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1. Introduction

New-generation experiments have provided high-precision measurements of cosmic rays up to
energies exceeding 10%° eV. At low energies, below ~ 10> eV, balloon and satellite borne experi-
ments such as ATIC [24], CREAM [33], TRACER [23], PAMELA [8] and AMS [9] have measured
the energy spectra of various species of both the hadronic and leptonic components of cosmic-rays.
New results from these experiments, such as the rise in the positron fraction above ~ 10 GeV and
the spectral hardening of proton and helium nuclei at TeV energies, are found to be at odds with
our general understandings about the origin of cosmic rays and the nature of their propagation in
the Galaxy. At high energies, above ~ 10! eV, air shower experiments like KASCADE-Grande
[12], Tibet III array [10], IceTop [2], Pierre Auger Observatory [6] and Telescope Array [5] have
provided detailed measurements of the all-particle energy spectrum and the composition of cosmic
rays. In this energy regime, the origin of spectral features in the all-particle cosmic-ray spec-
trum such as the “knee" at ~3 x 1015 eV, the “second knee" at ~3 x 10!7 eV, and the “ankle" at
~5 x 10'® eV, still remains unsettled, while the observed steepening at ~4 x 10'° eV is commonly
interpreted as the “GZK cut-off". Moreover, the behaviour of the observed composition in this
energy further complicates the issue. The aim of this work is to build a model that explains all the
observed features in the energy spectrum and the composition of cosmic rays up to ~10'8 eV.

2. Cosmic rays from supernova explosions in the interstellar medium (SNR-CRs)

It is generally assumed that supernova remnants present in the interstellar medium are the main
sources for cosmic rays of energies up to around the knee [18]. This view is supported both by
our theoretical understandings and observational evidences of supernova remnants in the Galaxy.
Diffusive shock acceleration theory predicts that strong shock waves inside supernova remnants can
accelerate particles with a power-law spectrum of index close to 2 up to energies close to the knee
[13]. At the same time, the detection of non-thermal X-rays and TeV gamma rays from a number
of supernova remnants provide direct evidence for the presence of high-energy particles inside
supernova remnants [25, 7]. In particular, the detection of TeV gamma rays from the supernova
remnant RX J1713.7-3946 with energies up to ~ 100 TeV indicates that high energy particles with
energies up to ~ 1 PeV can be produced inside supernova remnants [7]. Once released from the
sources, cosmic rays undergo diffusive propagation in the Galaxy due to the scattering by magnetic
field irregularities present in the interstellar medium. During the propagation, it is possible that
cosmic rays again interact with expanding supernova shock waves, and get re-accelerated. This
re-acceleration process is expected to occur mainly with old supernova remnants since they occupy
a larger volume in the Galaxy than the younger remnants. This model of cosmic-ray propagation,
described in detail in Ref. [31], can be mathematically represented by the equation,
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where a cylindrical geometry has been adopted for the propagation region described by the the
radial and vertical coordinates (r,z). The region is assumed to be bounded at z = +L, and no
boundary in the r direction. N(r,z,p) represents the number density of cosmic-ray nuclei with
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Figure 1: Contribution of SNR-CRs to the all-particle cosmic-ray spectrum. Thin lines: Spectra for protons,
helium, carbon and oxygen nuclei, and Thick-solid line: Total contribution. Other nuclei (oxygen, neon,
magnesium and silicon) are also included in the calculation, but are not shown here. Low energy data: See
references given in [31]. High energy data: KASCADE [11], IceTop [2], Tibet III [10], AUGER [6], and
HiRes II [3]. See text for the values of model parameters.

momentum per nucleon p, D(p) = Do (p/po)” is the diffusion coefficient as a function of the
particle rigidity p, where (Dy, po,a) are constants, 7 is the surface matter density in the Galactic
disk, o(p) the inelastic interaction cross-section, & corresponds to the rate of re-acceleration, and
QO(r, p)8(z) is the source term. The re-acceleration, represented by the term containing the integral
in Equation 2.1, is assumed to produce a power-law spectrum of particles with an index s and an
exponential cut-off in the total momentum at Zp,, where Z denotes the charge number of the nuclei.
The sources are assumed to be distributed in the Galactic disk and extended up to a radius R,. We
write Q(r, p) = VH[R, — r|H[p — po]Q(p), where V is the frequency of supernova explosions per
unit surface area in the Galactic disk, H(m) = 1(0) for m > 0(< 0) represents a Heaviside step
function, and the source spectrum Q(p) as,

A
0(p) = AQu(ap) “exp (-5 e2)

where Qg is constant proportional to the amount of supernova kinetic energy injected into cosmic
rays, A is the mass number of the cosmic rays, ¢ is the source spectral index, and p. is the cut-
off momentum for protons. We take & = nVV, where V = 4R}, /3 is the volume of a supernova
remnant re-accelerating the cosmic rays with Ry, representing its radius, and 7 is a correction factor
that is introduced to account for the actual unknown size of the remnants.

From the analytical solution of Equation 2.1 [31], the cosmic-ray densities for different ele-
ments are obtained, and compared with the measurements at low energies. For the calculation, we
take L = 5 kpc, Ry = 20 kpc, Rsp = 100 pe, 71 = 7.24 x 10%° atoms cm ™~ with an additional 10% he-
lium atoms, and ¥ = 25 SNe Myr~! kpc~2 which corresponds to a supernova explosion frequency
of ~1/30 yr~! [30]. The cosmic-ray propagation (Dy,po,a) and the re-acceleration parameters
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(n,s) are taken as, Dy =9 x 102 cm? s™!, p =3 GV, a=0.33, 1 = 1.02, and s = 4.5 [31]. Also,
the predicted all-particle spectrum is compared with the measured all-particle spectrum at high
energies. We found that taking an exponential energy cut-off for protons at E, = 4.5 x 10° GeV re-
produces the observed knee. The results are shown in Figure 1. For clarity, the individual spectra of
only the protons, helium, carbon and iron nuclei are shown. Other nuclei which are sub-dominant,
i.e., oxygen, neon, magnesium and silicon nuclei, are also included in the calculation, but they are
not shown in the figure. It can be noticed that SNR-CRs cannot account for the observed cosmic
rays above ~ 107 GeV. They contribute only ~30% at ~10% GeV. As extra-galactic cosmic rays
presumably dominates only above ~ 10° GeV, our result suggests that an additional component of
Galactic cosmic rays is required in order to explain the observed spectrum above ~ 107 GeV (see
also [19]).

3. Additional component of Galactic cosmic rays

Here, we consider two possible origins for an additional component. One is the re-acceleration
of SNR-CRs by the Galactic wind termination shocks (Wind-CRs), and the other is the contribution
of cosmic rays from Wolf-Rayet star supernova explosions in the Galaxy (WR-CRs).

3.1 Cosmic rays from Galactic wind termination shocks (Wind-CRs)

Presuming that Galactic wind exists (see e.g., [22]), at distance far away from the Galactic
disk, roughly at around 100 kpc or even more, the wind flow is expected to terminate resulting into
the formation of termination shocks [34]. These shocks can re-accelerate the SNR-CRs escaping
into the Galactic halo to higher energies [20, 35]. The propagation of escaped SNR-CRs in the
Galactic wind region can be described by,
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where we assume a spherically symmetric geometry with radius coordinate r, Dy, is the diffusion
coefficient in the wind region, Ny, (r, p) is the number density of cosmic rays, V=Vyr is the wind
velocity which is assumed to be directed radially outwards, and Q.. is the total escape rate of SNR-
CRs from the diffusion boundary (at z = £L). Since the size of the escaping region is expected to
be much less than the size of the termination shock, we assume that Q.. is produced by a point
source located at r = 0. Using the solution of Equation 3.1 [32], we calculate the total rate of
cosmic rays Qinj(p) injected into the termination shock, which is taken to be located at a distance
r = Rgh. Assuming that only a certain fraction kg, participates in the re-acceleration process, the
cosmic-ray spectrum produced by the termination shock can be written as [17],
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where 7 is the spectral index, and we have introduced an exponential cut-off in the spectrum at
Zpsh With pg, representing the cut-off momentum for protons.

After re-acceleration, some of the re-accelerated cosmic rays can return to the Galactic disk
through diffusive propagation against the Galactic wind flow. The propagation can be described
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also by Equation 3.1. Neglecting adiabatic losses, the density of re-accelerated cosmic rays reach-
ing the Earth is given by [32],
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The diffusion in the wind region is assumed to be much faster than near the Galactic disk,
but has the same rigidity dependence as D. We take Dy, = 10 D. For the wind velocity, we take
Vo = 15 km/s/kpc [16]. The distance to the termination shock is determined based on the condition
that the Galactic wind ram pressure is equal to the intergalactic pressure at the position of the
shock. For an intergalactic pressure of 10~ ergs cm3 [35], and assuming a Galactic wind driven
by SNR-CRs [34], we obtain Rg, = 96.2 kpc.

3.2 Cosmic rays from Wolf-Rayet star supernova explosions (WR-CRs)

Although most of supernova explosions in the Galaxy occur in the interstellar medium, a small
fraction is expected to occur into the winds of massive stars like Wolf-Rayet stars. Magnetic fields
in the wind of Wolf-Rayet stars can reach more than 100 Gauss, and a strong supernova shock
in such a field can accelerate particles up to energies close to 10° GeV [15, 29]. We assume
that Wolf-Rayet stars are also distributed in the Galactic disk, and the propagation of cosmic rays
from these stars (WR-CRs) is described by Equation 2.1. The source spectrum is also described by
Equation 2.2. We assume a Wolf-Rayet supernova explosion frequency of 1/210 yr~! in the Galaxy
[28]. This corresponds to roughly 1 Wolf-Rayet explosion for every 7 supernova explosions in the
Galaxy. The source abundance ratios of the different elements is assumed to be proportional to
the relative abundances of elements in the wind. We use the relative abundances with respect to
helium for a specific case of carbon-to-helium (C/He) ratio of 0.4 given in Ref. [26]. Only the
overall normalisation of the total WR-CRs and the maximum energy of the proton source spectrum
are taken as model parameters. They are optimised based on the observed all-particle spectrum
between ~ 10% and 10° GeV.

4. All-particle spectrum and the composition at high energies

In Figure 2 (top panel), we show the all-particle spectrum obtained by combining the contri-
butions of the SNR-CRs and the Wind-CRs along with the measured data. Also included in the
total spectrum is the contribution of the extra-galactic cosmic rays taken from Ref. [27], modified
for energy above 4 x 10'° GeV to fit the measured data, which represents a pure proton population
for an input source spectrum of E~2. For the SNR-CRs, the maximum cut-off energy is reduced
to E. = 3.3 x 10% GeV from the value of 4.5 x 10° GeV used in Figure 1 in order to better repro-
duce the measurements around the knee. For the Wind-CRs, we take a particle injection fraction of
ksh = 18.5% into the re-acceleration process, and an exponential cut-off energy for protons (corre-
sponding to pg, in Equation 3.2) of Eg, = 1.3 x 10 GeV. The model nicely reproduces the observed
knee, but it does not predict a prominent second knee as observed. At the same time, the ankle pre-
dicted by the model lies at somewhat higher energy than the observed ankle position. However,
overall, the predicted total spectrum still seems to agree with the observed spectrum within the
systematic uncertainties of the different measurements.
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Figure 2: Model prediction for the all-particle energy spectrum using the Galactic wind re-acceleration
(top) and the Wolf-Rayet stars (bottom) models. Thick-solid blue line: Total SNR-CRs, Thick-dashed line:
Wind-CRs (or WR-CRSs), Thick-dot-dashed line: Extra-galactic component, Thick-solid red line: Total all-
particle spectrum, and Thin lines: SNR-CRs plus Wind-CRs (or WR-CRs) for protons, helium, carbon and
iron nuclei. Other nuclei (oxygen, neon, magnesium and silicon) are also included in the calculation, but are
not shown in the figures. See text for the values of model parameters. Data are the same as in Figure 1.

The total spectra obtained for the case of the WR-CRs is shown in Figure 2 (bottom panel).
We take an injection energy from a single supernova explosion into helium nuclei which is 1.49
times the energy required in the case of the SNR-CRs, and a proton source spectrum cut-off of
1.25 x 108 GeV. The WR-CRs scenario reproduces better both the observed second knee and the
position of the ankle.

In Figure 3, we show a comparison of the mean logarithmic mass, (InA), obtained using
the Xmax values measured by different experiments with our model predictions for the Wind-CRs
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Figure 3: Measured mean logarithmic mass (logA) of cosmic rays compared to our model predictions.
Blue line: Wind-CRs, and Red line: WR-CRs (C/He = 0.4). Dotted lines represent the region where our
predictions may not be fully reliable. Data: KASCADE [11], TUNKA [14], Yakutsk [21], HiRes/Mia [4]
and AUGER [1]. The two sets of data corresponds to two different hadronic interaction models (EPOS-LHC
and QGSJET-11-04) used in the determination of (InA).

and the WR-CRs scenarios. The data consists of two sets which corresponds to two hadronic
interaction models used in the determination of (InA). Given the large systematic uncertainties of
the measurements, both the model predictions seem to agree more or less with the data. However, in
the energy range between ~2 x 107 and 2 x 108 GeV, the WR-CRs show a better agreement with the
data. Between ~ 108 and 10° GeV, the prediction for the Wind-CRs also seem to deviate from the
observed trend (changing from heavy to light elements) of the composition. Above ~5 x 10° GeV,
the discrepancy between the model predictions and the data is due to the lack of heavy elements
in the composition of the extra-galactic cosmic rays considered in our calculation, and is not the
focus of our present study.

5. Conclusion

We have demonstrated that a single Galactic cosmic-ray component with progressive cut-offs
in the energy spectra of different elements cannot explain all the observed features in the all-particle
spectrum up to ~ 10? GeV. Using two Galactic components, we have shown that all these observed
features as well as the composition can be nicely explained. The first component (SNR-CRs)
explains the low-energy measurements and dominates up to ~ 10 GeV, and the second component
(Wind-CRs or WR-CRs) dominates beyond this energy up to ~ 10° GeV. In this two-component
model, the knee and the second knee are caused by the cut-offs in the energy spectra of the first
and the second components respectively. The first component also explains the spectral breaks

observed in the proton and helium spectra at ~ 200 GeV nucleon™".
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