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Prof. Dr. Ralph Engel 
KIT 
 

Nijmegen, 21 January 2026 
 
Sponsoring International School of Cosmic Ray Astrophysics 
 
Dear Professor Engel, lieber Ralph, 
 
The International School of Cosmic Ray Astrophysics is looking back on a long tradition, educating students 
and young scientists in the field of astroparticle physics from many countries around the world since 1978. 
Astroparticle physics is an interdisciplinary field at the interface between astronomy, astrophysics, particle 
physics, and cosmology. The School is held biannual at the Ettore Majorana Center in Erice, Sicily. The 24th 
Course “Particles and the Cosmos – Bridging the infinitesimal and the infinite” will take place 29 July – 6 
August 2026 and is jointly organized by Professors Jörg R. Hörandel (Radboud University, The Netherlands), 
Roberta Sparvoli (University of Rome Tor Vergata, Italy), and Todor Stanev (Bartol Research Institute, USA). 
 
One of the main objectives of the School is to bring together students and high-profile scientists from many 
countries around the world. The organizers of the School give out scholarships to cover the local costs to stay 
in Erice during the School. This allows students from less developed countries to attend the School. The fee for 
the next course is expected to be around 1485.- EUR. To attract the best scientists in the field as lecturers the 
organizers also need to support some of the lecturers. Sponsoring makes this support possible. 
 
On behalf of the organizers and the students attending the School I take the liberty to kindly ask you to 
financially support the 24th Course of the International School of Cosmic Ray Astrophysics. Your support will 
be mentioned on the School web site.  
 
We would again like to thank you for your generous support of the last course in 2024, to which you 
contributed 3000.- EUR. Below we look back at the 2024 course. 
 
We would be very pleased by a positive decision. Please feel free to contact me for remaining questions. Thank 
you very much in advance. 
 
Sincerely yours 

 
Prof. Dr. Jörg R. Hörandel 
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ρE =
4π

c

∫
E

β

dN

dE
dE ≈ 1

eV
cm3

energy density

ρB =
B2

2µ0
≈ 0.25 eV/cm3

ρSL ≈ 0.3 eV/cm3

ρIR ≈ 0.4 eV/cm3

ρ3K ≈ 0.25 eV/cm3

for comparison:

Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


knee 2nd knee ankle

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 
(2

00
8)

 4
42

 

Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


Solar flares

so
la

r p
ar

tic
le

s knee 2nd knee ankle

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 
(2

00
8)

 4
42

 

Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


Solar flares

so
la

r p
ar

tic
le

s knee 2nd knee ankle

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 
(2

00
8)

 4
42

 

Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


so
la

r p
ar

tic
le

s knee 2nd knee ankle

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 
(2

00
8)

 4
42

 

galactic  
cosmic rays

Cosmic rays at the knee
Results and implications

Jörg R. Hörandel https://hoerandel.euRU Nijmegen, VU Brussel

http://hoerandel.eu


so
la

r p
ar

tic
le

s knee 2nd knee ankle

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 
(2

00
8)

 4
42

 

galactic  
cosmic rays

extragalactic  
cosmic rays

Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


knee 2nd knee ankle

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 
(2

00
8)

 4
42

 

galactic  
cosmic rays

extragalactic  
cosmic rays

Cosmic rays at the knee
Results and implications

Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.eu

http://hoerandel.eu


knee 2nd knee ankle

JR
H

, A
dv

. S
pa

ce
 R

es
. 4

1 
(2

00
8)

 4
42

 

galactic  
cosmic rays

extragalactic  
cosmic rays

3.6 pc 360 pcr= 36 kpc0.04 pc

Radius of particle 
in magnetic field

r[pc]=1.08* E [PeV]
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A Matthews Heitler Model – mass resolution in EAS 
measurements

JRH, Mod. Phys. Lett. A 22 (2007) 1533 JRH, Nucl. Instr. and Meth. A 588 (2008) 181

the difference should be of the order of Dg ! 0:02.
However, fits to the experimental data (lines in Fig. 2)
yield gp ¼ #2:71$ 0:02 and gHe ¼ #2:64$ 0:02 [4], result-
ing in a difference Dg ¼ 0:07.

3. Extensive air showers

When high-energy cosmic-ray particles penetrate the
Earth’s atmosphere they interact and generate a cascade of
secondary particles, the extensive air showers. Two types of
experiments may be distinguished to register air showers:
installations measuring the longitudinal development of
showers (or the depth of the shower maximum) in the
atmosphere by observations of Cherenkov or fluorescence
light and apparatus measuring the density (and energy) of
secondary particles (electrons, muons, hadrons) at ground
level.

The shower energy is proportional to the total light
collected or to the total number of particles recorded at
observation level. More challenging is an estimation of the
mass of the primary particle. It is either derived by a
measurement of the depth of the shower maximum Xmax

and the fact that the depth of the shower maximum for a
primary particle with mass A relates to the depth of the
maximum for proton induced showers as

X A
max ¼ X p

max # X 0 lnA (2)

where X 0 ¼ 36:7 g=cm2 is the radiation length in air [20,21].
Or, measuring the electron-to-muon ratio in showers. A
Heitler model of hadronic showers [21] yields the relation

lgðNe=NmÞ ¼ C # 0:065 lnA. (3)

This illustrates the sensitivity of air shower experi-
ments to lnA. To measure the composition with a
resolution of 1 unit in lnA the shower maximum has to
be measured to an accuracy of about 37 g=cm2 (see Eq. (2))
or the Ne=Nm ratio has to be determined with an relative
error around 16% (see (3)). Due to the large intrinsic
fluctuations in air showers, with existing experiments at
most groups of elements can be reconstructed with
D lnA ! 0:821.

The detection principle is illustrated in Fig. 3, depicting
the number of electrons as function of the number
of muons at shower maximum. The symbols represent
fully simulated showers with discrete energies in steps
of half a decade, for details see Ref. [21]. The lines
represent predictions of a Heitler model of hadronic air
showers [21]. The solid lines are lines of constant mass

NejA ¼ 7:24 ' A#0:16N1:16
m (4)

for primary protons and iron nuclei. The dashed lines
correspond to a constant energy, following:

NejE0
¼ 5:30( 107ðE0=PeVÞ1:37N#0:46m . (5)

The sets of lines define a parallelogram giving the axes for
energy and mass in the Ne–Nm plane as indicated by the
arrows. The dotted lines represent a constant Xmax,

separated by 100 g=cm2 according to

lgNejXmax
¼

Xmax þ 287:9 g=cm2

569:6 g=cm2
þ 1:02 lg Nm. (6)

A similar plot is presented in Fig. 4, showing the Ne–Nm
plane for showers measured with the KASCADE experi-
ment. The third dimension gives the production height of
muons [22]. In the Ne–Nm plane light primary elements are
expected in the upper left part of the figure. This is
underlined by the measurements yielding in this area deeply
penetrating showers. Attention should be paid when the
two figures are compared: Xmax for the electromagnetic
component (Fig. 3) is compared to Xmax for the muonic
component (Em40:8GeV, Fig. 4). Fig. 3 represents Ne and

ARTICLE IN PRESS

Fig. 3. Number of electrons vs. number of muons at shower maximum for
fully simulated showers (symbols). The lines represent predictions of a
Heitler model: solid—constant mass for protons and iron nuclei (4),
dashed—constant energy (5), and dotted—constant depth of the shower
maximum Xmax (6).

Fig. 4. Number of electrons vs. number of muons for showers measured
with the KASCADE experiment, the third dimension is the muon
production height [22].

J.R. Hörandel / Nuclear Instruments and Methods in Physics Research A 588 (2008) 181–188 183

depth of shower 
maximum

electron-muon ratio

radiation length X0=36.7 g/cm2

J. Matthews, Astropart. Phys. 22 (2005) 387
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the number of electrons as function of the number
of muons at shower maximum. The symbols represent
fully simulated showers with discrete energies in steps
of half a decade, for details see Ref. [21]. The lines
represent predictions of a Heitler model of hadronic air
showers [21]. The solid lines are lines of constant mass

NejA ¼ 7:24 ' A#0:16N1:16
m (4)

for primary protons and iron nuclei. The dashed lines
correspond to a constant energy, following:

NejE0
¼ 5:30( 107ðE0=PeVÞ1:37N#0:46m . (5)

The sets of lines define a parallelogram giving the axes for
energy and mass in the Ne–Nm plane as indicated by the
arrows. The dotted lines represent a constant Xmax,

separated by 100 g=cm2 according to

lgNejXmax
¼

Xmax þ 287:9 g=cm2

569:6 g=cm2
þ 1:02 lg Nm. (6)

A similar plot is presented in Fig. 4, showing the Ne–Nm
plane for showers measured with the KASCADE experi-
ment. The third dimension gives the production height of
muons [22]. In the Ne–Nm plane light primary elements are
expected in the upper left part of the figure. This is
underlined by the measurements yielding in this area deeply
penetrating showers. Attention should be paid when the
two figures are compared: Xmax for the electromagnetic
component (Fig. 3) is compared to Xmax for the muonic
component (Em40:8GeV, Fig. 4). Fig. 3 represents Ne and

ARTICLE IN PRESS

Fig. 3. Number of electrons vs. number of muons at shower maximum for
fully simulated showers (symbols). The lines represent predictions of a
Heitler model: solid—constant mass for protons and iron nuclei (4),
dashed—constant energy (5), and dotted—constant depth of the shower
maximum Xmax (6).

Fig. 4. Number of electrons vs. number of muons for showers measured
with the KASCADE experiment, the third dimension is the muon
production height [22].
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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

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
kepðEÞ 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-
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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
kepðEÞ 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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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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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
kepðEÞ 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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electron-poor (heavy) group, and is defined by fitting the
kepðEÞ 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
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III. THE COINCIDENT ANALYSIS

When the surface observables from IceTop are combined
with the additional observables from the InIce detector, the
high-energy muon component of the shower is measured in
coincidencewith the electromagnetic component of theEAS.
Using this coincident configuration, a mass-independent
primary energy spectrum and individual elemental spectra
are measured. This technique was developed for the meas-
urement of the cosmic ray composition of 1 month of IT-40/
IC-40 data in the energy range between 1 and 30 PeV [7,27]
using two input variables. Building on this experience, the
technique was extended to five input variables over a wider
primary energy range, optimized over a larger scan of
different network types, and trained on more Monte Carlo
simulated events. This updated technique was applied to a
single year of data from the nearly complete IT-73/IC-79
detector in [5,8]. Here, the 1-year analysis is improved and
further expanded to include 3 years of data.

A. Neural network mapping technique

This analysis includes five variables which depend on
primary energy and primary mass in a nonlinear fashion:
the shower size in IceTop (S125), the zenith angle [cosðθÞ],
the muon energy loss in the ice (dE=dX), and the number of
high-energy stochastics under two selections (standard and
strong). There is no theoretical analytical expression that
relates our input variables to primary mass and primary
energy; thus, an artificial neural network (NN)5 is trained
on simulation to determine the relationships between the
five inputs and the two outputs. The network is strongly

dependent on the two primary parameters, S125 and dE=dX,
but the three other parameters do contribute to the energy
and mass reconstruction.
The final high-quality sample of simulated Monte Carlo

data is split into three parts. Half of the sample is used to
generate the neural network (the network sample). The other
half (the verification sample) is used for comparisons of data
and simulation in the final analysis steps. The network
sample is again split in two: 74 357 events are used to train
the network (the training sample), the remaining 67 399
events (the test sample) serve to test the network and to select
the network architecture and optimal activation function
based on the network performance. Networks were trained
on unweighted events; however, every Monte Carlo sample
mentioned above is chosen in such a way that it contains an
equal mixture of each of the four primary types (p, He, O,
and Fe) and covers the full energy range.
During the first 5000 of 10 000 minimizer iterations (also

called cycles or epochs), only a random selection of 60% of
the training data is utilized. After the training converged on
this random selection, the training continues on the full
training set.

B. Optimizing the neural network

Many different neural network architectures were evalu-
ated for performance before analyzing any data, as dis-
cussed in [5]. In addition to networks with five inputs as
described above, alternative networks with the two primary
inputs [log10ðS125Þ and log10ðdE=dXÞ only], three inputs
[adding cosðθÞ], and four inputs [adding the standard
selection of high-energy stochastics only] were tested.
Three groups of network structures were explored: with
one, two, and three hidden layers, and the number of
neurons was varied within the hidden layers. Two activa-
tion functions (a sigmoid and a tanh) were explored. In
total, 207 networks for each of the two activation functions
and for each number of inputs (1656 networks in total)
were trained on the simulations.
The performance of each network was assessed accord-

ing to how well it reconstructed primary energy and
primary mass. The assessment process was optimized to
find the network with the smallest and most consistent
RMS spread and bias over all energies, and which had mass
groups that were best-separated and most distinctive (i.e.,
“peaky”). The final optimized network has five inputs,
seven neurons in a first hidden layer, four neurons in a
second hidden layer, and two outputs, with a tanh activation
function connecting the neurons and a linear mapping from
the last layer to the output neurons. A schematic of this
network is shown in Fig. 10.
It is important to note that this neural network has two

target outputs which are very different in nature: the
first output is a continuous energy distribution, and the
second target output instead is composed of four discrete
numbers corresponding to four elemental masses

FIG. 9. All-particle energy spectrum from the IceTop-alone
analysis from each of the 3 years and the 3 years together.

5In particular, a feed-forward multilayer-perceptron neural
network is used from the TMVA [28] machine learning package.
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J. P. A. M. de André,22 C. De Clercq,13 J. J. DeLaunay,49 H. Dembinski,37 K. Deoskar,44 S. De Ridder,27 P. Desiati,33

K. D. de Vries,13 G. de Wasseige,13 M. de With,10 T. DeYoung,22 A. Diaz,14 J. C. Díaz-Vélez,33 H. Dujmovic,46
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simulated. Therefore, the neural network energy output
(E0;reco) is also a continuous distributionwhich is expected to
reproduce the true primary energy (within some bias and
resolution) for each event, as discussed below in Sec. III C.
On the other hand, the neural network mass output results in
smeared distributions around the four discrete mass num-
bers, which require further analysis in order to decompose
the primarymass. Themass is therefore not reconstructed on
an event-by-event basis but is determined statistically for the
entire dataset, as discussed below in Sec. III D.

C. Neural network primary energy reconstruction

The energy dependence of the primary energy bias and
resolution as reconstructed by the NN are shown in Fig. 11.
The energy resolution (Fig. 11, lower) ranges from 9%

(for iron showers at around 30 PeV) and 18%with the worst
resolutions below the energy threshold of∼3 PeV and at the
highest energies due to the worsening core position and
angular resolution (as discussed in Sec. I G). Heavier
primaries can be reconstructed more precisely because of
their lower intrinsic shower fluctuations. As mentioned in
Sec. II, the overall decrease in precision beyond ∼100 PeV
is partially caused by the decrease in precision in angular and
position resolution shown in Fig. 5, which creates an extra
smearing effect in S125.
In this analysis, events are divided into energy bins of

width 0.1 in log10ðE=GeVÞ, which is larger than both the
energy bias and the energy resolution as shown in Fig. 11.
However, due to the decrease in accuracy, precision, and
available statistics at high energies [log10ðE=GeVÞ > 8.0],
bins of width 0.2 are used in this region. Above 1 EeV the
energy bias dependence on the primary type becomes too
large and limits the energy range over which this analysis is
optimal.
Figure 12 shows the all-particle energy spectrum results

for the coincident analysis for 3 years individually and
combined, multiplied by a factor of E3 to highlight the
details: the results are consistent between the years. The
gray band represents the combined systematic uncertainties
of the IceTop and InIce detectors for the coincident
analysis, as discussed in Sec. IV B. These results are
included in Table IV in the Appendix A.

D. Composition reconstruction using kernel density
estimation to fit neural network templates

Figure 13 shows histograms for each simulated element
(proton, helium, oxygen, and iron) in the natural logarithm

FIG. 11. Energy reconstruction bias (upper) and resolution
(lower) as a function of the reconstructed energy for the different
primary types and for an equal mixture of each type.

FIG. 12. All-particle energy spectrum from the coincident
analysis from each of the 3 years analyzed individually compared
to the combined result. The gray band represents the total detector
uncertainty from both the IceTop and InIce arrays, as discussed in
Sec. IV B.

FIG. 10. The neural network architecture of the best performing
neural network. This network maps five input variables onto two
output variables using two hidden layers with, respectively, seven
and four neurons using a tanh activation function. It is therefore
called a 5-7-4-2 network.
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four individual fractions is then translated into an individual
spectrum for the corresponding elemental group, as shown
in Fig. 16 (colors) compared to the all-particle spectrum
(black). Recent model predictions are also included in
Figs. 15 and 16, which will be discussed in Sec. V. In both
figures, the gray band represents the total coincident
detector uncertainty from both the IceTop and InIce arrays,
which will be discussed in Sec. IV B. These results are
included in Tables V and VI in Appendix A.
Intermediate elements, not part of the four groups listed

above, are expected to produce neural network outputs in
between the adjacent groups, so will partially contribute to
the flux of the groups that bracket it. In order to test this, a
small sample of silicon was passed through the NNþ KDE

chain and treated as “data.” The natural log of the mass of
silicon is approximately midway between that of oxygen
and that of iron; therefore, as expected (due to the
regression-style neural network mass output), the silicon
is reconstructed as a nearly 50=50 mixture of oxygen and
iron across all energies.
Figure 17 shows the mean log mass, which is derived

from the individual fractions shown in Fig. 15. Again, the
gray band represents the total coincident detector uncer-
tainty from both the IceTop and InIce arrays, which
will be discussed in Sec. IV B. Each of the 3 years of
data is again shown both separately and combined and
agrees very well within the statistical and systematic
uncertainties.

FIG. 16. Individual spectra for the four mass groups (protons in
red, helium in yellow, oxygen in green, and iron in blue)
including total detector systematic compared with various cosmic
ray models (H3a and H4a [26]) and phenomenological exper-
imental fits (GST [31] and GSF [32]). Sibyll 2.1 was used for the
hadronic interaction model in the simulated dataset.

FIG. 15. Fractions for the four mass groups (protons in red,
helium in yellow, oxygen in green, and iron in blue) including the
total detector systematic compared with various cosmic ray
models (H3a and H4a [26]) and phenomenological experimental
fits (GST [31] and GSF [32]). Sibyll 2.1 was used for the
hadronic interaction model in the simulated dataset.
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simulated. Therefore, the neural network energy output
(E0;reco) is also a continuous distributionwhich is expected to
reproduce the true primary energy (within some bias and
resolution) for each event, as discussed below in Sec. III C.
On the other hand, the neural network mass output results in
smeared distributions around the four discrete mass num-
bers, which require further analysis in order to decompose
the primarymass. Themass is therefore not reconstructed on
an event-by-event basis but is determined statistically for the
entire dataset, as discussed below in Sec. III D.

C. Neural network primary energy reconstruction

The energy dependence of the primary energy bias and
resolution as reconstructed by the NN are shown in Fig. 11.
The energy resolution (Fig. 11, lower) ranges from 9%

(for iron showers at around 30 PeV) and 18%with the worst
resolutions below the energy threshold of∼3 PeV and at the
highest energies due to the worsening core position and
angular resolution (as discussed in Sec. I G). Heavier
primaries can be reconstructed more precisely because of
their lower intrinsic shower fluctuations. As mentioned in
Sec. II, the overall decrease in precision beyond ∼100 PeV
is partially caused by the decrease in precision in angular and
position resolution shown in Fig. 5, which creates an extra
smearing effect in S125.
In this analysis, events are divided into energy bins of

width 0.1 in log10ðE=GeVÞ, which is larger than both the
energy bias and the energy resolution as shown in Fig. 11.
However, due to the decrease in accuracy, precision, and
available statistics at high energies [log10ðE=GeVÞ > 8.0],
bins of width 0.2 are used in this region. Above 1 EeV the
energy bias dependence on the primary type becomes too
large and limits the energy range over which this analysis is
optimal.
Figure 12 shows the all-particle energy spectrum results

for the coincident analysis for 3 years individually and
combined, multiplied by a factor of E3 to highlight the
details: the results are consistent between the years. The
gray band represents the combined systematic uncertainties
of the IceTop and InIce detectors for the coincident
analysis, as discussed in Sec. IV B. These results are
included in Table IV in the Appendix A.

D. Composition reconstruction using kernel density
estimation to fit neural network templates

Figure 13 shows histograms for each simulated element
(proton, helium, oxygen, and iron) in the natural logarithm

FIG. 11. Energy reconstruction bias (upper) and resolution
(lower) as a function of the reconstructed energy for the different
primary types and for an equal mixture of each type.

FIG. 12. All-particle energy spectrum from the coincident
analysis from each of the 3 years analyzed individually compared
to the combined result. The gray band represents the total detector
uncertainty from both the IceTop and InIce arrays, as discussed in
Sec. IV B.

FIG. 10. The neural network architecture of the best performing
neural network. This network maps five input variables onto two
output variables using two hidden layers with, respectively, seven
and four neurons using a tanh activation function. It is therefore
called a 5-7-4-2 network.
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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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TALE (TA low-energy extension)

26* (4*1015 eV)4*1015 eV

p FeC

Figure 25 compares the current result with some recent
results from other experiments. We note that qualitatively the
spectra are in agreement. The difference in normalization is
within the systematics of the energy scales of the different
experiments. In particular, we note that a 6.5% downward shift
in the IceTop energy scale results in a spectrum that lies on top
of the TALE spectrum for energies below 1017eV.

Figure 26 compares the current result with some recent results
from TA fluorescence(Abbasi et al. 2016) and surface detec-
tor(Jui 2016)measurements. We note that above 1017eV, there is
excellent agreement between the different results, demonstrating
that the TALE spectrum can be seen as an extension of the
measurements in the UHE regime down to lower energies.

8. Summary

The Telescope Array Low Energy extension was constructed to
extend the TA study of the spectrum and composition of cosmic
rays down to the 1016.5–1018.5 eV regime. This is the energy range
in which the transition from cosmic rays of galactic origin to those

of extragalactic origin is thought to occur. Although several
experiments have already seen hints of a second-knee structure in
the 1017 decade, they have different energy scales and flux
normalizations, so that the actual energy of the feature was
unknown. TALE overlaps with other TA spectra, so that TALE
measurements will share a single energy scale with TA.
TALE consists of 10 high-elevation fluorescence telescopes and

an in-fill array of 103 surface detectors. The TALE FD has been
taking monocular data since 2013. We analyzed 1080 hr of TALE
monocular FD data taken between 2014 June and 2016 March.
Events were reconstructed using a profile-constrained geometry fit
that reconstructs the spatial trajectory and the longitudinal
development of the EAS in a single step. We demonstrated that
this technique gives energy resolutions sufficient for spectrum
measurement. In particular, we obtained a ∼15% energy
reconstruction resolution of Cherenkov-dominated showers point-
ing toward the detector. These events were previously rejected for
spectrum measurements. Their inclusion allowed us to extend the
lower threshold of TALE FD by more than another order of
magnitude to 1015.3 eV.

Figure 23. TALE cosmic ray energy spectrum measured with 22 months of data.
Contributions from Cherenkov, mixed, and fluorescence events shown separately.
Note that only the Cherenkov subsets contributes to the spectrum below 1016.7 eV.

Figure 24. TALE cosmic ray energy spectrum composition dependence. A
comparison of the spectrum calculation if we assume that cosmic rays are pure
protons (red), pure iron (blue), follow the H4a composition (green), or the TXF
result (black). The pure iron case is shown for reference only; at low energies it is
excluded by previous measurements: e.g., Prosin et al. (2009) and Apel et al.
(2013).

Figure 25. TALE cosmic ray energy spectrum plotted along with measurements
by Yakutsk (Knurenko et al. 2013), TUNKA (Budnev et al. 2013), Prosin et al.
(2014), Kaskade-Grande (Apel et al. 2012), and IceTop (Rawlins 2016).

Figure 26. TALE cosmic ray energy spectrum plotted along with measurements
by TA using the FDs at Black Rock and Long Ridge sites(Abbasi et al. 2016),
and by the TA surface detector(Jui 2016). We also show the Auger spectrum
(Fenu 2017) with a 10% energy scaling applied to make it agree with the TA
SD flux.
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LHAASO

axis [32]. In this Letter, the energy reconstruction formula
differs slightly from the previous article [32] where
quasivertical events within one energy decade were
selected. Instead, the zenith angle range of 10°–30° is
chosen for cosmic rays with energy covering 2 orders of
magnitude. The energy reconstruction formula used is
log10ðE=GeVÞ¼p0þp1 · log10ðNeμÞ, details can be found
in the Supplemental Material [23]. Above a few hundred
TeV, the correlation between Neμ and the primary energy
becomes nearly independent of the components as dem-
onstrated in Fig. S5 using the QGSJETII-04 model and the
Gaisser H3a model as examples in the Supplemental
Material [23]. This suggests that the composition of the
cosmic rays does not significantly impact the accuracy of
the energy reconstruction based on Neμ. The differences
of parameters p0 and p1 in energy reconstruction formulas
for different composition models (such as Gaisser H3a
[34], Horandel [35], GST [36], and GSF [37]) are very
small, as shown in Table S1 of the Supplemental Material
[23]. Therefore, the energy reconstruction formulas for
each high-energy hadronic interaction models are based on
the average parameters of four composition models, as
shown in Table S2 of the Supplemental Material [23].
Different hadronic interaction models result in energy
reconstruction formulas with little difference, so the
average one is used to reconstruct cosmic ray energy,
which is log10ðE=GeVÞ ¼ 2.791þ 0.993 · log10ðNeμÞ.
All-particle energy spectrum of cosmic rays.—The core

location, direction, and energy of a shower are recon-
structed, and the binned flux can be calculated using the
following formula

JðEÞ ¼ ΔNðEÞ
ΔE · Aeff · T

; ð3Þ

where ΔN represents the number of events per energy bin
in a given time interval T, and Aeff represents the geometric
aperture. To validate this method, simulation data are
analyzed in the same way, and the results are presented
in Fig. S6 of the Supplemental Material [23], which
confirm that our method can reproduce all the input spectra
with high accuracy.
The all-particle energy spectrum of primary cosmic rays

is calculated following Eq. (3) within the energy range of
0.3 to 30 PeV, as shown in Fig. 1 from which the knee
structure is clearly visible.
The systematic error of the spectrum is considered as

follows. The single particle calibration uncertainty of one
ED and MD is less than 2% [39] and 0.5% [33], respec-
tively. At 300 TeV, the average number of triggered EDs and
MDs is approximately 200 and 50, respectively. Therefore,
the measurement uncertainty of Ne and Nμ are both less
than 0.15%, which contribute a negligible uncertainty on
all-particle energy spectrum. The impact of local variations
in air pressure on the results of this Letter is estimated to be
approximately %3%. The systematic uncertainty observed
between different composition models, such as Gaisser H3a,
Horandel, GST, and GSF models, are found to be less than
%1.5%. The influence of QGSJETII-04, EPOS-LHC, and
SIBYLL-2.3d high-energy hadronic interaction models on
the flux systematic uncertainty is approximately %2.5% as
shown in Fig. S9 of the Supplemental Material [23]. The
shadow band in Fig. 1 represents the systematic uncertain-
ties associated with air pressure, composition models, and
different high-energy hadronic interaction models. A com-
parison of these systematic errors can be found in Table S3
of the Supplemental Material [23]. The values of the all-
particle energy spectrum, along with the corresponding
statistical and combined systematic uncertainties (excluding
the uncertainty from hadronic interaction models), can be
found in Table S5 of the Supplemental Material [23].
The ASγ experiment shows that the difference between

the pure proton and pure iron primary models becomes
larger in the lower energy region, where the difference in
the intensities between the two models exceeds a factor of 3
at 1014 eV [6]. The IceTop-73 results show that the
difference of energy spectrum intensities between assuming
pure proton and pure iron models exceeds a factor of 1.5 at
2 PeV [40]. Of course, the extreme cases of pure proton and
pure iron do not reflect reality. In this Letter, the flux
difference between the pure proton and pure iron models is
approximately 12%, which is better by more than a factor
of 10 than that of previous experiments and thus allows for
a more robust and reliable estimation of the primary energy
of cosmic rays.
Figure 3 shows the spectrum fitted with the following

formula [11,41]:

JðEÞ ¼ Φ0 · ðEÞγ1
!
1þ

!
E
Eb

"
s
"ðγ2−γ1Þ=s

; ð4Þ
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FIG. 1. The LHAASO-KM2A all-particle energy spectrum flux
multiplied by E2.75 as a function of energy. The gray shadow band
represents the estimated systematic uncertainties. The results of
the HAWC [38], CASA-MIA [15], Tibet-III [6], KASCADE
[11], IceCube/IceTop [9,10] are also plotted for comparison. The
error bars represent the statistical uncertainties.
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where Eb corresponds to the knee position, γ1 and γ2 are
spectral asymptotic slopes before and after knee, s is the
sharpness parameter of the knee. According to our fitting
results, the knee position is at 3.67! 0.05! 0.15 PeV,
where the first term is statistical error and the second is
systematic error. The spectral indices are −2.7413!
0.0004! 0.0050 and −3.128! 0.005! 0.027 before
and after the knee, respectively. The energy spectral index
changes 0.387! 0.005! 0.027 before and after the
knee, with the sharpness of the transition measured at
4.2! 0.1! 0.5. This Letter represents one of the most
precise measurements of the all-particle energy spectrum
to date. The numerical values for different high-energy
hadronic interaction models are summarized in Table S4 of
the Supplemental Material [23].
Mean logarithmic mass of cosmic rays.—According to

the Matthews-Heitler model [24], the muon content of a
cosmic ray shower is dependent on its composition and
energy as follows:

Nμ ∝ A ·
!

E
A · εc

"
β
; ð5Þ

where A represents the mass of the cosmic ray, with a value
of 1 for a proton and 56 for iron. Additionally, εc refers to
the critical energy at shower maximum [42]. According to
Eq. (5), given the energy, the relationship between the
mean of the logarithmic muon content [hlnðNμÞi] and the
mean logarithmic mass of cosmic rays [hlnðAÞi] can be
determined

hlnðNμÞi ¼ x0 þ x1 · hlnðAÞi: ð6Þ

The parameters x0 indicate the proton hlnðNμÞiH and x1
indicate 1 − β [43]. These parameters are obtained through
fitting simulation data. To reduce the statistical fluctuation
of the simulation data, the energy interval of the simulation
data is set to 0.2, as shown in the left plot of Fig. S7 of the
Supplemental Material [23]. These parameters, x0 and x1,
exhibit variations with energy within the energy range of
log10ðErec=GeVÞ ¼ 5.5 and 7.5, as shown in Fig. S7 of
Supplemental Material [23] using the QGSJETII-04 model
as an example. By fitting the relationship between x0 or x1
and cosmic ray energy, we can interpolate to obtain the
corresponding values of x0 or x1 within a 0.1 energy
interval. The validation of this method, using four assumed
composition models, is illustrated in Fig. S8 of the
Supplemental Material [23]. These figures confirm that
our method can reproduce all the input composition models
with high accuracy.
Using the above method, LHAASOmeasures the hlnðAÞi

in each cosmic ray energy bin from 0.3 to 30 PeV, and these
measurements are shown in Fig. 2, along with results from
other experiments. The distribution of hlnðAÞi predicted by
Gaisser H3a, Horandel, GST, and GSF models are also
depicted in Fig. 2. At low energy region around 300 TeV,
our results are consistent with the predictions of the
Horandel, Gaisser H3a models. However, as the energy
increases, our results deviate from the predictions of the
Horandel or Gaisser H3a models, indicating that these
models are not able to fully explain our observations.
The systematic error of the hlnðAÞi is considered as

follows. The impact of local variations in air pressure on
hlnðAÞi is approximately !4%. The differences of hlnðAÞi
between several cosmic ray composition models, such as
Gaisser H3a, Horandel, GST, and GSF models, are found
to be less than !3%. The distribution of hlnðAÞi for the
QGSJETII-04, EPOS-LHC, and SIBYLL-2.3d models
exhibits a very similar shape, as shown in Fig. S9 of
the Supplemental Material [23], and the maximum differ-
ence between them is less than !6%. The shadow band in
Fig. 2 represents the systematic uncertainties associated
with air pressure, composition models, high-energy had-
ronic interaction models and the parameters x0 and x1
obtained by fitting the simulation data. The detail values of
these systematic errors can be seen in Table S3 of the
Supplemental Material [23]. The values of hlnðAÞi, along
with their corresponding statistical and combined system-
atic uncertainties (excluding the uncertainty from hadronic
interaction models), are included in Table S6 of the
Supplemental Material [23].
The results of other experiments, whose energy regions

overlap with this Letter, are also plotted for comparison.
While measurements from other experiments show a
gradual increase in the mean logarithmic mass, our meas-
urement reveals a decrease followed by an increase, with the
sharpness of the transition measured at 5.5! 0.3! 0.9. The
systematic uncertainty of our measurement results is !9%,

FIG. 2. The hlnðAÞi (red dots) from experimental data as a
function of cosmic rays energy. The error bars show the statistical
uncertainties. The gray shadow band represents the combined
systematic uncertainties. The results of CASA-MIA [14] and
Tunka-133 [44] are also plotted for comparison. The shadow
bands represent the systematic uncertainty for KASCADE
[11,45] and IceCube/IceTop [9] experiment, respectively. The
curves are the hlnðAÞi which are calculated according to the
cosmic rays composition models.
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Fig. 3. (a) CR proton spectrum from a few TeV to tens of PeV. The fluxes are multiplied by a factor o allowing a detailed comparison between measurements in entirely
different energy domains. Proton spectra reported by the space-borne ISS-CREAM, DAMPE, CALET, and NUCLEON and ground-based GRAPES-3, ICETOP, and KASCADE
detectors and the LHAASO all-particle spectrum are plotted together with the proton spectrummeasured in this work by LHAASO. Here we show three proton energy spectra
based on different hadronic models. All error bars represent the statistical errors. The shaded band represents the overall systematic uncertainty, excluding that introduced by
the hadronic interaction models. The center of the shaded band corresponds to the results from the EPOS-LHC model. The systematic uncertainty introduced by the hadronic
interaction models can be referenced by the differences among the three energy spectra. (b) To clearly see how those measurements are connected over a wider energy range
starting from 1 GeV, the spectra by AMS-02, DAMPE and LHAASO (proton spectrum and all-particle spectrum) are plotted. AMS-02 and DAMPE have a good overlap around

GeV, and the gap between DAMPE and LHAASO around 0.1 PeV should be covered by the two experiments shortly, allowing a complete description of the spectrum
without suffering from a relative energy scale difference between experiments.

The best fit of the spectrum over the entire energy range from
0.158 to 12.6 PeV comes with three power laws, i.e., a combination
of two power-law breaks. The functional form reads as
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The fitting results are presented in Table 1. The second type of
error is the systematic error, which is derived by comparing the fit-
ting results of the energy spectra under various conditions, such as
different air pressures, selection efficiencies, hadronic interaction
models, composition models, etc. When focusing on the changes
in the spectral index, all fitting results show that the change in
the power-law index, exceeds 0.14, indicating the
presence of a hardening tendency in all cases. Taking into account
the systematic uncertainty of fluxes at the lowest energies, the first
power law component and hardening energy which are eventu-
ally decided by the left-most 3 points, have larger uncertainty,
compared to the second and third power law components. The

measurement of the knee by LHAASO is a broad feature in the
energy interval 1–10 PeV with a large step in spectral index

4176

To test the hypothesis of the softening being an exponential
cut-off instead of a break in the power law spectrum, the proton
spectrum is fitted with a combination of the smoothly broken

power law functional form and the exponential cut-off . As
shown in Fig. 2a, neither the statistics nor the energy coverage
of the measurement allows a conclusive choice between
scenarios.

Below the ‘‘knee”, the proton energy spectrum is much harder
than the all-particle energy spectrum [2], indicating that the pro-
portion of proton events is rapidly increasing before bending down
in the knee. The knee energy of the proton spectrum PeV)
is essentially the same as that of the all-particle energy spectrum,
3.67 PeV [2], within statistical errors ( 0.5 PeV).

The results of the spectra obtained using three hadronic interac-
tion models are plotted in Fig. 3a. The spectral features can be rec-
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energy range of 0.3–13 PeV. Key spectral features are
precisely captured, namely the sharp transients of spectral
hardening and the spectral knee. The overall χ2 of 10.7 for
10 degrees of freedom indicates the goodness of the fitting,
as shown in Fig. 2(a). Precise parameter values for the three
hadronic interaction model assumptions are listed in
Table S2 in SM [28].
The proton and helium spectra are summarized over the

energy range from 10 GeV to 20 PeV in Fig. 3, alongside
data from AMS-02 [47], DAMPE [7,8], CALET [11],
NUCLEON [48], CREAM-III [49], IceTop [19],
KASCADE [18], and the LHAASO all-particle energy
spectrum. The helium spectrum in the energy range above
0.1 PeV shows some interesting and unexpected features.
In the energy range of 0.3–1.0 PeV, the spectrum is well
described by a power law with a single spectral index of
−2.92! 0.01, approximately equal to what has been
measured by the DAMPE and CALET detectors at lower
energies in the 0.03–0.1 PeV interval. The three lowest-
energy points measured by LHAASO indicate that the
spectrum is likely harder than the single-index power law.
However, the three points at the boundary of the observa-
tion range are not sufficient to define a new spectral
component as a firm conclusion. It is clearly very important
to cover the gap in energy between the satellite and air
shower measurements. Further efforts involving the two
detection methods to determine the spectral shape in this
critical energy range will help in understanding systematic
effects. It obviously is an important goal for future studies.
The helium spectrum becomes harder at the energy

Eh ≃ 1.1! 0.1 PeV, with the spectral index changing by
Δγ ≃ 0.25! 0.02. This is a very clear feature of the
spectrum with high significance of more than 12σ. The
hardening feature, the energy Eh, and the spectral index at
energies below 1 PeV are almost model independent,
whereas the spectral index (hardness) above 3 PeV shows
some uncertainty, with differences of 1σ–3σ between
models. It is also interesting to note that a similar hardening
feature has been observed in the proton spectrum with a
very similar change of spectral index of Δγ ∼ 0.2 at
energies below 0.3 PeV. The feature seems not to manifest
a strict rigidity dependence—which would imply a factor-
of-2 energy shift—between proton and helium spectra,
although the energy at which the proton spectrum becomes
harder is not yet well determined in experiments [20]. It is
also notable that the hardness of the helium spectrum is not
as high as that of the proton spectrum. This results in a
significantly lower helium flux compared to protons at the
proton knee (∼3.3 PeV). This directly demonstrates the
dominance of protons at the all-particle knee.
At the energy Ek ∼ 7 PeV, there is a broad softening in

the spectrum, referred to as the helium knee, with the
spectral index decreasing by about 1.0. The spectral index
and Ek are slightly dependent on the hadronic interaction
model assumption within 2σ. The significance of the

kneelike structure is greater than 6σ. Nevertheless, due
to the limited coverage of high energies above 7 PeV in
the current analysis, this knee feature indicates a rigidity
dependence within the error when compared with the
proton spectrum [20].
H=He ratio—Above the knee, the spectral indices of

proton and helium spectra are very similar within 1σ and
the spectra are softer than the all-particle spectrum [4],
as shown in Fig. 3. This implies that there is room to
accommodate the rigidity-dependent knees of heavier
components. If the hardening of the proton spectrum at
∼0.1 PeV was a surprising feature found by LHAASO, the
softening of the helium spectrum in the same energy range
is somewhat “expected” since the all-particle spectrum has
a significant simple power-law feature with the single index
of ∼ − 2.74 [4]. These features result in a very complex
energy dependence of the H=He ratio, which transits unity
twice in the range below the helium knee, as shown in
Fig. 3(b). Note that all kinetic energy-rigidity conversions
in this Letter are based on the assumption of a pure 4He
sample.
This is a remarkable feature of the LHAASO measure-

ments in contrast to the behavior at lower energies, i.e., the
helium spectrum is softer than the proton spectrum in a
wide energy range below the proton knee. This results in
the H=He ratio increasing with energy from a minimum
value of ∼0.7 at E ∼ 0.2 PeV to a maximum value of ∼1.4.
The crossing point at E ∼ 0.7 PeV marks protons restoring
as the dominant cosmic ray component, a surprise
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FIG. 3. (a) Energy spectra of protons (red open markers) and
helium (blue solid markers) scaled by E2.75. Only statistical
uncertainties are plotted. The helium data are from AMS-02 [47],
NUCLEON [48], DAMPE [8], CREAM-III [49], CALET [11],
IceTop [19], KASCADE [18], and LHAASO. The proton data are
from AMS-02 [47], DAMPE [7], and LHAASO. The all-particle
spectrum from LHAASO [4] is plotted for reference. (b) Proton to
helium flux ratio ΦHðEÞ=ΦHeðEÞ. AMS-02 data in gray (proton
data interpolated from Ref. [47]), DAMPE data in blue (helium
data interpolated from Ref. [8]), and LHAASO data in red are
plotted together. Only statistical uncertainties are included. The
unity is indicated by the gray line for reference.
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following the strong helium spectrum hardening observed
in space-borne data. Another crossing at E ∼ 5 PeV is then
observed, the helium population overtaking protons again.
The reversal is interpreted as driven by the proton knee
occurring at a lower energy than the helium knee.
Implications—LHAASO measurements reveal distinct

spectral shapes in proton and helium spectra, with at least
three energy-ordered transitions in cosmic ray component
dominance. Such a complex energy dependence pattern
variation is not expected based on the all-particle spectrum
measurement alone, which manifests nearly a perfect
smooth transition from one single-index power law
(γ ∼ −2.74) to another (−3.13) over the same energy range.
These findings challenge current theoretical frameworks
about cosmic ray origins. Some relevant features are better
discerned from the rigidity spectra of protons and helium
nuclei, as shown in Fig. 4. For simplicity, only AMS-02,
DAMPE, and LHAASO data, which have the statistical
error < 10% for all points, are plotted. It is interesting to
observe that the H=He ratio decreases monotonically over a
wide range from 10 GV to an energy of approximately 100
TV, then increases monotonically up to a few PV.
The most remarkable implication is that Galactic cosmic

rays do not originate from a single source population.
Other than the small hump at the lowest rigidity range
< ð20–30Þ GV, in which particles are not sufficiently
energetic and are modulated by solar activity, one observes
two major humps in the rigidity ranges of (0.1, 100) TVand
(0.1, 10) PV, respectively. They may represent different
source populations. Notably, the lower energy component
is characterized by a clearly stronger enhancement in
helium flux than that in proton flux over nearly the same
range of rigidity, although both spectra are undergoing
hardening. This may be interpreted in terms of sources with

helium enriched with respect to protons. In contrast, the
higher energy component has a much larger rate of increase
for the proton content than that for helium over a similar
rigidity range, thus indicating a group of sources dominated
by proton enriched accelerators. This may be indicated by
the two opposite slopes of the H=He ratio as a function of
rigidity.
Most cosmic ray acceleration models predict that the

proton and helium spectra generated by the same sources
exhibit identical rigidity-dependent shapes [50,51].
Additionally, Galactic propagation models also anticipate
rigidity-dependent distortions of the source spectra. This
indicates that the differing energy and rigidity dependence
of the proton and helium spectra revealed by the LHAASO
observations are linked to combinations of source classes
that contribute dominantly to cosmic ray acceleration
across different energy ranges. The different abundances
of protons and helium nuclei in different classes of CR
sources might result in the complex rigidity dependence of
the spectral hardening features. On the other hand, soft-
ening of the spectra might indicate the maximal acceler-
ation energy of the sources that have similar rigidity
features. However, the interpretation of the spectra in terms
of an astrophysical model that includes different classes of
sources with different emission spectra and different
injection rates for different nuclei remains a very open
problem. The extension of the measurements of the proton
and helium spectra to both lower energy (to cover the gap
with the space-borne measurements) and to higher energy
(to fully determine the knee features), and the study of the
spectra of heavier nuclei will soon add very important
information to develop an understanding of those issues.
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FIG. 4. (a) Rigidity spectra. Data are from LHAASO for helium
(black circles) and protons (red circles), AMS-02 [47], and
DAMPE [7,8]. The fluxes are scaled by R2.75. Only statistical
uncertainties are included. (b) Proton to helium flux ratio
ΦHðRÞ=ΦHeðRÞ. Only statistical uncertainties are included. Data
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Fig. 13. The total systematic uncertainty for the energy scale in our analysis and the contributions of the different systematic error sources (see Section 5.3) are shown as a
function of the primary energy.

Fig. 14. The all-particle energy spectrum of cosmic rays obtained in this work (solid circles) compared with other measurements of the spectrum from different cosmic-ray
experiments. The data from direct measurements are from ATIC-2 (open crosses) [7] and NUCLEON (solid crosses) [2], while the indirect measurements we present are from ARGO-
YBJ (stars) [48], ICETOP (SYBILL 2.1, open squares; QGSJET-II-04, solid squares) [102], KASCADE (QGSJET-II-02, upward solid triangles; SYBILL 2.1 open upward triangles) [88,91],
LHAASO-KM2A (solid diamonds) [52], TAIGA-HISCORE (open diamonds) [100], TIBET-III (QGSJET-01 + Heavy Dominant, open downward triangles; QGSJET-01 + Proton Dominant,
downward solid triangles) [49] and TUNKA (open circles) [101]. HAWC data points are displayed with statistical and systematic uncertainties. The measurements from other
experiments are presented solely with statistical errors. In all cases, vertical error bars represent statistical uncertainties. The error band indicates the systematic error of the HAWC
energy spectrum.

studies are underway in HAWC to get a deeper understanding of the
relation between this spectral feature and the composition of cosmic
rays at TeV energies.

The origin of the TeV spectral features in the all-particle and ele-
mental spectra of cosmic rays is still unknown. However, according to
some models these features could be due to a nearby source of TeV
cosmic rays, to a new population of accelerators that dominates the
spectrum at energies smaller than 100TeV or to reacceleration pro-
cesses in the ISM. All of them are constrained by measurements of the
energy spectra and the anisotropy of cosmic rays. In the scenario with a
nearby source, it is argued that a cosmic-ray accelerator located within
a distance of ∱ 500pc from Earth and with cutoff rigidities <∲(10TV)
could produce the cut-offs in the spectrum [32]. The local source
could be, for example, a 2ω3Myr old supernova located 100ω200pc
away from the Sun [104–106] or the Geminga supernova remnant
(SNR) [30]. There could also be more than one nearby source behind
the origin of the TeV breaks. In this regard, in [30], it is mentioned
that in addition to Geminga, the presence of another local supernova
remnant at a distance of 300pc and with an age of 0.3Myr could
also be consistent with the data, however, it has to be located in a
specific direction of the sky. Regarding the models involving a new
class of cosmic-ray accelerators, it is assumed that over the background
of cosmic rays produced by hadronic Pevatrons in our galaxy, which
are responsible for the knee at a few PeV in the total spectrum,
there exists a dominant contribution in the TeV energy regime from
astrophysical sources in the Milky Way with maximum rigidities of

Fig. 15. Comparison of the all-particle energy spectrum of cosmic rays obtained in this
work (circles) and the H, He, and H+ He spectra as measured with other experiments.
The data for the spectra of H nuclei are from CALET [10] (upward solid triangles),
DAMPE [8] (solid squares), and NUCLEON [4] (crosses), while the measurements of
the He spectra correspond to CALET [11] (upward open triangles), DAMPE [9] (open
squares), and NUCLEON [4] (downward open triangles). The H+ He spectra are from
DAMPE [103] (open stars) and HAWC [12] (open circles). The error band represents
the total systematic uncertainty, and the vertical error bars, statistical uncertainties.
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The all-particle spectrum of cosmic rays measured at Earth has a kneelike feature around 4 PeV. A priori,
it is not clear if this is a local feature specific to the Solar neighborhood in the Milky Way or if it is a generic
property of the Galactic cosmic-ray spectrum. We argue that combining gamma-ray and cosmic-ray data of
Large High Altitude Air Shower Observatory (LHAASO) indicates that the knee is a local feature. In order
to demonstrate this, we derive a model for the local cosmic-ray spectrum and composition, consistent with
the recent LHAASO measurements of the all-particle spectrum and the mean logarithmic mass in the knee
region. We calculate the spectrum of diffuse gamma-ray emission based on this model and find that the
expected spectral shape of the diffuse gamma-ray flux disagrees with the LHAASO measurements of the
diffuse gamma-ray emission in the 10–100 TeVenergy range in the inner and outer Galaxy. We determine
the break energy in the cosmic-ray spectrum expected from these gamma-ray data and find it an energy 10
times lower than obtained from local measurements.
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I. INTRODUCTION

The all-particle energy spectrum of high-energy cosmic
rays (CRs) at Earth has been measured with increasing
precision over the past 60 years. At the energy Ek ≃ 4 PeV,
the most pronounced change dubbed the CR knee occurs
where the spectral index dN=dE ∝ E−β changes from
β ≃ 2.7 below to β ≃ 3.1 above the knee. While there is
a general agreement between various experiments about the
position of the knee in the all-particle spectrum, there have
been substantial differences concerning the elemental
composition of the CR flux in the knee region measured
by different experiments [1]. The Large High Altitude
Air Shower Observatory (LHAASO) experiment has the
potential to improve the measurements in this energy range
considerably, with the recent precise measurement of the
mean logarithmic mass as a first step in this direction [2].
Explanations for the origin of the knee fall in two main

classes of models [1]. In the first one, the knee is caused by
a change in the propagation of Galactic CRs around the
PeV energy, where a change in the energy dependence of
the confinement time induces a steepening of the CR
spectrum [3–8]. Alternatively, the knee may be connected
to properties of the injection spectrum of Galactic CRs. For
instance, the knee might correspond to a break in the source
CR energy spectrum [9,10] or to the maximal rigidity to
which the CR source population dominating the CR flux

below PeV can accelerate [11–13]. A variation of this
model is the suggestion that the spectrum below the knee is
dominated by a single nearby source and that the knee
corresponds to the maximal energy of this specific
source [14,15].
All these models lead to a rigidity-dependent sequence

of knees at ZEk, a behavior first suggested by Peters
[16,17]. Measurements of the nuclear composition of the
CR flux, therefore, cannot distinguish between them.
Alternative ways to extract information about the CR knee
are, therefore, needed. One possibility to infer the CR
spectrum outside the Solar neighborhood is to use gamma-
ray observations. In this case, one uses the knowledge of
the differential hadronic production cross section of
photons to infer the shape of the primary CR flux. The
first attempts to apply this method used relatively nearby
giant molecular clouds seen by Fermi-LAT [18–21].
Subsequently, gamma-ray observations were also used to
derive the CR spectrum as a function of Galactic longitude
[22–24]. However, the relatively large errors of these early
works prevented clear conclusions.
In this article, we aim to address the question of whether

the CR knee observed locally is a global property of the
Galactic CR spectrum or if it is a local feature, using new
gamma-ray observations from LHAASO. As a first step,
we derive in Sec. II a model for the locally measured CR
intensity and composition, taking into account, among

PHYSICAL REVIEW D 110, 103035 (2024)
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FIG. 1. The fits of the CR intensity of four elemental groups as a function of the rescaled energy compared to data from AMS-02 [28–
30], DAMPE [31–33], CALET [34–37], LHAASO [2], and PAO [40,41]; in the top (bottom) figure, the fit uses DAMPE (CALET).
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been substantial differences concerning the elemental
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by different experiments [1]. The Large High Altitude
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potential to improve the measurements in this energy range
considerably, with the recent precise measurement of the
mean logarithmic mass as a first step in this direction [2].
Explanations for the origin of the knee fall in two main

classes of models [1]. In the first one, the knee is caused by
a change in the propagation of Galactic CRs around the
PeV energy, where a change in the energy dependence of
the confinement time induces a steepening of the CR
spectrum [3–8]. Alternatively, the knee may be connected
to properties of the injection spectrum of Galactic CRs. For
instance, the knee might correspond to a break in the source
CR energy spectrum [9,10] or to the maximal rigidity to
which the CR source population dominating the CR flux

below PeV can accelerate [11–13]. A variation of this
model is the suggestion that the spectrum below the knee is
dominated by a single nearby source and that the knee
corresponds to the maximal energy of this specific
source [14,15].
All these models lead to a rigidity-dependent sequence

of knees at ZEk, a behavior first suggested by Peters
[16,17]. Measurements of the nuclear composition of the
CR flux, therefore, cannot distinguish between them.
Alternative ways to extract information about the CR knee
are, therefore, needed. One possibility to infer the CR
spectrum outside the Solar neighborhood is to use gamma-
ray observations. In this case, one uses the knowledge of
the differential hadronic production cross section of
photons to infer the shape of the primary CR flux. The
first attempts to apply this method used relatively nearby
giant molecular clouds seen by Fermi-LAT [18–21].
Subsequently, gamma-ray observations were also used to
derive the CR spectrum as a function of Galactic longitude
[22–24]. However, the relatively large errors of these early
works prevented clear conclusions.
In this article, we aim to address the question of whether

the CR knee observed locally is a global property of the
Galactic CR spectrum or if it is a local feature, using new
gamma-ray observations from LHAASO. As a first step,
we derive in Sec. II a model for the locally measured CR
intensity and composition, taking into account, among
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FIG. 1. The fits of the CR intensity of four elemental groups as a function of the rescaled energy compared to data from AMS-02 [28–
30], DAMPE [31–33], CALET [34–37], LHAASO [2], and PAO [40,41]; in the top (bottom) figure, the fit uses DAMPE (CALET).
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In total, four source populations are required to obtain a
good description of the data. Note that the iron component
of the fourth Galactic population, which constitutes the end
of the Galactic CR spectrum, describes the iron flux
measured by the PAO up to ≃1018 eV. We also tried to
fit the data with only three components, using, e.g., a
broken power law for the component around the knee
instead of two Peters’ cycles. However, in that case, the fits
were not satisfactory: While the all-particle spectrum from
LHAASO could be fitted, the last points of DAMPE and
LHAASO’s measurements of the mean logarithmic mass

could not be reproduced. It is the additional dip seen in
Fig. 2 in hlnðAÞi which requires the introduction of a fourth
population of CR sources. The reduced χ2 with three
populations was around 1.4, while with four components
it diminished to 0.38.

III. CONNECTING CR AND PHOTON FLUXES

Cosmic-ray protons and nuclei interact in the interstellar
medium, producing neutral pions that subsequently decay
into gamma rays. This leads to the diffuse “glow” of the

FIG. 2. Top: All-particle spectrum (solid line) and partial contributions (dashed lines) of the fitted CR spectrum with data are from
CALET [34–37], HAWC [38], KASCADE [44], IceTop [39], and LHAASO [2] together with the all-particle spectrum (dotted lines) and
their 2σ uncertainty band from a fit to the gamma-ray data. Bottom: Mean logarithmic mass from our model as a function of energy
compared to data from IceTop [39], KASCADE [44], and LHAASO [2].

C. PRÉVOTAT et al. PHYS. REV. D 110, 103035 (2024)
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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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Ultrahigh-energy photons up to 1.4 
petaelectronvolts from 12 γ-ray Galactic 
sources

The extension of the cosmic-ray spectrum beyond 1 petaelectronvolt (PeV; 1015 
electronvolts) indicates the existence of the so-called PeVatrons—cosmic-ray 
factories that accelerate particles to PeV energies. We need to locate and identify such 
objects to !nd the origin of Galactic cosmic rays1. The principal signature of both 
electron and proton PeVatrons is ultrahigh-energy (exceeding 100 TeV) γ radiation. 
Evidence of the presence of a proton PeVatron has been found in the Galactic Centre, 
according to the detection of a hard-spectrum radiation extending to 0.04 PeV (ref. 2). 
Although γ-rays with energies slightly higher than 0.1 PeV have been reported from a 
few objects in the Galactic plane3–6, unbiased identi!cation and in-depth exploration 
of PeVatrons requires detection of γ-rays with energies well above 0.1 PeV. Here we 
report the detection of more than 530 photons at energies above 100 
teraelectronvolts and up to 1.4 PeV from 12 ultrahigh-energy γ-ray sources with a 
statistical signi!cance greater than seven standard deviations. Despite having several 
potential counterparts in their proximity, including pulsar wind nebulae, supernova 
remnants and star-forming regions, the PeVatrons responsible for the 
ultrahigh-energy γ-rays have not yet been !rmly localized and identi!ed (except for 
the Crab Nebula), leaving open the origin of these extreme accelerators.

LHAASO is a dual-task facility designed for cosmic-ray (CR) and γ-ray 
studies at teralectronvolt and petaelectronvolt energies. It consists of 
three interconnected detectors—the Water Cherenkov Detector Array 
(WCDA), Kilometer Square Array (KM2A) and Wide Field-of-view Cher-
enkov Telescope Array (WFCTA)—located at 4,410 m above sea level in 
Sichuan Province, China7 (see Extended Data Fig. 1).

Detailed studies of the performance of KM2A have been carried out 
by Monte Carlo simulations, as well as dedicated measurements using 
the Crab Nebula as a standard candle8. At energies above 100 TeV, under-
ground detectors of the deeply penetrating µ mesons provide excellent 
rejection power (as good as 10−5 at 1 PeV) of the background contributed 
by CR-induced (hadronic) showers. The vast area of the surface detec-
tors of the electromagnetic component of air showers, coupled with 
the high γ–proton (p) separation efficiency, results in a sensitivity of 
the full array—in terms of the minimum detectable energy flux (E2dN/dE,  
where E is the particle energy and N is the number of particles)—that 
approaches 10−14 erg cm−2 s−1, which is substantially below the flux sen-
sitivities of other current and planned space-borne and ground-based 
γ-ray detectors. At 100 TeV, the angular and energy resolutions are about 
15–20 arcmin and better than 20%, respectively, allowing adequate spec-
troscopic and morphological studies. The detection of γ-rays from an 
ultrahigh-energy (UHE) source of Crab Nebula strength (energy flux at 
100 TeV of E2dN/dE ≈ 10−12 erg cm−2 s−1) proceeds in the background-free 
regime with a rate of 0.1 photon per hour, which exceeds the detection 
rate of CR-induced showers (after the so-called ‘muon cuts’) by more 
than an order of magnitude, even for extended, 1°-sized γ-ray emitters8.

The analysis of showers detected within a large field of view by the 
partly completed KM2A in less than one year of operation has revealed 

many hot spots as clusters of γ-rays in specific directions of the sky. 
While the study of the serendipitous search for γ-ray sources is under-
way, here we report 12 γ-ray sources with energies ≥100 TeV detected 
with statistical significance ≥7σ (see Table 1). From two of them, γ-rays 
with energy exceeding 0.8 PeV were detected, and the energy of the 
most energetic photon detected by LHAASO J2032+4102 is 1.4 PeV.

The first source in the list of reported ≥100-TeV sources is the Crab 
Nebula. An energy spectrum approaching 1 PeV provides the first 
model-independent evidence that the Crab Nebula operates as an 
electron PeVatron. In KM2A, Crab is detected as a point-like source. 
The majority of remaining sources represent diffuse γ-ray structures 
with angular extensions up to 1°, and all of them are located along the 
Galactic plane (see Extended Data Fig. 4). At 100 TeV, their fluxes vary 
from 0.4 to 4 CU (CU, flux of the Crab Nebula at 100 TeV; 1 CU = 6.1 × 10−17 
photons TeV−1 cm−2 s−1). In terms of the distance d, the linear size and 
γ-ray luminosity of the sources at 100 TeV are l = 17.5 pcθ d

1 ° (1 kpc)  and 

( )L ≈ 10 CU erg sd
UHE

32
1 kpc

2
−1 , respectively, where θ is the angular 

size of the emitter.
Figure 1 shows the spectral energy distributions of three luminous 

sources with fluxes exceeding 1 CU (at 100 TeV): LHAASO J1825-1326, 
LHAASO J1908+0621 and LHAASO J2226+6057. Above 100 TeV, the 
spectra of these sources are steep, characterized by a power-law 
photon index of Γ ≈ 3. However, a closer look reveals that between 
10 TeV and500 TeV, the spectra experience gradual steepening with 
energy. To explore this tendency, the spectra were fitted by the 
so-called log-parabola function dN/dE ∝ E−Γ(E), where the local pho-
ton index Γ(E) = a + blogE (a nad b are free parameters) characterizes 
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be realized in a scenario in which the accelerated particles have left 
their acceleration site (for example, a supernova remnant) and have 
entered nearby high-density clouds15. The energy spectrum of protons 
approaching the clouds depends not only on the initial (acceleration) 
spectrum but also on the propagation (energy-dependent) timescales 
of CRs and on the distances to the clouds. Therefore, one may indeed 
expect unusual energy distributions of CRs inside the clouds16. In this 
scenario, the middle-aged supernova remnant SNR G40.5-0.5, over-
lapping with the image of LHAASO J1908+0621, could play the role 
of the particle accelerator. It is too old to be a multi-teraelectronvolt 
γ-ray emitter itself, but CR protons and nuclei accelerated at the early 
epochs of this supernova remnant can initiate high-energy emis-
sion in the surrounding clouds. If confirmed, this would be the first 
strong evidence of acceleration of petaelectronvolt protons by an 
supernova remnant.

Although supernova remnants remain prime candidates as sup-
pliers of Galactic CRs, massive stars with powerful winds have been 
proposed as a viable alternative to supernova remnants17,18, primarily as 
contributors to the ‘knee’ region around 1 PeV. A preference for young 
massive star clusters as proton PeVatrons over supernova remnants 
has recently been argued in the context of the 1/r-type (where r is the 
distance from the cluster) spatial distributions of parent protons, 
derived from the observations of extended teraelectronvolt γ-ray 
sources associated with luminous stellar clusters, in particular with 
Cygnus OB219. The positional coincidence of LHAASO J2032+4102 
with the Cygnus Cocoon that surrounds Cygnus OB2, and with pho-
tons exceeding 1 PeV emitted from it, can be treated as evidence of 
the operation of massive stars as hadronic PeVatrons. The leptonic 
(inverse Compton) origin of radiation can be excluded because of the 
lack of brightening of the γ-ray image towards Cygnus OB2. A decisive 
test for the acceleration of protons, presumably via collisions of the 
stellar winds, and continuous injection into the circumstellar medium 
over million-year timescales, would be the derivation of hard injec-
tion spectra and a radial dependence of the density of UHE protons. 
Adequate photon statistics provided by LHAASO for spectrometric 

and morphological studies of this object, which is located in a rather 
complex region crowded by several competing sources, is foreseen 
for the coming 1–2 years.

Regardless of the nature of objects associated with the UHE sources, 
the photons detected by LHAASO far beyond 100 TeV prove the exist-
ence of Galactic PeVatrons. Moreover, it is likely that the Milky Way is 
full of these perfectly designed particle accelerators. The acceleration 
of protons to petaelectronvolt energies requires extreme physical 
conditions, representing a challenge for any Galactic source popula-
tion, including supernova remnants and young massive star clusters, 
as suspected major contributors to Galactic CRs. Pulsar wind nebu-
lae as potential (in fact, the only feasible) electron PeVatrons in our 
Galaxy require even more extreme theoretical speculations. The 12 
UHE sources reported here, detected at about 1 CU, reveal only the 
tip of the iceberg. In the coming years, observations with LHAASO will 
reduce the flux detection threshold by at least an order of magnitude. 
This will dramatically increase the number of UHE sources and, at the 
same time, provide high-quality energy spectra and the morphology of 
UHE sources in the flux range of 1 CU. Extension of the spectra without 
an indication of a cutoff beyond several petaelectronvolts would not 
only robustly identify the hadronic origin of the UHE γ radiation but, 
more importantly, would reveal the sites of super-PeVatrons, the CR 
factories in the Milky Way responsible for the locally observed flux of 
CRs well above the ‘knee’.
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Fig. 1 | Spectral energy distributions and significance maps. a–c, Data are 
shown for LHAASO J2226+6057 (a), LHAASO J1908+0621 (b), and LHAASO 
J1825-1326 (c). Spectral fits with a log-parabola function (solid lines) in the form 
of [E/(10 TeV)]−a − blog[E/(10 TeV)] are compared with the power-law fits E−Γ for: a = 1.56, 
b = 0.88 and Γ = 3.01 (a); a = 2.27, b = 0.46 and Γ = 2.89 (b); and a = 0.92, b = 1.19 
and Γ = 3.36 (c). The dotted curves correspond to the log-parabola fits 
corrected for the interstellar γ−γ absorption (see Methods for the radiation 
fields and Extended Data Fig. 6 for the opacity curves). The comparison of the 
power-law (PL) model and the log-parabola (LOG) model with the Akaike 
Information Criterion20 (AIC) gives: AICLOG = 12.3 and AICPL = 24.4 for LHAASO 
J2226+6057; AICLOG = 15.1 and AICPL = 30.1 for LHAASO J1908+0621; and 

AICLOG = 11.6 and AICPL = 14.8 for LHAASO J1825-1326. The insets show the 
significance maps of the three sources, obtained for γ-rays above 25 TeV. The 
colour bars show the square root of test statistics (TS), which is equivalent to 
the significance. The significance ( TS) maps are smoothed with the 
Gaussian-type point spread function (PSF) of each source. The size of PSFs (68% 
contamination regions) are shown at the bottom right of each map. We note 
that the PSFs of the three sources are slightly different owing to different 
inclination angles. Namely, the 68% contamination angles are 0.49° for 
LHAASO J2226+6057, 0.45° for LHAASO J1908+0621 and 0.62° for LHAASO 
J1825-1326. Error bars represent one standard deviation.

CR+ ISM ! ⇡0 ! �
also ambiguities due to e/m channelssee also Cao
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LHAASO GRS 1915+105
emission contributions from the other three LHAASO-detected
sources (see Supplementary Table S3) and found that the best-
fit extension is robust and shows no significant change (see Sup-
plementary Section S3.7). The ω-ray spectra derived with dif-
ferent source models are also consistent with each other within
uncertainties.

4. Modeling and interpretation

In this section, we explore the physical origin of the broad-
band ω-ray emission from GRS 1915+105, using the spectral
properties and morphology revealed with LHAASO. As it was
shown for the case of SS 433, ω-ray morphology provides
a critical tool to discriminate between leptonic and hadronic
scenarios. The energy-depended morphology revealed with
H.E.S.S. below 30 TeV strongly favors IC emission by relativis-
tic electrons [36]. In contrast, the UHE emission detected with
LHAASO in the region off the jet axis, requires hadronic com-
ponent [29]. For an extended Galactic source, proton-proton in-
teractions (pp) are the dominant hadronic mechanism for pro-
duction of UHE emission. In this scenario, UHE protons in-
elastically interact with target protons from the ambient gas.
Neutral pions (ε0) created at such collisions decay into ω rays.

The morphology revealed with LHAASO in the range from
a few TeV to PeV energies appears shifted from the jet axis
and the bow shock structure [25]. We therefore focus on the
hadronic scenario in the main text, keeping the discussion of
the IC leptonic scenario and related challenges to Supplemen-
tary Section S4. We approximate the distributions of relativis-
tic protons by a standard power-law distribution with an expo-
nential cutoff (PLEC) model: dN/dE = AE→sp exp

(
→E/Ep,max

)
.

The numerical value of spectrum normalization constant, A, is
non-intuitive, for the sake of physical reasoning we present the
normalization parameter A as the total energy stored in the dis-
tribution, Wp ↑

∫ ↓
Ep,min

EdN.
We perform SED fitting using LHAASO-only (orange line)

and combined LHAASO+LAT (blue line) datasets for pp sce-
nario, the results of which are presented in Fig. 4. The cor-
responding posterior distributions are shown in Supplementary
Figs. S15–S16, and the median values, together with their 1ϑ
uncertainties and the adopted prior ranges, are listed in Supple-
mentary Tables S9–S10.

Our spectral fitting for the LHAASO-only dataset
yields a total proton energy of Wp ↔ 14.9+21.8

→9.1 ↗
1049
(
ngas/100 cm→3

)→1
erg, with parameters sp ↔ 2.5 ± 0.1 and

Ep,max ↔ 10.1+32.3
→6.9 PeV. When the fit is extrapolated to the

GeV band, the flux uncertainty is large, although marginally
consistent with the Fermi-LAT flux level. When Fermi-LAT
data are included in the fit, the inferred parameters become
Wp ↔ 7.9+2.7

→2.4 ↗1049
(
ngas/100 cm→3

)→1
erg, with a spectral index

sp ↔ 2.4 ± 0.05 and a cutoff energy of Ep,max ↔ 5.1+12.7
→2.8 PeV.

We note that the estimate for Wp depends on the minimal
energy of non-thermal protons as ↘ E→1/2

p,min. Protons with
energy below 10 TeV have a minor impact on the spectrum in

Figure 4: Spectral energy distributions of GRS 1915+105 under hadronic (pp)
scenarios. The dashed curves show the results obtained using LHAASO data
only.

the LHAASO band, thus the required energy budget can be
reduced by a factor of ↔ 102 adopting Ep,min ↔ 10 TeV.

The energy loss timescale for protons via the pp process
is tpp ↔ (ϑppϖppngasc)→1 ≃ 0.5 (ngas/100 cm→3)→1 Myr, assum-
ing a cross-section ϑpp ≃ 4.5 ↗ 10→26 cm2 and an inelastic-
ity coefficient ϖpp ≃ 0.5. Note that this cross-section is 50%
larger than the nominal value for GeV protons. The age of
the jet is estimated to be tage ↔ 0.09–0.2 Myr, with an up-
per limit of 0.4 Myr [25]. Since tpp > tage, the required pro-
ton injection rate can be estimated as Qp ↔ Wp/tage ≃ 2.5 ↗
1037 (ngas/100 cm→3)→1 erg s→1.

In ISM the ambient gas density may vary significantly. The
averaged gas density close to the Galactic disk is about 1 cm→3

and in the center of dense molecular clouds it may achieve
104 cm→3. This range critically influence the power required
to support the emission. If the region IRAS 19132+1035, lo-
cated apparently at the apex of the jet – ISM interaction, can
be treated as a representative probe for the entire complex,
then the ISM density in the LHAASO source is very high,
ngas ↔ 160 cm→3 [25]. On the other hand, the averaged den-
sity in the LHAASO source apparently cannot be much lower
than this value, ngas ↭ 10 cm→3 given the constraints on the
emission obtained from the large-scale structure [25]. There-
fore, the obtained above value of ⇐ 1037 erg s→1 seems to reflect
the required accelerator power. The available observational
data constrain mechanical power of the jet, Ljet, in the range
Ljet ⇐ 3.3 ↗ 1037–1.5 ↗ 1039 erg s→1, with uncertainties raising
mainly from the unconstrained opening angle of the jet [25].
Thus, if a fraction larger than a few percent of the jet kinetic
power is transferred to cosmic rays, then the accelerator is GRS
1915+105 can support the ω-ray emitting population of protons.

Below, we estimate the maximum energy achievable by par-
ticles accelerated by the jet in GRS 1915+105. The accel-
eration timescale is parametrized as tacc = rL/(ϱaccc) with
rL = E/ZeB is the Larmor radius, ϱacc ↫ 1 represents ac-
celeration efficiency. The diffusion coefficient in the acceler-

6
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Figure 1. Signi!cance maps and spectral energy distribution of SS 433 measured by LHAASO, with surrounding sources 
being subtracted. (a–c) SS 433 at energies of 1–25 TeV, 25–100 TeV and above 100 TeV. In the top three panels, the green 
cross marks the position of the BH of SS 433. In (a), the blue diamonds show the position of H.E.S.S.-detected gamma-ray 
emission above 10 TeV [22 ]. In (a) and (b), black crosses indicate the position of two resolved point-like sources at 1–25 TeV 
and 25–100 TeV. In (c), the white contour indicates the H i atomic clouds at a distance consistent with SS 433 (see the 
online supplementary material). The cyan contour shows the X-ray emission of the two lobes. The green circle in (c) exhibits 
68% containment radii of the LHAASO source. The dashed white line indicates the direction of the galactic plane with 
b = −2 deg. The yellow circles show the corresponding 68% containment radii of LHAASO PSF at the corresponding energy 
range. Panel (d) shows spectra of two point-like sources associated with the east and west lobes of SS 433, indicated by 
blue circles and red squares, respectively. The spectrum of the central extended source is shown with black dots. Panel (e) 
compares the total measured spectrum (with the "uxes associated with the two lobes summed) to the predictions of the 
models. The red solid curve indicates the best-!t spectrum based on multiwavelength data with a single leptonic component 
(see the online supplementary material for details), where the red band represents the 1 σ uncertainty. The best-!t value of 
the high-energy spectral cutoff energy is about Ee , max = 10 PeV. The red dashed curve shows the predicted spectrum with 
a conservative Ee , max = 200 TeV, with the other parameters unchanged. The target photon !elds of IC radiation include the 
cosmic microwave background and interstellar radiation [28 ]. The solid blue curve shows an additional hadronic component 
and the solid black curve is the sum of the hadronic component and leptonic component with Ee , max = 200 TeV. In (d) and 
(e), error bars represent the 1 σ uncertainties of "uxes and bars with downward-pointing triangles are one-tailed 95% upper 
limits of the "ux. In (d), the vertical brackets indicate the 1 σ uncertainties of the "ux, including the systematic errors. 
( RA = 287 . 58◦ ± 0 . 06◦,
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DEC = 5 . 15◦ ± 0 . 05◦), 
in the 25–100 TeV range. In the 1–25 TeV range, 
we also identi%ed two point-like sources at sim- 
ilar positions to those in the 25–100 TeV range. 
The positions of these sources are associated with 
the east and west X-ray lobes, respectively, and 
are consistent with measurements from H.E.S.S. 
and HAWC [20 ,22 ]. Above 100 TeV, we identi- 
%ed an extended source, LHAASO J1&11 + 0510 
( RA = 287 . 89◦ ± 0 . 07◦, DEC = 5 . 16◦ ± 0 . 07◦), 
located 0 . 20◦ northwest of the BH’s position. 
The source morphology is best described with a 
two-dimensional (2D) Gaussian template with 
r39 = 0 . 32◦ ± 0 . 04◦, covering the central BH. The 
energy-dependent morphology of SS 4(( suggests 

a di)erent origin for the emission above 100 TeV 
compared to that below 25 TeV, or at least an addi- 
tional contribution from particles other than those 
responsible for two lobes detected at energies be- 
low tens of teraelectronvolts. Notably, the source 
coincides spatially with a giant atomic cloud of 
1 . 0 × 105 M$ (see the online supplementary
material), as shown by the white contours in Fig. 1 c. 
This spatial coincidence may suggest a hadronic 
origin of the UHE emission from SS 4((, via the 
proton-proton collision between hydrogen nuclei in 
the cloud and high-energy protons arriving at the 
cloud. Indeed, we found indications of multiple com- 
ponents in the emission above 100 TeV, consisting 
of two point-like sources associated with the lobes 
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Leptonic and hadronic models of the high-
energy nebula around V4641 Sgr

A possible model for this scenario has a lifetime of
t ¼ 8 kyr, consistent with the best-fit timescale for the
continuous emission (Sec. III). The model parameters are
summarized in Table II, and the corresponding spectral fit is
presented in Fig. 9. The required electron injection lumi-
nosity is Lel ¼ 0.8 × 1036 erg=s < 10−3 × LEd.
These parameters correspond to the minimal magnetic

field compatible with the data, and the fit is not unique. For
instance, adopting a stronger magnetic field (10 μG) allows
for a softer proton spectrum (Γprot ≈ 1.6) but requires
hardening of the electron spectrum (Γel ≈ 1.8) to compen-
sate for enhanced synchrotron cooling. In this case, the
leptonic contribution to gamma rays shifts to lower
energies, and the signal registered in H.E.S.S. also becomes
hadronic dominated. Total energy in protons increases to
1.7 × 1050ðn0=nÞ erg, and electron luminosity decreases
to 0.5 × 1036 erg=s.
As shown in [42], the MeerKAT radio flux measure-

ments and the XRISM x-ray measurement require the
electron power-law index to be Γel ∼ 2.1 to allow a
synchrotron-radiation-based explanation, which is consis-
tent with our results. If both radio and x-ray extended
emissions correspond to the same high-energy electron
population, this might impose additional constraints on the
magnetic field in leptohadronic scenarios. Extension of the
synchrotron spectrum presented in Fig. 9 to the radio
domain gives a mild underprediction of the MeerKAT flux
by a factor of ∼2.

In both scenarios (Secs. V C and VD), the gamma-ray
data require intrinsically hard hadronic spectra with
Γ ¼ 1.6 and Γ ¼ 1.3, respectively. Such hard spectra
may arise under extreme conditions during the injection
episode, for example via magnetic reconnection acceler-
ation [59,60], turbulence acceleration in highly magnetized
turbulence [61,62], or particle acceleration in vacuum
gaps [63,64]. In (Sec. V D), electrons may be injected
continuously, during episodic flares or during active
phases of the binary. Given the observed source activity
(Appendix A), both possibilities are energetically viable.
We emphasize that in the presented leptohadronic flash

model (Sec. V C) gamma-ray emission is dominated by
hadronic processes in H.E.S.S., HAWC, and LHAASO. On
the contrary, in the hadronic flash and leptonic emission
model (Sec. V D) the lower-energy part of the gamma-ray
spectrum (E < 40 TeV) consists mostly of the inv.
Compton photons, the higher-energy part (E > 100 TeV)
contains secondary photons from π0 decay from pp
interactions. Thus, due to energy dependence of diffusion
coefficient, average size of hadronic nebula is several times
larger than the corresponding scales of the leptonic nebula.

E. Neutrino flux

Hadronic interactions, if present at the source, leave a
detectable neutrino footprint. We calculated expected neu-
trino fluxes for the source with the use of AAFRAG [58]. In
Fig. 10, we show the predicted neutrino fluxes from the
hadronic model (Sec. V B) from Ref. [25] and leptoha-
dronic scenarios (Sec. V C) or (Sec. V D). We also compare
them with the sensitivities of the existing facilities:
IceCube [8], KM3NeT-ARCA [65,66] and the proposed
TRIDENT [67] detector. Expected sensitivity of the HUNT
project [68] should be at the same level as the TRIDENT
experiment assuming equivalent detector volume.
We accounted for the angular resolution of IceCube in

track channel; θ ≃ 0.2° is better than the source size and the
source would be seen as ≃5 pointlike sources so that the

TABLE II. Possible parameters of the leptonic and hadronic
populations in the hadronic flash and leptonic emission model.
n0 ¼ 1 cm−3, and n is the average cold proton density.

B; μG T, kyr Γ Ecut;PeV Etot; erg

Hadronic
4 8

1.3 5 0.8 × 1050ðn0=nÞ
Leptonic 2.0 1 2.1 × 1047

FIG. 9. Experimental data and hadronic flash accompanied by continuous leptonic emission model curves in notation of Fig. 8.
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photons far away from the source. To the contrary, hadronic
models face difficulties with the overall power budget of
the nebula.
In the present work, we revise leptonic, hadronic, and

leptohadronic models, accounting both for spectral and
morphological properties of the extended source. In Sec. II,
we summarize recent observation results for V4641 Sgr; in
Sec. III, we explain the high-energy particle propagation
mechanisms in the GMF; Sec. IV is dedicated to a
discussion of the leptonic model, its features, and possible
explanations of the nebula’s morphology; in Sec. V, we
describe hadronic and leptohadronic models of the source;
we discuss and summarize our results in Sec. VI.

II. MICROQUASAR V4641 SGR

A. The binary system

Located at Galactic coordinates l ¼ 6.8°, b ¼ −4.8°,
V4641 Sgr is an x-ray binary consisting of a 6.4M⊙ black
hole and a companion star with a mass of 2.9M⊙, a radius
of 5.3R⊙, and spectral type B9 III (Teff ¼ 10500 K). The
system has an orbital period of 2.8 days and a semimajor
axis of a ¼ 17.5R⊙ [27].
An initial lower limit on the binary’s distance from Earth,

d > 0.5 kpc, was inferred from radio measurements [28].
Subsequent optical observations in quiescence yielded
d ¼ 6.2" 0.7 kpc [27], while parallax measurements gave
d ¼ 6.6þ2.5

−1.4 kpc (Gaia DR2, [29]) and d ¼ 5.9þ1.1
−0.8 kpc

(Gaia DR3, [30]). For our analysis, we adopt the weighted
average of these measurements: d ¼ 6.1" 0.5 kpc. At this
distance, V4641 Sgr is inevitably located close to the
Galactic bar [31].
Gaia astrometry [30] and spectroscopic measurements of

the binary [32] provide the velocity of the source shown in
Fig. 1. In this figure, we display the velocity components
relative to the Galactic Center and relative to the bar,
assuming an angular velocity ofΩb ¼ 40 km=s=kpc for the
bar [31]. The binary has a high enough linear velocity
in the Galactic bar rest frame to indicate that the system
likely entered the region ∼10 Myr ago, is currently passing
through it, and might originate from one of the star-forming
regions in the disk outside the bar. A calculation of the
binary trajectory in an axisymmetric gravitational potential
(without the Galactic bar) shows that the last Galactic plane
crossing happened 10 Myr ago [33].
V4641 Sgr is famous for its fast and violent outburst in

1999 observed from radio to x-rays. This event included
three bright x-ray flares up to 12 Crab [35] and a super-
luminal jet [28] with an inclination angle αjet < 16° [33],
earning the system the status of a “microblazar” [36].
The 1999 flare was followed by several minor flashes

with decreasing magnitude (see Appendix A). Spectro-
scopic studies of major flashes in 1999, 2002, and 2004
report the detection of cold wind outflows from the
binary [37].

B. Extended gamma-ray and x-ray emission

Recently, HAWC, LHAASO, and H.E.S.S. Collabo-
rations have reported the detection of extended high-energy
radiation from the source [14,19,20]. The luminosity of the
source at 100 TeV reaches 4 Crab units [14]. A summary
of imaging data on the source is shown in Fig. 2. The
significance maps were transformed into Galactic coordi-
nates with the use of ASTROPY [38].
Following the gamma-ray observations, XRISM has

found extended x-ray emission in the range from 2 to
10 keV with a width of ∼10 pc around the source, and
power-law index ∼2 [22]. The XRISM keyholelike mea-
surement region is also presented in Fig. 2.
We notice that the high-energy emission exhibits a

filamentary morphology with the following features:
(a) its size increases with energy;
(b) its shape becomes increasingly asymmetric at higher

energies; and
(c) it has a nonzero width, resolved by H.E.S.S. [20].

FIG. 1. Position of V4641 Sgr in the Milky Way relative to the
Galactic bar, which consists of the Galactic Bulge (rich green)
and the Long bar (pale green) [31]. The upper panel shows the top
view in Galactic coordinates, and the lower panel presents the
side view. Velocity vectors are shown for the Sun and for V4641
Sgr: the black vectors correspond to velocities relative to the
Galactic center, the gray vector shows the motion of V4641 Sgr
relative to the Sun [30,32], and the red vector represents the
binary’s velocity in the rotating frame of the bar. The approximate
positions of the spiral arms are indicated in pale gray [34].
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We note also that the major axis of the high-energy nebula
is in significant misalignment of ∼60° with the low-energy
jet detected in very-long-baseline interferometry (VLBI)
observations from 1999 and 2004 [28,40]. This is, however,
questioned by a recent data reanalysis, which reveals a jet
almost aligned with the high-energy nebula major axis [41].
Another extended feature, a cloud of ∼35 pc scale

slightly offset from the source, has been detected by
MeerKAT in a radio frequency window centered at
1.217 GHz [42]. The clouds’s elongation is approximately
orthogonal to the gamma-ray nebula axis and forms an
angle of ≈30° with the projected 1999 radio-jet axis [28].

III. PARTICLE PROPAGATION ALONG
GALACTIC MAGNETIC FIELD LINE

We assume that the source morphology is explained by
high-energy particle propagation along the direction of the
GMF, similar to Ref. [25]. The magnetic field itself consists
of regular and turbulent components B0 and δB. Their ratio
η ¼ δB=B0 defines the propagation regime, which varies
from free streaming of the particles for η ≪ 1, anisotropic
diffusion for η ∼ 1, and isotropic diffusion for η ≫ 1 [43].
Although the GMF direction in the vicinity of the source

is unknown, the GMF in the Milky Way halo consists of
toroidal and “x-shaped” components [16–18], which at
the location of the source are responsible for the horizontal
and vertical components of the magnetic field relative to
the Galactic plane, respectively. The combination of these
components must result in the observed direction of
elongation of the nebula.
Relying on the H.E.S.S. flux profile measurement

along the major axis [20], we fit it with two models in

Fig. 3: assuming a t kyr old single-flash scenario, and
continuous injection from the source that started t kyr
ago (see Appendix D). The particles diffuse along the
GMF with longitudinal diffusion coefficient D. Our fitting
prefers

ffiffiffiffiffiffiffiffi
4Dt

p
jflashH:E:S:S: ¼ 55 pc for a single-flash case andffiffiffiffiffiffiffiffi

4Dt
p

jcontH:E:S:S: ¼ 110 pc for a continuous injection case.
Under the assumption of η ¼ 1 and B ¼ 4 μG, these values
correspond to ages of tflash ¼ 2 kyr and tcont ¼ 8 kyr,
respectively [15].
The timescales derived above are lower bounds, since

our calculation assumes that the nebula is oriented
perpendicular to the line of sight (LOS). If, however, the
major axis of the nebula is inclined at an angle θ < 90°
relative to the LOS, the timescales increase by a factor
of 1=sin2θ.
We notice that the continuous emission profile (dashed

green line in Fig. 3) is more peaked in comparison to the
flashlike case (solid red line). Hence, a more precise profile
measurement might allow for distinguishing between these
two scenarios and put constraints on the acceleration
region.
In quasilinear theory with Kolmogorov turbulence spec-

trum and η ≪ 1, the steady-state diffusion coefficient
Dk ∝ ðE=BÞ1=3η−2, which means that expected time
increases with magnetic field and turbulent/regular field
ratio [44]. For η ∼ 1, diffusion coefficient behavior remains
qualitatively similar [15]. Anisotropic turbulent field sim-
ulations show that transverse diffusion coefficientD⊥ in the
range of our interest scales in the sameway with energy and
magnetic field, thus conserving the ratio Dk=D⊥ [15,45].
Using the orthogonal extension of the nebula σminor ¼

0.06°$ 0.01 ∘
stat $ 0.01 ∘

sys reported by H.E.S.S. [20], one
can deduce the turbulent/regular magnetic field ratio η,
following the approach of Ref. [15]. For a large range of
possible projection angles θ we find η ∼ 1.

FIG. 2. Combined image of H.E.S.S. significance contours [21]
(cyan), HAWC contours (magenta) and HAWC > 100 TeV TS
map (blue-green) [19], and LHAASO TS map (blue-red-yellow)
[14]. The circles on the bottom left correspond to the point-
spread-function size of the observations [20,39]. The XRISM
x-ray measurement region boundaries are shown in white [22].

FIG. 3. H.E.S.S. total flux above 0.8 TeV measurement along
the major axis of the source [20] fitted by flashlike (solid red) and
continuous (dashed green) profiles.
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Highest-energy photon detected from any 
source in the sky  E=3.7 PeV

Natl Sci Rev, Year, Vol. XX, NSR-20260403

Figure 4. Broadband modelling of the SED of Cygnus X-3 with two scenarios: pp + pωUV and pωX + pωUV (see Methods ?? for
details). Solid lines are the sum of individual components with the correction of ωω absorption by the companion UV photon field.
The contributions of individual components without correction for ωω absorption are shown with corresponding dotted and dashed
lines.
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Figure 1. Fluxes and Test Statistic (TS) values of → 0.1 PeV ω-rays from Cygnus X-3 as a function of time. a, Flux above 0.1 PeV.
The arrival times of individual high-energy photons in the 0.4–1 PeV and → 1 PeV ranges are indicated by blue and red arrows,
respectively. The observation began with half of the KM2A array in operation. Vertical dashed lines mark the commencement of
operations for the three-quarter and full KM2A array configurations. b, TS values corresponding to the detected →0.1 PeV ω-ray
signals. For data with TS↑ 4 (those below the horizontal dashed line), the 95% confidence-level flux upper limits are shown in the
top panel. c, The 0.1–100 GeV light curve observed by Fermi-LAT. The horizontal dotted line indicates the average ω-ray flux. Time
intervals where the sliding-window flux (orange points) exceeds this average define the ω-ray high states, shaded in light blue. The
remaining periods are considered ω-ray low states. The first two flux points above the mean, part of a previous high-flux episode not
fully covered by LHAASO, are excluded from the high-flux state classification.
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NEUTRINO ASTROPHYSICS

Observation of high-energy neutrinos from the
Galactic plane
IceCube Collaboration*†

The origin of high-energy cosmic rays, atomic nuclei that continuously impact Earth’s atmosphere, is
unknown. Because of deflection by interstellar magnetic fields, cosmic rays produced within the Milky
Way arrive at Earth from random directions. However, cosmic rays interact with matter near their
sources and during propagation, which produces high-energy neutrinos. We searched for neutrino
emission using machine learning techniques applied to 10 years of data from the IceCube Neutrino
Observatory. By comparing diffuse emission models to a background-only hypothesis, we identified
neutrino emission from the Galactic plane at the 4.5s level of significance. The signal is consistent with
diffuse emission of neutrinos from the Milky Way but could also arise from a population of unresolved
point sources.

T
he Milky Way emits radiation across the
electromagnetic spectrum, from radio
waves to gamma rays. Observations at
different wavelengths provide insight into
the structure of the Galaxy and have iden-

tified sources of the highest-energy photons.
For gamma rays with energies above 1 GeV,
the plane of the Milky Way is the most prom-
inent feature visible on the sky (Fig. 1B). Most
of this observed gamma-ray flux consists of
photons generated by the decay of neutral
pions (p0), themselves produced by cosmic
rays (high-energy charged particles) collid-
ing with the interstellar medium within the
Milky Way Galaxy (1).
Photons can also be produced from inter-

actions of energetic electrons with interstellar
photon fields or be absorbed by ambient in-
terstellar matter, so other messengers are
needed to determine the cosmic-ray inter-
actions and acceleration sites in the Galaxy.
In addition to neutral pions, cosmic-ray inter-
actions also produce charged pions. Charged
pions produce neutrinos when they decay.
Unlike photons, neutrinos rarely interact
on their way to Earth, so they directly trace
the location and energetics of the cosmic-
ray interactions.
Because both gamma rays and neutrinos

arise from the decay of pions, a diffuse neu-
trino flux concentrated along the Galactic
plane has been predicted (2–5). The expected
tera–electron volt energy neutrino flux is shown
in Fig. 1D, calculated from the giga–electron
volt gamma-ray observation (1). In addition to
the predicted diffuse emission, the Milky Way
is densely populated with numerous high-

energy gamma-ray point sources (also visible
in Fig. 1B), several classes of which are po-
tential cosmic-ray accelerators and therefore
possible neutrino sources (6–10). This makes
the Galactic plane an expected location of
neutrino emission.
Previous searches for this signal by using

neutrino detectors (11–14) have not found a
statistically significant signal (P values ≥0.02).
The development of deep learning techniques
in data science has produced tools (15–17) that
can identify a larger number of neutrino inter-
actions in detector data, with improved angu-
lar resolution over earlier methods. We applied
these deep learning tools to data from the
IceCube Neutrino Observatory to search for
evidence of neutrino emission from the Galac-
tic plane.

Cascade events in IceCube

The IceCubeNeutrinoObservatory (18), located
at the South Pole, is designed to detect high-
energy (≳1 TeV) astrophysical neutrinos and
identify their sources. The detector construc-
tion, which deployed instruments within a
cubic kilometer of clear ice, was completed
in 2011; 5160 digital optical modules (DOMs)
were placed at depths between 1.5 and 2.5 km
below the surface of the Antarctic glacial ice
sheet. Neutrinos are detected through Cheren-
kov radiation, emitted by charged secondary
particles that are produced by neutrino inter-
actions with nuclei in the ice or bedrock. Be-
cause of the large momentum transfer from
the incoming neutrino, the directions of sec-
ondary particles are closely aligned with the
incoming neutrino direction, enabling the iden-
tification of the neutrino’s origin.
The two main detection channels are cas-

cade and track events. Cascades are short-
ranged particle showers, predominantly from
interactions of electron neutrino (ve) and tau

neutrino (vt) with nuclei, as well as scattering
interactions of all three neutrino flavors [ve,
muon neutrino (vm), and vt] on nuclei. Be-
cause the charged particles in cascade events
travel only a few meters, these energy deposi-
tions appear almost point-like to IceCube’s
125-m (horizontal) and 7- to 17-m (vertical)
instrument spacing. This results in larger di-
rectional uncertainties than tracks. Tracks are
elongated energy depositions (often several
kilometers long), which arise predominantly
from muons generated in cosmic-ray particle
interactions in the atmosphere or muons pro-
duced by interactions of vm with nuclei. The
energy deposited by cascades is often con-
tained within the instrumented volume (un-
like tracks), which provides a more complete
measure of the neutrino energy (19).
Searches for astrophysical neutrino sources

are affected by an overwhelming background
of muons and neutrinos produced by cosmic-
ray interactions with Earth’s atmosphere. At-
mospheric muons dominate this background;
IceCube records about 100 million muons for
every observed astrophysical neutrino.Whereas
muons from the Southern Hemisphere (above
IceCube) can penetrate several kilometers deep
into the ice, muons from the Northern Hemi-
sphere (below IceCube) are absorbed during
passage through Earth. Because of this shield-
ing effect, and the superior angular resolution
of tracks over cascades (≲1° compared with
≲10°, respectively; both above 10 TeV), searches
for neutrino sources that use IceCube typically
rely on track selections, making them most
sensitive to astrophysical sources in theNorth-
ern sky (20).
The Galactic Center, as well as the bulk

of the neutrino emission expected from the
Galactic plane, is located in the Southern sky
(Fig. 1, C and D). To overcome the muon back-
ground in the Southern sky, analyses of IceCube
data often use events in which the neutrino
interaction is observed within the detector
(21, 22). The selection of these events greatly
reduces the background rate of cosmic-ray
muons that enter the instrumented volume
from the Southern sky. Unlike these atmo-
spheric muons, atmospheric neutrinos (23)
generally cannot be distinguished (by their in-
teractions in the detector) from astrophysical
neutrinos. Nevertheless, with increasing ener-
gy, an increasing fraction of the atmospheric
neutrinos fromtheSouthern sky (above IceCube)
can be excluded by eliminating events with
simultaneous muons that originate from the
same cosmic-ray air-shower that produced the
atmospheric neutrino (24, 25). At the tera–
electron volt energies relevant for searches of
Galactic neutrino emission, the majority of
these atmospheric neutrinos remain as a sub-
stantial background in searches for astrophys-
ical neutrinos. This background is dominated
bymuon neutrinos, which are largely detected

RESEARCH

IceCube Collaboration, Science 380, 1338–1343 (2023) 30 June 2023 1 of 6

*Corresponding author: analysis@icecube.wisc.edu; F. Halzen
(francis.halzen@icecube.wisc.edu)
†IceCube Collaboration authors and affiliations are listed in the
supplementary materials.

D
ow

nloaded from
 https://w

w
w

.science.org at Radboud U
niversity N

ijm
egen on July 21, 2024

RESEARCH ARTICLE
◥

NEUTRINO ASTROPHYSICS

Observation of high-energy neutrinos from the
Galactic plane
IceCube Collaboration*†

The origin of high-energy cosmic rays, atomic nuclei that continuously impact Earth’s atmosphere, is
unknown. Because of deflection by interstellar magnetic fields, cosmic rays produced within the Milky
Way arrive at Earth from random directions. However, cosmic rays interact with matter near their
sources and during propagation, which produces high-energy neutrinos. We searched for neutrino
emission using machine learning techniques applied to 10 years of data from the IceCube Neutrino
Observatory. By comparing diffuse emission models to a background-only hypothesis, we identified
neutrino emission from the Galactic plane at the 4.5s level of significance. The signal is consistent with
diffuse emission of neutrinos from the Milky Way but could also arise from a population of unresolved
point sources.

T
he Milky Way emits radiation across the
electromagnetic spectrum, from radio
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the structure of the Galaxy and have iden-

tified sources of the highest-energy photons.
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the plane of the Milky Way is the most prom-
inent feature visible on the sky (Fig. 1B). Most
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arise from the decay of pions, a diffuse neu-
trino flux concentrated along the Galactic
plane has been predicted (2–5). The expected
tera–electron volt energy neutrino flux is shown
in Fig. 1D, calculated from the giga–electron
volt gamma-ray observation (1). In addition to
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energy gamma-ray point sources (also visible
in Fig. 1B), several classes of which are po-
tential cosmic-ray accelerators and therefore
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the Galactic plane an expected location of
neutrino emission.
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neutrino detectors (11–14) have not found a
statistically significant signal (P values ≥0.02).
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in data science has produced tools (15–17) that
can identify a larger number of neutrino inter-
actions in detector data, with improved angu-
lar resolution over earlier methods. We applied
these deep learning tools to data from the
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evidence of neutrino emission from the Galac-
tic plane.

Cascade events in IceCube
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below the surface of the Antarctic glacial ice
sheet. Neutrinos are detected through Cheren-
kov radiation, emitted by charged secondary
particles that are produced by neutrino inter-
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kilometers long), which arise predominantly
from muons generated in cosmic-ray particle
interactions in the atmosphere or muons pro-
duced by interactions of vm with nuclei. The
energy deposited by cascades is often con-
tained within the instrumented volume (un-
like tracks), which provides a more complete
measure of the neutrino energy (19).
Searches for astrophysical neutrino sources

are affected by an overwhelming background
of muons and neutrinos produced by cosmic-
ray interactions with Earth’s atmosphere. At-
mospheric muons dominate this background;
IceCube records about 100 million muons for
every observed astrophysical neutrino.Whereas
muons from the Southern Hemisphere (above
IceCube) can penetrate several kilometers deep
into the ice, muons from the Northern Hemi-
sphere (below IceCube) are absorbed during
passage through Earth. Because of this shield-
ing effect, and the superior angular resolution
of tracks over cascades (≲1° compared with
≲10°, respectively; both above 10 TeV), searches
for neutrino sources that use IceCube typically
rely on track selections, making them most
sensitive to astrophysical sources in theNorth-
ern sky (20).
The Galactic Center, as well as the bulk

of the neutrino emission expected from the
Galactic plane, is located in the Southern sky
(Fig. 1, C and D). To overcome the muon back-
ground in the Southern sky, analyses of IceCube
data often use events in which the neutrino
interaction is observed within the detector
(21, 22). The selection of these events greatly
reduces the background rate of cosmic-ray
muons that enter the instrumented volume
from the Southern sky. Unlike these atmo-
spheric muons, atmospheric neutrinos (23)
generally cannot be distinguished (by their in-
teractions in the detector) from astrophysical
neutrinos. Nevertheless, with increasing ener-
gy, an increasing fraction of the atmospheric
neutrinos fromtheSouthern sky (above IceCube)
can be excluded by eliminating events with
simultaneous muons that originate from the
same cosmic-ray air-shower that produced the
atmospheric neutrino (24, 25). At the tera–
electron volt energies relevant for searches of
Galactic neutrino emission, the majority of
these atmospheric neutrinos remain as a sub-
stantial background in searches for astrophys-
ical neutrinos. This background is dominated
bymuon neutrinos, which are largely detected
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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Pathlength of cosmic rays in Galaxy

Paolo Brogi – ECRS 2026 – Santiago de Compostela, 29 June - 3 July 2026 23

Flux ratios: “B to C” and “B to O”

Sta�s�cal errors only

 with ± 10% varia�on of  isotopic ra�o  

→ the Lux changes by only  ~ 2%

 [16 GeV/n, 2.2 TeV/n]

Observation of a Sattening of B/C and B/O with energy:
• from a model independent DPL Lt
• from a Leaky Box model Lt => non-zero residual path 

length l0 with a statistical signiLcance > 5σ  

B/C increased statistics and extension to 6.7 TeV/n ∆γ  0.2 ∼

Leaky Box model Lt

model independent DPL Lt

The observed /attening at TeV/n energies might be due to a 
change in the spectral  index δ of the di8usion coe9cient or the 
presence of source grammage. 

PoS(ICRC2025)077 

 with ± 10% varia�on of  isotopic ra�o  

→ the Lux changes by only  ~ 2%

CALET

PoS(ICRC2025)019Paolo Brogi – ECRS 2026 – Santiago de Compostela, 29 June - 3 July 2026 23

Flux ratios: “B to C” and “B to O”

Sta�s�cal errors only

 with ± 10% varia�on of  isotopic ra�o  

→ the Lux changes by only  ~ 2%

 [16 GeV/n, 2.2 TeV/n]

Observation of a Sattening of B/C and B/O with energy:
• from a model independent DPL Lt
• from a Leaky Box model Lt => non-zero residual path 

length l0 with a statistical signiLcance > 5σ  

B/C increased statistics and extension to 6.7 TeV/n ∆γ  0.2 ∼

Leaky Box model Lt

model independent DPL Lt

The observed /attening at TeV/n energies might be due to a 
change in the spectral  index δ of the di8usion coe9cient or the 
presence of source grammage. 

PoS(ICRC2025)077 

 with ± 10% varia�on of  isotopic ra�o  

→ the Lux changes by only  ~ 2%



Jörg R. Hörandel, ISCRA Erice 2026 56

λesc = 5− 10 g/cm2

r = r0A
1/3 r0 = 1.3 · 10−13 cm

n = 1/cm3

σp−A = π(rp + r0A
1/3)2

λp−p = 21 g/cm2

λp−Fe = 1.6 g/cm2

λp−A =
ρ

σp−A · n

ρ = 1.67 · 10−24 g/cm3

Pathlength vs. interaction length
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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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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.
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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
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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
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" 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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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.
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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
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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
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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
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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
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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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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
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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
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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).
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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
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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
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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

Energy [GeV]

P
at

h 
le

ng
th

 λ
 [g

/c
m

2 ]

λdif

λrp

λlb

λgc

λTR

10 -2

10 -1

1

10

1 10 10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

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-
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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

NðEÞ / QðEÞ 1

kescðEÞ
þ 1

kintðEÞ
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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. 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 + γ3K → p + e+ + e−. Assuming a power law injection spectrum with a spectral index between γ = −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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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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Cosmic rays at the knee
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Jörg R. Hörandel RU Nijmegen, VU Brussel https://hoerandel.euFIG. 1. The fits of the CR intensity of four elemental groups as a function of the rescaled energy compared to data from AMS-02 [28–
30], DAMPE [31–33], CALET [34–37], LHAASO [2], and PAO [40,41]; in the top (bottom) figure, the fit uses DAMPE (CALET).
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