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STUDY OF COINCIDENCES BETWEEN RESONANT
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Abstract
Coincidencesaresearchedwith thecryogenicresonantgravitationalwavede-
tectorsEXPLORERandNAUTILUS, duringa periodof aboutsix months(2
June-14December1998)for atotalmeasuringtimeof 94.5days,with thepur-
poseto studynew algorithmsof analysis,basedonthephysicalcharacteristics
of thedetectors.

PACS:04.80,04.30

1. Introduction

After theinitial experimentswith roomtemperatureresonantdetectors,thenew generationof cryogenic
gravitationalwave(GW) antennasenteredlongtermdatatakingoperationin 1990(EXPLORER[1]), in
1991(ALLEGRO [2]), in 1993(NIOBE [3]), in 1994(NAUTILUS [4]) andin 1997(AURIGA [5]).

Recentlyan analysisof the datatakenin coincidenceamongall cryogenicresonantdetectorsin
operationduring the years1997and1998hasbeenperformed[6]. No coincidenceexcesswasfound
above backgroundusingthe event lists producedunderthe protocolof the InternationalGravitational
Event Collaboration(IGEC), amongthe groupsof ALLEGRO, AURIGA, EXPLORER/ NAUTILUS
andNIOBE. Thecoincidencesearchwasdonewithout any particulardataselection.However onecan
considerthe possibility to searchfor coincidenceswith eventsselectedaccordingto variouspossible
criteriausingall availableinformation(wementioncriteriabasedon: theeventenergy, theeventduration,
theappliedthreshold,theshapeof theevents,thecoincidencewindow, thedirectionof possibleGW, the
noise).

Herewe have usedalgorithmsbasedon physicalcharacteristicsof thedetectors,astheeventen-
ergy (with anew algorithm)andthedirectionality. In thispaperweexploretheireffectonthecoincidence
search.

For thispurposeweshalluseIGECdataobtainedfrom 2 June1998whenNAUTILUS, afterastop
for instrumentalimprovements,resumedtheoperation.Wesearchfor coincidencesbetweenNAUTILUS
andEXPLORER,whoseapparatusesdiffer only in theoperatingtemperatures(respectively 0.15K and
2.6 K) andin particularhave identicalreadoutsystems.Extensionof the methodswe develop hereto
otherdetectorsin operationduringthesameperiodof time is envisaged.



Table1: Main characteristicsof thetwo detectors.

detector latitude longitude orientation mass frequencies temperature
kg Hz K

EXPLORER 46.45N 6.20E �
�
� E 2270 904.7 2.6
921.3

NAUTILUS 41.82N 12.67E �
� � E 2270 906.97 0.15
922.46

We arewell aware that any dataselectionjeopardizesthe possibility to expressthe resultsby
meansof a ��������������������� that a coincidenceexcess,if any, hadbeenaccidental.With this ������ ���!"� we
shallstill useparametersobtainedfrom probabilityestimationsfor comparingdifferentsituations.

2. Events and signals

We now briefly describehow we obtain #$ �#$%&��! from the measurements.For EXPLORERandNAU-
TILUS, whosemain characteristicsaregiven in table 1, the dataaresampledat intervals of 4.54 ms
andarefilteredwith a filter matchedto shortbursts[7] for thedetectionof delta-likesignals.Thefilter
makesuseof power spectraobtainedwith off-line analysis.After thefiltering of the raw-data, #" '#"%&��!
areextractedasfollows. Be (*)+��, thefilteredoutputof thedetector. This quantityis normalized,using
the detectorcalibration,suchthat its squaregivesthe energy innovation E of the oscillation for each
sample,expressedin kelvin units. For well behavednoisedueonly to thethermalmotionof thebarand
to theelectronicnoiseof theamplifier, thedistribution of (-).��, is normalwith zeromean.Thevariance
(averagevalueof thesquareof (-).��, ) is called #$/0/1#$23���4 '#5��#"67��#$�8�9��:&��# andis indicatedwith ;=<4>$> . The
distributionof (-)+��, is

/?)�(&,?@ AB C
D ;=<4>$> #�EGF HH4I	J�K	K (1)

For extracting #$ �#$%&��! weseta thresholdin termsof a critical ratio definedby

L7M @ N ( N"OQPN ( NR ) N ( N , @ S TVU M OXW �YW A O �Y (2)

where R ) N ( N , is thestandarddeviation of
N ( N (themoving averages

PN ( N aremadeover thepreceedingten
minutes)and TVU M @ Z;=<4>$> (3)

Thethresholdis setatCR=6in orderto obtain,in presenceof thermalandelectronicnoisealone,
aboutonehundred#$ �#$%���! perday, asagreedamongthepartnersof theIGEC.Thisthresholdcorresponds
to anenergy Z\[ @ A �^]`_a;=<4>"> . When

N ( N goesabove thethreshold,its time behaviour is considereduntil
it goesbelow thethresholdfor morethantenseconds.Themaximumamplitudeandits occurrencetime
definethe #" '#"%&� .

In generalthe #$ �#$%�� is dueto a combinationof a signalwhich, in absenceof noise,hasenergy

Zcb (due to GW or other forces)and the noise. The theoreticalprobability to detecta signal with a
given

TdU M b @ egfh J�K	K , in presenceof a well behaved Gaussiannoise,is calculatedasfollows. We put�7@i)�!?jk(�, � where !ml S TdU M b is thesignalwe look for and ( is thegaussiannoise.We obtaineasily
[8] ���������'���4�������0) TdU M b ,?@onqpr�s5t=u AS C9D � # E5vxw
y1z f4{
|�}H 2���!$~-) B ��� TVU M b ,���� (4)



Fig. 1: Differentialprobabilitythattheeventhasthesignal-to-noiseratioshown ontheabscissawhenthesignalhas�^��� f0����
.

wherewe put
TVU M [ @ e uh J�K	K @ A �^]`_ for thepresentEXPLORERandNAUTILUS detectors.

Thebehaviour of theintegrandis shown in fig. 1. Thisfigureshowsthespreadof theeventenergy
dueto noisefor a given

TVU M b of theappliedsignal.Thedistinctionbetweenthetwo concepts,!"�+��%1���
and #" '#"%&� , is essentialfor theanalysisweproposein thispaper.

3. Data selection

All theeventswhich arein coincidencewithin a time window of ��_�! with eventsproducedby a seis-
mometerareeliminated,about �
� of theevents.

It hasbeennoticedthat theexperimentaldataareaffectedby noisewhich, in somecases,cannot
beobservedwith any otherauxiliarydetector. Thusastrategy is neededfor decidingwhenthemeasure-
mentsareconsideredto begoodfor thesearchof coincidences.

We arewell awarethat the selectionof the experimentaldatamustbe donewith greatcareand
the safeststrategy is to establishrulesbeforeeven looking to the data. We have decidedto take into
consideration�'��� thedatarecordedby thedetectors(exceptthosevetoedby theseismometer)andaccept
only the events for which the corresponding;=<4>$> is below a certainthreshold. This thresholdmust
besuchthatwe areconfidentthatno signalis beingthrown away. �c��� and ��%1��� theeventswhich have;=<4>$>7� A"�
� 6�� (overthepreceedingtenminutes)aretakeninto consideration.Theeventsfor whichthe
corresponding;=<�>"> is greaterthan

A"�
� 6�� arecertainlygeneratedat timesthedetectoris notoperating
properly.

Thefollowing informationis availableon theIGECWebpagefor eachevent:
Time (UT) of themaximumof theevent:YEAR, MONTH, DAY, MINUTE, SECOND.� � : BilateralFourieramplitudeat resonanceof themaximum.
SNR:Signalto noiseratio of amplitude.;=<4>$> : Effective temperature[K] of theprevious10 minutes.
DurationL of theevent,in numberof samples(4.54ms).
Time in secondsbetweenthebeginningandthemaximumof theevent.



Fig. 2: � J�K	K?� �3�=�c� . Theuppertwo figuresshow thenumberof events/dayfor NAUTILUS (left) andEXPLORER(right).

Thelower two figuresshow thenoisetemperature� J�K	K (kelvin) respectively for NAUTILUS andEXPLORER,daily averaged

over theevents.

TherelationshipbetweentheFouriertransform
� � of theeventamplitudeandtheenergy E of the

eventis givenby [9] � � @o�^]`�9� A"� E ��� S Z (5)

with
� � in unitsof

��5� andE in kelvin.

Lookingto theseeventswehavenoticedthatsomeeventsoccurduringperiodsof highdisturbance.
Sincewe areelaboratingherestrategiesfor dataanalysis,we have thoughtconvenientto selectthedata
to beusedin ouranalysisin variouswaysaccordingto thenoise.Thusanotherwayof choosingthedata
to be analysedis to selectperiodswith smallernoise. We apply two moredataselections,only events
with ; <4>"> ��_ � 6�� for both EXPLORERandNAUTILUS andonly eventswith ; <�>"> � C _�6�� .
This dataselectionhasbeenappliedby us in a previously publishedpaper[10]. In fig.2 we show the
numberof eventsperdayandthehourlyaveragesof ;=<4>"> for EXPLORERandNAUTILUS for thecase;=<4>$>7� C _c6�� .

We noticelarge fluctuations,in spiteof the stringentcriteria for thedataselection.Information
on the variousdataselectionsaregiven in table 2. We notice that the numberof available hoursof
measurementbecomesrathersmallerwhenloweringthe thresholdfor ;=<4>$> , so thatany possibleresult
becomesstatisticallyweakerat low ; <�>"> .
4. Searching for coincidences

For the searchof coincidencesit is importantto establishthe time window. We have decidedto adopt
thesamewindow usedin pastanalyses,in particularthatdescribedin papers[11, 6], ¡¢@£� A ! . This
is a reasonablechoiceconsideringthepresentdetectorsbandwidth(of theorderof 1 Hz) andsometime
inaccuracy.

As well known, theanalysisin acoincidencesearchconsistsessentiallyin comparingthedetected
coincidencesat zerotime delaywith thebackground,that is with coincidencesoccurringby chance.In
order to measurethe backgrounddueto the accidentalcoincidences,usinga procedureadoptedsince



Table2: TotalnumberN of events,numberof hoursof datataking,averagenoisetemperature¤¥� J�K	Kd¦ andhoursin common,

whenbothdetectorsweresimultaneouslyoperating.;=<4>"> N hours §X;=<4>$>7¨ hours N
mK mK in common

EXPLORER � A"�
�
55070 3415 40.6 2271 37944

NAUTILUS 37734 3450 19.1 24118
EXPLORER �©_ � 39211 2759 28.9 1816 26481
NAUTILUS 34148 3371 14.0 16677
EXPLORER � C _ 16172 1498 18.7 931 9765
NAUTILUS 27823 3168 9.3 5999

Table 3: Number ª
« of coincidencesand averagenumber ¬ª of accidentals. The total period of time in commonwhen� J�K	K?�q­ �3�®�c� is 94.5days. ;=<�>"> %1¯ P% hours� A"�
� 6�� 223 231.7 2271�©_ � 6�� 137 139.8 1816� C _c6�� 32 36.2 931

thebeginningof thegravitationalwave experiments[12], we have shiftedthetime of occurrenceof the
eventsof oneof thetwo detectors1,000timesin stepsof 2 s, from -1,000s to +1,000s. For eachtime
shift wegetanumberof coincidences.If thetimeshift is zerowegetthenumber%1¯ of ��#"�'� coincidences.
The backgroundis calculatedfrom the averagenumberof the % b4°3± > [ accidentalcoincidencesobtained
from theonethousandtimeshifts P%�@³² �4´	´�´� % b4°3± > [A"�9�
� (6)

With this experimentalprocedurefor the evaluationof the backgroundwe circumvent the problems
arisingfrom anonverystationarydistributionof theevents,providedwetestproperlythedistributionof
theshiftedcoincidences(seefig. 4 andreference[13]).

The result of our searchfor coincidencesis given in table 3. There is no coincidenceexcess
betweenEXPLORERandNAUTILUS, evenfor selectedperiodswith smallernoise.

5. Data selection using the event energy

We wantnow to applydataselectionalgorithmsbasedon theeventenergy. Themostobviousoneis to
searchfor pairsof eventswhich have (approximately)thesameenergy. In thepastthis energy criterion
hasbeenapplied,requiringthat the responsesof theEXPLORERdetectorat the two resonancemodes
werewithin a factor of two onefrom eachother[1]. Later we realizedthat the effect of the noiseon
signalsnearthresholdis suchthat the event energiesareonly lightly correlatedto the signalenergies
[14], andthis reducestheefficiency of algorithmsbasedon theeventenergy.

Recentlyan importantresultwasfound[15]. It hasbeenseenthat thedistribution of theenergy
ratios of the event energies of two detectors,in the caseof non gaussiannoise, is different for real
coincidencesandaccidentalcoincidences.This haspushedus to reconsiderthe importanceto apply
selectionalgorithmsbasedontheeventenergies.

For makinguseof theeventenergy, in particularwith detectorswith differentsensitivity, wemust
considertheresultshown in fig. 1 which indicatesthechanceto have a certainevent-energy for a given
signal-energy. In principle,all event-energiesarepossible,from zeroto infinity. Our procedurehereis
to consideronly event-energieswithin � onesigmafrom thesignalenergy (that is, we considerevents



Table4: Energy algorithm.Number ª « of coincidences,averagenumber¬ª of accidentalsandthecoveredtime periodfor the

threedataselection. ;=<4>$> %1¯ P% hours� A"�
� 6�� 61 50.5 2271�©_ � 6�� 45 37.7 1816� C _m6�� 11 10.3 931

includedin 68%of theareaundertheline in fig. 1).

We do not know thesignal-energy. Thenew algorithmwe proposeis thefollowing. We consider
signalsin a wide range,say: Z b from 20 mK to 2 K in stepsof 20 mK. We find thecoincidentevents,
at zero delay(the real coincidences)andat shifted times (for the estimationof the accidentals).For
eachassumedsignalwith energy Z b we calculatethe

TdU M b different for eachevent, sincethe noise;=<4>$> dependson thedetectedevent andit is alsodifferentfor the two detectors.We thenverify if theTdU M <¶µ
<�· [ falls into
TdU M b � A !$�+��6�� , having calculatedfor each

TdU M b theprobabilitycurve like that
shown in fig. 1 for

TdU M b @ C �
. If thetwo eventenergiesarecompatiblewith theevent-energy expected

for any of theassumedsignalsthenweacceptthecoincidence(realor shifted).

The result of this analysisis given in table 4. We notice that the useof the energy selection
algorithmhasreducedthenumberof theaccidentalcoincidencesby a factorof three.

6. Event selection according to the detector orientation with respect to the Galactic Centre

No extragalacticGW signalsshouldbe detectedwith the presentdetectors.Thereforewe shall focus
our attentionon possiblesourceslocatedin theGalaxy. If any of thesesourcesexist we shouldexpect
a more favorableconditionof detectionwhenthe detectorsareorientedwith their axesperpendicular
to thedirectiontowardtheGalacticCentre(GC),since,thebarcross-sectionis proportionalto !$�4% � )�¸�, ,
wherȩ is theanglebetweenthedetectoraxisandthedirectionto theGC.

After having appliedthe above energy algorithm, we searchfor coincidencesconsideringonly
eventsobtainedwhenthedetectorswereorientedwith ¸ greaterthanvariousgivenvaluesand,according
to theprevioussections,for thevariousdataselection.

Theresultis givenin fig.3 andshows a largercoincidenceexcesswhenthedetectoraxestendto
beperpendicularto thedirectiontowardstheGC.Above ¸7¹¢�
� � thenumber%0¯ of coincidencesdrops
quickly. If not instrumental,thequick dropcouldbetakenasdueto thewidth of thesource.The time
spentby thedetectorswhen ¸»º©�
� � is 20%of thetotal timeof 94.5days.

We wantnow to verify that theevaluationof thebackgroundis properlydone.We do this in the
conditionof the greatestcoincidenceexcess,that is for ¸kº³�
�
� . We mustconsiderthat by selecting
only timeswhenthedetectorshadcertainorientationswe have severalemptytime regions.This makes
it possiblethat in doing the shifting operationfor evaluatingthe backgroundoneusestime periodsof
differentduration. We have determinedthesetime periodsandfound that they vary by a few percent,
with a maximumof -10% for a time shift of +1000s. In fig. 4 we show, for the casȩXº¼�
�
� and; <4>$> � A"�
� 6�� , the delay histogramwith no correctionand the delay histogramcorrectedfor the
differentperiodsof time for eachshift. In this particularcasethe correctionappliesfor a very small
amountonly for delaysgreaterthanabout700s.

7. Conclusions

In orderto makea first stepto a completeanalysis,we have selectedthe IGEC eventsof EXPLORER
andNAUTILUS usingalgorithmsbasedonknown physicalcharacteristicsof thedetectors.In particular
a new algorithmwhichmakesuseof theeventenergy hasbeendevised.



Fig. 3: The upperleft figure shows, versus½ andfor � J�K	K �X­ �3�¾�c� , the integral numberof coincidencesª « (indicated

with asterisks)and the averagenumberof accidentals¬ª (calculatedfrom the numberof coincidencesat zerodelayand the

averagebackground¬ª measuredwith 1000delays).Theright figureshows thePoissonprobability that theobservednumber

of coincidencesª
« was due to a backgroundfluctuation. Similarly the secondline of figuresrefers to the dataselection� J�K	K � ���?�m� andthethird line to thedataselection� J�K	K � �
�=�c� .

Fig. 4: Dataselectionwith � J�K	Kc�¿­ �
�5�m� . In theupperfigurewe show, for ½�ÀÂÁ�Ã�Ä , thedelayhistogram.In the lower

figurewe show thesamedatanormalizedfor thedurationof thetime periodusedfor eachtimeshift. In thisparticularcasethe

normalizationturnsout to bevery small,almostbarelyvisible for delaysabove 700s,but it is worth to remarkthata possible

effect dueto differenttime coverageat variousdelayshasbeentakeninto account.Thebiggestasteriskindicatethenineteen

coincidencesat zerotime delay.



With eventselectionbasedon this algorithmwe find anexcessof coincidencesatzerotimedelay
in the directionof the GalacticCentre. As well known in the scientific community, no g.w. signals
are expectedto be observed with the presentdetectorsensitivity. Sincethis result would opennew
possibilities,a carefulBayesanapproachsuggeststhat,giventhePoissonprobabilitiesof a few percent,
new datawith otherdetectorsarerequiredbeforewecanensurethatg.w. from theGChave beenindeed
observed.Thus,atpresent,wefeel thatthecoincidenceexcessisnot largeenoughto establishaclaimfor
detectionof truesignals,but it is animportantinformationto makeavailableto thescientificcommunity.
Webelievethattheproceduresadoptedheremightbeusefulfor detectinggravitationalwaveswith more
or betterdata.
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