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Time and location:
Tuesday 8:30 - 10:15 HG 03.054
Thursday 8:30 - 10:15 HG 00.114

Exam:
Oral exam. We will make a detailed schedule end of May/begin of June.

Lectures:
04.02.2020 1. Historical introduction, basic properties of cosmic rays
06.02.2020 2. Hadronic interactions and accelerator data
11.02.2020 3. Cascade equations
13.02.2020 4. Electromagnetic cascades
18.02.2020 5. Extensive air showers
20.02.2020 6. Detectors for extensive air showers
27.02.2020 7. High energy cosmic rays and the knee in the energy spectrum of cosmic rays
03.03.2020 8. Radio detection of extensive air showers
05.03.2020 9. Acceleration, astrophysical accelerators and beam dumps
10.03.2020 10. Extragalactic propagation of cosmic rays
12.03.2020 11. Ultra high energy cosmic rays
17.03.2020 12. Astrophysical gamma rays and neutrinos
14.04.2020 13. Neutrino astronomy
12.05.2020 14. Gamma-ray astronomy

Student presentations:

19.03.2020 Cosmic ray anisotropy at TeV energies, Icecube/Top, HAWC Chris van den Oetelaar
16.04.2020 Cosmic-ray anisotropy at highest energies Auger/TA Björk Johannes
21.04.2020 KM3NeT project ARCA+ORCA Eric Teunis de Boone
23.04.2020 Radio detection of air showers Jur Remeijn
07.05.2020 IceCube neutrino astronomy Martijn Appeldoorn
14.05.2020 GZK effect and the end of the cosmic-ray spectrum, Auger,TA Youri Sloots
26.05.2020 H.E.S.S. TeV gamma-ray astronomy galactic center emission John Dunne
28.05.2020 Cherenkov Telescope Array - CTA Viktor Traykov
04.06.2020 The knee in the energy spectrum of cosmic rays Jesse Polman
11.06.2020 topic NN

assistant: Sukanth Karapakula (s.karapakula # astro.ru.nl)

Literature:

T.K. Gaisser et al 
Cosmic Rays and Particle Physics, 2nd edition
Cambridge University Press
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lecture 7
High energy cosmic rays and 

the knee in the energy 
spectrum

Gaisser chapter 17
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296 J. Blümer et al. / Progress in Particle and Nuclear Physics 6 3 (2009) 293–338

Fig. 1. All-particle energy spectrum of cosmic rays as measured directly with detectors above the atmosphere and with air shower detectors. At low
energies, the flux of primary protons is shown.
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Extensive air showers – Mass

JRH, Mod. Phys. Lett. A 22 (2007) 1533 

• Average depth of shower maximum Xmax 

Simple Heitler model of (hadronic) showers

• Ne-Nµ ratio

Primary mass:
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in „best“ experiments
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KArlsruhe Shower Core and Array DEtector

T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490

Simultaneous measurement of
electromagnetic, 
muonic,
hadronic
shower components

200 m
200 m

e-/+

µ-/+



Jörg R. Hörandel, APP 2019/20 �11

Event reconstruction in the scintillator array

shower core Δr = 2.5 – 5.5 m

shower direction Δα = 0.5° – 1.2°

shower size ΔNe/Ne = 6 – 12 %

electromagnetic component
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KASCADE 
GRANDE Array

KASCADE
200 m x 200 m

37 detector stations

370 m2 e/γ: 
scintillation counter

700 m

700 m

G. Navarra et al., Nucl Instr & Meth A 518 (2004) 207 
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Electromagnetic component Muons

KASCADE-Grande – Lateral distributions 

R. Glasstetter et al., Proc. 29th ICRC, Pune 6 (2005) 293
J. v. Buren et al., Proc. 29th ICRC, Pune 6 (2005) 301
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KASCADE: Energy spectra for elemental groups

T. Antoni et al., Astropart. Phys. 24 (2005) 1

Knee caused by cut-off for light elements
Astrophysical interpretation limited 
by description of interactions in the 
atmosphere

4 PeV 4 PeV
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KASCADE: Energy spectra for elemental groups

T. Antoni et al., Astropart. Phys. 24 (2005) 1

Knee caused by cut-off for light elements
Astrophysical interpretation limited 
by description of interactions in the 
atmosphere
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QGSJET 01

Test of hadronic interaction models

χ2 distribution

Ne-Nµ analysis

Number of hadrons vs. number of muons

inconsistencies on 10% level
J. Milke et al, Proc. 29th Int. Cosmic Ray Conference Pune 6 (2005) 125

extensive air showers

in literature:
ideas that knee is caused by new 
interactions in atmosphere
—> energy is carried away by 
„invisible channels“
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knee observed in 
all components, 
electromagnetic, 
muonic, and 
hadronic!
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KASCADE-Grande

W.D. Apel et al., PRL 107 (2011) 171104

the relevant particle interactions is not completely tested
by man-made accelerator experiments. The uncertainties
imposed by the hadronic interaction models are more
relevant for composition analyses than for energy measure-
ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
groups are much less affected by the differences of the
various hadronic interaction models than the relative
abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and N!, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in Ref. [7], with the basic
idea that the total number of secondary particles at obser-
vation level is related to the primary energy while the
energy sharing between the electromagnetic and the had-
ronic (i.e. muonic) shower components is related to the
primary mass. Therefore, the primary energy log10ðEÞ is
assumed to be proportional to the shower size log10ðNchÞ
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10ðNch=N!Þ:

log10ðE=GeVÞ ¼ ½aH þ ðaFe & aHÞk'log10ðNchÞ
þ bH þ ðbFe & bHÞk; (1)

k ¼ log10ðNch=N!Þ & log10ðNch=N!ÞH
log10ðNch=N!ÞFe & log10ðNch=N!ÞH

; (2)

with log10ðNch=N!ÞH;Fe ¼ cH;Fe ( log10ðNchÞ þ dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about * 0:2, * 0:15, * 0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep ðEÞ ¼ ½kSiðEÞ þ kCðEÞ'=2 distribution. The dashed

lines represent the uncertainties in defining this energy
dependent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
better than 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total systematic
uncertainty in flux of 10%–15% [8,10].
The reconstructed spectrum of the electron-poor events

shows a distinct kneelike feature at about 8 ( 1016 eV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [11] results in a statistical
significance of 3:5# that the entire spectrum cannot be
fitted with a single power-law. The change of the spectral
slope is !$ ¼ & 0:48 from $ ¼ & 2:76 * 0:02 to $ ¼
& 3:24 * 0:05 with the break position at log10ðE=eVÞ ¼
16:92 * 0:04. Applying the same function to the all-
particle spectrum results in a statistical significance of
only 2:1# that a fit of two power laws is needed to describe
the spectrum. Here the change of the spectral slope is from
$ ¼ & 2:95 * 0:05 to $ ¼ & 3:24 * 0:08, but with the
break position again at log10ðE=eVÞ ¼ 16:92 * 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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FIG. 3 (color online). Evolution of the k parameter as a func-
tion of the reconstructed energy for experimental data compared
with simulations of primary masses for the angular range
0)–24). The error bars assign statistical as well as reconstruction
uncertainties of k. The line displays the chosen energy dependent
k values for separating the mass groups, where the dashed lines
assign the uncertainty of the selection.
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ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
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The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
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in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
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estimation of energy and mass of the primary particles is
based on the combined measurement of the charged parti-
cle component by the detector array of Grande and the
muon component by the KASCADE muon array (Fig. 1).
Basic shower observables like the core position, zenith
angle, and total number of charged particles (shower size
Nch) are derived from the measurements of the Grande
stations. While the Grande detectors are sensitive to
charged particles, the muonic component is measured in-
dependently by the shielded detectors of the KASCADE
array. 192 scintillation detectors of 3:24 m2 sensitive areas
each are placed below an iron and lead absorber to select
muons above 230 MeV kinetic energy. A core position
resolution of 5 m, a direction resolution of 0.7!, and a
resolution of the shower size of about 15% are achieved.
The total number of muons (N!) with a resolution of about

25% is calculated by combining the core position deter-
mined by the Grande array and the muon densities
measured at the KASCADE array, where N! undergoes a

correction for a bias in reconstruction due to the asymmet-
ric position of the detectors [5].

The present analysis is based on 1173 days of data
taking. The cuts on the sensitive area (EAS core recon-
structed within the array) and zenith angle (< 40!), chosen
to assure best and constant reconstruction accuracies, re-
sult in an exposure of 2 " 1013 m2 " s sr. Figure 2 displays
the correlation of the two observables Nch and N!. This

distribution is the basis of the following analysis, since it
contains all the experimental information required for
reconstructing the energy and mass of the cosmic rays:
the higher the energy of the primary cosmic ray the larger

the total particle number. The fraction of muons of all
charged particles at observation level is characteristic for
the primary mass: showers induced by heavy primaries
start earlier in the atmosphere and the higher nucleon
number leads to a relatively larger muon content at obser-
vation level. KASCADE-Grande measures the particle
number at an atmospheric depth well beyond the shower
maximum, where the electromagnetic component already
becomes reduced. Thus, electron-rich EAS are generated
preferentially by light primary nuclei and electron-poor
EAS by heavy nuclei, respectively.
However, a straightforward analysis is hampered by the

shower-to-shower fluctuations, i.e., by the dispersion of the
muon and electromagnetic particle numbers for a fixed
primary mass and energy. In addition, cosmic rays imping-
ing on the atmosphere under different zenith angles show a
varying, complicated behavior due to the nonuniform mass
and density distribution of the air. Therefore, the absolute
energy and mass scale have to be inferred from compari-
sons of the measurements with Monte Carlo simulations.
This creates additional uncertainties, since the physics of
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and medium mass primaries) is compatible with a single
power law with slope index ! ¼ "3:18# 0:01. However,
a recovery to a harder spectrum at energies well above
1017 eV cannot be excluded by the present data. This
finding is of particular interest and needs more detailed
investigations with improved statistics in future.

The main result, i.e., the kneelike structure in the spec-
trum of electron-poor events, is validated in the following
by various cross checks (Fig. 5). Variations of the slopes of
the selection cut, as well as parallel shifts of the cut lines
have shown that the spectral form, i.e., the kneelike struc-
ture of the electron-poor event sample, is retained. By
shifting k to larger values the fraction of heavy primaries
in the sample is enriched. Interestingly, we found that the
slope index of the spectrum is not significantly changing
beyond the break, but gets systematically harder at lower
energies. The position of the break remains constant, in-
dicating that the heaviest primaries in the sample dominate
the spectral form. An example of a spectrum obtained by
such a variation of the selection cut is shown in Fig. 5.

A systematic uncertainty possibly affecting the interpre-
tation of the data is related to the attenuation of the particle
numbers in the atmosphere. So far, the attenuation given by
the EAS simulations is taken into account. For validation,
an independent analysis is performed where the correction
for attenuation, i.e., for the zenith angular dependence, is
based on the measured events, and not on simulations.
The correction parameters are obtained by applying the
constant intensity cut method (CIC) [12] to the two ob-
servables independently. This procedure allows the data

collected from different zenith angles to be combined in a
model independent way. The shower size ratio YCIC ¼
log10N

0
"=log10N

0
ch is calculated, where N0

" and N0
ch are

the shower sizes corrected for attenuation effects in the
atmosphere in such a way that they correspond to the
shower sizes at a certain reference zenith angle. In order
to check, in addition to the attenuation correction, also
reconstruction and selection uncertainties, we applied
more stringent cuts for this analysis, which increase the
energy threshold and decrease the statistics of the event
sample compared to the standard analysis. Now, YCIC is
used to separate the events into electron-rich and electron-
poor subsamples. In contrast to the k parameter, the YCIC

parameter is almost energy independent, where the energy
of the individual events is again determined using Eq. (1).
For direct comparison with the results obtained before,
YCIC > 0:845 is chosen for selecting the electron-poor
event sample. The reconstructed spectrum (see Fig. 5)
obviously confirms the earlier finding of the kneelike
structure, which is due to a decrease in the flux of the
heavy component.
Another source of systematic uncertainty is related to

the hadronic interaction model. In the frame of QGSJet-II,
the measured distributions in k and YCIC are in agreement
with a dominant electron-poor composition for the entire
energy range. Whereas the YCIC and k values themselves
behave differently for other hadronic interaction models,
the measured and simulated YCIC and k dependences on
energy, and hence the shapes and structures of the resulting
spectra are similar [13]. Details will be discussed in a
forthcoming paper, but it is not expected that the basic
result of the present analysis changes.
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atic uncertainties due to the selection of the subsamples. Fits on
the spectra and resulting slopes are also indicated.
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the relevant particle interactions is not completely tested
by man-made accelerator experiments. The uncertainties
imposed by the hadronic interaction models are more
relevant for composition analyses than for energy measure-
ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
groups are much less affected by the differences of the
various hadronic interaction models than the relative
abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and N!, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in Ref. [7], with the basic
idea that the total number of secondary particles at obser-
vation level is related to the primary energy while the
energy sharing between the electromagnetic and the had-
ronic (i.e. muonic) shower components is related to the
primary mass. Therefore, the primary energy log10ðEÞ is
assumed to be proportional to the shower size log10ðNchÞ
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10ðNch=N!Þ:

log10ðE=GeVÞ ¼ ½aH þ ðaFe & aHÞk'log10ðNchÞ
þ bH þ ðbFe & bHÞk; (1)

k ¼ log10ðNch=N!Þ & log10ðNch=N!ÞH
log10ðNch=N!ÞFe & log10ðNch=N!ÞH

; (2)

with log10ðNch=N!ÞH;Fe ¼ cH;Fe ( log10ðNchÞ þ dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about * 0:2, * 0:15, * 0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep ðEÞ ¼ ½kSiðEÞ þ kCðEÞ'=2 distribution. The dashed

lines represent the uncertainties in defining this energy
dependent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
better than 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total systematic
uncertainty in flux of 10%–15% [8,10].
The reconstructed spectrum of the electron-poor events

shows a distinct kneelike feature at about 8 ( 1016 eV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [11] results in a statistical
significance of 3:5# that the entire spectrum cannot be
fitted with a single power-law. The change of the spectral
slope is !$ ¼ & 0:48 from $ ¼ & 2:76 * 0:02 to $ ¼
& 3:24 * 0:05 with the break position at log10ðE=eVÞ ¼
16:92 * 0:04. Applying the same function to the all-
particle spectrum results in a statistical significance of
only 2:1# that a fit of two power laws is needed to describe
the spectrum. Here the change of the spectral slope is from
$ ¼ & 2:95 * 0:05 to $ ¼ & 3:24 * 0:08, but with the
break position again at log10ðE=eVÞ ¼ 16:92 * 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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FIG. 3 (color online). Evolution of the k parameter as a func-
tion of the reconstructed energy for experimental data compared
with simulations of primary masses for the angular range
0)–24). The error bars assign statistical as well as reconstruction
uncertainties of k. The line displays the chosen energy dependent
k values for separating the mass groups, where the dashed lines
assign the uncertainty of the selection.
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the relevant particle interactions is not completely tested
by man-made accelerator experiments. The uncertainties
imposed by the hadronic interaction models are more
relevant for composition analyses than for energy measure-
ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
groups are much less affected by the differences of the
various hadronic interaction models than the relative
abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and N!, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in Ref. [7], with the basic
idea that the total number of secondary particles at obser-
vation level is related to the primary energy while the
energy sharing between the electromagnetic and the had-
ronic (i.e. muonic) shower components is related to the
primary mass. Therefore, the primary energy log10ðEÞ is
assumed to be proportional to the shower size log10ðNchÞ
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10ðNch=N!Þ:

log10ðE=GeVÞ ¼ ½aH þ ðaFe & aHÞk'log10ðNchÞ
þ bH þ ðbFe & bHÞk; (1)

k ¼ log10ðNch=N!Þ & log10ðNch=N!ÞH
log10ðNch=N!ÞFe & log10ðNch=N!ÞH

; (2)

with log10ðNch=N!ÞH;Fe ¼ cH;Fe ( log10ðNchÞ þ dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about * 0:2, * 0:15, * 0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep ðEÞ ¼ ½kSiðEÞ þ kCðEÞ'=2 distribution. The dashed

lines represent the uncertainties in defining this energy
dependent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
better than 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total systematic
uncertainty in flux of 10%–15% [8,10].
The reconstructed spectrum of the electron-poor events

shows a distinct kneelike feature at about 8 ( 1016 eV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [11] results in a statistical
significance of 3:5# that the entire spectrum cannot be
fitted with a single power-law. The change of the spectral
slope is !$ ¼ & 0:48 from $ ¼ & 2:76 * 0:02 to $ ¼
& 3:24 * 0:05 with the break position at log10ðE=eVÞ ¼
16:92 * 0:04. Applying the same function to the all-
particle spectrum results in a statistical significance of
only 2:1# that a fit of two power laws is needed to describe
the spectrum. Here the change of the spectral slope is from
$ ¼ & 2:95 * 0:05 to $ ¼ & 3:24 * 0:08, but with the
break position again at log10ðE=eVÞ ¼ 16:92 * 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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tion of the reconstructed energy for experimental data compared
with simulations of primary masses for the angular range
0)–24). The error bars assign statistical as well as reconstruction
uncertainties of k. The line displays the chosen energy dependent
k values for separating the mass groups, where the dashed lines
assign the uncertainty of the selection.
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Figure 11: The all-particle spectrum obtained in this work based on an unfolding of KASCADE-Grande measurements, and the spectrum obtained in [32] based
on an unfolding of KASCADE measurements (see Appendix A), are compared to spectra determined by other analysis methods of our collaboration [10] or other
experiments (see legend for references). Additionally shown are some elemental spectra representing different mass groups (see legend). The error bars denote
statistical uncertainties, error bands the systematic ones (the latter ones are only shown for the results of this work, as well as for the results obtained by the alternative
analysis methods of our collaboration [10]).

The all-particle spectrum, which suffers in this work from
uncertainties of the contributing elemental spectra and which
is structureless within the given uncertainties, agrees with that
determined in an alternative analysis of the KASCADE-Grande
data [10], where a small break-off at about 80 PeV was found18.
Furthermore, both KASCADE-Grande all-particle spectra are
compatible with the findings of most of the other experiments.
The unfolded energy spectra of light and intermediate pri-

maries are rather featureless in the sensitive energy range.
There are slight indications for a possible recovery of protons at
higher energies, which is, however, statistically not significant.
But, this finding would agree with the one in [31] where a sig-
nificant hardening in the cosmic ray spectrum of light primaries
was observed.
The spectrum of iron exhibits a clear knee-like structure at

about 80 PeV. The position of this structure is consistent with
that of a structure found in spectra of heavy primaries deter-
mined by other analysis methods of the KASCADE-Grande

18In the energy range from 1 PeV to some hundred PeV, this break-off in
the all-particle spectrum is the second one besides the one at about 3 PeV to
5 PeV reported in [32] based on KASCADE data an using also QGSJET-II-02
as interaction model.

data [3]. The energy where this knee-like structure occurs con-
forms to the one where the break-off in the all-particle spec-
trum is observed. Hence, the findings in this work and in [3]
demonstrate the first time experimentally that the heavy knee
exists, and the kink in the all-particle spectrum is presumably
caused by this decrease in the flux of heavy primaries. The
spectral steepening occurs at an energy where the charge de-
pendent knee of iron is expected, if the knee at about 3 PeV to
5 PeV is assumed to be caused by a decrease in the flux of light
primaries (protons and/or helium).
However, there is still uncertainty about whether the ap-

plied interaction models, especially the high energy one
QGSJET-II-02, are valid in all the details. As demonstrated
in [2], it is expected that variations in the interaction models
primarily affect the relative abundances of the primaries, and
hence assign possible structures given in the data to different
mass groups, while the structures themselves are rather model
independent. Although it was shown that the interaction models
used do not seem to exhibit significant weaknesses in describ-
ing the data, more certainty can be expected in the near future,
when man-made particle accelerators like the LHC reach lab-
oratory energies up to some hundred PeV, and hence allow to
optimize the interaction models in an energy range relevant for
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FIG. 4. (color online). The all-particle and electron-rich
spectra from the analysis [8] in comparison to the results of
this analysis with higher statistics. In addition to the light
and heavy spectrum based on the separation between He and
CNO, the light spectrum based on the separation on He is
also shown. The error bars show the statistical uncertainties.

resulting in a larger k -value. Especially helium events170

migrate (by calibrating with QGSJet-II) to the heavy
mass group. This effect might be slightly compensated
by the higher reconstructed energy of the events [18]. Us-
ing an EPOS calibration, the measured showers appear
to originate from lighter primaries and of lower energy175

compared to the QGSJet-II calibration. Figure 3 also
demonstrates that the selection of events according to
the k-parameter does not induce any artificial structures
in the spectra of light primaries. If the data are well
described by QGSJet-II, then the spectrum of light pri-180

maries with the separation between He and CNO should
consist mainly of protons and helium, maybe with some
additional, less abundant elements between helium and
carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II185

is in good agreement with the reconstructed spectrum of
light elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then190

the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum
for EPOS is similar to the reconstructed spectrum of light
primaries, which has been derived from EPOS generated
events using again the QGSJet-II based reconstruction195

and selection criteria. According to QGSJet-II, the spec-
trum of heavy elements for the same separation would
contain carbon and primaries heavier than that. For
EPOS it should also contain most of the helium com-
ponent.200

In Fig. 4, the results of the present analysis are shown.
To cross-check the results from [8] the all-particle spec-
trum and the spectrum of light primaries for the former

(E/eV)
10

log
16.6 16.8 17 17.2 17.4 17.6 17.8 18 18.2

)
1.

7
 e

V
-1

 s-1
 s

r
-2

 (m
2.

7
dI

/d
E 

x 
E

1910

light (sep. between He-CNO)

band of systematic uncertainty

 0.08±/eV) = 17.08 
break, light

(E
10

 0.08, log± = -2.79 
2
γ 0.05, ± = -3.25 

1
γ

2506
1487

882
539

322
195

144
92 55

43

40 18
8

FIG. 5. (color online). The reconstructed energy spectrum
of the light mass component of cosmic rays. The number
of events per energy bin is indicated as well as the range of
systematic uncertainty. The error bars show the statistical
uncertainties.

used area and data are compared with the ones obtained
with higher statistics from the present studies. Both all-
particle spectra and spectra of light elements based on
the separation between CNO and Si are in good agree-
ment. The spectra of light and heavy particles with
the separation between He and CNO are obtained us-
ing the separation-line shown in Fig. 2. The spectrum
of the heavy component, which now contains also the
medium mass component, exhibits a change of index at
E = 1016.88±0.03 eV and it therefore agrees inside the
corresponding uncertainty with the previous result [8] at
Eheavy

knee = 1016.92±0.04 eV. The hardening or ankle-like
feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the
CNO component. Although statistics gets quite low for
the spectrum of light elements with the separation on He
(obtained by a fit to the mean k -values for He in Fig. 2),
it is obvious that it cannot be described by one single
power law only. Formula (4) [19] is used for fitting the
spectra of the light and heavy components:

dI

dE
(E) = I0 · E

γ1 · [1 + (
E

Eb
)ϵ](γ1−γ2)/ϵ,

I0 : normalization factor,

γ1/2 : index before/after the bending,

Eb : energy of the break position,

ϵ : smoothness of the break.

(4)

As shown in Fig. 5, a change of the spectral index from
γ1 = −3.25± 0.05 to γ2 = −2.79± 0.08 at an energy of
1017.08±0.08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sep-
aration between He and CNO obtained by using the se-205

lection shown in Fig. 2. The measured number of events
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Figure 3. Energy reconstruction bias (top) and resolution (bottom) as a function of the
reconstructed energy. For the IceTop-alone analysis (left), an H4a composition mixture is
assumed, and four zenith angle bins are shown. For the Coincidence analysis (right), four
nuclear types are shown.

corner were misreconstructed in energy. After correcting the reconstruction, the S125-primary
energy relationships were re-derived from Monte Carlo and the scale of the energy spectrum
is slightly di↵erent from [3]. Figure 5(left) shows a similar set of results for the Coincidence
analysis, which agrees with the IceTop-alone analysis within the systematic errors.
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Figure 4. All-particle energy spectrum from
the IceTop-alone three-year analysis compared
to the previously published one-year result.

Both the IceTop-alone and IceTop-IceCube
coincidence analyses show a hardening of the
spectrum at around 20 PeV, and a softening
again past 100 PeV. These features are
consistent with previously-published results,
and are present in all three years of data.
The energy spectra of the three individual
years agree well with each other within their
systematic errors. The energy spectra of
the two analyses agree within 2%, which is
within the estimated systematic error due to
the IceTop-alone analysis’s assumption of a
composition model.

Both analyses share sources of systematic
errors in IceTop. Uncertainties on the
measurement of S125, due to calibration of
the IceTop tanks (3%) and uncertainty on the
snow attenuation length � (3%) dominate the
uncertainty on the measurement of primary
energy in both analyses. In the IceTop-
alone analysis, a composition model must
be assumed (such as “H4a” [11] which was
used for this work), and there is a systematic
uncertainty associated with this choice, which is depicted in Figure 5(left). The dominant
systematic on the composition determination is uncertainty in normalization of the number of
detected photons (the ”light yield”) in the in-ice detector. As an alternative hadronic interaction
model, QGSJET-II-03 was also investigated [12].

Using the reconstructed fractions of the four elemental groups together with the all-particle

4

Ice Top only

energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

Figure 5. Left: All-particle energy spectrum from the Coincidence analysis, compared to the
IceTop-alone result. The grey bound shows the uncertainty due to the unknown composition on
the energy spectrum measured by IceTop-alone. Right:Individual spectra for the four nuclear
types (protons, helium, oxygen, and iron), compared with alternate results due to systematic
uncertainty in the in-ice light yield (dark grey= -12.5%, light grey= +9.6%)

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.

References
[1] A. Achterberg A et al 2006 Astropart. Phys. 26 155

[2] Abbasi R et al 2013 NIM A700 188

[3] Aartsen M et al 2013 Physical Review D 88 042004

[4] Abbasi R et al 2013 Astropart. Physics 42 33

[5] Feusels T et al 2013 Cosmic Ray Composition and Energy Spectrum between 2.5 PeV and 1 EeV with IceTop

and IceCube, Contributions to the 33rd ICRC (Rio de Janiero) paper 0861

[6] Feusels T 2013 Ph.D. thesis, University of Gent

[7] Chirkin D and Rhode W 2004 Muon Monte Carlo: A high-precision tool for muon propagation through

matter, Preprint hep-ph/0407075

[8] Lundberg J et al 2007 Nucl. Instrum. Meth. A 581 619

[9] Aartsen M et al 2004 JINST 9 P03009

[10] R. Barlow R and C. Beeston C 1993 Computer Physics Communications 77 219

[11] Gaisser T 2012 Astropart. Phys 35 801

[12] Rawlins K et al 2015 Latest Results on Cosmic Ray Spectrum and Composition from Three Years of IceTop

and IceCube, Contributions to the 34th ICRC (The Hague), PoS (ICRC2015) 334

5

combined
5 PeV 26*5 PeV



Jörg R. Hörandel, APP 2019/20 �23

Ice Cube - Ice Top

K. Rawlins J Phys Conf. Ser. 718 (2016) 052033

energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

Figure 5. Left: All-particle energy spectrum from the Coincidence analysis, compared to the
IceTop-alone result. The grey bound shows the uncertainty due to the unknown composition on
the energy spectrum measured by IceTop-alone. Right:Individual spectra for the four nuclear
types (protons, helium, oxygen, and iron), compared with alternate results due to systematic
uncertainty in the in-ice light yield (dark grey= -12.5%, light grey= +9.6%)

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.
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energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

Figure 5. Left: All-particle energy spectrum from the Coincidence analysis, compared to the
IceTop-alone result. The grey bound shows the uncertainty due to the unknown composition on
the energy spectrum measured by IceTop-alone. Right:Individual spectra for the four nuclear
types (protons, helium, oxygen, and iron), compared with alternate results due to systematic
uncertainty in the in-ice light yield (dark grey= -12.5%, light grey= +9.6%)

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.
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model, we also use a composition assumption based on the HiRes-MIA measurement above 1017

eV [12].

6. Results and Discussion

The measured flux using the three different thrown primary mixtures is shown in figure 3. As
can be immediately seen from the figure, the absolute magnitude of the flux depends on the primary
mixture. The TALE xmax distributions favor a light composition, which means a bigger aperture
and a smaller total event energy (smaller missing energy correction). The combined effect of these
two factors is a lower flux estimate.

We do note however that the qualitative features of the spectrum are the same. Namely the dip
at about 1016.3eV and the “second knee” at 1017eV can be clearly seen in all three cases.
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

IceCube/IceTop. The IceCube neutrino telescope at the South Pole is also a large
km2-scale detector for muons from extensive air showers, complemented by an array of
detectors on the surface (IceTop) to register the charged particles in air showers [17].
First results on the mass composition of cosmic rays have been obtained from data taken
already during the construction of the detector. The mean logarithmic mass derived
from one month of data with about half the detector is depicted in Fig. 2 (right). The
measurements clearly indicate a rising mean mass as a function of energy. Results up to
energies exceeding 1017 eV are expected soon with the full detector being operational
since 2010 and it will be interesting to see, if a trend to a lighter composition, as
discussed above, will be found as well by IceCube at energies exceeding 1017 eV.

THE COMPOSITION OF GALACTIC COSMIC RAYS

A compilation of world data from direct and indirect measurements of cosmic rays for
four elemental groups is given in Fig. 3 (protons), Fig. 4 (helium nuclei), Fig. 5 (CNO-
group nuclei), and Fig. 6 (iron-group nuclei). Here we restricted ourself to "modern"
measurements. Older data are included in previous compilations [9, 2]. The energy
is given as total energy per particle. Direct measurements above the atmosphere (on
balloons and space crafts) extend to almost 106 GeV and at higher energies air shower
measurements set in.
To guide the eye the lines represent a parameterization according to the Poly Gonato

model with a rigidity dependent cut-off and a constant ∆γ (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5−12, Fig. 6 iron group Z = 26−92.
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ≈ Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

IceCube/IceTop. The IceCube neutrino telescope at the South Pole is also a large
km2-scale detector for muons from extensive air showers, complemented by an array of
detectors on the surface (IceTop) to register the charged particles in air showers [17].
First results on the mass composition of cosmic rays have been obtained from data taken
already during the construction of the detector. The mean logarithmic mass derived
from one month of data with about half the detector is depicted in Fig. 2 (right). The
measurements clearly indicate a rising mean mass as a function of energy. Results up to
energies exceeding 1017 eV are expected soon with the full detector being operational
since 2010 and it will be interesting to see, if a trend to a lighter composition, as
discussed above, will be found as well by IceCube at energies exceeding 1017 eV.

THE COMPOSITION OF GALACTIC COSMIC RAYS

A compilation of world data from direct and indirect measurements of cosmic rays for
four elemental groups is given in Fig. 3 (protons), Fig. 4 (helium nuclei), Fig. 5 (CNO-
group nuclei), and Fig. 6 (iron-group nuclei). Here we restricted ourself to "modern"
measurements. Older data are included in previous compilations [9, 2]. The energy
is given as total energy per particle. Direct measurements above the atmosphere (on
balloons and space crafts) extend to almost 106 GeV and at higher energies air shower
measurements set in.
To guide the eye the lines represent a parameterization according to the Poly Gonato

model with a rigidity dependent cut-off and a constant ∆γ (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5−12, Fig. 6 iron group Z = 26−92.
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
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and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ≈ Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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Fig. 6. Result for protons (top ) and helium nuclei (bottom). Solid line:
our calculation. Model parameters used: q P = 2.21, q He = 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 q p = 2.21 compared to
that of helium nuclei of q He = 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 q Fe =
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: q Fe = 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
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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. 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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Fig. 3. Boron-to-carbon ratio for η = (0, 0.1, 0.3, 0.5, 0.8, 1.1). Other
model parameters are the same as in Fig. 1.

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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AMS-01
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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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[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
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The line represents a parameterization according to the Poly Gonato model [9].
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These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ≈ Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER 2003 [31] and
2006 [32] and the air shower experiments GRAPES [25], H.E.S.S. direct !Cerenkov light [33], EAS-TOP
[26], KASCADE [11], and KASCADE-Grande (heavy) [8]. Two hadronic interaction models have been
used to interpret the data from the GRAPES and KASCADE experiments. The direct measurements have
single-element resolution, i.e. measure the "ux of iron nuclei. Air shower experiments can only resolve
elemental groups. The line represents a parameterization according to the Poly Gonato model [9].

(γ = −2.71±0.02). Looking closely at the proton and helium spectra, a structure might
be visible around 200 GeV. Above this energy, the spectra follow power laws, which
extend into the air-shower energy region, where ultimately a cut-off is observed. Below
about 200 GeV, both proton and helium exhibit a "bump", before the solar modulation
yields to a depression at lowest energies. This feature is sometimes referred to as "spec-
tral hardening" [22]. However, from Figs. 3 and 4 it appears as there are two cosmic-ray
components, one below 200 GeV and a second one at higher energies. It should also be
noted that the effect is very subtle and one may ask if systematic effects in the exper-
iments are understood to such a precision, in particular, since the energy corresponds
roughly to the transition between two experimental techniques: from magnet spectrom-
eters (at low energies) to calorimeters.
Looking at the CNO and iron groups, it may be noted that the recent KASCADE-

Grande data (Fig. 1, right) extend previous measurements to higher energies and a cut-
off is now also clearly visible in the iron group. Since protons and helium nuclei have
already reached their cut-off energies, the "light" component in Fig. 1, right corresponds
most likely to the CNO group. An interesting behavior can be observed for the iron
group: two hadronic interaction models (QGSJET and SIBYLL) have been used to
interpret the air shower data measured by GRAPES and KASCADE. For the interaction
model QGSJET a "dip" is visible for both experiments at energies around 106 GeV.
To derive the spectra the correlations between the number of electrons and muons in
the showers are investigated. QGSJET is not compatible with the measured distributions
around energies of 106 GeV. This yields the depression in the iron spectrum, consistently
observed by both experiments. Such a behavior has been observed earlier, for a detailed
discussion see also Ref. [11] and [12]. It might also be worth to mention that the recent
KASCADE-Grande data for the heavy/iron component are right on top of the predictions
of the Poly Gonato model (published a decade before the measurements).
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Figure 27.2: Mean energy loss rate in liquid (bubble chamber) hydrogen,
gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative effects,
relevant for muons and pions, are not included. These become significant for
muons in iron for βγ >∼ 1000, and at lower momenta for muons in higher-Z
absorbers. See Fig. 27.21.

as a function of βγ = p/Mc is shown for a variety of materials in Fig. 27.4.
The mass scaling of dE/dx and range is valid for the electronic losses described

by the Bethe-Bloch equation, but not for radiative losses, relevant only for muons
and pions.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (27.4)

In older references [2,7] the “low-energy” approximation

February 2, 2010 15:55
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(tage/104 year)−1 GeV. This break induces a corresponding break in the synchrotron and IC
spectrum by !" = 0.5 at an energy that can be determined by inserting Ee,br into Equation 1.

For electrons, the IC scattering of monoenergetic electrons on a population of target photons
(e.g., a blackbody spectrum) produces a broad spectral distribution of high-energy photons. This
distribution peaks at

EIC = 5× 109 Eph

10−3 eV
Ee

1 TeV

2

eV. 2.

Due to the similarity between Equations 1 and 2, the spectra for synchrotron emission and for IC
scattering have the same shape (albeit at different energies). As in the case of synchrotron emission,
for a continuous injection of electrons with a power-law distribution of the form dN /dE ∝ E−α

e ,
the IC spectrum in the Thomson regime has a slope of " = (α + 1)/2. In the Klein–Nishina
(KN) regime, the IC spectrum is significantly steeper: " = (α + 1). Therefore, even a power-law
distribution of electrons will produce a break in the spectrum of the γ -ray emission due to the
onset of the KN regime.

3.2. Hadronic Emission
Figure 3 shows the γ -ray spectral energy distribution (SED) for a proton spectrum with α = 2
and Ec = 100 TeV. Cooling plays a relatively minor role in sources that actively accelerate
particles, as even in the case of a typical Galactic density of n = 1 cm−3 the cooling time is
of the order of 107 years. The shape of the γ -ray energy spectrum away from the threshold
directly mirrors the shape of the parent proton spectrum. The total fraction of the energy of
each incident proton converted into γ -rays is approximately κ = 0.17. For proton spectrum
indices of 2.1–2.7, the emissivity—that is, the number of γ -rays produced per hydrogen atom
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Figure 3
Spectral energy distribution of accelerated protons (power-law index αinjected = 2.0 and cutoff at 100 TeV)
and γ -rays resulting from inelastic collisions with interstellar material. The dominant emission into photons
occurs via the decay π0 → γ γ (solid orange curves). The γ -ray spectrum follows the parent protons’ spectrum
rather closely in the midenergy range and in the high-energy cutoff region. For all proton indices, the
low-energy turnover is a characteristic feature of the pion-decay emission. Also shown is the spectrum of
electrons resulting from the inelastic proton–proton interactions via the decay chain π± → µ + νµ → e±νe
(dashed gray curve). For the synchrotron emission from these so-called secondary electrons, a source with age
tage = 1,000 years and B = 30 µG have been assumed. The shaded gray region shows the sensitive range of
current γ -ray detectors (Fermi-LAT, imaging atmospheric Cherenkov detectors).

www.annualreviews.org • Space- and Ground-Based γ-Ray Astrophysics 253

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
01

5.
65

:2
45

-2
77

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 W
ei

zm
an

n 
In

st
itu

te
 o

f S
ci

en
ce

 o
n 

01
/1

0/
17

. F
or

 p
er

so
na

l u
se

 o
nl

y.

NS65CH11-Funk ARI 9 September 2015 11:55

(tage/104 year)−1 GeV. This break induces a corresponding break in the synchrotron and IC
spectrum by !" = 0.5 at an energy that can be determined by inserting Ee,br into Equation 1.

For electrons, the IC scattering of monoenergetic electrons on a population of target photons
(e.g., a blackbody spectrum) produces a broad spectral distribution of high-energy photons. This
distribution peaks at

EIC = 5× 109 Eph
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Due to the similarity between Equations 1 and 2, the spectra for synchrotron emission and for IC
scattering have the same shape (albeit at different energies). As in the case of synchrotron emission,
for a continuous injection of electrons with a power-law distribution of the form dN /dE ∝ E−α

e ,
the IC spectrum in the Thomson regime has a slope of " = (α + 1)/2. In the Klein–Nishina
(KN) regime, the IC spectrum is significantly steeper: " = (α + 1). Therefore, even a power-law
distribution of electrons will produce a break in the spectrum of the γ -ray emission due to the
onset of the KN regime.

3.2. Hadronic Emission
Figure 3 shows the γ -ray spectral energy distribution (SED) for a proton spectrum with α = 2
and Ec = 100 TeV. Cooling plays a relatively minor role in sources that actively accelerate
particles, as even in the case of a typical Galactic density of n = 1 cm−3 the cooling time is
of the order of 107 years. The shape of the γ -ray energy spectrum away from the threshold
directly mirrors the shape of the parent proton spectrum. The total fraction of the energy of
each incident proton converted into γ -rays is approximately κ = 0.17. For proton spectrum
indices of 2.1–2.7, the emissivity—that is, the number of γ -rays produced per hydrogen atom
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Figure 3
Spectral energy distribution of accelerated protons (power-law index αinjected = 2.0 and cutoff at 100 TeV)
and γ -rays resulting from inelastic collisions with interstellar material. The dominant emission into photons
occurs via the decay π0 → γ γ (solid orange curves). The γ -ray spectrum follows the parent protons’ spectrum
rather closely in the midenergy range and in the high-energy cutoff region. For all proton indices, the
low-energy turnover is a characteristic feature of the pion-decay emission. Also shown is the spectrum of
electrons resulting from the inelastic proton–proton interactions via the decay chain π± → µ + νµ → e±νe
(dashed gray curve). For the synchrotron emission from these so-called secondary electrons, a source with age
tage = 1,000 years and B = 30 µG have been assumed. The shaded gray region shows the sensitive range of
current γ -ray detectors (Fermi-LAT, imaging atmospheric Cherenkov detectors).
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in the interaction between accelerated protons and interstellar material—is qγ (> 100MeV) ≈
0.5× 10−13 s−1 erg−1cm3 (H atom)−1 (see, e.g., Reference 47). The emissivity can be turned into a
flux at Earth by an astrophysical accelerator that puts a fraction ϵCR of its energy output Epr into
the acceleration of protons:

Fγ (> 100 MeV) = 4.4× 10−7ϵCR
Epr

1051 erg
d

kpc

−2 n
1 cm−3 cm−2 s−1. 3.

In other words, if the distance d and the density of the interaction region n are known, the amount
of energy in protons Epr at the interaction site can be directly inferred from the γ -ray flux Fγ .
Note that for an energy-dependent diffusion coefficient, higher-energy particles might propagate
ahead of lower-energy particles. For this reason, dense regions ahead of the shock would not
be fully permeated by the particles and thus would ‘‘see’’ particles with an effective low-energy
cutoff. Particles with different energies would therefore encounter a different gas density, and the
resulting γ -ray spectrum would no longer follow the proton spectrum (see, e.g., Reference 48 for
a comprehensive discussion).

Given the similarity between the γ -ray spectra emitted by accelerated electrons and those
emitted by accelerated protons, the low-energy component becomes a crucial tool in distinguishing
the different scenarios. For kinematic reasons, the decay π0 → γ γ imparts to each γ -ray an energy
Eγ = m π0 c 2/2 = 67.5 MeV in the rest frame of the neutral pion. The resulting γ -ray number
spectrum, dNγ /dEγ , is thus symmetric about 67.5 MeV in a log-log representation (49). The π0

-decay spectrum in the usual E2
γ dNγ /dEγ representation rises steeply up to∼400 MeV (the exact

turnover in this representation depends on the parent proton spectrum, as shown in Figure 3). This
characteristic spectral feature (often referred to as the pion-decay bump) uniquely identifies π0

-decay γ -rays and therefore high-energy protons, allowing a measurement of the source spectrum
of CRs.

Both electron bremsstrahlung and proton–proton inelastic scattering depend on the density
of the ambient medium n0. Assuming that electrons and protons are accelerated with the same
power-law spectrum, the ratio of γ -ray emissivities (i.e., the emission rate per hydrogen atom) can
be estimated as q br

γ /qπ0
γ ∼R3τpp/τbr = 4R, where R is the electron-to-proton ratio. For typical

values of R ≤ 10, as in the expected sources of Galactic CRs, pion production at high energies
dominates over bremsstrahlung γ -rays.

3.3. Dark Matter Decay or Annihilation
The flux of γ -rays from annihilation processes is given by (a) a product of a factor depending on
the particle physics properties of DM particles and (b) a factor depending on their astrophysical
distribution (50),

φ =
(

< συ>

M 2

dNγ

dE

) (
1

4π

∫

LOS
ρ2dl

)
, 4.

where < σv> is the velocity-weighted annihilation cross section of DM particles of mass M,
dNγ /dE is the γ -ray spectrum per annihilation event, and the second factor is the line-of-sight
integral of the squared DM particle density ρ2. The γ -ray emission from DM annihilation can
often be described as a combination of several processes, and it depends strongly on the annihilation
channel (Figure 4). The most common of these contributions is usually the hadronization of decay
or unstable particles. Supersymmetric models typically predict the annihilation of the lightest
supersymmetric particle (often the neutralino) into heavy final states consisting of bb̄ and tt̄ or
τ+τ−, or ZZ and W +W −, and so on. All of these channels (with the exception of annihilation
into τ+τ−) produce very similar (continuum) spectra of γ -rays, ultimately dominated by the
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Figure 6
Typical γ -ray energy spectra for several of the most prominent supernova remnants (SNRs). Young SNRs
(< 1,000 years) are shown in green. These typically show smaller γ -ray fluxes but rather hard spectra in the
GeV and TeV bands. The older (but still referred to as young) shell-type SNRs RX J1713.7-3946 and RX
J0852.0-4622 (Vela Junior) of ages ∼2,000 years are shown in shades of red. These show very hard spectra in
the GeV band (" = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The
middle-aged SNRs (∼20,000 years) interacting with molecular clouds (W44, W51C, and IC443) are shown
in blue. Also shown are hadronic fits to the data (solid lines).

Indeed, beyond pulsars and PWN (which are generally assumed to be dominated by CR elec-
trons), the largest number of detected γ -ray sources in the Galaxy are SNRs. The Fermi-LAT
team is about to release its catalog of SNRs in which the data have been analyzed for each of the
known SNRs (62) in our Galaxy, resulting in approximately 40 detections. These detections can be
divided into two classes (see, e.g., Figure 6). The largest class of GeV-detected SNRs consists of
those known to interact with molecular clouds, such as IC443, W44, and W51C (Figure 7). The
second class comprises young SNRs that are typically less luminous at GeV energies, have harder
spectra, and are often also detected at TeV energies. At TeV energies, 11 shell-type SNRs have
been detected, including such objects as Tycho’s SNR, Cas A, SN 1006, and RX J0852.0–4622
(Vela Junior), as well as RX J1713.7–3946 (Figure 8). The results seem to indicate that the CR
efficiency ϵCR (the efficiency of converting the SN explosion energy into CRs) is broadly consistent
with a value of 10%, albeit with rather large errors for individual SNRs due to uncertainties about
distance, explosion energy, and target density surrounding the remnants (63). A study at TeV en-
ergies with H.E.S.S., based on the Galactic plane survey (58, 59), came to similar conclusions (64).

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and
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J0852.0-4622 (Vela Junior) of ages ∼2,000 years are shown in shades of red. These show very hard spectra in
the GeV band (" = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The
middle-aged SNRs (∼20,000 years) interacting with molecular clouds (W44, W51C, and IC443) are shown
in blue. Also shown are hadronic fits to the data (solid lines).

Indeed, beyond pulsars and PWN (which are generally assumed to be dominated by CR elec-
trons), the largest number of detected γ -ray sources in the Galaxy are SNRs. The Fermi-LAT
team is about to release its catalog of SNRs in which the data have been analyzed for each of the
known SNRs (62) in our Galaxy, resulting in approximately 40 detections. These detections can be
divided into two classes (see, e.g., Figure 6). The largest class of GeV-detected SNRs consists of
those known to interact with molecular clouds, such as IC443, W44, and W51C (Figure 7). The
second class comprises young SNRs that are typically less luminous at GeV energies, have harder
spectra, and are often also detected at TeV energies. At TeV energies, 11 shell-type SNRs have
been detected, including such objects as Tycho’s SNR, Cas A, SN 1006, and RX J0852.0–4622
(Vela Junior), as well as RX J1713.7–3946 (Figure 8). The results seem to indicate that the CR
efficiency ϵCR (the efficiency of converting the SN explosion energy into CRs) is broadly consistent
with a value of 10%, albeit with rather large errors for individual SNRs due to uncertainties about
distance, explosion energy, and target density surrounding the remnants (63). A study at TeV en-
ergies with H.E.S.S., based on the Galactic plane survey (58, 59), came to similar conclusions (64).

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and
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general considerations about accelerators

trajectory of particle in B field

centripedal force = Lorentz force

L dimension of accelerator
L > 2 rL 

closer look (Hillas 1984):
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Hillas criterion
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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
ℜ = 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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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
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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,
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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
ℜ = 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 = 4πℜ3/3 is
the volume occupied by a supernova remnant of radius
ℜ 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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Figure 3. χ2 map in the parameter space of δ vs. Λ0 for the Leaky-Box
model fit to TRACER data. The best-fit values are marked at (δ, Λ0) =
(0.53 ± 0.06, 0.31+0.55

−0.31 g cm−2) and the 1σ contour is indicated.

to the sources, and the relative elemental source abundances n i
had been obtained (Ave et al. 2009).

With the measurement of the energy spectrum of the sec-
ondary nucleus boron, and of the secondary/primary intensity
ratio, i.e., the B/C ratio, in the second balloon flight in 2006,
we now attempt to derive further detail. We use Equation (3),
which for boron does not contain a source term Qi. Introducing
an effective path length λ→B (see Equation (9)), the B/C ratio
can then be expressed as

NB

NC

= λ−1
→B

Λ−1 + Λ−1
B

. (8)

Here, we further assume that boron is produced only by
spallation of carbon and oxygen, i.e., the contributions from
the spallation of nitrogen (amounting to just ∼3% of the boron
intensity) and from nuclei with Z > 8 are ignored. Finally,
we assume that there are no significant contributions to the
intensities of carbon and oxygen from spallation of heavier
nuclei. These assumptions seem to be justified by the dominant
intensities of carbon and oxygen among the primary nuclei. The
effective production path length for boron λ→B includes both
carbon and oxygen as parent nuclei:

λ−1
→B = λ−1

C→B + NO/NC · λ−1
O→B. (9)

The ratio NO/NC refers to the intensity ratio of the parent
nuclei oxygen and carbon on top of the atmosphere. This
ratio can be taken as independent of energy and is close to
unity (Obermeier et al. 2011; Müller et al. 1991; Engelmann
et al. 1990; Ahn et al. 2008). The spallation path length ΛB in
Equation (8) is derived from a geometrical parameterization of
the cross sections (Bradt & Peters 1950; Westfall et al. 1979),
and the production path lengths λ in Equation (9) are derived
from partial cross sections determined by Webber et al. (1990).
Specifically, we use ΛB = 9.3 g cm−2 and λ→B = 26.8 g cm−2

(assuming the ISM as a mixture of 90% hydrogen and 10%
helium by number).
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Figure 4. Escape path length as a function of energy resulting from a fit to
the boron-to-carbon data of TRACER. The dotted lines indicate the uncertainty
range noted in Figure 3. The dashed lines indicate the spallation path lengths of
carbon and iron in the interstellar medium.

The fitting function is then given with Equation (8), with the
escape path length Λ as expressed in Equation (7). Compared
to using the high-energy form of Equation (4), this has the
advantage that data below ∼10 GeV amu−1 can be included
in the fit. The only unknown quantity in Equation (8) is the
energy dependence of the propagation path length Λ with the
parameters δ and Λ0.

We have fitted the data on the B/C ratio versus energy
as measured by TRACER to a variety of values for δ and
Λ0. A probability contour map of the fitting results is shown
in Figure 3. The best fit for the propagation index is δ =
0.53 ± 0.06 g cm−2 and is quite close to the value of 0.6 which
was used in the previous analysis of Ave et al. (2009). The
best value for the residual path length, Λ0 = 0.31+0.55

−0.31 g cm−2,
is less well defined, and still a solution with Λ0 = 0 cannot
be excluded within the present accuracy of the TRACER data
alone. The corresponding escape path length Λ together with
its uncertainties is shown in Figure 4 as a function of energy.
The figure indicates that a cosmic-ray nucleus most probably
traverses a column density of 2.5 ± 0.9 g cm−2 of matter at
an energy of 50 GeV amu−1 before escaping the Galaxy. At
1000 GeV amu−1, the path length will be between 1.6 g cm−2

and 0.28 g cm−2, with a best-fit value of 0.76 g cm−2. For
comparison, the figure also indicates the energy-independent
spallation path lengths for the primary elements carbon and
iron. The result of the fitting procedure is shown in Figure 5 as a
solid line. The fit to the TRACER data alone overshoots the low
energy data of other measurements by about 10%–20%.

To refine the fit we may attempt to use the total data set
currently available for all reported B/C ratio measurements at
high energy (see Figure 2) in the fitting routine. The result for the
propagation parameters of this analysis essentially agrees with
the analysis of the TRACER data alone, but leads to values which
are more tightly constrained: we now obtain δ = 0.64 ± 0.02
and Λ0 = 0.7 ± 0.2 g cm−2. If this is correct, it would be
the first evidence for a non-zero residual path length. However,
we feel that this conclusion must be taken with caution as the
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For boron, the source term is not applicable and therefore vanishes. The production of
boron through spallation is primarily due to carbon and oxygen. This leads to:

NB =
1

Λ−1
esc + Λ−1

s

·
[

NC

ΛC→B
+

NO

ΛO→B

]

. (7.6)

Dividing by the carbon intensity, NC , an expression for the boron-to-carbon abundance ratio
(B/C), in terms of the Leaky-Box approximation, is arrived at:

(

B

C

)

=
NB

NC
=

Λ−1
→B

Λ−1
esc + Λ−1

s

. (7.7)

Here, the production pathlength for boron is Λ−1
→B = Λ−1

C→B+Λ−1
O→B , assuming the abundances

of carbon and oxygen are equal and energy independent as can be seen from Table 6.2 or
in [5, 78]. For interstellar matter (90% H, 10% He), the numerical value is Λ→B = 26.8 g/cm2.
The spallation pathlength for boron Λs in the interstellar medium is 9.3 g/cm2. These values
have been evaluated with the cross sections reported by Webber et al. [84, 85].

The escape pathlength is assumed to follow the parametrization given in Eq. (7.3) with an
asymptotic behavior as a function of energy like:

Λesc(E) = C · E−δ + Λ0, (7.8)

with the power-law index of the escape pathlength δ and the residual pathlength Λ0 (see also
Section 1.3). The parametrization of Λesc used to fit the experimental data is thus:

Λ(R) =
26.7β

(βR)δ + (0.714 · βR)−1.4
+ Λ0 g/cm2, (7.9)

Cosmic-ray Propagation and the TRACER Measurement

Previous measurements at energies below 10 GeV/amu suggest a pathlength index δ of about
0.6 with no residual pathlength (Eq. (7.3)). The resulting parametrization of the boron-to-
carbon ratio is shown as the dotted line in Figure 7.2.

A fit to the TRACER data was conducted for Λ0 assuming δ = 0.6. The result is a value
of Λ0 = 0.77 ± 0.32 g/cm2 for the residual pathlength. This result is illustrated as the dashed
line in Fig. 7.2, indicating the good agreement of the model with the data.

However, no a-priori assumption regarding the power-law index of the escape pathlength
δ = 0.6 has to be made. Treating δ and Λ0 as free parameters in the fit, a χ2 map is produced
as shown in Figure 7.3. It can be seen that δ is well constrained and close to the originally
assumed value of 0.6, but that Λ0 is not well constrained. The range Λ0 is very wide, as it is
only sensitive to high-energy data. The resulting most probable values are δ = 0.53 ± 0.06

and Λ0 = 0.31±0.55
0.31 g/cm2. They are indicated as solid line in Fig. 7.2.

The central value for Λ0 is consistent with that reported previously by the TRACER group
on the basis of an independent analysis of the measured energy spectra of the primary ele-
ments (Chapter 3, [13]).

A propagation index of 1/3, corresponding to a Kolmogorov spectrum of magnetic irreg-
ularities in the Galaxy (see Section 1.3), is strongly disfavored within the framework of the
Leaky-Box approximation.
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ratio (see e.g. [53]). Consequently, it is expected
that elements with higher A=Z have a harder
spectrum at the source.

The energy spectra observed at earth are mod-
ified during propagation of the particles through
the galaxy. Some authors include reacceleration by
weak interstellar shocks in the standard leaky box
model (e.g. [15,20,54]). Like the primary accelera-
tion also the reacceleration could be more efficient
for high Z nuclei.

To estimate the fluxes of these ultra-heavy ele-
ments at high energies the parametrization

!cZ ¼ Aþ BZC ð6Þ

is used to describe the Z dependence of the spectral
indices and to extrapolate them to higher values.
To study systematic effects of the extrapolation
two approaches are used, a linear function (C & 1)
and a non-linear extrapolation, using all three
parameters.

The dashed line in Fig. 5 represents the best fit
of a linear parametrization, exhibiting a decreasing
spectral index as function of the nuclear charge.

The data shown in the figure exhibit some curva-
ture which suggests to introduce the additional
degree of freedom. If the parameter C in Eq. (6) is
used as free parameter, the solid line in Fig. 5 is
obtained. The parameters for both trials are listed
in Table 2, both fits result in about the same
v2=d:o:f : ' 2:1. The values for the non-linear ap-
proach will be corroborated below by an inde-
pendent fit to the all-particle spectrum.

3.2. Ultra-heavy elements

For ultra-heavy elements (Z > 28) data exist
only at relative low energies around a few GeV/
nucleon as already mentioned. Fig. 6 shows a
compilation of the relative abundance from copper
(Z ¼ 29) up to uranium (Z ¼ 92), as measured by
several experiments on space crafts and balloons.
The data are normalized to Fe & 1, the threshold
is about 0.5–1 GeV/nucleon. Some authors give
only results for groups of elements, this is indi-
cated by horizontal error bars.

The experiments ARIEL 6 [55], HEAO 3 [57],
as well as Tueller et al. and Israel et al. [60] quote
abundances relative to iron. Only relative abun-
dances for elements ZP 70 are reported by Fowler
et al. [56], SKYLAB [58], TREK/MIR [59], and
UHCRE [61]. The results of the latter group have
been normalized to ARIEL 6. This detector could
resolve individual elements up to Z ¼ 48, and even
charged nuclei above. The range 706 Z6 80 has
been used to match the abundances for Fowler
et al., SKYLAB, and UHCRE. For TREK the
interval 726 Z6 80 has been utilized.

The results of all experiments show about the
same structure for the relative abundances. For
elements with Z > 80 deviations are visible. Due to
the very low flux only a few (K 10) nuclei have
been detected during a typical mission and the
experiments reach their limit for statistically reli-
able results.

Fig. 5. Spectral index cZ versus nuclear charge Z (see Table 1).
The solid line represents a three parameter fit according to Eq.
(6), the dashed graph a linear fit.

Table 2
Parameters of Eq. (6) for the linear and non-linear extrapolation of cZ

A B C

Linear 2:69 ( 0:12 !2:07 ( 1:05 ) 10!3 & 1
Non-linear 2:70 ( 0:19 !8:34 ( 4:67 ) 10!4 1:51 ( 0:13

J.R. H€oorandel / Astroparticle Physics 19 (2003) 193–220 199

JRH, Astropart. Phys. 19 (2003) 193
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Abstract

The propagation of high-energy cosmic rays in the Galaxy is investigated. Solutions of a diffusion model are combined with numer-
ically calculated trajectories of particles. The resulting escape path length and interaction path length are presented and energy spectra
obtained at Earth are discussed. It is shown that the energy spectra for heavy elements should be flatter as compared to light ones due to
nuclear interactions during the propagation process. The obtained propagation properties of ultra-heavy elements indicate that these
elements could play an important role for the explanation of the second knee in the cosmic-ray energy spectrum around 400 PeV.
! 2006 Elsevier B.V. All rights reserved.

PACS: 96.50.S!; 96.50.sb; 98.70.Sa

Keywords: Cosmic rays; Propagation; Knee

1. Introduction

The explanation of the origin of super-high-energy cos-
mic rays is one of the unsolved problems in astrophysics.
The energy spectra at the sources are not identical to the
observed spectra at Earth. Hence, studying the sources is
closely related to investigations of cosmic-ray propagation
processes in the Galaxy. For the latter, a detailed knowl-
edge of the structure of the magnetic fields is important.
Unfortunately, the configuration of the galactic magnetic
field remains an open question – different models can
explain the experimental data [1–4].

How cosmic rays are accelerated to extremely high ener-
gies is another unsolved problem. Although the popular
model of cosmic-ray acceleration by shock waves in the
expanding shells of supernovae (see e.g. [5–7]) is almost
accepted as ‘‘standard theory,’’ there are still serious diffi-
culties. Furthermore, the question about other acceleration
mechanisms is not quite solved, and such mechanisms

could lead to different cosmic-ray energy spectra at the
sources [1].

Different concepts can be verified, calculating the pri-
mary cosmic-ray energy spectrum, making assumptions
on the density of cosmic-ray sources, the energy spectrum
at the sources, and the configuration of the galactic mag-
netic fields. The diffusion model may be used in the energy
range E < 1017 eV, where the energy spectrum is obtained
using the diffusion equation for the density of cosmic rays
in the Galaxy. At higher energies this model ceases to be
valid, and it becomes necessary to carry out numerical cal-
culations of particle trajectories for the propagation in the
magnetic fields. This method works best for the highest
energy particles, since the time required for the calculations
is inversely proportional to the particle energy.

Therefore, a calculation of the cosmic-ray spectrum in
the energy range 1014–1019 eV has been performed in a
combined approach: solutions of a diffusion model are
used at low energies and particle trajectories are numeri-
cally integrated at high energies.

In Section 2 the basic assumptions for the diffusion
model will be described. The results obtained with the

0927-6505/$ - see front matter ! 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.astropartphys.2006.09.011
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propagation model are presented in the subsequent sec-
tions. The calculated propagation path length and interac-
tion probability of cosmic rays will be discussed in Sections
3 and 4, respectively. Finally, the energy spectra are pre-
sented in Section 5, followed by a discussion of the results
(Section 6).

2. Assumptions

High isotropy and a comparatively long retention of
cosmic rays in the Galaxy (!107 years for the disk model)
reveal the diffusion nature of particle motion in the inter-
stellar magnetic fields. This process is described by a corre-
sponding diffusion tensor [1,3,8]. The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting
nuclear interactions and energy losses)

"riDijðrÞrjNðrÞ ¼ QðrÞ: ð1Þ

Q(r) is the cosmic-ray source term and Dij(r) the diffusion
tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) is presented in cylindrical
coordinates as
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where N(r,z) is the cosmic-ray density averaged over the
large-scale fluctuations with a characteristic scale L !
100 pc [3]. D? / Em is the diffusion coefficient, where m is
much less than one (m ' 0.2), and DA / E the Hall diffu-
sion coefficient. The influence of Hall diffusion becomes
predominant at high energies (>1015 eV). The sharp
enhancement of the diffusion coefficient leads to an exces-
sive cosmic-ray leakage from the Galaxy at energies
E > 1017 eV. To investigate the cosmic-ray propagation at
such energies it becomes necessary to calculate the trajecto-
ries for individual particles.

Such a numerical calculation of trajectories is based on
the solution of the equation of motion for a charged parti-
cle in the magnetic field. The calculation was carried out
using a fourth-order Runge–Kutta method. Trajectories
of cosmic rays were calculated until they left the Galaxy.
Testing the differential scheme used, it was found that the
accuracy of the obtained trajectories for protons with an
energy E = 1015 eV after passing a distance of 1 pc
amounts to 5 · 10"8 pc. The retention time of a proton
with such an energy averages to about 10 million years,
hence, the total error for the trajectory approximation by
the differential scheme is about 0.5 pc.

The magnetic field of the Galaxy consists of a large-scale
regular and a chaotic, irregular component ~B ¼ ~Breg þ ~Birr.
A purely azimuthal magnetic field was assumed for the reg-
ular field

Bz ¼ 0; Br ¼ 0; B/ ¼ 1 lG exp " z2

z2
0

" r2

r2
0

# $
; ð3Þ

where z0 = 5 kpc and r0 = 10 kpc are constants [3]. These
values are adopted from Ref. [3] to ensure the same condi-
tions for both methods, i.e. trajectory calculations and the
diffusion approach. The irregular field was constructed
according to an algorithm used in [9], that takes into account
the correlation of the magnetic field intensities in adjacent
cells. The radius of the Galaxy is assumed to be 15 kpc
and the galactic disk has a half-thickness of 200 pc. The
position of the Solar system was defined at r = 8.5 kpc,
/ = 0!, and z = 0 kpc. A radial distribution of supernovae
remnants along the galactic disk was considered as sources
[10].

3. Propagation path length

Assuming an interstellar matter density nd = 1 cm"3 for
the galactic disk and nh = 0.01 cm"3 for the halo, following
Chapter 3 in Ref. [1], trajectory calculations were per-
formed at energies above 0.1 PeV. The dependence of the
path length on energy was obtained from the dependence
of the transport time for protons in the galactic disk and
the halo. The resulting escape path length for protons as
function of energy is presented in Fig. 1 as kdif. For heavier
nuclei with charge Z the path length scales with rigidity, i.e.
is related to the values for protons kp(E) as k(E,Z) = kp(E/
Z).

For protons at 4 PeV, the amount of traversed material
is approximately 0.7 g/cm2. At higher energies, the calcu-
lated path length decreases as /E"0.7. Between 0.1 and
1 PeV the calculations yield a behavior k / E"d with
d = 0.2. The dashed dotted line indicates a trend below
0.1 PeV extrapolating the calculated values to lower ener-
gies using the slope obtained. This yields a path length
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Fig. 1. Path length in the Galaxy for protons. The values for the diffusion
model (kdif) are indicated by the solid line. They are extrapolated to lower
energies by the dashed dotted line. Also shown are predictions of a leaky-
box model (klb, Eq. (4)), a residual path length model (krp, Eq. (5)), and an
upper limit for a residual path length model according to the TRACER
experiment (kTR) [11]. The horizontal line indicates the matter to be passed
along a straight line from the galactic center to the solar system (kgc).
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propagation model are presented in the subsequent sec-
tions. The calculated propagation path length and interac-
tion probability of cosmic rays will be discussed in Sections
3 and 4, respectively. Finally, the energy spectra are pre-
sented in Section 5, followed by a discussion of the results
(Section 6).

2. Assumptions

High isotropy and a comparatively long retention of
cosmic rays in the Galaxy (!107 years for the disk model)
reveal the diffusion nature of particle motion in the inter-
stellar magnetic fields. This process is described by a corre-
sponding diffusion tensor [1,3,8]. The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting
nuclear interactions and energy losses)

"riDijðrÞrjNðrÞ ¼ QðrÞ: ð1Þ

Q(r) is the cosmic-ray source term and Dij(r) the diffusion
tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) is presented in cylindrical
coordinates as
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where N(r,z) is the cosmic-ray density averaged over the
large-scale fluctuations with a characteristic scale L !
100 pc [3]. D? / Em is the diffusion coefficient, where m is
much less than one (m ' 0.2), and DA / E the Hall diffu-
sion coefficient. The influence of Hall diffusion becomes
predominant at high energies (>1015 eV). The sharp
enhancement of the diffusion coefficient leads to an exces-
sive cosmic-ray leakage from the Galaxy at energies
E > 1017 eV. To investigate the cosmic-ray propagation at
such energies it becomes necessary to calculate the trajecto-
ries for individual particles.

Such a numerical calculation of trajectories is based on
the solution of the equation of motion for a charged parti-
cle in the magnetic field. The calculation was carried out
using a fourth-order Runge–Kutta method. Trajectories
of cosmic rays were calculated until they left the Galaxy.
Testing the differential scheme used, it was found that the
accuracy of the obtained trajectories for protons with an
energy E = 1015 eV after passing a distance of 1 pc
amounts to 5 · 10"8 pc. The retention time of a proton
with such an energy averages to about 10 million years,
hence, the total error for the trajectory approximation by
the differential scheme is about 0.5 pc.

The magnetic field of the Galaxy consists of a large-scale
regular and a chaotic, irregular component ~B ¼ ~Breg þ ~Birr.
A purely azimuthal magnetic field was assumed for the reg-
ular field

Bz ¼ 0; Br ¼ 0; B/ ¼ 1 lG exp " z2
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where z0 = 5 kpc and r0 = 10 kpc are constants [3]. These
values are adopted from Ref. [3] to ensure the same condi-
tions for both methods, i.e. trajectory calculations and the
diffusion approach. The irregular field was constructed
according to an algorithm used in [9], that takes into account
the correlation of the magnetic field intensities in adjacent
cells. The radius of the Galaxy is assumed to be 15 kpc
and the galactic disk has a half-thickness of 200 pc. The
position of the Solar system was defined at r = 8.5 kpc,
/ = 0!, and z = 0 kpc. A radial distribution of supernovae
remnants along the galactic disk was considered as sources
[10].

3. Propagation path length

Assuming an interstellar matter density nd = 1 cm"3 for
the galactic disk and nh = 0.01 cm"3 for the halo, following
Chapter 3 in Ref. [1], trajectory calculations were per-
formed at energies above 0.1 PeV. The dependence of the
path length on energy was obtained from the dependence
of the transport time for protons in the galactic disk and
the halo. The resulting escape path length for protons as
function of energy is presented in Fig. 1 as kdif. For heavier
nuclei with charge Z the path length scales with rigidity, i.e.
is related to the values for protons kp(E) as k(E,Z) = kp(E/
Z).

For protons at 4 PeV, the amount of traversed material
is approximately 0.7 g/cm2. At higher energies, the calcu-
lated path length decreases as /E"0.7. Between 0.1 and
1 PeV the calculations yield a behavior k / E"d with
d = 0.2. The dashed dotted line indicates a trend below
0.1 PeV extrapolating the calculated values to lower ener-
gies using the slope obtained. This yields a path length
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Fig. 1. Path length in the Galaxy for protons. The values for the diffusion
model (kdif) are indicated by the solid line. They are extrapolated to lower
energies by the dashed dotted line. Also shown are predictions of a leaky-
box model (klb, Eq. (4)), a residual path length model (krp, Eq. (5)), and an
upper limit for a residual path length model according to the TRACER
experiment (kTR) [11]. The horizontal line indicates the matter to be passed
along a straight line from the galactic center to the solar system (kgc).
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propagation model are presented in the subsequent sec-
tions. The calculated propagation path length and interac-
tion probability of cosmic rays will be discussed in Sections
3 and 4, respectively. Finally, the energy spectra are pre-
sented in Section 5, followed by a discussion of the results
(Section 6).

2. Assumptions

High isotropy and a comparatively long retention of
cosmic rays in the Galaxy (!107 years for the disk model)
reveal the diffusion nature of particle motion in the inter-
stellar magnetic fields. This process is described by a corre-
sponding diffusion tensor [1,3,8]. The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting
nuclear interactions and energy losses)

"riDijðrÞrjNðrÞ ¼ QðrÞ: ð1Þ

Q(r) is the cosmic-ray source term and Dij(r) the diffusion
tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) is presented in cylindrical
coordinates as
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where N(r,z) is the cosmic-ray density averaged over the
large-scale fluctuations with a characteristic scale L !
100 pc [3]. D? / Em is the diffusion coefficient, where m is
much less than one (m ' 0.2), and DA / E the Hall diffu-
sion coefficient. The influence of Hall diffusion becomes
predominant at high energies (>1015 eV). The sharp
enhancement of the diffusion coefficient leads to an exces-
sive cosmic-ray leakage from the Galaxy at energies
E > 1017 eV. To investigate the cosmic-ray propagation at
such energies it becomes necessary to calculate the trajecto-
ries for individual particles.

Such a numerical calculation of trajectories is based on
the solution of the equation of motion for a charged parti-
cle in the magnetic field. The calculation was carried out
using a fourth-order Runge–Kutta method. Trajectories
of cosmic rays were calculated until they left the Galaxy.
Testing the differential scheme used, it was found that the
accuracy of the obtained trajectories for protons with an
energy E = 1015 eV after passing a distance of 1 pc
amounts to 5 · 10"8 pc. The retention time of a proton
with such an energy averages to about 10 million years,
hence, the total error for the trajectory approximation by
the differential scheme is about 0.5 pc.

The magnetic field of the Galaxy consists of a large-scale
regular and a chaotic, irregular component ~B ¼ ~Breg þ ~Birr.
A purely azimuthal magnetic field was assumed for the reg-
ular field

Bz ¼ 0; Br ¼ 0; B/ ¼ 1 lG exp " z2
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where z0 = 5 kpc and r0 = 10 kpc are constants [3]. These
values are adopted from Ref. [3] to ensure the same condi-
tions for both methods, i.e. trajectory calculations and the
diffusion approach. The irregular field was constructed
according to an algorithm used in [9], that takes into account
the correlation of the magnetic field intensities in adjacent
cells. The radius of the Galaxy is assumed to be 15 kpc
and the galactic disk has a half-thickness of 200 pc. The
position of the Solar system was defined at r = 8.5 kpc,
/ = 0!, and z = 0 kpc. A radial distribution of supernovae
remnants along the galactic disk was considered as sources
[10].

3. Propagation path length

Assuming an interstellar matter density nd = 1 cm"3 for
the galactic disk and nh = 0.01 cm"3 for the halo, following
Chapter 3 in Ref. [1], trajectory calculations were per-
formed at energies above 0.1 PeV. The dependence of the
path length on energy was obtained from the dependence
of the transport time for protons in the galactic disk and
the halo. The resulting escape path length for protons as
function of energy is presented in Fig. 1 as kdif. For heavier
nuclei with charge Z the path length scales with rigidity, i.e.
is related to the values for protons kp(E) as k(E,Z) = kp(E/
Z).

For protons at 4 PeV, the amount of traversed material
is approximately 0.7 g/cm2. At higher energies, the calcu-
lated path length decreases as /E"0.7. Between 0.1 and
1 PeV the calculations yield a behavior k / E"d with
d = 0.2. The dashed dotted line indicates a trend below
0.1 PeV extrapolating the calculated values to lower ener-
gies using the slope obtained. This yields a path length
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Fig. 1. Path length in the Galaxy for protons. The values for the diffusion
model (kdif) are indicated by the solid line. They are extrapolated to lower
energies by the dashed dotted line. Also shown are predictions of a leaky-
box model (klb, Eq. (4)), a residual path length model (krp, Eq. (5)), and an
upper limit for a residual path length model according to the TRACER
experiment (kTR) [11]. The horizontal line indicates the matter to be passed
along a straight line from the galactic center to the solar system (kgc).

120 J.R. Hörandel et al. / Astroparticle Physics 27 (2007) 119–126

propagation model are presented in the subsequent sec-
tions. The calculated propagation path length and interac-
tion probability of cosmic rays will be discussed in Sections
3 and 4, respectively. Finally, the energy spectra are pre-
sented in Section 5, followed by a discussion of the results
(Section 6).

2. Assumptions

High isotropy and a comparatively long retention of
cosmic rays in the Galaxy (!107 years for the disk model)
reveal the diffusion nature of particle motion in the inter-
stellar magnetic fields. This process is described by a corre-
sponding diffusion tensor [1,3,8]. The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting
nuclear interactions and energy losses)

"riDijðrÞrjNðrÞ ¼ QðrÞ: ð1Þ

Q(r) is the cosmic-ray source term and Dij(r) the diffusion
tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) is presented in cylindrical
coordinates as
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where N(r,z) is the cosmic-ray density averaged over the
large-scale fluctuations with a characteristic scale L !
100 pc [3]. D? / Em is the diffusion coefficient, where m is
much less than one (m ' 0.2), and DA / E the Hall diffu-
sion coefficient. The influence of Hall diffusion becomes
predominant at high energies (>1015 eV). The sharp
enhancement of the diffusion coefficient leads to an exces-
sive cosmic-ray leakage from the Galaxy at energies
E > 1017 eV. To investigate the cosmic-ray propagation at
such energies it becomes necessary to calculate the trajecto-
ries for individual particles.

Such a numerical calculation of trajectories is based on
the solution of the equation of motion for a charged parti-
cle in the magnetic field. The calculation was carried out
using a fourth-order Runge–Kutta method. Trajectories
of cosmic rays were calculated until they left the Galaxy.
Testing the differential scheme used, it was found that the
accuracy of the obtained trajectories for protons with an
energy E = 1015 eV after passing a distance of 1 pc
amounts to 5 · 10"8 pc. The retention time of a proton
with such an energy averages to about 10 million years,
hence, the total error for the trajectory approximation by
the differential scheme is about 0.5 pc.

The magnetic field of the Galaxy consists of a large-scale
regular and a chaotic, irregular component ~B ¼ ~Breg þ ~Birr.
A purely azimuthal magnetic field was assumed for the reg-
ular field
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where z0 = 5 kpc and r0 = 10 kpc are constants [3]. These
values are adopted from Ref. [3] to ensure the same condi-
tions for both methods, i.e. trajectory calculations and the
diffusion approach. The irregular field was constructed
according to an algorithm used in [9], that takes into account
the correlation of the magnetic field intensities in adjacent
cells. The radius of the Galaxy is assumed to be 15 kpc
and the galactic disk has a half-thickness of 200 pc. The
position of the Solar system was defined at r = 8.5 kpc,
/ = 0!, and z = 0 kpc. A radial distribution of supernovae
remnants along the galactic disk was considered as sources
[10].

3. Propagation path length

Assuming an interstellar matter density nd = 1 cm"3 for
the galactic disk and nh = 0.01 cm"3 for the halo, following
Chapter 3 in Ref. [1], trajectory calculations were per-
formed at energies above 0.1 PeV. The dependence of the
path length on energy was obtained from the dependence
of the transport time for protons in the galactic disk and
the halo. The resulting escape path length for protons as
function of energy is presented in Fig. 1 as kdif. For heavier
nuclei with charge Z the path length scales with rigidity, i.e.
is related to the values for protons kp(E) as k(E,Z) = kp(E/
Z).

For protons at 4 PeV, the amount of traversed material
is approximately 0.7 g/cm2. At higher energies, the calcu-
lated path length decreases as /E"0.7. Between 0.1 and
1 PeV the calculations yield a behavior k / E"d with
d = 0.2. The dashed dotted line indicates a trend below
0.1 PeV extrapolating the calculated values to lower ener-
gies using the slope obtained. This yields a path length
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Fig. 1. Path length in the Galaxy for protons. The values for the diffusion
model (kdif) are indicated by the solid line. They are extrapolated to lower
energies by the dashed dotted line. Also shown are predictions of a leaky-
box model (klb, Eq. (4)), a residual path length model (krp, Eq. (5)), and an
upper limit for a residual path length model according to the TRACER
experiment (kTR) [11]. The horizontal line indicates the matter to be passed
along a straight line from the galactic center to the solar system (kgc).
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results obtained with the two methods differ by a factor of
two and for higher energies the diffusion approximation
becomes invalid.

Although the knee in the all-particle spectrum has been
observed more than 40 years ago [24], it was only recently
that experimental spectra for groups of elements became
available. The KASCADE air shower experiment derived
energy spectra for five groups of elements, namely protons,
helium, CNO, silicon group, and iron group [25]. The spec-
tra exhibit a fall-off for individual elements at high ener-
gies. These results and the data available from other
experiments are compatible with the poly-gonato model
[26], assuming a knee for each element at an energy of
about Z 4.5 PeV [27].

In the following, we compare the predicted spectra
already shown in Fig. 6 to direct and indirect measure-
ments of the primary proton flux in Fig. 7. The predicted
spectra are normalized to average experimental values at
1 PeV. In the range depicted, almost no difference is seen
between the two approaches. The relatively steep decrease
of the measured flux at energies exceeding 4 PeV is not

reflected by the predictions. On the other hand, the data
are described reasonably well by the poly-gonato model
[26], shown in the figure as well. The observed change in
the spectral index Dc ! 2.1 according to the poly-gonato
model has to be compared to the value predicted by the dif-
fusion model. In the latter the change should be
1 " m ! 0.8 [3]. The observed value is obviously larger,
which implies that the remaining change of the spectral
shape should be caused by a change of the spectrum at
the source, e.g. due to the maximum energy attained in
the acceleration process.

The maximum energy and, therefore, the energy at
which the spectrum steepens depends on the intensity of
the magnetic fields in the acceleration zone and on a num-
ber of assumptions for the feedback of cosmic rays to the
shock front. The uncertainty of the parameters yields
variations in the maximum energy predicted by different
models up to a factor of 100 [6,29]. It seems, there is no
consensus about what the ‘‘standard model’’ is considered
to predict. For the time being, it is difficult to draw definite
conclusions from the comparison between the experimental
spectra for different elemental groups and the ‘‘standard
model’’ of cosmic-ray acceleration at ultra high energies.

6. Discussion

The energy spectra for individual elements measured at
the Earth with GeV and TeV energies can be described by
power laws dN/dE / Ec with values for the spectral index c
in the range "2.46 to "2.95 for elements from hydrogen to
nickel [30,26]. The measurements seem to indicate that the
steepness of the energy spectra at Earth depends on the
mass of the nuclei, heavier elements seem to have flatter
spectra. At higher energies in the PeV domain the mea-
sured spectra are compatible with the assumption of a knee
for individual elements at about Z 4.5 PeV [26,27].

The energy spectrum of cosmic rays at their source Q(E)
is related to the observed values at Earth N(E) as

NðEÞ / QðEÞ 1

kescðEÞ
þ 1

kintðEÞ

! ""1

ð10Þ

with the escape path length kesc and the interaction length
kint. Values for the former are presented in Fig. 1 and for
the latter in Fig. 3. The relation between N(E) and Q(E)
is governed by the absolute values of kesc and kint as well
as their respective energy dependence. The interaction
length kint is almost independent of energy, the values for
e in Eq. (9) are smaller than 0.05, see Fig. 4. On the other
hand, the propagation path length kesc decreases as func-
tion of energy as kesc / E"d, with values between d = 0.6
for leaky box models and d = 0.2 for the diffusion model
described in this work (see Section 3).

In the ‘‘standard picture’’ of galactic cosmic rays usually
kint > kesc is assumed with an energy independent interac-
tion length and an escape path length kesc = klb / E"0.6.
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Fig. 6. Calculated spectra of protons for the diffusion model (solid line)
and the numerical trajectory calculations (dotted line).
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results obtained with the two methods differ by a factor of
two and for higher energies the diffusion approximation
becomes invalid.

Although the knee in the all-particle spectrum has been
observed more than 40 years ago [24], it was only recently
that experimental spectra for groups of elements became
available. The KASCADE air shower experiment derived
energy spectra for five groups of elements, namely protons,
helium, CNO, silicon group, and iron group [25]. The spec-
tra exhibit a fall-off for individual elements at high ener-
gies. These results and the data available from other
experiments are compatible with the poly-gonato model
[26], assuming a knee for each element at an energy of
about Z 4.5 PeV [27].

In the following, we compare the predicted spectra
already shown in Fig. 6 to direct and indirect measure-
ments of the primary proton flux in Fig. 7. The predicted
spectra are normalized to average experimental values at
1 PeV. In the range depicted, almost no difference is seen
between the two approaches. The relatively steep decrease
of the measured flux at energies exceeding 4 PeV is not

reflected by the predictions. On the other hand, the data
are described reasonably well by the poly-gonato model
[26], shown in the figure as well. The observed change in
the spectral index Dc ! 2.1 according to the poly-gonato
model has to be compared to the value predicted by the dif-
fusion model. In the latter the change should be
1 " m ! 0.8 [3]. The observed value is obviously larger,
which implies that the remaining change of the spectral
shape should be caused by a change of the spectrum at
the source, e.g. due to the maximum energy attained in
the acceleration process.

The maximum energy and, therefore, the energy at
which the spectrum steepens depends on the intensity of
the magnetic fields in the acceleration zone and on a num-
ber of assumptions for the feedback of cosmic rays to the
shock front. The uncertainty of the parameters yields
variations in the maximum energy predicted by different
models up to a factor of 100 [6,29]. It seems, there is no
consensus about what the ‘‘standard model’’ is considered
to predict. For the time being, it is difficult to draw definite
conclusions from the comparison between the experimental
spectra for different elemental groups and the ‘‘standard
model’’ of cosmic-ray acceleration at ultra high energies.

6. Discussion

The energy spectra for individual elements measured at
the Earth with GeV and TeV energies can be described by
power laws dN/dE / Ec with values for the spectral index c
in the range "2.46 to "2.95 for elements from hydrogen to
nickel [30,26]. The measurements seem to indicate that the
steepness of the energy spectra at Earth depends on the
mass of the nuclei, heavier elements seem to have flatter
spectra. At higher energies in the PeV domain the mea-
sured spectra are compatible with the assumption of a knee
for individual elements at about Z 4.5 PeV [26,27].

The energy spectrum of cosmic rays at their source Q(E)
is related to the observed values at Earth N(E) as
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with the escape path length kesc and the interaction length
kint. Values for the former are presented in Fig. 1 and for
the latter in Fig. 3. The relation between N(E) and Q(E)
is governed by the absolute values of kesc and kint as well
as their respective energy dependence. The interaction
length kint is almost independent of energy, the values for
e in Eq. (9) are smaller than 0.05, see Fig. 4. On the other
hand, the propagation path length kesc decreases as func-
tion of energy as kesc / E"d, with values between d = 0.6
for leaky box models and d = 0.2 for the diffusion model
described in this work (see Section 3).

In the ‘‘standard picture’’ of galactic cosmic rays usually
kint > kesc is assumed with an energy independent interac-
tion length and an escape path length kesc = klb / E"0.6.
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Fig. 6. Calculated spectra of protons for the diffusion model (solid line)
and the numerical trajectory calculations (dotted line).
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Fig. 14. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. (Refer to note in
Fig. 13.) The grey solid lines indicate spectra according to the poly-gonato model (Hörandel, 2003a). The black lines indicate spectra for models explaining
the knee as effect of leakage from the Galaxy during the propagation process according to Hörandel et al. (2007) (—), Ogio and Kakimoto (2003) (- - -),
Roulet (2004) (! ! !), as well as Völk and Zirakashvili (2003) (-Æ-Æ-).
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Fig. 26. Left panel: Cosmic-ray energy spectra according to the poly-gonato model [2]. The spectra for groups of elements are labeled by their respective
nuclear charge numbers. The sum of all elements yields the galactic all-particle spectrum (—) which is compared to the average measured flux. In addition,
a hypothetical extragalactic component is shown to account for the observed all-particle flux (- - -). Right panel: Transition from galactic to extragalactic
cosmic rays according to Berezinsky et al. [451]. Calculated spectra of extragalactic protons (curves 1, 2, 3) and of galactic iron nuclei (curves 1⌃ , 2⌃ , 3⌃) are
compared with the all-particle spectrum from the Akeno and AGASA experiments. KASCADE data are shown as filled squares for the all-particle flux and
as open circles for the flux of iron nuclei.

In themodel of Berezinsky and collaborators [451,452], the dip in the all-particle spectrumbetween 1018 and 1019 eV, see
Fig. 26 (right), is interpreted as a structure caused by electron–positron pair production on cosmic microwave background
photons p + �3K ⇧ p + e+ + e�. Assuming a power law injection spectrum with a spectral index between � = �2.7
(without cosmological source evolution) and �2.4 (with cosmological source evolution), the spectrum can be described
for E > 1017.5 eV with a proton-dominated composition [451]. The shape of the dip is confirmed by data of the Akeno,
AGASA, HiRes, Yakutsk, and Fly’s Eye detectors after energy-rescaling [452]. Below a characteristic energy Ec ⌅ 1⇥ 1018 eV
the spectrum flattens and the steeper galactic spectrum becomes dominant at E < Ec . The transition energy Etr < Ec
approximately coincides with the position of the second knee E2nd observed in the all-particle spectrum. The critical energy
Ec is determined by the energy Eeq = 2.3⇥ 1018 eV, where adiabatic and pair-production energy losses are equal. Thus, the
position of the second knee is explained in this scenario by proton energy losses on cosmicmicrowave background photons.
The extragalactic component required in the poly-gonato model is somewhere between scenarios 1 and 2 shown in Fig. 26
(right). It should be emphasized that the pair productionmechanism requires the primary particles to be dominated (�80%)
by protons [286,91].

Traditionally, the ankle is interpreted as the characteristic signature for the transition between galactic and extragalactic
cosmic rays [449,453]. In such a scenario, extragalactic cosmic rays dominate the flux above about 1019 eV. This picture of
the transition to extragalactic cosmic rays is supported by the pioneering observations of the Fly’s Eye experiment that the
composition changes at about 1018.5 eV [32,324]. New observations by HiRes-MIA and HiRes find a rather sharp transition
from a heavy to a light composition at much lower energy, E ⇤ 1017.5 eV. It is clear that the HiRes data are difficult to
understand within a model in which naturally heavy elements should dominate the end of the spectrum of galactic cosmic
rays just below 1019 eV.

If one assumes that extragalactic cosmic rays are accelerated in processes qualitatively similar to those in ourGalaxy then,
at injection, the composition of extragalactic cosmic rays should be similar to that of cosmic rays at lower energy. Indeed,
model calculations show that a mixed or even predominantly heavy source composition could, after taking propagation
effects into account, be compatible with existing data [91,454].

On the other hand, themodel by Berezinsky et al. predicts a proton-dominated composition at energies as low as 1018 eV.
One of the advantages of this model is the natural explanation of the energy and the shape of the ankle. To obtain a good
description of the ankle, there should not be more than ⇤20% He in the extragalactic cosmic-ray flux [91,286]. This could
be interpreted as indication for either strong magnetic fields in the accelerating shock fronts or top-down source scenarios,
which predict proton-dominated fluxes at not too high an energy.

Understanding the nature of the ankle in the cosmic-ray spectrum has direct implications for the spectrum at much
higher energy. For example, if the e+e� pair production model is confirmed one can conclude that (i) extragalactic cosmic
rays are mainly protons, (ii) sources are cosmologically distributed, (iii) there should be a GZK suppression of the flux, (iv)

Transition to extragalactic CR component

BerezinskyJRH
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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 106 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 1017 and 1018 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 1016 eV, marked as component ‘‘B’’ in the figure.

An extragalactic component, marked as EGT , dominates the all-particle spectrum above 1019 eV, for details see [449]. The

model proposed byWibig andWolfendalewith a transition at higher energies between 1018 and 1019 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 1018 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⇤1017 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⇤ 1017 eV.

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

„classical“ supernovae + additional component

Hillas
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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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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.

H He N Si γ

He −0.78

N −0.61 −0.01

Si −0.43 −0.08 +0.75

γ −0.26 −0.32 +0.80 +0.89

log10(Rcut/V) −0.59 +0.00 +0.93 +0.84 +0.86

Table 2. Correlation coefficients among fit parameters (SPG model, EPOS-LHC UHECR-air inter-
actions) as derived from the mock simulated sets.

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include
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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
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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
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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

Article number, page 9 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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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. 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.
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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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The low inelastic cross sections and higher values for the elasticity assumed in model
3a have implications on the mass composition derived from Xmax measurements at energies
above 107 GeV as pointed out above. With the low cross sections also intermediate and heavy
elements are important in this energy region. In the energy region between 107 and 108 GeV
a relatively heavy composition has been also found by Alvarez-Muñiz et al (2002b), namely
consisting of 85% Fe, 10% CNO, 4% He and 1% protons. Similar values are calculated with
the poly-gonato model at 4 × 107 GeV: 86% heavy and ultra-heavy (9 ! Z ! 92), 9% CNO
(6 ! Z ! 8), 4% He (2 ! Z ! 5), and <1% protons. A key issue of the present investigations
is that cosmic rays above 108 GeV, i.e. the ad hoc component, contain a significant contribution
of particles heavier than protons. A mass composition heavier than protons only in this region
is also obtained by Erlykin and Wolfendale (2002).

5. Mean logarithmic mass

Many scientists characterize the mass composition of high-energy cosmic rays by the mean
logarithmic mass. It is defined as

⟨ln A⟩ ≡
∑

i

ri ln Ai, (6)

with the relative fraction ri of nuclei with mass Ai . Knowing the average depth of the shower
maximum for protons X

p
max and iron nuclei XFe

max from simulations, the mean logarithmic mass
can be derived in the superposition model from the measured values Xmeas

max using

⟨ln A⟩ = Xmeas
max − X

p
max

XFe
max − X

p
max

· ln AFe. (7)

The corresponding ⟨ln A⟩ values for the variations of QGSJET 01, obtained from the
data presented in figure 9, are plotted versus the primary energy in figure 12 for models 1
and 2 as well as for models 3 and 3a in figure 13. The average ⟨ln A⟩ increases as the cross
sections decrease from model 1 to model 3. For the original QGSJET the results of many
experiments exhibit a (strong) decrease of ⟨ln A⟩ up to about 4×106 GeV and an increase above
this energy. The energy of this dip in the ⟨ln A⟩ values coincides with the energy of the
knee in the all-particle energy spectrum. The dip becomes less striking with lower inelastic
cross sections and higher values for the elasticity. For model 3a only a modest dip can
be recognized. At 4 PeV the average values increase from ⟨ln A⟩ = 1.2 for model 1 to
⟨ln A⟩ = 1.6 for model 3a. Around 108 GeV the average logarithmic mass compared with
model 1 is about !⟨ln A⟩ ≈ 0.5 larger for model 3 and !⟨ln A⟩ ≈ 0.7 larger for model 3a.
These examples illustrate how strong the interpretation of air shower measurements depends
on model parameters such as the inelastic cross sections or elasticities used. At Tevatron
energies the cross sections vary within the error range given by the experiments and at
108 GeV the proton–air cross sections of models 1 and 3 differ only by about 10%, but the
general trend of the emerging ⟨ln A⟩ distributions proves to be significantly different.

At this point the circle closes. If we assume in the energy region from 107 to 108 GeV a
small proton fraction only, the cross sections have to be corrected and lowered to the region
of values for model 3. In turn a heavier composition is obtained for model 3 as has been
demonstrated in figure 13. Thus, at least qualitatively the arguments are consistent.

Results from the balloon experiments JACEE (Shibata 1999) and RUNJOB
(Apanasenko et al 2001) are presented in figures 12–14 (filled points) for comparison. No
hint for a decreasing mean logarithmic mass is indicated by these measurements. The solid
lines shown in the figures are predictions according to the poly-gonato model for the galactic
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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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Cosmic rays at the knee
Results and implications

•knee in all-particle spectrum at ~4.5 PeV caused by fall-off of light 
elements (p, He)
•experimental (world) data indicate rigidity-dependent fall-off of individual 

elements 
(in particular unfolding by KASCADE[-Grande] and IceCube/Top) 
•spectrum above knee is superposition of individual spectra  

(elemental knees) 
—> fine structure in all-particle spectrum  
—> end of galactic CR component 
•astrophysical origin of knee: 

combination of maximum energy attained in sources (Supernovae)  
(Hillas criterion) 
and leakage from Galaxy 

•2nd galactic component at ~1017 eV?
•extra-galactic origin >1018 eV


