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Energetic Cosmic Rays observed by the resonant gravitational wave
detector NAUTILUS
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Abstract
Cosmicrayshowersinteractingwith theresonantmassgravitationalwavean-
tennaNAUTILUS have beendetected.The experimentalresultsshow large
signalsata ratemuchgreaterthanexpected.Thelargestsignalcorrespondsto
anenergy releasein NAUTILUS of 87 TeV. We remarkthata resonantmass
gravitationalwave detectorusedasparticledetectorhascharacteristicsdiffer-
entfrom theusualparticledetectors,andit coulddetectnew featuresof cosmic
rays.Amongseveralpossibilities,onecaninvokeunexpectedbehaviour of su-
perconductingAluminium as particle detector, producingenhancedsignals,
theexcitation of non-elasticmodeswith largeenergy releaseor anomaliesin
cosmicrays(for instance,theshowersmight includeexotic particlesasnucle-
aritesor Q-balls).Suggestionsfor explainingtheseobservationsaresolicited.

PACS:04.80,04.30

1. Introduction

Thegravitationalwave(g.w.) detectorNAUTILUS hasrecentlyprovento becapableof recordingsignals
dueto thepassageof cosmicrays[1]. In theongoinganalysisof thedataobtainedwith NAUTILUS in
coincidencewith cosmicray (c.r.) detectorswe found new interestingresults,which we aregoing to
report here. The work initially doneby Beron and Hofstander[2, 3], Strini and Tagliaferri [4] and
refinedcalculationsby several authors[5, 6, 7, 8, 9] estimatedthe possibleacousticeffectsdueto the
passageof particlesin a metallicbar. It waspredictedthatfor thevibrationalenergy in thelongitudinal
fundamentalmodeof a metallicbarwith length � thefollowing formulaholds:
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where
�

is theenergy of theexcitedvibrationmode, �	 �"! is theenergy lossof theparticlein thebar, � is
thedensity, � thesoundvelocityin thematerialand� is theGr #$ neisencoefficient(dependingontheratio
of thematerialthermalexpansioncoefficientto thespecificheat)whichiscommonlyconsideredconstant
with temperature.The adoptedmechanismassumesthat the mechanicalvibrationsoriginatefrom the
local thermalexpansioncausedby thewarmingup dueto theenergy lost by theparticlescrossingthe



material. The above formula hasbeenrecentlyverified by an experimentat room temperature[10],
usinga small Aluminium cylinder andanelectronbeam. We noticethat the g.w. barusedasparticle
detectorhascharacteristicsvery differentfrom theusualparticledetectors,becausetheusualdetectors
aresensitive only to ionization losses. The resonant-massg.w. detectorNAUTILUS [11], operating
at the INFN FrascatiLaboratory, consistsof an aluminium2300-kgbar cooledat 140 mK, below the
superconductingtransitiontemperature[12] of 0.92K. Applying eq.1to thecaseof NAUTILUS wefind

��%�&('*) �,+.-�/10 � ��2
(2)

where
�

is expressedin kelvin units,
�

in GeV units is theenergy deliveredby theparticleto thebar
and

2
is ageometricalfactorof theorderof unity. Thebarandaresonanttransducer, providing theread-

out, form a coupledoscillatorsystemwith two resonantmodes,whosefrequenciesare
� - )1' �3-54�6 and��7 + ' ��8 496 . Thetransducerconvertsthemechanicalvibrationsinto anelectricalsignalandis followed

by a dcSQUIDelectronicamplifier. TheNAUTILUS data,recordedwith a samplingtime of � ' 8 �;:=< ,
areprocessedby a filter [13] optimizedto detectimpulsesignalsappliedto the bar, suchasthosedue
to a shortburstof g.w. In thepresentdataanalysiswe considerantennaeventsdefinedasfollows. We
applyto thefiltereddataa thresholdcorrespondingto signalto noiseratio >�?�@ % + � ' 8 , andfor each
thresholdcrossingwe takethemaximumvalueabove thresholdandits time of occurrence.Thesetwo
quantitiesdefinetheeventof theg.w. detector. We wish to stressthathereweconsideronly eventswith
energy greaterthanabouttwenty timesthe noise. The eventsproducedby NAUTILUS arepostedon
the WEB within the IGEC collaborationamongthe groupsthat operateresonantg.w. detectors[14].
NAUTILUS is equippedwith a c.r. detectorsystemconsistingof seven layersof streamertubesfor a
total of 116counters[15]. Threesuperimposedlayers,eachonewith areaof A ) : �

, arelocatedover
the cryostat. Four superimposedlayersareunderthe cryostat,eachonewith areaof + )1' 8 : �

. Each
countermeasuresthe charge, which is proportionalto the numberof particles. The detectoris able
to measureparticle densityup to

8 -�-�-CBED	F"GIHIJLK*MONP�Q without large saturationeffects and it gives a rate of
showersin goodagreementwith the expectednumber[15, 16], asverified hereusing the up particle
density, which is not affectedby the interactionin the NAUTILUS detector. We have searchedfor
coincidencesbetweentheNAUTILUS eventsandthesignalsfrom thec.r. NAUTILUS detectorsin the
periodfrom 11September1998until theendof theyear1998,for a totalobservationtimeof R�A ' � �3S�T <
wherewe have 26466NAUTILUS eventsand94775c.r. events.We have determineda) thenumberof
coincidences,usinga time window [1] of - ' 8 < , asa functionof the particledensityof thec.r. events,
b) thecorrespondingbackgroundof accidentalcoincidencesestimatedby performingonehundredtime
shiftsof theNAUTILUS event times,in stepsof 2 seconds.Theresultof theanalysis,i.e. thenumber
nc of observedcoincidencesandtheestimatednumbern of accidentalcoincidencesversustheparticle
densityis givenin fig.1.

Clear coincidenceexcessabove backgroundis found, when the showershave particle density
largeenoughto giveasignalin thebar. Theeighteencoincidencesobtainedfor thedown particledensity
greaterthan300 BUDVF�GWHXJLKYMZNP Q with with expectednumberof accidentals[ % 7 ' + areshown in table1.

For a particledensitygreaterthan600 BUDVF"GIHIJLK*MZNP�Q thecoincidencesreduceto twelve, with n =0.78.
For eachcoincidencewe give the quantity \ MZ]^] , the noiseof the g.w. detectorduring the ten minutes
precedingthec.r. event.Thetimeis thatrecordedby thec.r. detector. Wenoticeanunexpectedextremely
largeNAUTILUS event in coincidencewith a c.r. event,with energy E=57.89kelvin. Both theup and
down particledensityof thec.r. detectorarethelargestonesin thiscase.Thefilteredandunfiltereddata
for thiseventareshown in fig. 2. Thetimeof theNAUTILUS eventis obtainedwith goodaccuracy from
thedata,giventhevery largevalueof SNR=15860:to=2123.928s with anerrorof theorderof 10 ms.
Thetime whenthec.r. eventhasbeenobservedis 2123.9222s with a time errorof theorderof about1
ms. Thedifferenceof 6 msis within theexperimentalerrorof theg.w. time events(at presentour time
accuracy for theNAUTILUS apparatushasbeensinceimproved).



Fig. 1: Coincidencesbetweentheg.w. detectorNAUTILUS andthec.r. detector. Theasterisksshow theintegral numberof

observedcoincidencesversustheparticledensityobservedby the c.r. counterslocatedunderthe NAUTILUS cryostat. The

continuousline showstheestimatednumberof accidentalcoincidences.

Table1: List of eighteencoincidencesbetweenNAUTILUS andthec.r. detector

day hour min s energy of the noiseof the upparticle down particle
event g.w.detector density density_*`ba \ MZ]^] in : ` _ : / � a _ : / � a

262 23 11 29.581 2.28 0.003 37 312
277 22 26 35.771 0.04 0.002 118 405
285 17 23 14.9779 0.06 0.002 1238 2494
286 0 35 23.9222 57.89 0.004 2442 3556
295 21 0 34.3376 0.07 0.003 235 536
297 21 38 49.9765 0.37 0.011 547 1374
303 10 38 36.5147 0.42 0.016 227 360
306 8 19 59.5765 0.12 0.006 629 1409
311 15 24 27.1148 0.12 0.003 751 390
311 15 26 21.0289 0.14 0.004 148 623
311 23 22 8.4868 0.45 0.021 223 407
324 14 14 47.3926 1.14 0.044 258 785
350 20 56 18.6130 0.22 0.004 392 1323
354 23 54 19.2230 0.37 0.004 1064 1972
356 3 17 35.7440 0.09 0.004 434 2169
358 0 19 21.9564 0.04 0.002 286 1234
361 12 49 13.9211 0.09 0.003 258 983
365 12 35 40.6593 0.32 0.007 324 1490



Fig. 2: Time behaviour of thelargestcoincidentNAUTILUS event. In theupperfigurewe show theNAUTILUS signal(volt

squared)beforeoptimumfiltering versustheUT time expressedin seconds,from theprecedingmidnight. Fromthedecaywe

evaluatethemerit factorof theapparatus,Q=1.7105.Thelowerplot showsthedataafterfiltering, in unitsof kelvin.

2. Discussion

We have foundcoincidencesbetweenNAUTILUS eventsandc.r. showers.Usingeq. 2 we find thatthe
largestNAUTILUS eventrequiresthatW=87TeV of energy bereleasedby theshowerto thebar. There
areseveralpoints,whichmustbeclarifiedanddiscussed:
1. Usingthedown particledensityshown in Table1 we cancalculatetheenergy of theNAUTILUS
signalsthatwe expectunderthehypothesistheshower consistsof electrons.In thepreviouswork [1],
finalizedto thestudyof smallsignals,wehadfoundthatthisenergy isgivenby

�c%ed � � '*& +.- / �Ofhg1i.j ��kZ[
where

d
is thenumberof particlesin thebar. For thebiggesteventtheabove formulagivesE=0.019K,

thatis morethanthreeordersof magnitudesmallerthantherecorded58K. In thesamewaywecalculate
energiesmuchsmallerthanthosereportedfor all the coincidenteventsof Table1. Thuswe conclude
that all, or mostof, the observed NAUTILUS eventsarenot dueto electromagneticshowers. On the
contrary, whenusingtheNAUTILUS measurementsatzerotimedelaywith energy of theorderor below
thenoiseandaddthemupat thecosmicraytriggertime,asdonein thepreviousanalysis,wefind thatthe
electromagneticshowersaccountfor theenergy observationswithin a factorof three.For theprevious
result[1] theenergy of thesmallsignalsis correlatedwith thec.r. particledensity. Insteadnocorrelation
with thelowerparticledensityis foundfor theeighteenlargesignalsgivenin Table1. This is shown in
fig.3, andit confirmstheideathat theobservedlargeeventsarenot dueto electromagneticshowers. In
conclusions,theNAUTILUS signalsareassociatedto two distinctfamiliesof c.r. showers.In onefamily
thesignalscanbeinterpretedasdueto theelectromagneticcomponentof theshowers,in theotherfamily
theknown c.r. particlesin theshowerdonot justify theamplitudeor therateof theobservedsignals.
2. Onemustconsiderthe possibility that the large eventsaredueto the contribution of hadronsin
theshowers[17]. Previouscalculationshave beenmade[16, 18] on the frequency of bothhadronsand
multihadronsshowers. The calculatedvaluesappearto disagreewith our observationby morethanan
order of magnitude. Recentlywe have estimatedthe expectedrate of hadronicevents in the bar by
meansof new Monte Carlo calculations,usingthe CORSIKA package[19] with the QGSJETmodel
for thehadronicinteractionandsimulatingtheNAUTILUS detectorwith theGEANT package.This is



Fig. 3: CorrelationbetweentheNAUTILUS signalsandthec.r. particledensity. Theuppergraphshowsthecorrelationof the

NAUTILUS energy atzerodelay(respectto thec.r. events)versusthecorrespondingc.r. lowerparticledensity, for the92 data

pointsconsideredin thepreviousanalysis.The correlationcoefficient is 0.30,with a probability to beaccidentalof lessthan

1%. If weeliminatethethreelargestdatapointswith energy greaterthan100mK, whichbelongalsoto thefamily of eventsof

Table1, thecorrelationcoefficientincreasesto 0.42with 89datapoints,with aprobabilitysmallerthan l�m^npo for thecorrelation

to beaccidental.Insteadthelower plot showsno correlationbetweentheenergy of theNAUTILUS coincidenteventsanalysed

in this paperandthecorrespondingc.r. particledensity.



Fig. 4: Comparisonbetweencalculationsandmeasurements.Theasterisksindicatetheintegratednumberof coincidentevents

versusthe energy deliveredby the c.r. to the bar, expressedin GeV units, to be comparedwith thepointshaving errorbars,

whichgive thenumberof eventsdueto hadrons,weexpectin theNAUTILUS bar. Thedashedline is theexperimentalintegral

spectrumfor thehadroniccomponentof the showers,for the83.4daysof observation,obtainedby theCascadeexperiment.

Seetext.

comparedwith the integratednumberof coincidences,shown in Table1, versustheNAUTILUS event
energy. (Thecoveredtimeperiodsaredifferentfor thevariousenergy thresholds,which varyduringthe
observations,dependingon the noise. We have normalizedthe numberof detectedeventsto the total
timeof 83.4days).Usingeq.2wecanexpresstheintegralnumberin termsof theenergy

�
deliveredto

theNAUTILUS barby thecosmicrays.Theresultis shown in fig. 4.

In thisfigurewealsoreportrecentmeasurements[20] of thehadroniccomponentsof extensiveair
showers,numberof hadronicshowersversustheir total energy measuredwith usualparticledetectors.
The comparisonof thesemeasurementswith the result of the Monte Carlo calculationshown in fig.
4 with the error barsprove that the calculationshave beendonecorrectly, since,becauseof the small
diameterof thebar, weexpectthatonly a few percentof thehadronicenergy is absorbedby thebar, just
asshown in fig.4.

An immediatefinding is thatthehighestenergy eventoccursin a timeperiodmorethanonehun-
dredtimesshorterthanestimatedunderthehypothesisthatthesignalsin thebararedueto hadrons.This
big specificeventcouldbeexplainedasdueto alargefluctuation,but wealsonoticealargedisagreement
betweenpredictedandobservedratesfor all otherevents.Thusourobservationsexceedtheexpectation
by oneor two ordersof magnitude.
3. We mustalsoconsiderthe possibility that formula 2 doesnot alwaysapply, eitherbecausethe
Gr #$ neisencoefficient might be largerat thetemperatureof NAUTILUS whentheAluminium is super-
conductorandthespecificheatapproachesrapidlyzero,or becausetheimpactof aparticlecouldtrigger
non-elasticaudiofrequency vibrationalmodeswith a muchlargerenergy release.This hasbeenalready
suggested[21] for thecaseof theinteractionwith gravitationalwaves,to explaincross-sectionspossibly
higherthancalculated.However, in thiscase,theagreementwehavefoundfor thesmallsignalsbetween
experimentandcalculationusingeq.2 requiresthatthebreakingof themodeloccurratherinfrequently.
4. Otherpossibilitiesto explain our observationsmustbeconsidered,asanomalouscompositionof



cosmicrays(the observedshowersmight includeotherparticles,for instancemassive nucleior exotic
particleslike nuclearites[7, 22, 23] or Q-balls[24]). Suggestionsfor explainingtheseobservationsare
solicited.

Finally weremarkthatthepresenceof signalsdueto c.r. doesnot jeopardizeacoincidenceexper-
imentwith two or moreg.w. detectors.Evenwithout theuseof vetosystemsemployingc.r. detectors,
thefew dozenof eventsin afile, which includesthousandevents,doesnotappreciablyaffect thenumber
of accidentalcoincidences.
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