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Abstract: A probable interpretation of the fine structure of all particle energy spectrum between the knee and the
ankle (the sharp first knee at 3-4 PeV, the spectrum hardening at 20-30 PeV, the second knee at 200-300 PeV) as
well as a < lnA > (E) dependence measured recently by the Tunka 133 experiment, is presented. We show that
these features are compatible with the combined model where cosmic rays around the knee are produced by the
group of SN Ia remnants and the extragalactic light component (in accordance with the ’dip’ model) arises in the
energy region of 1016 −1017 eV and reaches ∼ 50% of all particles around 200-300 PeV.
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1 Introduction
A remarkable fine structure of the all particle cosmic ray
(CR) spectrum above the ’classical’ first knee at E ∼
3 − 4 PeV has been measured in Tunka-133 [1, 2] and
KASCADE Grande [3, 4] experiments (See Fig.1): the
spectrum hardening around 2× 1016 eV and steepening
around (1− 3)× 1017 eV [1, 2, 3, 4]. The sharp shape of
the knee was confirmed recently by the Ice Top experiment
[5]. One of possible interpretations of these pronounced
structures is a dominant contribution of a ’single source’
[6, 7] located near the Earth. However, only one source is
suitable for this role [8], Vela Jr., and only if it is nearby
and young (R ∼ 300 pc and age ∼ 700 yr), besides, in this
case, the predicted anisotropy of CR obviously contradicts
to the measured experimental data [8].

An alternative explanation [8, 9, 10] has been proposed:
the knee is produced by a group of SN Ia remnants (called
’standard candles’ in Cosmology). Only these remnants
(∼ 20% of all SNRs) may give structures around the knee
due to identical thermonuclear explosions leading to an
uniform source spectrum of cosmic rays accelerated in these
remnants with identical maximum energy Emax. For core
collapse SNe there is a strong evidence [11] for a continuous
spectroscopic sequence (II-IIb-Ib-Ib/c-Ic), which reflects
the ability of the SN progenitors to retain their H-rich and
He-rich envelopes prior to explosion [11]. Another factor
that influences on properties of these SNRs is the density
of the medium in which they explode, which is determined
by the history of mass-loss of the SN progenitor [11]. As
the result we can expect Emax dispersion from remnant to

remnant for core collapse SNRs, and the decreasing number
of SNRs accelerating CR up to given energy [8].

To calculate cosmic ray fluxes in [8] a semi-statistical
approach is used: all potential CR sources were divided into
2 groups: actual nearby young sources selected from the
latest gamma astronomy catalogue; and other sources that
were considered as a random population with a birth rate of
1/50 yr, located within the thin galactic disk. The particle
propagation was described in terms of Green functions
with a diffusion coefficient D ∼ E1/3. To investigate the
contribution of young nearby SNRs to the spectrum around
the knee, we simultaneously analyzed in [8] both the fine
structure of the spectrum around the knee and the anisotropy
within the fixed sample of hypothetical nearby sources.

A goal of the present paper is to interpret the all particle
spectrum and the mean mass energy dependence simultane-
ously in the energy region of 1014 −1018 eV, and especially
to pay attention to 1017 −1018 energy interval, where the
second knee is seen in both KASCADE Grande and Tunka
133 data and where some presence of extragalactic cosmic
rays is very probable [12, 13, 14, 15]. At which energies ex-
tragalactic cosmic rays begin to dominate is a long standing
problem in cosmic ray physics, we are trying to search for
a solution of the problem basing on the Tunka 133 data.

2 Galactic and extragalactic components of
cosmic rays.

For many years the ’ankle’ existence has been interpreted as
a feature caused by a transition from galactic to extragalactic
cosmic rays (see a historical excurse in [12]), but recently
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Fig. 1: All particle spectrum measured by different experiments: KASCADE Grande [3, 4], Tunka 133 [1, 2], Tunka 25
[16], KASCADE [19], EASTOP [18], Tibet [17],UHE data, obtained in Hires 1 [20], Auger [21]. Galactic cosmic rays are
presented separately: dark green line (total), red line (H+He), blue line (Z > 6), green one (Z > 14), orange one (Z > 20).
Thin lines denote 3 fits of extragalactic protons, covered predictions [15]. Thick lines of the same colours represent galactic
+ extragalactic particles. Dashed lines denote the total light component: P+He.

a ’dip model’ proposed in [13, 14] attracts more attention,
because it explains both the pronounced dip at energy ∼ 4×
1018 eV, which is considered as a clear signature of e+e−
pair-production in interaction of UHE protons with CMB
[13, 14] and the GZK cut-off at energy around 1020 eV. In
this case the extragalactic component may arise just at the
region above the 1017 eV , that means that Emax ∼ 4×Z PeV
may be an upper limit of CR acceleration in galactic sources.
Protons with energy of E < 1017 eV diffuse in extragalactic
magnetic fields and cannot reach the observer on the Earth
within a given time due to expansion of the Universe
[15], (this effect is called ’magnetic horizon’). Calculations
show [15] that the behavior of protons in the region of
1016 −1017 eV depends on the mean strength of magnetic
field B0 = 0.3−3 nG, coherence length lc ∼ 30−300 kpc,
source density n = 10−5 −10−6 Mpc−3, any other factors:
all of these parameters are poorly understood and poorly
constrained. However, a relatively sharp cut-off of the low
energy extragalactic proton spectrum is expected [15]. We
include in our calculations three fits of extragalactic protons
spectrum(see thin lines 1, 2, 3 - in Fig. 1) that are within
the diversity of predictions obtained in [15].

In Fig. 1 we present the all particle spectrum as well as

in Fig. 2 we show the corresponding energy dependence
of < lnA > calculated in frames of the model described
above with the following main assumptions. Galactic CRs
are produced by core the collapse SNRs up to energy of
2 PeV with decreasing number of SNRs accelerating up
to Emax as N(> Emax) ∼ E−0.17

max [8]. Only ∼ 20% of all
SNRs accelerate CR up to Emax ∼ 4×Z PeV, with a small
dispersion. The energy of E = 26× (4±1) PeV is an upper
limit of Galactic CR accelerators. The source spectrum
has a slope γ ∼ −2.2 before Emax and it is steepening
by dγ ∼ −1.5 above Emax with the parameter ω = 4 that
provides the sharpness of the knee.

The total cosmic ray galactic component is marked
by a dark green line in Fig. 1. Our study shows that a
more smooth cut-off in the source spectrum (dγ < −1.5
or exponential cut-off) does not allow us to describe the
overall sharpness of the knee. A chemical composition
of CR accelerated in the core collapse SNRs was chosen
as ’normal’: (∼ 36% of H, ∼ 24% of He, 10% of CNO,
9% of Fe) at energy 1 TeV. However we need to tune
up the composition of cosmic rays accelerated in SN Ia
remnants: the Fe nuclei portion was increased up to 15%
to describe the spectrum of heavy nuclei around 1018 eV
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Fig. 2: < lnA(E)> dependence corresponding to the 3 cases presented in Fig.1 and selective experimental data: Atic2
[22], Jacee [23], KASCADE [24], Tunka-133 [2], MSU [25], upper and lower limits for Auger’s < lnA > (E) dependence
are taken from [26].

(see the orange line for Z > 20 in Fig.1 and the green line
for Z > 14). He portion was also increased; as a result a
chemical composition of galactic CR at E ∼ 1 PeV differs
from the normal one: 17% of H, 46% of He, 8% of CNO,
16% of Fe nuclei.

In [8, 10] the spectrum hardening at (2−3)×107 GeV
was caused by rise of heavy component of galactic CR.
But this hypothesis requires a very sharp cut-off in the
source spectrum with dγ ∼ 2.5 and ω ∼ 6. In the present
model the spectrum hardenig marks a rise of extragalactic
protons contribution beginning from (2− 8)107 GeV. A
relatively sharp suppression of the low energy part of
extragalactic protons in [15] together with sharp steepening
of the galactic spectrum around the energy ∼ 4×26 PeV in
our model leads to the ’second knee’ structure, seen at the
border between galactic and extragalactic cosmic rays (as it
was predicted in [15]) in all three cases of extragalactic CR
contributions (three thin lines 1, 2, 3). The main signatures
of this hypothesis is a moderate contribution of subFe nuclei
around (2− 3)108 GeV (∼ 50%, not higher), and a wide
lnA - distribution (a big value of σ < lnA >), because in the
region ∼ (1−3)108 GeV the dominance of heavy nuclei
switches to dominance of protons in CR flux.

In Fig. 2 three energy dependences of < lnA > corre-
sponding to the three spectra presented in Fig. 1 are shown.
For the extragalactic component we assumed < lnA > =0.5
corresponding to the composition ∼ 75% of protons and
∼ 25% of He nuclei. If we assume a pure proton composi-

tion, then < lnA >= 0 at E > 109 GeV. The predicted max-
imum of < lnA > value reaches 2.5−3, but on no account
4 as in the KASCADE data [19]. In Fig. 2 we show the new
Tunka data [1], and data from [2] presented earlier as well
as some selective data from other experiments.

In the first approximation the third model fit (the black
line) does not contradict to < lnA > (E), measured in the
Tunka 133 experiment [2], and the pink line fits latest data
[1]. However, one can see that three last points in Fig. 1 and
in Fig. 2 are slightly higher than calculated predictions. Is
this difference only of statistical origin or there are some
systematic errors in energy determination (stretched energy
scale) is not clear yet. It worth noting that it is impossible
to move the position of a second knee to the right staying
in the frames of considered model.

To clarify this difference we show in Fig. 3 the predic-
tions of our model (the same curves as in Fig. 1) for pro-
ton + He spectra in comparison with Tunka 133 ’light’
component, presented at this conference [27]; and in Fig.
4 we show the model prediction for all nuclei with Z > 6
and ’heavy component’ obtained in [27]. In Fig. 4 some
excess of heavy components also is seen also in the region
of (2÷5)108 GeV.

This excess in the region of (2−5)×108 GeV may be
interpreted as contribution of one galactic source (such as
Cas A [10]), but cosmic rays produced by this source should
have abnormal chemical composition [10].
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Fig. 3: Light component energy spectrum of Tunka 133
(with sistematic errors) from [27] in comparison with the
model predictions (lines are shown ny the same colour as in
Fig. 1).
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Fig. 4: Heavy component energy spectrum of Tunka 133
from [27] in comparison with the model predictions (lines
are shown by the same colour as in Fig. 1).

3 Conclusions
The fine structure of the all particle energy spectrum: the
sharp first knee at 3-4 PeV, the hardening at 20-30 PeV, the
second knee at 200-300 PeV and corresponding < lnA >
(E) dependence, measured by the experiments Tunka 25,
133 are compatible with the ’dip model’ [12, 13, 14, 15]
if one takes into account the ’magnetic horizon’ effect
as computed in [15]. Extragalactic protons starts to arise
between 1016 ÷ 1017 eV thus stressing the hardening of
all particle spectrum, mainly caused by transition from He
to CNO nuclei, and then the contribution of extragalactic
protons reaches ∼ 50% of all particles around 200-300 PeV.
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