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Search for gravitational radiation with the Allegro and Explorer detectors
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The results of a search for short bursts of gravitational radiation coincident between the Allegro and
Explorer cryogenic resonant mass detectors with strain amplitudes greater than 3310218 are reported for data
taken from June until December of 1991. While no significant excess of coincident events was found, an
improved upper limit to the rate of gravitational wave bursts incident on Earth has been set.
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I. INTRODUCTION

A single gravitational wave detector cannot differentia
between a gravitational wave passing through an antenna
excitations due to noise. At low energies the thermal sp
trum ~stationary noise! masks any signal while above that
signal is indistinguishable from a burst of nonstationa
noise. A number of detectors operating in coincidence
greatly reduce the noise level by demanding that an incid
gravitational wave excite each antenna within a speci
amount of time.

In this paper we report on the search for coincident eve
between the cryogenic resonant gravitational radiation de
tors Allegro at Louisiana State University~LSU! and Ex-
plorer at CERN~operated by INFN! such as might be pro
duced by the collapse of a massive star. The search invo
data taken in 1991. The detectors and methods of data an
sis used by each group to search for burst signals are
scribed in detail elsewhere@1–3#. The search involved an
exchange of lists of candidate events and an indepen
coincidence search by each group.

II. DATA EXCHANGED

The data analyzed in this paper began at the start of J
19, 1991~UTC day 170! and ended on December 16, 199
0556-2821/99/59~12!/122001~6!/$15.00 59 1220
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~UTC day 350!. There were a total of 2035 h of coinciden
operation over this time span.

The detectors~see Table I! are essentially identical alumi
num alloy cylinders with their primary quadrupole resonan
near 910 Hz. Both detectors are cooled to cryogenic temp
tures to reduce thermal noise. The antennas are oriente
that their bar axes are close to parallel, and both bar axes
perpendicular to local vertical. This results in nearly identic
signal reception patterns; so gravitational waves from a
direction are expected to produce similar sized signals
each detector. Both detectors use resonant transduce
convert up the vibrational amplitude of the bar. The Alleg
detector uses a single coil inductive transducer@4#, while the
Explorer detector uses a capacitive transducer@5#. Each
coupled bar-transducer system has two normal modes o
bration with the resonant frequencies given in Table I.

Each group has its own methods of data analysis to se
for burst gravitational waves. Such a signal is expected fro
for example, the collapse of a massive star in a supern
The result in each case is a list of candidate events cha
terized by an arrival time and a signal amplitude. The arri
time is reported in UTC. The signal is modeled as havin
constant Fourier spectrum over a frequency rangedn
51/tb , wheretb is roughly the duration of the burst. As
convention we adopttb51023 s; so the Fourier spectrum o
ction

e

TABLE I. The detectors involved in the search. Orientation is given in degrees from north in the dire
indicated.

Position Mass Frequencies Temperature Sampling tim
~latitude, longitude, orientation! ~kg! ~Hz! ~K! ~s!

Allegro 30.2 N, 91.2 W, 40.4 W 2300 896.7 4.2 0.080
920.2

Explorer 46.2 N, 6.1 E, 39.3 E 2300 904.7 2.6 0.2908
921.3
©1999 The American Physical Society01-1
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the gravitational wave is also constant across the detec
bandwidth. The gravitational wave is assumed to be incid
with the optimal polarization and direction. The reported s
nal amplitude is then given by

hc5
uH~vR!u

tb
~1!

whereH(vR) is the Fourier component of the burst at t
detector resonant frequencies. The data exchanged cons
of lists of event arrival times and event amplitudes. T
numbers of candidate events in each data set exchange
listed in Table II.

Each group used a different method of optimal filtering
extract small signals from the detector noise. The Explo
data were generated by applying a Weiner-Kolmogorov fi
to data sampled at 0.2908 s. The Wiener-Kolmogorov fi
was designed to minimize the mean-square error between
signal and its estimation. This filter is adaptive, updat
parameters based on the calculated Explorer noise spec
every 2 h.

The Explorer data were thresholded so that only th
events with amplitude greater thanhc52.3310218 were in-
cluded. Since the target signal was a short duration burs

TABLE II. The number of events above threshold from ea
detector for 1991.

No. of events Time span~UTC days!

Allegro 18412 170-349

Explorer 25086 170-349
12200
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was expected that the same signal amplitude would be
istered in each of the resonant modes. Therefore, th
events where the ratio of the measured signal strength
each mode was greater than 1.5 were vetoed from the
plorer data. Periods when the event rate exceeded
events/h were also eliminated from the data set, as su
high event rate was considered a sign of poor detector
eration. This reduced the total operational time for Explo
from 180 days to roughly 123 days. Finally, those eve
which could be correlated to a seismic disturbance or ot
housekeeping measures were eliminated.

The Allegro data were filtered in the time domain by
non-adaptive filter designed to maximize the signal to no
ratio for a burst signal. The filter operated on data sample
80 ms. A moving threshold of 11.5 times the stationary no
level was calculated every 6 min and applied to the Alleg
data. This level was chosen so that there would be roug
100 events per day above threshold. Except for times of
tector maintenance, such as liquid helium refilling, no oth
vetos were applied. Figures 1 and 2 show the data sets.

III. ANALYSIS

A definition of what constitutes a coincident excitatio
between the two detectors involves a number of consid
ations, but the result is usually at least an order of magnit
larger than the light travel time between the detectors. Thi
due in part to uncertainty in the clocks used for timing
1991 and to the effect of the filtering performed to extra
small signals from the noise. At the time of the data e
change, it was decided that two events should be consid
coincident if an event from one detector occurred with
61.00 s ~referred to as the coincidence ‘‘window’’! of an
event recorded by the other detector. This result was arri
at by applying different filtering methods to the same data
and examining the resulting coincidences from the t
FIG. 1. Events from the Allegro detector.
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FIG. 2. Events from the Explorer detector.
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analyses of the same data@6#. A more recent analysis@7# has
led to the conclusion that the coincidence window should
taken as small as possible. The limiting factor is the larg
sampling time of the participating detectors. For this expe
ment that was 0.2908 s for the Explorer data, resulting i
coincidence window of60.29 s. For the sake of complete
ness and for consistency with previously reported results@8#,
we present the results for both choices of the coincide
window.

The difficulty in searching for coincident events is that f
purely random data there are going to be coincidences w
are not produced by gravitational waves. If the event rate
each detector are stationary, then the average numbe
these ‘‘accidental’’ coincidences are accurately estimated
12200
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nacc5n1n2

Dt

Tobs
~2!

wheren1 andn2 are the number of events from each dete
tor, Tobs is the total observing time, andDt is the coinci-
dence window~equal to twice the stated time since ea
window is defined as6 some time interval!. Gravitational
wave signals present in the data would cause the obse
number of coincidences to exceed the number of acciden

However, as can be seen in Figs. 1 and 2, the event r
were not stationary in the two detectors over the 6 month
data taking. One then expects Eq.~2! to be only a rough
approximation to the expected number of coincidences.
-
FIG. 3. The time delay histogram for Allegro
Explorer coincidences (60.29 s!.
1-3
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FIG. 4. The time delay histogram for Allegro
Explorer coincidences (61.00 s!.
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question is how should those coincidences which are actu
observed be interpreted? The following section describes
analysis techniques used here~see also@9# and @10#! to ad-
dress this issue.

The standard analysis technique to search for coincid
events has been referred to in the literature as the ‘‘exp
mental probability’’@6#. Instead of using Eq.~2! to estimate
the number of accidental coincidences, one measures i
perimentally by shifting the event times in one of the tw
data sets by an amountdt ~called the time delay! and deter-
mining the number of coincidencesn(dt). A plot of n(dt) vs
dt is referred to as a ‘‘time delay histogram.’’ Repeating f
N different values of the time delay, the expected numbe
coincidences is simply the sample mean of theN21 values
of n(dt) at delays other thandt50,

n̄5
1

N21
Sdtn~dt !. ~3!

Since there is no signal at delays other thandt50, the
number of coincidences at these delays can be considere
experimental estimation of the parent distribution fro
which the accidental coincidences are drawn. For detec
with stationary event rates the parent distribution is Pois
with a mean given by Eq.~2!. The number of coincidences a
zero delay can then be compared to the experimental di
bution. If enough gravitational waves are present in the d
n(0) will lie outside of the distribution.

By counting the delays at which the number of acciden
coincidences equals or exceeds the number at zero d
(n.), one can measure experimentally the probability t
the coincidences at zero delay occurred by chance,

pexpt5n. /~N21!, ~4!
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and hence the term ‘‘experimental probability’’ for this typ
of analysis.

IV. RESULTS

Figures 3 and 4 show the time-delay histograms for e
choice of coincidence window withN51001. The 1001 time
delays were chosen to run from21000 s to 1000 s in incre
ments of 2 s. The sample mean (n̄) and the number of coin-
cidences at zero delay@n(0)# for each choice of the coinci
dence window are given in Table III. Also listed are th
number of accidentals (nacc) calculated from Eq.~2! and the
values listed in Table II, and the experimental probabil
calculated by Eq.~4!.

The measured parent distribution of the accidentals
each choice of coincidence window is shown in Fig. 5, alo
with a Poisson distribution generated using the measu
sample mean. As can be seen, even though the event ra
each detector are not constant over time, the measured
dentals distribution is well matched by the Poisson distrib
tion. This is also supported by the good agreement betw
the measured number of accidentals (n̄) and the number ex-
pected from purely Poisson statistics (nacc). For a window of

TABLE III. The number of coincidences at zero delayn(0), the

measured (n̄) and estimated (nacc) values for the accidental coin
cidences, and the experimental probability that the coincidence
zero delay were drawn from the accidentals distribution (pexpt).

Data set n(0) n̄ nacc pexpt

Allegro-Explorer (60.29 s! 19 17.1 17.2 0.36

Allegro-Explorer (61.00 s! 70 59.3 59.4 0.11
1-4
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FIG. 5. ~a! The accidentals distribution de
rived from Fig. 3.~b! The accidentals distribution
derived from Fig. 4.
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60.29 s, the number of coincidences at zero delay is nea
mean of the distribution shown in Fig. 5~a! with an experi-
mental probability of 36%. We therefore infer that for th
choice of coincidence window, the coincidences at zero
lay are samples drawn from the accidentals distribut
shown in Fig. 5~a!. For a window of61.00 s, the number o
coincidences at zero delay is slightly greater than the m
of the distribution. The corresponding experimental proba
ity is 11%, still too large to claim a discovery. Again w
infer that the slight excess of coincidences at zero dela
drawn from the accidentals distribution shown in Fig. 5~b!.

Interpreting these conclusions as a null result, we u
this information to calculate the upper limit to the possib
flux of gravitational wave bursts incident on Earth. The p
cedure is described in detail in@9#. The number of coinci-
dences at zero delay is assumed to be drawn from one of
distributions. If these coincidences are due to noise alo
n(0) is a sample from a Poisson process with meann̄ deter-
mined by Eq.~3!. If a signal is present,n(0) is a sample
drawn from two independent Poisson processes, events
to detector noise and events due to coincident signals.
mean of this distribution is given by the sum ofn̄ and the
mean number of coincident events due to gravitational wa
~explicitly the rate of coincidences due to gravitation
waves multiplied by the observation time!. By setting false
alarm and false dismissal levels~both were set to 0.05!, the
mean rate of coincidences due to gravitational waves
determined. This is not yet the desired quantity, as not
incident gravitational waves will cause coincident detecti
A Monte Carlo simulation was used to determine the pr
ability that a gravitational wave of a particular amplitud
would cause coincident events in the detectors. The distr
tion of sources was assumed to be isotropic with a rand
distribution of polarization. Combining these two pieces
information resulted in the upper limit, at a 95% confiden
level, which is shown as a function of signal amplitude
Fig. 6 @8#. For comparison we also show the upper lim
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obtained with the Stanford antenna alone in 1982@11# and
with the Explorer detector alone in 1991@1#.

V. CONCLUSION

No significant coincident excitations were observed b
tween the Explorer and Allegro gravitational wave detect
from June until December of 1991. From this result we ha
set an upper limit on the rate of gravitational wave bur
incident on Earth that is significantly lower than has be
previously observed.

FIG. 6. Upper limit to the rate of gravitational wave bursts i
cident on Earth.
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