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Detection of gravitational wave bursts by interferometric detectors
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We study some filters for the detection of burstlike signals in the data of interferometric gravitational wave
detectors. We present first two general~nonlinear! filters with no a priori assumption on the waveforms to
detect. A third filter, a peak correlator, is also introduced and permits us to estimate the gain, when some prior
information is known about the waveforms. We use the catalog of supernova gravitational wave signals built
by Zwerger and Mu¨ller in order to have a benchmark of the performance of each filter and to compare to the
performance of the optimal filter. The three filters could be a part of an on-line triggering in interferometric
gravitational wave detectors, specialized in the selection of burst events.@S0556-2821~99!01706-3#

PACS number~s!: 04.80.Nn, 07.05.Kf
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I. INTRODUCTION

Long-base-line interferometric gravitational-wave dete
tors such as The Laser Interferometric Gravitational Wa
Observatory ~LIGO! @1#, VIRGO @2#, GEO600 @3#, or
TAMA300 @4# are now in their phase of construction, an
should be fully operational in the first years of the next m
lenium. Sources of gravitational waves that are expecte
the bandwidth of these detectors all involve compact obje
such as black holes~BHS! or neutron stars~NSS!; see@5# or
@6# for a review. Among them, inspiraling binaries seem
be the most promising sources for a first direct detection
gravitational waves. Accordingly, a huge effort has be
made up to now in order to be ready in time for analyzing
inspiraling binary data delivered by the interferometric d
tectors: detection of the signal by correlation with suita
templates~matched filtering! ~see, e.g.,@7–10#! or by time-
frequency analysis@11,12# and estimation of astrophysica
parameters~mainly the masses of the stars and their spi!
@13–15#. This part of gravitational wave data analysis, co
cerning inspiraling compact binaries, is now well advanc
and rather well understood. In addition, periodic sour
such as rotating neutron stars are maybe as interesting a
binary inspirals, since, despite the low expected gravitatio
wave amplitudes, these sources have the advantage of b
permanent. A number of studies have been also dedicate
the analysis of periodic sources: see, e.g.,@7# or @16# and
references therein.

Historically, supernovas~SNS! were the first envisaged
gravitational wave emitters and first resonant detectors h
been designed to be sensitive around the typical frequen
expected in such bursts of gravitational radiation, aroun
kHz. With the construction of intrinsically broadband inte
erometric detectors, these kinds of sources have not b
studied as much as inspiraling binaries or pulsars.

Expected sources of burst gravitational waves are
collapses of massive stars to neutron stars~type II SNS! or to
black holes. Modern simulations of the former show a rat
small efficiency of gravitational radiation emission@17–21#:

*Also at Ecole Nationale des Ponts et Chausse´es, 6-8 av. B. Pas-
cal, CitéDescartes, 77455 Marne la Valle´e, France.
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amplitudes typically less than 10222 are expected for SNS a
the distance of the Virgo cluster. Nevertheless, observa
of very fast pulsars in the Galaxy~such as the one in the
Guitar Nebula@22#! may indicate that, at least in some cas
the collapse can be highly asymmetric and provides m
higher gravitational wave strain amplitudes@23#. Estimates
of gravitational wave amplitudes from the collapse to a B
reach similar orders of magnitude as for previous type
SNS @24,6#.

Another possible source of gravitational wave bursts
curs during the merging of two compact stars, at the very
of the binary inspiral. If the inspiral signal for binary neu
trons stars is well understood up to the 2.5 post-Newton
order @25#, we know only little about the signal waveform
corresponding to the merging phase itself, since its com
tation requires in particular fully relativistic hydrodynamic
codes, although some semiclassical attempts have alr
been performed; see, e.g.,@26#. Some recent estimates@27#
give a maximum amplitudeh; a few 10221 at 10 Mpc
within a frequency range of 1–2 kHz. This is just the ord
of magnitude of the noise level at these frequencies for
terferometric detectors in their initial design; that leav
some hope for a future detection. Concerning BH binar
an ambitious program called The Binary Black Hole Gra
Challenge Alliance@28# is underway to handle the very dif
ficult task of computing the waveform of the merging pha

Damped oscillations of excited BHs or NSs, like ba
born NSs~just after the collapse!, can also provide gravita
tional waves with detectable amplitudes@6#. The correspond-
ing waveforms are not really burst like; they rather ha
some coherent structure~they look like typically a damped
sine!. However, their characteristic frequencies, above h
dreds of Hz to tens of kHz, and their short damping tim
make them belong to the category of signals of interes
this article. Note that the frequencies and damping times
exactly known for a Kerr BH@29# and the detection of gravi
tational waves emitted by such a perturbed BH could prov
a direct measurement of both its mass and its angular
mentum@30#; of course, in this case, matched filtering, wi
damped sine templates, is the more suitable method.

All these gravitational wave burst signals have the follo
ing features: short durations from milliseconds to secon
frequencies from;100 Hz to a few kHz, and a large rang
©1999 The American Physical Society02-1



o
l

or

ar
a
he
a
n

st
e
a

ric
r
e

ns
w
th

tio
m
ia
. I
a

n
-

io
e
er
to
rs

a
n
a
e
tin
th
ta
ly

a-

ch

sig

o
re
in
th
te
a

e

-
e

sts
of a
de-

.

It
out
oise

ty

y
m
e.

ow

g

ll

ARNAUD, CAVALIER, DAVIER, AND HELLO PHYSICAL REVIEW D 59 082002
of waveforms. Filtering of such short signals in the ouput
interferometric detectors should therefore be as genera
robust as possible, and designed with~almost! no a priori
knowledge of the waveforms; this prescription of course f
bids the optimal~Wiener! filtering as used for inspiraling
binaries. Such general filtering methods are then necess
‘‘suboptimal,’’ in the sense that they are less efficient th
the optimal filtering. In this article, we concentrate on t
filtering of one detector’s output, which is the first step in
detection process, the second one being the reconstructio
the gravitational wave signal from the filtered outputs of~at
least! three detectors. The second step has been already
ied in detail@31,32#, while the first has attracted so far littl
attention in the literature. Here, we study three filtering ide
for the detection of bursts in the data of interferomet
gravitational wave detectors, two of them being very gene
and the third one more specific. These methods are, nam
a ‘‘counting’’ method, where we count the number of bi
which are larger than some threshold in a certain windo
then a method based on the autocorrelation function of
detector data, and finally a filtering based on the correla
of the data with a peak generic function. For each of the
we develop the statistical properties of a link to Gauss
statistics, number of false alarms, threshold definition, etc
order to quantify the performances of such filters, we use
gravitational wave signals the SN catalog from Zwerger a
Müller available on the web@33#, and compute, as a bench
mark, for each of them, the maximal distance of detect
obtained by the three filters; as a reference, we compar
the maximal detection distance calculated by optimal filt
ing. For this purpose, we will use, as a model for the detec
noise, the minimum of the VIRGO sensitivity, which occu
precisely in the range of frequencies of interest.

Of course, any burst filtering is unable to distinguish
nonstationary noise from a real gravitational wave eve
such filterings will be sensitive to transient noise as well
to gravitational bursts. The goal of burst filtering in one d
tector is then mainly to act as a trigger and select interes
data streams in order to investigate coincidences with o
detectors. It will also be useful to identify and study nons
tionary noise in a single interferometric detector, ultimate
providing vetos or cleaning procedures for ‘‘known’’ nonst
tionary noise sources.

Finally, it is stressed that a general filtering approa
such as one of those proposed below, will be sensitive
unexpected sources and therefore may provide some in
into new physics.

II. BURST FILTERING: SOME IDEAS

Since we know little about the expected waveforms
burst gravitational wave sources, a robust filtering is
quired. Since we wish such a filtering to work as an on-l
trigger, it should be fast. We study three of such filters in
following. Throughout the paper, we assume that the de
tor noise is white, stationary, and Gaussian with zero me
For the numerical estimates, we chose the flat~amplitude!
spectral density to behn.4310223/AHz and the sampling
frequency f s.20 kHz; so the standard deviation of th
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noise issn5hnAf s;6310221. We will denote the sampling
time ts51/f s . The value chosen forhn corresponds approxi
mately to the minimum of the sensitivity curve of th
VIRGO detector@34#; around this minimum, the sensitivity
is rather flat, in the range;@200 Hz,1 kHz#, which is pre-
cisely the range of interest for the gravitational wave bur
we are interested in. This validates then our assumption
white noise; otherwise, we can always assume that the
tector output has been first whitened by a suitable filter@35#.

A. Bin counting „BC…

The principle of this first filtering method is quite simple
A data stream of lengthT being given~so containingN5T
3 f s data!, we count the number of data~bins! whose value
exceeds a certain threshold, say,s3sn , in units of the noise
standard deviation. The method is illustrated in Fig. 1.
follows the prescription about no preconceived idea ab
the waveforms to detect. In the absence of signal, the n
being Gaussian, the probability that a data binxi is larger
thans3sn is

P~ uxi u>ssn!52E
s

`e2x2/2

A2p
dx. ~2.1!

It is then straightforward thatNc , the number of bins above
threshold, follows a binomial distribution and the probabili
that Nc5n is

P~Nc5n!5S N

n D FerfcS s

A2
D G nF12erfcS s

A2
D GN2n

,

~2.2!

where erfc is the complementary error function. Settingp
5erfc(s/A2), the mean ofNc is thenmc5Np and its stan-
dard deviation issc5ANp(12p). It is well known that the
normalized random variableÑc5(Nc2mc)/sc behaves like
a normalized Gaussian variable, as soon asNp.5 and
N(12p).5 @36#. These conditions will be satisfied in ever
situation of interest; so we will consider now that the rando
variableÑc is well approximated by a standard normal on

Two parameters are involved in this method: the wind
length T ~or equivalentlyN) and the thresholds. We will
discuss the window length later, with the other filterin

FIG. 1. Principle of the bin counting filter. The filter select a
bins that are above some level (3sn in the example!; here a signal,
starting at time 0.5 s, has been superposed onto the noise.
2-2
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DETECTION OF GRAVITATIONAL WAVE BURSTS BY . . . PHYSICAL REVIEW D59 082002
methods. On the contrary, the choice ofs is a specific issue
for this approach. First,s should not be too large, as w
expect low amplitude signals. Then,s should not be too
small because then the filter would become very sensitiv
noise fluctuations with the drawback of a huge number
false alarms; as an example, ifs52,P(uxi u>2sn).4.6%,
giving on average 46 ‘‘counts’’ in a window ofN51000
sampled data. The optimal value fors is evaluated as fol-
lows: we compute the average distance of detection for
supernova signals of the Zwerger-Mu¨ller catalog as a func-
tion of s; the calculation of this distance is explained wi
full details in Sec. III. Of course, many realizations of th
noise are generated and the results are averaged in ord
reduce the influence of noise fluctutations. The result can
seen in Fig. 2. We choose accordinglys.1.7 in all the fol-
lowing, but any value ofs in the range@1.4,2.0# would also
be reasonable~giving a loss up to 10% in the average di
tance of detection with respect to the maximum!.

B. Norm filter „NF…

This method has been initiated by the remark that wh
noise samplings are uncorrelated, while this is in general
true for a gravitational wave signal. So the autocorrelat
Ax(t)5*x(t)x(t1t)dt of the detector outputx(t) should
reveal the presence of a correlated signal hidden in a un
related noise. However, two problems arise: the compu
time ~depending on the window length! and the choice of the
detection criterion. The norm of the autocorrelation functi
seems a good one, since it should probably distinguish
tween noise and noise plus signal. But the squared norm
the aucorrelation of a Gaussian discrete variable is gene
not a Gaussian variable itself: it becomes Gaussian only
very long data windows, as we have checked, and so it
quires prohibitive calculation times. We could live with no

FIG. 2. Efficiency of the BC filter as a function of the thresho
level s. The efficiency values have been normalized to the ma
mum value.
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Gaussian statistics, however, but we first require simplic
for these preliminary studies. This is why we turn our atte
tion to the maximum of the autocorrelation, which is nothi
but the squared norm of the outputx(t), since the autocor-
relation of any function is maximal at zero. For theN
sampled data in a window of sizeT5N/ f s , the output of this
filter is then

A5 (
i 51

i 5N

x~ i !2, ~2.3!

wherex( i ) is the i th data in the window. When no signal i
present,x( i ) is pure noise and, under our assumption
Gaussian noise,x( i )2, being the square of a Gaussian ra
dom variable, is a chi-square random variable with one
gree of freedom.A is then the sum ofN such chi-square
random variables with one degree of freedom, which is
chi-square random random variable withN degrees of free-
dom. Its mean ismA5N and its standard deviation issA

5A2N. If N.30, the random variable~related to the norm
of the windowed detector output!

Ã5A2A2A2N21 ~2.4!

is very well approximated by a standard normal varia
@36#. This fits the simplicity requirement and we will the
use the output ofÃ as a filter. The only parameter for thi
filter is the window sizeN; it will be discussed in the nex
section.

C. Correlation with single pulses„PC…

Since many of the expected waveforms present one
several peaks, it seems judicious to use single pulses a
ters. These pulses are modeled with truncated Gaussian f
tions such as

f t~ t !5expS 2
t2

2t2D , ~2.5!

with t lying in the range@23t,13t#, so that the function is
truncated at about 1% of its maximum value. The only p
rameter for this set of pulse filters is the widtht. The dis-
crete correlation between the datax( i ), i 51, . . . ,N, and
the pulse can be written as

P~N,k!5(
i 51

N

x~ i 1k! f t~@ i 2N/2#ts!. ~2.6!

In the absence of a signal, the output of the filterP(N,k) is
a Gaussian random variable, as a sum of Gaussian ran
variables weighted by the pulse function. The standard
viation of P is simply the square root of the sum of th
squared weights,

sP5A(
i

f t~@ i 2N/2#ts!
2, ~2.7!

i-
2-3
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ARNAUD, CAVALIER, DAVIER, AND HELLO PHYSICAL REVIEW D 59 082002
which can be recast as

sP
2 .

1

ts
E

2Nts

Nts
f t~ t !2dt.Ap

t

ts
. ~2.8!

We can then define a signal to noise ratio~SNR! as the filter
output normalized by the standard deviationsP : P̃5P/sP ,
whereP is the maximum of the function defined in Eq.~2.6!.

D. Practical implementation

The two first methods BC and NF are very easy to imp
ment in practice, as we can write simple recurrence relati
for the calculation of the filter outputs in a given window,
a function of the filter outputs in the previous window. F
instance, for the BC, the output of the filter in a window
length N starting at themth datumx(m) and ending at the
datumx(m1N21) is Nc(m). The next filter outputNc(m
11) is obtained by moving the window by one bin, name
starting now at the datumx(m11) and ending at the datum
x(m1N). The relation betweenNc(m) and Nc(m11) can
be cast as

Nc~m11!5Nc~m!1Q~m11!2Q~m!, ~2.9!

whereQ( i )51 if the datumx( i ) is above thresholds3sn
andQ( i )50 if x( i ) is below.

Similarily, for the NF, in the window of lengthN starting
at the datumx(m11), the norm of the data isA(m11)
5( i 5m11

m1N x( i )2 and is simply related toA(m) by A(m11)
5A(m)1x(m1N)22x(m)2. This recurrence relation be
tweenA(m11) andA(m) allows a very fast calculation o
the filter outputÃ(m11) to be performed from the calcula
tion of the previous filter outputÃ(m).

One advantage of this practical simplicity for both me
ods is that it allows the computation of filter outputs with
window moving from bin to bin, which is not always pos
sible ~and anyway not necessary! in case of correlations with
a predefined lattice of filters.

Concerning the PC, we have first to build the lattice
filter, depending on only one parameter, the Gaussian p
standard deviationt. The parameter space is the interv
@tmin,tmax#. The distance between two successive filters
the lattice is denotedDt and the problem is to estimateDt,
which is a priori a function oft. The output of the correla
tion between a Gaussian peak filterf t and a ‘‘signal’’ g is

^ f t ,g&5K Maxt8

E f t~ t1t8!g~ t !dt

AE f t
2~ t !dt

, ~2.10!

whereK is a constant. Ifg is itself a filter of the kindf t8 , it
is easy to show that the maximal correlation is obtained
t850. Following @37#, we choseDt such that
08200
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^ f t , f t&2^ f t1Dt , f t&

^ f t , f t&
<e, ~2.11!

wheree is the allowed loss in the signal to noise ratio. E
panding the ratio of Eq.~2.11! to second order inDt/t leads
to the simple inequality

S Dt

t D 2

<4e. ~2.12!

If the Gaussian filterf t of width t belongs to the lattice, then
the next onef t1Dt is built from

Dt52tAe. ~2.13!

Starting from the first filter of widthtmin , it is then easy to
built the kth filter: its width is tk5(112Ae)k21tmin . The
total number of templates in the lattice is finally the maxim
integernt such that (112Ae)nt21tmin<tmax.

For example, Fig. 3 shows the distribution of the 1
templates in the interval@1 ms,10 ms# for a loss in SNR of
e51024 ~the one we will use in the next section!; the choice
of e51022 reduces the number of filters to 13 for the sam
interval. We notice that we can allow for a very low loss
SNR and still obtain a reasonable number of templates;
is due both to the fact that we deal with one-dimensio
lattice space and to the ‘‘smooth’’ dependence ofnt on e.
For instance, the same very low value ofe51024 and a
parameter space extended to the~physically possible! inter-
val @1 ms, 1 s# lead to a lattice of only 349 templates, whic
is easy to implement for an on-line processing.

E. Threshold and false alarms

Since the outputs of the three proposed filters behave
standard normal random variables~when no signal is

FIG. 3. Distribution of the 117 templates for the peak correla
in the interval@1;10# ms with the assumptione51024.
2-4
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DETECTION OF GRAVITATIONAL WAVE BURSTS BY . . . PHYSICAL REVIEW D59 082002
present!, it is convenient to define the same detection thre
old for all, with, consequently, the same number of fa
alarms produced. As we expect weak signals, this thres
has to be low. On the other hand, we can deal with a la
number of false alarms; these spurious events can be
cessed and discarded later when working in coincidence
other detectors. The relation between the detection thres
h and the rate of false alarmsr fa for a Gaussian random
variable is

23
1

A2p
E

h

`

expS 2x2

2 Ddx5r fa . ~2.14!

A false alarm rater fa5531027 (.36 false alarms per hou
for a sampling ratef s520 kHz) corresponds to a thresho
h.4.75, while a false alarm rate 10 times smaller cor
sponds toh.5.20. For the results presented in the follo
ing!, the chosen threshold ish.4.75.

For the two first filtering methods, BC and NF, the situ
tion is, however, not so simple because the outputs of
filters in two successive windows are in fact strongly cor
lated. For example, for the BC filtering, the filter outputs
two successive windows@starting, respectively, at the da
x(m) andx(m11)] are related by Eq.~2.9!; it is clear that
Nc(m) andNc(m11) are the same or differ at most by61.
So if the detection threshold is exceeded in a number
consecutive windows, there is in general only one ‘‘even
This leads us to redefine what is a detected event: an eve
said to be detected in some time interval@m1ts ,m2ts# if the
filter outputO(m) exceeds the thresholdh for all values of
m in the interval@m1 ,m2# and is less thanh outside. This is
equivalent to defining a ‘‘correlation length’’ (m22m1)ts for
the event to be detected.

III. DETECTION OF SUPERNOVAS

In this section, we use the catalog of simulated grav
tional wave signals emitted during supernova collapses
computed by Zwerger and Mu¨ller @20#, to implement and tes
the three filterings described previously, in a realistic co
text.

A. Catalog

The catalog of Zwerger and Mu¨ller @33# contains 78
gravitational wave signals generated by axisymmetric c
collapses. Note that, in particular due to axisymmetry, th
are purely linearly polarized waves (h350). Each of them
corresponds to a particular set of parameters, essentially
initial distribution of angular momentum and the rotation
energy of the star core, in the collapse models of Zwer
and Müller. The signal total durations range from about
ms to a little more than 200 ms. The gravitational wa
amplitudes of the stronger signals are of the orderh(5h1)
; a few 10223 for a source located at 10 Mpc; that leav
little hope to detect such events with the first generat
detectors. Concerning the shape of the waveforms~see Fig.
4!, Zwerger and Mu¨ller distinguish three different types o
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signals @20#. Type I signals typically present a first pea
~associated with the bounce! followed by a ringdown. Type
II signals show a few~two to three! decreasing peaks, with
time lag between the first two of at least 10 ms. Type
signals exhibit no strong peak but fast (;1 kHz) oscilla-
tions after the bounce. The fact that type I and type II sign
are characterized by strong peaks validates the choice o
tering by correlation with generic peaks in order to det
such events. The 78 signal templates in the catalog are
equally sampled; so we have first resampled them by in
polation at the desired sampling frequency (f s520 kHz in
our examples!.

B. Optimal filtering and maximal distances of detection

Since the 78 signal waveforms are known, we can exp
itely derive the optimal SNR provided by the Wiener filt
for each of them, and then compute the maximal distanc
detection. We will then be able to build a benchmark for t
different filters by comparing their results~detection dis-
tances! to the results of the Wiener filter. In all the following
we assume that the incoming waves have an optimal i
dence with respect to the interferometric detector.

Let us callh(t) one of the 78 signals andh̃( f ) its Fourier
transform. The optimal signal to noise ratior0 is given by

r0
252E uh̃~ f !u2

Sh~ f !
d f , ~3.1!

where Sh is the one-sided noise power spectral dens
~hence the factor of 2!. The noise is assumed to be Gauss
and white with a standard deviation related to the cons
spectral densitySh5hn

2 by sn5hn3Af s5ASh3 f s. The
SNR then becomes

FIG. 4. Typical waveforms for the type I, II, and III supernov
signals in the Zwerger-Mu¨ller catalog.
2-5
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ARNAUD, CAVALIER, DAVIER, AND HELLO PHYSICAL REVIEW D 59 082002
r0
25

2 f s

sn
2 E uh̃~ f !u2d f5

2 f s

sn
2 E uh~ t !u2dt. ~3.2!

As previously, a supernova signal is detected by the Wie
filter if r0>h, whereh is the same detection threshold
defined above. Figure 5 shows the maximal distance of
tection for each of the 78 signals. The mean distance, a
aged over all the signals, is about 26.1 kpc, which is of
order of the diameter of the Milky Way. A few signals ca
be detected at distances beyond 50 kpc, the distance o
Large Magellanic Cloud~LMC!. The most energetic signal
~Nos. 77 and 78! can be detected at distances as high
100–120 kpc. It is clear that this class of signals will
detected by the first generation inteferometric detectors o
if the supernovas occur inside our Galaxy or in the very cl
neighborhood.

C. Detection by the three filters

1. Window sizing

The window sizeN for the first two filters is a compro
mise between the need for not too small number of bins
order to guarantee that the filter outputs are well appro
mated by Gaussian random variables and the rather s
signals we are looking for. The first constraint is easily s
isfied for the NF method, whereN must be larger than abou
30. For the BC method, we must haveNerfc(s/A2).5 and
N@12erfc(s/A2)#.5; with the optimal choice ofs51.7, so
that erfc(s/A2).0.91, the two inequalities give, respe
tively, N.6 andN.56. The constraints are not very seve
and require thatN must be between 80 and 150, as has b
checked by Monte Carlo simulations~looking for the optimal
window size giving the maximal mean distance of detectio!.

FIG. 5. Detection distances calculated with the optimal filter
the 78 signals in the catalog of Zwerger and Mu¨ller. About 6 signals
can be detected at distances as high as about 50 kpc~the LMC
distance!.
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For the pulse filter PC, the window size is automatica
fixed by the definition interval of the Gaussian pe
@23t,3t# for a filter of width t. The window size for the
correlation with the filterf t is thenN56t f s and depends on
t.

2. Detection distance

The efficiency of each filter is measured by the maxim
distance of detection for each of the 78 gravitational wa
signals of the catalog. This distance is obtained by averag
over many noise realizations in a Monte Carlo simulatio
We present the results in two ways. Figure 6 shows the n
ber of detected signals as a function of the distance of de
tion for the three filters. The results of Fig. 6 combined w
the results for the optimal filtering~Fig. 5! are reported in
Fig. 7 in a normalized way. The histograms in Fig. 7 sho
the number of signals detected as a function of the redu
distance of detection for the three filters; the reduced d
tance of detection is simply the distance of detection divid
by the maximal distance of detection computed with the
timal filter. The means of the distributions are, respective
0.22, 0.26, and 0.34 for the BC, NF, and PC filters; these
be seen as rough estimators of the efficiency of the filte
The histograms in Fig. 7 give also an idea of the sensitiv
of the filters to the waveforms of the detected signals. W
note that the histograms corresponding to the BC and
filters are much more concentrated than the one corresp
ing to the PC filter; this is particularly impressive for the N
filter. This means that the two first filters are rather rob
and their efficiency does not crucially depend on the det
of the gravitational wave signals. On the contrary, the lar
dispersion of the last histogram~PC! indicates that the re-
sponse of the PC filter depends much more on the grav
tional waveform.

r
FIG. 6. Histogram of the number of signals as a function of

maximal detection distance for each of the three filte
(d, BC; s, NF, and!: PC!.
2-6
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The global efficiency can be measured as the mean de
tion distance averaged over the 78 signals. The results
reported in Table I. The efficiency of the BC and NF filters
about one-third of the efficiency of the optimal filterin
~maximum efficiency!, while the PC filter~for e51024) has
an efficiency about 58% of the maximal efficiency.

We note that none of the BC, NF, and PC filters is e
cient enough to cover all the Galaxy on average. Sev
signals, however can be ‘‘seen’’ anywhere from the Gala
and even beyond; in particular the signals 77 and 78 can
detected up to the LMC by any of the three filters.

In fact, concerning the PC filter, the mean distance
detection depends one, the allowed loss in SNR, and con
sequently on the number of filters in the lattice. Figure
shows the mean distance of detection as a function of
loss in SNR. Ase decreases, the mean distance of detec
becomes closer to the maximal value~a little larger than 15
kpc!. We also notice that for high values ofe ~low number of
templates!, for instance, abovee51% ~13 templates!, the
efficiency of the PC filter is still well larger than the NF/B
efficiency.

3. Computation time considerations

Apart form the criterion of simplicity of the filters, we
require also that the data processing with these filters ha
be fast enough to be implemented on-line as a trigger.

FIG. 7. Histogram of the number of signals as a function of
normalized detection distance for each of the three filters. The
malized distance is the detection distance divided by the co
sponding maximal detection distance computed by the optima
tering.

TABLE I. Detection distance averaged over the 78 signals
the different filters.

Filter Optimal BC NF PC

Average distance~kpc! 26.1 7.8 9.3 15.2
08200
c-
re

-
al
y
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to

An analysis of one day of data has been performed~in
order to check the validity of the redefinition of an event
see Sec. II E—and the number of false alarms! on a DEC
Alpha workstation, in about 14 mn with the BC filtering an
in about 25 mn with the NF filtering. So there is about
factor 100 ~57! between the data stream duration and
time needed to process them by the BC filter~the NF filter!.
These two filters can then be used on-line without any pr
lem.

The PC filter is no more problematic due to implemen
tion in the Fourier space and use of fast Fourier transform
tions ~FFT’s!. Moreover, the correlations do not need to
computed in successive windows. Indeed a templatef s

~Gaussian of widths) has a certain correlation length (A2s);
so it is possible to compute the correlation with the templ
f s everyTs , whereTs is related to the allowed loss in filte
efficiency. In practice, one order of magnitude in the calc
lation time can be gained with a loss of 1 –2 % of efficienc

IV. CONCLUSION

We have studied in this paper three filtering methods w
the aim of building on-line triggers for the selection of burs
like events in the data flow of interferometric gravitation
wave detectors. Such a filtering needs first to be as gen
and as simple as possible; these two prescriptions are s
fied well by the two first: BC and NF filterings. A third filte
has then been studied in order to quantify what could be
gain with a more specific filtering, i.e., using somea priori
information on the signals to detect~namely, here the fac
that the supernova signals contain at least one peak of s
duration!. The catalog of supernova gravitational wave s
nals provided by Zwerger and Mu¨ller has been used in orde
to build a benchmark for the different filters in a realist

e
r-
e-
l-

r

FIG. 8. Efficiency of the peak correlator PC versus the loss
SNR e. The efficiency is measured as the mean detection dista
for the 78 signals in the Zwerger-Mu¨ller catalog.
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way and to compare each of them to the optimal~Wiener!
filter.

The results we find are first that a general filter, such
BC or NF, has an efficiency of about one-third (0.30–0.3
of the efficiency of the optimal filter~maximal efficiency for
a linear filter!. The peak correlator PC~looking for the peaks
in the Zwerger-Mu¨ller signals! has an efficiency slightly
larger (58% of the optimal filter efficiency!. We note also
that the general filters seem to be more robust~less sensitive
to the waveform details! than the peak correlator, because
the smaller dispersion of their~normalized! responses to the
78 supernova signals.

Concerning a practical implementation, each of the filt
can be implemented on line and can be used as a trigge
order to select events for off-line coincidences with oth
detectors.

The results for the detection of the Zwerger-Mu¨ller sig-
nals are not very optimistic. Moreover, as we have assum
optimal incidence for the gravitational waves, the detect
distances should be divided byA5 for sources randomly dis
er
.E

s

-

n-

r-

08200
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tributed over the sky@5#. So only a small fraction of the
supernova events can be detected anywhere in the Gala
beyond. This is not a surprise and, anyway, not the m
point of this paper.

We finally notice that the two general burst filters BC a
NF we studied are in fact nonlinear filters~they cannot be
reduced to a correlation with the detector output!. This may
encourage physicists to develop and study such a clas
filters in the context of gravitational wave detection. In t
near future, we plan to study other filters based on the a
correlation function and on wavelet analysis. We plan also
study the effect of a more realistic noise on the respons
this class of filters, in particular the effect of non-Gaussian
and nonstationarity. We keep in mind that nonstation
noises can be treated as ‘‘signals’’ and the burst filtering
help to identify them and finally understand the detector
havior.

Note added in proof.A filter similar to our Norm Filter
~NF! has been proposed by Flanagan and Hughes in the
text of the detection of black hole mergers@38#.
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