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High-Energy Cosmic Rays: Galactic or Extragalactic?
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Auger Engineering Radio Array
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Transition galactic to extragalactic component 
of cosmic rays at E ~ 1017 - 1018 eV

need precise measurements of mass composition (particle type)
ideal: measurement of the depth of the shower maximum Xmax
classical: optical detectors (Cherenkov light, fluorescence light):                                      
~15% duty cycle
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(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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hyperboloidprecise shape of shower front
--> direction of cosmic ray ~0.5°

Radio detection of air showers to measure..

energy content of shower on ground
--> energy of cosmic ray  AERA ~25%
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FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ESD as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

the geomagnetic-field axis. In particular, it is valid for
all events in the data set presented here.

In Fig. 2, the value of EAuger
30�80MHz/ sin

2(�) for each
measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e�ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [32] shows that the data can
be described well with the power law

EAuger
30�80MHz/ sin

2(�) = A� 107 eV (ESD/10
18 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the energy in the radio
signal thus amounts to 15.8MeV. The observed quadratic
scaling is expected for coherent radio emission, for which
amplitudes scale linearly and thus the radiated energy
scales quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ESD, the resolution of EAuger

30�80MHz/ sin
2(�)

is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of 15.8MeV for the energy in the

30 to 80MHz band for an air shower with 1EeV cosmic-
ray energy applies for a geomagnetic field strength of
0.24G as valid for the site of the Pierre Auger Obser-
vatory. With dedicated simulations we confirmed that
the radiation energy is only marginally influenced by the
charge-excess contribution (at the level of 2% for showers
arriving perpendicular to the magnetic field at the Pierre
Auger site, less for stronger geomagnetic fields). The rea-
son is that the contribution due to charge excess mostly
cancels out in the area integration of the lateral distri-
bution function. Hence, a normalization with the field
strength of the geomagnetic field is possible and yields:

E30�80MHz = (15.8 ± 0.7 (stat)± 6.7 (sys)) MeV

�
✓
sin�

ECR

1018 eV

BEarth

0.24G

◆2

. (2)

E30�80MHz can be used by radio detectors worldwide
for cross-calibration, except for experiments deployed at
high altitude where part of the radio emission is clipped
when the shower reaches the ground before radiating the
bulk of its radio emission. Possible second-order e�ects
arising, e.g., due to shower geometry, should be addressed
in a follow-up analysis. The systematic uncertainty of
E30�80MHz quoted here arises from the quadratic sum
of the systematic uncertainty on the energy scale of the
Pierre Auger Observatory (16% at 1017.5 eV, propagated
from the fluorescence detector to the surface detector)
and the uncertainty on the radio-electric field amplitude
measurement (14%). We note that the systematic un-
certainty in the determination of the cosmic-ray energy
from radio measurements is half of that of E30�80MHz, as
the cosmic-ray energy scales with the square root of the
radiation energy.

INDEPENDENT ENERGY DETERMINATION
FROM FIRST PRINCIPLES

The energy in the radio signal can be used for a cross-
calibration of di�erent experiments and detection tech-
niques. Alternatively, it can be used for an independent
determination of the absolute energy scale of a cosmic-
ray observatory. Such an absolute calibration requires
input from both the experimental and theoretical sides,
where the procedure for measuring the radiation energy
has already been outlined above.
On the theoretical side, the radiation energy emitted

by an extensive air shower with a given energy in the
electromagnetic component can be predicted from first
principles using classical electrodynamics. Uncertainties
in the propagation of the radio signal are insignificant
since the atmosphere is transparent to radio waves in
this frequency range.
There are sophisticated simulation codes [33–35] which

calculate the radio emission from extensive air showers
on the basis of Monte Carlo simulations. The radio
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7.5. Reconstruction of the distance to the shower maximum 129
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the �+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).

values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.

On the left side of figure 7.18, all values fitted for ⇥+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(�) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible

When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of ⇥+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax

than the simulations and the need for a curved correlation is not obvious from these data.

⇥+ = �54.3 + 0.438 ·D(Xmax)� 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · ⇥+ + 0.0080 · ⇥2
+ (7.16)

Using relation 7.16 that connects ⇥+ and Xmax one can derive the Xmax-resolution by
using ⇥+ as an indicator. In order to do so, the values of ⇥+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are
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telescope. Showers that occurred within an hour of lightning activity 
or that have a polarization pattern that is indicative of influences from 
atmospheric electric fields are excluded from the sample15.

Radio intensity patterns from air showers are asymmetric, owing to 
the interference between geomagnetic and charge-excess radiation. 
These patterns are reproduced from first principles by summing the 
radio contributions of all electrons and positrons in the shower. We 
use the radio simulation code CoREAS16, a plug-in of CORSIKA17, 
which follows this approach.

It has been shown that Xmax, the atmospheric depth of the shower 
maximum, can be accurately reconstructed from densely sampled 
radio measurements18. (The atmospheric depth is the air density 
integrated over the path that the particle has travelled, starting at the 
top of the atmosphere.) We use a hybrid approach that involves simul-
taneously fitting the radio and particle data. The radio component is 
very sensitive to Xmax, whereas the particle component is used for the 
energy measurement.

The fit contains four free parameters: the shower core position (x, y), 
and scaling factors for the particle density (fp) and the radio power (fr). 
If fp deviates substantially from unity, then the reconstructed energy 
does not match the simulation and a new set of simulations is pro-
duced. This procedure is repeated until the energies agree within the 
chosen uncertainties. The ratio of fr and fp should be the same for all 
showers, and is used to derive the energy resolution of 32% (see Fig. 1).

The radio intensity fits have reduced χ2 values ranging from 0.9 to 
2.9. All features in the data are well reproduced by the simulation (see 
Extended Data Figs 1–5), which demonstrates that the radiation mech-
anism is well understood. The reduced χ2 values that exceed unity 
could indicate uncertainties in the antenna response or the atmos-
pheric properties that were not already accounted for, or limitations 
of the simulation software.

Radio detection becomes more efficient for higher-altitude show-
ers that have larger footprints (that is, larger areas on the ground in 
which the radio pulse can be detected). However, the particle trigger 
becomes less efficient because the number of particles reaching the 
ground decreases. To avoid a bias, we require that all the simulations 
produced for a shower satisfy a trigger criterion (see Methods). Above 
1017 eV, this requirement removes four showers from the sample. At 
lower energies, the number of showers excluded increases rapidly, and 
so we exclude all showers with energies less than 1017 eV from our 
analysis.

Furthermore, we evaluate the reconstructed core positions of all 
simulated showers. Showers with a mean reconstruction error greater 

than 5 m are rejected. This criterion does not introduce a composition 
bias because it is based on the sets of simulated showers, not on the 
data. The final event sample contains 118 showers.

The uncertainty in Xmax is determined independently for all show-
ers18, and has a mean value of 16 g cm−2 (see Extended Data Fig. 6). 
Figure 2 shows our measurements of the average Xmax, 〈Xmax〉, which 
are consistent with earlier experiments using different methods. The 
high resolution for Xmax per shower allows us to derive more informa-
tion about the composition of cosmic rays, by studying the shape of 
the Xmax distribution. For each shower, we calculate a mass-dependent 
parameter:

=
〈 〉−
〈 〉− 〈 〉

( )a
X X
X X

1proton shower

proton iron

in which Xshower is the reconstructed Xmax, and 〈Xproton〉 and 〈Xiron〉 
are mean values of Xmax for proton and iron showers, respectively,  
predicted by the hadronic interaction code QGSJETII.0419.

The cumulative probability density function (CDF) for all showers 
is plotted in Fig. 3. First, we fit a two-component model of protons and 
iron nuclei (p and Fe), with the mixing ratio as the only free parameter.  
To calculate the corresponding CDFs we use a parameterization of the 
Xmax distribution fitted to simulations based on QGSJETII.04. The 
best fit is found for a proton fraction of 62%, but this fit describes  
the data poorly, with p = 1.1 × 10−6. (The test statistic for this fit is 
the maximum deviation between the data and the model CDFs, and p 
represents the probability of observing this deviation, or a larger one, 
assuming the fitted composition model; see Methods.)

A better fit is achieved with a four-component model of protons and 
helium, nitrogen and iron nuclei (p, He, N and Fe), yielding p = 0.17. 
Although the best fit is found for a helium fraction of 80%, the fit qual-
ity deteriorates slowly when replacing helium nuclei with protons. This 
is demonstrated in Fig. 4, in which p is plotted for four-component 
fits for which the fractions of helium nuclei and protons are fixed, and 
the ratio of nitrogen and iron nuclei is the only free parameter. The 
total fraction of light elements (p and He) is in the range [0.38, 0.98] 
at a 99% confidence level, with a best-fit value of 0.8. The heaviest 
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Figure 1 | Energy resolution. The distribution of fr/fp (blue bars) is fitted 
with a Gaussian (red dashed curve), yielding a standard deviation of 
σ = 0.12 on a logarithmic scale, which corresponds to an energy resolution 
of 32%; this value is the quadratic sum of the energy resolution of the radio 
and particle resolutions. In this analysis, there was no absolute calibration 
for the received radio power, so fr has an arbitrary scale.
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Figure 2 | Measurements of 〈Xmax〉. Mean depth of the shower maximum 
Xmax as a function of energy E for LOFAR, and for previous experiments 
that used different techniques26–29. Error bars indicate 1σ uncertainties. 
The systematic uncertainties are +

− g14
10  cm−2 on 〈Xmax〉 and 27% on E, as 

indicated by the shaded band. The Pierre Auger Observatory26 measures 
the fluorescent light emitted by atmospheric molecules excited by  
air-shower particles. HiRes/MIA27 used a combination of this fluorescence 
technique and muon detection. The Yakutsk28 and Tunka29 arrays use  
non-imaging Cherenkov detectors. The green (upper) lines indicate 〈Xmax〉 
for proton showers simulated using QGSJETII.04 (solid) and EPOS-LHC 
(dashed); the red (lower) lines are for showers initiated by iron nuclei.
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A large light-mass component of cosmic rays at 
1017–1017.5 electronvolts from radio observations
S. Buitink1,2, A. Corstanje2, H. Falcke2,3,4,5, J. R. Hörandel2,4, T. Huege6, A. Nelles2,7, J. P. Rachen2, L. Rossetto2, P. Schellart2,  
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D. J. Schwarz43, M. Serylak30, J. Sluman3, O. Smirnov17,44, B. W. Stappers37, M. Steinmetz20, A. Stewart30, J. Swinbank23,45,  
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Cosmic rays are the highest-energy particles found in nature. 
Measurements of the mass composition of cosmic rays with energies 
of 1017–1018 electronvolts are essential to understanding whether 
they have galactic or extragalactic sources. It has also been proposed 
that the astrophysical neutrino signal1 comes from accelerators 
capable of producing cosmic rays of these energies2. Cosmic 
rays initiate air showers—cascades of secondary particles in the 
atmosphere—and their masses can be inferred from measurements 
of the atmospheric depth of the shower maximum3 (Xmax; the depth 
of the air shower when it contains the most particles) or of the 
composition of shower particles reaching the ground4. Current 
measurements5 have either high uncertainty, or a low duty cycle 
and a high energy threshold. Radio detection of cosmic rays6–8 is 
a rapidly developing technique9 for determining Xmax (refs 10, 11) 
with a duty cycle of, in principle, nearly 100 per cent. The radiation 
is generated by the separation of relativistic electrons and positrons 
in the geomagnetic field and a negative charge excess in the shower 
front6,12. Here we report radio measurements of Xmax with a mean 
uncertainty of 16 grams per square centimetre for air showers 

initiated by cosmic rays with energies of 1017–1017.5 electronvolts. 
This high resolution in Xmax enables us to determine the mass 
spectrum of the cosmic rays: we find a mixed composition, with 
a light-mass fraction (protons and helium nuclei) of about 80 per 
cent. Unless, contrary to current expectations, the extragalactic 
component of cosmic rays contributes substantially to the total flux 
below 1017.5 electronvolts, our measurements indicate the existence 
of an additional galactic component, to account for the light  
composition that we measured in the 1017–1017.5 electronvolt range.

Observations were made with the Low Frequency Array (LOFAR13), 
a radio telescope consisting of thousands of crossed dipoles with 
built-in air-shower-detection capability14. LOFAR continuously 
records the radio signals from air showers, while simultaneously 
running astronomical observations. It comprises a scintillator array 
(LORA) that triggers the read-out of buffers, storing the full wave-
forms received by all antennas.

We selected air showers from the period June 2011 to January 2015 
with radio pulses detected in at least 192 antennas. The total uptime 
was about 150 days, limited by construction and commissioning of the 
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Thoudam et al.: Cosmic-ray energy spectrum and composition up to the ankle

is the much larger flux of WR-CRs than the GW-CRs below
∼ 105 GeV. Below the knee, the total WR-CR spectrum is
an order of magnitude less than the total SNR-CRs spec-
trum (Figure 2).

4. All-particle spectrum and composition of cosmic
rays at high energies

The all-particle spectrum obtained by combining the con-
tributions of SNR-CRs, GW-CRs and EG-CRs is compared
with the measured data in Figure 5. For the SNR-CRs
shown in the figure, we have slightly reduced the value of Ec

from 4.5×106 GeV (as used in Figure 2) to 3×106 GeV in or-
der to reproduce the measurements better around the knee.
The extra-galactic contribution is taken from (Rachen et al.
1993), which represents a pure proton population for an in-
put source spectrum of E−2 with an exponential cut-off at
1011 GeV. Also shown in the figure are the spectra of the
individual elements. The model prediction reproduces the
observed elemental spectra as well as the observed features
in the all-particle spectrum.

The total spectra for the two WR-CR scenarios are
shown in Figure 6. For the SNR-CRs, here we take Ec =
4.1 × 106 GeV, and a slightly lower value of ν which cor-
responds to 6 out of every 7 supernova explosions in the
Galaxy (assuming a fraction 1/7 going into Wolf-Rayet su-
pernova explosions as deduced in the previous section). The
injection energy f for the different elements of the SNR-
CRs has been re-adjusted accordingly, so that the sum of
SNR-CRs and WR-CRs for the individual elements agree
with the measured elemental spectra at low energies. The
f values are listed in Table 3. The cosmic-ray propagation
parameters are the same as in Figure 2. The predicted all-
particle spectra are in good agreement with the measure-
ments. The WR-CR scenarios are found to reproduce the
second knee and the ankle better than the GW-CR model.

In Figure 7, we show the elemental fraction at high en-
ergies predicted by the GW-CR and WR-CR models. In all
the models, the composition consists of a large fraction of
helium nuclei over a wide energy range. The maximum he-
lium fraction is found in the case of WR-CR (C/He=0.1)
scenario, where the fraction reaches up to ∼ 63% at energy
∼ 2 × 108 GeV. In contrast to common perceptions, the
WR-CR scenarios predict a composition of Galactic cosmic
rays dominated mainly by helium (in the C/He = 0.1 case)
or carbon nuclei (in the C/He = 0.4) near the transition
energy region from Galactic to extra-galactic cosmic rays.
The GW-CR model predicts an almost equal contribution
of helium and iron nuclei at the transition region.

The cosmic-ray composition at energies above ∼ 3 ×
105 GeV is not quite as well-measured as at lower ener-
gies. Above ∼ 106 GeV, KASCADE has provided spectral
measurements for groups of elements by measuring the elec-
tron and muon numbers of extensive air showers induced by
cosmic rays in the Earth’s atmosphere. Several other ex-
periments such as LOFAR, TUNKA, and the Pierre Auger
Observatory have also provide composition measurements
at high energies by measuring the depth of the shower max-
imum (Xmax). Heavier nuclei interact higher in the atmo-
sphere, resulting in smaller values of Xmax as compared to
lighter nuclei. For comparison with theoretical predictions,
we often use the mean logarithmic mass, 〈lnA〉, of the mea-
sured cosmic rays which can be obtained from the measured
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Fig. 7. Elemental fraction predicted by the different models
of the additional Galactic component. Top: GW-CRs, middle:
WR-CRs (C/He = 0.1), and bottom: WR-CRs (C/He = 0.4).

Xmax values using the relation (Hörandel 2003b),

〈lnA〉 =

(

Xmax −Xp
max

XFe
max −Xp

max

)

× lnAFe, (14)

where Xp
max and XFe

max represent the average depths of the
shower maximum for protons and iron nuclei respectively
given by Monte-Carlo simulations, and AFe is the mass
number of iron nuclei.

In Figure 8, the 〈lnA〉 values predicted by the different
models are compared with the measurements from differ-
ent experiments. Although all our model predictions are
within the large systematic uncertainties of the measure-
ments, at energies above ∼ 107 GeV, the GW-CR model
deviates from the general trend of the observed composition
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition region
from Galactic to extra-galactic cosmic rays. A clear distinc-
tion between the models would be possible from a detailed
measurement of the five major mass groups shown in Figure
10, in which they all have their characteristic “fingerprint”:
for example, around 109 GeV the minimal model is domi-
nated by the CNO group, the PCS model by helium, and
the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2).

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and
(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-

tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g., Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium dom-
inance over proton around the knee, and iron taking over
at higher energies at ∼ 107 GeV in the SNR-CRs and at
∼ 6× 106 GeV in the poly-gonato model. The helium dom-
inance is more significant in the SNR-CRs which is due to
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which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 4) × 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation effects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The effects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed
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ABSTRACT

Motivated by the recent high-precision measurements of cosmic rays by several new-generation experiments, we have
carried out a detailed study to understand the observed energy spectrum and composition of cosmic rays with energies
up to about 1018 eV. Our study shows that a single Galactic component with subsequent energy cut-offs in the individual
spectra of different elements, optimised to explain the observed elemental spectra below ∼ 1014 eV and the “knee” in
the all-particle spectrum, cannot explain the observed all-particle spectrum above ∼ 2 × 1016 eV. We discuss two
approaches for a second component of Galactic cosmic rays – re-acceleration at a Galactic wind termination shock, and
supernova explosions of Wolf-Rayet stars, and show that the latter scenario can explain almost all observed features in
the all-particle spectrum and the composition up to ∼ 1018 eV, when combined with a canonical extra-galactic spectrum
expected from strong radio galaxies or a source population with similar cosmological evolution. In this two-component
Galactic model, the “knee” at ∼ 3 × 1015 eV and the “second knee” at ∼ 1017 eV in the all-particle spectrum are due
to the cut-offs in the first and second components, respectively. We also discuss several variations of the extra-galactic
component, from a minimal contribution to scenarios with a significant component below the “ankle” (at ∼ 4×1018 eV),
and find that extra-galactic contributions in excess of regular source evolution are neither indicated nor in conflict with
the existing data. We also provide arguments that an extra-galactic contribution is unlikely to dominate at or below
the “second knee”. Our main result is that the second Galactic component predicts a composition of Galactic cosmic
rays at and above the “second knee” that largely consists of helium or a mixture of helium and CNO nuclei, with a
weak or essentially vanishing iron fraction, in contrast to most common assumptions. This prediction is in agreement
with new measurements from LOFAR and the Pierre Auger Observatory which indicate a strong light component and
a rather low iron fraction between ∼ 1017 and 1018 eV.

Key words. Galaxy — cosmic rays — diffusion — ISM: supernova remnants — Stars: winds — Stars: Wolf-Rayet

1. Introduction

Until a decade ago, the cosmic ray spectrum from ∼ 10 GeV
to ∼ 1011 GeV was seen as a power law with mainly two
features: a steepening from a spectral index γ ≈ −2.7 to
γ ≈ −3.1 at about 3×106 GeV, commonly called the “knee”,
and a flattening back to γ ≈ −2.7 at about 4 × 109 GeV,
consequently denoted as the “ankle”. Phenomenological ex-
planations for the knee have been given due to propagation
effects in the Galaxy (Ptuskin et al. 1993), progressive cut-
offs in the spectra of nuclear components from hydrogen
to lead (Hörandel 2003a), or re-acceleration at shocks in
a Galactic wind (Völk & Zirakashvili 2004), but left open
the question of the primary Galactic accelerators produc-
ing these particles. Explanations based on source physics
have been mostly built on the assumption that supernova
remnants, on grounds of energetics known as one of the
most promising sources for cosmic rays (Baade & Zwicky
1934), accelerate cosmic rays at shocks ploughing into the
interstellar medium to energies up to about 105−6 GeV

! E-mail: satyendra.thoudam@lnu.se

(Lagage & Cesarsky 1983; Axford 1994). This may ex-
tend to ∼ 108 GeV if they are propagating in fast and
highly magnetized stellar winds (Völk & Biermann 1988;
Biermann & Cassinelli 1993), or if non-linear effects in the
acceleration process are considered (Bell & Lucek 2001).
The combination of such components could eventually ex-
plain cosmic rays below and above the knee as a super-
position of components of different nuclei, as shown, e.g.,
by Stanev et al. (1993). At energies above 109 GeV this
steep component was assumed to merge into a flatter extra-
galactic component (Rachen et al. 1993; Berezinsky et al.
2004), explaining the ankle in the spectrum. For this extra-
galactic component, sources on all scales have been pro-
posed: From clusters of galaxies (Kang et al. 1996) through
radio galaxies (Rachen & Biermann 1993), compact AGN
jets (Mannheim et al. 2001) to gamma-ray bursts (Waxman
1995). It was commonly assumed to be dominated by pro-
tons. Eventually, at ∼ 1011 GeV the cosmic ray spectrum
was believed to terminate in the so-called GZK cutoff
(Greisen 1966; Zatsepin & Kuzmin 1996) due to interaction
with cosmic microwave background (CMB) photons.
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ABSTRACT

Recent cosmic-ray measurements have found an anomaly in the cosmic-ray energy spectrum at GeV-TeV energies. Although the origin
of the anomaly is not clearly understood, suggested explanations include the effect of cosmic-ray source spectrum, propagation effects,
and the effect of nearby sources. In this paper, we propose that the spectral anomaly might be an effect of reacceleration of cosmic
rays by weak shocks in the Galaxy. After acceleration by strong supernova remnant shock waves, cosmic rays undergo diffusive
propagation through the Galaxy. During the propagation, cosmic rays may again encounter expanding supernova remnant shock
waves, and get re-accelerated. As the probability of encountering old supernova remnants is expected to be larger than the younger
remnants because of their bigger sizes, reacceleration is expected to be produced mainly by weaker shocks. Since weaker shocks
generate a softer particle spectrum, the resulting re-accelerated component will have a spectrum steeper than the initial cosmic-ray
source spectrum produced by strong shocks. For a reasonable set of model parameters, it is shown that the re-accelerated component
can dominate the GeV energy region while the non-reaccelerated component dominates at higher energies, thereby explaining the
observed GeV-TeV spectral anomaly.

Key words. ISM: general – cosmic rays – ISM: supernova remnants – acceleration of particles

1. Introduction

Measurements of cosmic rays by the Advanced Thin Ionization
Calorimeter (ATIC; Panov et al. 2007), Cosmic Ray Energetics
and Mass (CREAM; Yoon et al. 2011), and Payload for
Antimatter Matter Exploration and Light-nuclei Astrophysics
(PAMELA; Adriani et al. 2011) experiments have found a spec-
tral anomaly at GeV-TeV energies. The spectrum in the TeV re-
gion is found to be harder than at GeV energies. Although the
hardening is found to be more prominent in the proton and he-
lium spectra, it also seems to be present in the spectra of heav-
ier cosmic-ray elements, such as carbon and oxygen. The spec-
tral anomaly is difficult to explain with simple general models
of cosmic-ray acceleration, and their transport in the Galaxy.
Simple linear theory of cosmic-ray acceleration (Krymskii 1977;
Bell 1978; Blandford & Ostriker 1978), and the nature of their
propagation in the Galaxy (Ginzburg & Ptuskin 1976) predict
a single power-law cosmic-ray spectrum over a wide range in
energy.

The origin of the anomaly is still not clearly understood.
Possible explanations that have been suggested include the ef-
fect of cosmic-ray source spectrum (Biermann et al. 2010; Ohira
et al. 2011; Yuan et al. 2011; Ptuskin et al. 2013), effects due to
propagation through the Galaxy, (Tomassetti 2012; Blasi et al.
2012; Aloisio & Blasi 2013), and the effect of nearby sources
(Thoudam & Hörandel 2012, 2013; Erlykin & Wolfendale 2012;
Bernard et al. 2013; Zatsepin et al. 2013).

In this paper, we discuss the possibility that the anomaly
could be an effect of reacceleration of cosmic rays by weak
shocks in the Galaxy. This scenario was also briefly discussed

! Appendix A is available in electronic form at
http://www.aanda.org

recently by Ptuskin et al. 2011. After acceleration by strong su-
pernova remnant shock waves, cosmic rays escape from the rem-
nants and undergo diffusive propagation in the Galaxy. The prop-
agation can be accompanied by some level of reacceleration due
to repeated encounters with expanding supernova remnant shock
waves (Wandel 1988; Berezhko et al. 2003). As older remnants
occupy a larger volume in the Galaxy, cosmic rays are expected
to encounter older remnants more often than the younger rem-
nants. Thus, this process of reacceleration is expected to be pro-
duced mainly by weaker shocks. As weaker shocks generate a
softer particle spectrum, the resulting re-accelerated component
will have a spectrum steeper than the initial cosmic-ray source
spectrum produced by strong shocks. As will be shown later, the
re-accelerated component can dominate at GeV energies, while
the non-reaccelerated component (hereafter referred to as the
“normal component”) dominates at higher energies.

Cosmic rays can also be re-accelerated by the same magnetic
turbulence responsible for their scattering and spatial diffusion in
the Galaxy. This process, which is commonly known as the dis-
tributed reacceleration, has been studied quite extensively, 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 reacceleration of this
kind can produce unwanted bumps in the cosmic-ray proton and
helium spectra at few GeV/nucleon (Cesarsky 1987; Stephens
& Golden 1990). It was later shown that for some mild reaccel-
eration, 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 reacceleration is expected to decrease
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Fig. 6. Result for protons (top) and helium nuclei (bottom). Solid line:
our calculation. Model parameters used: qP = 2.21, qHe = 2.18, fP =
6.95%, fHe = 0.79%. The propagation and the reacceleration model pa-
rameters (D0, ρ0, a, η, s) are the same as in Fig. 4. Data: CREAM (Yoon
et al. 2011), ATIC (Panov et al. 2007), AMS-01 (Alcaraz et al. 2000;
Aguilar et al. 2002), and PAMELA (Adriani et al. 2011).

present set of model parameters, there is also an additional effect
due to the steeper proton source index of qp = 2.21 compared to
that of helium nuclei of qHe = 2.18. Choosing a larger index
produces a steeper spectrum of background cosmic rays in the
Galaxy. This leads to two effects on the re-accelerated compo-
nent. First, a larger number of low-energy background particles
become available for reacceleration, leading to an increase in
the number of re-accelerated particles. Second, because now the
normal component also becomes steeper, the contribution of the
re-acelerated component becomes more extended to higher en-
ergies. Therefore, the reacceleration effect turns out to be more
prominent, and also somewhat more extended in energy for pro-
tons than for helium.

For heavier nuclei for which the inelastic cross-sections are
much larger, the reacceleration effect is significantly less. This
is demonstrated in Fig. 7 with our result on the iron nuclei.
The calculation assumes the source parameters to be qFe =
2.28 and fFe = 4.9 × 10−3% to reproduce the measured spec-
trum. The propagation and the reacceleration model parameters
(D0, ρ0, a, η, s) are taken to be the same as in Fig. 4. Even for the
steeper source spectrum assumed for the iron nuclei as compared
to the proton and helium nuclei, the reacceleration effect is hard
to notice in Fig. 7, and the model spectrum above ∼20 GeV/n
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Fig. 7. Result for iron nuclei. Solid line: our calculation. Model pa-
rameters used: qFe = 2.28, fFe = 0.0049%. All other model parameters
remain the same as in Fig. 4. Data: CREAM (Ahn et al. 2009), ATIC
(Panov et al. 2007), CRN (Swordy et al. 1990), HEAO (Engelmann
et al. 1990), and TRACER (Obermeier et al. 2011).

follows approximately a single power law, unlike the proton and
helium spectra. Thus, our present model predicts a mass depen-
dent spectral hardening, which can be used to differentiate it
from other models in the future. Furthermore, in our model, such
a spectral hardening is not expected for electrons as they suffer
severe radiative losses that will dominate the reacceleration ef-
fect even at few GeV energies.

4. Conclusion

In short, we conclude that the spectral anomaly of cosmic rays at
GeV-TeV energies, observed for the proton and helium nuclei by
recent experiments, can be an effect of reacceleration of cosmic
rays by weak shocks associated with old supernova remnants in
the Galaxy. The reacceleration effect is shown to be important
for light nuclei such as proton and helium, and negligible for
heavier nuclei such as iron. Our prediction of the decreasing ef-
fect of reacceleration with the increase in the elemental mass
can be checked by future sensitive measurements of heavier nu-
clei at TeV/n energies. The reacceleration effect is expected to
be negligible for electrons.

Acknowledgements. The authors wish to thank Prof. Reinhard Schlickeiser for
his critical comments and suggestions on the mathematical derivation given in
the appendix.
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Fig. 2. Carbon (top) and boron (bottom) spectra for η =
(0, 0.1, 0.3, 0.5, 0.8, 1.1). Other model parameters remain the same as
in Fig. 1.
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than that of the primaries by the index of diffusion. This allows
the re-accelerated component to dominate to higher energies in
the case of boron.

Figure 3 shows the boron-to-carbon ratio for the different
values of η. The model parameters and the line representations
remain the same as in Fig. 2. Similar effects observed in the
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Fig. 4. Boron-to-carbon ratio. Solid line: our present result for maxi-
mum reacceleration. Dashed line: best-fit result for pure diffusion model
(Thoudam & Hörandel 2013). Model parameters used: η = 1.02, D0 =
9 × 1028 cm2 s−1, ρ0 = 3 GV, a = 0.33, qC = 2.24, qO = 2.26, s = 4.5,
pc = 1 PeV/c, fC = 0.024%, fO = 0.025%, ν̄ = 25 SNe Myr−1 kpc−2

and φ = 450 MV. Data: HEAO (Engelmann et al. 1990), CRN (Swordy
et al. 1990), CREAM (Ahn et al. 2008), AMS-01 (Aguilar et al. 2010),
ATIC (Panov et al. 2008; Orth et al. 1978; Simon et al. 1980; Webber
et al. 1985), and TRACER (Obermeier et al. 2011).

energy spectra shown in Fig. 2 are also observed in the ratio. In
the model without reacceleration (η = 0), the ratio follows an in-
verse relation with the diffusion coefficient, and hence, the slope
of the ratio follows the inverse of the diffusion index as E−a (see
thick solid line in Fig. 3). When comparing the result for η = 0
with the results obtained for η > 0, it is clear that in the reaccel-
eration model, the secondary-to-primary ratio does not represent
a direct measure of the cosmic-ray diffusion coefficient in the
Galaxy as in pure diffusion models. The ratio also depends on
the reacceleration parameters such as the efficiency of reaccel-
eration and the spectral index of the re-accelerated particles s.
Moreover, the ratio depends weakly on the primary source pa-
rameters such as q and f , unlike in the pure diffusion models
where the ratio is almost independent of the source parameters.

3.2. Comparison with the data

For the rest of the study, we take the size of the source
distribution R = 20 kpc, the proton high-momentum cutoff
pc = 1 PeV/c, and the supernova explosion rate as ν̄ =
25 SNe Myr−1 kpc−1. The latter corresponds to a rate of ∼3 SNe
per century in the Galaxy. The cosmic-ray propagation param-
eters (D0, ρ0, a), the reacceleration parameters (η, s), and the
source parameters (q, f ) are taken as model parameters. They
are derived from the measured cosmic-ray data.

We first determine (D0, ρ0, a, η, s) based on the measure-
ments of the boron-to-carbon ratio, and the spectra for the car-
bon, oxygen, and boron nuclei simultaneously. Their values are
found to be D0 = 9 × 1028 cm2 s−1, ρ = 3 GV, a = 0.33,
η = 1.02, and s = 4.5. These values correspond to the maximum
amount of reacceleration permitted by the available boron-to-
carbon data, while at the same time produce a reasonably good
fit to the measured carbon, oxygen, and boron energy spectra si-
multaneously. Figure 4 shows the result on the boron-to-carbon
ratio (solid line) along with the measurement data. The data are
from High Energy Astronomy Observatory Program (HEAO:
Engelmann et al. 1990), Cosmic Ray Nuclei Experiment (CRN;
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Fig. 1. Energy spectra for different cosmic-ray elements. Solid line: Model prediction for the SNR-CRs. Data: CREAM (Ahn et al.
2009; Yoon et al. 2011), ATIC-2 (Panov et al. 2007), AMS-02 (Aguilar et al. 2015a,b), PAMELA (Adriani et al. 2011), CRN
(Müller et al. 1991; Swordy et al. 1990), HEAO (Engelmann et al. 1990), TRACER (Obermeier et al. 2011), and KASCADE
(Antoni et al. 2005). Cosmic-ray source parameters (q, f) used in the calculation are given in Table 1. For the other model
parameters (D0, a, η, s), see text for details.
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Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the different species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

Particle type q f (×1049 ergs)
Proton 2.24 6.95
Helium 2.21 0.79
Carbon 2.21 2.42× 10−2

Oxygen 2.25 2.52× 10−2

Neon 2.25 3.78× 10−3

Magnesium 2.29 5.17× 10−3

Silicon 2.25 5.01× 10−3

Iron 2.25 4.95× 10−3

mechanism (see e.g., Malkov & Drury 2001). We assume
that the maximum energy for cosmic-ray nuclei produced
by the supernova shock is Z times the maximum energy
for protons. Based on the observed high concentration of
supernova remnants and atomic and molecular hydrogen
near the Galactic disk, in Equation 1, we assume that both
cosmic-ray sources and interstellar matter are distributed
in the disk (i.e., at z = 0). The distributions are assumed
to be uniform, and extended up to a radius R.

Recalling the analytical solution of Equation 1 derived
in Thoudam & Hörandel (2014), the cosmic-ray density at
the position r = 0 for p > p0 follows,

N(z, p) = ν̄R

∫ ∞

0
dk

sinh [k(L− z)]

sinh(kL)
×

J1(kR)

B(p)

{

Q(p)

+ ξsp−s

∫ p

p0

dp′p′
s
Q(p′)A(p′) exp

(

ξs

∫ p

p′

A(u)du

)

}

,

(3)

where J1 is a Bessel function of order 1, and the functions
B and A are given by,

B(p) = 2D(p)k coth(kL) + n̄v(p)σ(p) + ξ

A(u) =
1

uB(u)
. (4)

From Equation 3, the cosmic-ray density at the Earth can
be obtained by taking z = 0 considering that our Solar
system lies close to the Galactic plane.

2.2. Model prediction for the low-energy measurements

By comparing the abundance ratio of boron-to-carbon nu-
clei predicted by the model with the measurements, the
cosmic-ray propagation parameters (D0, a) and the re-
acceleration parameters (η, s) have been obtained to be,
D0 = 9 × 1028 cm2 s−1, a = 0.33, η = 1.02, and s = 4.5
(Thoudam & Hörandel 2014). We adopt these values in our
present study. The supernova remnant radius is taken to be
# = 100 pc. The inelastic interaction cross-section for pro-
tons is taken from Kelner et al. (2006), and for heavier nu-
clei, the cross-sections are taken from Letaw et al. (1983).
The surface matter density is taken as the averaged den-
sity in the Galactic disk within a radius equal to the size
of the diffusion boundary L. We choose L = 5 kpc, which
gives an averaged surface density of atomic hydrogen of
n̄ = 7.24× 1020 atoms cm−2 (Thoudam & Hörandel 2013).

An extra 10% is further added to n̄ to account for the he-
lium abundance in the interstellar medium. The radial ex-
tent of the source distribution is taken as R = 20 kpc. Each
supernova explosion is assumed to release a total kinetic en-
ergy of 1051 ergs, and the supernova explosion frequency is
taken as ν̄ = 25 SNe Myr−1 kpc−2. The latter corresponds
to a rate of ∼ 3 supernova explosions per century in the
Galaxy.

Using the values of various parameters mentioned
above, the energy spectra of SNR-CRs for different elements
are calculated. In Figure 1, results for eight elements (pro-
ton, helium, carbon, oxygen, neon, magnesium, silicon and
iron, which represent the dominant species at low energies)
are compared with the measured data at low energies. The
source parameters (q, f) for the individual elements are kept
free in the calculation, and they are optimised based on the
observed individual spectra at low energies. The parame-
ter values that best reproduce the measured data are listed
in Table 1. The source spectral indices are in the range of
2.21− 2.29, and out of the total of 8% of the supernova ex-
plosion energy channelled into SNR-CRs, the largest frac-
tion goes into protons at the level of 6.95%, followed by
helium nuclei with 0.79%. The calculated spectra repro-
duce the measured data quite well including the behaviour
of spectral hardening at TeV energies observed for protons
and helium nuclei. In our model, the absence of such a spec-
tral hardening for heavier nuclei is explained as due to the
increasing effect of inelastic collision over re-acceleration
with the increase in mass (Thoudam & Hörandel 2014).

2.3. Extrapolation of the SNR-CR spectrum to high energies

In Figure 1, we also show an extrapolation of the model pre-
diction to high energies. For protons, helium, carbon, silicon
and iron nuclei, the predictions are compared with the avail-
able measurements from the KASCADE experiment above
∼ 106 GeV. The calculation assumes an exponential cut-off
for the proton source spectrum at Ec = 4.5× 106 GeV, and
for the heavier nuclei at ZEc. This value of Ec, which is
obtained by comparing the predicted all-particle spectrum
with the observed all-particle spectrum as shown in Fig-
ure 2, represents the maximum Ec value permitted by the
measurements. While obtaining the all-particle spectrum
shown in Figure 2, we also include contributions from the
sub-dominant primary cosmic-ray elements (Z < 26), cal-
culated using elemental abundances at 103 GeV given in
Hörandel (2003a) and a source index of 2.25. Their total
contribution amounts up to ∼ 8% of the all-particle spec-
trum. The predicted all-particle spectrum agrees with the
data up to ∼ 2 × 107 GeV, and reproduces the observed
knee at the right position. Choosing Ec values larger than
4.5× 106 GeV will produce an all-particle spectrum which
is inconsistent both with the observed knee position and
the intensity above the knee. Although our estimate for
the best-fit Ec value does not rely on the proton measure-
ments at high energies, it can be noticed from Figure 1
that both the predicted proton and helium spectra are in
good agreement (within systematic uncertainties) with the
KASCADE data. For carbon, silicon and iron nuclei, the
agreement with the data is less convincing, which may be
related to the larger systematic uncertainties in the shapes
of the measured spectra.

From Figure 2, it can be observed that, at energies
around the knee, the all-particle spectrum is predicted to be

Article number, page 5 of 23

Contribution of 
(regular) SNR-CR

Thoudam et al.: Cosmic-ray energy spectrum and composition up to the ankle

Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the different species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

Particle type q f (×1049 ergs)
Proton 2.24 6.95
Helium 2.21 0.79
Carbon 2.21 2.42× 10−2

Oxygen 2.25 2.52× 10−2

Neon 2.25 3.78× 10−3

Magnesium 2.29 5.17× 10−3

Silicon 2.25 5.01× 10−3

Iron 2.25 4.95× 10−3

mechanism (see e.g., Malkov & Drury 2001). We assume
that the maximum energy for cosmic-ray nuclei produced
by the supernova shock is Z times the maximum energy
for protons. Based on the observed high concentration of
supernova remnants and atomic and molecular hydrogen
near the Galactic disk, in Equation 1, we assume that both
cosmic-ray sources and interstellar matter are distributed
in the disk (i.e., at z = 0). The distributions are assumed
to be uniform, and extended up to a radius R.

Recalling the analytical solution of Equation 1 derived
in Thoudam & Hörandel (2014), the cosmic-ray density at
the position r = 0 for p > p0 follows,

N(z, p) = ν̄R
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sinh [k(L− z)]
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×

J1(kR)
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Q(p′)A(p′) exp

(
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A(u)du

)

}

,

(3)

where J1 is a Bessel function of order 1, and the functions
B and A are given by,

B(p) = 2D(p)k coth(kL) + n̄v(p)σ(p) + ξ

A(u) =
1

uB(u)
. (4)

From Equation 3, the cosmic-ray density at the Earth can
be obtained by taking z = 0 considering that our Solar
system lies close to the Galactic plane.

2.2. Model prediction for the low-energy measurements

By comparing the abundance ratio of boron-to-carbon nu-
clei predicted by the model with the measurements, the
cosmic-ray propagation parameters (D0, a) and the re-
acceleration parameters (η, s) have been obtained to be,
D0 = 9 × 1028 cm2 s−1, a = 0.33, η = 1.02, and s = 4.5
(Thoudam & Hörandel 2014). We adopt these values in our
present study. The supernova remnant radius is taken to be
# = 100 pc. The inelastic interaction cross-section for pro-
tons is taken from Kelner et al. (2006), and for heavier nu-
clei, the cross-sections are taken from Letaw et al. (1983).
The surface matter density is taken as the averaged den-
sity in the Galactic disk within a radius equal to the size
of the diffusion boundary L. We choose L = 5 kpc, which
gives an averaged surface density of atomic hydrogen of
n̄ = 7.24× 1020 atoms cm−2 (Thoudam & Hörandel 2013).

An extra 10% is further added to n̄ to account for the he-
lium abundance in the interstellar medium. The radial ex-
tent of the source distribution is taken as R = 20 kpc. Each
supernova explosion is assumed to release a total kinetic en-
ergy of 1051 ergs, and the supernova explosion frequency is
taken as ν̄ = 25 SNe Myr−1 kpc−2. The latter corresponds
to a rate of ∼ 3 supernova explosions per century in the
Galaxy.

Using the values of various parameters mentioned
above, the energy spectra of SNR-CRs for different elements
are calculated. In Figure 1, results for eight elements (pro-
ton, helium, carbon, oxygen, neon, magnesium, silicon and
iron, which represent the dominant species at low energies)
are compared with the measured data at low energies. The
source parameters (q, f) for the individual elements are kept
free in the calculation, and they are optimised based on the
observed individual spectra at low energies. The parame-
ter values that best reproduce the measured data are listed
in Table 1. The source spectral indices are in the range of
2.21− 2.29, and out of the total of 8% of the supernova ex-
plosion energy channelled into SNR-CRs, the largest frac-
tion goes into protons at the level of 6.95%, followed by
helium nuclei with 0.79%. The calculated spectra repro-
duce the measured data quite well including the behaviour
of spectral hardening at TeV energies observed for protons
and helium nuclei. In our model, the absence of such a spec-
tral hardening for heavier nuclei is explained as due to the
increasing effect of inelastic collision over re-acceleration
with the increase in mass (Thoudam & Hörandel 2014).

2.3. Extrapolation of the SNR-CR spectrum to high energies

In Figure 1, we also show an extrapolation of the model pre-
diction to high energies. For protons, helium, carbon, silicon
and iron nuclei, the predictions are compared with the avail-
able measurements from the KASCADE experiment above
∼ 106 GeV. The calculation assumes an exponential cut-off
for the proton source spectrum at Ec = 4.5× 106 GeV, and
for the heavier nuclei at ZEc. This value of Ec, which is
obtained by comparing the predicted all-particle spectrum
with the observed all-particle spectrum as shown in Fig-
ure 2, represents the maximum Ec value permitted by the
measurements. While obtaining the all-particle spectrum
shown in Figure 2, we also include contributions from the
sub-dominant primary cosmic-ray elements (Z < 26), cal-
culated using elemental abundances at 103 GeV given in
Hörandel (2003a) and a source index of 2.25. Their total
contribution amounts up to ∼ 8% of the all-particle spec-
trum. The predicted all-particle spectrum agrees with the
data up to ∼ 2 × 107 GeV, and reproduces the observed
knee at the right position. Choosing Ec values larger than
4.5× 106 GeV will produce an all-particle spectrum which
is inconsistent both with the observed knee position and
the intensity above the knee. Although our estimate for
the best-fit Ec value does not rely on the proton measure-
ments at high energies, it can be noticed from Figure 1
that both the predicted proton and helium spectra are in
good agreement (within systematic uncertainties) with the
KASCADE data. For carbon, silicon and iron nuclei, the
agreement with the data is less convincing, which may be
related to the larger systematic uncertainties in the shapes
of the measured spectra.

From Figure 2, it can be observed that, at energies
around the knee, the all-particle spectrum is predicted to be
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2. Cosmic rays from supernova remnants
(SNR-CRs)

Although the exact nature of cosmic-ray sources in the
Galaxy is not yet firmly established, supernova remnants
are considered to be the most plausible candidates both
from the theoretical and the observational points of view.
It has been theoretically established that shock waves as-
sociated with supernova remnants can accelerate particles
from the thermal pool to a non-thermal distribution of en-
ergetic particles. The underlying acceleration process, com-
monly referred to as the diffusive shock acceleration pro-
cess, has been studied quite extensively, and it produces
a power-law spectrum of particles with a spectral index
close to 2 (Krymskii 1977; Bell 1978; Blandford & Ostriker
1978; Drury 1983; Ptuskin et al. 2010; Caprioli et al. 2011),
which is in good agreement with the values inferred from
radio observation of supernova remnants (Green 2009).
Moreover, the total power of ∼ 1042 ergs s−1 injected by
supernova explosions into the Galaxy, considering a su-
pernova explosion energy of ∼ 1051 ergs and an explo-
sion frequency of ∼ 1/30 yr−1, is more than sufficient to
maintain the cosmic-ray energy content of the Galaxy.
In addition to the radio measurements, observational ev-
idence for the presence of high-energy particles inside su-
pernova remnants is provided by the detection of non-
thermal X-rays (Vink & Laming 2003; Parizot et al. 2006)
and TeV gamma rays from a number of supernova rem-
nants (Aharonian et al. 2006, 2008; Albert et al. 2007). For
instance, the detection of TeV gamma rays up to energies
close to 100 TeV from the supernova remnant RX J1713.7-
3946 by the H.E.S.S. Cherenkov telescope array indicates
that particles with energies up to ∼ 1 PeV can be acceler-
ated inside supernova remnants (Aharonian et al. 2007).

2.1. Transport of SNR-CRs in the Galaxy

After acceleration by strong supernova remnant shock
waves, cosmic rays escape from the remnants and undergo
diffusive propagation through the Galaxy. During the prop-
agation, some fraction of cosmic rays may further get re-
accelerated due to repeated encounters with expanding su-
pernova remnant shock waves in the interstellar medium
(Wandel 1988; Berezhko et al. 2003). This re-acceleration
is expected to be produced mainly by older remnants, with
weaker shocks, because of their bigger sizes. Therefore, the
re-acceleration is expected to generate a particle spectrum
which is steeper than the initial source spectrum of cosmic
rays produced by strong shocks. This model has been de-
scribed in detail in Thoudam & Hörandel (2014), and it has
been shown that the re-accelerated cosmic rays can dom-
inate the GeV energy region while the non-re-accelerated
cosmic rays dominate at TeV energies, thereby explaining
the observed spectral hardening in the TeV region. Below,
we briefly summarise some key features of the model which
are important for the present study.

The steady-state transport equation for cosmic-ray nu-
clei in the Galaxy in the re-acceleration model is described
by,

∇ · (D∇N)− [n̄vσ + ξ] δ(z)N

+

[

ξsp−s

∫ p

p0

du N(u)us−1

]

δ(z) = −Qδ(z), (1)

where we have adopted a cylindrical geometry for the prop-
agation region described by the radial r and vertical z co-
ordinates with z = 0 representing the Galactic plane. We
assume the region to have a constant halo boundary at
z = ±L, and no boundary in the radial direction. This
is a reasonable assumption for cosmic rays at the galacto-
centric radius of the Sun as the majority of them are pro-
duced within a radial distance ∼L from the Sun (Thoudam
2008). Choosing a different (smaller) halo height for the
Galactic center region, as indicated by the observed WMAP
haze (Biermann et al. 2010b), will not produce significant
effects in our present study. N(r, z, p) represents the dif-
ferential number density of the cosmic-ray nuclei with mo-
mentum/nucleon p, and Q(r, p)δ(z) is the injection rate of
cosmic rays per unit volume by supernova remnants in the
Galaxy. The diffusive nature of the propagation is repre-
sented by the first term in Equation 1. The diffusion co-
efficient D(ρ) is assumed to be a function of the particle
rigidity ρ as, D(ρ) = D0β(ρ/ρ0)a, where D0 is the diffu-
sion constant, β = v/c with v(p) and c representing the
velocity of the particle and the velocity of light respec-
tively, ρ0 = 3 GV is a constant, and a is the diffusion in-
dex. The rigidity is defined as ρ = Apc/Ze, where A and
Z represent the mass number and the charge number of
the nuclei respectively, and e is the charge of an electron.
The second term in Equation 1 represents the loss of par-
ticles during the propagation due to inelastic interaction
with the interstellar matter, and also due to re-acceleration
to higher energies, where n̄ represents the surface density
of matter in the Galactic disk, σ(p) is the inelastic inter-
action cross-section, and ξ corresponds to the rate of re-
acceleration. We take ξ = ηV ν̄, where V = 4π$3/3 is
the volume occupied by a supernova remnant of radius
$ re-accelerating the cosmic rays, η is a correction factor
that is introduced to account for the actual unknown size
of the remnants, and ν̄ is the frequency of supernova ex-
plosions per unit surface area in the Galactic disk. The
term containing the integral in Equation 1 represents the
gain in the number of particles due to re-acceleration from
lower energies. The effect of Galactic wind and ionisation
losses which are important mostly at low energies, below
∼ 1 GeV/nucleon, are not included explicitly in the trans-
port equation. Instead, we introduce a low-momentum cut-
off, p0∼ 100 MeV/nucleon, in the particle distribution to
account for the effect on the number of low-energy parti-
cles available for re-acceleration in the presence of these pro-
cesses (Wandel et al. 1987). We assume that re-acceleration
instantaneously produces a power-law spectrum of parti-
cles with spectral index s. The source term Q(r, p) can
be expressed as Q(r, p) = ν̄H[R − r]H[p − p0]Q(p), where
H(m) = 1(0) for m > 0(< 0) represents a Heaviside step
function, and the source spectrum Q(p) is assumed to follow
a power-law in total momentum with an exponential cut-off
which, in terms of momentum/nucleon, can be written as

Q(p) = AQ0(Ap)
−q exp

(

−
Ap

Zpc

)

, (2)

where Q0 is a normalisation constant which is proportional
to the amount of energy f channelled into cosmic rays by a
single supernova event, q is the spectral index, and pc is the
cut-off momentum for protons. The exponential cut-off in
Equation 2 represents a good approximation for particles
at the shock produced by the diffusive shock acceleration
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Fig. 2. Contribution of SNR-CRs to the all-particle cosmic-ray spectrum. The thin lines represent spectra for the individual
elements, and the thick-solid line represents the total contribution. The calculation assumes an exponential cut-off energy for
protons at Ec = 4.5 × 106 GeV. Other model parameters, and the low-energy data are the same as in Figure 1. Error bars are
shown only for the proton and helium data. High-energy data: KASCADE (Antoni et al. 2005), IceTop (Aartsen et al. 2013), Tibet
III (Amenomori et al. 2008), the Pierre Auger Observatory (Schulz et al. 2013), and HiRes II (Abbasi et al. 2009).

dominated by helium nuclei, not by protons. The CREAM
measurements have shown that helium nuclei become more
abundant than protons at energies ∼ 105 GeV. Such a trend
is also consistent with the KASCADE measurements above
∼ 106 GeV (see Figure 1). Based on our prediction, helium
nuclei dominate the all-particle spectrum up to ∼ 1.5× 107

GeV, while above, iron nuclei dominate. The maximum en-
ergy of SNR-CRs, which corresponds to the fall-off energy
of iron nuclei, is 26×Ec = 1.2× 108 GeV. Although this en-
ergy is close to the position of the second knee, the predicted
intensity is not enough to explain the observed intensity
around the second knee. Our result shows that SNR-CRs
alone cannot account for the observed cosmic rays above
∼ 2× 107 GeV. At 108 GeV, they contribute only ∼ 30% of
the observed data.

3. Additional component of Galactic cosmic rays

Despite numerous studies, it is not clearly understood at
what energy the transition from Galactic to extra-galactic
cosmic rays (EG-CRs) occurs. Although it was pointed out
soon after the discovery of the CMB and the related GZK
effect that it is possible to construct an all-extra-galactic
spectrum of cosmic rays containing both the knee and the
ankle as features of cosmological propagation (Hillas 1967),
the most natural explanation was assumed to be that the
transition occurs at the ankle, where a steep Galactic com-
ponent is taken over by a flatter extra-galactic one. To ob-
tain a sharp feature like the ankle in such a construction,
it is necessary to assume a cut-off in the Galactic com-
ponent to occur immediately below it (Rachen et al. 1993;
Axford 1994), thus this scenario is naturally expecting a
second knee feature. For a typical Galactic magnetic field

strength of 3 µG, the Larmor radii for cosmic rays of en-
ergy Z×108 GeV is 36 pc, much smaller than the size of the
diffusion halo of the Galaxy, which is typically considered
to be a few kpc in cosmic-ray propagation studies, keep-
ing comic rays around the second knee well confined in the
Galaxy. This suggests that the Galactic cut-off at this en-
ergy must be intrinsic to a source population or acceleration
mechanism different from the standard supernova remnants
we have discussed above. In an earlier work, Hillas (2005)
considered an additional Galactic component resulting from
Type II supernova remnants in the Galaxy expanding into
a dense slow wind of the precursor stars. In the follow-
ing, we discuss two other possible scenarios. The first is
the re-acceleration of SNR-CRs by Galactic wind termi-
nation shocks in the Galactic halo (Jokipii & Morfill 1987;
Zirakashvili & Völk 2006), and the second is the contribu-
tion of cosmic rays from the explosions of Wolf-Rayet stars
in the Galaxy (Biermann & Cassinelli 1993). Both these
ideas have been explored in the past when detailed mea-
surements of the cosmic-ray spectrum and composition at
low and high energies were not available. Using new mea-
surements of cosmic rays and astronomical data (like the
Wolf-Rayet wind composition), our study can provide a
more realistic estimate of the cosmic-ray contribution from
these two possible mechanisms. In the following, the re-
accelerated cosmic rays from Galactic wind termination
shocks will be referred to as “GW-CRs”, and cosmic rays
from Wolf-Rayet stars as “WR-CRs”. Some ramifications of
these basic scenarios will be discussed in Section 6, after
investigating the effect of different extra-galactic contribu-
tions below the ankle in Section 5.
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Fig. 25. The breakdown of the cosmic-ray spectrum according to a model of Hillas [449] as the sum of galactic H, He, CNO, Ne–S, and Fe components with

the same rigidity dependence, and extragalactic H+He having a spectrum� E�2.3
before suffering losses by cosmic microwave background and starlight

interactions. The galactic components were given a turn-down shape based on a KASCADE knee shape as far as the point marked x. The dashed line Q is

the total galactic SNR flux if the extended tail (component B) of the galactic flux is omitted [449].

electrons ranging from radio frequencies to the x-ray regime. The observed synchrotron flux is used to adjust parameters in

themodel, which in turn, is used to predict the flux of TeV ⌃ -rays. The solid line above 10
6
eV reflects the spectra of decaying

neutral pions, generated in interactions of accelerated hadrons with material in the vicinity of the source (hadron + ISM

⌦ �0 ⌦ ⌃ ⌃ ). This process is clearly dominant over electromagnetic emissions generated by the inverse Compton effect

and non-thermal bremsstrahlung, as can be inferred from the figure. The results are compatible with a nonlinear kinetic

theory of cosmic-ray acceleration in supernova remnants and imply that this supernova remnant is an effective source of

nuclear cosmic rays, where about 10% of the mechanical explosion energy is converted into nuclear cosmic rays [443,445].

Further quantitative evidence for the acceleration of hadrons in supernova remnants is provided by measurements of the

HEGRA experiment [446] of TeV ⌃ -rays from the SNR Cassiopeia A [447] and by measurements of the H.E.S.S. experiment

from the SNR ‘‘Vela Junior’’ [448].

In conclusion, it may be stated that a standard picture of the origin of galactic cosmic rays seems to emerge from the data.

The measurements seem to be compatible with the assumption that (hadronic) cosmic rays are accelerated at strong shock

fronts of supernova remnants. The particles propagate in a diffusive process through the Galaxy. As origin for the knee a

combination of the maximum energy attained in the acceleration process and leakage from the Galaxy seems to be favored.

6.2. Transition region

Different scenarios are discussed in the literature for the transition from galactic to extragalactic cosmic rays. The

transition most likely occurs at energies between 10
17

and 10
18

eV.

The flux for elemental groups of the model of Hillas is shown in Fig. 25 [449]. The spectra are constructed with rigidity-

dependent knee features at high energies. Reviewing the properties of cosmic rays accelerated in SNRs, and using the fluxes

as derived by the KASCADE experiment (marked as component A in Fig. 25) Hillas finds that the obtained all-particle flux

(dashed line, marked with Q ) is not sufficient to explain the observed all-particle flux, see Fig. 25 [449]. Hillas proposes a

second (galactic) component to explain the observed flux at energies above 10
16

eV, marked as component ‘‘B’’ in the figure.

An extragalactic component, marked as EGT , dominates the all-particle spectrum above 10
19

eV, for details see [449]. The

model proposed byWibig andWolfendalewith a transition at higher energies between 10
18

and 10
19

eV [450]is very similar.

In this model, the galactic cosmic-ray flux extends to higher energies. Thus, a significant contribution of the extragalactic

component is required beyond 10
18

eV only.

Another possibility to match the measured all-particle flux is a significant contribution of ultra-heavy elements (heavier

than iron) to the all-particle spectrum at energies of around 4⇤10
17

eV [2,3], as illustrated in Fig. 26 (left). The figure shows

spectra for elemental groups with nuclear charge numbers as indicated, derived from direct and indirect measurements

according to the poly-gonato model [2]. The sum of all elements is shown as a solid line and is compared to the average

experimental all-particle flux in the figure. In this approach the second knee is caused by the fall-off of the heaviest elements

with Z up to 92. It is remarkable that the second knee occurs at E2nd  92 · Ek, the latter being the energy of the first knee.

In this scenario, a significant extragalactic contribution is required at energies E � 4⇤ 10
17

eV.

M. Hillas, J. Phys. G 31 (2005) R95

„classical“ supernovae + additional component
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Thoudam et al.: Cosmic-ray energy spectrum and composition up to the ankle
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Fig. 3. Contribution of GW-CRs to the all-particle cosmic-ray
spectrum. The thin lines represent spectra for the individual
elements, and the thick dashed line represents the total contri-
bution. The injection fraction, kw = 14.5%, and the exponential
cut-off energy for protons, Esh = 9.5×107 GeV. See text for the
other model parameters. Data are the same as in Figure 2.

3.1. Re-acceleration of SNR-CRs by Galactic wind
termination shocks (GW-CRs)

The effect of Galactic winds on the transport of cosmic
rays in the Galaxy has been discussed quite exten-
sively (Lerche & Schlickeiser 1982a; Bloemen et al.
1993; Strong & Moskalenko 1998; Jones et al. 2001;
Breitschwerdt et al. 2002). For cosmic rays produced
by sources in the Galactic disk such as the SNR-CRs,
the effect of winds on their transport is expected to be
negligible above a few GeV as the transport is expected to
be dominated mainly by the diffusion process. However,
Galactic winds can lead to the production of an additional
component of cosmic rays which can dominate at high
energies. Galactic winds, which start at a typical velocity
of about few km/s near the disk, reach supersonic speeds at
distances of a few tens of kpc away from the disk. At about
a hundred kpc distance or so, the wind flow terminates
resulting into the formation of termination shocks. These
shocks can catch the SNR-CRs escaping from the disk
into the Galactic halo, and re-accelerate them via the
diffusive shock acceleration process. The reaccelerated
cosmic rays can return to the disk through diffusive
propagation against the Galactic wind outflow. For an
energy dependent diffusion process, only the high-energy
particles may be effectively able to reach the disk.

To obtain the contribution of GW-CRs, we will first cal-
culate the escape rate of SNR-CRs from the inner diffusion
boundary, then propagate the escaped cosmic rays through
the Galactic wind region, and calculate the cosmic-ray flux
injected into the Galactic wind termination shocks. The es-
caped flux of SNR-CRs from the diffusion boundary, Fesc,
can be calculated as,

Fesc = [D∇N ]z=±L =

[

D
dN

dz

]

z=±L

, (5)

where N(z, p) is given by Equation 3. Equation 5 assumes
that cosmic rays escape only through the diffusion bound-
aries located at z = ±L. Under this assumption, the total
escape rate of SNR-CRs is given by,

Qesc = Fesc × 2Aesc, (6)

where Aesc = πR2 is the surface area of one side of the
cylindrical diffusion boundary which is assumed to have
the same radius as the Galactic disk, and the factor 2 is to
account for the two boundaries at z = ±L. The propaga-
tion of the escaped SNR-CRs in the Galactic wind region
is governed by the following transport equation:

∇.(Dw∇Nw − VNw) +
∂

∂p

{

∇.V

3
pNw

}

= −Qescδ(r), (7)

where we have assumed a spherically symmetric geometry
characterised by the radial variable r, Dw represents the
diffusion coefficient of cosmic rays in the wind region which
is taken to be spatially constant, Nw(r, p) is the cosmic-
ray number density, V = Ṽ rr̂ is the wind velocity which
is assumed to increase linearly with r and directed radially
outwards, Ṽ is a constant that denotes the velocity gradi-
ent, and Qesc(p) is given by Equation 6. The exact nature of
the Galactic wind is not known. The spatial dependence of
the wind velocity considered here is based on the model of
magnetohydrodynamic wind driven by cosmic rays, which
shows that the wind velocity increases linearly with dis-
tance from the Galactic disk until it reaches an asymptotic
value at a distance of around 100 kpc (Zirakashvili et al.
1996). The second term on the left-hand side of Equation
7 represents the loss of particles due to advection by the
Galactic wind, and the third term represents momentum
loss due to the adiabatic expansion of the wind flow which
is assumed to be spherically symmetric. In writing Equa-
tion 7, considering that the size of the wind region is much
larger than the size of the escaping region of the SNR-CRs,
we neglect the size of the escaping region and consider Qesc

to be a point source located at r = 0. By solving Equation
7 analytically, the density of cosmic rays at distance r is
given by (see Appendix A),

Nw(r, p) =

√

Ṽ p2

8π3/2

∫ ∞

0
dp′

Qesc(p′)
[

∫ p′

p uDw(u)du
]3/2

× exp



−
r2Ṽ p2

4
∫ p′

p uDw(u)du



 . (8)

From Equation 8, the cosmic-ray flux with momen-
tum/nucleon p at the termination shock is obtained as,

Fw(p) =

[

−Dw
∂Nw

∂r
+ VNw

]

r=Rsh

, (9)

where Rsh represents the radius of the termination shock.
The total rate of cosmic rays injected into the termination
shock is given by,

Qinj(p) = Fw(p)×Ash, (10)

where Ash = 4πR2
sh is the surface area of the termination

shock. Assuming that only a certain fraction, ksh, partic-
ipates in the re-acceleration process, the cosmic-ray spec-
trum produced by the termination shock under the test
particle approximation can be written as (Drury 1983),

Qsh(p) = γp−γ exp

(

−
Ap

Zpsh

)
∫ p

p0

kshQinj(u)u
γ−1du, (11)
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of different cosmic-ray species
with respect to helium for two different Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19× 10−2 7.18× 10−2

Neon 0.42× 10−2 1.03× 10−2

Magnesium 2.63× 10−4 6.54× 10−4

Silicon 2.34× 10−4 5.85× 10−4

Iron 0.68× 10−4 1.69× 10−4

where we have introduced an exponential cut-off in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and γ is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW−CRs(p) =
Qsh

4πDwRsh
exp

[

−
Ṽ R2

sh

2Dw

]

(12)

The diffusion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-diffusion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = ρV 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where ρ is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2πR2

shPwVt. Using this, we obtain,

Rsh =

(

Lw

2πPIGMṼ

)1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-off for protons at Ec = 1.8×108 GeV for
C/He = 0.1, and Ec = 1.3 × 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is ∼ 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of ∼ 8 × 1040 ergs s−1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10−15 ergs
cm−3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices γ are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 × 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between ∼ 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing effect of advection
over diffusion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
diffuse relatively faster, can overcome the advection and
reach the disk more effectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower diffusion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents EG-CRs, 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 = 3× 106 GeV is assumed. See text for the other model parameters.
Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(×1049 ergs) f(×1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11× 10−2 0.73× 10−2

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

12 will lead to further suppression of the flux at low ener-
gies. But, at energies of our interest, i.e., above ∼ 107 GeV,
the result will not be significantly affected as the particle
diffusion time, tdif = R2

sh/(6Dw), is significantly less than
the adiabatic energy loss time, tad = 1/Ṽ = 6.52× 107 yr.
The steep spectral cut-offs at high energies are due to the
exponential cut-offs introduced in the source spectra.

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

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova
shock in such a field can lead to particle acceleration of en-

ergies up to ∼ 3 × 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.,
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = ν̄0H[R − r]H[p − p0]Q(p), where ν̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of ∼ 1200 in the Galaxy and an average
lifetime of ∼ 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of ∼ 1 Wolf-Rayet explosion
in every 210 years. This corresponds to ∼ 1 Wolf-Rayet ex-
plosion in every 7 supernova explosions occurring in the
Galaxy. The propagation parameters for the WR-CRs in
the Galaxy are taken to be the same as for the SNR-CRs.

The contribution of the WR-CRs to the all-particle
spectrum is shown in Figure 4. The results are for two
different compositions of the Wolf-Rayet winds available
in the literatures: Carbon-to-helium (C/He) ratio of 0.1
(top panel) and 0.4 (bottom panel), given in Pollock et al.
(2005). The abundance ratios of different elements with re-
spect to helium for the two different wind compositions
are listed in Table 2. In our calculation, these ratios are
assumed to be proportional to the relative amount of su-
pernova explosion energy injected into different elements.
The overall normalisation of the total WR-CR spectrum
and the maximum energy of the proton source spectrum
are taken as free parameters. Their values are determined
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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 EG-CRs, 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.

based on the observed all-particle spectrum between ∼ 108

and 109 GeV. For C/He = 0.1, we obtain an injection en-
ergy 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 en-
ergy injected into cosmic rays by a single supernova explo-
sion is approximately 5 times less than the total energy

injected into SNR-CRs by a supernova 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 spectra from the GW-
CRs spectrum (Figure 3) is the absence of the proton com-
ponent, and a very small contribution of the heavy elements
like magnesium, silicon and iron. Another major difference

Article number, page 10 of 23

Thoudam et al.: Cosmic-ray energy spectrum and composition up to the ankle

Energy E (GeV)
1 10 210 310 410 510 610 710 810 910 1010 1110

 ]2
 G

eV
−1

 s
−1

 s
r

−2
 In

te
ns

ity
 [c

m
×3 E

−110

1

10

210

310
H
He
C
O
Ne
Mg
Si
Fe

TIBET III
KASCADE
IceTop
HiRes II
Auger

SNR−CRs
GW−CRs

EG−CRs
Total

Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents EG-CRs, 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 = 3× 106 GeV is assumed. See text for the other model parameters.
Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(×1049 ergs) f(×1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11× 10−2 0.73× 10−2

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

12 will lead to further suppression of the flux at low ener-
gies. But, at energies of our interest, i.e., above ∼ 107 GeV,
the result will not be significantly affected as the particle
diffusion time, tdif = R2

sh/(6Dw), is significantly less than
the adiabatic energy loss time, tad = 1/Ṽ = 6.52× 107 yr.
The steep spectral cut-offs at high energies are due to the
exponential cut-offs introduced in the source spectra.

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

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova
shock in such a field can lead to particle acceleration of en-

ergies up to ∼ 3 × 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.,
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = ν̄0H[R − r]H[p − p0]Q(p), where ν̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of ∼ 1200 in the Galaxy and an average
lifetime of ∼ 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of ∼ 1 Wolf-Rayet explosion
in every 210 years. This corresponds to ∼ 1 Wolf-Rayet ex-
plosion in every 7 supernova explosions occurring in the
Galaxy. The propagation parameters for the WR-CRs in
the Galaxy are taken to be the same as for the SNR-CRs.

The contribution of the WR-CRs to the all-particle
spectrum is shown in Figure 4. The results are for two
different compositions of the Wolf-Rayet winds available
in the literatures: Carbon-to-helium (C/He) ratio of 0.1
(top panel) and 0.4 (bottom panel), given in Pollock et al.
(2005). The abundance ratios of different elements with re-
spect to helium for the two different wind compositions
are listed in Table 2. In our calculation, these ratios are
assumed to be proportional to the relative amount of su-
pernova explosion energy injected into different elements.
The overall normalisation of the total WR-CR spectrum
and the maximum energy of the proton source spectrum
are taken as free parameters. Their values are determined
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is the much larger flux of WR-CRs than the GW-CRs below
∼ 105 GeV. Below the knee, the total WR-CR spectrum is
an order of magnitude less than the total SNR-CRs spec-
trum (Figure 2).

4. All-particle spectrum and composition of cosmic
rays at high energies

The all-particle spectrum obtained by combining the con-
tributions of SNR-CRs, GW-CRs and EG-CRs is compared
with the measured data in Figure 5. For the SNR-CRs
shown in the figure, we have slightly reduced the value of Ec

from 4.5×106 GeV (as used in Figure 2) to 3×106 GeV in or-
der to reproduce the measurements better around the knee.
The extra-galactic contribution is taken from (Rachen et al.
1993), which represents a pure proton population for an in-
put source spectrum of E−2 with an exponential cut-off at
1011 GeV. Also shown in the figure are the spectra of the
individual elements. The model prediction reproduces the
observed elemental spectra as well as the observed features
in the all-particle spectrum.

The total spectra for the two WR-CR scenarios are
shown in Figure 6. For the SNR-CRs, here we take Ec =
4.1 × 106 GeV, and a slightly lower value of ν which cor-
responds to 6 out of every 7 supernova explosions in the
Galaxy (assuming a fraction 1/7 going into Wolf-Rayet su-
pernova explosions as deduced in the previous section). The
injection energy f for the different elements of the SNR-
CRs has been re-adjusted accordingly, so that the sum of
SNR-CRs and WR-CRs for the individual elements agree
with the measured elemental spectra at low energies. The
f values are listed in Table 3. The cosmic-ray propagation
parameters are the same as in Figure 2. The predicted all-
particle spectra are in good agreement with the measure-
ments. The WR-CR scenarios are found to reproduce the
second knee and the ankle better than the GW-CR model.

In Figure 7, we show the elemental fraction at high en-
ergies predicted by the GW-CR and WR-CR models. In all
the models, the composition consists of a large fraction of
helium nuclei over a wide energy range. The maximum he-
lium fraction is found in the case of WR-CR (C/He=0.1)
scenario, where the fraction reaches up to ∼ 63% at energy
∼ 2 × 108 GeV. In contrast to common perceptions, the
WR-CR scenarios predict a composition of Galactic cosmic
rays dominated mainly by helium (in the C/He = 0.1 case)
or carbon nuclei (in the C/He = 0.4) near the transition
energy region from Galactic to extra-galactic cosmic rays.
The GW-CR model predicts an almost equal contribution
of helium and iron nuclei at the transition region.

The cosmic-ray composition at energies above ∼ 3 ×
105 GeV is not quite as well-measured as at lower ener-
gies. Above ∼ 106 GeV, KASCADE has provided spectral
measurements for groups of elements by measuring the elec-
tron and muon numbers of extensive air showers induced by
cosmic rays in the Earth’s atmosphere. Several other ex-
periments such as LOFAR, TUNKA, and the Pierre Auger
Observatory have also provide composition measurements
at high energies by measuring the depth of the shower max-
imum (Xmax). Heavier nuclei interact higher in the atmo-
sphere, resulting in smaller values of Xmax as compared to
lighter nuclei. For comparison with theoretical predictions,
we often use the mean logarithmic mass, 〈lnA〉, of the mea-
sured cosmic rays which can be obtained from the measured
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Fig. 7. Elemental fraction predicted by the different models
of the additional Galactic component. Top: GW-CRs, middle:
WR-CRs (C/He = 0.1), and bottom: WR-CRs (C/He = 0.4).

Xmax values using the relation (Hörandel 2003b),

〈lnA〉 =

(

Xmax −Xp
max

XFe
max −Xp

max

)

× lnAFe, (14)

where Xp
max and XFe

max represent the average depths of the
shower maximum for protons and iron nuclei respectively
given by Monte-Carlo simulations, and AFe is the mass
number of iron nuclei.

In Figure 8, the 〈lnA〉 values predicted by the different
models are compared with the measurements from differ-
ent experiments. Although all our model predictions are
within the large systematic uncertainties of the measure-
ments, at energies above ∼ 107 GeV, the GW-CR model
deviates from the general trend of the observed composition
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(Berezhnev et al. 2013), LOFAR (Buitink et al. 2016), Yakutsk (Knurenko & Sabourov 2010), the Pierre Auger Observatory
(Porcelli et al. 2015), and the different optical measurements compiled in Kampert & Unger (2012). The two sets of data points
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which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 4) × 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation effects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The effects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),
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where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.

2 Michael Unger, private communication.
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),
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where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.

2 Michael Unger, private communication.
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A second assumption for an additional extra-galactic
component is based on a universal scaling argument, which
links the energetics of extra-galactic cosmic-ray sources on
various scales and predicts that a dominant contribution
to extra-galactic cosmic rays is expected from clusters of
galaxies, accelerating a primordial proton-helium mix at
their accretion shocks during cosmological structure for-
mation (Rachen 2016). As it has been shown already by
Kang et al. (1997) that, for canonical assumptions on the
diffusion coefficient around shocks (e.g., Bohm diffusion),
the particle acceleration in this scenario is limited by pair-
production losses in the CMB, this extra-galactic compo-
nent is rather expected not to reach ultra-high energies,
except for very optimistic assumptions on the acceleration
process, but to be confined to energies below the ankle. As
so far no detailed Monte-Carlo propagation for this model
has been calculated, we use here the analytical approxima-
tion developed in Rachen (2016). Assuming that both injec-
tion and acceleration of primordial protons and helium nu-
clei are only dependent on particle rigidity, the model pre-
dicts a succession of a proton and helium component with
increasing energy, which are fixed in relative normalisation
by the know primordial abundances. The more energetic
helium component sharply cuts off at the ankle, merging
into the cosmic-ray spectrum produced by extra-galactic
sources at smaller scales, for which acceleration even in
the conservative case is not limited by CMB or other pho-
ton interactions, and thus reaches the so-called Hillas limit,
E = ZeBR, if B is the typical magnetic field, and R the
typical size of the accelerator (Hillas 1984). In our treat-
ment, we hereby keep the exact cut-off energy and the to-
tal normalisation of this primordial cluster shock compo-
nent as free parameters and determine them from fitting
the all-particle spectrum, where we use the minimal model
derived above as the second extra-galactic component ex-
tending into ultra-high energies. This model is henceforth
denoted as “PCS model”.

In Figure 9, we present the all-particle spectrum above
106 GeV obtained using the three different EG-CR models
– minimal model only, UFA and PCS model. The galactic
contributions are from SNR-CRs and WR-CRs (C/He =
0.4). For the SNR-CRs, all the model parameters are the
same as in Figure 6 (bottom). For the WR-CRs, the cut-off
energy and the normalisation of the source spectrum are
re-adjusted in order to produce an overall good fit to the
measured spectrum and composition. They are allowed to
vary in the three different cases. For the minimal model,
the best-fit proton cut-off energy of the WR-CRs is found
to be 1.7×108 GeV. This is approximately a factor 1.3 larger
than the value used in Figure 6. For the PCS and the UFA
models, the proton cut-off energies are almost the same at
1.1×108 GeV, which are about a factor 1.5 less than that of
the minimal model. This relaxation in the cut-off energy is
due to the strong contribution of EG-CRs below the ankle
in the two models. In the minimal model, the transition
from Galactic to extra-galactic components occurs around
the ankle, while in the PCS and UFA models, it occurs at
∼ 7×108 GeV. The variation in the injection energy of WR-
CRs remain within 6% between the three models. In Figure
9, spectra of five different mass groups are also shown. The
elemental fraction of these mass groups are shown in Figure
10.

In Figure 11, we show 〈lnA〉 predicted by the three EG-
CRs model after adding the Galactic contribution. At en-
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Fig. 10. Elemental fraction of the five different mass groups
shown in Figure 9 for the three different EG-CR models: mini-
mal (top), PCS (middle), and UFA (bottom), combined with the
WR-CRs (C/He = 0.4) model for the additional Galactic com-
ponent. Results obtained using WR-CR (C/He = 0.1) model are
given in Appendix B.

ergies between ∼ 3 × 108 GeV and 3 × 109 GeV, the mini-
mal model shows a bump that follows the trend of LOFAR
and the data from other experiments, but contradicts the
composition data from the Pierre Auger Observatory at
∼ 109 GeV. The UFA model over predicts the data above
the ankle as the model is also tuned to the variance of 〈lnA〉,
but it is well within the systematic uncertainties (experi-
mental as well as theoretical) as discussed in Unger et al.
(2015). The sharp feature present just above 109 GeV in
the PCS model is due to the dip in the proton spectrum
(Figure 9, middle panel, black-thin-solid line) that results
from the intersection of the components from galaxy clus-
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition region
from Galactic to extra-galactic cosmic rays. A clear distinc-
tion between the models would be possible from a detailed
measurement of the five major mass groups shown in Figure
10, in which they all have their characteristic “fingerprint”:
for example, around 109 GeV the minimal model is domi-
nated by the CNO group, the PCS model by helium, and
the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2).

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and
(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-

tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g., Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium dom-
inance over proton around the knee, and iron taking over
at higher energies at ∼ 107 GeV in the SNR-CRs and at
∼ 6× 106 GeV in the poly-gonato model. The helium dom-
inance is more significant in the SNR-CRs which is due to
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Fig. 8. Mean logarithmic mass, 〈lnA〉, of cosmic rays predicted using the three different models of the additional Galactic
component: WR-CRs (C/He = 0.1), WR-CRs (C/He = 0.4), and GW-CRs. Data: KASCADE (Antoni et al. 2005), TUNKA
(Berezhnev et al. 2013), LOFAR (Buitink et al. 2016), Yakutsk (Knurenko & Sabourov 2010), the Pierre Auger Observatory
(Porcelli et al. 2015), and the different optical measurements compiled in Kampert & Unger (2012). The two sets of data points
correspond to two different hadronic interaction models (EPOS-LHC and QGSJET-II-04) used to convert Xmax values to 〈lnA〉.

which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 4) × 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation effects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The effects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),
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where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),
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where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),

QEG = K0Fj
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where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),

QEG = K0Fj
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where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),
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where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.
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in a comoving volume, and they produce cosmic rays with
a spectrum given by (di Matteo et al. 2015),

QEG = K0Fj

(

E

E0

)−γ

,
E

Z
< Rc

= K0Fj

(

E

E0

)−γ

exp

(

1−
E

ZRc

)

,
E

Z
> Rc (15)

where K0 is a normalisation constant, Fj is the injec-
tion fraction which depends on the type of the nuclei j,
E0 = 109 GeV, γ is the source spectral index which is as-
sumed to be the same for the different nuclei, and Rc is the
rigidity at which the spectrum deviates from a power law.
The model parameters are determined by simultaneously
fitting the cosmic-ray energy spectrum, Xmax and variance
of Xmax above the ankle observed at the Pierre Auger Ob-
servatory. We adopt the CTG1 model for our calculation
(di Matteo et al. 2015), and consider that the sources in-
ject protons, helium, nitrogen and iron nuclei. The best-fit
model parameters values are γ = 0.73, Rc = 3.8× 109 GV,
FH = 0%, FHe = 0%, FN = 98.69% and FFe = 1.31%.
In this model, the EG-CR spectrum below ∼ 1010 GeV is
dominated by protons and helium nuclei which are sec-
ondary products from the photo-disintegration of heavier
nuclei during the propagation. At higher energies up to
∼ 6 × 1010 GeV, the spectrum is dominated by the CNO
group. Above ∼ 3×1010 GeV, the spectrum exhibits a steep
cut-off which is mostly due to the intrinsic cut-off in the in-
jection spectrum, and not due to the GZK absorption dur-
ing the propagation. This gives an overall best agreement
with the measured data (di Matteo et al. 2015).

The first assumption we consider for an additional com-
ponent of light particles below the ankle is based on the
same physics, i.e., photo-disintegration of energetic nu-
clei in photon backgrounds, but considering this effect al-
ready in potentially densely photon loaded sources dur-
ing acceleration. The physical motivation for this scenario
is the acceleration of heavy nuclei at internal shocks in
gamma ray bursts (Globus et al. 2015b), or in tidal dis-
ruption events (Farrar & Gruzinov 2009). Two variants of
this assumptions have been recently suggested: the first,
by Globus et al. (2015a), assumes that diffusion losses in
the source are faster than the photo-disintegration time
scale over a large range of energies, leading to a signifi-
cantly steeper spectrum of the secondary protons than for
the escaping residual nuclei, while in the second model
by Unger et al. (2015) only the highest energy particles
have an escape time which is smaller than the photo-
disintegration time. While the predictions of the former
model for secondary protons below the ankle are phe-
nomenologically quite similar to the extra-galactic compo-
nent of Rachen et al. (1993) at these energies, i.e., an ap-
proximate E−2 source spectrum with a cosmological evo-
lution ∝ (1 + z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton
component concentrated only about one order of magnitude
in energy below the ankle. Within their fiducial model, they
consider a mix with a pure iron Galactic cosmic-ray com-
ponent in Unger et al. (2015). For our study, we use results
which are optimised for a pure nitrogen Galactic composi-

1 CRPropa with the default TALYS photo-disintegration cross
sections and the EBL model of Gilmore et al. (2012)

tion2, which is closer to our predicted composition for the
WR-CR model (C/He = 0.4) around the second knee.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom)
– combined with the WR-CR (C/He = 0.4) model for the ad-
ditional Galactic component. SNR-CR spectra shown are the
same as in Figure 6 (bottom). Data are the same as in Figure
2. Results obtained using WR-CR (C/He = 0.1) model for the
additional Galactic component are given in Appendix B.

2 Michael Unger, private communication.
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