
Strategy to Detect GW

N.Kanda / Osaka City Univ.
LCGT collaboration

at LCGT TAC, 08/22/2005



Gravitational Wave Sources; 
Feasibility and Physics on Detections
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source waveform
feasibility study

detection extract info. Physics / Astro.Phys.

NS (BH) 
binary 

Inspiral

Range : 240 Mpc (max)
Rate ( # of events/3yr) : ?

Arrival time : ∆t < 1msec
direction : ∆q ~ 1-2 degree
Mass resolution : ∆M/M < ? 
%

population

host galaxy ?
formation of NS binary

Merger
waveform : h(t) or h(f)
 with accuracy of ∆h/h
ISCO : ∆f/f <?%

viscosity,density,etc. of NS
-> Equation of State

Black-Hole ringdown

3% energy loss -> Range :
Mass Region : 10? –1000 Msol

∆M/M < 10%
∆a/a < ...

excitation of BH
Intermediate mass BH
mass spectroscopy
formation of BH

Supernovae
(GRB? etc.)

Burst

Range :
Rate (=SNR in our galaxy x 
Range x SII rate)

waveform,  : h(t), h(f)
Arrival time : ∆t 

numerical model of core
core structure
EOS

(background) Stochastic
Wgw  (<- power spectrum, 
cross talk of two LCGT 
detector)

string cosmology, nuclear 
synthesis, etc.

Pulsar continuous
max SNR (<- know pulsars) accuracy of dP/dt /P model of spindown of NS

Source study started during TAMA analysis...



Target GW Sources
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Binary Coalescence : Most Promised Source

6 15

Nakamura, Ohara (1990)

Inspiral Merger QNM

Compact Binary
• NS-NS, NS-BH, BH-BH

Waveform
• Inspiral
• Merger
• QNM of BH



Rate of Binary Coalescence
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L137

The Astrophysical Journal, 614:L137–L138, 2004 October 20
! 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.

ERRATUM: “THE COSMIC COALESCENCE RATES FOR DOUBLE NEUTRON STAR BINARIES”
(ApJ, 601, L179 [2004])

V. Kalogera, C. Kim, D. R. Lorimer, M. Burgay, N. D’Amico, A. Possenti, R. N. Manchester, A. G. Lyne,
B. C. Joshi, M. A. McLaughlin, M. Kramer, J. M. Sarkissian, and F. Camilo

In our original Letter, we calculated the likely size of the Galactic double neutron star (DNS) population in two stages. First,
we simulated the DNS distribution in the Galaxy. At this stage, in addition to storing the spatial properties and luminosities of
the model pulsars, we also computed their expected dispersion measures and pulse scatter broadening times using a model for the
electron density distribution. This information was stored to an intermediate file for subsequent analysis by our simulation code,
in which the simulated population was “searched” using detailed models of the various pulsar surveys. Unfortunately, while the
scatter-broadening times created in the first part of the calculation were saved in units of milliseconds, the survey simulation code
assumed them in units of seconds. This error led to an underprediction of the number of pulsars in the model observed samples,
which in turn resulted in an overestimate of the true number, and hence in-spiral rate, of DNS binaries in the Galaxy.
We have now repeated these calculations using the correct unit conversion and find the Galactic DNS in-spiral rate to beR

Myr!1 at a 95% confidence interval (model 6), a factor of ∼2.2 smaller than in the original paper. The corresponding"209.183.0!66.1

detection rates for the initial and advanced LIGO are yr!1 and yr!1, respectively."87.6 !3 "470.5R p (34.8 )# 10 R p 186.8det,ini !27.7 det,adv !148.7

For all models we consider, the estimated DNS in-spiral rates range between ∼4 and 224 Myr!1. We show the revised result for
our reference model in Figure 1. Table 1 summarizes the revised calculations for all models in our original paper. However, we
note that the increase rate factor (IRF) due to the discovery of J0737–3039 remains essentially unaffected, since the unit error
cancels out, the IRF being a measure of relative changes in rate. The IRF is found to be in the range 6–7 for all models under
consideration. The exact values of IRF are shown in Table 1.
This error also propagates through to our predictions for future DNS discoveries in the Parkes multibeam survey. Repeating the

analysis in § 4 of our original Letter, we find that the average number of DNS with properties similar to those currently known
to be detected using full acceleration search processing is ∼4. The revised probability distribution of expected detections is shown
in Figure 2.

TABLE 1

Estimates for Galactic In-spiral Rates and Predicted LIGO Detection Rates (at 95%
Confidence) for Different Population Models

of LIGObRdet

Modela
Rtot

(Myr!1) IRF
Initial
(kyr!1)

Advanced
(yr!1)

1 . . . . . . . . . . . . . . . .
"59.423.2!18.5 6.4

"24.99.7!7.7
"133.652.2!41.6

6 . . . . . . . . . . . . . . . .
"209.183.0!66.1 6.3

"87.634.8!27.7
"470.5186.8!148.7

9 . . . . . . . . . . . . . . . .
"20.27.9!6.3 6.6

"8.43.3!2.6
"45.417.7!14.1

10 . . . . . . . . . . . . . . .
"57.023.3!18.4 5.8

"23.99.8!7.7
"128.252.4!41.3

12 . . . . . . . . . . . . . . .
"21.99.0!7.1 6.0

"9.23.8!3.0
"49.420.2!15.9

14 . . . . . . . . . . . . . . .
"9.43.8!2.8 5.8

"3.91.6!1.2
"21.18.5!6.2

15 . . . . . . . . . . . . . . .
"593.8223.7!180.6 7.1

"248.693.7!75.6
"1336.0503.2!406.3

17 . . . . . . . . . . . . . . .
"135.351.6!41.5 6.9

"56.721.6!17.4
"304.4116.1!93.4

19 . . . . . . . . . . . . . . .
"38.214.6!11.7 7.0

"16.06.1!4.9
"86.032.8!26.3

20 . . . . . . . . . . . . . . .
"217.989.0!70.8 6.2

"91.237.3!29.6
"490.3200.3!159.3

a Model numbers correspond to KKL. Model 1 was used as a reference model in KKL. Model 6 is our
reference model in this study.

b Increase rate factor compared to previous rates reported in KKL. .IRF{ R /Rpeak,new peak,KKL

L138 KALOGERA ET AL. Vol. 614

Fig. 1.—Probability density function that represents our expectation that the actual DNS binary merger rate in the Galaxy (bottom axis) and the predicted initial
LIGO detector rate (top axis) take on particular values, given the observations. The curves shown are calculated assuming our reference model parameters (see
text). The solid line shows the total probability density, along with those obtained for each of the three binary systems (dashed lines). Inset: Total probability
density, and corresponding 68%, 95%, and 99% confidence limits, shown in a linear scale. Revised from original figure.

Fig. 2.—Probability density function of the predicted number of observed DNS binary systems Nobs for the PMB survey, for our reference model (model 6 in
C. Kim, V. Kalogera, & D. R. Lorimer, ApJ, 584, 985 [2003], KKL). The mean value is estimated to be . Revised from original figure.AN S p 3.6obs

Kalogera et.al., ApJL. 601 (2004) L179-L182
Kim et.al., astro-ph/0405564
ApJ.614:L137-138



Detection Range & Event Rate of Binary 
Inspiral GW
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1. Data Analysis : Gravitational Wave Sources and Physics
[Spokesperson : Nobuyuki Kanda]

Department of Physics, Graduate School of Science, Osaka City University

The main task of the data analysis is an identifica-
tion of gravitational wave events in data stream. Search
targets in first scientific operation of LCGT are gravita-
tional waves from coalescence of compact binaries, black-
hole quasi-normal mode oscillation, stellar core-collapse,
pulsar and stochastic sources. (See Figure ?? and ??.

Due to the weakness of gravitational waves, we must
treat data carefully searching for small evidences of them.
The search methods will be designed to get a higher
signal-to-noise ratio (SNR) for true gravitational wave
events. The evaluations of noise characteristics, system-
atic error of detector instruments are also important to
guarantee the robustness of searches and to determine the
accuracy of waveform parameters. Moreover, two inter-
ferometers of LCGT promise better statistical treatment
in event search.

On the other hand, what kind of physics can be ex-
tracted from gravitational wave analysis is much inter-
esting not only in fundamental physics but also in astro-
physics and astronomy.

We display these key issues of data analysis in following
sections, according to the gravitational wave sources.

1.1. Inspiral Gravitational Waves from Binary
Coalescence

Coalescence of compact star binaries; i.e. neutron star
pairs, black-hole pairs, or neutron star - black-hole pairs
are promising sources of gravitational waves. The gravi-
tational waves radiation will become to have stronger am-
plitude and higher frequency as the each rotating starts
will drop to inner orbits. This is called binary “inspi-
rals”. After closely approaching each other, stars will
merge into one object. A complex gravitational wave
will be radiated in this “merger” phase, which waveform
is hard to be analytically calculated. Finally, black-hole
or larger mass object will be formed.

In the inspiral phase where stars are isolated each other
so as to be treated as a point like object, the waveform
is well predicted by the Post-Newtoninan approximation.
The gravitational wave amplitude and frequency evolu-
tion are well characterized with masses of the begining.
The matched filter method is an optimal filtering with
known waveform and with known noise power spectrum.
Using expected waveform template h(t), the correlation
between the gravitational wave and the observed data
s(t) can be given as;

c(τ) = (h, s) = 2
∫

h̃∗(f) · s̃(f)
Sh(f)

df (1)

,where h̃(f) and s̃(f) are Fourie transformation of h(t)

Range (SNR≥ 10, Expected Rate
1.4-1.4M", optimal of Detection

incident) [Mpc] [events/yr]
single LCGT 185 2.8 +7.2

−2.3

two LCGT 257 7.9 +20.4
−6.5

Table 1. LCGT detectable range and expected number of events for
binary coalescence

and s(t), and Sh(f) is a noise power spectrum of the
detector. If there is a gravitational wave in the data
at t0 in time domain, c(t0) will have a excess in time
series. Signal to noise ratio (SNR) is just given as c(t0).
To ensure the variation of polarizations of gravitational
waves, we use quadratic sum of two orthogonal bases ;
h+ and h× in inspiral gravitational wave search.

ρ(τ) =
√

(h+, s)2 + (h×, s)2
=

√
2 SNR

(2)

The possible detectable range of inspiral gravitational
wave sources should determine with the detector noise
power spectrum Sh(f). According to the LCGT design
sensitivity, the detectable range Rmax with SNR ≥ 10
for inspiral gravitational waves from 1.4-1.4M" neutron
star binaries reaches 185 Mpc for single interferometer.
A coherent addition of two interferometer signals or a
coincidence condition for noise suppression will extend
the range to 257 Mpc. Figure ?? displays detectable
range for single LCGT interferometer as a function of
star’s mass in solar mass unit. In this figure, we as-
sume the optimal source location: zenith direction and
optimal azimuth angle of polarization. In the case of
binary inspiral gravitational waves, the whole sky root-
mean-square range for source direction and polarization
is analytically calculated as 0.4 × Rmax. Also the sim-
ulation which adjudicate the detection on the threshold
estimates that the equivalent spherical volume of search
region is 4π

3 (0.441... × Rmax)3. Thus the search volume
is about 2.3 × 106[Mpc3].

The rate of binary coalescence in the galaxy is
estimated[?] as 83 +209

−56 [events/Myr]. According to this
and number density of galaxies[?], the expected number
of events in single LCGT interferometer range is 2.8 +7.2

−2.3

events/year[?]. If we use two detectors information as ex-
tending the range, the rate will expected as (

√
2)3 times;

7.9 +20.4
−6.5 events/year.

Physics on the binary coalescence is the investigation
of strong gravitational field, and the study on dynamics



Detection Scheme : Matched Filter

Known wave form

• coalescence of compact binaries ;

• NS-NS, NS-BH, BH-BH, PBMACHO

Known noise spectrum in Fourier domain

Linear system

• signal: s(t) = n(t) + a h(t)

• noise component :n(t),  GW signal: a h(t)

• average noise power spectrum: Sh(f)

• template waveform: h(t)

• signal-to-noise ratio:

• chi^2 test

Require 105 templates and 1011 flops at least
9

〈h, s〉 = 2

∫
h̃∗ · s̃

Sh

df

SNR =

√

〈h+, s〉2 + 〈h×, s〉2 /
√

2

The method was well 
implemented in previous 

experiments: i.e. TAMA, LIGO



Physics on Binary Inspiral GW

With LCGT:

• mass

• neutron star raduius, viscosity, etc.

• BH? or hyper massive neutron star ?
 (Physics on merger phase & after)

With International GW detector network:

• direction

• distance

10



Black-hole Quasi-Normal Mode : Ringdown 
GW

11

inspiral-merger
Binary,
SN expl. BH formation

Ringdown
Kerr BH

core collapse perturbed BH

Waveform: Damped sinusoid    (Quasi-normal modes)

h(t) = exp(−πfct/Q) sin(2πfct)

Q = 2.0(1 − a)−0.45

fc =
3.2 × 104[Hz]

M/M!

[
1 − (1 − a)0.3

]central frequency

Quality factor
Echeverria (1989)

* Probe for BH direct observation
* BH physics in inspiral-merger,  core collapses, ...

QNMs

M: Mass
a: Spin

-> BH mass & Kerr parameters



Stellar-core collapse : Burst GW
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Pulsars : Continuous GW
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Some known pulsars expected to detect or to 
give upper limit which better than theoretical 
arrowed.
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Stochastic GW
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signal just in the LISA frequency window, while the QCD phase transition is expected to
give a signal peaked around f = 4×10−6 Hz. However, the signal is sizable only if the phase
transition is first order and, unfortunately, in the Standard Model with the existing bounds
on the Higgs mass, there is not even a phase transition but rather a smooth crossover, so
that basically no GW is produced. However, in supersymmetric extensions of the Standard
Model, the transition can be first order, and a stronger signal could be obtained. Depending
on the strength of the transition, one could even get a signal such as curve (d) of fig. 4.
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(a)

(b)

(c)

(d)

Figure 4: The backgrounds predicted, with optimistic choice of parameters, by (a) inflation,
(b) string cosmology, (c) cosmic strings, (d) a first order phase transition at the electroweak
scale, together with the bounds and sensitivities of fig. 3.

Finally, there are very interesting astrophysical backgrounds, coming from a large number
of unresolved sources. These are displayed in fig. 5. For a discussion, see [19] and the contri-
bution of Raffaella Schneider to these proceedings. Another important issue, especially for
LISA, is also how to discriminate cosmological from astrophysical backgrounds, see eg. [20].

The conclusion that emerges looking at fig. 3 is that in the next few years, with the first
generation of ground based interferometers, we will have the possibility to explore five new
order of magnitude in energy densities, probing the content in GWs of the universe down
to h2

0Ωgw ∼ 10−5. At this level, the nucleosynthesis bound suggest that the possibility of
detection are quite marginal. It should not be forgotten, however, that nucleosynthesis is a
(beautiful) theory, with a lot of theoretical input from nuclear reaction in stars, etc., and
its prediction is by no means a substitute for a measurement of GWs. With the second
generation of ground based interferometers and with LISA, we will then penetrate quite
deeply into a region which experimentally is totally unexplored, and where a number of
explicit examples (although subject to large theoretical uncertainties) suggest that a positive
result can be found.

M.Maggiore, gr-qc/0008027

inflation

st
rin
g 
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y

cosmic string

1st order phase 
trans. @EW scale

nucleosynthesis

LIGO, VIRGO

resonant bar

LCGT(Twin)
LIGO-LIGO

LIGO-VIRGO
VIRGO-GEO

ms pulsars & COBE

LISA

LCGT(Single)



Sensitivity：hf(100Hz) ~ 4.4 x 10-24 [/rHz]

Single interferometer

• h1dmin(100 Hz) = 3.9 x 10-23

• h02 Wgw1d (100Hz) ~ 3.8 x 10-5

Twin interferometers

• 1yr integration, freq. band: 100Hz

• h2dmin(100 Hz) = 1.4 x 10-25

• h02 Wgw2d (100Hz) ~ 4.8 x 10-10

15

h1d
min = (2fSn(f)/F )1/2

h2d
min ! 1.12 × 10−2h1d

min(f)

(

1Hz

∆f

)1/2 (

1yr

T

)1/4



Sources Remarks

Target Sorces:

• Binary Coalescence (Typically, Search 
with Inspiral)

most promising. We expect several events/year.

• BH Ringdown
interest probe for Black-hole.

• Burst
promising sources with other observations

• Continuous
Know pulsars be a candidates.

• Stochastic
The results will have enough meaning comparing with 
theories. 

16



How does the Twin Interferometers behave? 
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Why we need twin interferometes ?

Redundancy of GW evidence

• Both Interferometers should detect at 
same;

arrival time 
amplitude
waveform

Stochastic GW Search(,also for any GW sources)

• Correlation of two interferometer give 
different order of search performance

• Closed placed detectors have a wider 
frequency band

18
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Coincidence Strategy

interferometer 1 signal : s1(f)

Matched Filter
inspiral GW
ringdown GW

SNR1(t)

interferometer 2 signal : s2(f)

SNR2(t)

Exceed 
Threshold ?

NO

YES Exceed 
Threshold ?

NO

YES

A
N
D

Matched Filter

True events can survive.
(+fakes due to accidental coincidence,
 &noise cross talks)

〈h, s〉 = 2

∫
h̃∗ · s̃

Sh

df

SNR =

√

〈h+, s〉2 + 〈h×, s〉2 /
√

2



More strategies:
Coherence, Correlation

20

Coherence

• log likely-hood sum of two outputs

• signal addition
will gain SNR by √2

Correlation∫
s1(t)s2(t)dt

N
∑

I=1

lnλ(I) =

∑

{

〈

h(I), sI

〉

(I)
−

1

2

〈

sI , sI
〉

(I)

}



Redundancy : Statistical Advantage

Reduce fake due to noise

• fake rate of each interferometers: R1, R2

• time window: DT
(<- arrival time resolution for GW events + T.O.F )

• accidental coincidence rate:
 Racc = R1 R2 DT

reduction  ~ R DT

example:
LISM-TAMA ~10-4

LIGO-TAMA

21
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Result of independent matched filtering search
TAMA300 LISM

Number of events 1,868,388 1,292,630

Results of coincidence analysis
nobs n̄acc ± σ̄acc

after time selection 4706 (4.2± 0.5)× 103

after time and mass selection 804 (7.1± 0.8)× 102

after time, mass and amplitude selection 761 (6.7± 0.8)× 102

Threshold Nobs Nbg

ρTAMA > 8.3 and ρLISM > 8.1 0 0.063

TABLE IV: Results of coincidence analysis in the case ∆tc = 25.6msec. nobs is number of coincidence events. n̄acc,
σ̄acc are the estimated number of accidental coincidence and it’s variance. Note that the number of accidentals and
it’s variance in each row are not independent from each other. Thus, although the all three number of accidentals
and variance are consistent with the observed value, this is not unusual.

FIG. 11: From top to bottom, the time delay histogram after time selection, after time and mass selection, and
after time, mass and amplitude selection are plotted respectively. These are in the case ∆tc = 25.6msec.

coincident events nc(δt) [17] [18]. The plot of nc(δt) vs δt is referred to as a “time delay histogram”.
With m different values of time delay, we calculate the expected number of coincident events and its
standard deviation as

n̄acc =
1
m

m∑

i=1

nc(δti), (19)

σ̄acc =

√√√√
m∑

i=1

(
nc(δti)− n̄acc

)2
/(m− 1). (20)

Since there is no real coincidence if δt "= 0, the number of coincidences for δt "= 0 can be considered as
an estimation of the distribution of accidental coincidences. The number of coincident events, nc(0), is
compared to the estimated distribution.

Fig. 11 shows the time delay histograms with m = 400. The 400 time delays are chosen to run from
−12000 sec to 12000 sec in increments of 60 seconds. The distribution of accidentals is shown in Fig.
12. In Table IV, we show the expected value of the accidental coincidences and its standard deviations.
As can be seen from this, the number of coincident events is consistent with the number of accidental
coincidences within the standard deviation. Thus, we conclude that no significant coincident excitation
is observed in our search.

VI. UPPER LIMIT TO THE EVENT RATE BY COINCIDENCE ANALYSIS

In this section, we discuss a method to evaluate the upper limit to the event rate based on the result
of the coincidence analysis. We consider only nearby events which occur within 1kpc from the Earth in
our Galaxy.

The upper limit to the event rate is given by Eq.(11) as in the case of one detector searches. The
upper limit to the average number of real events over a threshold N can be determined by Eq. (12),

H.Takahashi et. al., PRD70, 042003This is a big advantage!

If noises are 
complete gaussian, we 

can estimate the amount of 
fake events due to 

noises. However, ...



The correlation make possible to search the 
stochastic GW.

Sensitivity：hf(100Hz) ~ 4.4 x 10-24 [/rHz]

Single interferometer

• h02 Wgw1d (100Hz) ~ 3.8 x 10-5

Twin interferometers

• 1yr integration, freq. band: 100Hz

• h02 Wgw2d (100Hz) ~ 4.8 x 10-10

22



Noise cross talk  & common components
• seismic motion
• electric coupling
• mechanical coupling
• gravity gradient

external noise source
(seismic, acoustic, etc.)

interferometer 1

anti-vibration vacuum

laser optics

interferometer 2

anti-vibration vacuum

laser optics servo signal transfer, DAQ

servo signal transfer, DAQ

Noise due to instruments
 of one interferometer
(electric spike, etc.)

Pragmatic Problems

23

common noise 
sources

cross talk of 
noises
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20

15

10

5

0

SN
R

10.510.09.59.08.5
time [sec]

Filter output : SNR(t)
 detector 1
 detector 2 (10% cross talk of spike noise)

interferometer 1 signal

interferometer 2 signal

M
at
ch
ed
 F
ilt
er

O
ut
pu
t (
SN
R)Matched Filter

(example: 
ringdown search)

Matched Filter
(example: 
ringdown search)

Solution 1 : 
Consistency in strain calibrated data

24

8

4

0

806040200

8

4

80604020

-8

-4

0

4

806040200

4

-4 80604020
Transfer Function 1

Transfer Function 1

outlet signal : v(t)
strain calibrated data : h(t)

 

• The fake’s amplitude is different.
propotional to the coupling factor

• Waveforms are similar in v(t), but different 
in h(t) or h(f)

Transfer functions are different. Thus, the behaivor in strain 
caliblated data is different



Coincidence of Fakes with 
Cross Talk Noise (Simulation)

Cases for:

• Whole frequency band

• Seismic component only 10-6

2

4

6
810-5

2

4

6
810-4

2

4

6
810-3

706050403020100
cross talk (common component) [%]

threshold: 2.5 sigma for each detectors
 
All frequency region:

 inspiral 10-10 Msolar
 inspiral 1.4-1.4 Msolar
 BH ringdown fc=20Hz, Q=20

 
Seismic component only:

 inspiral 10-10 Msolar
 BH ringdown fc=20Hz, Q=20
 inspiral 1.4-1.4 Msolar

Solution 2 : Analysis can be insensitive to the 
noisy frequency band.

25

inspiral 1.4-1.4 
Msol

inspiral 10-10 
Msol

BH ringdown 
(20Hz,Q2=0)

cross talk model

all frequency 
band 30% ->  x 10 30% ->  x 10 30% ->  x 10

seismic 
component only no effect no effect no effect

spike proportional to 
cross talk

proportional to 
cross talk

proportional to 
cross talk

for Stochastic GW: 5% cross talk -> h02 Wgw2d ~ 10-8



Brief Summary for Twin Interferometers

Twin interferometers will drastically improve

• noise reduction (=range of search),

• utility of LCGT.

Problem is ‘cross talk of noises’.

The problem can escape with

• different tuning of IFO,

• keep independency in observation band.
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