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Abstract. This paper proposes a qualitative and quantitative solution of a long-standing problem in astrophysics: the origin
of the knee in the Galactic cosmic ray (GCR) spectrum. We calculate GCR flux averaged over Supernova explosion energies
and types, applying only the formulae of the standard model of CR acceleration in Supernova remnants (SNR) and the latest
astronomical data on the variety in Supernovae. For this purpose we estimate the distribution of SNe in explosion energies and
show this distribution to be probably a very asymmetric function with large dispersion. In the case under consideration the
cosmic ray flux in the whole energy range should be predominantly formed by the most energetic SN explosions. The knee in
the GCR spectrum at energy aroufigee = 3 PeV can quantitatively be explained by the dominant contribution of Hypernovae.

The model sketches the all-particle cosmic ray spectrum up'toed0
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1. Introduction being even harder before the maximal energy of acceleration, if
hi losi h K nonlinear reactionféects are strong (Berezhko & Volk 2000a;
Supernovae represent catastrophic explosions that mark fije,,, et ), 1997). Spectra of heavy component can be slightly

end (_)f the life Of_ some stars. It is well known that the M&arder than proton ones due to mofeetive acceleration of
chanical energy input to the Galaxy from each SuDemovadﬁstgrains and ions (Ellison et al. 1997).

about 18! erg, so with a rate of about 0.01-0.03 y&athe . .
total power of SNe in our Galaxy is enough to provide the 2) The maximal energy of accelerated partidigg (cut-

total energy of Galactic cosmic rays (GCRYLO™ ergicm? Off energy) is~Z x 104 eV for the average SNe exploding into
(Berezinsky et al. 1990). It is shown that there exists a mec:tn-e average n_"nterstellar_ njfad|um (ISM). _

anism needed for the channeling of about 10% (or even more 3) There is a possibility to move the maximal energy to
Berezhko & Volk 2000a) of the mechanical energy of the eX!dner energies assuming an unusual medium for any class of
plosion into relativistic particles. Considerable collective efXPlosions: explosions into the wind of Wolf-Rayet stars or ex-
forts have been made during recent years to clarify the mecR2Sions into superbubbles (Bykov & Toptygin 1997), (see also
nism of CR acceleration in SRs (Drury et al. 2001). Theoretick€ réviews by Ptuskin 2000 and Biermann 2000). Thiisa
progress is connected to the development of a kinetic nonlindafainly due to a higher magnetic field in the stellar or super-
theory of difusive shock acceleration (Berezhko & Volk 1997Pubble interior.

2000a; Berezhko 2000b: Berezhko & Ellison 1999; Ellison 4) The real source spectrum inferred from observations af-
et al. 1997, 2000; Drury et al. 2001; Malkov & Drury 2001}f€er propagation corrections ¥our = Yobs — Ay. The value
and the main advances have been made due to improved un@eAy varies from 0.3 for a model with reacceleration to 0.8
standing of the nonlinear reactiotfects on the shock struc-for a model with Galactic wind (Jones et al. 2001). The value
ture. This theory can explain not only the main characteristieéAy is not well known yet.

of the observed all-particle cosmic ray spectrum up to an en- The most “nasty” problem, as it is called by Drury et al.
ergy of 13*-4 x 10 eV (Drury et al. 2001), but also heavy(2001), is the knee problem, i.e. the origin of a pronounced
element abundances in CR flux relative to the solar syst@mange in spectrum slope fropgps ~ 2.7 t0 yops ~ 3.1 at the
(Ellison et al. 1997). energyExnee ~ 3—4 PeV, discovered many years ago (Kulikov

The standard model predicts (Drury et al. 2001): & Khristiansen 1959).

1) The power-like and approximately similar spectra of var- The standard picture makes a clear prediction that the GCR
ious nuclei of CRs beyond an energy of 100 GeWith the spectrum should start to cuff@t energy about 8 eV or less
slopeysour ~ 2.0-2.1. It may be that spectra have a “curvature™or all species and drop exponentially as one goes to higher
energies (Drury et al. 2001). Only some subclasses of SNR
e-mail:sws@decl.sinp.msu.ru can provide the knee particles while most SNRs have spectra
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cutting dof at considerably lower energies (Reynolds &xplosions NtpW;(Es,) is the SN distribution in explosion en-

Keohane 1999). ergy inside each SN group within the limits Eg"l"‘ + EIn
The upper limit of acceleration is determined essentially liie main variant we useiel}" = 0.1, EZ?* = 80.
the product of the shock radidgy, shock velocityVs, (Usu- G(E, Emax(Es1, B, 2)) is the spectrum of comic rays in every

ally normalized to 1000 knT$), ejected masd/j, remnant explosion approximated by the power law:

ageTsy, explosion energ¥gy: (usually normalized to a value

of 10°! erg denoted byEs;). All these values are connected td>(E: Emad = 10E™, 3
each other and vary from explosion to explosion. The d¢tit-o

energy per particlé&Enax can be expressed by the simple fors _ 5 i the interval 10 Ge\t E < Ema/5:
mula if only the Sedov phase of SNR expansion is considered e

(Ellison et al. 1997): ¥ = 1.70in the intervaEmax/5 < E < Emax;
v = 5inthe intervalE > Enyax.
. -1/3
200.2(0.3 B)( NH )

3uG )\cm? This spectrum shape takes into account nonlinear reac-
( Ecnr )1/3( Ve )1/3 tion of CRs to shock structure (Berezhko & Volk 1997;
TeV

Emax

X 10 erg 1P kms 1 Ellison et al. 1997): decrgasingbeforeEmax. Emax depends
on Es;, Vsk, B, ny according to formula (1). For each type of

Z - Efax(B. nH)(Esy - Vsi)® TeV. (1)  explosion theB andny can be derent.

Intensity of CRs produced in the each SNR) (is found

m the condition that the fraction of SNR kinetic energy

So the cut-& energy depends on three factors: the first fagf:-
tor Z is the charge of the nucleus, the second fadgg, ro ¢ dto CRs is fixed:
(we introduced it formally) strongly depends on the interstellf@nsformed to CRs is fixed:

medium state, where the SN remnant is expanding: density _

protonsny and the magnetic fiel; the third factor weakly G(E. Ema)EdE = 0.1 Esy. )

depends on the energy of the explosion and on the velocitg_ h . hk K .
of the shock. The value dB is close to 3uG. The “warm” AS it was shown in Berezhko & Volk (2000a), cosmic rays can

or “hot” phases of the medium are selected usually as a coffii 1y away as much as 30% of the kinetic energy of the explo-

mon place of explosions (Berezinsky et al. 1990). In the firs{°"- _ _ o
caseny ~ 0.3 cn3 andEC .. ~ 100 TeV. In the second case The function¥(Es;) is the most uncertain distribution; the
: max . . . . .
ny ~ 0.003 cnT® and the cut-f energy is about 3 times that:third section will be devoted to the problem of how to estimate
this function. In the second section the latest astronomical ob-
the cut-df energy for average SN explosion wiia; = 1 and servational data on variety in SNe explosions will be reviewed.
In the fourth section we present the numerical results of cal-

Ve = 1000 kms?t. An accurate determination @nyay in a - . . X
more complete kinetic theory (Berezhko & Volk 1997, 2000§)ulat|ons. In the fifth part of the paper we discuss the physical

taking into account timescale evolution of the shock in bofAt€"Pretation of the results obtained.

the Sedov phase and the free expansion phase of SNR evolult 1S worth to note in advance that the diversity of SNe

tion gives, within a factor of 2, the same results (Drury et dfy €xplosion energies being taken into account results in a
2001). very important conclusion: the knee region occurs around sev-

A usual way to raise the cutioenergy is to increase the€ral PeV, although only the standard model of CR acceleration
magnetic field in the interior of the progenitor, since sensitivi§d the latest astronomical data on supernovae explosions are

of E2_ to Bis very high. But now it is clear that the parameterdSed in the calculations.

of SN explosions can also be varied. Detailed observations of

a growing number of supernovae show the nature of this phe-y/ariety in Supernovae

nomenato be complex (Turatto et al. 2002). Many new peculiar

events discovered in recent years display a wide range of Rie to the growing number of SNe observations, the widely

minosities, expansion velocities and chemical abundances, #gepted conventional classification of SNe by two types (SN

is evidence for large variations in explosion energy and in tMdth hydrogen in the observed spectra and SNI without hydro-

properties of their progenitors (Hamuy 2003). gen in the observed spectra) has been significantly complicated
The main idea of this work is an attempt to obtain the co§Iuratto 2003; Hamuy 2003).

mic ray particle spectrum averaged over SNe types and explo- The thermonuclear explosions of accreting white dwarfs as

sion energies. In this case the total CR fi¢E) = dN/dE can they approach the Chandrasecar mads4 M) produce type

E2.« ~ 300 TeV. So the value dES,,, can be considered as

be expressed by the formula la SNe. Due to their high luminosity and accurate calibration,
they are successfully used to determine the geometry of the
Nz Nip B3 Universe (Leibundgut 2000), as “standard candles”. The ener-
dN/dE = Z Z f ¥;(Es1)G(E, Ema)dEs;, (2) gies of the explosions are practically fixed.
i=1 j=1 Core collapse supernovae (CCSNe: SWIbSNII) are

Emin
o thought to be the gravitational collapse of massive stislrs>(
where }; is the summation of dierent cosmic ray nucleus8 My), which makes the neutron star compact remnants.

groups Nz,3; is the summation of dierent types of SNe CCSNe prove to comprise the most common general class of
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exploding stars in the Universe and they come in a great va-
riety of flavors (Hamuy 2003). Even subclasses of “normal”

SNII: plateau SNII-P and linear SNII-L demonstrate a wide 104w
range of explosion energy, from 0.6 tdBx10°%) erg among

classical SNII (Hamuy 2003). The ejected masses also are ir T =] s BRI Nl
. 7//7/111
a broad range between 14 and®dg (Hamuy 2003). Despite 8 =

the great diversity displayed by SNII-P, these objects show a
tight luminosity-velocity correlation. This suggests that while
the explosion energy increases so to do the kinetic energie 6
(Hamuy 2003). These stars explode as isolated stars. Z

A distinct class of SNIldw can be identified which are
believed to be strongly interacting with a “dense wind” pro-
duced by SN progenitors prior to explosion. When the nar-
row line is present, the SN is classified as lIn (“narrow”). A
strong degree of individuality is seen in their spectra, but de-
spite the great photometric diversity among SNIldw, these ob-
jects share the property of being generally more luminous than
the classical SNII (Hamuy 2003). Among this type of SNe, one
event, SN 1997cy, is much more energetic than any other SNII
(E ~ 30x 10°! erg, Turatto 2000). SN 1997 cy and its twin Absolute magnitude Mb
SN 1999E (Rigon 2003) are associated W'th_ GRBs. As_ln th?g.l. Absolute-magnitude (in blue filter) distributions of various
case of others, these events show strong ejecta-CSM intefgGess of SNe from Richardson et al. (2002).
tions with explosion energies as high as 20°? ergs (Turatto
2003).

Hi/drogen—deficient supernovae SNIb and SNic are as$8tios and separations of the components can lead to various
ciated with the gravitational collapse of massive stars (may®egrees of stripping of the envelope (Nomoto et al. 1995).
Wolf-Rayet stars), which have lost their hydrogen envelog¥ccording to this scenario, the sequence of types liL Ib Icis or-
during the phase of strong wind. In the case of SNIc most @¢red according to a decreasing mass of the envelope (Turatto
the helium is gone as well. There is as yet no direct obsergi-al. 2002).
tional proof for binary companions in SNk but this seems
likely (Turatto et al. 2002).

In the past few years 3 SNe (1997ef, SN 1998bw, SN 20
ap) have been found to display very particular spectra: th€&fe distribution of SNe by explosion ener¥fEs;) is not yet
are extremely smooth and featureless, which can be interprétedwn. But for the calculation of CR flux, it is enough to get
as the result of unusual expansion velocities (Hamuy 2008)1 approximate estimation of this function. For this purpose
This suggests that these objects are hyper-energetic so theyoarecan use the absolute-magnitude SN distributigvib) and
called “hypernovae”. The estimated energies of explosions #éinen transform it to&f(Es1). We use the data of Richardson et al.
very high: 2 10°! erg for 2002 ap (Mazzaly 2002)80°* erg (2002), where a comparative study of the absolute-magnitude
for 1997ef (Nomoto et al. 2000), 60 10°* erg for 1998 bw distributionsN(Mb) of supernovae has been done. The authors
(Nomoto et al. 2000). The estimated expansion velocity of thised the Asiago Supernova Catalog (ASC), where the number
object is as high as30 000 km s (Turatto et al. 2002). SNe of events had increased to 1910 by June, 2001, but the num-
1998bw was not only remarkable for its great expansion veldeer of events suitable for this study is 10 times smaller. For the
ity and luminosity, but also because it exploded at nearly thdsolute-magnitude distribution (in blue filtelb), the authors
same location and time as GRB 980425 (Galama et al. 199&pnsider only SNe within 1 Gpc. These distributions fdfett

Hamuy, in a review (Hamuy 2003), made the followingnt types of SNe are presented in Fig. 1.
conclusions. Despite the great diversity of core-collapse SNe, The analysis shows that (Richardson et al. 2002):
several regularities emerge which suggest that 1) there is a con-1) At least 7 of 31 SNe in our Galaxy and in galaxies
tinuum in the properties of these objects, 2) the mass of thigthin 10 Mpc appear to have been sub-luminoddb( >
envelope is one of the driving parameters of the explosion,-3)15). Assuming that there is an observational bias, it appears
the physics of the core and explosion mechanism of all cotbat more (perhaps much more) than 0.2 of all SNe are sub-
collapse SNe are not fundamentallyfdient, regardless of theluminous, but this fraction remains very uncertain.
external appearance of the supernova. 2) Only 20 of 297 extragalactic maximum-light SNe appear

The great observational diversity of CCSNe has not betnbe over-luminousNib < —20), but it has become clear that
fully understood even if it clearly involves the progenitothey do exist. The absolute-magnitude dispersion of ENihs
masses and configurations at the time of explosion. Wheréasreased in comparison with previous works due to the discov-
SNII-P are thought to originate from isolated massive starsesy of some rather luminous events. The SNe IIn are, on aver-
generalized scenario has been proposed in which commonage, the most luminous type of core-collapse SNe. Considering
velope evolution in massive binary systems with varying ma#ise strong observational bias in favor of them, it is safe

82 How to estimate ¥ (Es1)



802 L. G. Sveshnikova: The knee in the Galactic cosmic ray spectrum and variety in Supernovae

Table 1. Parameters of Gaussian distributions for 5 (7) main types of We rewrite these formulae to exclude the paramatemd
SNe from Richardson (2002), weightt and value ofEC_, used in obtain the following simple relations
calculations.

Ig Esy = —0.43My — 0.77 IgR+ 0.52 IgM,; — 5.83 (6)
SN Type <Mbp> o W B (TeV)
Normal la ~19.46 056 28% 100 Ig Vph = +0.57IgEs; — 0.06 IgR - 0.48IgMgj + 1.32, (7)
Total Ibyc ~18.04 1.39 18% 300 . .
Brlght |b/C1 -20.26 0.33 5% 300 Wh.|Ch fOI’ the apprOpl’Iate Valu%ej = 20 andR = 250 can be
Normal Ijc2 —17.61 0.74 13% 300 written as
Total IIL -18.03 0.90 16% 300 lg Esy = —0.43My — 7 ®)
Bright IIL1 -19.27 051 4% 300
Normal lIL2  -17.56 0.38 12% 300 Ig Voh = +0.57 IgEs; + 0.57. (9)
Total IIP -17.00 1.12 29% 300
Total lIn -19.15 0.92 9% 4500 Expression (8) will be used in further calculations as a zero

approximation for the transformation of thEMb) distribution

to the¥(Esy) distribution. The sensitivity of the results to this
to conclude that the fraction of all SNe that are over-luminokgy dependence will be discussed in Sect. 5.
must be lower than 0.01. In formula (1) the maximal energy of accelerated CR de-

The authors have approximated absolute-magnitude dispends weakly on the parametdfs; and Vsx as Emax ~ Z -

butions for each type of SNe by Gaussian functions. They cdf},,(Es; - Vs)*® TeV. To reduce this dependence to the de-
sider also “intrinsic” distributions obtained taking into accourgendenceEa«(Es1) we take into account that the highest en-
not only Galactic extinction, but also calculating extinction disergy CRs are produced at the end of the free expansion phase
tributed for each SN type, averaged over all galaxy inclingBerezhko 2000b), when the ejecta velodity~ Vph. Then we
tions. Moreover, they divided Jb into two luminosity groups: replaceVsy by Vyn/(1-1/r) with the compression ratio~ 4-7
“bright” and “normal” ones. The II-L group was also dividedEllison et al. 1997) (as in a symple model with a mooving pis-
into two groups. So 5 or 7 groups of SNe can be analyzed. Tio®) and obtain dependence (10) usifg(Es1) (9):
parameters of the Gaussian distributionMb > and o-(Mb) 0 052
are listed in Table 1 for 5 (7) groups of SNe together with trfemax ~ Z - Emax- Esy” T€V. (10)
fractional weight of each group. In the present calculation th _ >0 _
fraction of SNIa was decreased to 28% in comparison with t%&igrigggfc(tlgeﬁftgg fs?dhsgfvn\;arn_tf eET:ZISltjllist?o_n s of
fraction of 60% analyzed in Richardson (2002). average CR flux.

As Was_pointed out in Hamuy (2003), physics of the Core gjpeq the distributioN(Mb) from Richardson et al. (2002)
and explosion mechanism of all core collapse SNe are not fyao Fig 1) can be represented as a sum of Gaussian distribu-
damentally diferent, so one can expect correlations betwegn <\ ith average parameters listed in Table 1, arslgle-
average absolute magnitutiéh for given SNe group and its pends linearly oMb (8), the distribution 8l/d Ig Es; can also

average energ.y of gxplosion. be represented as a sum of Gaussian functions with parameters
For the estimation of the average dependdagéMb) we

use the calculation of Nadyozhin (2003), performed in thelgEs; >j=-0.43< Mb >; -7

framework of the LN85 model (Litvinova & Nadyozhin 1983).

He makes predictions for correlations between three obsery{lg Es1) = 0.4307(Mb), (11)
able parameters of type Il plateau supernovae light curves (the

plateau durationt, the absolute magnituddy measured in Wherej is the type of SN. ThenN/d Ig Es; can be transformed
V-filter and the photospheric velocity,, at the middle of into the distribution 8/dEsy = ¥(Es1) by multiplying by the
the plateau) and three physical parameters (the explosion i&§tor 0434/Es;.
ergyEs;, the mass envelope expellbtd; and presupernova ra-

.
; 0.434

diusR): Y(Es1) = Wj—————

; = V(2ro?)
Ig Es1 = 0.135My + 2.34 IgAt + 3.131gVpn — 4.205 2

('9 Es1— <19 Es: >j)

x exp| — . (12)
Ig Mgj = 0.234My + 2.91 IgAt + 1.96 IgVpn — 1.829 20']2
lgR=-0.572My — 1.07 IgAt — 2.741gV,n — 3.350 (5) The dependence (8) is used only for core collapse SNe, while

for thermonuclear explosions SNla the valuedg Es; > =
whereMe;j andR are in solar units an,, in 1000 km s'. The -0.1,0(lgEsy) = 0.2 are chosen.
analysis of 14 real SNe II-P events shows (Nadyozhin 2003) The final distribution¥(Es;) for all types of SNe and con-
that the expelled mass, explosion energy and presupernovariutions of various types are presented in Fig. 2, where the
dius remain approximately within the limitde; ~ 10+-30My, high energy tail is shown separately for a better presentation of
R ~ 200+ 600R, Es; ~ 0.6+ 2.7. the details. It can be seen that most of the events have energies
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0,6 A . L o Wolf-Rayet stars in the OB associations, which grows as a large
] 0,012 \ L. bubble of hot, tenuous plasma known as a superbubble SBs
0,5- \ —— [bcl (Tomisaka 1998; Korpi 1999).
] A 0,008 o ::f-zz The SB acceleration model has been developed by Bykov &
0,4 \; \ L P Fleishman (1992), Bykov & Uvarov (1999). Bykov & Toptygin
1 N 0,004 R Sy s Jin (1997) estimated the maximal energy of accelerated nuclei as
T 03 / \ \’w\@ 10'8 eV due to reacceleratiorfects, in the presence of a mag-
= 1 ) 0.0001 = netic field in the bubble interior of the order of 3. In this
0,2+ . \ 20 40 60 model the spectrum beyond the knee is dominated by heavy
| / - E, \
NP ARNSSICR] |-t
’ Since SNIIn explode in the circumstellar medium (in accor-
0 o- dance with the definition) we choose for them the much higher
’ value ofEY,, = 4500 TeV.
0 1 2 3 4 The values oE2,, used in calculations in (10) are listed in
E the last column of Table 1 (this formal selection can be consid-

ered only as an example of a possible correlation between the

Fig. 2. The SN distribution in explosion energi&§Es;) converted type and the site of SN explosion).

from the Mb-distribution presented in Fig. 1. The high energy part |y sect. 4 we present numerical results of the calculations

of the distribution is presented separately. of all-particle cosmic ray spectrum, using the mentioned above
dependences and parameters needed for formula (2). It should

o __be noted that propagatiorifects were disregarded. The pre-
from (0.5+3)x 10°* erg. A remarkable peculiarity of the distri-ganted source spectra might be easily converted to observable
bution is a very long, tiny tail expanding toward high energieS?)ectra in accordance with the standard m@gigh = yobs—Ay.

up to Esy = 60, generally provided by bl (bright) and IIn The yalue ofay equals 0.3-0.8 depending on the propagation
types of SNe (see Table 1). The total fraction of events withyqel (Jones et al. 2001).

energyEs; > 20 is several percent. The reality and the value of
this tail will be discussed in detail in the Sect. 5.

The most abundant sites for SN explosions will be ef"—'
amined below and the values &f,,, for calculation by for-
mula (10) will be selected. All nuclei of cosmic rays are divided in 5 rough groups of p,

SN explosions are not random in the Galaxy, all of theme, (C, N, O), (Mg, Si, Ne), Fe with relative intensities 0.36,
showing strong spatial concentration toward the center @25, 0.15, 0.13, 0.15, respectively. This chemical composition
galaxies and toward the arms in spiral galaxies (Bergh 199%kes into account the fact that heavy components have slightly
Numerous regions of very hot and rarefied gas with a temp@grder spectra beyond 1 TeV than light ones (Shibata 1995;
atureT = 5x 10° K and proton density; = 0.003 cn® oc-  Hoerandel 2003), the contribution of heavy nuclei increases
cupy 50% of the volume of spiral arms of Galaxy (Kononovictbward higher energies relative to “normal composition”, ob-
& Moroz 2001). A source of heating is thought to be the agained around 1 TeV. The spectrum shapes are selected for sim-
tivity of young stars, first of all supernovae explosions. So fjlicity in form (3) for all nuclei components.
young massive stars this site of SNe we selected as the mostrigure 3 presents the total proton spectrum generated by
probable for SNIfc and SNII. This variant of the interstel-7 different types of SNe with parameters from Table 1, calcu-
lar medium (“hot phase”) with parametefs= 10° K, ny = |ated by formulae (2) with¥(Esy) (12) with parameters (11),
0.003 cn1®, magnetic fieldB = 3 uG givesEmax ~ 300 TeV  E_ .. (Es;) dependence (10). The contribution of each SN type
(Berezhko 2000b). is presented in Fig. 3 separately. The CR intensNydE is

Numerous regions of neutral HI gas can be divided iniaultiplied by E? and presented in relative units.
two parts (Kononovich & Moroz 2001): the clouds of gas and It can be seen from Fig. 3 that:
dust withny = 10 cnT3 andT = 80 K, occupying a relatively 1) The contributions of most energetic explosions are
small volume 1%, and intercloud regions, that occupy 50% sfressed significantly due to expression (4) in our calculations:
the volume of spiral arms withy = 0.1 cnT3 andT = 10° K.  the total number and total energy of accelerated cosmic rays
The variant withT = 10° K, ny = 0.3 cnr®, B =5uG (“warm s proportional to the total kinetic energy of the explosion. For
phase”) gives a maximal energy of acceleration of akuf = example, only 5% of cosmic rays are generated by SNla, while
100 TeV (Berezhko 2000b). This site we choose as the masty comprise about 30% of all SNe.
probable for SNla. 2) The total intensity of CR is practically formed by contri-

Besides that (Drury et al 2001), there exist the temporal candtions of SNlIlicl (bright branch, see Table 1) and SNIIn.
relations resulting from concentration of the majority of core 3) The location of the knee is determined by maximal en-
collapse SN progenitors into OB associations. An explosionefgy of accelerated CR protons in the most energetic explo-
the first SN in such an association is followed by several tesi®ns.
of others. This results in formation of multiple supernova rerd| obtained features can be understood if analytical expression
nants powered by both SN explosions and the strong windsfof the average value &y axis written using formula (10). The

All-particle cosmic ray spectrum, numerical
results
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Fig. 3. Total (SUM) proton spectrum (in relative units) generated by fig. 4. Spectra of dierent cosmic ray nuclei.
different types of SNe with parameters from Table 1. The contribution

of each SNe type is presented separately.
10°+
statistical weight ofEnax should be proportional to the total ]
number of accelerated CRs, i«€Es; (as can be seen from (4)).N SuM
B ﬁ 10'1':
f PY(Esy) - EQay EXY? - EsydEs; g 3 SNibc1
5" ©
< Emax> = Er LT s
[ ¥(Esy) - EsadEsy 1073
g
1.52 4
= Eronaxiil> TeV. (13) 10° T T T — 0., '. T rrr—r—rrrr
<Eg > 10" 10° 100 102 10° 10 10°  10° 10

For the symmetric distribution functioff;(Es;) with a small
dispersion, as for the case of SNla, the fagtoE>? > / < o _ o
Esl,l > is close to unity. For a very asymmetric function, as iﬁ|g._5. The contributions of various types of SN explosions into all-
Fig. 2, this factor can be many times larger. For example, Rfticle spectrum.

we choose a power-like functiol(Es1) = 0.44- E;1-7 in the

intervalEs; = 1 + 100 and¥(Es;) = 0.44 in the intervaEs, =  of Fe nucleiw(Fe) in the chemical composition of CRs before
0.1+1, the value ok EX>? > / < Ef, >is~5. (This power-like the knee in the case when the contribution of SNIIn is small
shape of¥(Es;) will be discussed in Sect. 5.) enough:

As can be seen from Fig. 3, the first knee in the proton lg(1/w(Fe))
spectrum is located around 3 PeV, while for the most proby = ————
able energy of explosiolts; = 1 maximal energyEmax ~ g 26
300 TeV (10). For w(Fe) ~ 0.15-0.20 the change of the spectrum slope is

The second step in the proton spectrum is formed (as itd®se tosy ~ 0.5.
seen Fig. 3) by the contribution of SNIIn explosions, because If the contribution of SNIIn is large§y should be less.
they are also very energetic (see Fig. 2) and they have a masides, as it can be seen from Fig. 5, the more the diversity
larger value oE?,, (see Table 1). in explosion energies (as in the case of SNIIP), the smoother

Figure 4 presents the spectra offdient cosmic ray nu- the behaviour of the spectrum beyond the knee.
clei (the Mg-Si-Ne group was omitted from Fig. 4). In Fig. 5, The maximal energy of accelerated Galactic CRs is deter-
the contributions of various types of SN explosions to the athined by the Fe nuclei generated in SNIIn explosions and lo-
particle spectrum are shown. cated around 16 eV. The chemical composition of CRs in the

Every nuclear component also has two steps shifted region beyond the knee and up to'd@V should be heavier
higher energy by factat in comparison with protons. The all-than one in the region before the knee.
particle spectrum beyond the knee is formed by the sum of cou- In Fig. 6 the mean logarithmic mass In A > of CR
pled steps. (usually used to characterize the mass composition) is pre-

The change of the spectrum slo@e beyond the knee (in sented compared to the data obtained in the KASCADE ex-
the interval 3 PeV to 26 3 PeV) is determined by a fractionperiment (Kampert et al. 2002). The main variant (when the

E.TeV

(14)
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. . Fig. 7. The dependence of the knee location on maximal energy of SN
Fig. 6. The average mass numbein A > of CRs in the KASCADE explosions.

experiment (full squares) and in the calculations: full line — main vari-
ant, dashed line — variant when CRs from SNIIn are enriched by heavy

lei.
nucel might have rapidly rotating cores possibly due to the spiraling-

in of a companion star in a binary system (Nomoto et al. 2002).
chemical composition of CRs generated in SNIIn is the same To test the obtained functio(Es;), we use the sample
as for others) predicts fewer heavy component in the range26 real SNe from Hamuy (2003), where the physical param-
10'-10'" eV than in the KASCADE experiment. But in accoreters (explosion energy, ejected mass, radius of progenitors) for
dance with Bykov & Toptygin (1997), the CRs originated in sueal supernovae of types Il,/th lldw are presented. The inte-
perbubbles can be enriched by heavy nuclei. Figure 6 preseytd distributionW(>Es;) of real SNe was constructed and an-
a variant, when proton and helium components are absentlyzed. All 26 SNe have an energy of more than 1, so it had to
CRs originating in superbubbles. The experimental dependepesasumed that the fraction of events wih > 1 is 0.6 among
of < In A > (E) lies between these two variants. all SNe, that is close to the value in our calculation. (It worth
noting that the calculation is sensitive mainly to the slope of
the tail in the¥(Es;) function, but not on the absolute value
of this normalization factor.) This distribution is denoted as the
The most significant problem in the present model is the realifigal SN”, while in reality it depends on the basic theoretical
of the long tail in¥(Esy) and the sensitivity of the knee locatiorPremises and it can be distorted by the selection bias. In Fig. 8
to this tail. To analyze the second question, we present in Figt 1 presented together witW(>Es,) used in the main variant
the proton spectrum of CRs withftérent upper limits integrat- of our calculation with¥'(Es:) shown in Fig. 2.
ing ETin formula (2). In the main variarl™ = 80 is used. The “real SN” distribution can be fitted by power-like func-
Flgure 7 shows that the point of the knee location is determint@n with a slope of-0.78. This means that the fiérential
by the SNe explosions witls; ~ 30+ 60. At EN™ = 10 the distribution is¥(Es1) ~ Eg;'® at Esy > 1. In the region of
knee is around 700 TeV, that is higher than 300 TeV due k31 = 01-1,N(Es1) = const was chosen. An all-particle
Eq. (13), but it is not enough to reproduce experimental datsspectrum with “power-like” function¥(Es;) identical for all

The discovery of SNe with enormous kinetic energgore collapse SN groups is presented in Fig. 9 also.
(Hypernovae) is one of the most interesting recent develop- Since the physical picture of the Hypernovae explosion can
ments in the study of SNe (Nomoto et al. 2002). They can diter from other core collapse SNe, we considered a variant,
directly identified by the explosions determining the cosmic rayhen inEs;(Mb) (6) the parameters of ejected mass and radius
knee region not only by the energy of explosions, but also by progenitors were chosenfiirently for SNIlic1, SNIIn (see
the type of core collapse SNe. In our calculations, only $¢Mlb Table 1) and other SNévlgj = 4 Mg, R = 80 R, for SNIbycl
(bright branch from Table 1) and SNIIn give the principal corand SNIIn, butMe; = 10 Mg, R = 600R;, for other types. The
tribution to the formation of the knee region (see Figs. 3, S)eights of SNIlc1 and SNIIn groups were decreased by a fac-
Among 7 possible Hypernovae, 5 have been recognized as tygreof two in comparison with Table 1. This variant is denoted
Ic (1998bw, 1997ef,1997dq, 1999as, 2002p) and 2 as type #8 “Hypernovae” in Figs. 8 and 9. It fits very well the form of
(1997cy, 1999E) (Nomoto et al. 2002). The Hypernova branéteal SN” distribution.
might be interpreted as follows. Stars with > 20-25 Mg Figure 9 shows the all-particle CR spectra calculated for all
form a black hole as a compact remnant; whether they becotheee variants o¥V(>Es;). Examination of Figs. 8 and 9 shows
hypernovae or faint SNe may depend on the angular momémat the input of events with enerdig; ~ 30-50is~2+ 1% in
tum in the collapsing core, which, in turn, depends on the stall cases. One can see that th&etience in fraction of events
lar winds, metallicity, magnetic field and binarity. Hypernovawith Es; ~ 10 among all SNe in the “main” and other

5. The physical interpretation of results
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Fig. 9. All-particle spectra calculated with fiérent variants of the

Fig. 8. The integral distribution®V(>Es,) for different variants of cal- (> E;) functions presented in Fig. 8 (lines) in comparison with the
culations in comparison with the “real SNe” distribution from Hamu)éxperimental all-particle spectrum (stars) averaged over many EAS
(2003). experiments by Hoerandel (2003).

variants of calculations is not crucial for the all-particle CR

4 1 i i i i
spectra presented in Fig. 9, because the knee is mostly seé%’—},? year .GTTen, Faklgg '?t; i&count that the I'fet'mﬁ c;f
tive to the energy of explosioBs; ~ 30-50, as is shown in Ife in our Galaxy Is abou year, one can get tha

Fig. 7. But the sharpness of the knee depends noticeably on"i‘HQUF 6x 10° elxplosionsf pr‘r’]‘,"f\e the intenrjity of IOV\(’j elngrg\)/
shape off'(Es;). For the case of a power-likg distribution for CRSI_:Cn our G?gg._But OL '% ene(rjgy C sd(aroun_ fe )
all types of SNe the knee is smooth, but for the case when ﬁk}‘? lretime o 'S much shorter due to decreasing of es-

ernovae are singled out by energy (“hypernova” variant) th&P¢ lengthlesc asE™ (o = 0.54) beyond the energy 5 GeV
Enee looks more gharp y gy (hyp ) (Jones et al. 2001). The number of explosions giving the dom-

The experimental all-particle spectrum from Hoerand alt(')n_%,'snpmtéo Cﬁslargulnﬂ - 1£’ev T)'ght ::)efrather T’mf"‘"
et al. (2003) is also presented in Fig. 9 in comparison with cal- ) in the whole Galaxy and maybe only few explosions

culations. This experimental spectrum was multiplied23y°® provide the CR flux m_the Solar s_yst_em. ) .

to take into account the propagation corrections and to reduce ' "€ latter conclusion may coincide with the idea proposed
the observable spectrum to source spectrum. Here we incréd5E1yKin & Wolfendale (1997) that a single nearby local SNR
the value ofEQ, for SNIIn to 15 x 106 eV (in comparison accelerates the particles and gives the dominating input (mainly

with Table 1) to get the better coincidence with the experimepY © and Fe nuclei) to the knee region. But CRs from this SNR
tal spectrum in the interval $0-1018 eV, reach the Earth directly without distortion by propagation ef-

6{[:'F_cts. In our model the most energetic explosions give the dom-

The present calculations reproduce on the whole the o .
particle spectrum measured in EAS experiments: the kB8Nt contribution to the whole energy range of CRs and their

around 3 PeV, the change of slopedgy~ 0.3-0.5 beyond the propagation in the Galaxy should be taken into account, while

knee, start of dip around eV and may be the knee shapell€Se €ects are not considered in the present paper.

In the considered model it is possible to obtain the sharp form

of the knee, if one selects the narrow distribution in explosi%n Conclusions

energy for Hypernovae. As it has been pointed out in Erlykin

& Wolfendale (1997), the sharpness of the knee, measuredin We calculated the Galactic cosmic ray spectrum averaged

some individual EAS experiments is quite noticeable. over Supernova explosion energies and types, based only
In general the contribution of high energy SNe to the to- on the formulae of the standard model of CR acceleration

tal CR flux, needed for the explanation of the knee region, in Supernova remnants and on the latest astronomical data

can be estimated from basic considerations. If the total power on the variety in Supernovae. For this purpose we estimated

of 100% SNe with average ener@¥; = 1 in our Galaxy is the distribution of SNe in explosion energies and show that

enough to provide the total energy of Galactic cosmic rays this distribution is probably a very asymmetric function

~10712 ergcm?® (Berezinsky et al. 1990), then 2% of SNe with  with large dispersion. In the case under consideration the

Es; = 50 or 3% of SNe withEs; = 30 can also provide the  cosmic ray flux in the whole energy range should be pre-

total energy of Galactic cosmic rays. dominantly formed by the most energetic SNe explosions.
We can draw a conclusion that the fraction of event®. The kneein GCR spectrum at energy arobpgde = 3 PeV

responsible for formation of the knee in the CR spectrum can quantitatively be explained by the dominant contribu-

comes to~2 + 1%. It means that with a usual SN-rate tion of SNe with an energy of~30-50) x 10° erg, that

of about 102 year?, the Hypernova rate should be about might be identified with Hypernovae. The estimated rate
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of these energetic explosions is about 1-3 péryigars, Erlykin, A. D., & Wolfendale, A. W. 1997, J. Phys. G, 23, 979
enough to provide the total power of Galactic cosmic ray§&alama, T. J., Vreeswijk Paradijs, J., et al. 1998, Nature, 395, 670

3. In the proposed model the location of knee is determing@muy, M. 2003, Revew on the observed and the physical proper-
by an abrupt fall of protons generated in the most energetic ties of the core collapse supernovas{ro-ph/0301006], Rev.
SNe; the change of a spectrum slope beyond the knee (in I(olr Core Ccéllap§elcj)f Ia:l.af]swe) Stars, ed. C. L. Fruer (Dordrecht:
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. . e ?lones, F. C., Lukasiak, A., Pruskin, V., & Webber, W. 2001, Astropart.
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