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The results of a coincidence search for a short burst of gravitational radiation from supernova 1993J with the
Allegro and Explorer cryogenic resonant-mass detectors are reported. No detection can be claimed, but an
upper limit on the possible strain amplitude from the supernova is calculated. A new method of performing
coincidence searches is introduce80556-282(97)00322-4

PACS numbd(s): 04.80.Nn

[. INTRODUCTION event energy. The arrival time is reported in UTC and the
event energy is defined as the energy, in units of kelvin, that
Supernova 1993J was observed optically on March 28the burst gravitational wave would transfer to the antenna if
1993[1] in NGC 3031(M81). The supernova, at a distance it were initially in its ground state. The data exchanged con-
of 2.0 Mpc, was the brightesexcluding 1987A in twenty  sisted of lists of event arrival times and energies. The num-
years. In this paper we report on the search for coincidenber of candidate events in each data set exchanged are listed
events between the cryogenic resonant gravitational radiaticim Table 1.
detectors Allegro at Louisiana State Univers{tySU) and Unfortunately, during this particular interval of time, Ex-
Explorer at CERN(operated by the University of Rome plorer was experiencing technical difficulties that increased
which could have come from the supernova. The detectorits noise levels significantly. Since there were no other data
and the methods of data analysis used by each group tavailable, we decided it was still worth analysis. Three sets
search for burst signals are described in detail elsewheref Explorer data were sent to LSU; one set of Allegro data
[2—4]. The search involved an exchange of lists of candidatevas sent to the Rome group. The Explorer data sets used
events and an independent coincidence search by each groufifferent vetos on the data and different methods of opti-
mally filtering for burst signals. Two of the sets were com-
piled with a Wiener-Kolmogorov optimal filtdi2,3] referred
Il. DATA EXCHANGED to as WK1 and WK2. The Wiener-Kolmogorov filter was

The data analyzed in this paper begin at the start of Marcﬁe&gned to minimize the mean square error between the an-

10 (UTC day 69, and end on April 30(UTC day 120 ticipated signal and its estimation. The WK1 filter design
surrounding the optical sighting of the supernova. The lon ssumed that there were only tWO noise processes in the data:
observation time of 52 days is used to get an accurate d hermal noise due to the Brownian motion of the antenna and

scription of the nonstationary noise present in each detector.

The detectorgsee Table )l are essentially identical alumi- TABLE |. The detectors involved in the search.

num alloy cylinders with their primary quadrupole resonance

near 910 Hz. The antennas are oriented so that their bar axes Mass  Frequencies  Temperature  Position
are close to parallel, and both bar axes are perpendicular to (kg) (Hz) (K)

local vertical. This res_ults in nearly identical signal recept|c_>nAlleglro 2300 896.7 4.2 302 N
patterns, so that gravity waves are expected to produce simi-

lar burst energies in each detector. Each group has its own 9202 12w
methods of data analysis to search for burst signals, the resusikplorer 2300 904.7 2.6 46.2 N
in each case being a list of candidate events characterized by 921.3 6.1E

an “arrival time” and a signal strength, referred to as the

0556-2821/97/5@.0)/6081(4)/$10.00 56 6081 © 1997 The American Physical Society



6082 E. MAUCELI et al. 56

TABLE Il. The number of events in each data set exchanged. 10°

Data set Number of events WKz

WK1 36513
WK2 11012 0 ' 3
AM 16754
Allegro 4363

ignal Energy (K)

white amplifier noise. The WK2 filter was adaptive, updating
parameters based on the calculated Explorer noise spectrui
every two hours. Both filters operated on data sampled even
0.29 s. These data sets are shown in Figs. 1 and 2. 10"
The third data set from the Rome group was compiled
using an adaptive-matche@M) optimal filter [2,3], de-
signed to provide the maximum signal to noise ratio for an 70 80 % 100 110 120
input & function signal. As did the WK2 filter, the AM filter UTC day
used the actual data to calculate the noise power SPectrum gy 5 The shifted event times and energies received by the
every two hours. The AM filter operated on data sampled af sy group for the WK2 Explorer data set.
4.54 ms, much higher that that of the Wiener filters. The AM
events are shown in Fig. 3 and the Allegro events in Fig. 4.
The Allegro data were filtered in the time domain by a non-dént events was proposed by the LSU group. Called the
adaptive filter designed to maximize the signal to noise ratio Single blind” coincidence search technique, it involved
for a burst signal. Allegro’s sampling time was 8 ms. making one change to the event lists before exchange. Each
The difficulty in searching for coincident events is that for €vent time in each list of events was shifted in a circular
purely random data there are going to be coincidences whicianner by an amour@. If D is the duration of the compari-
have nothing to do with gravity waves. The number of theseson interval(52 days, then the time-shiff is applied to the
“accidental” coincidences is estimated by data asS modD. Events shifted past the end of the compari-
son interval are “wrapped around” to the beginning. To
ot undo the time shift and return the true event times,dbie-
Nage= NlNZTbS' @) jugateto S(=D —S) needs to be added to the false times so
as to continue shifting the events around to their true values.
whereN; ,N, are the number of events in each data 8ets ~ The value of the time shift used to generate the exchanged
the coincidence window, and, is the observation time lists was not disclosed to the other group. Instead, a list of
over which both detectors are operational. For the WK1-100 possible time shifts was exchanged with the data, only
Allegro event lists, the number of accidental coincidencesone of which when applied to the data, would return the true
calculated with Eq(1) is 71. Such a large number of acci- event times. The other 99 were generated randomly. Using
dentals can easily mask a real detection, or cause the errongis procedure, it becomes much more difficult for a particu-

ous claim of a detection. In an effort to reduce the possibilitylar choice of selection criteria to skew the results of a coin-
of the latter occurrence, a new procedure to look for coincicidence search.

10° ; —
WK1 10 F . ) ) ’ AM

10° | : ’ . 1 107 ¢ . o : : 3

Signal Energy (K)

Signal Energy (K)
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FIG. 1. The shifted event times and energies received by the FIG. 3. The shifted event times and energies received by the
LSU group for the WK1 Explorer data set. LSU group for the AM Explorer data set.
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To begin the coincidence analysis, one of the time shifts FIG. 6. Same as Fig. 5 but using the AM data set for coinci-
from the list of 100 was added to all the event times fromdences with Allegro.
one of the Explorer data sets as described above. The result-
ing shifted times were compared to the true Allegro evenillegro and WK2-Allegro. Coincidences from all the time
times and all coincidences recorded. Events were considerédiifts are plotted on the same graph. Figure 6 shows the
coincident between the two detectors if they fell withirl ~ Same information for the AM-Allegro coincidences. Both de-
second of each othdE]. This procedure was repeated for tectors have credible calibrating procedurés4] so we
each of the remaining 99 time shifts, and then for the othefight expect similar estimates of the energy deposited,
two Explorer data sets, resulting in three sets of coincidenWithin some range due to the addition of Gaussian noise to
events(WK1-Allegro, WK2-Allegro, AM-Allegro), each set the signal and also due to the peculiarities of the optimal
including the coincidences from all 100 time shifts. filter used. Keeping this in mind we somewhat arbitrarily
Figure 5 shows the Allegro event energies plotted agains#eclared that we expected to see a coincident event from a

the Explorer event energies for the coincidences from Wka1real gravity wave lie within the solid lines in Figs. 5 and 6.
The width shown is significantly wider than it would be if

s the uncertainty was associated with the stationary noise
10 " ' ‘ ' alone.

There were only two such events with energy above the
noise in the WK1-Allegro coincidence set. They were from
the same time-shifted data set, but from a noisy period of
Explorer which overlapped with one of the larger Allegro
events. They do not appear in the WK2-Allegro coincidence
set, making them unlikely gravity wave candidates. All of
the other coincidences have energies that do not emerge from
the noise. A similar plot of coincidences between the Allegro
data and the AM datéFig. 6) shows two separate events that
have a correlation in energy well above the noise. One coin-
cidence involved time-shifting the AM data by 10.57 days
and the other by 7.03 days. Since this was a “blind” ex-
change of data, we did not know the real time-shift so there
was noa priori way to declare either one a gravity wave
detection. This example demonstrates the useful property of
this method in searching for gravity waves. If either one of
these events was from the real time shift, the fact that the

3 other was not provided an experimental estimate of the prob-
ability that such a coincidence happened by chance. After
this null result was confirmed by the Rome group, the time

FIG. 5. The Allegro energy plotted against the Explorer energy.ShiftS which returned the true event times were exchanged.

The data plotted are all the events coincident in time between AINone of the previously mentioned time shifts was the real

legro, WK1, and WK2. Candidates for gravity waves lie betweenone.

the solid lines. This ended the “blind” search, with no claim made to
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TABLE lll. The possible supernova events.

Event time(UTC day Explorer energyK) Allegro energy(K)
WK1 87.1096 0.4767 0.0990
87.3400 0.8088 0.0790
87.3607 0.5597 0.0790
87.3885 0.4092 0.0870
AM 87.7414 0.5375 0.0740
87.8450 0.3500 0.0810

have detected gravitational radiation from the supernovawhere 6 is the angle of incidence of the incoming wave to
Next the real time shifts were exchanged so that an estimat@e bar axis and is the unknown angle between the polar-
to the upper limit of the burst strain from the supernovaization state of the wave and the bar axis. For the time in
could be made. First optical sighting of the supernova was ajuestion, sifé~1/2 and we replaced c&&¢) with 1/2 since

about 87.89 UT[1]. The coincident events between WK1- 4 is unknown. Making these substitutions and setting

Allegro and AM-Allegro from day 87 are listed in Table Ill. 1+ —0 5375 K we arrived at an upper limit to the burst strain
The WK1-Allegro coincident event nearest the supernovg o < oemova df~ 10~ Y. For a source at a distance
occurs 12 hours before the first optical sighting, a very gen- P :

erous estimate of the uncertainty in the arrival time of the®f 2 MPC, roughly 16 solar masses would have to be con-
gravity wave and the first photons. The situation for the AM-Verted into gravitational radiation by the supernova to pro-
Allegro coincidences is more encouraging as both events af@ce this strain, an unrealistically large amount.

within a couple of hours of the first optical sighting. We

chose the largest of the two events from the AM-Allegro list

to set the upper limit. V. CONCLUSION

For a gravity wave incident with optimal direction and An effective method for searching for coincident events

Egcl:]“:'léi[rlgnéfbtﬁ? Sﬁ‘rlfgrc;r:nﬂ Is)épgotrfr:ereggtrerg;fm';zlt”f'féyvhich appears to reduce the possibility of a false detection
Ict ! piitud has been described. There is no statistically significant evi-
guency to the energy deposited in the detectof@ly

dence for the detection of a gravity wave from supernova
R~8x 10" 18T. 1993J with amplitude at the Earth larger thas 10~ 7.

HereT is the energy deposited when the gravity wave arrives
at the detector with the optimal polarization and direction. In ACKNOWLEDGMENTS
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