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Abstract

We report the result from a search for bursts of gravitational waves using data
collected by the cryogenic resonant detectors EXPLORER and NAUTILUS
during the year 2001, for a total measuring time of 90 days. With these data
we repeated the coincidence search performed on the 1998 data (which showed
asmall coincidence excess) applying data analysis agorithms based on known
physical characteristics of the detectors. With the 2001 data a new interesting
coincidence excess is found when the detectors are favorably oriented with
respect to the Galactic Disk.

PACS:04.80,04.30

1. Introduction

Cryogenic gravitational wave (GW) antennas entered into long term data taking operation in 1990 (EX-
PLORER [fl]), in 1991 (ALLEGRO [(]), in 1993 (NIOBE [B]), in 1994 (NAUTILUS [f]) and in 1997
(AURIGA [HB]), with gradual performance improvements over the years.

Analysis of the data taken in coincidence among all cryogenic resonant detectors in operation
during the years 1997 and 1998 was performed [[]. No coincidence excess was found above background
using the event lists produced under the protocol of the International Gravitational Event Collaboration
(IGEC), among the groups ALLEGRO, AURIGA, EXPLORER / NAUTILUS and NIOBE.

Later [IZ] , acoincidence search between the data of EXPLORER and NAUTILUS was carried out
by introducing in the data analysis considerations based on physical characteristics of the detectors. the
event energy and the directionality. The result was a small coincidence excess when the detectors were
favorably oriented with respect to the Galactic Centre.

Here we extend our analysis to new data abtained in the year 2001, when both EXPLORER and
NAUTILUS were operating at their best sensitivity, using the same procedures applied for the previous
analysis [[{]. As previously done in ref. [[{] we shall sometimes use the word probability, athough
we are well aware that its signi cance might be jeopardized b y any possible data selection. With this
proviso we shall use probability estimations in comparing different experimental conditions.



Table 1: Main characteristics of the two detectors in the year 2001. The axes of the two detectors are aligned to within afew
degrees of one other, the chance of coincidence detection thus being maximized. The pulse sensitivity for both detectors is of
theorderof h 410 ° for 1 mshursts.

detector latitude | longitude | azimuth | mass | frequencies | temperature | bandwidth
kg Hz K Hz
EXPLORER | 4645N | 6.20E 39°E | 2270 904.7 2.6 9
921.3
NAUTILUS | 41.82N | 12.67E | 44°E | 2270 906.97 15 0:4
922.46

2. Experimental data

The resonant mass GW detectors NAUTILUS, operating at the INFN Frascati Laboratory, and EX-
PLORER, operating at CERN, both consist of an Aluminium 2270 kg bar cooled to very low tempera-
tures. A resonant transducer converts the mechanical oscillations into an electrical signal and is followed
by adcSQUID dectronic ampli er. The bar and the resonant tr ansducer form a coupled oscillator system
with two resonant modes.

With respect to the year 1998 the following changes were made in the set up of the detectors:
the NAUTILUS detector operated at a thermodynamic temperature of 1.5 K instead of 0.14 K; the EX-
PLORER detector was equipped with a new transducer providing a larger bandwidth and consequently
enhanced sensitivity. The characteristics of the two detectors are given in the Table[l].

The data, sampled at intervals of 12.8 msfor NAUTILUS and of 6.4 msfor EXPLORER, are |-
tered with an adaptive Iter matched to delta-like signals f or the detection of short bursts [B]. This search
for bursts is suitable for any transient GW which showsanearly at Fourier spectrum at the two resonant
frequencies of each detector. The metric perturbation h can either be a millisecond pulse, a signal made
by a few millisecond cycles, or a signal sweeping in frequency through the detector resonances. This
search istherefore sensitive to different kinds of GW sources, such asa stellar gravitational collapse, the
last stable orbits of an inspiraling neutron star or black hole binary, its merging and its nal ringdown.

Let x(t) be the Itered output of the detector. This quantity is norma lized, using the detector
calibration, such that its square gives the energy innovation of the oscillation for each sample, expressed
in kelvin units.

For well behaved noise due only to the thermal motion of the oscillators and to the electronic
noise of the ampli er, the distribution of x(t) is normal with zero mean. Its variance (average value of
the square of x(t)) iscalled ef fective temperature and isindicated with Tes¢. The distribution of x(t)
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In order to extract from the Itered data sequence events to be analyzed we set athreshold in terms of a
critical ratio de ned by

ixi
(xj)
where (jxj) is the standard deviation of jxj and jxj the moving average, computed over the preceeding
ten minutes.

cr= ®)

The threshold is set at CR=6 in order to obtain, in the presence of thermal and electronic noise
aone, a reasonable number of events per day (see ref.[[]). This threshold corresponds to energy E¢ =
19:5 Ters. When jXj goes above the threshold, its time behaviour is considered until it falls back below
the threshold for longer than three seconds. The maximum amplitude and its occurrence time de ne the
event.
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Fig. 1. Differential probability that the event has the signal-to-noise ratio shown on the abscissa when the signal has Rs = 20
(near the threshold Ry = 19:5) and Rs = 30.

The searched events are the ones that are due to a combination of a GW signal of energy Es and
of the noise. The theoretical probability to detect a signa with a given signal to noise ratio Rg = ~£s-,

Terf
in the presence of awell behaved Gaussian noise is [g]

- (Rs+Re) P
probability(Rs) = pﬁe 2 cosh( Re Rg)dRe 3
Rt e

where R is the signal to noise ratio for the event and Ry = Ti}f = 19:5 for the EXPLORER and
NAUTILUS detectors.

The behaviour of theintegrand isshownin g. ] This guresh owsthe spread of the event energy
due to noise for agiven Rg of the signal. It shows that signals with Rg = 20 (near the threshold) have a
probability of about 50% not to be detected, and signals with Rg = 30, rather larger than the threshold,
still have a probability of near 15% not to be detected. The distinction between the two concepts, signal
and event, is essential for our analysis, as discussed in ref [[f].

Computation of the GW amplitude h from the energy signal Es requires a model for the sig-
nal shape. A conventionally chosen shape is a short pulse lasting atime of ¢, resulting (for optimal
orientation, see later) in the relationship

s
1 1 KEs

TAfe, M 4

h

where T is the resonance frequency, L and M the length and the mass of the bar and ¢ is conventionally
assumed equal to 1 ms (for instance, for Es = 1 mK wehaveh = 2:510 19).

3. Datasdection

All events which are in coincidence within atime window of 5 s with signals observed by a seismome-
ter are eliminated. This criterion cuts about 8% of the events.
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Fig. 22 The distributions of the hourly averages of Tes¢ in kelvin units for EXPLORER and NAUTILUS. We accept only the
time periods with hourly averages Ter 10 mK.

It is observed that the experimental data are affected by non gaussian noise which, in some cases,
cannot be observed with any other auxiliary detector. Thus a strategy is needed to select periods during
which the detectors operate in a satisfactory way, as discussed in the following paragraphs.

To this end we consider the quantity Tefs, Which we used in two ways. The rst was to compute
Tef by averaging x2 over one hour of continuous measurements (Teff), the second to consider the Ters
averaged during the ten minutes preceeding each event. For the hourly averages we show the distribution
in g.2] On observing this gure we decided to consider for th e search for coincidences only the time
periods with hourly averages smaller than 10 mK. The distributions for the Te¢¢ averaged over the ten
minutes preceeding each event are shown in g.3Jfor EXPLORER and NAUTILUS. It will be noticed
that the number of eventsislarger for EXPLORER than for NAUTILUS. This depends on the bandwidth

f whichislarger for EXPLORER(see Table[l).

On observing these distributions we decided, as conservative a priori data selection, to make a
cut and accept only the events for which the corresponding Tese Was below 7 mK (and there was no
seismometer veto). This meant regarding the bump at 10 mK, for NAUTILUS, as due to extra noise. We
recall that in the previous search [[f] with the noisier 1998 data the cuts on Ters Were made at between
25 and 100 mK.

From our previous experience we had learned that the detectors operate in a more stationary way
when the noise temperature remains low for longer periods of time, because this indicates a smaller
contribution of extranoise. To make aquantitative check onthisweclass ed the data stretchesin various
categories, according to the length of the continuous periods having hourly averages Tefs 10 mK,
obtaining the gures shown in Table 4] From this table we clea rly see that the longer is the time period
of continuous operation with low noise the smaller is the number of events associated with a noise
Teff 7mK.

Finaly, in g.4}ve show thedistribution of the event energi esselected accordingto Tere 10 MK
andto Tere 7 MK, for each event, belonging to periods with duration 1 hour. We notice that, in
spite of our selection criteria, we still have several events with large energy, which indicates the presence
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Fig. 3: The distributions of the ten minute averages of Ters, before each event, in kelvin units for the EXPLORER and
NAUTILUS events (with hourly Ters
Note that the EXPLORER events are more numerous than the NAUTILUS events because of the different bandwidth.

10 mK). We accept only the events with the ten minute average Terr < 7 mK.

Table2: Inthe rst column we indicate the minimum timelengt h of continuous operation, in the second column the total com-
mon time of measurement. The last columns indicate the number of events, only those during the common time of operation,
10 mK and the percentage of the events having the ten minute average Terr > 7 mK.

with hourly Ters

timelength | hours | EXPLORER NAUTILUS
events % events %
1 hour 2156 54762 5.9 11252 37
3 hour 2082 52683 5.0 10887 34
6 hour 1927 50344 4.1 9939 31
12 hour | 1490 40105 3.2 7268 27
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Fig. 4. Thedistributions of the EXPLORER and NAUTILUS event energiesin kelvin units.

of extranoise, in addition to the thermal and electronic ones. The only way to eliminate this noise is by
means of the coincidence technique.

4. Searching for coincidences

For the search for coincidences it is important to establish the time window. Using simulated signals and
real noise, we characterized [[L{] the dispersion of the time of the event around the time when the signal
isapplied.

The standard deviation of the time dispersion for a given detector is

1 1
= const— p— 5
d T pR_e )
for delta signals, where T is the detector bandwidth and the const = 0:28 is determined, for the
EXPLORER and NAUTILUS detectors, by means of simulation [[L]]. For a coincidence analysis with
two detectors we have q

w = §Xp| + Raut (6)
We decided to take as coincidence window w = 3 y, which is the most recent choice of the IGEC
collaboration. Since each event has its own , the value of w will be different for each coincidence.
Note that the value of w is amost entirely due to the NAUTILUS detector, since EXPLORER has a
much larger bandwidth; it turns out to be of the order of jwj  0:5 s, about one half of that used in

previous searches for coincidences. With the use of 3 |, we aso take into account the uncertainty of the
detector bandwidth and of the simulation procedure.

Analysis in a coincidence search consists of comparing the detected number of coincidences at
zero time delay (- w) with the background, that is with coincidences occurring by chance. In order
to measure the background due to the accidental coincidences, using a procedure adopted since the
beginning of the gravitational wave experiments [[LF], one shift the time of occurrence of the events of
one of the two detectors a number of times. We shifted 100 times in steps of t = 2 s (uncorrelated
data), from -100 s to +100 s. For each time shift we get a number of (shifted) coincidences. If the time



shift is zero we get the number n; of observed coincidences. The accidental background is calculated
from the average number of the ngphift shifted coincidences obtained from the one hundred time shifts
P )

79 Nehire()

n= 100

()
This experimental procedure for evaluation of the background has the benet of handling the problems

arising when the distribution of the events is not stationary (see reference [f3]), although thisis not the
case with the present 2001 data.

5. Energy lter

Itis clear that if a coincidence between the two detectors is due to the arrival of a GW burst we expect
the energies of the two coincident events to be correlated, and we can disregard all coincidences whose
corresponding event energies are very different, according to the considerations illustrated in g.f] Thus
we can apply an energy Iter with the aim of reducing the backg round.

The procedure for application of such an energy Iter was set in our previous search for coinci-
dences [[{]. We considered signals of various energies Es. For each coincidence found we calculated
the Rs for each of the above signal energy Es using the known values of the (loca ) Tess Of the two
events. We then veri ed whether thetwo Rg, for the two events of that coincidence, fell within the inter-
va Rg Rs, such that the two limits Rs Rs and Rs + Rs delimitate (see g.1) an area of 68%
(about one standard deviation for well behaved noise) for a given value of Eg; that is, we veri ed the
compatibility of the two events. We followed the same procedure for the shifted coincidences in order to
estimate the background after application of the energy It er. In this way we reduced, for the 1998 data,
the average number of accidental coincidences fromn =223 ton = 51.

This procedure is useful, in particular, if the two detectors have different sensitivity, asin the case
of the 1998 data, and, consequently, the event thresholds and the event energies are also different. In the
case of two detectors with comparable sensitivity, however, one could also consider to compare directly
the energies of the coincident events. For the 2001 data, although in this year the two detectors had
comparable sensitivities (see g.4), we decided not to chan ge the procedure used for the 1998 data. We
considered GW signals of energy Eg,in arange covering the energies of our events, i.e. Es from 5 mK to
1K in steps of 5 mK, and accepted the coincidence (at zero delay or at a shifted time) if the two events
fell within the above interval Rg Rs.

6. Sidereal timedistribution

In our previous search for coincidences [[{] we took into consideration the non-isotropic response of the
detector to a GW burst. We had reasoned that, since extragalactic GW signals should not be detected
with the present detectors, possible sources should be located in our Galaxy, or in the Local Group. If
any of these sources exist we should expect a more favorable condition of detection when the detectors
are oriented with their axes perpendicular to the direction of the potential source, since the bar cross-
section is proportional to sin*( ), where isthe angle between the detector axis and the direction of the
line joining it with the source. We did nd a small coincidenc e excess when angle  with respect to the
Galactic Centre was larger than a certain value (see g.3 of R €f.[[7]). The inconvenience of this method
is that, due to the poor statistics, the result has to be presented in an integral type graph, which makes it
dif cult to appreciate the real statistical signi cance of the data. Furthermore, hypotheses must be made
on the location of the GW source.

In the present search for coincidences we extend the previous analysis as follows. We still make
use of the directiona property of the antenna cross-section. Asthe Earth rotates around its axis, during
the day the detector happens to be variably oriented with respect to agiven source at an unknown location.
Thus we expect the signal to be modulated during the day; more precisely the modulation is expected
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Fig. 5: Result with eventsin the long time periods (12 hour) of continuous operation. The upper graph on the left shows
the number of coincidences n. indicated with the* and the average number n of accidentals versus the sidereal hour. The lower
graph on the left shows the Poisson probability to obtain a number of coincidences greater than or equal to nc. The two graphs
on the right show the result using the solar time in hours. We remark that the data points refer to independent sets of events.

to have a period of one sidereal day (with one or more maxima) (see references [[14, [[H]), since the GW
sources, if any, are certainly located far outside our Solar system.

The principal, key analysis is carried out with the events in the time periods of at least twelve
hours of continuous data taking (see TableP) to which the energy Iter is applied.

Twenty-four categories of events are considered, one per each siderea hour, the sidereal time
referred to a position and orientation halfway between EXPLORER and NAUTILUS (this determines
the zero local sidereal time which is not essential for the following considerations). Each category
includes coincidences totally independent from those in the other categories. For each category in g.
B we report the number n. of observed coincidences, the average number n of accidental coincidences
obtained by using the time shifting procedure and, given n, the probability p that a number  n; of
coincidences could have occurred by chance. For comparison we aso show a histogram produced with
the same procedure using solar hours.

One notice a coincidence excess from sidereal hour 3 to sidereal hour 5, which appears to have
some statistical signi cance, as the two largest excesses o ccur in two neighboring hours (the events in
each hour are totally independent from those in a different hour). We have nc = 7 coincidences in this
two-hour interval and n = 1:7. On the contrary, no signi cant coincidence excess appears at any solar
hour.

The accidenta coincidences aways have a Poissonian distribution. To check this, we have con-
sidered for al the above events the accidental coincidences obtained with ten thousand trials, by time
shifting from -10000 s to +10000 sin steps of two seconds. The distribution of the number of acciden-
tal coincidences is shown in g. 6] The agreement between exp erimental and expected distributions is
excellent.

We repesat the analysis for the events belonging to the larger set of continuous data taking lasting
one hour or more ( rst line of TableZ). We obtain the result sh ownin g.7] We notice that in the sidereal
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Fig. 6: The distribution of the number of accidental coincidences obtained with ten thousand trials, with average number
n = 25:32. The starsindicate the experimental distribution, the continuous line the expected Poissonian distribution.
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Fig. 7. Result with eventsintime periods 1 hour of continuous operation. Asin g.Eﬂ









