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Abstract. Two of the mostfascinatingresearchprograms
carriedout over the lastfew decadesrethe searchfor pri-
mary antimatterandtheidentificationandsourcelocationof
the highestenegy particlesin cosmicrays.

Thefactthattherehasbeenno detectionof primary anti-
matterin the Milk y Way up to abouthundredGV/c doesnot
disprove the existenceof superclustersf antigalaxiesn the
Universe.

In thispapemve shov theconditionsundemwhichthesupra-
10?9 eV AGASA datamight consistof extragalacticparti-
cles,with a possiblecomponendf antimatter

The AGASA experimentresultshave beenalsocompared
to the predictionsof differenttheoreticaimodels.

1 Introduction

The existenceof primary antimatterin the Universeandthe
origin of ExtremelyHigh Enegy CosmicRays(EHECR)are
two of themostintriguing mysteriesn modernphysics.

Particlephysicsshovsasymmetrybetweemmatterandan-
timatter, while in the known Universe,matteroverwhelms
antimatter Gamma-raymeasurementmdicateno presence
of majordomainsof antimatterup to distance®f superclus-
tersof galaxiestipically 100Mpc (Omnes,1969;1970).Ac-
curate,recentcosmic-rayobsenationsaswell shav no evi-
denceof primary antimatterup to enegiesof abouthundred
GV/c (Hof etal., 1996;Barwick etal., 1998).

EHECR obsenationsup to enegiesof 4 10'° eV sug-
gestthatthereis a correlationbetweertheir arrival direction
andthe pulsarlocationin the Local arm (Mikhailov, 1999).
Corversely experimentalevidenceindicatesthat above this
enegy EHECR (most probably protons)shav an approxi-
mately isotropic distribution of their arrival directions(see
for exampleBiermann,1997).Stane andHillas (1999)have
also suggestedhat a correspondencenight exist between
particlearrival directionsandthe supegalacticplane.
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In caseof extragalacticorigin for EHECR, particleinter-
actionsduring propagatioraresupposedo limit thedistance
of sourcesof 10%° - 10?! eV cosmicrays from the Milky
Way to amaximumof 50 Mpc. Consequentlyanabruptcut-
off (GZK cut-off) is expected(Greisen,1966; Zatsepinand
Kuzmin,1966)in the EHECRflux above 5 10'° eV.

Many modelshave beensuggestetb explaintheobsened
absencef the GZK cut-off andtheorigin of EHECR.

In this paperit hasbeenshovn underwhatcircumstance
the AGASA data (Akeno Giant Air Shover Array) might
consistof extragalactigparticleswith a possiblecontribution
of antimatter For the dataabove 0.8 10?0 eV, we attempt
a flux-binning differentfrom that reportedin Hayashidaet
al. (2000),in orderto investigateif the data-interpretatiol
resultsarebiasedby the binning process.The original mea-
surementof the AGASA experimentabove 10?° eV have
beenalsocomparedo differentmodels.

2 Cosmic-ray observationson antimatter and EHE par-
ticles

Antinuclei have never beendetectedin cosmicrays up to
the presentime. The AMS satellite-borneexperimenthas
recently allowed to setan upperlimit of 1.1 10°% to the
He/He ratio up to rigidities of 140 GV/c (Alcarazet al.,
1999). Positronandantiprotonmeasurementsarriedout in
the late seventiesandin the eighties(Goldenet al., 1979;
Muller and Tang,1987) seemedo shav an excessof these
particlescomparedo theexpectedsecondaryproductiondue
to primarycosmic-raypropagationin theinterstellammedium.

Theimprovedcapabilitiesof detectorsisedduringthislast
decadéhave leadto differentresults(Grimani, 1996;Basini
etal.,1999).

Thefactthattherehasnotyetbeenany evidenceof theex-
istenceof primary antimattermight only meanthat primary
antiparticlegeachthe Milk y Way at muchhigherenegies.

By studying the diffusion coeficient of cosmicraysin
clustersof galaxiesandin the intraclustermedium, it has
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Fig. 1. EHECRflux measuremeniccordingo the AGASA exper

iment(opendots).Thedashecturve representshe expectedcontri-
bution of sourceauniformly distributedin space.A binning differ-

entfrom thatreportedin Hayashideet al. (2000)hasbeenaccom-
plishedabove 0.810%° eV (openstars).

beenshavn (Grimani,1999andreferencesherein)thatpar
ticleswith enegiesgreatetthan10'® eV arefavouredto leak
out of their sourcecluster therefore(if they have enoughen-
ergy at the source)they can reachthe Milky Way from dis-
tancesof hundredMpc during a Hubbletime. If thisis the
case asomeof theseparticlesmight be primary antimatter

Out of the completesampleof about20 eventsobsened
with enegieslargerthan10?° eV (seefor exampleOlinto,
2000aand referencegherein) eight have beendetectedby
the AGASA experiment.

In orderto avoid introducingpossibleenegy-rescalingi-
asesamongdifferent experiments,we investigatehereinif
ary possiblehinton EHECRcanbeobtainedrom the Akeno
datasamplealone.

In fig. 1 we shov the AGASA enegy spectrumasorigi-
nally reported(opendots).

The dasheccurve representshe expectedcontribution of
cosmic-raysourcesuniformly distributedin space Dataand
theoreticakurve arereportedn Hayashidatal. (2000).Be-
low 10?9 eV thereis avery goodagreemenbetweerthedata
andthe model, while at higherenepgiesthereis an evident
disagreemenincreasingwith enegy. With the purposeof
further investigatingthe compatibility of the datawith the
theoreticaimodelsiit is interestingto rebinthe AGASA data
above 0.8 10?° eV in only threebinsin enegy (openstars
in fig. 1). Theflux re-binninghasbeenaccomplishean the
basisof the datareportedin Hayashidaet al. (2000). The
new binning seemdo indicatea moreconstanslopefor the
flux above 7 10'° eV.
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Fig. 2. The Akeno dataare comparedto theoreticalpredictions
of topologicaldefects(necklacesproducinggaugebosonsof 104
GeV (dashedine), 10'® GeV (dot-dashedine), 10'® GeV (dotted
line). The solid line representshe possiblecontrikution of super
heary particles(m=101* GeV) belongingto the Milky Way haloto
theEHECRflux. Thetheoreticalcurvesarereportedn Berezinsk
(1999).

3 Possibilitiesfor the EHECR origin

Many modelshave beenproposedor the origin of EHECR.
Not one of thesemodelscan be consideredully plausible
if it doesnt predictcorrectly (1) the particle arrival direc-
tion, (2) theabsencef theGZK cut-off and(3) the obsened
enegy spectrum.Galacticmodelscomply with the absenc:
of the GZK cut-off, but only heary ions canbe confinedin
the Galaxy at enegieslargerthan10?® eV. Corversely ex-
tragalacticmodelscanaccountfor the obsenationsif large
scalestructurewill befoundcompatiblewith particlearrival
directions.

Among galacticmodelsit hasbeensuggestedhat iron
nuclei canbe acceleratedby a relativistic magnetohydrody
namicwind-up to 3 10?° eV in high magneticfields found
nearyoungpulsars(Olinto etal., 1999). This modelis char
acterizedy aheary compositiorat EHE andaveryflat spec-
trum (proportionalto E~1). Corversely (seefig. 2) alight
compositionmight indicatea processof annihilationand/or
collapseof topologicaldefectqTD) or decayof superheary
(SH) primordial particlesbelongingto the halo of the Milky
Way (Berezinsk, 1999).1t mustbe stressedhatthelow ob-
sened photonflux andthe approximatelyisotropic particle
distribution of EHECR leave doubtsabouttheselast possi-
bilities.

Gamma-raybursts(Vietri, 1995; Waxman,1995), Active
GalacticNuclei, andin particular radiogalaxiegBiermanr
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etal., 2000)have beenproposedaspossiblesourcesof EHE
extragalacticcosmicrays.

In ary casesinceparticleswith enegieshigherthan10'?
eV arefavouredto escapdrom their sourcecluster regard-
lessof their acceleratiorprocessit is possiblethat EHECR
generatedn distantclustersof galaxiesare ableto re-enter
othergalaxies.EHECRproducedn our Virgo clusterwould
be privilegedin reachinghe Milk y Way, but anextra-cluster
componentcannotbe excluded,asit will be shovn in the
next Section.

4 Statistical compatibility of data with models

In caseof an extragalacticorigin of EHECR, their source
spectrunresultsmodifiedby the propagatiorprocessefore
reachingthe Milky Way. The characteristicof the inter
galacticmediumare uncertainthereforecalculationsof ex-
tragalacticcosmic-rayfluxesareaffectedby large uncertain-
ties (seefor example,Olinto, 2000b). In particular to esti-
matethe componentf antimatterincludedin the overallen-
ergy spectrunof EHECRnearthe Earthmight resultmean-
inglesshbut it is importantto determineunderwhich condi-
tions EHE particlesmight reachthe Earthfrom distantclus-
tersof (anti)galaxies.

It will be assumecherethat (anti)protonsconstitutepri-
mary EHECRandthatthe characteristicef theintergalactic
mediumarethosereportedin Grimani, 1999. Enegy losses
dueto photo-pionproductionwill limit thediffusionprocess
of EHECR.Primaryantiprotongnightreachour galaxyonly
after propagatiorthroughthe intergalacticmediumfor dis-
tancesf atleastl00Mpc.

In fig. 3 it hasbeenshavn how the propagatiorprocess
throughthe intergalacticmediummaodifiesthe (anti)proton
integral spectrumper bin by assuminga spectralindex of
2 at the source. The sourcespectrumhasbeennormalized
to 1 in the enegy bin 0.1E - E. Poissonfluctuationshave
beenconsideredn protonenegy lossesy assumingamean
free pathof 30 Mpc for anenepy lossof afactorof 10 (see
Biermann,1997;Grimani, 1999).

The white histogramin fig. 3 representshe flux at the
source the gray-shadedistogramcorrespondso the spec-
trum propagatedhrough90 Mpc of intergalacticmedium(3
meanfreepaths) thehatchecdhistogranrelatesto a propaga-
tion through120 Mpc of intergalacticmedium(4 meanfree
paths).

It must be stressedhat the propagationprocesscauses
only adifferentdistribution of particlesin enegy but thetotal
numberof particlesdoesnot change.In particular the prop-
agatedspectrunwill presenparticleconcentrationn theen-
ergy bin just below the thresholdfor photo-pionproduction
(510 eV), andit will bedepletedatthehigherenegies.As
anexample,anoriginal differentialflux with aspectraindex
of 2 upto 1022 eV propagatedor 120 Mpc will appeawith
a spectralindex of approximately2.4 between10?° eV and
1022 eV.

To investigatdf, despitethelarge errorbars,the AGASA
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Fig. 3. Cosmic-raydifferentialflux (A E~2) at the source(white
histogram) and propagatedthrough 90 Mpc (gray-shadedhis-
togram) and 120 Mpc (hatchedhistogram)in the intergalactic
medium.lt is possibleto noticethatthe propagatiorprocesssteep-
enstheflux mainly in thehigherenegy bins.

dataabove 102° eV hideary hint of the natureof thetheoret-
ical models,the original (3 datapointsabove 10%° eV) and
therebinned3 datapointsabove 0.810%° eV) datahave been
fitted with differentfunctions(Tablesl and2, respectiely).

There-binningprocessseemdo show aregular slopefor
theflux above 7 10t° eV. Thereforethe trendof the original
AGASA datapointat7.110'° eV alongwith the 3 rebinned
datapointsabove 0.8 10%° eV hasalsobeenstudied(4 data
points- Table3).

Finally, the original dataabove 102° eV hasbeencom-
paredto theoreticalmodels.In particular the hypothesesf
TD and SH particlespopulatingthe galactichalo have been
consideredTable4).

In thiswork, we follow theseguidelines:

1) Thefree parametersor thefitting processarereported
eachtime to evaluatethe degreesof freedom.

2) Thefitting processhasbeenaccomplishedby averaging
theasymmetricerrors.

3) Thevaluesof the spectraindex reportedfor thepower-
law best-fitsarethosegeneratedy thefit.

It is easilyobsenedfrom Tablel andTable2 thattheCon-
fidencelLevel (CL) valuesfor all of the fits are quite high,
makingit somevhat difficult to chooseone modelover an-
other However, a power-law in enegy with a spectraindex
betweer2 and3 seemdo be preferredwith respecto other
valuesof the spectraindex or to a constantalue.

In Table3 apower-law behaiour with aspectraindex of 3
is definitelyfavoured(CL=0.98to becomparedfor example,
to aconstanwaluefit having a CL of 9%).
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It canbeconcludedhatthebinningprocessctuallyplays
somerole in thedatainterpretation.

In Table4 the CL valuesareequallyhigh, but aresmaller
whencomparedo the power-law fits.

Table 1. Interpolationof the original AGASA dataabore 10%° eV
with differentfunctions(3 datapoints)

Fit function x2/dof | CL
Constantwalue(A) 1.105 | 0.33
BestFit (A E- 7y = 2.80) | 0.0414| 0.84
Powerlaw (A E~T) 0.548 | 0.58
Powerlaw (A E~2) 0.118 | 0.89
Powerlaw (A E~3) 0.0251| 0.98

Table 2. Interpolationof the rebinnedAGASA dataabove 0.810%°
eV with differentfunctions(3 datapoints)

Fit function x2/dof | CL
Constanwalue(A) 1.088 | 0.34
BestFit (A E 7y = 2.54) | 0.0665| 0.80
Powerlaw (A E~T) 0.592 | 0.55
Powerlaw (A E~?) 0.112 | 0.89
Powerlaw (A E~3) 0.0794| 0.92

Table 3. Interpolationof an original and rebinnedAGASA data
above 0.710%° eV with differentfunctions(4 datapoints)

Fit function x2/dof | CL
Constanwalue(A) 2.174 | 0.089
BestFit (AE 7,y = 2.72) | 0.0456 | 0.96
Powerlaw (A E=1) 1.381 | 0.25
Powerlaw (A E~?%) 0.294 | 0.83
Poverlaw (A E-9) 0.0577| 0.98

5 Conclusions

Currentmeasuremenfsom theAGASA experiment affected
by large statisticalerrors, do not lead to final conclusions
aboutEHECR.However, theflux seemgo indicatea power-
law behaviour with a spectralindex between? and3 above
1020 eV. This trendis evenmoreevidentafterre-binningthe
AGASA dataabove 0.8 102° eV in only threedatapoints.
In this lastcase,a power-law fit with a spectralindex close

Table 4. Comparisorof the AGASA dataabove 102° eV with the-
oreticalmodels(3 datapoints)

Theoreticamodels | y?/dof | CL
Necklaces 1.186 | 0.31
(10** ev)

Necklaces 1.023 | 0.38
(10*® eV)
Necklaces 0.970 | 0.41
(10 eV)

SuperHeary 0.598 | 0.62
Particles

to 3 above 0.7 10%° eV is favoured. It hasbeenshavn that
extragalacticsourcedocatedwithin 100-120Mpc from the
Earth might contribute to the obsened EHECRflux only if
cosmic-rayparticles(assumedo be (anti)protons)presen
at the sourceenegies of 1022 eV. Future experimentslike
AUGER and the OWL-Airw atch Projectswill measuredi-
rection,masscompositionandenegy of EHECR.If alight
compositionas well as an extragalacticorigin for EHECR
will be confirmedby theseexperimentsa componenbf pri-
mary antimattercannotbe excluded.
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