
Getting there: from AMANDA to IceCube

Carlos P. de los Heros �

(for theIceCubecollaboration)
UppsalaUniversity, Sweden
E-mail: cph@tsl.uu.se

AMANDA is aneutrinotelescopeconsistingof 677opticalmodulesembeddedat1.5-2km depth
in the ice capundertheAmundsen-ScottSouthPolestation. In this contribution we summarize
AMANDA resultson measuringthe atmosphericneutrinospectrum,on searchesfor a neutrino
�ux from the galacticplane,for a diffuseandpoint-like �ux of cosmichigh energy neutrinos
andsearchesfor dark mattercandidatesin the form of MSSM neutralinos.90%CL limits are
presentedfor thesesearches,aswell asfor a list of speci�c point sourcecandidates.

Thestatusandphysicscapabilitiesof IceCube,thesuccessorof AMANDA, arealsosummarized.
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1. Intr oduction

On January2005,the �rst string of the IceCubeneutrinotelescopewasdeployed to 2.5 km
deptha few hundredmetersfrom thegeographicalSouthPole.This eventmarksthebeginningof
theconstructionof the �rst Km3 neutrinotelescopein theworld. IceCubebuilds on theexpertise
andtechnologydevelopedfor the AMANDA neutrinotelescope,in operationat the SouthPole
since1997.Thecompleteddetector, AMANDA-II, consistsof 677opticalmodules(OM), photo-
multiplier tubeshousedin glassspheres,anddeployedin 19stringsatdepthsbetween1450m and
2000m Thestringsarearrangedapproximatelyin threeconcentriccirclesof 40m, 100m and200
m in diameter. Thedetectoris takingdatain suchcon�gurationsince2000.Dueto theconstraints
of thesite,thedetectorwasbuilt in stages,andthe�rst datausedfor physicsanalysisweretaken
between1997and1999,with 302OMs in 10strings(AMANDA-B10).

Neutrinodetectionis achievedthroughthedetectionof theCerenkov emissionof secondaries
producedin neutrinointeractionsin or aroundthedetector. Two channelsareused.Muon-neutrinos
aredetectedby the muonproducedin the interactions.Nanosecodtiming resolutionin the OMs
allowsto reconstructthemuontrajectorywith aresolutionof 1.5� to 2.5� , dependingontherequire-
mentsof theanalysisperformed.In thecaseof electronandtauneutrinos,theelectromagneticor
hadroniccascadeat theinteractionvertex is detected,with worsepointingresolutionof � 30� .

Thecasefor large-scaleneutrinotelescopeshasbeenmadeelsewhere(seefor example[1]).
In this paperwe will concentrateon theresultsobtainedwith AMANDA-II sofar. In section3 we
giveanoverview of thecharacteristicsandphysicspotentialof IceCube.

2. Resultsfr om AMAND A

2.1 Atmospheric muons

Cosmicraysimpingingontheatmosphereproduceacontinuous̄ux of muonsfromthedecays
of theproducedpionsandkaons.A measurementof muonintensityversusdepthcanbedoneby
measuringthe muon¯ux asa function of declinationangleandcorrectingfor the slantdepthto
the detector, asshown in �gure 1. Note that only muonswith an energy above 400 GeV at the
surfacecan penetratethe 1500 m of ice to trigger the detector. The AMANDA results[2] are
compatiblewith previous measurementsof other collaborationsand compatiblewith a primary
energy spectrumproportionalto E� 2:7.

The existenceat the SouthPoleof a surfacescintillator array, SPASE [3], makesit possible
to do primarycompositionstudies.SPASE measurestheelectroncomponentof cosmicray show-
ersat the surface,while AMANDA canmeasurethe muoncomponentat 1500m depth. These
measurementscanberelatedto theenergy andmassof theprimary. Resultsfrom datatakenwith
both detectorsrunningin coincidence[4] show a trendof increasingprimary masswith energy,
compatiblewith acompositionchangeto heavier primariesaroundtheknee(� 104 TeV).

2.2 The atmosphericneutrino �ux

Theatmosphereis alsoa guaranteedsourceof neutrinosfrom thedecayof muons,pionsand
kaons. AMANDA hasmeasuredthe atmosphericmuonneutrino¯ux to an energy of about300
TeV asshown in �gure 2. An advantageof the extendedenergy rangecoveredby AMANDA is
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Figure1: Atmosphericmuonintensityasafunc-
tion of verticaldepthasmeasuredby AMANDA.
Resultsfrom other experimentsare shown for
comparison

Figure 2: Atmosphericmuon-neutrinoenergy
spectrummeasuredby AMANDA. The results
of Frejusat lowerenergiesareshown ascompar-
ison.

that themeasurementat thehighestenergy bin canbeusedto seta limit on a genericE� 2 diffuse
cosmic¯ux, sincesomemodelspredicttheonsetof such¯ux at theTeV level. Usingthemeasured
atmosphericneutrino¯ux between100and300TeV (lastbin in �gure 2) a90%CL limit onaE � 2

nm ¯ux canbesetata level of E � 2F nm < 2.6�10� 7 GeVcm� 2 sr� 1s� 1 [5].

2.3 The Galactic plane

Cosmicraysinteractingwith theinterstellarmediumareanothersourceof guaranteedneutri-
nos,whichareproducedthroughasimilarprocessaswith theinteractionsontheatmosphere:pion
andkaonproductionandsubsequentdecaysof theseparticles.However thegeographicalsituation
of AMANDA is notoptimalfor thiskind of study. Thegalacticcenterandagoodpartof thegalac-
tic disk arenot seenfrom the AMANDA site, which views only the outerregion of the galactic
plane,betweenlongitudevalues33� < l < 213� . We have usedthedatasamplecollectedbetween
2000and2003,3329events,to searchfor a possibleenhancementof neutrinosfrom the visible
partof thegalacticdisk from theAMANDA site.AssumingaGaussianshapeof thedistributionof
matterin thegalacticdisk, with a width of 2.1� , anda E� 2:7 spectrum,we obtaina 90%CL limit
on theneutrino¯ux of F /dE=4.8�10 � 4 GeV� 1 cm� 2sr� 1 s� 1 in therange0.2TeV <En< 40TeV.

2.4 Searchesfor a cosmicneutrino �ux

Thesearchfor neutrinosof cosmicorigin is themainphysicsendeavourof neutrinotelescopes.
Thereis generalconsensusthat the most violent objectsdetectedwith conventionalastronomy
(active galacticnuclei, GRBs,quasars...etc.) shouldalsobe neutrinoemitters. The ideais that
protonsacceleratedin theseobjectswill interactwith the ambientmatteror radiation�eld and
producepions.Neutralpionswouldproducetheobservedg-rays,while thedecayof chargedpions
would yield a neutrino¯ux. The discovery of a neutrinosignalfrom suchcosmicobjectswould
provide anunambiguouscon�rmation of this scenario,pointingat theseobjectsastheaccelerator
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datayear lifetime channel n energy range E2dF /dE limit ref.
(d) (GeVcm� 2sr� 1s� 1)

1997 131 muon 6 TeV - 1 PeV 2.5�10� 6 [6]
1997 131 muon 1 PeV- 3 EeV 9.9�10� 7 [7]
1997 131 cascade 50TeV -3 PeV 9.8�10� 6 [8]
2000 174 cascade 50TeV - 5 PeV 8.6�10� 7 [9]

2000-03 807 muon 13TeV - 3.2PeV 2.8�10� 7 (b;� ) [10]
2000 174 muon 100TeV - 300TeV 7.8�10� 7 (� ) [5]

Table 1: 90% CL limits on a diffuseall-�a vour cosmicneutrino�ux from differentAMANDA analyses.
(b) denotessensitivity. (� ) denotespreliminaryresults.Limits 1, 5 and6 have beenmultiplied by threewith
respectto thevaluegivenin thereferencein orderto scalethemto all-�a vour limits.

sitesof thehighest-energy cosmicrays.Notethattheproposedmechanismwouldproducea¯avour
ratio at thesourceof ne : nm : nt =1:1:0. Thedetectionof a nt componentin thecosmicneutrino
¯ux wouldbeaclearn t appearanceobservation.

Diffuse �ux: Even if theneutrino¯ux from individual sourceswould turn out to be too weakto
be unambiguouslydetectedwith a detectorlike AMANDA, a diffuse¯ux of neutrinosfrom the
injectedspectrumof all sourcesin theUniversecouldbedetectable.Thesearchfor such¯ux is a
challengesinceit is, by de�nition, not correlatedin time or positionin thesky with any particular
object.Thesearchis basedontheexpectedharderneutrinospectrum,dF /dEµ E� 2, from theshock-
accelerationof protonsin the source,as comparedto the E� 3:7 dependenceof the atmospheric
neutrino¯ux. This searchcanbe doneboth in the muonandcascadechannels,andcancover a
wide rangeof energies,from a few tensof TeV to EeV. Above PeVenergies,theEarthbecomes
opaqueto neutrinosandthesearchhasto beconcentratedoneventsfrom nearor abovethehorizon.

A �rst searchfor a diffusecosmicneutrino¯ux wasperformedwith AMANDA-B10, corre-
spondingto 131d of lifetime from the1997dataset,while thelatestlimit obtainedby AMANDA
is basedon the analysisof four yearsof data,with a total lifetime of 807 days. The resultsof
theseanalyses,aswell asotheranalysesperformedusingthecascadechannel,aresummarizedin
table2.4. Resultsmarked with an asteriskshouldbe taken aspreliminary. The resultsof these
searchesarealsosummarizedin �gure 3, wherethey arecomparedto resultsfrom Baikal [11]
andseveral theoreticalpredictions:theWaxman-Bahcalllimit [12] andto two modelsof neutrino
productionin AGN andGRBs,theStecker-Salamon(SS)model[13] andtheMannheim-Protheroe-
Rachen(MPR)model[14].

Point sources: The searchfor point sourcesof neutrinosin the sky is performedby looking for
statisticalexcessesof eventsin narrow angularregionsin thesky, determinedby theangularreso-
lution of thedetector(about2� for thisanalysis).Thesearchcanbedonein agenericway, looking
for 'hot spots'with respectto the averagebackground,or by looking into the positionof candi-
dateobjects.In the lattercase,thebackgroundis estimatedfrom thedataoff-source,in thesame
declinationbandof thecandidateobject. For this searchwe have usedsourcesto beknown to be
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Figure 3: 90%CLall-�a vour �ux limits asa func-
tion of energy obtainedwith different AMANDA
analyses,comparedto sometheoreticalpredictions
(the A-II line for 2000-2003denotessensitivity).
The sensitivity of 3 yearsof IceCubeexposureis
alsoindicated.

Figure 4: Signi�cance sky map using 4 yearsof
AMANDA data. The �gure shows the deviation
from a uniform background,the scalecomprising
-3s (white) to +3s (black).

gammaand/orX-ray emmitters,likeBlazars,microquasarsor supernovaremnants.Thesesearches
aredoneexclusively in the muonchanneldueto its betterpointing resolution,andthereforeare
restrictedto objectsin thenorthernsky.

Theresultssummarizedin this paperwereobtainedwith thecombineddatasetsof theyears
2000-2003.It amountsto atotalof 807d of livetime,andthesamplecontains3369neutrinoevents,
while theexpectationfrom atmosphericneutrinosis 3438events.Figure4 shows thesigni�cance
mapof thenorthernsky in galacticcoordinates.Themapis compatiblewith a randomdistribution
of sources,the hottestspothaving a 92% probability of beinga random¯uctuation. Table2.4
showstheneutrino¯ux limits obtainedfor afew selectedsourcesassuminganE � 2 neutrinoenergy
spectrum.A total of 33objectshavebeenchecked(see[15] for detailsof thisanalysis).

Thesensitivity for point sourcescanbeincreasedby usinga source-stackinganalysis.In this
kind of analysisthe datafrom the directionsof sourcesshowing similar emissionandmorpho-
logical characteristics(ie. sourcesfrom which oneexpectsa similar neutrinoproductionscenario
and¯ux level with respectto their photonemission)areadded.The backgroundfor eachobject
is estimatedoff-sourcefrom thesamezenithbandasthe locationof theobject,andaddedfor all
candidates.A preliminaryanalysisperformedwith datacollectedin 2000-2003for several types
of sourcesshows no excessover theexpectedPoissonstatistics[16]. However thesensitivity has
beenimproved by a factorof threefor a genericAGN with respectto the point sourceanalysis
mentionedearlierin this section.

Gamma-ray bursts: A ratherspecialtype of candidateneutrinopoint sourceareGammaRay
Bursts(GRB), sincefor theseobjectsonehasthetime stampof theoccurrenceof theevent. This
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Candidate d(� ) a (h) nobs nb F lim
n Candidate d(� ) a (h) nobs nb F lim

n

TeVBlazars GeVBlazars
Markarian421 38.2 11.07 6 5.6 0.68 QSO0219+428 42.9 2.38 4 4.3 0.54
Markarian501 39.8 16.90 5 5.0 0.61 QSO0954+556 55.0 9.87 2 5.2 0.22

Microquasars SNR& Pulsars
SS433 5.0 19.20 2 4.5 0.21 SGR1900+14 9.3 19.12 3 4.3 0.35
CygnusX3 41.0 20.54 6 5.0 0.77 CrabNebula 22.0 5.58 10 5.4 1.3
GRS1915+105 10.9 19.25 6 4.8 0.71 Geminga 17.9 6.57 3 5.2 0.29
CygnusX1 35.2 19.97 4 5.2 0.40 CassiopeiaA 58.8 23.39 4 4.6 0.57

Table 2: Resultsfrom thesearchfor neutrinosfrom selectedobjects.d is thedeclinationin degrees,a the
right ascensionin hours,nobs is thenumberof observedeventsandnb theexpectedbackground.F lim

n is the
90%CL upperlimits in unitsof 10� 8cm� 2s� 1 for aspectralindex of 2 andintegratedabove 10GeV. These
resultsarepreliminary(thesystematicerrorsareunderassessment).

allows to performa practicallybackground–freeanalysisusingbothoff-sourceandoff-time back-
groundestimation. An additionaladvantageof having the time stampof the event is that the
requiredpointingresolutioncanberelaxedandthenthecascadechannelcanbeused,having then
accessto full sky searches.We have usedthe BATSE andIPN3 burst cataloguesandlooked for
neutrinoburstswithin a few secondsof the gammaburst usingthe Waxman-Bahcallmodelasa
benchmark.We have also looked for a precursorsignal,up to about100 s beforethe burst, as
proposedby othermodels[17]. Theresultsfrom theanalysisof 139burstsusingthemuonchannel
anddatafrom 2000-2003yield a ¯ux limit of E 2F n/dE = 3� 10� 8 GeV cm� 2 s� 1 sr� 1, while a
preliminaryanalysisusingthecascadechannelon 73 burstson 2000yieldsE2F n/dE = 9.5� 10� 7

GeVcm� 2 s� 1 sr� 1. Thesearchfor precursorbursts,using50burstfrom 2001-2003,yieldsa limit
of E2F n/dE= 5� 10� 8 GeVcm� 2 s� 1 sr� 1.

2.5 Search for dark matter candidates

If thedarkmatterhaloof our galaxyis composedof weakly–interactingrelic stableparticles,
they can accumulategravitationally in the centerof heavy objects,like the Sun or Earth. The
annhilitationsof suchparticlescanyield anexcessof neutrinosfrom theseobjects,detectablewith
neutrinotelescopes.The neutralino,a stableparticlepredictedin the Minimal Supersymmetric
StandardModel, is a goodcandidatefor darkmatter. We have performeda searchfor neutralinos
from the centerof the Earth [18] and the Sun [19]. The non-observation of an excess¯ux has
beentranslatedinto a muon¯ux limit. Theresultsareshown in �gures 5 (searchfrom theEarth)
and6 (searchfrom the Sun). The crossesarepredictionsfrom the MSSM, usingthe DarkSusy
package[20]. Thedotsaremodelsdisfavouredby directsearches[21].

3. Statusand potential of IceCube

IceCubeis thekm3 extensionof AMANDA, consistingof 80 stringsand4800opticalmod-
ulesarrangedin an hexagonalpatternof 1km� 1km� 1km. The main differencewith respectto
AMANDA is theuseof digital technologyin theice: thephotomultipliersignalsaredigitizedin-
situ at the optical module,which hasfull waveform recordingcapabilitieswith a dynamicrange
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Figure 5: 90%CL muon�ux limit from neutralino
annihilationsin thecenterof theEarth,asafunction
of neutralinomass.Resultsfrom otherexperiments
areshown for comparison.
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Figure 6: 90%CL muon�ux limit from neutralino
annihilationsin theSun,asa functionof neutralino
mass.Resultsfrom otherexperimentsareshown for
comparison.

between200and2000photoelectronsdependingon the integrationtime. IceCubeis expectedto
improvethesensitivity of AMANDA by afew ordersof magnitude[22]. After 3 yearsof operation
an all-¯avour sensitivity at the TeV-PeV energy rangeof O10 � 9 GeV cm� 2 s� 1 canbe achieved
(see�gure 3). Theangularresolutionwill beconsiderablyimprovedaswell, reachingbelow 1� .
Figures7 and8 show the IceCubeeffective areaand the pointing resolutionfor muon-neutrino
inducedeventsfor differentenergy ranges,asa functionof zenithangle.

The IceCubeproject includesa surfacearray, IceTop, consistingof 80 stations,oneat each
IceCubestring. A stationconsistsof two ice tankswith two OMs each,which will detectcharged
particlesfrom cosmicshowers. This will extendthephysicscapabilitiesof IceCubeandwill also
beusedfor calibration.The �rst four stationsof IceTop arein placeand,asof January2005,the
�rst string of IceCubeis deployed. Constructionwill continuewith the deploymentof up to 16
stringsperyear, until theyear2010.But thedetectorwill beusefulfor physicsfrom next season,
whenthenumberof modulesof IceCubewill becomparableto thepresentAMANDA array.
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