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Outline of this talk
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✤ Two component model for the origin of cosmic rays:

✤ Cosmic rays from regular supernova remnants, 
✤ Cosmic rays from Wolf-Rayet supernovae.

✤ Cosmic-ray transport in the Galaxy including re-acceleration.
✤ Method of calculation.
✤ Results: Comparison of model prediction with the observed data.
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Introduction

To assess the overall Fe=O flux ratio rigidity dependence
at the source, before propagation, we have fitted it over the
entire rigidity range using the slab model, e−λSðσ̃A−σ̃A0 Þ,
describing the propagation of primary nuclei through the
interstellar medium [40] together with a source term
kðR=192 GVÞΔ:

ΦA

ΦA0
¼ k

!
R

192 GV

"Δ
e−λSðσ̃A−σ̃A0 Þ; ð3Þ

whereΦA=ΦA0 is the flux ratio of primary nuclei A and A0, k
is a normalization factor,Δ is the flux ratio spectral index at
the source,

λS ¼

(
λðR=192 GVÞ−0.38$0.02 R ≤ 192 GV

λðR=192 GVÞ−0.24$0.03 R > 192 GV
ð4Þ

is a mean material grammage (g cm−2) with rigidity
dependence from Refs. [4,34,41] and λ is the grammage
at R ¼ 192 GV,

σ̃A ¼ 1 − f
mp

σAþp þ f
mHe

σAþHe ð5Þ

is the mass averaged cross section of a nucleus A, f ¼
0.28$ 0.02 is the helium mass fraction in the interstellar
medium [42], mp and mHe are the proton and 4He masses,
and σAþp and σAþHe are the corresponding nuclei inelastic
cross sections with protons and helium in the interstellar
medium, respectively, evaluated using measurements from
Refs. [39,43].
The fit parameters are k, Δ, and λ. The fit yields

k ¼ 0.203$ 0.008, Δ ¼ −0.002$ 0.017, and λ ¼ 1.04$
0.11 g cm−2 with χ2=d:o:f: ¼ 22=43. The Fe=O flux ratio
fit result is shown in Fig. 3(c). As seen, the Δ parameter is
consistent with zero, which implies that in this model the
Fe=O flux ratio at the source is constant over the entire
rigidity range, as illustrated by the green band in Fig. 3(c).
As seen, the model of Eq. (3) provides a good description
of the Fe=O flux ratio. For completeness, we have also
studied Eq. (3) with primary flux ratios Fe=He, He=O, and
Fe=Si. The results are reported in the Supplemental
Material [25] and shown in Table SA and Fig. S8 of the
Supplemental Material [25]. As seen, the model of Eq. (3)
also provides a good description of the Fe=He, He=O, and
Fe=Si flux ratios. As seen in Fig. S8 of Supplemental
Material [25], in the model the Fe=O, Fe=He, and He=O
flux ratios at the source are constant over the entire rigidity
range, however, the Fe=Si flux ratio at the source is not
constant (at the 3σ level). The results of this model are
consistent with the observation that He, O, and Fe belong to
one class of primary cosmic rays and Si belongs to a
different class.

We have also fitted the AMS Fe=O and Fe=Si flux ratios
using the leaky box model [40]. The details are discussed in
the Supplemental Material [25] and shown in Fig. S9. As
seen, the leaky box model fails to describe the AMS results.
Most importantly, independent of any model [36,37,44],

the measured rigidity dependence of Fe above 80.5 GV
follows the rigidity dependence of O, see Fig. 1(a) and
Fig. 3(a). Therefore as shown in Fig. 4, unexpectedly Fe
belongs to the He, C, and O class of primary cosmic rays
[2,34], which is different from the rigidity dependence of
Ne, Mg, and Si [3].
In conclusion, we have presented the precision meas-

urement of the Fe flux as a function of rigidity from
2.65 GV to 3.0 TV, with detailed studies of the systematic
errors. Above 80.5 GV the rigidity dependence of the
cosmic ray Fe flux is identical to the rigidity dependence of
the primary cosmic ray He, C, and O class, which is
different from the rigidity dependence of primary cosmic
rays Ne, Mg, and Si class. In particular, above 80.5 GV the
Fe=O ratio is well described by a constant value of
0.155$ 0.006. These are new and unexpected properties
of primary iron cosmic rays.

We are grateful for important physics discussions with
Pasquale Blasi, Fiorenza Donato, Jonathan Feng, and Igor
Moskalenko. We thank former NASA Administrator
Daniel S. Goldin for his dedication to the legacy of the
ISS as a scientific laboratory and his decision for NASA to
fly AMS as a DOE payload. We also acknowledge the
continuous support of the NASA leadership, particularly
William H. Gerstenmaier, and of the JSC and MSFC flight
control teams that have allowed AMS to operate optimally
on the ISS for over nine years. We are grateful for the
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FIG. 4. The rigidity dependence of the Fe flux compared with
the rigidity dependence of the He, C, and O fluxes and the Ne,
Mg, and Si fluxes above 80.5 GV. For clarity, the He, O, Ne, and
Si data points above 400 GV are displaced horizontally. For
display purposes only, the He, C, O, Ne, Si, and Fe fluxes were
rescaled as indicated. The shaded areas show the fit result of
Eq. (5) of Ref. [3] to He, C, and O fluxes (magenta) and Ne, Mg,
and Si fluxes (green).
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rays Ne, Mg, and Si class. In particular, above 80.5 GV the
Fe=O ratio is well described by a constant value of
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✤ AMS-02, CALET, CREAM, DAMPE,…..
✤ Different spectral shapes between 

primary cosmic-ray species.
✤ Protons: Steepest spectrum.
✤ Then, Ne, Mg, Si
✤ He, C, O, Fe: Hardest.

2021, PRL, 126, 041104

Diffusive shock acceleration theory 
+ propagation: Spectral index 
independent of the type of nuclei.

Krymsky 1977, Bell 1978
Blandford & Eichler 1987
Ginzburg & Ptuskin 1976
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Possible explanations

✤ Re-acceleration of pre-existing CRs by nearby shocks (Malkov & Moskalenko 2021).

✤ We discuss here a two-component model for the origin of cosmic rays:A&A proofs: manuscript no. CR_paper_twocolumn
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Fig. 6. Model prediction for the all-particle spectrum using the Wolf-Rayet stars model. Top: C/He = 0.1. Bottom: C/He = 0.4.
The thick solid blue line represents the total SNR-CRs, the thick dashed line represents WR-CRs, the thick dotted-dashed line
represents extra-galactic cosmic rays (EG-RSB93) taken from Rachen et al. (1993), and the thick solid red line represents the total
all-particle spectrum. The thin lines represent total spectra for the individual elements. For the SNR-CRs, an exponential energy
cut-off for protons at Ec = 4.1× 106 GeV is assumed. See text for the other model parameters. Data are the same as in Figure 2.

eters. Their values are determined based on the observed
all-particle spectrum between ∼ 108 and 109 GeV. For
C/He = 0.1, we obtain an injection energy of 1.3×1049 ergs
into helium nuclei from a single supernova explosion and a
proton source spectrum cut-off of 1.8× 108 GeV, while for
C/He = 0.4, we obtain 9.4 × 1048 ergs and 1.3 × 108 GeV
respectively. For both the progenitor wind compositions,
the total amount of energy injected into cosmic rays by
a single supernova explosion is approximately 5 times less

than the total energy injected into SNR-CRs by a super-
nova explosion in the Galaxy. The total WR-CR spectrum
for the C/He = 0.1 case is dominated by helium nuclei up
to ∼ 109 GeV, while for the C/He = 0.4 case, helium nuclei
dominate up to ∼ 2× 108 GeV. At higher energies, carbon
nuclei dominate. One major difference of the WR-CR spec-
tra from the GW-CR spectrum (Figure 3) is the absence of
the proton component, and a very small contribution of the
heavy elements like magnesium, silicon and iron. Another

Article number, page 10 of 24

(p)

(p)

Thoudam+ 2016, A&A, 595, A33

WR-CRs

*Initially proposed to explain the “unexpected” light 
composition around the second knee. 



Two-component model for the origin of cosmic rays

(1) CRs from regular supernovae (SNR-CRs)

Indication of non-thermal particle acceleration
SN1006

H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Fig. B.1: H.E.S.S. gamma-ray excess image of RX J1713.7�3946 with overlaid XMM-Newton contours (1–10 keV).
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 RX J1713.7-3946, E>250 GeV

Credit: Chandra observatory Credit: H.E.S.S

✤ Supernova shock waves in uniform interstellar medium.
✤ Particle acceleration by diffusive shock acceleration process
   (Krymsky 1977, Bell 1978, Blandford & Eichler 1987).

✤ CR composition <=> elemental solar abundance.
✤ Typical frequency ~ 1/30 yr.
✤ Dominant contributor of cosmic rays in the Galaxy at low energies.
✤ Accelerate particles up to about 1015 eV.
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✤ Similar distribution in the Galactic disk like the regular supernovae.
✤ Massive stars with fast winds. Likely progenitors of Type Ib/Ic SNe (Crowther 2007).
✤ Supernova shock waves in the wind environment: Flatter spectrum than SNR-CRs.
  (Eichmann & Rachen, these proceedings).

✤ Low protons in WR-CRs due to lack of hydrogen in the wind
✤ Frequency ~1/210 yr-1 = 1/6 of regular SN: Subdominant CR contribution at low energies.
✤ Accelerate particles up to ~ 1018 eV (Biermann & Cassinelli 1993, Stanev+ 1993).

6

(2) CRs from Wolf-Rayet supernovae (WR-CRs)

Credit: NASA, HST

WR124

WR124

6

(Pollock+ 2005).

Nuclei C/He=0.1 C/He=0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19x10-2 7.18x10-2

Neon 0.42x10-2 1.03x10-2

Magnesium 2.63x10-4 6.54x10-4

Silicon 2.34x10-4 5.85x10-4

Iron 0.68x10-4 1.69x10-4

low low

Wolf-Rayet wind composition

Pollock+ 2005Pollock+ 2005

Two-component model for the origin of cosmic rays



2 Thoudam and Hörandel: GeV-TeV cosmic-ray spectral anomaly as due to re-acceleration by weak shocks in the Galaxy

and it is known that it can produce strong features on some of the observed properties of cosmic rays at low energies. For
instance, the peak in the secondary-to-primary ratios at ∼ 1 GeV/nucleon can be attributed to this effect (Seo & Ptuskin 1994).
Earlier studies suggest that a strong amount of re-acceleration of this kind can produce unwanted bumps in the cosmic-ray proton
and helium spectra at few GeV/nucleon (Cesarsky 1987; Stephens & Golden 1990). However, it was later shown that for some
mild re-acceleration which is sufficient to reproduce the observed boron-to-carbon ratio, the resulting proton spectrum does not
show any noticeable bumpy structures (Seo & Ptuskin 1994). In fact, the efficiency of distributed re-acceleration is expected to
decrease with energy, and its effect becomes negligible at energies above ∼ 20 GeV/nucleon.

On the other hand, for the case of encounters with old supernova remnants mentioned earlier, the re-acceleration efficiency
does not depend significantly on the energy. It depends mainly only on the rate of supernova explosions, and the fractional
volume occupied by supernova remnants in the Galaxy. Hence, its effect can be extended to higher energies compared to that
of the distributed re-acceleration, as also noted in Ptuskin et al. 2011. As in the case of distributed re-acceleration, this kind
of re-acceleration will also be strongly constraint by the measured secondary-to-primary ratios. In the present study, we will
first determine the maximum amount of re-acceleration permitted by the available measurements on the boron-to-carbon ratio.
Then, applying the same strength of re-acceleration to the proton and helium nuclei, we will show for a reasonable set of model
parameters that this kind of re-acceleration can be responsible for the observed spectral hardening.

2. Transport equation with re-acceleration
Following Wandel et al. 1987, the re-acceleration of cosmic rays in the Galaxy is incorporated in the cosmic-ray transport equa-
tion as an additional source term with a power-law spectrum. Then, the steady-state transport equation for cosmic-ray nuclei
undergoing diffusion, re-acceleration and interaction losses can be written as,

∇ · (D∇N) −
[

n̄vσ + ξ
]

δ(z)N +
[

ξsp−s
∫ p

p0
du N(u)us−1

]

δ(z) = −Qδ(z) (1)

where we use cylindrical spatial coordinates with the radial and vertical distance represented by r and z respectively, p is the mo-
mentum/nucleon of the nuclei, N(r, p) represents the differential number density, D(p) is the diffusion coefficient, and Q(r, p)δ(z)
represents the rate of injection of cosmic rays per unit volume by the source. The first term in Eq. (1) represents diffusion. The
second term represents losses due to inelastic interactions with the interstellar matter, and also due to re-acceleration to higher en-
ergies, where n̄ represents the averaged surface density of interstellar atoms, v(p) the particle velocity,σ(p) the inelastic collision
cross-section, and ξ corresponds to the rate of re-acceleration. The third term with the integral represents the generation of parti-
cles via re-acceleration of lower energy particles. It assumes that a given cosmic-ray population is instantaneously re-accelerated
to form a power-law distribution with an index s. Eq. (1) does not include ionization losses and the effect of convection due to
the Galactic wind which are important mostly at energies below 1 GeV/nucleon. In pure diffusion model, these processes can
be safely neglected above 1 GeV/nucleon. But, in re-acceleration model, these processes (in particular the ionization losses) can
affect the result at high energies because the number density of re-accelerated cosmic rays depends on the density of low-energy
particles. Including ionization losses will reduce the number of low-energy particles available for re-acceleration than in the case
without ionization. Comparing analytical solution without ionization losses with the result obtained from numerical calculation
that incorporate ionization, Wandel et al. 1987 had shown that the ionization effect can be reproduced quite well by truncating
the particle distribution at a certain low energy at approximately 100 MeV/nucleon. In our calculation, we introduce such a
low-energy cut-off to approximate the effect due to losses at low energies.

The cosmic-ray propagation region is assumed to be a cylindrical region, bounded in the vertical direction at z = ±H, and
unbounded in the radial direction. Both the matter and the source are assumed to be uniformly distributed in an infinitely thin
disk of radius R located on the Galactic disk (z = 0). This assumption is based on the known high concentration of supernova
remnants, and atomic and molecular hydrogens near the Galactic disk. For cosmic-ray primaries, the source term Q(r, p) is thus
taken as Q(r, p) = ν̄H[R − r]H[p − p0]Q(p), where ν̄ denotes the rate of supernova explosions (SNe) per unit surface area on
the disk, H(m) = 1(0) for m > 0(< 0) represents the Heaviside step function, and p0 (which also serves as the lower limit
in the integral in Eq. 1) is the low-momentum cut-off we have introduced to approximate the ionization losses and is chosen
to correspond to a kinetic energy of 100 MeV/nucleon. The source spectrum Q(p) is assumed to follow a power-law in total
momentum with a high-momentum exponential cut-off. In terms of momentum/nucleon, it can be expressed as

Q(p) = AQ0(Ap)−q exp
(

−
Ap
Zpc

)

(2)

where A and Z represents the mass number and charge of the nuclei respectively, Q0 is a constant related to the amount of energy
f injected into a cosmic ray species by a single supernova event, q is the source spectral index which is taken to be always less
than the re-accelerated index s, and pc is the high-momentum cut-off for protons. In writing Eq. (2), we assume that the maximum
total momentum (or energy) for a cosmic-ray nuclei produced by a supernova remnant is Z times that of the protons. Moreover,
the diffusion coefficient as a function of particle rigidity is assumed to follow D(ρ) = D0β(ρ/ρ0)a, where ρ = Apc/Ze is the
particle rigidity, D0 is the diffusion constant, β = v/c with c the velocity of light, a is the diffusion index, and ρ0 is a constant.
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Thoudam & Hörandel 2014, A&A, 567, A33

Cosmic-ray transport including re-acceleration
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B/C ratio fit using a known C 
and O spectra

- Diffusion parameters (D0, 𝛿). 
- Reacceleration parameters 
   (qreacc,ηreacc ). 
- Solar modulation (ɸ).

Output parametersTasks
D0: 1.e28 - 1.e29, Δ =0.5e28


𝛿: 0.29 - 0.33, Δ = 0.01

qreacc: 3.5 - 4.6, Δ = 0.01

ηreacc: 0.3 - 0.6, Δ = 0.1

ɸ: 600-710 MeV, Δ = 10

Range scanned

Calculation flow chart
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B/C ratio fit using a known C 
and O spectra

- Diffusion parameters (D0, 𝛿). 
- Reacceleration parameters 
   (qreacc,ηreacc ). 
- Solar modulation (ɸ).

Proton spectrum fit using only 
SNR-CRs

- Proton source index (qp-SNR) 
- Injection energy (fp-SNR).

Helium spectrum fit using 
(WR+SNR) CRs 
- Same source index as SNR-
CR protons 
- Solar elemental abundance

Carbon & Oxygen spectra fit: 
- Use the same source index as 
SNR-CR protons and WR-CR helium, 
- Wolf-Rayet wind composition.
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Tasks
D0: 1.e28 - 1.e29, Δ =0.5e28


𝛿: 0.29 - 0.33, Δ = 0.01

qreacc: 3.5 - 4.6, Δ = 0.01

ηreacc: 0.3 - 0.6, Δ = 0.1

ɸ: 600-710 MeV, Δ = 10

qp-SNR: 2.2 - 2.4, Δ = 0.01

fp-SNR: (3 - 10)%, Δ = 0.1%

finj-C-WR: 0.1 - 1.0, Δ = 0.01

finj-C-SNR: 10 - 15, Δ = 0.1

finj-O-WR: 1.0 - 2.0, Δ = 0.01

finj-O-SNR: 5 - 10, Δ = 0.1

Range scanned

- Injection efficiencies for C 
(finj-C-SNR, finj-C-WR). 
- Injection efficiencies for O 
(finj-O-SNR, finj-O-WR).

Calculation flow chart

- WR He source index (qHe-WR).  
- WR He injection energy (fHe-WR). 
- Injection efficiency for SNR-CR 
helium (finj-He-SNR).

qHe-WR: 2.0 - 2.2, Δ = 0.01

fHe-WR: (0.2-0.5)%, Δ = 0.01%

finj-He-SNR: 0.9 - 1.25, Δ = 0.05
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qHe-WR: 2.10

fHe-WR: 0.28% x 1051 ergs

fHe-SNR: 0.47% x 1051 ergs

finj-He-SNR: 1.17

Fit to AMS data only
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Results: Helium spectrum

Eichmann & Rachen, 
these proceedings



fC-SNR: 0.018% x 1051 ergs

finj-C-SNR: 13.0

fC-WR: 0.008% x 1051 ergs

finj-C-WR: 0.28 (w.r.t He)

fO-SNR: 0.02% x 1051 ergs

finj-O-SNR: 8.0

fO-WR: 0.01% x 1051 ergs

finj-O-WR: 1.2 (w.r.t He)
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Results: Carbon and Oxygen spectra
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Summary

✤The observed spectral differences between cosmic-ray species (at least H to O) can be 
explained using two components of cosmic-rays:

✤One from regular supernova remnants,
✤Other from supernovae in Wolf-Rayet wind environment.

✤The model requires cosmic-ray source indices of 2.33 for the regular supernovae and 2.10 
for the Wolf-Rayet supernovae.

✤These values along with the CR injection factors obtained are within the range  predicted 
by simulation of shock acceleration in different environments which have explained  the 
CR abundances at low energies

Thank you for your attention!
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(Eichmann & Rachen, JCAP01(2021)049).



log10(1.17)=0.068

CR injection efficiencies in warm ISM from simulation

log10(13)=1.11

log10(8)=0.9
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For details including prediction 
of CR abundance at low energies:
Eichmann & Rachen, JCAP01(2021)049


