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THE ORIGIN OF HIGH ENERGY COSMIC RAYSDISPLAYED BY THE ENERGY SPECTRUM ANDELEMENTAL COMPOSITION�H. Rebelfor the KASCADE CollaborationForshungszentrum Karlsruhe, Institut für Kernphysik76021 Karlsruhe, Germany(Reeived Deember 28, 1999)In spite of lapse of time of nearly 90 years sine the disovery of os-mi rays, the basi questions: �Where are osmi rays oming from? Howare they aelerated to extremely high energies and propagate through theinterstellar and intergalati spae?� are largely not lari�ed. Contempo-rary theoretial models desribe the aeleration of nulei in the Cosmos bystrong shoks, either of galati or extragalati origin, whih are e�etivelyprodued in supernova remnants, supersoni stellar winds, ative galatinulei and other phenomena. All the models and onjetures towards anexplanation of the energy spetrum, in partiular of the onspiuous dis-ontinuity (�knee�) observed in the energy region of about 3 �1015 eV, do notonly predit the shape of the spetrum, they imply also spei� variationsof the elemental omposition of the primary osmi rays. The leture dis-usses the experimental approahes investigating the shape of the primaryspetrum and the elemental omposition of osmi rays.PACS numbers: 94.40.Lx, 94.40.Pa1. IntrodutionA most onspiuous feature of the energy spetrum of primary osmirays is a distint hange of the spetral index of the power-law fall o� around1015 eV, alled the �knee�. This feature has been disovered exatly 40 yearsago by German Kulikov and George Khristiansen from the Mosow StateUniversity with studies of the intensity spetrum of Extensive Air Showers(EAS) [1℄. Sine that time the problem of the astrophysial origin of this� Invited talk presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e,Poland, September 1�11, 1999. (323)



324 H. Rebelphenomenon is with us. All models and onjetures towards an explana-tion do not only predit the shape of the spetrum and the position of theknee e.g., they imply also spei� variations of the elemental ompositionof the primary osmi rays. A reent hypothesis of a single near positionedsupernova [2℄, whose prodution spetra are onsidered to be superimposedto the overall galati ontribution leeds to onspiuous modulations of theenergy spetrum around the knee, attributed to omposition hanges. Thusthe mass or elemental omposition of high energy osmi rays is an issueof utmost importane and atual interest. The investigation of the detailedspetral shape and, in partiular, of a onjetured variation of the massomposition of the knee region, are the objetives of a number of ontem-porary large sale experiments like the KASCADE experiment [3℄, set up inKarlsruhe (Germany) to whih this ontribution mostly refers.In the region above 1014 eV the only aess to the properties of the pri-mary radiation is the observation of air showers indued in the Earth's at-mosphere by the primary osmi partiles. The present report emphasizesthe methodial onepts rather than atual results of urrent experimentswhih still display an inonsistent piture.2. Extensive Air Showers (EAS)The measurements of osmi rays at ground level present an obvious andtremendous problem: the primary partiles interat within the atmosphereand what is observed on ground is very di�erent from what arrives from thespae. EAS experiments are the attempt to infer the properties of the pri-maries after an absorber of about 1 kg/m2. A primary proton e.g. interatsabout a dozen times with the air atoms before reahing the ground. In eahollision a onsiderable number of partiles is produed, most with su�ientenergy to generate more partiles in further interations. Most of the pro-dued partiles in the hadroni interations are pions and kaons, whih andeay into muons and neutrinos before interating, thus produing the mostpenetrating omponent of atmospheri showers. The most intensive ompo-nent � eletrons and photons � originates from the fast deay of neutralpions into photons, whih initiate eletromagneti showers, thus distributingthe originally high energy of the primary over millions of harged partiles.The bakbone of an air shower is the hadroni omponent of nuleons, pionsand more exoti partiles.In ground-based experiments, from the EAS parameters observed in aertain stage of development, i.e. from the intensity, the lateral and even-tually the energy distributions of the main EAS omponents, we have todedue the properties of the primary partile. In a typial EAS experimentthe lateral distributions of the partiles are sampled by more or less regu-



The Origin of High Energy Cosmi Rays Displayed by : : : 325lar arrangements of a large number of partile detetors whih over only asmall fration of the total area. This sampling may be an additional soureof �utuations whih add to the large spread resulting from the inherentstatistial �utuations of the shower development in the atmosphere.3. Priniples of EAS infereneThe general sheme of inferene in a modern EAS experiment is displayedin Fig. 1, indiating also the involved di�ulties.
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Fig. 1. General sheme of the analysis of EAS observations.



326 H. RebelThe identi�ation of di�erenes in EAS whih result from di�erenes inmass of the primary partile requires a modeling of shower development inthe atmosphere. For that Monte Carlo programs of the EAS developmentlike the Karlsruhe CORSIKA program [4℄ have been developed. It is un-der ontinuous modi�ation and improvement. A prerequisite for the MonteCarlo proedures is a knowledge about partile prodution in high-energyhadroni interations. Sine the energy region of our interest exeeds thepartile energies provided at man made aelerators, we rely on model de-sriptions whih extend the present knowledge to a terra inognita, on basisof more or less detailed theoretial approahes of phenomenologial natureand with QCD inspired ideas. The CORSIKA ode inludes various models(see Ref. [5℄), presently en vogue as options, and in fat, the model depen-dene is an obvious feature in the atual omparisons with the experimentaldata.On the other side a multi-detetor experiment observing simultaneouslyall major EAS omponents with many observables provides some possibilitiesto test the hadroni interation models and to speify the most onsistent one.The stohasti harater of the huge number of asading interations inthe shower development implies onsiderable �utuations of the experimen-tally observed EAS parameters and of the orresponding simulated showersas well, louding the properties of the original partile. The inherent (un-avoidable) �utuations establish an important and intriguing di�ulty ofthe EAS analysis and need adequate response of the analysis methods.The further proessing is to ompare real data with pseudo experimen-tal data on equal level, inluding the detetor response and expressed byvarious reonstruted shower variables: intensity, the lateral distributions,arrival time and eventually energy distributions of the various EAS ompo-nents. With this omparison step we have to realize: None of the observablesis stritly only dependent on the mass of primary, or only dependent fromthe energy, and sine we are investigating an a priori unknown spetral dis-tribution aompanied by an a priori unknown variation of the elementalomposition (or vie versa), there is always an intriguing feedbak of theestimates of both. Therefore multivariate analyses, orrelating the observa-tions of di�erent EAS variables are strongly required, and the inferene fromonly one EAS omponent has been often misleading.The omparisons an be made in a �rst step by use of averaged quan-tities introduing plausible parameterizations of the simulation results, oralternatively on event-by-event basis by multivariate nonparametri anal-yses invoking advaned statistial deision methods [6℄. Only in the latterase we do adequately take into aount the shower �utuations and areable to speify in a transparent way, how onlusive our results really are,by quoting Bayes errors and through true- and mis-lassi�ation matries ofthe results.



The Origin of High Energy Cosmi Rays Displayed by : : : 3274. EAS signatures of the primary massIn simulation alulations we notie a di�erent development of heavy ionindued air showers due to the smaller interation length and due to thelarger number of nuleons in the projetile, ombined with the e�et thatthe multipliity of seondary partile prodution per nuleon varies onlyslowly with the energy. Thus the muon ontent of an iron indued EASe.g. appears to be larger than for the proton indued one. Simultaneouslythe number of eletromagneti partiles (eletrons) is larger in the protonEAS, beause their energies re�et the energies of the neutral pions fromwhih they originate. As the eletrons and positrons are rapidly absorbedwhen their energies drop below a. 100 MeV, an A-nuleon shower (with eahprimary nuleon arrying the energy E=A) reahes earlier the maximum, i.e.higher in the atmospheri altitude. That means that for the same primaryenergy E the shower sizes Ne are di�erent for di�erent kind of primariesregistrated at observation level.4.1. Ne�N� orrelationMonte Carlo simulations reveal the mass-sensitive orrelation of themuon number with the eletron number. Atually the Ne�N� orrelationis the most powerful disriminator, and all other signatures just help toshrink the �utuations and the model dependene, espeially the hadroniobservables do so. The predited orrelation is dependent from the partiularinteration model (see Ref. [5℄). Unfortunately the experimental appliationof the Ne�N� orrelation implies some pratial di�ulties. In most detetorarrays, if the muon detetors are not extremely shielded, the punh-throughof the eletromagneti omponent in the shower enter spoils the disrimi-nation of muons there. In addition, due to the large lateral extension and�utuations of the muon omponent at large distanes from the shower en-ter the extrapolations of the lateral distribution appear rather unertain. Asa onsequene, the total number N� is rather di�ult to determine in a way,unbiased by assumptions.From these reasons the KASCADE experiment applies the orrelationmethod in a modi�ed variant, using as observable the soalled trunatedmuon number N tr� , the integrated muon intensity between 40 and 200 mfrom the shower ore. Shown by simulations, as onsequene of a fortunateinterferene of e�ets arising from di�erent shapes, energy distributions andintensities for the KASCADE onditions, this quantity proves to be nearlyindependent from the mass of the primary and is proportional to primaryenergy in range of 1014 to 1016 eV. That is at expense of the mass disrim-ination, whih now is only due to the di�erent development of the eletro-magneti omponent at the same energy.



328 H. RebelIn a reent parametri analysis of KASCADE data (based on 140 mil-lion events) [7℄, the data have been divided in di�erent energy bins. ThelogN tr� = logNe parameter (shown in Fig. 2 for logE (GeV) = 6.1�6.3) hasbeen approximated by a Gaussian shape. The mean values and spread ofthe distributions of four mass groups have been parameterized as funtionsof the reonstruted energy. The sum of these funtions has been �tted foreah energy bin to the data resulting in frations of the onsidered massgroups (P, He, O, Fe).
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0.65 0.7 0.75 0.8 0.85 0.9 0.95Fig. 2. Parameterization of the logN tr� = logNe ratio and the energy dependene ofthe mean logarithmi mass [7℄.With this parametri proedure the variation of the mass omposition isinferred. Below the energy of logE (GeV) = 6.5�6.6, there is little hange ofa light mass dominated omposition. After the knee position there appearsa derease in the light elements and an inrease of the heavy ontributions.This is displayed by a mass parameter � =Pi ln(Ai) � Pi (summed over allmass omponents), inreasing here from 1:4�0:3 below the knee to 2:1�0:3at 1016 eV. The error stems only from the restrited statistial auray ofthe limited number of simulated showers.4.2. Struture of the shower oreFurther signatures of the mass omposition are due to e�ets whih arisefrom the transverse momentum distributions of the seondaries. The smallerde�etion angles in proton indued showers lead to a steeper lateral distribu-tion. This is partiularly pronouned for the penetrating muon omponent,whih is less absorbed and less de�eted by Coulomb sattering and arriesoriginal information about the air shower asade. Consequenes of thesefeatures of the lateral distributions together with the di�erenes in the en-ergy spetra are observable di�erenes, in partiular, in the appearane of



The Origin of High Energy Cosmi Rays Displayed by : : : 329the muoni and hadroni omponents in shower enter of EAS of di�erentmass primaries.Experimental studies have been performed in the KASCADE experi-ment [8℄ with the entral detetor. The harateristia of the patterns ofthe partile distributions an be quanti�ed by a parameterization in termsof multifratal moments, whih have been shown by the simulation studiesto be signi�ant in view of mass information.4.3. Observations informing about the longitudinal developmentThe shape of the lateral distributions of eah EAS omponent, espeiallyhowever of penetrating, less absorbed partiles arry some information aboutthe stage of the shower development. For the harged partiles omponentsthis is traditionally expressed by the age-parameter, whih enters in thelateral distribution funtion and indiates the stage of EAS development.High-energy harged partiles generate Cerenkov radiation whih isstrongly forward peaked and an be deteted on ground. It is emitted bythe shower asade throughout the atmosphere and o�ers the possibility ofmeasuring the total energy of the shower and of traing the rate of buildingup the shower. Due to the hanging refrative index and the harateristiCerenkov angle the lateral distribution has a partiular struture, and theshape of the distribution around 100 m gets sensitive to the height of emis-sion. The light from the early part, where the energy of the partiles are stillvery high and the sattering angles small is onentrated in a harateristiring near 100 m. The resulting lateral distribution is the superposition fromall heights and its shape depends on the shower development. If the showermaximum gets nearer to the ground, more light is produed near the showerore. That means the lateral distribution drops steeper the loser the showermaximum approahes the detetor. There is a orrelation between the thedistane to the shower maximum and a slope parameter of the Cerenkovlight distribution � = �0 � exp (R � slope). The orrelation proves to beindependent of the type of the partile and the angle-of-shower inidene.In the HEGRA AIROBIC experiment [9℄ in La Palma, Spain (2200ma.s.l.), equipped with a sintillator array measuring the harged partile om-ponent (Ne, angle of shower inidene and ore position) and with an arrayof open photomultipliers for the Cerenkov light registration, the Cerenkovlight is analysed only in the interval 20-100 m from the shower ore.In observations of the Cerenkov light by the imaging tehnique like inthe experiment DICE (Dugway) [10℄ osmi ray events within the �eld ofview produe a foal plane image at the photomultiplier that is the intensitypattern of Cerenkov light oming from the air shower. When the diretionof the air shower and the distane of the shower ore from the telesopes



330 H. Rebelare known, simple geometry an be used to reonstrut the amount of lightreeived from eah altitude of the shower, as the amount of light is stronglyorrelated with the shower size as funtion of the depth in the atmospherefrom whih the height of maximum Xmax an be determined. This proedureis essentially geometrial and is so far independent from Monte Carlo simu-lations. However, the interpretation of the observed Xmax distribution, whihplays now the role of a shower parameter, in terms of the elemental om-position will again need the Monte Carlo simulations with all the inherentmodel dependene.What is the information about the mass of the primary when havingdetermined the depth of the shower maximum?The hange of the position of the depth of the EAS maximum with theenergy per deade, the soalled elongation rate, is fairly onstant. As onse-quene of the superposition model approximation i.e. assuming that for theheavy primary (A) the Xmax dependene sales with E=A, the mean atmo-spheri depth of the maximum depends only from the energy per nuleon ofthe primary. This is on�rmed by simulations, but showing also onsiderable�utuations, dereasing with the nuleon number A. With the mean E=A de-dued from Xmax of maximum we gain information about the average mass,if independently the energy E of the primary an be determined [11℄. Thus�nally the Xmax-dependene from the energy E is ompared with simulationpreditions (see Fig. 3).

Fig. 3. The variation of the atmospheri depth Xmax of the EAS maximum fromCerenkov light observations of the DICE experiment [10℄.The variation of the mass omposition around the knee dedued fromthe DICE (Dual Imaging Cerenkov Experiment) [10℄ observations (Fig. 3)is ontraditory to the preliminary KASCADE and many other results. Itshould be noted, so elegant the Cerenkov experiments may appear, they infer



The Origin of High Energy Cosmi Rays Displayed by : : : 331the elemental omposition from only few observational parameters, and thatessentially of one single EAS omponent.A very interesting alternative way of looking for information on the longi-tudinal development are measurements of muon arrival time and their angle-of-inidene distributions at muon energies, when absorption and Coulombsattering have beome negligible. As ompared to the prinipal possibilityto analyse also arrival time distributions of Cerenkov photons, whih are in ahighly nonlinear relation to prodution heights [12℄, in the ase of muons themapping appears to be rather simple and approximately geometrial [13℄.Atually measurements of muon arrival time distributions for muonenergies > 2GeV have been performed in KASCADE [14℄, and analysesin view of their information about mass omposition are in progress.5. Multivariate approahThe onept of the KASCADE experiment with a multi-omponent de-tetor array is to measure a larger number of EAS variables for eah individ-ual event with high auray. For this aim the detetor has been speiallydesigned. Spei� EAS variables aessible in addition to the shower sizeNe and the trunated muon number N tr� are the number of hadrons N100hwith energies larger than 100 GeV, the energy sum PEh of these hadrons,the energy of the most energeti hadron Emaxh in the shower, the number N?�of muons with energies larger than 2 GeV and others like some quantitiesrepresenting the muon arrival time distribution.For the analysis of the orrelated distribution without any bias of a pa-rameterization, there are adequate methods worked out involving neuralnetworks and Bayesian deision making. We shall not disuss these teh-niques, but let me mention that for eah partiular ase i.e. for a partiularset of seleted EAS variables or for a hosen number of mass groups or for aspei� hadroni interation model generating the pattern to be ompared,matries for true- and mislassi�ation are obtained. From that measuresfor the on�dene and errors an be onstruted.The diagrams (Fig. 4) display examples of the reonstruted hemialomposition and the mean mass vs. energy identi�er N tr� (the knee is atlog N tr� = 4:1) taking four EAS observables into aount. Compared arethe results obtained with two di�erent hadroni interation models QGSJetand VENUS and the ases with two and three mass groups. We reognizeagain the tendeny that the lighter omposition before the knee gets heavierbeyond. The QGSJet model leads generally to a heavier omposition. Thereonstruted mean mass depends obviously also from the number of masslasses.
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log10 Nµ
tr

R
el

. A
bu

nd
an

ce QGSJet
p
Fe

VENUS
p
Fe

log10 Nµ
tr

M
ea

n 
M

as
s

QGSJet

VENUS

2 classes
6 observables:

 Ne, Nµ
tr, N✶

µ, Nh, E
m
h

ax, ∑Eh

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

3.6 3.8 4 4.2 4.4
5

10

15

20

25

30

3.6 3.8 4 4.2 4.4

log10 Nµ
tr

R
el

. A
bu

nd
an

ce QGSJet
p
O
Fe

VENUS
p
O
Fe

log10 Nµ
tr

M
ea

n 
M

as
s

QGSJet
VENUS

3 classes
6 observables:

 Ne, Nµ
tr, N✶

µ, Nh, E
m
h

ax, ∑Eh

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

3.6 3.8 4 4.2 4.4
5

10

15

20

25

30

3.6 3.8 4 4.2 4.4Fig. 4. Reonstruted variation of the omposition and mean mass [15℄.This is a result of a feasibility study [15℄, and atually it su�ers fromthe limited statistial auray, espeially due to the limited number EASwith the hadroni ore observed. But it points to the way, how the data anbe onsistently analysed on event-by-event basis with an exploration of thepartiular sensitivities and quantitative spei�ation of the unertainties,arising from the model dependene e.g.6. Spetra and ompositionFinally the interrelation of the determination of the primary energy spe-trum and of the varying mass omposition is skethed. In the KASCADEexperiment the knee has been observed in all EAS omponents, most au-rately in the shower size Ne and in the muon ontent N� spetra. The taskis to translate the observed spetra of the EAS variables into the primaryenergy spetrum in a onsistent way, determining the position of the kneeand the spetral indies before and beyond. This an be ahieved via EASsimulations and with adjusting the variation of the mass omposition [16℄.



The Origin of High Energy Cosmi Rays Displayed by : : : 333EAS simulations provide the bridge for mapping logE ! logNe;�, �-nally seriously taking into aount the detetor response and the �utua-tions for eah type of onsidered primaries by integral equations of Fredholmtype with the kernels pA(logE ! logNe;�), derived from EAS simulations(A: H,.....Fe):dJAd logNe;� = Z dJAd logE pA(logE ! logNe;�)d logE :Fig. 5 shows the result of suh a proedure obtained on basis of an a prioriadopted power-law spetral form.
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Fig. 5. Analysis of the Ne and N� spetra in view of the mass omposition [16℄.7. Conluding remarksThis talk tried to fous your attention to various EAS signatures ofthe primary mass and proedures of analyses of air shower observations interms of the energy variation of the mass omposition, espeially for the kneeregion. The illustration has been strongly weighted with reent results ofthe KASCADE experiment. In fat it is the only approah whih observes� shower per shower � all three main omponents by various di�erentobservables. This seems to be indispensable on the way to remove and tolarify the observed inonsistenies, whih are supposed � and we havearguments for that � to arise mainly from an insu�ient desription of thehigh-energy hadroni interation by the urrent models [17℄.
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