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Abstract. Two of the most fascinatingresearchprograms
carriedout over the last few decadesarethe searchfor pri-
maryantimatterandtheidentificationandsourcelocationof
thehighestenergy particlesin cosmicrays.

The fact that therehasbeenno detectionof primaryanti-
matterin theMilk y Way up to abouthundredGV/c doesnot
disprove theexistenceof superclustersof antigalaxiesin the
Universe.

In thispaperweshow theconditionsunderwhichthesupra-
10��� eV AGASA datamight consistof extragalacticparti-
cles,with a possiblecomponentof antimatter.

TheAGASA experimentresultshave beenalsocompared
to thepredictionsof differenttheoreticalmodels.

1 Introduction

Theexistenceof primaryantimatterin theUniverseandthe
origin of ExtremelyHigh EnergyCosmicRays(EHECR)are
two of themostintriguingmysteriesin modernphysics.

Particlephysicsshowsasymmetrybetweenmatterandan-
timatter, while in the known Universe,matteroverwhelms
antimatter. Gamma-raymeasurementsindicateno presence
of majordomainsof antimatterup to distancesof superclus-
tersof galaxies,tipically 100Mpc (Omnes,1969;1970).Ac-
curate,recentcosmic-rayobservationsaswell show no evi-
denceof primaryantimatterup to energiesof abouthundred
GV/c (Hof et al., 1996;Barwicket al., 1998).

EHECR observationsup to energies of 4 10��� eV sug-
gestthatthereis a correlationbetweentheir arrival direction
andthe pulsarlocationin the Local arm (Mikhailov, 1999).
Conversely, experimentalevidenceindicatesthatabove this
energy EHECR (most probablyprotons)show an approxi-
mately isotropic distribution of their arrival directions(see
for exampleBiermann,1997).Stanev andHillas (1999)have
also suggestedthat a correspondencemight exist between
particlearrival directionsandthesupergalacticplane.
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In caseof extragalacticorigin for EHECR,particleinter-
actionsduringpropagationaresupposedto limit thedistance
of sourcesof 10��� - 10��� eV cosmicrays from the Milk y
Wayto amaximumof 50Mpc. Consequently, anabruptcut-
off (GZK cut-off) is expected(Greisen,1966;Zatsepinand
Kuzmin,1966)in theEHECRflux above5 10�	� eV.

Many modelshavebeensuggestedto explaintheobserved
absenceof theGZK cut-off andtheorigin of EHECR.

In this paperit hasbeenshown underwhatcircumstances
the AGASA data (Akeno Giant Air Shower Array) might
consistof extragalacticparticleswith a possiblecontribution
of antimatter. For the dataabove 0.8 10��� eV, we attempt
a flux-binning different from that reportedin Hayashidaet
al. (2000), in order to investigateif the data-interpretation
resultsarebiasedby thebinningprocess.Theoriginal mea-
surementsof the AGASA experimentabove 10��� eV have
beenalsocomparedto differentmodels.

2 Cosmic-ray observations on antimatter and EHE par-
ticles

Antinuclei have never beendetectedin cosmic rays up to
the presenttime. The AMS satellite-borneexperimenthas
recentlyallowed to set an upper limit of 1.1 10
�� to the
�����
��

ratio up to rigidities of 140 GV/c (Alcaraz et al.,
1999). Positronandantiprotonmeasurementscarriedout in
the late seventiesand in the eighties(Goldenet al., 1979;
Muller andTang,1987)seemedto show an excessof these
particlescomparedto theexpectedsecondaryproductiondue
toprimarycosmic-raypropagationin theinterstellarmedium.

Theimprovedcapabilitiesof detectorsusedduringthislast
decadehave leadto differentresults(Grimani,1996;Basini
etal., 1999).

Thefactthattherehasnotyetbeenany evidenceof theex-
istenceof primaryantimattermight only meanthatprimary
antiparticlesreachtheMilk y Way at muchhigherenergies.

By studying the diffusion coefficient of cosmic rays in
clustersof galaxiesand in the intraclustermedium, it has
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Fig. 1. EHECRflux measurementsaccordingto theAGASA exper-
iment(opendots).Thedashedcurve representstheexpectedcontri-
bution of sourcesuniformly distributedin space.A binningdiffer-
ent from that reportedin Hayashidaet al. (2000)hasbeenaccom-
plishedabove 0.8 �	����� eV (openstars).

beenshown (Grimani,1999andreferencestherein)thatpar-
ticleswith energiesgreaterthan10��� eV arefavouredto leak
out of theirsourcecluster, therefore(if they haveenoughen-
ergy at the source)they can reachtheMilk y Way from dis-
tancesof hundredMpc during a Hubbletime. If this is the
case,asomeof theseparticlesmightbeprimaryantimatter.

Out of the completesampleof about20 eventsobserved
with energieslarger than10��� eV (seefor exampleOlinto,
2000aand referencestherein)eight have beendetectedby
theAGASA experiment.

In orderto avoid introducingpossibleenergy-rescalingbi-
asesamongdifferent experiments,we investigateherein if
any possiblehint onEHECRcanbeobtainedfrom theAkeno
datasamplealone.

In fig. 1 we show theAGASA energy spectrum,asorigi-
nally reported(opendots).

The dashedcurve representsthe expectedcontribution of
cosmic-raysourcesuniformly distributedin space.Dataand
theoreticalcurvearereportedin Hayashidaetal. (2000).Be-
low 10��� eV thereis averygoodagreementbetweenthedata
and the model,while at higherenergiesthereis an evident
disagreementincreasingwith energy. With the purposeof
further investigatingthe compatibility of the datawith the
theoreticalmodels,it is interestingto rebintheAGASA data
above 0.8 10��� eV in only threebins in energy (openstars
in fig. 1). Theflux re-binninghasbeenaccomplishedon the
basisof the datareportedin Hayashidaet al. (2000). The
new binningseemsto indicatea moreconstantslopefor the
flux above7 10�	� eV.

Fig. 2. The Akeno dataare comparedto theoreticalpredictions
of topologicaldefects(necklaces)producinggaugebosonsof �������
GeV (dashedline), �	� ��� GeV (dot-dashedline), ��� ��� GeV (dotted
line). The solid line representsthe possiblecontribution of super-
heavy particles(m= �	����� GeV) belongingto theMilk y Wayhaloto
theEHECRflux. Thetheoreticalcurvesarereportedin Berezinsky
(1999).

3 Possibilities for the EHECR origin

Many modelshave beenproposedfor theorigin of EHECR.
Not oneof thesemodelscan be consideredfully plausible
if it doesn’t predict correctly (1) the particle arrival direc-
tion, (2) theabsenceof theGZK cut-off and(3) theobserved
energy spectrum.Galacticmodelscomplywith theabsence
of the GZK cut-off, but only heavy ions canbe confinedin
the Galaxyat energieslarger than10��� eV. Conversely, ex-
tragalacticmodelscanaccountfor the observationsif large
scalestructureswill befoundcompatiblewith particlearrival
directions.

Among galacticmodelsit hasbeensuggestedthat iron
nuclei canbe acceleratedby a relativistic magnetohydrody-
namicwind-up to 3 10��� eV in high magneticfields found
nearyoungpulsars(Olinto et al., 1999).This modelis char-
acterizedbyaheavy compositionatEHEandaveryflat spec-
trum (proportionalto E 
 � ). Conversely, (seefig. 2) a light
compositionmight indicatea processof annihilationand/or
collapseof topologicaldefects(TD) or decayof super-heavy
(SH) primordialparticlesbelongingto thehaloof theMilk y
Way (Berezinsky, 1999).It mustbestressedthatthelow ob-
served photonflux andthe approximatelyisotropicparticle
distribution of EHECRleave doubtsabouttheselast possi-
bilities.

Gamma-raybursts(Vietri, 1995;Waxman,1995),Active
GalacticNuclei, and in particular, radiogalaxies(Biermann
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et al., 2000)havebeenproposedaspossiblesourcesof EHE
extragalacticcosmicrays.

In any case,sinceparticleswith energieshigherthan10���
eV arefavouredto escapefrom their sourcecluster, regard-
lessof their accelerationprocess,it is possiblethatEHECR
generatedin distantclustersof galaxiesareableto re-enter
othergalaxies.EHECRproducedin our Virgoclusterwould
beprivilegedin reachingtheMilk y Way, but anextra-cluster
componentcannotbe excluded,as it will be shown in the
next Section.

4 Statistical compatibility of data with models

In caseof an extragalacticorigin of EHECR, their source
spectrumresultsmodifiedby thepropagationprocessbefore
reachingthe Milk y Way. The characteristicsof the inter-
galacticmediumareuncertainthereforecalculationsof ex-
tragalacticcosmic-rayfluxesareaffectedby largeuncertain-
ties (seefor example,Olinto, 2000b). In particular, to esti-
matethecomponentof antimatterincludedin theoverallen-
ergy spectrumof EHECRneartheEarthmight resultmean-
inglessbut it is importantto determineunderwhich condi-
tionsEHE particlesmight reachtheEarthfrom distantclus-
tersof (anti)galaxies.

It will be assumedherethat (anti)protonsconstitutepri-
maryEHECRandthatthecharacteristicsof theintergalactic
mediumarethosereportedin Grimani,1999. Energy losses
dueto photo-pionproductionwill limit thediffusionprocess
of EHECR.Primaryantiprotonsmightreachourgalaxyonly
after propagationthroughthe intergalacticmediumfor dis-
tancesof at least100Mpc.

In fig. 3 it hasbeenshown how the propagationprocess
throughthe intergalacticmediummodifiesthe (anti)proton
integral spectrumper bin by assuminga spectralindex of
2 at the source. The sourcespectrumhasbeennormalized
to 1 in the energy bin 0.1E - E. Poissonfluctuationshave
beenconsideredin protonenergy lossesby assumingamean
freepathof 30 Mpc for anenergy lossof a factorof 10 (see
Biermann,1997;Grimani,1999).

The white histogramin fig. 3 representsthe flux at the
source,the gray-shadedhistogramcorrespondsto the spec-
trum propagatedthrough90 Mpc of intergalacticmedium(3
meanfreepaths),thehatchedhistogramrelatesto apropaga-
tion through120Mpc of intergalacticmedium(4 meanfree
paths).

It must be stressedthat the propagationprocesscauses
only adifferentdistributionof particlesin energybut thetotal
numberof particlesdoesnot change.In particular, theprop-
agatedspectrumwill presentparticleconcentrationin theen-
ergy bin just below the thresholdfor photo-pionproduction
(5  �!"�#� eV),andit will bedepletedat thehigherenergies.As
anexample,anoriginaldifferentialflux with aspectralindex
of 2 up to  $!��%� eV propagatedfor 120Mpc will appearwith
a spectralindex of approximately2.4 between �! �&� eV and
 $!��%� eV.

To investigateif, despitethelargeerrorbars,theAGASA

Fig. 3. Cosmic-raydifferentialflux (A E ' � ) at the source(white
histogram) and propagatedthrough 90 Mpc (gray-shadedhis-
togram) and 120 Mpc (hatchedhistogram) in the intergalactic
medium.It is possibleto noticethatthepropagationprocesssteep-
enstheflux mainly in thehigherenergy bins.

dataabove  $!��(� eV hideany hint of thenatureof thetheoret-
ical models,the original (3 datapointsabove  �!��(� eV) and
therebinned(3 datapointsabove0.8  $!��(� eV) datahavebeen
fittedwith differentfunctions(Tables1 and2, respectively).

There-binningprocessseemsto show a regularslopefor
theflux above 7  �!"�#� eV. Thereforethetrendof theoriginal
AGASA datapoint at 7.1  �!"�#� eV alongwith the3 rebinned
datapointsabove 0.8  �! �&� eV hasalsobeenstudied(4 data
points- Table3).

Finally, the original dataabove  $!��(� eV hasbeencom-
paredto theoreticalmodels.In particular, thehypothesesof
TD andSH particlespopulatingthegalactichalohave been
considered(Table4).

In thiswork, we follow theseguidelines:
1) Thefreeparametersfor thefitting processarereported

eachtime to evaluatethedegreesof freedom.
2) Thefitting processhasbeenaccomplishedby averaging

theasymmetricerrors.
3) Thevaluesof thespectralindex reportedfor thepower-

law best-fitsarethosegeneratedby thefit.
It is easilyobservedfrom Table1 andTable2 thattheCon-

fidenceLevel (CL) valuesfor all of the fits arequite high,
makingit somewhat difficult to chooseonemodelover an-
other. However, a power-law in energy with a spectralindex
between2 and3 seemsto bepreferredwith respectto other
valuesof thespectralindex or to aconstantvalue.

In Table3apower-law behaviourwith aspectralindex of 3
is definitelyfavoured(CL=0.98to becompared,for example,
to a constantvaluefit having aCL of 9%).
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It canbeconcludedthatthebinningprocessactuallyplays
somerole in thedatainterpretation.

In Table4 theCL valuesareequallyhigh, but aresmaller
whencomparedto thepower-law fits.

Table 1. Interpolationof theoriginal AGASA dataabove ��� ��� eV
with differentfunctions(3 datapoints)

Fit function )*� /dof CL

Constantvalue(A) 1.105 0.33

BestFit (A E ',+ ; -/.1032 4$� ) 0.0414 0.84

Power law (A E ' � ) 0.548 0.58
Power law (A E ' � ) 0.118 0.89

Power law (A E '*5 ) 0.0251 0.98

Table 2. Interpolationof therebinnedAGASA dataabove 0.8 �	�����
eV with differentfunctions(3 datapoints)

Fit function ) � /dof CL
Constantvalue(A) 1.088 0.34

BestFit (A E ',+ ; -/.1032 6�7 ) 0.0665 0.80

Power law (A E ' � ) 0.592 0.55

Power law (A E ' � ) 0.112 0.89
Power law (A E '*5 ) 0.0794 0.92

Table 3. Interpolationof an original and rebinnedAGASA data
above 0.7 �	� ��� eV with differentfunctions(4 datapoints)

Fit function ) � /dof CL
Constantvalue(A) 2.174 0.089

BestFit (A E '8+ ; -/.1032 9$0 ) 0.0456 0.96

Power law (A E ' � ) 1.381 0.25

Power law (A E ' � ) 0.294 0.83
Power law (A E '85 ) 0.0577 0.98

5 Conclusions

CurrentmeasurementsfromtheAGASAexperiment,affected
by large statisticalerrors,do not lead to final conclusions
aboutEHECR.However, theflux seemsto indicatea power-
law behaviour with a spectralindex between2 and3 above
 $!��(� eV. This trendis evenmoreevidentafterre-binningthe
AGASA dataabove 0.8  $!��(� eV in only threedatapoints.
In this last case,a power-law fit with a spectralindex close

Table 4. Comparisonof theAGASA dataabove ��� ��� eV with the-
oreticalmodels(3 datapoints)

Theoreticalmodels ) � /dof CL

Necklaces 1.186 0.31
( �	� ��� eV)

Necklaces 1.023 0.38
( �	� ��� eV)

Necklaces 0.970 0.41
( �	� ��� eV)

SuperHeavy 0.598 0.62
Particles

to 3 above 0.7  �!:�&� eV is favoured. It hasbeenshown that
extragalacticsourceslocatedwithin 100-120Mpc from the
Earthmight contribute to the observedEHECRflux only if
cosmic-rayparticles(assumedto be (anti)protons)present
at the sourceenergiesof  �!:�(� eV. Futureexperimentslike
AUGER and the OWL-Airw atch Projectswill measuredi-
rection,masscompositionandenergy of EHECR.If a light
compositionas well as an extragalacticorigin for EHECR
will beconfirmedby theseexperiments,a componentof pri-
maryantimattercannotbeexcluded.
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