4km)

http://www.ligo.org/
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Laser 
Interferometric 
Gravitational-Wave 
Observatory

Livingston (L1:4km)
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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

061102-4
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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.

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
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BH-BH in LIGO O1
- O1 (Observational run 1) : Sep.18, 2015 - Jan. 12, 2016

GW150914, GW151226  :  BBH (Binary Black Hole) mergers

21

3

FIG. 1. Left: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be related to the SNR of the signal
(as described in the text). Right: Time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All bands
show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing spin
waveform model [45].

The gravitational-wave signal from a BBH merger takes the
form of a chirp, increasing in frequency and amplitude as the
black holes spiral inwards. The amplitude of the signal is
maximum at the merger, after which it decays rapidly as the fi-
nal black hole rings down to equilibrium. In the frequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. This is followed by a slower falloff during merger
and then a steep decrease during the ringdown. The amplitude
of GW150914 is significantly larger than the other two events
and at the time of the merger the gravitational-wave signal
lies well above the noise. GW151226 has lower amplitude but
sweeps across the whole detector’s sensitive band up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude but last longer.

The analysis presented in this paper includes the total set of
O1 data from September 12, 2015 to January 19, 2016, which
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As described in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on a time-scale that is much longer than any CBC wave-

form. However, shorter duration artifacts can pollute the noise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [48] visible in the auxiliary data
channels from the large number of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [49]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying this data quality process, detailed in [50], the remain-
ing coincident analysis time in O1 is 48.6 days. The analyses
search only stretches of data longer than a minimum duration,
to ensure that the detectors are operating stably. The choice is
different in the two analyses and reduces the available data to
46.1 days for the PyCBC analysis and 48.3 days for the Gst-
LAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented to search for stellar-mass BBH signals in the data
of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses
employ matched filtering [51–59] with waveforms given by
models based on general relativity [8, 9] to search for gravi-
tational waves from binary neutron stars, BBHs, and neutron
star–black hole binaries. In this paper, we focus on the results
of the matched filter search for BBHs. Results of the searches
for binary neutron stars and neutron star–black hole binaries
will be reported elsewhere. These matched-filter searches are
complemented by generic transient searches which are sensi-

arXiv:1606.04856



Remarks : 
the observed 
GW events  
in LIGO O1 

GW150914

GW151226

LVT150120
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Event GW150914 GW151226 LVT151012
Signal-to-noise ratio

r

23.7 13.0 9.7

False alarm rate
FAR/yr�1 < 6.0⇥10�7 < 6.0⇥10�7 0.37

p-value 7.5⇥10�8 7.5⇥10�8 0.045

Significance > 5.3s > 5.3s 1.7s

Primary mass
msource

1 /M�
36.2+5.2

�3.8 14.2+8.3
�3.7 23+18

�6

Secondary mass
msource

2 /M�
29.1+3.7

�4.4 7.5+2.3
�2.3 13+4

�5

Chirp mass
M source/M�

28.1+1.8
�1.5 8.9+0.3

�0.3 15.1+1.4
�1.1

Total mass
Msource/M�

65.3+4.1
�3.4 21.8+5.9

�1.7 37+13
�4

Effective inspiral spin
ceff

�0.06+0.14
�0.14 0.21+0.20

�0.10 0.0+0.3
�0.2

Final mass
Msource

f /M�
62.3+3.7

�3.1 20.8+6.1
�1.7 35+14

�4

Final spin af 0.68+0.05
�0.06 0.74+0.06

�0.06 0.66+0.09
�0.10

Radiated energy
Erad/(M�c2)

3.0+0.5
�0.4 1.0+0.1

�0.2 1.5+0.3
�0.4

Peak luminosity
`peak/(ergs�1)

3.6+0.5
�0.4 ⇥

1056
3.3+0.8

�1.6 ⇥
1056

3.1+0.8
�1.8 ⇥

1056

Luminosity distance
DL/Mpc 420+150

�180 440+180
�190 1000+500

�500

Source redshift z 0.09+0.03
�0.04 0.09+0.03

�0.04 0.20+0.09
�0.09

Sky localization
DW/deg2 230 850 1600

TABLE I. Details of the three most significant events. The false
alarm rate, p-value and significance are from the PyCBC analysis;
the GstLAL results are consistent with this. For source parameters,
we report median values with 90% credible intervals that include sta-
tistical errors, and systematic errors from averaging the results of
different waveform models. The uncertainty for the peak luminos-
ity includes an estimate of additional error from the fitting formula.
The sky localization is the area of the 90% credible area. Masses are
given in the source frame; to convert to the detector frame multiply
by (1+ z). The source redshift assumes standard cosmology [40].

The observed events begin to reveal a population of stellar-
mass black hole mergers. We use these signals to constrain the
rates of BBH mergers in the universe, and begin to probe the
mass distribution of black hole mergers. The inferred rates are
consistent with those derived from GW150914 [42]. We also
discuss the astrophysical implications of the observations and
the prospects for future Advanced LIGO and Virgo observing
runs.

The results presented here are restricted to BBH systems
with total masses less than 100M�. Searches for more mas-
sive black holes, compact binary systems containing neutron
stars and unmodeled transient signals will be reported else-
where.

This paper is organized as follows: Sec. II provides an
overview of the Advanced LIGO detectors during the first ob-
serving run, and the data used in the search. Sec. III presents
the results of the search, details of the two gravitational wave
events, GW150914 and GW151226, and the candidate event
LVT151012. Sec. IV provides detailed parameter-estimation
results for the events. Sec. V presents results for the consis-
tency of the two events, GW150914 and GW151226, with the
predictions of general relativity. Sec. VI presents the inferred
rate of stellar-mass BBH mergers, and VII discusses the im-
plications of these observations and future prospects. We in-
clude appendices that provide additional technical details of
the methods used. Appendix A describes the CBC search,
with A 1 and A 2 presenting details of the construction and
tuning of the two independently implemented analyses used
in the search, highlighting differences from the methods de-
scribed in [43]. Appendix B provides a description of the
parameter-estimation analysis and includes a summary table
of results for all three events. Appendix C and Appendix D
provide details of the methods used to infer merger rates and
mass distributions respectively.

II. OVERVIEW OF THE INSTRUMENTS AND THE DATA
SET

The two Advanced LIGO detectors, one located in Han-
ford, Washington (H1) and one in Livingston, Louisiana (L1)
are modified Michelson interferometers with 4-km long arms.
The interferometer mirrors act as test masses, and the pas-
sage of a gravitational wave induces a differential arm length
change which is proportional to the gravitational-wave strain
amplitude. The Advanced LIGO detectors came on line in
September 2015 after a major upgrade targeting a 10-fold im-
provement in sensitivity over the initial LIGO detectors [44].
While not yet operating at design sensitivity, both detectors
reached an instrument noise 3 to 4 times lower than ever mea-
sured before in their most sensitive frequency band between
100 Hz and 300 Hz [1]. The corresponding observable vol-
ume of space for BBH mergers, in the mass range reported
in this paper, was ⇠ 30 times greater, enabling the successful
search reported here.

The typical instrument noise of the Advanced LIGO de-
tectors during O1 is described in detail in [46]. In the left
panel of Figure 1 we show the amplitude spectral density of
the total strain noise of both detectors (

p
S( f )), calibrated in

units of strain per
p

Hz [47]. Overlaid on the noise curves of
the detectors, the waveforms of GW150914, GW151226 and
LVT151012 are also shown. The expected SNR r of a signal,
h(t), can be expressed as

r

2 =
Z •

0

�
2|h̃( f )|

p
f
�2

Sn( f )
dln( f ) , (1)

where h̃( f ) is the Fourier transform of the signal. Writing it in
this form motivates the normalization of the waveform plotted
in Figure 1 as the area between the signal and noise curves is
indicative of the SNR of the events.



Note : GW150914 in [Jy]

energy flux :  3.6 x 1056 erg/s
(cf: total energy : ~ 3 Msolar ~ 5.4 x 1054 erg)
luminosity distance :  420 Mpc = 1.3 x 1027 cm
bandwidth : ~ 300Hz
~ 5.7 x 1021 Jy
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LIGO O2 run started

from Nov.30, 
2016.

Scheduled as  
6 months
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https://www.ligo.caltech.edu/news/2016-11-30
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KAGRA

© ICRR, university of Tokyo

under the mountain
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KAGRA

~280 persons (>80 affiliations )
▸ Underground 
▸ Kamioka mine 
▸ Silent and Stable 

▸ Cryogenic mirror 
▸ 20K 
▸ Sapphire substrate  

▸ 3km baseline 

▸ Schedule 
▸ 2010  : Construction start 
▸ early 2016  : 1st operation in normal temperature 
▸ early 2018 : cryogenic operation
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3

茂住坑口!
Mozumi entrance!

980m(620m+360m)

新跡津坑口!
New Atotsu entrance!

470m
Y arm

 

3km

X arm 

3km
30°

Location of Center (BS)!
• latitude: 36 .41°N, longitude: 137.31 °.!
• Y arm direction: 28.31 deg. from the North.!
• Height from the sea level : about 372m.

600m

Tilt: 1/300
Water drain point

• 2 entrances for the experiment room.!
• Center, Xend, Yend are inside more than 200m 

from the surface of the mountain.!
• Tunnel floor is tilted by 1/300 for natural water 

drainage. !
• Height of the Xend: 382.095m.!
• Height of the Yend: 362.928m.

3

KAG
RA

by T.Uchiyama



The 26th Workshop on General Relativity and Gravitation in Japan

Schedule

iKAGRA  
-We had test run at March and April 2016. 

bKAGRA 
-Advanced optics and cryogenic system are in progress. 
-Cryogenic operation ~end of FY2017
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Budget 
Leading-edge …

Excavation

Additional budget

Budget for operation?

Grants-in-aid for Sci.?

Budget and schedule
2010 2011 2012 2013 2014 2015 2016 2017 2018Calendar year

Project start
Tunnel excavation
initial-KAGRA

baseline-KAGRA

Operation

iKAGRA run

Adv. Optics system and tests
Cryogenic system

Detector
Data analysis   

2Surface building
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Shin‐Atotsu entrance
(2017.1.7)



Tunnel excavation completed at March, 2014.
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34
at  Oct. 28, 2014

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

Photo : KAGRA tunnel, center corner
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Central area (2017.1.7)

Pre‐stabilized laser (2016.9.20) input mode cleaner suspension system
(2015.10.30)

Cryostat for input test mass (2016.9.20)



Tunnel
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Drive by Electric car

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

End room
Upper floor



Electronics hut

37

The electronics and computer hut 
inside the KAGRA tunnel 

DC power supply

I/O interface

frame writer -> transfer

Fiber connection  
from/to the surface



Control room
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Control room, surface building at Kamioka

Spool data system 
in next room



Observation Scenario
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Prospects for Observing and Localizing Gravitational-Wave 
Transients with Advanced LIGO and Advanced Virgo
Living Reviews in Relativity, 19, (2016), 1 

(In next update of this documents.
KAGRA will appear in these figures.)



Sensitivity → Range
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LCGT and gravitational wave detectors 5

2.3. Detection Range
How far astronomical objects can be detected by the gravitational wave detection
? The detection range is depend on the gravitational waveform. Here, we
discussed about the typical cases: compact binary coalescence and black hole
quasi-normal mode oscillation.

In case of compact binary coalescence, a gravitational waveform can be
predicted with post-newtonian approximation[4]. Using the frequency spectra
of gravitational wave and noise power spectral density, the detection range
for optimal incident direction and arrangement of compact binaries. Figure
3 displays the detection range as the function of star masses, in case of even
mass binary. LCGT’s detection range for 1.4M⊙ binary is about 280 Mpc in
optimal case with signal-to-noise ratio 8. Assuming galactic merger rate 118
events/Galaxy in average and known density of galaxies, LCGT is expected to
detect about 10 events per year.

For case of black hole quasi-normal mode, we estimate the signal-to-noise
ratio with assumption that 3% of mass will change as a radiation[6] and Kerr
parameter as 0.9 in this figure.
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Figure 3. Detection range for LCGT for optimal direction and arrangement of
GW source. x-axis is mass of one star of binary, or half of black hole total mass.
Thick solid and thick dashed lines are corresponding to signal-to-noise ratio 8,
that is believed as enough signature to claim the detection.

3. Global Network of GW detectors
As we explained previous section, there are some gravitational wave detectors
in the world, and these are dislocated. This is important strategy to determine
the gravitational wave incident direction and polarization. Global network of
the gravitational wave detector is necessary to determine the source direction,
to improve whole sky coverage, and extract more information from gravitational
wave sources.

Target frequency of the gravitational wave from typical astronomical objects,
e.g. compact star coalescence, stellar-core collapse etc. are frequency band
of a few 10 Hz to several kHz. Since the wavelength λ of 1kHz gravitational
wave is 300 km that is longer than visible or infrared light, X or gamma-rays,

The 11th Asian-Pacific Regional IAU Meeting 2011
NARIT Conference Series, Vol. 1, c⃝2012
S. Komonjinda, Y. Kovalev, and D. Ruffolo, eds.

LCGT and the global network of

gravitational wave detectors

Nobuyuki Kanda1 and LCGT collaboration
1Department of Physics, Graduate School of Science, Osaka City University,
Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558-8585, Japan

E-mail: kanda@sci.osaka-cu.ac.jp

Abstract. Gravitational wave is a propagation of space-time distortion,
which is predicted by Einstein in general relativity. Strong gravitational
waves will come from some drastic astronomical objects, e.g. coalescence
of neutron star binaries, black holes, supernovae, rotating pulsars and pulsar
glitches. Detection of the gravitational waves from these objects will open
a new door of ‘gravitational wave astronomy’. Gravitational wave will be a
probe to study the physics and astrophysics.

To search these gravitational waves, large-scale laser interferometers will
compose a global network of detectors. Advanced LIGO and advanced Virgo
are upgrading from currents detectors. One of LIGO detector is considering
to move Australia Site. IndIGO or Einstein Telescope are future plans.

LCGT (Large-scale Cryogenic Gravitational wave Telescope) is now
constructing in Japan with distinctive characters: cryogenic cooling mirror
and underground site. We will present a design and a construction status of
LCGT, and brief status of current gravitational wave detectors in the world.

Network of these gravitational wave detectors will start in late 2016
or 2017, and may discover the gravitational waves. For example, these
detectors will reach its search range for coalescence of neutron star binary
is over 200 Mpc, and several or more events per year will be expected.
Since most of gravitational wave events are from high-energy phenomenon
of the astronomical objects, these might have counterpart evidences in
electromagnetic radiation (visible light, X/gamma ray), neutrino, high energy
particles or others. Thus, the mutual follow-up observations will give us more
information of these objects.

1. Introduction : Gravitational Waves
Gravitational waves are predicted by Einstein’s general relativistic theory in
1916. With the perturbation of space-time metric in Einsteins’s equation, a
wave equation is derived as

(

∇2 − 1

c

∂2

∂ t2

)

hµν = 0 (1)

where, hµν respects the metric perturbation away from Minkowski metric as

gµν = ηµν + hµν . (2)

NK, KAGRA collaboration

KAGRA



Remark : GW sources
Occasionally events :
- Compact binary coalescence (CBC):

NS-NS, NS-BH, BH-BH
    Neutron star : NS, Blackhole : BH

- Supernovae
BH Quasi-normal mode oscillation

- Pulsar glitch

Continuous :
- Pulsar rotation

Binary

Stochastic Background
- Early Universe

Cosmic string
- Unresolvable astronomical origins

(& Unknown...)
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Supernova (SN)
Many process of SN possibly 
radiate GWs
- core bounce
- convection
- SASI
- Jet

Neutrino, GW, EM will be emitted.
- Fruitful scenario of 

‘coincidence detection’
- Multi-probes make it possible 

to get newer knowledge and 
deep understand of SN 
mechanism.
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Drawn by Y.Suwa



GW signal (example : Supernova)
Supernova (type II) 
will emit short 
duration GW (Burst 
wave) according to 
various processes in it.

Rotational Core 
collapse (Bounce)
Convection
Proto-neutron star 
formation and g-
mode instability
Standing-Accretion-
Shock Instability
...
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Dimmermeier at al.
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Team SKE

12

・Provide time correlated    
data, GW and neutrino

・Suggest signature signals
physical phenomenon

Y. Suwa
SNe Theory(A05)

GW analysis(A04)

Neutrino analysis(A03)
T. Kayano, Y. Koshio

M. Vagins
・R&D of EGADS detector 

 ・Signal simulations with 
     EGADS and SK 

・KAGRA detector simulations
・Develop/Optimize GW analysis tools
・Prepare for realtime observation

T. Yokozawa, M. Asano
N. Kanda

at Kakenhi New innovative area
「重力波天体」
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neutrino

GW

T.Yokozawa et al., 
 ApJ., 811, 86 (12pp) 2015

GW and neutrino analysis 
for the dynamics of SNe
timing analysis could 
suggests that the core is 
strongly rotating or not.
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et al. 2013). However, since MHD effects do not have a large
impact around the bounce, our conclusion will not be affected
even if we include magnetic fields in our simulation for future
projects. Second, in this paper we employed one progenitor
model, s11.2 of Woosley et al. (2002) because it is well-studied
by a number of previous works. It should be noted that the
prompt convection depends on the structure of the progenitor
model. Therefore, to assess the robustness of the results
obtained in this study we need a more systematic study using
multiple progenitor models. In addition, we employed one
specific angular velocity distribution. Further study of the
dependence on the rotation profile is also needed (but see
Abdikamalov et al. 2013). Third, we employed simple weak
interactions in solving the Boltzmann equation of neutrinos,
which may affect the convection driven by the unstable
configuration of the lepton fraction (e.g., Lentz et al. 2012).
Simulations with more detailed microphysics are needed.
Finally, we did not take into account heavier leptonic neutrinos
and neutrino oscillation effects. As described in Section 4.2.1,
the elastic scattering cross-sections for heavier leptonic
neutrinos are about six times smaller than electron-flavored
neutrinos. If the generated electron neutrinos are converted to
other heavier-flavored neutrinos, the height of the neutroniza-
tion burst would be smaller than the present estimation and the
detection efficiency of the neutronization burst would also be
smaller. The conversion ratio depends on the neutrino mass
hierarchy (normal or inverted), neutrino oscillation parameters
(mixing angles and mass differences), relations between matter
and self-interaction effects in the progenitor, and whether the
neutrinos first pass through the Earth or not (Dighe & Smirnov
2000; Kachelrieß et al. 2005) before being detected. In
particular, the neutrino mass hierarchy is crucially important.
In the normal hierarchy case, almost all of the electron
neutrinos generated in the inner core will convert to heavier-
flavored neutrinos via the matter effect (neglecting self-
interaction effects), and it would be difficult to apply the
techniques used for this study. Even in the inverted hierarchy
case, some electron neutrinos will be converted to heavier-
flavored neutrinos; this effect would not be negligible. This
issue will also be investigated in a forthcoming paper.

This work was supported by the MEXT Grant-in-Aid for
Scientific Research on Innovative Areas “New Developments

in Astrophysics Through Multi-messenger Observations of
Gravitational Wave Sources” (Nos. 24103004, 24103005,
24103006, 25103511), JSPS postdoctoral fellowships for
research abroad, MEXT SPIRE, and JICFuS. Numerical
computations in this study were in part carried on XC30 at
CfCA in NAOJ and SR16000 at YITP in Kyoto University.
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The Various Scenarios’ GW Detection Efficiencies (GW eff.), Neutronization Neutrino Detection Efficiencies (Neutrino Eff.) for (1) EGADS or (2) GADZOOKS!,

Their Product, and the Pr Value for the 0.0π rad s−1 Model

Scenario GW Eff.(%) Neutrino Eff.(%) Detection Eff.(%) Pr(%)

0.2 kpc, uniform 74.8 100.0(1) 74.8 0.0
1.0 kpc, uniform 46.5 46.8(1) 21.9 20.8
Galactic Center 0.0 97.5(2) 0.0 L
Galaxy Dist. 1.5 84.6(2) 1.5 0.2

Table 3
The Various Scenarios’ GW Detection Efficiencies(GW eff.), Neutronization Neutrino Detection Efficiencies (Neutrino Eff.) for (1) EGADS or (2) GADZOOKS!,

Their Product, and the Pr Value for the 1.0π rad s−1 Model

Scenario GW Eff.(%) Neutrino Eff.(%) Detection Eff.(%) Pr(%)

0.2 kpc, uniform 88.0 100.0(1) 88.0 98.4
1.0 kpc, uniform 73.6 40.2(1) 29.5 80.0
Galactic Center 21.5 94.8(2) 20.4 75.3
Galaxy Dist. 26.7 81.7(2) 24.7 76.2

11

The Astrophysical Journal, 811:86 (12pp), 2015 October 1 Yokozawa et al.



Observational Strategy for GW and Neutrino
Problems/Concerns: 

- Event must be near !
Typical range of GW and Neutrino detector for SN is a few-several 100Mpc.

- Our galaxy might be optical thick.

Therefore, …
- Keep duty time!

GW detectors may be key.
Never lose the chance of golden event !

- Inference of the direction by each detection is essential.
- We must develop the data analysis that can be done with a single event.

Advantages
- omni-directional
- ‘time machine’ like

In both detector cases, we can analyze past records of event triggers/signals.
- (In Japan) SK and KAGRA has less uncertainty of arrival time difference.

Key issues
- time series (time profile) of both GW and neutrino flux
- infer the SN direction
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Personal question : How about IceCube for SN?

arXiv:1111.2731  (Proceedings of ICRC2011)
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SN　@10kpc away
BAUM et al. ICECUBE SUPERNOVA
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Figure 1: Left: Expected significance versus distance assuming the Lawrence-Livermore model [9] for three oscillation
scenarios. The significances are increased by neutrino oscillations in the star by typically 40% in case of an inverted
hierarchy. The Magellanic Clouds as well as the center and the edge of the Milky Way and various trigger thresholds
are marked. For the Milky Way, the supernova progenitor distribution follows the prediction from [7], for the Magellanic
Clouds it is assumed to be uniform. Right: Expected rate distribution at 10 kpc supernova distance assuming normal and
inverse hierarchies.
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Figure 2: Left: Measured probability density distribution of time differences between pulses for noise (bold line) and the
expectation for a Poissonian process fitted in the range 15ms < �T < 50ms (thin line). The excess is due to bursts
of correlated hits, as indicated by the 50ms long snapshot of hit times shown in the inset. Right: Measured width of
the significance distribution as function of time during IceCube construction with 40 (left), 59 (middle) and 79 (right)
deployed strings. The inset shows the significance distribution before (wide distribution) and after (narrow distribution)
suppression of hits due to atmospheric muons (79 strings). The current trigger threshold for SNEWS alarms is indicated
by a dashed line.

Livermore model [9] (right). The rate distribution demon-
strates the excellent resolution of details in the neutrino
light curve. This includes the possibility to distinguish the
neutrino hierarchy, provided that the astrophysical model
is well known and sin

2

⇥

13

> 1

�[7]. The present noise
floor is indicated in Fig. 1 (right) which leads to a fast de-
terioration of the signal significance particularly at larger
distances. In addition, the expected signal significance in
IceCube is somewhat reduced due to two types of correla-
tions between pulses that introduce supra-Poissonian fluc-
tuations. The first correlation involves a single photomul-
tiplier tube. It comes about because a radioactive decay
in the pressure sphere can produce a burst of photons last-
ing several µs. The second correlation arises from the cos-
mic ray muon background; a single cosmic ray shower can

produce a bundle of muons which is seen by hundreds of
DOMs. The observed time difference between noise hits
deviates from an exponential distribution expected for a
Poissonian process (see Fig. 2, left). The inset shows a
hit sequence from a single DOM, clearly indicating the
bursting behavior. A significant fraction of these bursts
can be rejected by an artificial non-paralyzing deadtime,
currently adjusted to ⌧ = 250µs, which decreases the av-
erage optical module noise rate to 285 Hz, while keeping
⇡ 87%/(1 + r

SN

· ⌧) of supernova induced hits with rate
r
SN

.
Due to remaining correlated pulses from radioactive decays
and atmospheric muons, the measured sample standard de-
viation in data taken with 79 strings is ⇡ 1.3 and ⇡ 1.7
times larger than the Poissonian expectation for 2ms and

12



CBC (Compact Binary Coalescence)

Compact Stars :
- Black-holes
- Neutron Stars
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CBC Waveform and Physics
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phase
Inspiral


(a few~1000sec, 
depend on mass)

merger

(~10msec)

ringdown

(~100msec)

waveform Post-Newton approx. 
analytic waveform Numerical relativity Perturbation theory  

of BH space-time
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After merger of NS-NS, NS-BH

EM follow-ups
In cases of NS-NS 
and NS-BH, 
Electro-magnetic 
radiation can be 
expected.
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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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BH-BH



Origin of Massive Black-holes ?
Stars as like our sun cannot form such heavy BH…
- Population III 

 stars ?
Metal less stars that may be the ‘first stars’ of the universe 

- Dynamical  
formation ?

runaway merger of BHs

- Primordial BH?
BH formed directly at early universe
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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
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reasons: 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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!
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y Kanda, the LCGT collaboration, arXiv:1112.3092
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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
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Window as a function of binary masses
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Summary

Welcome to the observational era!
We need more more more events !!!

Multi-messenger observation 
for deep understanding of GW sources.
i.e. dynamical motion and mechanism, origin, etc.

GW observation itself still attractive for the study of 
fundamental physics.
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