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Abstract: Thevaluesof thespectraindicesof thecosmicionsbelov thekneeenegy bandareof notable
importancefor a quantitatve accountof the characteristiof the kneeandthe ankle of the differential
enepy spectrumof the cosmicradiation. Presentvailablemeasurementsf protonandhelium spectral
indicesbelow the kneeenegy intenal from a variety of experimentsareexamined. Accordingto some
measurementthe proton dominancen the p/He flux ratio belov 103 eV transformsinto a helium
dominanceabore 10'* eV implying a breakof the p and He spectralindices. On the contrarythese
trendsremainunproren or disprovedin otherexperiments.The relevanceof thesemeasurement® the
origin of thekneeandankleis briefly presenteé@ndhighlighted.

Intr oduction

Whatarethe spectraindicesof heliumandproton
belov andcloseto thekneeenengy region ? Mea-
surementaiddressingo thisempiricalquestiorare
of theutmostimportancenotonly for theirintrinsic
valuebut becausehey have fundamentalmplica-
tionsin cosmicray physicsabove the kneeenegy
asexplainedbelow.

Figure 1 shows the protonandheliumfluxesmea-
suredby four differentexperimentd[9, 8, 18, 15|
takenasanexample(BessAtic, RunjobandJacee)
out of mary othersavailable, belowv the enegy
3 x 101 eV. A dominanceof the protonflux over
that of the heliumis clearly displayedin threeex-
perimentspeingnot evidentin Jaceedata. Figure
2 shavs somemeasurementfl 6, 13] of the pro-
ton and helium fluxes by two experiments(Kas-
cadeandEas-top)at higherenegy; in this enegy
bandthe helium flux dominatesover that of the
proton. Accordingto theseresultsthe protonand
He spectraindicesshouldsomehav changen the
transitionregion 10*4-10'° ¢V, But this changeis
not empirically evident as arguedby others[19].
Recentstudies[3, 4, 2] providing a solution of
thelong standingproblemof the kneeandthe an-
kle, adoptconstantspectralindicesfor eachion
of the cosmicradiationin the full enegy bandi.e.

10° to 10?° eV leadingto anexcellentagreement
betweencomputedand measuredpectrumof the
cosmicradiation(seefigureslland12in [4]).

The anchorageof this postulateof constantspec-
tral indicesto physicalreality is suggestedy the

form of thecomplete spectrum (all-particlespec-
trum). Threemajoraccidentglisrupttheregularity

of the complete spectrum from being a perfect
straightline segmentin logarithmic scalesof en-

ergy andintensity : the solar modulationat very

low enepgy, the knee,and the ankle at very high

enegy. If thesedistortionsareremoved,a simple
characteristideatureemeges: a remarkablelin-

earity of the intensity versusenepy (seefigure 5

of [3]). Butwhy shouldexistin naturethelinearity

of the complete spectrum, which is the sum of

partial spectra, without assuminghe linearities
in the indicesof the individual ions? Thereexist

theoreticalattemptq20, 6] predictingconstanin-

dicesat the sources.A detailedstudyof the spec-
tral indices of heavier elementsis describedn a
forthcomingpaper1].

The following analysisis an attemptto ascertain
if theprotonandheliumspectraindicesin theen-
ergy region101-10'5 eV areconstanbr they have

oneor moreabruptchangegbreaks).
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Figure 1. Dominanceof the protonflux over that
of heliumbelowv 3 x 10'° eV resultingfrom pro-
tonandheliumspectraneasuredhy someballoon-
borneexperimentyBess,Atic, RunjobandJacee)
achiezing individual identification of the cosmic
ions (directmeasurements).

Hypothesisof constantspectral indices

Let us introducethree alternatve hypothesedor
the proton and helium spectralindices denoted
Hypothesis A, B andC'. In the Hypothesis A,
illustratedin figure 3, the proton and helium in-
dicesin theenegyband10''-10' eV areassumed
to beconstantFromtheAtic andJacealatashavn
in figure 1 the protonandheliumfluxesarealmost
equalin theenegy region1-4 x 10'3 ¢V amount-
ingto abouts x 1016 jons eV1-*(m? s sr)~ 1. From
theKascadealatashavnin figure2, in therestricted
enegy bandl1-3 x 10'® eV, theaverageprotonand
He fluxes are, respectiely, 2 and 5 x 10 jons
eV15(m? s sr)~1. Forcing constantspectralin-
dicesthroughAtic andKascaddluxes,theindices
of 2.68 and 2.54 for proton and helium, respec-
tively, areobtained. This Hypothesis A, in spite
of its simplicity, canaccomodataeitherthe Eas-
top dataof figure 2 nor the proton dominanceof
the Runjobexperimentdisplayedin figure 1. No-
tice thatthe protonandheliumspectraobtainedby
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Figure 2: Dominanceof the helium flux over
that of proton measuredy Eas-topand Kascade
(QGSjet)experiments.

Kascadausingthe Sibyll algorithm(notreportedn
figure2 to avoid confusion)eadto thesameancon-
sisteny becauserrorbarsremainfairly smalland
theHe/pratio of about2.4is comparabléo thatof
2.3obtainedwith the QGSjetalgorithms(shovnin
figure2).

Hypothesis of a break in the proton
spectralindex

As a consequencef the analysismade of the
previous sectionmore articulatedelaborationge-
ferred to as Hypothesis B are required. The
Hypothesis B admits the existenceof a steep
fall (break)of the proton spectrumin the enegy
decadel03-10'* ¢V asillustratedqualitatively in
figure 3. Within this hypotheticakonditionthe he-
lium intensitymeasuredby Kascadds compatible
with the helium spectraneasuredy directexper
imentsatlower enegies.A companiorhypothesis
in this enegy band,contemplatinga breakin the
heliumindex while preservinga constantndex for
protonis not favored by the Jaceedata, thoseof
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the Runjobor by a coherenimatchingbetweerthe
cosmic-rayintensitiesmeasuredy directandin-
directexperiments.

Note howeverthatthe protonbreakis not corvinc-
ing in ary single experimentnor using the data
of two differentexperimentqfor instance Runjob
andJacee).The breakis excludedby the Runjob
data (shown in figure 1) in the crucial and rele-
vant enegy decadebeforeand closeto the knee
i.e.10™-10'° eV.

Hypothesis of parallel spectral indices
for proton and helium

The oxygenspectrumhasbeenrecentlymeasured
by the Tracerexperiment{17] atthe maximumen-
ergy of 5 x 10! eV amountingto about9.5 x 1013
ions eV13(m? s sr)~! asshown in figure 4. By
extrapolatingthis valueaborve 10'° eV with anin-
dex of 2.6, a generalinconsisteng with mostre-
sults of the indirect experimentsmanifests. The
carbonspectrunparallelsthe oxygenspectrunbe-
low 5 x 10'* ¢V asindicatedin figure 4 with a
C/Oflux ratio closeto 0.6. The persistencef this
constantatio at higherenegies(assumingC:N:O
flux ratiosof 0.6,1/3, 1) resultsin aCNO intensity
aroundthe kneeenepgy region significantlybelow
theintensitymeasuredy the Kascadesxperiment
[16] by a crudefactor2.5. The discrepang en-
largesusingthe Eas-topCNO data[12].

One shouldnotice the following two remarkable
factsof the Kascadeiron data. Firstly, the iron

alundancen theenepgy band1-4 x 10'° eV mea-
suredby Kascad€Syhbill) is 7.5percent,similarto

thatobsenedat lower enegies(for instance9.94
percentat1 TeV, [7]). Secondlytheiron index

measurediy Kascadein a very large enegy do-

maini.e. 10'%-8 x 1016 eV is compatiblewith

a constantvalue of 2.60, quite similar to that ob-

senedbelon 104 eV (for instance2.60at1 TeV

ascompiledin [7]).

The Ne, Mg and.Si datareportedin figure4 and
othersavailableindicatethatneithertheabundance
nor the globalindex of the Ne-S groupchangen

the enegy rangel0'4-101° eV with respecto the

values(9.6 percentand2.64)at 1 T¢eV ascom-

piled in [7]. The sum of the Fe intensity mea-
suredby Kascadein the enegy band1-4 x 103
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Figure3: Hypotheticalscheme®f protonandhe-
lium spectraindicesin theenegy band10!2-10'°
eV. The Hypothesis A adoptsconstantspec-
tral indicesgiving a flux equalityat the enegy of
0.8 x 10'2 eV. The Hypothesis B concevesa
possible(unproven) break of the protonindex at
the enegy point denotedby M (4 x 103 eV).
Above the enegy point V (9 x 10*3) the proton
index is assumedo regainaconstantalue.

eV with the extrapolatedCNO and Ne-S inten-
sities is in the sameband 2.0 ions eV®(m? s
sr)~! which is a fraction 0.23 + 0.04 of the all-
particleflux of 8.4 ions eV1®(m? s sr)~! asmea-
suredby Kascadeat 1-4 x 10'® eV. Note that
this global figure basically persistsincluding the
high neonabundanceobsenedby Tracer[17]. Re-
peatingthe sum with the extrapolatedFe inten-
sity basedon the dataof figure 4, insteadof using
the Fe intensity measuredy Kascadethe result-
ing fractionis 0.21 + 0.04. But theselow frac-
tions of heary elementsimplies that proton and
helium fluxes still dominatethe cosmicray spec-
trumaround1-4 x 10'% eV. This Hypothesis C,
termedquasi parallel hypothesis is a variantof
the Hypothesis A andit empiricallycallsfor con-
stantspectralindices,at leastup to 4 x 10'° eV.
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Figure 4: Intensitiesof individual ions measured
by someexperimentd10, 14, 11] in theenegy in-
terval 101°-10'° eV/.

Conclusions

Hypothesis A hasmultiple inconsistenciesgven
relaxingtheintensitymatchingin differentexperi-

ments.Hypothesis B would matchtheprotonand
helium spectraof direct andindirect experiments
implying the existenceof a pre-kneein the pro-

ton spectrunbut it is not favored,or simply ruled
out, by the Runjob datashowvn in figure 1. The
Hypothesis C would questionthe dominanceof

heary elementsaroundthe kneeenepy region 1-

4 x 105 eV reportedor claimedby mary EAS ex-

perimentsTheoutcome®f longdurationballoon-
borneinstrumentqseefor example[5]) arelikely

to extricate soonthe presentexperimentalsitua-
tion.
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