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Abstract The primary energy spectrum of cosmic rays exhibits a knabait3 PeV where a change in the
spectral index occurs. Despite many efforts, the origirughsa feature in the spectrum is not satisfactorily
solved yet. Here it is proposed that the steepening of thetspe beyond the knee may be a consequence
of the mass distribution of the progenitor of the cosmic rayrse. The proposed speculative model can
account for all the major observed features of cosmic rayisawi invoking any fine tuning to match flux
or spectra at any energy point. The prediction of the progppesedel regarding the primary composition
scenario beyond the knee is quite different from most of tiegailing models of the knee, and thereby can
be discriminated from precise experimental measuremethegbrimary composition.
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1 INTRODUCTION the galaxy (Ginzburg & Syrovatskii 1964; Wdowczyk &

Wolfendale 1984; Ptuskin et al. 1993; Candia et al. 2002b;
Ever since their discovery more than a hundred years ag&iacinti et al. 2014). Since the magnetic rigidity of a par-
the origin of cosmic rays has been one of the central quesicle is proportional to its atomic numbeZ}, cosmic ray
tions in physics. But despite many efforts, so far there igprotons should start escaping first and hence the observed
no consistent and complete model of the origin of cosmiknee is the proton knee as per this model.

rays. The knee has also been explained based on the ac-
The energy spectrum of cosmic rays provides imporceleration mechanism (Fichtel & Linsley 1986; Jokipii &
tant clues about their origin. The most intriguing feature o Morfill 1987; Biermann 1993; Berezhko & Ksenofontov
the energy spectrum is that although it extends over a wid&999; Stanev et al. 1993; Kobayakawa et al. 2002). For rea-
range of energies, from sub GeV to at leaistl02° eV (the  sons of the power required to maintain the observed cosmic
highest energy observed so far), it can be well representedy energy density, it is widely accepted that cosmic rays
by a steeply falling power law for energies above the solaup to the ankle energy are of galactic origin whereas those
modulated one. However, the spectrum has a knee aroudving energies above this energy are extragalactic, thoug
3 PeV where it steepens sharply as discovered more thahere are also suggestions for lower transitional energies
half a century ago by Kulikov and Khristiansen of Moscow (Blasi 2014; Amato 2014; Aloisio et al. 2012). Among the
State University (Kulikov & Khristiansen 1959). The spec- galactic sources, supernova remnants (SNRs) satisfy the
trum also has an ankle at an energy of alfbEeV where  energy budget of cosmic rays. The power law behavior of
it flattens again to its pre-knee slope. It is relatively easi the energy spectrum on the other hand suggests that cos-
to interpret the flattening of the spectrum above the anklenic rays are most probably energized by diffusive shock
as the eventual superseding of a harder cosmic ray compaeceleration. The maximum energy that a charged patrticle
nent which is sub-dominant at lower energies. In contrasigan gain by diffusive shock acceleration is proportional to
the feature of the knee is more difficult to explain. The ex-Z. The knee has been assigned in this model as the max-
istence of the knee in the spectrum is definitely an imporimum energy that protons can have under diffusive shock
tant imprint of the true model of the origin of cosmic rays acceleration in SNRs.
and hence a proper explanation of the knee is expected 0 A critical analysis of data collected at different experi-
shed light on the problem of cosmic ray origins. ments worldwide in terms of the energy spectrum suggests
Several mechanisms have been proposed so far to ettyat the knee is very sharp, and the spectral slope changes
plain the knee. Shortly after the discovery of the kneerather abruptly at the knee position (Erlykin & Wolfendale
this spectral feature was interpreted as an effect of the re997). In contrast, the above mentioned rigidity dependent
duced efficiency of the galactic magnetic field to confineexplanations of the knee predict a smooth change in the
cosmic ray particles with energies above the knee withirspectral slope at the knee because of the sum of the contri-



2 B. Bijay & A. Bhadra

butions of different atomic nuclei having cut-offs at diffe  clei decreases with energy beyond the knee whereas pro-
ent energies (depending éhvalues). To accommodate the tons lose energy by photo-meson production.
sharp knee feature, a few proposals have been advanced. In p major problem with the standard scenario of diffu-
the single source model the dominant contribution of the;jye shock acceleration of cosmic rays in SNRs is that a
cosmic ray flux at the knee is by a nearby source (Erlykineosmic ray particle can hardly attain the knee energy under
& Wolfendale 1997; Bhadra 2005; Erlykin etal. 2011; Ter- thjs SNR shock acceleration scenario. Such a problem can
Antonyan 2014) which is superimposed on a galactic modhe overcome in the Cannonball model (Dar & Plaga 1999;
ulated component in which the spectral slope is changing|aga 2002; Dar 2005; de Rajula 2005) in which masses of
smoothly with energy. In another model the sharp knee igaryonic plasma or the so called cannonballs, ejected ultra
explained in terms of cosmic ray acceleration by a varietye|ativistically in bipolar SN explosions, are consideted
of supernovae (SNe) (Sveshnikova 2004, 2003). The latede unijversal sources of hadronic galactic cosmic rays. In
proposal relies on the fact that the explosion energy of aljhis model, the knee corresponds to the maximum energy
SNe is not the same. The sharp knee also could be due {ined by nuclei through elastic magnetic scattering of am-
interaction of cosmic ray particles from a pulsar with radi-pjent particles from the interstellar medium (ISM) in the
ation from the parent SNR (Hu et al. 2009). cannonball while re-acceleration of cosmic rays by can-
The mass composition of cosmic rays will be heav-nonballs from other SN explosions causes the extra steep-

ier beyond the knee if the knee is a proton knee. Severdless above the knee.

Extensive Air Shower (EAS) measurements (till now the  There is also a proposal of explaining the knee based
study of cosmic rays above 1 PeV has been of an indireain a change in the characteristics of high energy interac-
nature via EAS observations) have been made to determiri®ns (Nikolsky & Romachin 2000). In this model the knee
the mass composition of cosmic rays in the energy regiois not a feature of the primary cosmic ray energy spectrum
of interest, but the measurements have not yielded mututself, but is caused by the change in high-energy interac-
ally consistent results yet due to the weak mass resolutiotion characteristics, either producing a new type of a heavy
of the measured shower observables (Haungs 2011). Moparticle unseen by air shower experiments, or an abrupt in-
of the findings (Navarra 1998; Glasmacher et al. 1999c¢crease in the multiplicity of produced particles. However,
Aartsen et al. 2013; Fomin et al. 1996) based on electhis proposal has been ruled out at present as the assumed
tron content relative to muon content (dice versa) in  interaction features have not been observed in the Large
EAS suggest that composition becomes heavier with erHadron Collider experiment.

ergy beyond the knee, though the Haverah Park experiment  None of the prevailing models of the knee are free
and a few other observations (particularly undergroungrom problems. If the knee corresponds to a break in the
muon telescopes) (Blake & Nash 1998, 1995; Danilovgyoton spectrum, either because it is the maximum energy
et al. 1995; Saha et al. 1998; Aglietta et al. 1990; Ahleng which the proton can be accelerated in a galactic cos-
et al. 1992; Kasahara et al. 1997; Longley et al. 1995ic ray source or due to the start of proton leakage from
Bakatanov et al. 1999) found the opposite trend for masge galaxy at this energy with or without modifications to
composition. Mass composition estimated from the meage sharp knee, then there should be an Fe knee around
surement of the depth of shower maximum through obser(17 ey, Hence a special variety of SNe or some other type

vation of Cerenkov (Boothby et al. 1997; Swordy & Kieda of galactic or extragalactic source has to be invoked as a
2000; Fowler et al. 2001; Chernov et al. 2005; Karle et algenerator of cosmic rays between10'7 eV and the an-

1995; HEGRA-Collaboration et al. 2000; Dickinson 1999; ke or galactic-extragalactic transition should occunz
Efimov & et al. 1991) or fluorescence radiation (Abrahamy 17 e\, The problem with the latter proposal is that it re-

et al. 2010; Abbasi et al. 2008, 2004; Tsunesada 2011; Jgiires fine-tuning to match both the flux and energy at the
& Telescope Array Collaboration 2012), on the other handpgint where take over occurs. The Cannonball model also
suggests a lighter mass composition beyond the knee dikyffers the same fine tuning problem at the knee energy.
fering from that obtained with muon to electron content ra-There are other problems such as lower than expected ob-

tio (Haungs 2011; Horandel 2013; Bhadra & Sanyal 2005)served gamma ray fluxes from SNRs. The dilemma of the
The mass composition picture of primary cosmic rays iknee thus still continues.

thus still inconclusive in the PeV and higher energy region. The viable sources of cosmic rays include SNRs, pul-

Considering the possibility that mass composition maysars, gamma ray bursts (GRBs), active galactic nuclei
become lighter beyond the knee, an alternative explandAGNSs), etc. Whatever may be the sources, there is little
tion of the knee was suggested based on nuclear photdeubt that they are products of the stellar evolution pro-
disintegration at the sources (Hillas 1979; Karakula &cess. An interesting fact is that the zero age mass spec-
Tkaczyk 1993; Candia et al. 2002a). In this scenario, heawrum of stars also exhibits power law behavior (Salpeter
ier components of cosmic rays, particularly Fe nuclei, un-1955; Kroupa 2002; Massey et al. 1995). This immediately
dergo nuclear photo-disintegration in interactions with t suggests that the cosmic ray energy spectrum might have
radiation field of the source so that the flux of heavier nusome connection with the mass distribution of the progeni-
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tor of their sources. In the present work we explore the ide@2.1 The Progenitor Connection

and propose a model for the cosmic ray origin in which

the knee of the primary cosmic ray energy spectrum abPerhaps the occurrence of relativistic shock and non-

~ 3 PeV is a consequence of mass distribution of the protelativistic shock depends on whether a BH or an NS is

genitor of cosmic ray sources. The proposed model is freformed in the stellar evolution processes. Through stellar

from any fine tuning problem and it also overcomes thecOre collapse, progenitor stars wittf < 20 M, are sup-

issue of maximum attainable energy. posed to giye rise to an NS or white dwarf whereas stars
The organization of the article is as follows. The modelMOre massive thazo to 25 My, form a BH (Fryer 1999;

proposed in this work is presented in the next section. ThEYer & Heger 2000; Fryer 2003), though such an end
outcome of the present model is discussed in Section foint fate also depends on metallicity (Heger et al. 2003).

The results of the model are compared with observation§h€ formation of an NS is usually associated with an SN
in Section 4. Finally the results are concluded in Section 56XPI0sion. The masses of white dwarfs and NSs have to be

within the Chandrasekhar limit and Oppenheimer-Volkoff
limit respectively. Consequently, the energy released in a
2 THE PROPOSED MODEL ordinary SN explosions is nearly the same. Since a BH has

no such upper mass limit, the energy released in the core

Here we propose a model of the origin of cosmic rays in.qjapse of massive stars leading to BHs should depend on
which there is a single class of major cosmic ray source§,» mass of the progenitor star

in the galaxy. ) The gravitational collapse of massive stars to BHs
The basic conjectures of the present model are the foly,,yes some complex, still poorly understood aspects

lowing: of stellar physics. In the collapsar mechanism (Woosley

1993), a BH is formed when the collapse of a massive star

(1) Cosmic rays, at least up to the ankle energy, are prdails to produce a strong SN explosion, leading to its ulti-
duced either in gravitational explosions (core collapsemate collapse into a BH. If the stellar material falling back
of massive stars that lead to formation of black holesand accreting onto the BH has sufficient angular momen-
(BHs) rather than neutron stars (NSs), or in accretionum, it can hang up, forming a disk. This disk, by neutrino
onto BHs. No other type of galactic or extragalac-annihilation or magnetic fields, is thought to produce the
tic source dominates at least up to the ankle energyets which finally results in AGNs or hypernovae.
Here we have not identified the source. The probable In the gravitationa| Co"apse of a Spherica| mass dis-
candidate sources of cosmic rays include hypernovagripution with rest mass/ leading to formation of a BH,
AGNs and GRBs. the maximum energy of extraction out of the collapse will

(2) Particles are accelerated by expanding shock wavese (Ruffini & Vitagliano 2003; Christodoulou & Ruffini
up to a maximum energ¥i,.x. The maximum at-  1971),

tainable energyi,,,.. is, however, not the same for collapse __ 2
. . Emax - MC /2 (1)
all the sources (of the same kind) but, depending on
energy released in explosion/accretion, it has a rang®uring the final stages of stellar evolution, a massive star
The minimum E,,,.x that is possible for cosmic ray loses a significant amount of mass. But if a BH is formed,
sources is equal to the knee energy. We shall argue istellar material is likely to fall back and accrete onto the
the following section that the correspondence of mini-BH (Woosley 1993). The mass of the final produced BH
mum Ey,ax With the knee energy is quite plausible andis thus expected to increase linearly with the mass of the
suggestive. progenitor, and hence the distribution of released enargy i
expected to follow the mass distribution of progenitors.
The observed cosmic ray luminosity demands thatthe  Instead of a collapse and resulting explosion, a large
cosmic ray sources must be energetically very powerfuamount of energy can also be released through the accre-
and are most likely to be powered by gravitational energytion process. The Eddington limit, the maximum steady-
The gravitational collapse that ultimately leads to the for State luminosity that can be produced, is given/y =
mation of a BH or accretion onto a BH is expected to re4rGMm,c/o, where M is the mass of the BHy,, is
lease the maximum gravitational energy. This is the reathe proton mass ang, is the Thomson cross section. The
son for considering the first conjecture. The maximum enluminosity is thus also proportional to the mass of the BH.
ergy that a cosmic ray particle can attain in shock accel-
eration usually depends on the explosion energy. Since & QUTCOMES OF THE PROPOSED M ODEL
BH has no limiting mass, energy released in BH formation
should vary with progenitor mass and hence the maximuriVe shall now explore the outcomes of the proposed model
attainable energies of cosmic ray particles are expected tegarding the main cosmic ray observables such as lumi-
vary rather than having a fixed value. Essentially, this inosity, maximum attainable energy, energy spectrum and
the logic behind the second conjecture. nuclear composition.
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3.1 TheCosmic Ray Luminosity whereT' is the Lorentz factor of the relativistic shock

) ) wave. This value off,,. is a factorl'y larger than that
The average energy released in BH formation should bgytained from the Hillas condition. In a BH formation

around x 10°* erg as per Equation (1), which is more thangcenario, a fraction of all kinetic energy carries debris
two orders higher than that released in an SN explosionsjected with the largest Lorentz factor, thereby genegatin
Stars more massive thao to 25 M, usually forma BH.  gamma ray emission in the form of a burst, but the bulk

H H -3 —1 . . L L
The rate of stars having/ > 20 M is2 x 107" yr™".  qf gjecta is less relativistic or even sub-relativistic.t&lo
However, not all massive stars will end up as BHs. If weihat if ~ 10 M, is given~ 10%* erg then the typical ve-

denot_e the probability of BH formation for a star MOre |ocity of the mass would b0 cm, i.e.c/3. GRBs are
massive tha_1r20 Mg aspen, the .total energy released IN" Jikely to occur in BH formation collapse and a hint on typ-
BH production du_rmg the cosmic ray confinement pfarlodica| values ofl'; may be found from GRBs. The GRB ob-
of about10° years in the galaxy is abopi 10°7 erg. This  servations suggest the minimuFg of the burst is a few
yields a luminosity 0Bpu¢ x 10*° erg s !, whereCisthe  tgng (Racusin et al. 2011; Lithwick & Sari 2001; Zou et al.

efficiency of conversion of explosion energy into cosmiczoj_l)' Therefore, the minimutf,,... for a BH producing
ray energy. Typically ranges from 0.01 to 0.1 whereas 4, explosion should be a few PeV.

per may be taken as 0.5 (Clausen et al. 2015). Let us consider a more rigorous description. In the
_ _ standard scenario the acceleration of cosmic rays occurs
3.2 The Maximum Attainable Energy at (non-relativistic) shocks of isolated SNRs. The maxi-

mum energy that can be attained by a cosmic ray particle
in an ordinary SNR when the remnant is passing through a
medium of densityVg cm 3 is (Fichtel & Linsley 1986;
Biermann 1993; Berezhko & Ksenofontov 1999)

The maximum energy that a particle with chafecan at-
tain in a bulk magnetized flow on a scdkg, with velocity
¢fs and magnetic fields, is (Hillas 1984)

Enax = ZeBFsﬁsRs ) (2)
jone 1/2 M. —1/6 Nig -1/3 B,
Frax ~4 x 10°Z ) S GeV, 3
% (1051 erg) 10 M, 3x 10-3 cm—3 3uG) ¢ 3
which falls short of the knee by about one order of mag-by a power law
nitude. Energy released in BH formation explosions is dn AR 4
at least two orders higher than that in SN explosions. dE ’ )

Moreover, as stated before, for relativistic shock aceeler . L
. . . o with v around2.2, and A the normalization constant
ation E,,. Will be a factorT's higher. Hence the minimum

ELax for an explosion that produces a BH should be a few A= € 5
PeV = (7 _ 2)(Er:l;};l+2 _ 1;1;4)/)-(‘_2) ) ( )

An important question for such an explosion thatwhereEmin and E,,., are respectively the minimum and

forms a BH in terms of the origin of cosmic rays is whether . . ) . . .
. maximum attainable energies of cosmic ray particles in the
or not Fy,,., could reach the ankle energy. Unlike the al- source

most constant energy released in SN explosions, energy
output in such a scenario varies and it may increase at . The sourcgzg%not allrr]l.a\k/]e thedseuﬁ;gtax. ';?n?r\llett#e
least two orders higher than its minimum value. Such higﬂ“Inlmum POsS max, WICN WE denote a €

max’
energy events are expected to occur in a more rarefie?JDeCtrum will be modified due to the distribution®f, .
medium. Hence it is very likely that the maximuB), ..

0 get the spectrum beyonfdli% we need to obtain the
will exceed the ankle energy. maximum energy o_Iistr?bution of_ the cosmic ray sources
from the mass distribution of their progenitors. The calcu-
Interestingly, the AGN minimunt,,,.,. is about 3 PeV lation involves a sequence of steps. Using the expression
(Stecker et al. 1991) which is the knee energy and the maxer explosion energy as a function of progenitor mass as
imum E.,.. can be many orders higher than that owing toobtained in the previous section, we convolve the resulting
the wide range of luminosities of AGNs. explosion energy-progenitor mass relation with the ihitia
mass function of the progenitors to obtain the explosion en-
ergy distribution. Subsequently using the relation of max-
3.3 Energy Spectrum imum energy that a cosmic ray particle may attain in the
relativistic shock acceleration process with explosion en
In the proposed model, cosmic rays are accelerated in diergy, we derive the maximum energy distribution for main
fusive relativistic shock acceleration. The energy speotr  cosmic ray sources. Using such a distribution we obtain the
of accelerated particles in each source is, thereforengiveenergy spectrum of cosmic rays beyond g .
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The stellar initial mass function, or distribution of tion of the explosion energy which is subsequently con-
masses with which stars are formed, can be represente@rted to energies of cosmic rays. Hentg,should be

by a declining power law proportional to explosion energy. On the other halfig,.«
is also proportional td’s. So for the proposed model,
dn e (6)  Fmax o c. Thus we have
dm ’
. . dn —a
with the universal (Salpeter) value of the exponent= 75 < Emax- )

—2.35 over the whole mass range abayé/, (Salpeter
1955; Kroupa 2002; Massey et al. 1995). Since explosiod herefore, the number of sources havifig.. > E is
energy ¢) scales linearly with\/, the expected explosion j(Fmax > E) o< E 2. As the minimumE,,.. of a
energy distribution of massive progenitor stars is alse repsource is equal tdZ;. %, all such sources will contribute
resented b)% x e, to cosmic ray flux when cosmic ray energy is below or
The Lorentz factor of a relativistic shock is nearly equal toE%. However, for energies abover; (£ >
equal to the initial Lorentz factor of the jet, i.B, ~ 7,.  Emax), Only sources having,.x > E will contribute.
The relativistic shock waves must carry a significant frac-The resultant cosmic ray spectrum aba@yg, will be

dn dn
— = — AEVdEga. x ETYTOT2, 8
dE /E dE s x (8)

Therefore, beyon@&™i" the spectrum should steepen BHs in the galaxy satisfies the power requirement for ac-
by 0.35 in spectral index as observed. Note that the dif-celerating all galactic cosmic rays. Note that with the rate
ference in the exponent of energy by one between thef occurrence of one per thirty years and the average en-
above equation and Equation (3) of KachelrieR & Semikozrgy released in each SN explosion of aroud! erg,
(2006). There the power law distribution of the maximumSNRs satisfy the energy budget for observed cosmic rays
attainable energy of sources was assumed, due to the fgeind hence are favored as the main source of cosmic rays)
that our normalization constant is proportional to the provided the energy conversion efficiency parametes

explosion energy (and hence to the maximum attainableslatively higher, around 0.1 to 0.2.

energy), unlike the normalization constant that is indepen  The maximum energy that can be attained by a cos-
dent of explosion energy that was adopted in Kachelrie3 &nic ray particle in relativistic shock acceleration undes t

Semikoz (2006). framework of the proposed model varies from source to
source (of the same kind). Because of the relativistic effec
3.4 Mass Composition (through the Lorentz factor) and owing to the much larger

explosion energy, the minimura,,,., for cosmic rays is

According to the proposed model, cosmic rays below angg, ;g 1 equal a few PeV as shown in the previous section,
just aboveE™" are produced in explosions that form a BH

max - which can be identified as the knee energy. Interestingly,
comparable to the progen_ltors mass. Hen_c_e there shoulgd . MINIMUME,,. for an AGN is about 3 PeV (Stecker
not.be any.abrupt cha}nge in mass composmo_n .through th& al. 1991), whereas the maximuy,... is found to ex-
Erpax- In this model, hlgherenergy part|(-:les 0r|g|n§te fromceed even the ankle energy. So, the maximum attainable
the sources W|t_h heavier prqgenltors. Sln_ce aBHisthe Ia%nergy requirement is satisfied in a generic way. In con-
stage of evolution for massive stellar objects, the compog a5 “the maximum energy that can be attained by a cosmic
sition IS unlikely to change much for BHs fr_o_m heavier ray particle in an ordinary SNR is 0.3 PeV which falls short
progenitors. _Therefpre, the resulting comp_osmon Oof &CCE i the knee by about one order of magnitude unless the idea
erated cosmic rays in the proposed model is expected 1o rg; magnetic amplification is invoked. Even with magnetic

main almost unaltered with energy or may become slightly, , jification, it is difficult to exceed 100 PeV and thereby

heavier at higher energies. a new source with an unknown nature is required between
100 PeV and the ankle energy.

Since the proposed model relies on standard shock ac-
We shall now compare the outcomes of the proposed modekleration theory, the overall cosmic ray production spec-
against the observational features of cosmic rays. trum will follow a power law behavior with spectral in-

The conventional estimate of cosmic ray luminosity index equal to —2.2. Due to diffusive propagation of cosmic
our galaxy is~ 5 x 10%° erg s'. As shown in the previ- rays through the ISM, the slope of the spectrum recorded
ous section, the proposed model yields a cosmic ray lumiat Earth should steepen %0 2.7 till the knee of the spec-
nosity equal tBppu¢ x 10*3 erg s!. Typically ¢ ranges trum, and the knee should be as sharp as observed. Above
from 0.01 to 0.1 whereassy is around 0.5 (Clausen et al. the knee, the spectrum will be modified G5 due to the
2015). Therefore, the power from explosions that producdistribution of E,,,.x as demonstrated in Section 3.3. Thus

4 DISCUSSION
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the proposed model explains well the observed features &ind of dominant source of cosmic rays cannot be totally
the energy spectrum of primary cosmic rays. ruled out from an energetic consideration.

Wlth respect to the mass composition of COSMIC raySy ~\ o1 USIONS
particularly above the knee energy, the composition pre-
dicted by the model is similar to that of the Cannonballj, summary, the proposed speculative BH based model of
model but different from the prediction of the SN model the origin of cosmic rays can account for all the major ob-
that has a cosmic ray origin. served features of cosmic rays without any serious con-

Very recent findings by the KASCADE-GRANDE tradiction to observational results. The knee of the energy
collaboration regarding the existence of an Fe-knee arourgpectrum has been ascribed as a consequence of the mass
80 PeV along with the composition scenario that is domi-distribution of the progenitor of the cosmic ray source.
nated by heavier particles (Apel et al. 2013, 2012, 2011)Such a philosophy seems applicable to the Cannonball
together with earlier results of the KASCADE experi- model of cosmic ray origin, replacing the original pro-
ment for a proton knee & PeV (Apel et al. 2009), do posal of second order Fermi acceleration of cosmic rays by
not support the composition picture predicted by the proCannonballs of other SN explosions as the cause of spec-
posed model. Importantly in the overlapping energy redral steepening above the knee (Dar & Plaga 1999; Plaga
gion around EeV, the composition scenario inferred from 2002; Dar 2005; de Rajula 2005). Precise measurement of
the KASCADE-GRANDE or ICETOP findings, with a the primary mass composition can be used to discriminate
mixed composition having nearly the same contributiorthe proposed model from most of the standard prevailing
from protons and iron nuclei (Apel et al. 2009), is notmodels of the cosmic ray knee. No definite cosmic ray
in agreement with a proton dominated chemical composources could be identified at this stage within the frame-
sition that emerged from observations at the Pierre Augework of the proposed model, which would be an important
Observatory (Abraham et al. 2010), HiRes (Abbasi et alfuture task for further development of the proposed model.
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