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Abstract

Coincidencesresearchedvith the cryogenicresonangravitational wave de-
tectorsEXPLORERandNAUTILUS, during a periodof aboutsix months(2
June-1Decembed 998)for atotalmeasuringime of 94.5days,with the pur-
poseto studynew algorithmsof analysisbasednthephysicalcharacteristics
of thedetectors.

PACS:04.80,04.30

1. Introduction

After theinitial experimentswith roomtemperatureéesonantietectorsthe new generatiorof cryogenic
gravitationalwave (GW) antennagnteredong term datataking operatiorin 1990(EXPLORER][H]), in
1991(ALLEGRO [2]), in 1993(NIOBE [8]), in 1994(NAUTILUS [4]) andin 1997(AURIGA [5)).

Recentlyan analysisof the datatakenin coincidenceamongall cryogenicresonantietectoran
operationduring the years1997 and 1998 hasbeenperformed[6]. No coincidencesxcesswasfound
above backgroundusingthe event lists producedunderthe protocol of the InternationalGravitational
Event Collaboration(IGEC), amongthe groupsof ALLEGRO, AURIGA, EXPLORER/ NAUTILUS
andNIOBE. The coincidencesearchwasdonewithout ary particulardataselection.However onecan
considerthe possibility to searchfor coincidencesvith eventsselectedaccordingto variouspossible
criteriausingall availableinformation(wementioncriteriabasedn: theeventenegy, theeventduration,
theappliedthresholdthe shapeof theevents,the coincidencevindow, the directionof possibleGW, the
noise).

Herewe have usedalgorithmsbasedon physicalcharacteristic®f the detectorsasthe eventen-
emgy (with anew algorithm)andthedirectionality In this papemwe exploretheireffectonthecoincidence
search.

For this purposeve shallusel GEC dataobtainedrom 2 Junel998whenNAUTILUS, afterastop
for instrumentalmprovementsresumedheoperation We searchor coincidencedetweeNAUTILUS
andEXPLORER,whoseapparatusediffer only in the operatingtemperaturegrespectiely 0.15K and
2.6 K) andin particularhave identicalreadoutsystems.Extensionof the methodswe develop hereto
otherdetectorsn operationduringthe sameperiodof time is ervisaged.



Tablel: Main characteristicef thetwo detectors.

detector | latitude | longitude| orientation| mass| frequencies temperature
kg Hz K
EXPLORER| 46.45N 6.20E 39°E 2270 904.7 2.6
921.3
NAUTILUS | 41.82N | 12.67E 44° E 2270 906.97 0.15
922.46

We arewell aware that ary dataselectionjeopardizeghe possibility to expressthe resultsby
meansof a probability thata coincidenceexcess,if ary, hadbeenaccidental. With this proviso we
shallstill useparametersbtainedrom probability estimationdor comparingdifferentsituations.

2. Eventsand signals

We now briefly describehow we obtainevents from the measurementsiFor EXPLORERand NAU-

TILUS, whosemain characteristicare givenin tablef, the dataare sampledat intervals of 4.54 ms
andarefiltered with a filter matchedo shortbursts[7] for the detectionof delta-likesignals. Thefilter

makesuseof power spectraobtainedwith off-line analysis.After thefiltering of the raw-data,events

areextractedasfollows. Be z(¢) thefiltered outputof the detector This quantityis normalized,using
the detectorcalibration, suchthatits squaregivesthe enegy innovation E of the oscillation for each
sample expressedn kelvin units. For well behaed noisedueonly to thethermalmotion of thebarand
to the electronicnoiseof the amplifier, the distribution of z(¢) is normalwith zeromean.The variance
(averagevalueof the squareof z(t)) is callede f fective temperature andis indicatedwith 7,7 . The
distributionof z(¢) is

2

1 7 (1)
\/ 27TTeff
For extractingevents we setathresholdn termsof a critical ratio definedby
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Thethresholds setat CR=6in orderto obtain,in presencef thermalandelectronicnoisealone,
aboutonehundrecevents perday, asagreecamongthepartnersof thelGEC. Thisthresholdccorresponds
toanenegy F; = 19.5 T, ;s. When|z| goesabove the thresholdjts time behaiour is considereduntil
it goesbelow the thresholdfor morethantensecondsThe maximumamplitudeandits occurrenceime
definetheevent.

In generalthe event is dueto a combinationof a signalwhich, in absencef noise,hasenegy
E; (dueto GW or otherforces) andthe noise. The theoreticalprobability to detecta signal with a
givenSNR, =

y=(s+7)? wheres = /SN R is thesignalwe look for andz |sthegau33|am0|se We obtameasny
[8]

probability(SN R;) :/ 1 e“wcosh(vy-SNRs)dy 4)
SNR; V/2TY
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Fig. 1: Differentialprobabilitythattheeventhasthe signal-to-noiseatio shovn onthe abscissavhenthesignalhasSN R, =
20.

wherewe put SN R, = TL;f = 19.5 for the presenEXPLORERandNAUTILUS detectors.

Thebehaiour of theintegrandis shavn in fig. &. Thisfigureshavsthespreacf theeventenegy
dueto noisefor agiven SN R, of theappliedsignal. The distinctionbetweerthe two conceptssignal
andewvent, is essentiafor the analysiswe proposen this paper

3. Dataselection

All the eventswhich arein coincidencewithin atime window of 5 s with eventsproducedby a seis-
mometerareeliminated,about8% of theevents.

It hasbeennoticedthatthe experimentaldataare affectedby noisewhich, in somecasesgcannot
be obseredwith ary otherauxiliary detector Thusastratayy is neededor decidingwhenthe measure-
mentsareconsideredo be goodfor the searchof coincidences.

We arewell awarethat the selectionof the experimentaldatamustbe donewith greatcareand
the safeststrateyy is to establishrules beforeeven looking to the data. We have decidedto take into
consideratior// thedatarecordedy the detectorgexceptthosevetoedby the seismometerandaccept
only the eventsfor which the correspondindl’. s is belowv a certainthreshold. This thresholdmust
be suchthatwe are confidentthatno signalis beingthrown away. Ail andonly the eventswhich have
T.rr < 100 mK (overthepreceedingenminutes)aretakeninto considerationTheeventsfor whichthe
corresponding’. s ¢ is greaterthan100 m K arecertainlygenerateéttimesthe detectoris notoperating
properly

Thefollowing informationis availableon the IGEC Web pagefor eachevent:

Time (UT) of themaximumof theevent: YEAR, MONTH, DAY, MINUTE, SECOND.
H,: BilateralFourieramplitudeat resonancef the maximum.

SNR:Signalto noiseratio of amplitude.

T.sy: EffectivetemperaturgK] of the previous 10 minutes.

DurationL of theevent,in numberof sampleg4.54ms).

Time in seconddetweerthe begginning andthe maximumof the event.
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Fig.2: T.;; < 25 mK. Theuppertwo figuresshon the numberof events/dayfor NAUTILUS (left) andEXPLORER(right).
Thelowertwo figuresshow the noisetemperaturd. ¢ ¢ (kelvin) respectiely for NAUTILUS andEXPLORER daily averaged
over theevents.

Therelationshipgbetweerthe FouriertransformH,, of theeventamplitudeandthe enegy E of the
eventis givenby [§]
H,=79710""'VE (5)

with H,, in unitsof 7 andE in kelvin.

Lookingto theseaventswe have noticedthatsomeeventsoccurduringperiodsof highdisturbance.
Sincewe areelaboratingherestratgjiesfor dataanalysiswe have thoughtcorvenientto selectthe data
to beusedin ouranalysisin variouswaysaccordingo the noise. Thusanothemway of choosingthe data
to be analyseds to selectperiodswith smallernoise. We apply two more dataselectionspnly events
with T.¢ s < 50 mK for bothEXPLORERand NAUTILUS andonly eventswith 7.¢¢ < 25 mkK.
This dataselectionhasbeenappliedby usin a previously publishedpaper[id]. In fig.2 we show the
numberof eventsperdayandthehourly averagesof 7. ¢ s for EXPLORERandNAUTILUS for thecase
Teff <2bmK.

We noticelarge fluctuations,in spite of the stringentcriteria for the dataselection. Information
on the variousdataselectionsare given in table 2. We notice that the numberof available hours of
measuremerttecomesathersmallerwhenlowering the thresholdfor 7 ¢, sothatary possibleresult
becomestatisticallyweakeratlow 7.

4. Searching for coincidences

For the searchof coincidencedt is importantto establishthe time window. We have decidedto adopt
the samewindow usedin pastanalysesin particularthatdescribedn paperq1L, &], w = +1 s. This
is areasonablehoiceconsideringhe presentetectordandwidth(of the orderof 1 Hz) andsometime
inaccuray.

As well known, theanalysisn acoincidencesearclconsistessentiallyin comparinghedetected
coincidencest zerotime delaywith the backgroundthatis with coincidence®ccurringby chance.ln
orderto measurehe backgrounddueto the accidentalcoincidencesusinga procedureadoptedsince



Table2: Totalnumbem of events,numberof hoursof datataking,averagenoisetemperature< 7.y > andhoursin common,
whenboth detectoraveresimultaneouslyperating.

Tess N hours| < Tesy > hours N

mK mK in common
EXPLORER| < 100 | 55070| 3415 40.6 2271 37944
NAUTILUS 37734| 3450 19.1 24118
EXPLORER| <50 | 39211| 2759 28.9 1816 26481
NAUTILUS 34148| 3371 14.0 16677
EXPLORER| <25 | 16172| 1498 18.7 931 9765
NAUTILUS 27823| 3168 9.3 5999

Table3: Numbern. of coincidencesand averagenumberrn of accidentals. The total period of time in commonwhen
T.ry <100 mK is 94.5days.

Tess ne n | hours
<100 mK | 223 | 231.7| 2271
<50mK | 137 | 139.8| 1816
<25mK | 32| 36.2 | 931

the beginning of the gravitational wave experimentg12], we have shiftedthetime of occurrenceof the
eventsof oneof thetwo detectorsl,000timesin stepsof 2 s, from -1,000s to +1,000s. For eachtime
shift we getanumberof coincidenceslf thetime shiftis zerowe getthenumbern,. of real coincidences.
The backgrounds calculatedrom the averagenumberof the ny,; s, accidentalcoincidenceobtained
from theonethousandime shifts

1% nghi g

1000 ©
With this experimentalprocedurefor the evaluationof the backgroundwe circumvent the problems
arisingfrom a nonvery stationarydistribution of the events,providedwe testproperlythedistribution of
the shiftedcoincidencegseefig. 4 andreferenced3)).

n =

The result of our searchfor coincidencess givenin tabled. Thereis no coincidenceexcess
betweerEXPLORERandNAUTILUS, evenfor selectegeriodswith smallernoise.

5. Dataselection using the event energy

We wantnow to apply dataselectionalgorithmsbasedon the eventenegy. The mostobviousoneis to

searchor pairsof eventswhich have (approximatelythe sameenepy. In the pastthis enegy criterion

hasbeenapplied,requiringthatthe responsesf the EXPLORERdetectorat the two resonancenodes
were within a factor of two onefrom eachotherf]. Laterwe realizedthat the effect of the noiseon

signalsnearthresholdis suchthatthe event enegiesare only lightly correlatedto the signalenegies
[14], andthis reducesheefficiengy of algorithmsbasedn theeventenepy.

Recentlyanimportantresultwasfound[15]. It hasbeenseenthatthe distribution of the enegy
ratios of the event enegies of two detectors,in the caseof non gaussiamoise, is differentfor real
coincidencesand accidentalcoincidences.This haspushedus to reconsiderthe importanceto apply
selectionalgorithmsbasednthe eventenepies.

For makinguseof the eventenenpy, in particularwith detectorswith differentsensitvity, we must
considertheresultshavn in fig. .l which indicatesthe chanceto have a certainevent-enegy for a given
signal-enegy. In principle, all event-enegiesare possible from zeroto infinity. Our procedurenhereis
to consideronly event-enegieswithin + onesigmafrom the signalenegy (thatis, we considerevents



Table4: Enegy algorithm.Numbern. of coincidencesaveragenumbern of accidentalandthe coveredtime periodfor the
threedataselection.

Tess n. | n | hours
<100 mK | 61| 50.5| 2271
<50mK | 45| 37.7| 1816
<25mK | 11| 10.3| 931

includedin 68%of theareaundertheline in fig. ).

We do notknow the signal-enagy. The new algorithmwe proposds the following. We consider
signalsin awide range,say: I/; from 20 mK to 2 K in stepsof 20 mK. We find the coincidentevents,
at zerodelay (the real coincidencespnd at shifted times (for the estimationof the accidentals).For
eachassumedsignalwith enegy F; we calculatethe SN R differentfor eachevent, sincethe noise
T.;s dependsn the detectedeventandit is alsodifferentfor the two detectors.We thenverify if the
SN Reyent fallsinto SNV R, £+ 1 sigma, having calculatedor eachS N R, the probability curwve like that
shownin fig. &ifor SN R, = 20. If thetwo eventenegiesarecompatiblewith the event-enegy expected
for ary of theassumedignalsthenwe accepthe coincidencgreal or shifted).

The resultof this analysisis givenin table4. We notice that the use of the enegy selection
algorithmhasreducedhe numberof theaccidentatoincidencedy afactorof three.

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

No extragalacticGW signalsshouldbe detectedwith the presentdetectors. Thereforewe shall focus
our attentionon possiblesourcedocatedin the Galaxy If ary of thesesourcesexist we shouldexpect
a more favorable condition of detectionwhenthe detectorsare orientedwith their axes perpendicular
to the directiontowardthe GalacticCentre(GC), since,the bar cross-sectioiis proportionalto sin?(8),
wheref is theanglebetweerthe detectoraxis andthe directionto the GC.

After having appliedthe above enegy algorithm, we searchfor coincidencesonsideringonly
eventsobtainedvhenthedetectorsvereorientedwith # greateithanvariousgivenvaluesand,according
to the previoussectionsfor the variousdataselection.

Theresultis givenin fig.3 andshows a larger coincidencesxcesswhenthe detectoraxestendto
be perpendiculato the directiontowardsthe GC. Above § ~ 79° thenumbern,. of coincidenceslrops
quickly. If notinstrumentalthe quick drop could be takenasdueto the width of the source.Thetime
spentby the detectorsvhend > 799 is 20% of thetotal time of 94.5days.

We wantnow to verify thatthe evaluationof the backgrounds properlydone. We do thisin the
condition of the greatestoincidenceexcess,thatis for § > 79°. We mustconsiderthat by selecting
only timeswhenthe detectorshadcertainorientationsve have severalemptytime regions. This makes
it possiblethatin doing the shifting operationfor evaluatingthe backgroundone usestime periodsof
differentduration. We have determinedhesetime periodsandfound thatthey vary by a few percent,
with a maximumof -10% for a time shift of +1000s. In fig. 4 we show, for the cased > 79° and
Te.rr < 100 mK, 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 completeanalysiswe have selectedhe IGEC eventsof EXPLORER
andNAUTILUS usingalgorithmsbasedon known physicalcharacteristicef thedetectorsin particular
anew algorithmwhich makesuseof the eventenegy hasbeendevised.
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Fig. 3: Theupperleft figure shows, versusf andfor 7.y < 100 m K, the integral numberof coincidences:. (indicated
with asterisks)andthe averagenumberof accidentals: (calculatedfrom the numberof coincidencest zerodelayandthe
averagebackgroundn measuredvith 1000delays). Theright figure shows the Poissorprobability thatthe obsened number
of coincidences:. was dueto a backgroundfluctuation. Similarly the secondline of figuresrefersto the dataselection
Tery < 50 mK andthethird line to thedataselectionl.;y < 25 mK.
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Fig. 4: Dataselectionwith T.;; < 100 mK . In theupperfigure we shaw, for § > 79°, the delayhistogram.In the lower
figurewe shav the samedatanormalizedfor the durationof thetime periodusedfor eachtime shift. In this particularcasethe
normalizationturnsout to bevery small, almostbarelyvisible for delaysabove 700s, but it is worth to remarkthata possible
effect dueto differenttime coverageat variousdelayshasbeentakeninto account. The biggestasteriskindicatethe nineteen
coincidencest zerotime delay



With eventselectionbasedn this algorithmwe find anexcessof coincidencest zerotime delay
in the direction of the GalacticCentre. As well known in the scientific community no g.w. signals
are expectedto be obsened with the presentdetectorsensitvity. Sincethis resultwould opennewn
possibilities,a carefulBayesarapproactsuggestshat, giventhe Poissorprobabilitiesof a few percent,
new datawith otherdetectorarerequiredbeforewe canensurehatg.w. from the GC have beenindeed
obsened. Thus,atpresentywe feelthatthecoincidencexcesss notlarge enoughto establisha claim for
detectiorof truesignals putit is animportantinformationto makeavailableto the scientificcommunity
We believe thatthe proceduresidoptecheremight be usefulfor detectinggravitationalwaveswith more
or betterdata.
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