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Exploring the Universe with multi-messenger astroparticle physics
cosmic rays, gamma rays, neutrinos, gravitational waves
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Multi-messenger astroparticle physics

CRPropa [ 29].

than 1018

to pion-photoproduction. Fig. 2.1

just below 10 20

CR

(charged) cosmic rays

neutrinos

gamma rays
p+ �CMB ! p+ ⇡0 ! ��

p+ �CMB ! n+ ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ

gravitational waves
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Cosmic rays
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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:

ionized atomic nuclei 
hitting the Earth from outer space



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 4

Cosmic rays
Solar flares
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Cosmic rays
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galactic  
cosmic rays
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Cosmic rays
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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]
B [µG]
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Discovery of Radioactivity

Henri Becquerel Marie & Pierre Curie

Nobel Prize 
1903
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a new 
electrometer for static 

charges
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on the origin of 
gamma radiation in the 

atmosphere

the radiation originates 
from the soil

maybe a small contribution 
from the atmosphere
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~1910

I = I0e
�µL

1909: Soddy & Russel:
attenuation of gamma rays 
follows an exponential law

Theodor Wulf
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Discovery of Cosmic Rays
Viktor Franz Hess           7. August 1912
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FIGURE 1. Left: Electrometer after Th. Wulf [5]. Right: Two grandsons of V.F. Hess revealing a plaque
to commemorate the discovery of cosmic rays on August 7th, 2012, close to the presumed landing site
of V.F. Hess in Pieskow close to Berlin. It reads: "To commemorate the discovery of cosmic rays. On
7 August 1912 landed the Austrian physicist Victor F. Hess with a hydrogen balloon close to Pieskow.
On the journey from Lower-Bohemia he reached an altitude of 5300 m and he proved the existence of
a penetrating, ionizing radiation from outer space. For the discovery of cosmic rays V.F. Hess has been
awarded the Nobel Prize in Physics in 1936. The participants of the symposium ’100 years cosmic rays’,
Bad Saarow-Pieskow, 7 August 2012".

origin of the gamma radiation in the atmosphere" [7] he describes a survey, conducted in
Germany, the Netherlands, and Belgium, where he measured the intensity of the radia-
tion in various places. He finds an anti-correlation between the radiation intensity and the
ambient air pressure. His explanation sounds today rather exotic: one observes less ra-
diation at higher pressure, since the radioactive air is pressed back into the soil/ground.1
He summarizes his article [7]: "The contents of this article is best summarized as fol-
lows. We report on experiments, which prove that the penetrating radiation is caused
by radioactive substances, which are located in the upper layers of soil up to a depth
of about 1 m. If a fraction of the radiation originates in the atmosphere, it has to be so
small, that it can not be detected with the present apparatus."

To prove this theory, Wulf carried an electrometer to the top of the Eiffel tower in
Paris ("Observations on the radiation of high penetration power on the Eiffel tower") [8].
However, his measurements were not conclusive. At 300 m above ground he observed
less radiation, but the radiation level did not vanish completely, as expected for a purely
terrestrial origin.

1 From a present point of view, in which the pressure effect is explained due to a variation of the absorber
column density in the atmosphere, one may wonder that observing a pressure dependency has not led to
the conclusion that the radiation penetrates the atmosphere from above.

53
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on the observation of 
the penetrating 

radiation during 7 
balloon campaigns

hydrogen!

altitude intensity
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radiation with high 
penetration power 
impinges onto the 
atmopshere from 

above

no change during 
solar eclipse

hence, Sun can be 
excluded as origin

Nobel Prize 1936
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1931-34 A.H. Compton 12 expeditions  ~100 locations

cosmic rays are charged particles
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1941 protons (M. Schein)
1948 heavy nuclei (Brandt & Peters)

End 1940s plastic balloons
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Detectors for direct measurements of 
Cosmic Rays above the atmosphere

3.7 Transition Radiation Detectors 99

CRN detector

U
S

A

Fig. 3.23. The CRN detector
inside a pressurised container
on-board the space shuttle
mission, 1985

C1 

T1 

T2 

C2 

2.0 m 

1.1 m  

gas 
Cherenkov

gas 
Cherenkov

PMTs

MWPCs

radiators

scintillator

scintillator

Fig. 3.24. The CRN detector
inside a container. The two
gas Cherenkov detectors were
operated at 1 atm with a mix-
ture of 80% N2 and 20%CO2.
The latter had been added
to suppress the fluorescence
light of N2, which would be
comparable to the Cherenkov
light in pure N2. Scintilla-
tors T1 and T2 served for
charge determination and
TOF measurements

Detector Configurations

The first application of a TRD for energy measurements was by the CRN24

detector flown on board the Space Shuttle for eight days in 1985, see
Fig. 3.23 [58]. The main components of the detector were: Two integrating
gas Cherenkov counters providing coincidence triggers, charge measurements,
and up-down discrimination by time-of-flight measurements. Figure 3.24
shows a sketch of the apparatus. The TRD consisted of six radiator lay-
ers of plastic fiber material, followed by MWPCs filled with a mixture of 25%
xenon, 15% methane, and 60% helium to measure the energy and trajectory
of the particles. The gas mixture insured an efficient X-ray absorption of
the transition radiation by xenon while minimising the relative contribution
from the ionisation signal of the primary particle, which is small in He and
CH4. The chambers were operated at a low gas amplification with 1300 V to

24Cosmic Ray Nuclei

few particles are expected per km2 and century, huge
ground based installations are necessary to measure sec-
ondary products generated by cosmic rays in the atmo-
sphere and the (average) mass can be estimated coarsely
only. The situation is sketched figuratively in Fig. 1.

At energies in the MeV range sophisticated silicon detec-
tors, operated in outer space, like the Ulysses HET (Simp-
son et al., 1992) or the ACE/CRIS (0.025 m2 sr) (Stone
et al., 1998) experiments can identify individual isotopes,
fully characterized by simultaneous measurements of their
energy, charge, and mass (E,Z,A). Since the particles have
to be absorbed completely in a silicon detector this tech-
nique works up to energies of a few GeV only.

In the GeV domain particles are registered with mag-
netic spectrometers on stratospheric balloons, like the
BESS instrument (Ajima et al., 2000). They are the only
detectors discussed here which are able to identify the sign
of the particles charge. All other detectors rely on the fact
that the specific ionization loss is dE/dx ! Z2, thus |Z| is
derived from the measurements. Magnet spectrometers
are the only detectors suitable to distinguish between mat-
ter and antimatter as e.g. e+ ! e!, p ! !p, or He!He. The
particle momentum is derived from the curvature of the
trajectory in a magnetic field, which limits the usage of
these detectors to energies approaching the TeV scale.

At higher energies particles are measured with balloon
borne instruments on circumpolar long duration flights
(Jones, 2005). Individual elements are identified, character-
ized by their charge and energy. |Z| is determined through
dE/dx measurements. Experimentally most challenging is
the energy measurement. In calorimeters the particles need
to be (at least partly) absorbed. The weight of a detector
with a thickness of one hadronic interaction length (ki)
and an area of 1 m2 amounts to about 1 t. Due to weight
limitations actual detectors like ATIC (Guzik et al., in
press) or CREAM (Seo et al., 2004) have to find an opti-
mum between detector aperture and energy resolution,

resulting in relatively thin detectors with a thickness of
1.7 ki (ATIC) or 0.7 ki (CREAM) only. The measurement
of transition radiation from cosmic-ray particles allows to
build large detectors with reasonable weight. The largest
cosmic-ray detector ever flown on a balloon, the TRACER
experiment (Gahbauer et al., 2004) has an aperture of
5 m2 sr. During a long duration balloon flight over Antarc-
tica (Hörandel, 2006a) and another flight from Sweden to
Alaska (Boyle, in press), up to now an exposure of
70 m2 sr d has been reached with this experiment. With
such exposures the energy spectra for individual elements
can be extended to energies exceeding 1014 eV.

To access higher energies very large exposures are neces-
sary. At present reached only in ground based experiments,
registering extensive air showers. In the TeV regime (small)
air showers are observed with imaging Čerenkov telescopes
such as the HEGRA (Aharonian et al., 1999), HESS (Hin-
ton, 2004), MAGIC (Ferenc, 2005), or VERITAS (Weekes
et al., 2002) experiments. These instruments image the tra-
jectory of an air shower in the sky with large mirrors onto a
segmented camera.

For primary particles with energies exceeding 1014 eV
the particle cascades generated in the atmosphere are large
enough to reach ground level, where the debris of the cas-
cade is registered in large arrays of particle detectors. Two
types of experiments may be distinguished: installations
measuring the longitudinal development of showers (or
the depth of the shower maximum) in the atmosphere
and apparatus measuring the density (and energy) of sec-
ondary particles at ground level.

The depth of the shower maximum is measured in two
ways. Light-integrating Čerenkov detectors like the
BLANCA (Fowler et al., 2001) or TUNKA (Gress et al.,
1999) experiments are in principle arrays of photomulti-
plier tubes with light collection cones looking upwards in
the night sky, measuring the lateral distribution of Čeren-
kov light at ground level. The depth of the shower maxi-
mum and the shower energy is derived from these
observations. Imaging telescopes as in the HiRes (Abu-
Zayyad et al., 2001a) or AUGER (Abraham et al., 2004)
experiments observe an image of the shower on the sky
through measurement of fluorescence light, emitted by
nitrogen molecules, which had been excited by air shower
particles. These experiments rely on 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 ln A; ð1Þ

where X0 = 36.7 g/cm2 is the radiation length in air (Mat-
thews, 2005; Hörandel, 2006b).

An example for an air shower array is the KASCADE-
Grande experiment (Antoni et al., 2003; Navarra et al.,
2004), covering an area of 0.5 km2. The basic idea is to
measure the electromagnetic component in an array of
unshielded scintillation detectors and the muons in scintil-
lation counters shielded by a lead and iron absorber, while
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Fig. 1. Illustrative sketch of the composition resolution achieved by
different cosmic-ray detection techniques as function of energy. Over the
energy range shown the flux of cosmic rays decreases by about 30 orders of
magnitude as indicated on the right-hand scale.
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The TRACER Detector

Summary of Measurements with TRACER

� Two LDB flights
� Antarctica 2003,.
� Sweden 2006.

� Ten elements
� 5 ≤ Z ≤ 26.
� Primary > 1014 eV.
� Boron > 1013 eV.

� Dashed line
� Power-law fit.
� Average exponent 2.65.

� Measurements are
statistics limited

� TRD not saturated. 1 10 10
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P. Boyle et al., ICRC 2011

TRACER 2003

TRACER 2006

A. Obermeier et al., ApJ 752 (2012) 69
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2 24. Cosmic rays

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 24.1. Figure 24.1 shows the
major components for energies greater than 2 GeV/nucleon.

Figure 24.1: Major components of the primary cosmic radiation from Refs. [1–12].
The figure was created by P. Boyle and D. Muller. Color version at end of book.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located
within the galaxy [13]. The ratio of secondary to primary nuclei is observed to decrease
with increasing energy, a fact interpreted to mean that the lifetime of cosmic rays in the
galaxy decreases with energy. Measurements of radioactive “clock” isotopes in the low
energy cosmic radiation are consistent with a lifetime in the galaxy of about 15 Myr.

July 30, 2010 14:36

solar modulation at low energies

power laws at high energies
dN

dE
/ E�
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most important properties:
1.energy spectra are power laws  

--> non-thermal origin 

2.below ~10 GV energy spectra deviate from power laws  
--> solar modulation, charged particles of extra-solar 
origin (galactic origin) drift against the solar wind 
towards Earth/solar system  
 
magnetic rigidity  

3.in first approximation all elements exhibit about the 
same slope  
spectral index 

dN

dE
/ E� � ⇡ �2.7

✓
dN

dE
/ e�E

◆

Properties of Cosmic Rays  E<1014 eV

� ⇡ �2.7

R =
p · c
Z · e
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The heliosphere is a shield that 
excludes >75% of the Galactic 
Cosmic Rays with >70 MeV

Mainly >70 MeV protons Termination shock

Galactic Cosmic Rays 
and the Heliosphere

Voyager 1, launched
September 5th, 1977

January 2025: Voyager 1: 166 AU from Sun
                         Voyager 2: 138 AU from Sun

passage through termination shock 
ended
Voyager 1: 94 AU, December 2004
Voyager 2: 84 AU, August 2007

�T = cd ⇡ 22 h23 h
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Relative abundance of elements at Earth

~ 1 GeV/n
Si = 100

JRH, Adv. Space Res. 41 (2008) 442 

—> Cosmic rays are „regular matter“,  
       accelerated to extremely high energies
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elemental composition of cosmic rays  
~89% p 
    9% He                            
    1% heavy nuclei 
 
some remarks: 
1. even-odd effect 
--> due to high binding energy of ee-nuclei 
 
2. elements Li, Be, B are more abundant in CRs  
than in solar system  
--> propagation in Galaxy  
 
3. same effect for sub-Fe elements (~Ca - Fe) 
 
4. p + He are less abundant in CRs as compared to  
solar system

}~1 GeV/n ~1% electrons/positrons
<0.1% gamma rays
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electrons(+positrons): ~1% of nuclear cosmic rays  
energy spectrum is steeper  
 
 
 

reason:  
losses through synchrotron radiation at high energies

dN

dE
/ E�3.3

e

6) electrons : ~l% of unclear cosmic rays

energy spectrum is Steeper
d#te a Efi 3

reason : losses through synchrotron radiation at

high

energies
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High-Statistics Measurement of the Cosmic-Ray Electron Spectrum with H.E.S.S.
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MSSG is calculated assuming the electron hypothesis, and a
hard cut of MSSG < −0.6 is used, together with additional
selections cuts (see Supplemental Material [30]). This
drastically reduces the background of cosmic-ray protons
and nuclei (CRn) among the CRe candidate events, at the
expense of signal statistics, resulting in a proton rejection of
better than 104 at a few TeV.
This technique crucially relies on the ability of the

simulations to accurately reproduce the MSSG distribution
for electromagnetic air showers. This was validated using
the MSSG distribution for γ rays from the blazar PKS
2155-304 (using a dataset of 755 runs), after subtracting the
cosmic-ray background. The distribution is compared to γ-
ray simulations obtained within the runwise scheme.
Identical cuts were used for selection of runs, images,
and events as for the CRe sample. As illustrated in Fig. 1,
the measured distribution is indeed well reproduced by
simulations, see also Supplemental Material [30].
In Fig. 2 the measured distribution in MSSG is shown, in

three energy ranges (ocher histograms), in comparison to
electron runwise simulations (blue curves). The data dis-
tributions exhibit a clear peak consistent with the electron
simulations, on top of a much broader distribution that
corresponds to CRn. The data are modeled as a sum of the
simulated MSSG distribution of electrons and an analytical
parametrization (dotted line) to account for the CRn
background. The resulting distribution—shown as a solid
black line—is in good agreement with the data, although it
should be noted that there is some freedom in the choice of
the analytical parametrization representing the hadronic
background.
The analysis presented here deliberately avoids using

distributions from simulated CRn and does not attempt to
subtract the CRn remaining after the CRe selection cuts. CRn
simulations have considerably larger uncertainties than those
of electromagnetic cascades, due to the model dependence in
the simulation of hadronic interactions. Moreover, the frac-
tion of hadronic showers triggering the instrument and
passing the selection cuts is much lower than for electro-
magnetic showers, making the production of a CRn
Monte Carlo dataset excessive in terms of computing time.
From Fig. 2, an estimate of the remaining CRn con-

tamination as a function of the MSSG cut can be obtained.
BelowMSSG ≃ −1, where very little CRn contamination is
expected, the measured MSSG distribution is in excellent
agreement with the predictions for electrons. For
MSSG≳ −1, an increasing excess over the electron
simulations is seen, which is attributed to CRn. The applied
cut of MSSG ≤ −0.6 results in a CRn contamination in the
CRe dataset of less than 25% for the energy range of
0.1–1 TeV and less than 30% for 1–3 TeV. Beyond
3 TeV a dominant background contribution cannot be
excluded [30].
Spectrum of electronþ positron candidate events—This

analysis resulted in the selection of 265 574 electronlike

events from 0.3 to 40 TeV. The energy spectrum for these
events is derived using a forward-folding procedure assum-
ing that all selected events are electrons and using in-
strument response functions computed from electron
simulations described above. The red data points in
Fig. 3 show the resulting spectrum of these CRe candidate
events along with previous CRe measurements. Numerical
values are provided in Supplemental Material [30].

FIG. 3. Filled red circle data points: spectrum of CRe candidate
events measured by H.E.S.S. The dataset still contains a residual
background from CRn and therefore places an upper limit on the
true CRe flux. The dark red band indicates the broken-power-law
fit to the data [Eq. (1)], with thewidth of the band corresponding to
statistical errors. The light blue band denotes the estimated range
of the true CRe flux, considering the CRn contamination as well as
the statistical errors and systematic errors. Separately shown is the
systematic error on the global energy scale, which also impacts the
normalization of E3FðEÞ, as visualized by the red arrow. Included
are CRe measurements by AMS-02 [25], Fermi-LAT [27],
CALET [29], DAMPE [28], VERITAS [23], and previous
H.E.S.S. measurements [20,21]. Also shown is the CR proton
flux based on AMS-02 [37] and DAMPE [38] data (scaled down
by 10−3 − 10−5) and the Fermi-LAT diffuse extragalactic γ-ray
flux [34] (scaled up by 103). The bottom panel shows the residuals
expressed in Δχ ¼ ðϕi − ϕðEÞÞ=σi where ϕi and σi are, respec-
tively, the flux measured in bin i and its statistical uncertainty, and
ϕðEÞ is the expected flux from Eq. (1).
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center of mass energy

Mandelstam variable  (Lorentz invariant)

energy in fixed traget exp. 
only proportional sqrt(s)
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CALIBRATION OF HADRON INTERACTION MODELS AT LHC 

23 

p-p 450 GeV + 450 GeV   Î  Elab ~ 4 � 1014 eV 
p-p  3.5 TeV  +  3.5 TeV   Î  Elab ~ 3 � 1016 eV 
p-p  6.5 TeV  +  6.5 TeV   Î  Elab ~ 9 � 1016 eV 

� Total cross section   ↔ TOTEM, ATLAS, CMS 
� Multiplicity     ↔ Central detectors 

� Inelasticity/Secondary spectra ↔ Forward calorimeters (LHCf, ZDCs) 

 Multiplicity @ 14TeV Energy Flux @ 14TeV 

(simulated by DPMJET3) 
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LHCf EXPERIMENTAL SET-UP 
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Total and elastic cross sections
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above ~10 GeV only weak 
(logarithmic) dependence 
on energy
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Extensive Air Shower
Proton 1015 eV:
on ground
106 particles
 80% photons
 18% electr./positr.
1.7% muons
0.3% hadrons
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Energy measurement - calorimeter

ARTICLE IN PRESS
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Fig. 13. Measured energy deposition as function of depth in the calorimeter for hadrons with energies from 30 to 350GeV. The lines represent fits
according to Eq. (7).
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Fig. 14. Simulated energy deposition as function of depth in the calorimeter for hadrons with energies from 30 to 350GeV. The lines represent fits
according to Eq. (7).
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highest energies available at test beams to complement
earlier measurements at lower energies [22] and to check
the calibration procedure applied.

For a direct verification at a particle beam a small
calorimeter module, with a structure similar to the
calorimeter of the KASCADE experiment has been set
up at the CERN SPS. The detector and its operation are
described in Sections 2 and 3, respectively. The key point of
the physical calibration of the liquid ionization chambers is
that the signal yield depends on the purity of the liquid.
The corresponding procedure is discussed in Section 4. The
lateral and longitudinal development of cascades in the
calorimeter is investigated in Sections 5 and 6. The relation
between incident particle energy and registered energy is
outlined in Section 7.

2. Experimental set-up

The structure of a ionization chamber is sketched in Fig.
1. It consists of a 50! 50 cm2 stainless-steel box (made of
1mm thick plates), with a thickness of 1.7 cm, containing
four electrodes (25! 25 cm2, 1mm thick) positioned in the
mid-plane of the box by ceramic spacers. The mid-electrode
forms two gaps with 7mm liquid each. A ceramic
feedthrough allows to apply high voltage to the electrodes
and to read out their signals independently, ensuring a fine
spatial segmentation of the calorimeter. A feedback
preamplifier is mounted directly on the chamber in order

to reduce noise pick-up. The detectors are filled with the
liquid tetramethylpentane.
A set-up similar to the longitudinal structure of the

KASCADE-Grande calorimeter has been chosen as
sketched in Fig. 2. 60 ionization chambers are arranged
in 15 layers, forming a detector with 1m2 active area,
segmented in 16 individual read-out pads (25! 25 cm2) per
layer. The chambers are installed in gaps of 9 cm width
between the absorber slabs. A layer of chambers is installed
in front and behind the absorber, respectively. The
absorber consists of a lead layer (5 cm thick, corresponding
to 0.3 hadronic interaction lengths li or 8.9 radiation
lengths X 0) followed by 13 layers of iron slabs, each 10 cm
thick (0.6 li or 5.7 X 0). The total depth amounts to 8.2 li.
The sampling fraction of the calorimeter is about 2%.
The read-out electronics is identical to the one used in

the KASCADE-Grande calorimeter [10]. A charge-inte-
grating preamplifier is mounted directly on each chamber.
The signals are transmitted to a combined main amplifier
and 13-bit ADC unit with a VME-based read-out. The
dynamic range of the electronics is about 1: 6! 104 [10].
For electronic calibration, a test charge was injected via a
precision capacitor directly to the preamplifier of each
channel.
Two plastic scintillators were installed in front of the

calorimeter as trigger counters for the pion and electron
runs. A third scintillator behind the calorimeter was used in
dedicated runs to select muons.

3. Measurements and simulations

The calorimeter was set up at the H4 beamline of the
Super Proton Synchrotron (SPS) at CERN. It was exposed
to beams of protons, pions, electrons, and muons with
energies between 15 and 350GeV. Protons and pions could
not be distinguished, they are treated as hadrons, as in the
air shower experiment.
To identify electrons, a lead plate (15mm thick,

corresponding to 3.1X 0 or 0.09 li, not shown in Fig. 2)
has been placed in front of the first layer of ionization
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sampling calorimeter
alternating layers of absorber 
material and detectors

experimental values. A possible reason for the discrepan-
cies will be discussed in the next section.

6. Longitudinal distribution of energy depositions

Integration over the lateral energy distribution yields the
total energy deposit for each layer. It is shown as function
of depth in the calorimeter in Fig. 11. The two summands
in Eq. (5) have been integrated separately and the
longitudinal development of both components is shown.
In the region of the maximum, the total energy deposition
is clearly dominated by the central component, while at
depths exceeding six interaction lengths the outer (flatter)
component becomes more important. The latter penetrates
deeper into the absorber and is more weakly attenuated
beyond the cascade maximum. This can be interpreted as
experimental hint that this component indeed contains a
large fraction of neutrons.

The data points have been fitted using the approach

EdepðtÞ ¼ A $ tB $ expð%t=CÞ (7)

originally introduced for electromagnetic cascades [28].
The absorber depth t is measured in interaction lengths
li or radiation lengths X 0 for hadrons and electrons,
respectively. B characterizes the growth of the cascade
before the maximum and C the exponential decrease at
large depths.

The positions of the cascade maximum tmax ¼ 1=ðB $ CÞ
for the two components are shown as function of hadron
energy in Fig. 12. As expected, the position of the
maximum depends logarithmically on the energy for both
components. Also, results of simulations are given in the
figure. A reasonable agreement can be recognized for the
inner component. On the other hand, in the simulations the
neutron rich component penetrates about 0.5 li deeper into

the absorber as compared to the measurements. The
difference is also seen in Fig. 11. This effect has been
suspected already previously [10]. The separate long-
itudinal development curves used in the present analysis
clearly show the effect. However, it should be noted that
this is an interesting detail of the shower development but
only a small effect for the total energy deposition. The
latter is dominated by the inner component, for which a
good agreement between measurements and simulations
can be stated.
The total energy deposition in each layer for hadrons

with energies from 30 to 350GeV is plotted for measured
and simulated cascades in Figs. 13 and 14, respectively. The
lines represent fits using Eq. (7). The positions of the
cascade maxima tmax increase logarithmically with energy
for both, measurements and simulations. Good agreement
is found between measurements and simulations, the
increase amounts to 0.55 li/decade in energy and 0.58 li/
decade in energy, respectively. In the figures it can be seen
that the exponential decrease after the maximum is
stronger in the measurements as compared to the simula-
tions.
The attenuation length C in Eq. (7) is plotted as function

of hadron energy for measured and simulated cascades in
Fig. 15. For high-energy hadrons the measured attenuation
length is C ¼ 1:1 li. Over the whole energy range, the
measured attenuation length is about 0.3 li smaller than in
the FLUKA code.
The sampling of the calorimeter is optimized for hadrons

and is rather coarse for electrons. Nevertheless, the
response for incident electrons has been studied. The
longitudinal energy depositions are shown in Fig. 16 for
particles with energies from 15 to 100GeV. Again, Eq. (7)
has been used to fit the data. As can be recognized, no data
points are available near the maximum of the cascades. As
a consequence, the longitudinal distribution and the total
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electrons

highest energies available at test beams to complement
earlier measurements at lower energies [22] and to check
the calibration procedure applied.

For a direct verification at a particle beam a small
calorimeter module, with a structure similar to the
calorimeter of the KASCADE experiment has been set
up at the CERN SPS. The detector and its operation are
described in Sections 2 and 3, respectively. The key point of
the physical calibration of the liquid ionization chambers is
that the signal yield depends on the purity of the liquid.
The corresponding procedure is discussed in Section 4. The
lateral and longitudinal development of cascades in the
calorimeter is investigated in Sections 5 and 6. The relation
between incident particle energy and registered energy is
outlined in Section 7.

2. Experimental set-up

The structure of a ionization chamber is sketched in Fig.
1. It consists of a 50! 50 cm2 stainless-steel box (made of
1mm thick plates), with a thickness of 1.7 cm, containing
four electrodes (25! 25 cm2, 1mm thick) positioned in the
mid-plane of the box by ceramic spacers. The mid-electrode
forms two gaps with 7mm liquid each. A ceramic
feedthrough allows to apply high voltage to the electrodes
and to read out their signals independently, ensuring a fine
spatial segmentation of the calorimeter. A feedback
preamplifier is mounted directly on the chamber in order

to reduce noise pick-up. The detectors are filled with the
liquid tetramethylpentane.
A set-up similar to the longitudinal structure of the

KASCADE-Grande calorimeter has been chosen as
sketched in Fig. 2. 60 ionization chambers are arranged
in 15 layers, forming a detector with 1m2 active area,
segmented in 16 individual read-out pads (25! 25 cm2) per
layer. The chambers are installed in gaps of 9 cm width
between the absorber slabs. A layer of chambers is installed
in front and behind the absorber, respectively. The
absorber consists of a lead layer (5 cm thick, corresponding
to 0.3 hadronic interaction lengths li or 8.9 radiation
lengths X 0) followed by 13 layers of iron slabs, each 10 cm
thick (0.6 li or 5.7 X 0). The total depth amounts to 8.2 li.
The sampling fraction of the calorimeter is about 2%.
The read-out electronics is identical to the one used in

the KASCADE-Grande calorimeter [10]. A charge-inte-
grating preamplifier is mounted directly on each chamber.
The signals are transmitted to a combined main amplifier
and 13-bit ADC unit with a VME-based read-out. The
dynamic range of the electronics is about 1: 6! 104 [10].
For electronic calibration, a test charge was injected via a
precision capacitor directly to the preamplifier of each
channel.
Two plastic scintillators were installed in front of the

calorimeter as trigger counters for the pion and electron
runs. A third scintillator behind the calorimeter was used in
dedicated runs to select muons.

3. Measurements and simulations

The calorimeter was set up at the H4 beamline of the
Super Proton Synchrotron (SPS) at CERN. It was exposed
to beams of protons, pions, electrons, and muons with
energies between 15 and 350GeV. Protons and pions could
not be distinguished, they are treated as hadrons, as in the
air shower experiment.
To identify electrons, a lead plate (15mm thick,

corresponding to 3.1X 0 or 0.09 li, not shown in Fig. 2)
has been placed in front of the first layer of ionization
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energy deposit in the calorimeter can be determined
roughly only. Nevertheless, the measurements seem to be
described rather well by the simulations, shown also in the
figure. The measured attenuation length C in Eq. (7)
amounts to about 1.6 X 0 at high energies.

The depth of the maxima tmax increases logarithmically
with energy. The function

tmax ¼ X 0 ln
E

Ec

! "
(8)

has been fitted to the measurements to determine the
effective critical energy Ec and the radiation length X 0 for
the lead iron absorber in combination with the air gaps.

The values X 0 ¼ 11:5" 0:7 g=cm2 and Ec ¼ 7:4" :7MeV
have been obtained. The very first layer of the calorimeter
is at 3 X 0 behind the small lead plate used to select
electrons as described above, the second layer is behind the
5 cm lead absorber, i.e. up to the cascade maxima only lead
absorbers are involved. But it has to be considered that Eq.
(7) is fitted to the whole data set, i.e. the position of the
maximum is also influenced by the presence of the iron
absorbers at larger depths.
The radiation length obtained is between the literature

values for iron (13:84 g=cm2 and lead (6:37 g=cm2) [29, p.
98] . The critical energy in solids can be approximated as
Ec ¼ 610MeV=ðZ þ 1:24Þ [29, p. 247], yielding EFe

c ¼
22:4MeV for iron and EPb

c ¼ 7:3MeV for lead. The
effective value obtained in the present investigations is
well compatible with Ec for lead.
Another interesting point is the number of electrons at

shower maximum. Recently, a simple Heitler model has
been used to estimate the number of electrons in air
showers [30], approximating the electron number as
Ne ¼ E=ðEc gÞ. The parameter g has to be determined
from measurements. Using the present results, a value of
g ¼ 20 is obtained, confirming the estimate of Ref. [30].

7. Integral energy sum

To reconstruct the energies of incident hadrons, the
energy deposition in each layer is weighted with the
amount of absorber material ti in front of the layer,
measured in interaction lengths li. This procedure has to
be applied for the KASCADE calorimeter due to its
inhomogeneous sampling structure and is used for the
present analysis as well to ensure compatibility. The
resulting weighted energy sum is shown in Fig. 17.
Measured values are compared to simulation results. At
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energy deposit in the calorimeter can be determined
roughly only. Nevertheless, the measurements seem to be
described rather well by the simulations, shown also in the
figure. The measured attenuation length C in Eq. (7)
amounts to about 1.6 X 0 at high energies.

The depth of the maxima tmax increases logarithmically
with energy. The function

tmax ¼ X 0 ln
E

Ec

! "
(8)

has been fitted to the measurements to determine the
effective critical energy Ec and the radiation length X 0 for
the lead iron absorber in combination with the air gaps.

The values X 0 ¼ 11:5" 0:7 g=cm2 and Ec ¼ 7:4" :7MeV
have been obtained. The very first layer of the calorimeter
is at 3 X 0 behind the small lead plate used to select
electrons as described above, the second layer is behind the
5 cm lead absorber, i.e. up to the cascade maxima only lead
absorbers are involved. But it has to be considered that Eq.
(7) is fitted to the whole data set, i.e. the position of the
maximum is also influenced by the presence of the iron
absorbers at larger depths.
The radiation length obtained is between the literature

values for iron (13:84 g=cm2 and lead (6:37 g=cm2) [29, p.
98] . The critical energy in solids can be approximated as
Ec ¼ 610MeV=ðZ þ 1:24Þ [29, p. 247], yielding EFe

c ¼
22:4MeV for iron and EPb

c ¼ 7:3MeV for lead. The
effective value obtained in the present investigations is
well compatible with Ec for lead.
Another interesting point is the number of electrons at

shower maximum. Recently, a simple Heitler model has
been used to estimate the number of electrons in air
showers [30], approximating the electron number as
Ne ¼ E=ðEc gÞ. The parameter g has to be determined
from measurements. Using the present results, a value of
g ¼ 20 is obtained, confirming the estimate of Ref. [30].

7. Integral energy sum

To reconstruct the energies of incident hadrons, the
energy deposition in each layer is weighted with the
amount of absorber material ti in front of the layer,
measured in interaction lengths li. This procedure has to
be applied for the KASCADE calorimeter due to its
inhomogeneous sampling structure and is used for the
present analysis as well to ensure compatibility. The
resulting weighted energy sum is shown in Fig. 17.
Measured values are compared to simulation results. At
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experimental values. A possible reason for the discrepan-
cies will be discussed in the next section.

6. Longitudinal distribution of energy depositions

Integration over the lateral energy distribution yields the
total energy deposit for each layer. It is shown as function
of depth in the calorimeter in Fig. 11. The two summands
in Eq. (5) have been integrated separately and the
longitudinal development of both components is shown.
In the region of the maximum, the total energy deposition
is clearly dominated by the central component, while at
depths exceeding six interaction lengths the outer (flatter)
component becomes more important. The latter penetrates
deeper into the absorber and is more weakly attenuated
beyond the cascade maximum. This can be interpreted as
experimental hint that this component indeed contains a
large fraction of neutrons.

The data points have been fitted using the approach

EdepðtÞ ¼ A $ tB $ expð%t=CÞ (7)

originally introduced for electromagnetic cascades [28].
The absorber depth t is measured in interaction lengths
li or radiation lengths X 0 for hadrons and electrons,
respectively. B characterizes the growth of the cascade
before the maximum and C the exponential decrease at
large depths.

The positions of the cascade maximum tmax ¼ 1=ðB $ CÞ
for the two components are shown as function of hadron
energy in Fig. 12. As expected, the position of the
maximum depends logarithmically on the energy for both
components. Also, results of simulations are given in the
figure. A reasonable agreement can be recognized for the
inner component. On the other hand, in the simulations the
neutron rich component penetrates about 0.5 li deeper into

the absorber as compared to the measurements. The
difference is also seen in Fig. 11. This effect has been
suspected already previously [10]. The separate long-
itudinal development curves used in the present analysis
clearly show the effect. However, it should be noted that
this is an interesting detail of the shower development but
only a small effect for the total energy deposition. The
latter is dominated by the inner component, for which a
good agreement between measurements and simulations
can be stated.
The total energy deposition in each layer for hadrons

with energies from 30 to 350GeV is plotted for measured
and simulated cascades in Figs. 13 and 14, respectively. The
lines represent fits using Eq. (7). The positions of the
cascade maxima tmax increase logarithmically with energy
for both, measurements and simulations. Good agreement
is found between measurements and simulations, the
increase amounts to 0.55 li/decade in energy and 0.58 li/
decade in energy, respectively. In the figures it can be seen
that the exponential decrease after the maximum is
stronger in the measurements as compared to the simula-
tions.
The attenuation length C in Eq. (7) is plotted as function

of hadron energy for measured and simulated cascades in
Fig. 15. For high-energy hadrons the measured attenuation
length is C ¼ 1:1 li. Over the whole energy range, the
measured attenuation length is about 0.3 li smaller than in
the FLUKA code.
The sampling of the calorimeter is optimized for hadrons

and is rather coarse for electrons. Nevertheless, the
response for incident electrons has been studied. The
longitudinal energy depositions are shown in Fig. 16 for
particles with energies from 15 to 100GeV. Again, Eq. (7)
has been used to fit the data. As can be recognized, no data
points are available near the maximum of the cascades. As
a consequence, the longitudinal distribution and the total
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pair production γ  e++e-

bremsstrahlung e  e+γ

radiation length X0=36.7 g/cm2

splitting length d=X0 ln2

E = E0/N Ee
c = 85 MeVcritical energy energy per particle 

nc =
ln

(
E0
Ee

c

)

ln 2
Nmax = 2nc =

E0

Ee
c

number of particles at shower maximum

N = 2n = exp
(

x

X0

)
x = nX0 ln 2after n splitting lengths: and
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Abstract

A simple, semi-empirical model is used to develop the hadronic portion of air showers in a manner analogous to the
well-known Heitler splitting approximation of electromagnetic cascades. Various characteristics of EAS are plainly
exhibited with numerical predictions in good accord with detailed Monte Carlo simulations and with data. Results
for energy reconstruction, muon and electron sizes, the elongation rate, and for the effects of the atomic number of
the primary are discussed.
! 2004 Elsevier B.V. All rights reserved.

PACS: 13.85.Tp; 95.85.Ry; 96.40.Pq
Keywords: Cosmic rays; Extensive air showers; Simulations

1. Introduction

Extensive air showers develop in a complex way
as a combination of electromagnetic cascades and
hadronic multiparticle production. It is necessary
to perform detailed numerical simulations of air
showers to infer the properties of the primary cos-
mic rays that initiate them. But simulations are a
challenge since the number of charged particles
in a high energy shower can be enormous, perhaps
exceeding 1010. The design of algorithms is also

hampered by limited knowledge of interaction
cross-sections and particle production at high
energies.

Before the era of high-speed computing, Heitler
presented a very simple model of electromagnetic
(EM) cascade development [1]. He and others in
that time (notably Rossi [2]) also developed more
sophisticated analytical tools, which included
more physical effects. Such approaches, past and
present, are well described by Gaisser [3].

We will consider here Heitler!s simplest concep-
tion of EM cascades and extend it to the case
of extensive air showers. The purpose of using
a very simple model is to show plainly the physics
involved. It cannot replace fully detailed
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doi:10.1016/j.astropartphys.2004.09.003
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A Matthews Heitler Model – Electromagnetic 
Cascades

depth of shower maximum

Xγ
max = ncX0 ln 2 = X0 ln

(
E0

Ee
c

)
≈ 597

g
cm2

+ 84
g

cm2
lg

(
E0

PeV

)

number of electrons at shower maximum
Nmax

e =
E0

gEe
c

≈ 9.0 · 105 E0

PeV
g ≈ 13
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A Matthews Heitler Model – Hadronic Cascades

interaction length λiπ-air~120 g/cm2

„critical energy“ Ecπ~20 GeV

hadronic interaction π+A  π0 + π+ + π-

π  hadronic interaction

 decay

in each interaction 3/2Nch particles:        Nch π+- and ½ Nch π0       Nch ~ 10 

Nπ = (Nch)n Eπ =
E0(

3
2Nch

)nafter n interactions

nc =
lnE0/Eπ

c

ln 3
2Nch

= 0.85 lg
(

E0

Eπ
c

)
after nc interactions Eπ=Ecπ:

superposition model
particle (E0,A)  A proton showers with energy E0/A
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A Matthews Heitler Model – Nµ and Ne
Number of muons at shower maximum

Eem

E0
=

E0 −NµEπ
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(
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Nµ|A=const ≈ 0.18A0.14N0.86
e

Nµ|E0=const ≈ 5.77 · 1016

(
E0

1 PeV

)
N−2.17

e

Ne

Nµ
≈ 35.1 ·

(
E0

A · 1 PeV

)0.15

Ne-Nµ ratio

A Matthews Heitler Model – Nµ vs. Ne

A E

Ne-Nµ plane

estimator for mass A of primary particle

Eµ>100 MeV
Ee>0.25 MeV
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Xp
max = λp−air

i ln 2 + X0 ln
(

κE0

3NchEe
c

)

A Heitler Model – Xmax

Xp
max = ξ ln 2−X0

(
3N0Ee

c

κ · PeV
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+ Λp lg

(
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Λγ = X0 ln 10 ≈ 84.4g/cm2

Λp = X0 ln 10− ηX0 ln 10 + ζ ln 2 ≈ 70g/cm2

elongation rate
e/m shower
proton shower

estimator for mass A of primary particle

Xmax for heavy nuclei
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PeV
proton air interaction length ζ=-4.88 g/cm2
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multiplicity of charged particles produced in π-N interactions η=0.13
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A Matthews Heitler Model – mass resolution in EAS 
measurements

JRH, Mod. Phys. Lett. A 22 (2007) 1533
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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].
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KArlsruhe Shower Core and Array DEtector

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

KASCADE
200 m x 200 m

37 detector stations

370 m2 e/γ: 
scintillation counter

700 m

700 m

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

KASCADE-Grande – Lateral distributions 

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

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

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

4 PeV 4 PeV
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QGSJET 01

Test of hadronic interaction models

χ2 distribution

Ne-Nµ analysis

Number of hadrons vs. number of muons

inconsistencies on 10% level

J. Milke et al, Proc. 29th Int. Cosmic Ray Conference Pune 6 (2005) 125

extensive air showers

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

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

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

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

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

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

; (2)

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

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
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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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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FIG. 1 (color online). Layout of the KASCADE-Grande ex-
periment: shown are the Grande array as well as the KASCADE
array with its central detector (CD) and muon tracking detector
(MTD). The shaded area marks the outer 12 clusters (16 detector
stations each) of the KASCADE array consisting of shielded
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consist of unshielded detectors only.
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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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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
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Applying a fit of two power laws to the spectrum inter-
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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
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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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M. Dunkman,49 E. Dvorak,41 B. Eberhardt,33 T. Ehrhardt,34 P. Eller,49 P. A. Evenson,37 S. Fahey,33 A. R. Fazely,7 J. Felde,17

T. Feusels,27 K. Filimonov,8 C. Finley,44 A. Franckowiak,52 E. Friedman,17 A. Fritz,34 T. K. Gaisser,37 J. Gallagher,32

E. Ganster,1 S. Garrappa,52 L. Gerhardt,9 K. Ghorbani,33 T. Glauch,25 T. Glüsenkamp,24 A. Goldschmidt,9 J. G. Gonzalez,37

D. Grant,22 Z. Griffith,33 M. Günder,1 M. Gündüz,11 C. Haack,1 A. Hallgren,50 L. Halve,1 F. Halzen,33 K. Hanson,33

D. Hebecker,10 D. Heereman,12 P. Heix,1 K. Helbing,51 R. Hellauer,17 F. Henningsen,25 S. Hickford,51 J. Hignight,22

G. C. Hill,2 K. D. Hoffman,17 R. Hoffmann,51 T. Hoinka,21 B. Hokanson-Fasig,33 K. Hoshina,33 F. Huang,49 M. Huber,25

K. Hultqvist,44 M. Hünnefeld,21 R. Hussain,33 S. In,46 N. Iovine,12 A. Ishihara,15 E. Jacobi,52 G. S. Japaridze,5 M. Jeong,46

K. Jero,33 B. J. P. Jones,4 F. Jonske,1 R. Joppe,1 W. Kang,46 A. Kappes,36 D. Kappesser,34 T. Karg,52 M. Karl,25

A. Karle,33 U. Katz,24 M. Kauer,33 J. L. Kelley,33 A. Kheirandish,33 J. Kim,46 T. Kintscher,52 J. Kiryluk,45 T. Kittler,24

S. R. Klein,9,8 R. Koirala,37 H. Kolanoski,10 L. Köpke,34 C. Kopper,22 S. Kopper,47 D. J. Koskinen,20 M. Kowalski,10,52

K. Krings,25 G. Krückl,34 N. Kulacz,23 S. Kunwar,52 N. Kurahashi,40 A. Kyriacou,2 M. Labare,27 J. L. Lanfranchi,49

M. J. Larson,17 F. Lauber,51 J. P. Lazar,33 K. Leonard,33 M. Leuermann,1 Q. R. Liu,33 E. Lohfink,34 C. J. Lozano Mariscal,36

L. Lu,15 F. Lucarelli,26 J. Lünemann,13 W. Luszczak,33 J. Madsen,42 G. Maggi,13 K. B. M. Mahn,22 Y. Makino,15 P. Mallik,1

K. Mallot,33 S. Mancina,33 I. C. Mariş,12 R. Maruyama,38 K. Mase,15 R. Maunu,17 K. Meagher,33 M. Medici,20 A. Medina,19

M. Meier,21 S. Meighen-Berger,25 T. Menne,21 G. Merino,33 T. Meures,12 S. Miarecki,9,8 J. Micallef,22 G. Momenté,34
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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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Cosmic-ray energy spectrum

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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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.

16

The Astrophysical Journal, 865:74 (18pp), 2018 September 20 Abbasi et al.

R.U. Abbasi et al., ApJ 865 (2018) 74
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

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

THE COMPOSITION OF GALACTIC COSMIC RAYS

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

model with a rigidity dependent cut-off and a constant ∆γ (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5−12, Fig. 6 iron group Z = 26−92.
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AMS provides the most accurate p measurement
in the energy range 1 GeV to 1.8 TeV

13

Latest AMS proton flux measurement 

AMS, ECRS 2022

https://indico.nikhef.nl/event/2110/contributions/14036/attachments/6051/7744/ecrs2022-nuc-vc-4.pdf
https://indico.nikhef.nl/event/2110/contributions/14036/attachments/6051/7744/ecrs2022-nuc-vc-4.pdf
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

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

THE COMPOSITION OF GALACTIC COSMIC RAYS

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

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

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

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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protons

He

14AMS provides the most accurate He measurement in the energy range  1 GeV to 6 TeV

Latest AMS Helium flux measurement 

AMS, ECRS 2022

JRH, AIP Conf. Proc. 1516 (2013) 185

https://indico.nikhef.nl/event/2110/contributions/14036/attachments/6051/7744/ecrs2022-nuc-vc-4.pdf
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

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

THE COMPOSITION OF GALACTIC COSMIC RAYS

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

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

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

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

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

THE COMPOSITION OF GALACTIC COSMIC RAYS

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

model with a rigidity dependent cut-off and a constant ∆γ (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5−12, Fig. 6 iron group Z = 26−92.

188

Downloaded 12 Feb 2013 to 217.83.179.81. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions

10

10 2

10 3

10 4

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

Energy E0 [GeV]

Fl
ux

 d
Φ

/d
E 0

⋅ E
0

2.
5

[m
-2

 s
r-1

 s
-1

 G
eV

1.
5 ]

✣
✣ ✣ ✣ ✣ ✣

✣ ✣ ✣
✣

✣

✣ ✣ ✣ ✣ ✣ ✣ ✣
✣

✣
✣

✣

Helium KASCADE QGSJET
KASCADE SIBYLL

✣   GRAPES-3 QGS
✣   GRAPES-3 SIB

⊕
⊕⊕⊕ ⊕

⊕
✡
✡✡✡✡

✡✡✡✡✡✡✡✡✡✡✡✡✡✡

✧✧
✧✧✧✧

✧ ✧ ✧
✧ ✧ ✧ ✧

✧ ✧

✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴
✴

✴

❉ ❉ ❉ ❉ ❉ ❉ ❉
❉ ❉

✦✦
✦✦✦

✦✦✦✦✦✦
✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦

✦

⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗

⊗ AMS
✴ ATIC-2
✡ BESS
✧ CAPRICE 98
❉ CREAM2011
✦ PAMELA2011
⊕ RICH-II

FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

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

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

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

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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FIGURE 6. Energy spectrum of nuclei from the iron group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER 2003 [31] and
2006 [32] and the air shower experiments GRAPES [25], H.E.S.S. direct !Cerenkov light [33], EAS-TOP
[26], KASCADE [11], and KASCADE-Grande (heavy) [8]. Two hadronic interaction models have been
used to interpret the data from the GRAPES and KASCADE experiments. The direct measurements have
single-element resolution, i.e. measure the "ux of iron nuclei. Air shower experiments can only resolve
elemental groups. The line represents a parameterization according to the Poly Gonato model [9].

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

Grande data (Fig. 1, right) extend previous measurements to higher energies and a cut-
off is now also clearly visible in the iron group. Since protons and helium nuclei have
already reached their cut-off energies, the "light" component in Fig. 1, right corresponds
most likely to the CNO group. An interesting behavior can be observed for the iron
group: two hadronic interaction models (QGSJET and SIBYLL) have been used to
interpret the air shower data measured by GRAPES and KASCADE. For the interaction
model QGSJET a "dip" is visible for both experiments at energies around 106 GeV.
To derive the spectra the correlations between the number of electrons and muons in
the showers are investigated. QGSJET is not compatible with the measured distributions
around energies of 106 GeV. This yields the depression in the iron spectrum, consistently
observed by both experiments. Such a behavior has been observed earlier, for a detailed
discussion see also Ref. [11] and [12]. It might also be worth to mention that the recent
KASCADE-Grande data for the heavy/iron component are right on top of the predictions
of the Poly Gonato model (published a decade before the measurements).
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6 27. Passage of particles through matter
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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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Acceleration of cosmic rays
kinetic energy of SNR is converted to cosmic rays
volume of Galactic disc
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—> SNR are attractive candidates for cosmic-ray acceleration
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1st order Fermi acceleration
1977: Effective acceleration in connection with strong 
shocks if plasma moves with supersonic velocity 
through ISM.
Such conditions can be found in supernova explosions.

Shock waves are a general phenomenon  if particles or 
plasma clouds move at supersonic velocities

resting gas

U supersonic

shock front

examples of ideal shocks:
- interplanetary shock against 

the solar wind or 
- bow shock of solar system
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supersonic shock
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structure of Earth’s magnetosphere

bow shock of solar system
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shock acceleration
1st order Fermi acceleration

Axford, Blanford, Ostriker 1977 ff

rest system of shocked ISMrest system of shock

rest system of the un-shocked ISMrest system of the un-shocked ISM
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acceleration mechanism:

1) particles in the ISM before the shock  

2) shock front passes particles  
                  plasma cloud moves 
 
energy gain  

3) isotropized particles stay close to the shock and again 
move towards the shock front 
 
--> energy gain 

4) going back to 2)

3

4
Us

�E

E
/ Us

c

�E

E
/ Us

c
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remarks:

1) fully symmetric before and after the shock  

2) on average, only head-on collisions  

3) process is very fast 
particles stay in vicinity of shock front  
and are accelerated at each encounter  
 
 
at some point the particles escape,  
because their energy is too high to  
be reflected by the B fields

/ Us

c

13



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 79

Particle acceleration at astrophysical shocks

this mechanism is much faster than original Fermi acceleration
—> 1st order Fermi acceleration, proportional to 
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1st order Fermi acceleration gives prediction for spectral index 

SNR shock waves with v~109 cm/s and sound speed of ISM 106 cm/s

integral flux ~E-1  

—> diff. flux ~E-2
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Sources of Cosmic Rays
Galactic sources
Supernovae

We have seen already that Supernovae produce enough 
energy.
And shock fronts are observable at SNRs.

expansion velocity of shock front up to
(M>>1) 

duration up to 100000 a
--> diameter of ~2-3 kpc

20� 30 · 103 km

s

X-ray, Optical & Infrared Composite of Kepler's SNR

Kepler’s supernova 1604, d ~ 8 kpc
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Chandra x-ray image

Tycho’s supernova 1572, d ~ 2.3 kpc
vs ~ 4600 +/- 400 km/s
Ekin ~ 5*1050 erg
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Particle acceleration at astrophysical shocks
maximum energy of shock acceleration
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ASCA (Advanced Satellite for Cosmology and Astrophysics)

SN 1006
x-ray image SNR measured in x-rays

—> acceleration of particles
(at least electrons)

ASCA (Advanced Satellite for Cosmology and Astrophysics)

SN 1006
x-ray image



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 84

SN emits radiation in x-ray regime  
(high plasma temperatures)

emission through synchrotron radiation of electrons

energy loss:                                                
                                                                    r fixed

                                                                    r free

--> important for electrons  (104 compared to protons)

--> confirmation of shock acceleration of particles  
(striclty speaking only for electrons)
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H.E.S.S. Experiment
Namibia

⇡0

�

e-

~keV

~TeV

p

p, O,
Fe

ASCA

Acceleration of particles in supernova remnant

SNR RX J1713.7-3946
H.E.S.S.: TeV-Gamma rays

ASCA: X-rays (keV)

F. Aharonian et al, Nature 432 (2004) 75
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H.E.S.S.  supernova remnant RXJ 1713
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measured in TeV gamma rays
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index as 
predicted by 
Fermi 
acceleration 
~ -2.1
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13

2004: H.E.S.S. telescopes  
observation of SNR RXJ1713  
 
observed spectrum:

- acceleration of electrons: 
SSC, i.e. inverse Compton effect
of    s on TeV electrons  
 
- acceleration of hadrons (nuclei):
    s originate from      decay

which process dominates? 
  

�

� ⇡0
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Acceleration of hadrons 
 
Accelerated cosmic rays modify the B field at the SNR (self 
amplification) 
--> B field in SNR is (much) larger than in ISM 
~100 µG instead of ~3 µG 
 
--> effective production of synchrotron radiation 
--> observed flux of x rays and radio can be explained by a 
moderate electron number density

19

--> fraction of inverse Compton 
contribution is relatively small
--> most likely the observed TeV 
gamma rays are from     decay
--> hint for the acceleration of 
hadrons in SNR

⇡0

H. Völk & E.G. Berezhko, A&A 451 (2006) 981
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ABSTRACT

Several young supernova remnants, including SN 1006, emit synchrotron X-rays in narrow filaments, hereafter
thin rims, along their periphery. The widths of these rims imply 50–100 µG fields in the region immediately
behind the shock, far larger than expected for the interstellar medium compressed by unmodified shocks, assuming
electron radiative losses limit rim widths. However, magnetic field damping could also produce thin rims. Here we
review the literature on rim width calculations, summarizing the case for magnetic field amplification. We extend
these calculations to include an arbitrary power-law dependence of the diffusion coefficient on energy, D ∝ Eµ.
Loss-limited rim widths should shrink with increasing photon energy, while magnetic-damping models predict
widths almost independent of photon energy. We use these results to analyze Chandra observations of SN 1006, in
particular the southwest limb. We parameterize the FWHM in terms of energy as FWHM ∝ EmE

γ . Filament widths
in SN 1006 decrease with energy; mE ∼ −0.3 to −0.8, implying magnetic field amplification by factors of 10–50,
above the factor of four expected in strong unmodified shocks. For SN 1006, the rapid shrinkage rules out magnetic
damping models. It also favors short mean free paths (small diffusion coefficients) and strong dependence of D on
energy (µ ! 1).

Key words: acceleration of particles – ISM: individual objects (SN 1006) – ISM: magnetic fields – ISM: supernova
remnants – X-rays: ISM

Online-only material: color figures

1. INTRODUCTION

Cosmic synchrotron sources, such as jets in active galactic
nuclei, radio halos, and relics in clusters of galaxies, pulsar-wind
nebulae, and shell supernova remnants (SNRs), demonstrate
the ubiquity of power-law distributions of relativistic electrons.
Understanding the origins of these fast particles is necessary
to learn about these objects’ energy budgets and evolution.
The synchrotron flux density emitted by a source depends
roughly on the product of the energy density of relativistic
electrons ue and the magnetic field uB, but an independent
determination of magnetic field strengths in synchrotron sources
has proven elusive. The minimum energy of a synchrotron
source occurs when the two energy densities are roughly
equal (“equipartition”; actually, ue = (4/3)uB ; e.g., Pacholczyk
1970). However, it is not clear whether the unseen population of
relativistic protons should also be included, and if so, what
the proton-to-electron energy ratio should be. Furthermore,
there is no obvious physical reason to expect equipartition.
The argument for equipartition derives from attempts to explain
extragalactic radio sources in which the total energy budget is
so large that it was of interest to find a lower bound (Burbidge
1956). However, many other synchrotron sources, including
SNRs, release a relatively small fraction of their total energy
content as synchrotron emission, so could easily afford to be far
from equipartition (in either direction).

Although magnetic fields are not dynamically important in
SNRs (e.g., Jun & Jones 1999), their strength is critical in
determining the maximum energy to which particles can be
accelerated. For the diffusive shock acceleration (DSA) process

(e.g., Blandford & Eichler 1987), the time τ (E) to accelerate
particles to energy E depends on the diffusion coefficient D and
the shock velocity vshock by τ (E) ∼ D/v2

shock. For relativistic
particles, D = λc/3. Then in “Bohm-like” diffusion, where
the mean free path λ is assumed proportional to the particle
gyroradius (λ = ηrg = ηE/eB), τ (E) ∝ 1/B, and higher
magnetic fields result in more rapid acceleration and higher
maximum energies. This is independent of several competing
mechanisms and ultimately limits acceleration (finite time since
onset of acceleration, radiative losses, or escape). Note that for
the above description of the diffusion coefficient, taking η = 1
is called Bohm diffusion or the “Bohm limit.” It corresponds to
λ = rg , often assumed to be the shortest physically plausible
mean free path. However, in a turbulent wave field, it is not clear
whether this is a true limit, or even what kind of average value
for the magnetic field strength should be used to calculate rg
(e.g., Reville & Bell 2013).

Largely by exclusion of competing hypotheses, Galactic
cosmic ray acceleration is now widely attributed to SNR shocks.
The consensus is that SNRs can accelerate particles up to the
“knee,” the slight inflection and steepening around 3 PeV (3 ×
1015 eV). (No plausible version of SNR-based DSA produces the
maximum energies observed in cosmic rays of above 1019 eV,
e.g., Abraham et al. 2008, for which an extragalactic origin is
presumed.) However, since the work of Lagage & Cesarsky
(1983), it has been clear that typical estimates of magnetic
field strengths behind SNR shocks of a few µGauss (the mean
interstellar magnetic field multiplied by the shock compression
ratio, r, taken to be four for strong nonrelativistic shocks),
result in maximum energies that fall short of the “knee” by an
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Figure 7. Chandra image at 2–7 keV showing the regions where radial profiles were extracted. Filament 1: Regions 1–4 and 6; Filament 2: Regions 5, 7, and 9–11;
Filament 3: Regions 12–16; Filament 4: Regions 17–22; Filament 5: Regions 6 and 8.
(A color version of this figure is available in the online journal.)

for the FWHMs disagree considerably (see Figure 6). What
is worse, the difference is dependent on the electron energy
so that a simple constant correction factor could not be em-
ployed. The combination of the δ function approximation with
the catastrophic dump form of the convection–diffusion equa-
tion seems to provide a much better approximation, but it does
not account for the cutoff in the injected spectrum of elec-
trons. Thus, we were compelled to use the full synchrotron
emissivity in our numerical calculations coupled with the inte-
gral solution to the continuous energy loss convection–diffusion
equation.

4. RESULTS

In this section we first summarize our observational method-
ology in measuring the filament widths and spectra. Then we
detail our fitting procedure for applying our model to the data
and describe our findings.

To extract radial profiles of the NE and SW limbs of SN 1006,
we use six Chandra observations, the parameters of which are
summarized in Table 3. The observations of the SW and some
of the NE were performed as part of a Chandra Large Program
(Winkler et al. 2014). These new observations provide the first
high quality image of the SW quadrant, comparable in quality
with previous images of the NE. We reprocessed the level-1
event files with CIAO version 4.4 and CALDB version 4.5.1.
After correcting for vignetting effects and exposure times for
all of the data sets, we extract radial profiles in three energy

bands: 0.7–1 keV, 1–2 keV, and 2–7 keV from 22 regions shown
in Figure 7. Each profile is binned by 1′′. When combining
the NE profiles from different epochs, we take into account
the expansion of the remnant by 4′′ according to the literature
(Katsuda et al. 2009; Winkler et al. 2014). Region 8 was
excluded from this analysis because in the lowest energy bin
there was spatial overlap between two filaments.

4.1. Profile Modeling

To estimate rim widths, we fit each profile with an empirical
model defined as

h(x) =

⎧
⎨

⎩
Au exp

(
x0−x
wu

)
+ Cu(upstream)

Ad exp
(

x−x0
wd

)
+ B exp

(
−(x−x1)2

2πσ 2

)
+ Cd (downstream),

(32)
where Au, x0, wu, Cu, Ad, wd , B, x1, σ , and Cd are all free
parameters. We note that either x0 or x1 can correspond to
the peak of the X-ray profile, and that Cu represents the
background level. The best-fit models are plotted as solid
lines in Figure 8. Based on the best-fit model, we calculate
a FWHM for each profile. The model accounts for plateaus of
emission upstream and downstream of the peak; the Gaussian
component describes possible downstream features due to
projection effects. Since our primary interest is in the energy-
dependence of widths, the most important consideration is the
consistency of a filament model among the three energy bins.
To estimate the uncertainties of FWHMs, the best-fit profiles

9
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ABSTRACT

The middle-aged supernova remnant (SNR) W44 has recently attracted attention because of its relevance regarding the origin of
Galactic cosmic-rays. For the first time for a SNR, the gamma-ray missions AGILE and Fermi have established the spectral continuum
below 200 MeV, which can be attributed to a neutral pion emission. Confirming the hadronic origin of the gamma-ray emission
near 100 MeV is then of the greatest importance. Our paper is focused on a global re-assessment of all available data and models of
particle acceleration in W44 with the goal of determining the hadronic and leptonic contributions to the overall spectrum on a firm
ground. We also present new gamma-ray and CO NANTEN2 data on W44 and compare them to recently published AGILE and Fermi

data. Our analysis strengthens previous studies and observations of the W44 complex environment and provides new information for
more detailed modeling. In particular, we determine that the average gas density of the regions emitting 100 MeV–10 GeV gamma-
rays is relatively high (n ⇠ 250–300 cm�3). The hadronic interpretation of the gamma-ray spectrum of W44 is viable and supported
by strong evidence. It implies a relatively large value for the average magnetic field (B � 102 µG) in the SNR surroundings,which
is a sign of field amplification by shock-driven turbulence. Our new analysis establishes that the spectral index of the proton energy
distribution function is p1 = 2.2 ± 0.1 at low energies and p2 = 3.2 ± 0.1 at high energies. We critically discuss hadronic versus
leptonic-only models of emission taking radio and gamma-ray data into account simultaneously. We find that the leptonic models are
disfavored by the combination of radio and gamma-ray data. Having determined the hadronic nature of the gamma-ray emission on
firm ground, a number of theoretical challenges remain to be addressed.

Key words. acceleration of particles – astroparticle physics – shock waves – radiation mechanisms: non-thermal –
ISM: supernova remnants – gamma rays: ISM

1. Introduction

Cosmic-rays (CRs) are highly energetic particles (with kinetic
energies up to E = 1020 eV), which are mainly composed of
protons and nuclei with a small percentage of electrons (1%).
Currently, the CR origin is one of the most important prob-
lems of high-energy astrophysics, and the issue is the subject
of very intense research (Fermi 1949; Ginzburg & Syrovatskii
1964; Berezinskii et al. 1990). For recent reviews, see Helder
et al. (2012) and Aharonian (2012). Focusing on CRs produced
in our Galaxy (energies up to the so-called “knee”, E = 1015 eV),
strong shocks in supernova remnants (SNRs) are considered the
most probable CR sources (e.g., Ginzburg & Syrovatskii 1964).
This hypothesis is supported by several “indirect” signatures
which indicate the presence of ultra-high energy electrons (re-
cent review in Vink 2012). However, the final proof for the ori-
gin of CRs up to the knee can only be obtained through two
fundamental signatures. The first is the identification of sources
emitting a photon spectrum up to PeV energies. The second
is the detection of a clear gamma-ray signature of ⇡0 decay
in Galactic sources. Both indications are quite di�cult to ob-
tain. The “Pevatron” sources are notoriously hard to find (see

Aharonian 2012, for a review), and the neutral pion decay signa-
ture is not easy to identify because of the possible contribution
from co-spatial leptonic emission. Hadronic (expected to pro-
duce the ⇡0 decay spectral signature) and leptonic components
can in principle be distinguished in the 50–200 MeV energy
band, where they are expected to show di↵erent behaviors.

Over the last five years, AGILE, Fermi-LAT and ground tele-
scopes operating in the TeV energy range (HESS, VERITAS,
and MAGIC) collected a great amount of data from SNRs (Abdo
et al. 2009, 2010a,b,c,e,d, 2011; Acciari et al. 2009; Tavani et al.
2010; Acciari et al. 2010, 2011; Aharonian et al. 2001, 2007,
2008; Aleksic et al. 2012; Giordano et al. 2012; Giuliani et al.
2010; Hewitt et al. 2012; Katsuta et al. 2012; Lemoine-Goumard
et al. 2012), providing important information and challenging
theoretical models. For example, most of the observed SNRs ap-
pear to have a spectrum that is steeper than the one expected
from linear and non-linear di↵usive shock acceleration mod-
els (DSA) of index near 2 (and possibly convex spectrum Bell
1987; Malkov & Drury 2001; Blasi et al. 2005). The SNR W44
is one of the most interesting SNRs observed so far; it is a
middle-aged SNR, bright at gamma-ray energies, and quite close
to us. Its gamma-ray spectral index (indicative of the underlying
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Fig. 4. Our best hadronic model, H3, of the broadband spectrum of the SNR W44 superimposed with radio (data points in green color) and gamma-
ray data of Fig. 1 (in blue and cyan color). Proton distribution in Eq. (3) with index p1 = 2.2 ± 0.1 (for E < Ebr) and p2 = 3.2 ± 0.1 (for E > Ebr)
where E

p
br = 20 GeV. This model is characterized by B = 210 µG and n = 300 cm�3. The yellow curve shows the neutral pion emission from

the accelerated proton distribution discussed in the text. The black curves show the electron contribution by synchrotron (dot) and bremsstrahlung
(dashed) emissions; the IC contribution is negligible. The red curve shows the total gamma-ray emission from pion-decay and bremsstrahlung.
Left panel: SED from radio to gamma-ray band. Right panel: only gamma-ray part of the spectrum.

Table 2. Leptonic model parameters.

Models p
0
1 p

0
2 E

e
br Ke

[GeV] [1/MeV/cm�3]
L1 1.74 4.2 ± 0.1 8 ± 1 4 ⇥ 10�14

L2 �2.5 ± 0.1 3.4 ± 0.1 0.5 ± 0.1 1 ⇥ 10�11

Notes. p
0
1 is the electron spectral index before the break, p

0
2 is the elec-

tron spectral index above the break, E
e
br is the electron break energy,

and Ke is the electron normalization constant.

Our assumption is that the same electron population pro-
duces both the gamma-ray and the radio fluxes through
bremsstrahlung and synchrotron emissions, respectively. The
spatial co-existence of radio filaments and sites of gamma-ray
emission justifies this hypothesis. We fix the gaseous density
value, n = 300 cm�3, from NANTEN2 data.

Our first leptonic-only model was developed (L1, see
Table 2) by fixing the electron spectral index at the value found
from radio data analysis by Castelletti et al. (2007); p

0
1 = 1.74

for E < Epeak. We found a high energy electron spectral in-
dex p

0
2 = 4.2 ± 0.1 above an energy break E

e
br ⇠ 8 GeV and

a magnetic field B ⇠ 25 µG. However, fixing p
0
1 = 1.74, we can

fit radio synchrotron data, but we cannot fit it in any way the
low-energy gamma-ray data (see Fig. 5).

The second leptonic-only model was developed to fit
gamma-ray data with the Bremsstrahlung emission (L2, see
Table 2) by changing the electron spectral index. We can fit
low-energy gamma-ray data with an index p

0
1 = �2.5 ± 0.1 for

E < E
e
br, which is very hard to explain. The other parameters

found are p
0
2 = 3.4 ± 0.1 for E > E

e
br, E

e
br ⇠ 500 MeV, and

B ⇠ 40 µG.

5. Discussion

5.1. Models

Gamma-ray emission from SNRs can be produced in general
by three di↵erent mechanisms: (1) relativistic bremsstrahlung
from electrons interacting with surrounding medium; (2) inverse
Compton emission from electrons that scatter soft photons (e.g.,s

cosmic background radiation and interstellar radiation field); and
(3) proton-proton interaction producing ⇡0, which subsequently
decays into two gamma-ray photons. To find an unambiguous
signature of accelerated hadrons in W44, we need to clearly
identify these di↵erent contributions in the high energy spec-
trum. As in G11, we model the gamma-ray data by consider-
ing all possible emission mechanisms. We fix two important pa-
rameters obtained from radio and mm-CO data. Multifrequency
radio data (Castelletti et al. 2007) provide the radio photon in-
dex ↵ = 0.37, which implies an electron index p

0 = 1.74, for en-
ergies less than the synchrotron peak. By using NANTEN2 tele-
scope data, we can also fix the SNR average density in the region
of gamma-ray emission at nav = 300 cm�3.

5.1.1. Leptonic-only model failure

Our aim is to test whether a leptonic-only model can explain
the gamma-ray emission from W44. We assume that the same
electron population produces both the radio and the gamma-ray
emissions. We assume a broken power-law electron distribution
with inverse Compton and Bremsstrahlung components.

– L1 model: we use the index p
0
1 = 1.74 as a parameter,

which is obtained from radio synchrotron data (Castelletti
et al. 2007). Relativistic bremsstrahlung has the same elec-
tron index (Blumenthal & Gould 1970). Consequently, an
index p

0
1 = 1.74 cannot explain the low-energy gamma-ray

data in any way (Fig. 5, black curve). Moreover, the rela-
tion between density and magnetic field (see Appendix C)
constrains the synchrotron peak; fixing the medium den-
sity to the average value found in Yoshiike et al. (2013),
n = 300 cm�3, we cannot fit in a good way the W44 radio
emission for any magnetic field value. The best model gives
a B = 25 µG. Changing the density value does not improve
the fit.

– L2 model: in this case, we do not apply the radio con-
straint on the electron spectral index to fit the low-energy
gamma-ray data. We find that only an index p

0
1 = �2.5 ± 0.1

can explain the gamma-ray spectrum decay at E < E
e
br with

E
e
br = 500 MeV with an index p

0
2 = 3.4 ± 0.1 for E > E

e
br.

In this case, the W44 gamma-ray emission can be explained,

A74, page 6 of 12
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(tage/104 year)−1 GeV. This break induces a corresponding break in the synchrotron and IC
spectrum by !" = 0.5 at an energy that can be determined by inserting Ee,br into Equation 1.

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

EIC = 5× 109 Eph

10−3 eV
Ee

1 TeV

2

eV. 2.

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

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

3.2. Hadronic Emission
Figure 3 shows the γ -ray spectral energy distribution (SED) for a proton spectrum with α = 2
and Ec = 100 TeV. Cooling plays a relatively minor role in sources that actively accelerate
particles, as even in the case of a typical Galactic density of n = 1 cm−3 the cooling time is
of the order of 107 years. The shape of the γ -ray energy spectrum away from the threshold
directly mirrors the shape of the parent proton spectrum. The total fraction of the energy of
each incident proton converted into γ -rays is approximately κ = 0.17. For proton spectrum
indices of 2.1–2.7, the emissivity—that is, the number of γ -rays produced per hydrogen atom

Energy (eV)

E2  d
N

/d
E 

(a
rb

itr
ar

y 
un

its
)

10–7

10–5 10–3 10–1 103 105 107 109 1011 1013 101510

10–8

10–9

10–10

10–11

10–12

p+ spectrum original Γ = αinjected = 2; Ec = 100 TeV
π0 decay; α = 2  

α = 1.75

α = 2.25

α = 2.5

-
Se

co
nd

ar
y 

e
 

π±
→
μν

μ→
e± ν

e

E γ
 =

 6
7.

5 
M

eV

E γ
 =

 5
00

 M
eV

Synchrotron
from secondary e

Figure 3
Spectral energy distribution of accelerated protons (power-law index αinjected = 2.0 and cutoff at 100 TeV)
and γ -rays resulting from inelastic collisions with interstellar material. The dominant emission into photons
occurs via the decay π0 → γ γ (solid orange curves). The γ -ray spectrum follows the parent protons’ spectrum
rather closely in the midenergy range and in the high-energy cutoff region. For all proton indices, the
low-energy turnover is a characteristic feature of the pion-decay emission. Also shown is the spectrum of
electrons resulting from the inelastic proton–proton interactions via the decay chain π± → µ + νµ → e±νe
(dashed gray curve). For the synchrotron emission from these so-called secondary electrons, a source with age
tage = 1,000 years and B = 30 µG have been assumed. The shaded gray region shows the sensitive range of
current γ -ray detectors (Fermi-LAT, imaging atmospheric Cherenkov detectors).
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(tage/104 year)−1 GeV. This break induces a corresponding break in the synchrotron and IC
spectrum by !" = 0.5 at an energy that can be determined by inserting Ee,br into Equation 1.

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

EIC = 5× 109 Eph

10−3 eV
Ee

1 TeV

2

eV. 2.

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

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

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

Fγ (>100 MeV) = 4.4× 10−7ϵCR
Epr

1051 erg
d

kpc

−2 n
1 cm−3 cm−2 s−1. 3.

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

Given the similarity between the γ -ray spectra emitted by accelerated electrons and those
emitted by accelerated protons, the low-energy component becomes a crucial tool in distinguishing
the different scenarios. For kinematic reasons, the decay π0 → γ γ imparts to each γ -ray an energy
Eγ = mπ0 c 2/2 = 67.5 MeV in the rest frame of the neutral pion. The resulting γ -ray number
spectrum, dN γ /dEγ , is thus symmetric about 67.5 MeV in a log-log representation (49). The π0

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

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

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

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

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

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

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

φ =
(

<συ>

M 2

dN γ

dE

) (
1

4π

∫

LOS
ρ2dl

)
, 4.

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

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

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and
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GeV and TeV bands. The older (but still referred to as young) shell-type SNRs RX J1713.7-3946 and RX
J0852.0-4622 (Vela Junior) of ages ∼2,000 years are shown in shades of red. These show very hard spectra in
the GeV band (" = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The
middle-aged SNRs (∼20,000 years) interacting with molecular clouds (W44, W51C, and IC443) are shown
in blue. Also shown are hadronic fits to the data (solid lines).

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

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and
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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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ground detectors of the deeply penetrating µ mesons provide excellent 
rejection power (as good as 10−5 at 1 PeV) of the background contributed 
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the high γ–proton (p) separation efficiency, results in a sensitivity of 
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While the study of the serendipitous search for γ-ray sources is under-
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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.
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4. 1LHAASO J1902+0648 is a pointlike source with a
significance of TS= 46.2 only detected by WCDA. The
unidentified GeV source 4FGL J1902.5+0654 is 0°.12
from this 1LHAASO source.

5. 1LHAASO J1924+1609 is an extended source with
r39≈ 1°.3 detected by WCDA and KM2A simultaneously.
Although 3HWC J1923+169, found in a point search by
the HAWC group, is 0°.86 from the center of the WCDA
component, we announce 1LHAASO J1924+1609 as a
new TeV source due to its large extended size. Within the
0°.5 region around the centroid of the WCDA component,
there are three unidentified pointlike GeV sources, i.e.,
4FGL J1924.3+1601c, 4FGL J1925.4+1616 and 4FGL
J1924.3+1628. Note that the positional offset between the
WCDA component and the KM2A component is about
0°.69 with an uncertainty 0°.66 (at 95% confidence level).
The pulsar PSR J1921+1544 ( = ´ -E 1.31 10 erg s34 1,
τc= 2320.0 kyr, d= 9.04 kpc) is 0°.1 from the position of
the KM2A component.

6. 1LHAASO J1931+1653 is a pointlike source with a
significance of TS = 51.8, only detected by KM2A. The
unidentified GeV source 4FGL J1931.1+1656 is 0°.05
from this 1LHAASO source.

7. 1LHAASO J2027+3657 is an extended source with
r39≈ 0°.23 only detected by KM2A. It is resolved from
the previously published LHAASO source LHASSO
J2018+3651, which is one of the brightest sources

observed by LHAASO. The pointlike GeV source 4FGL
J2026.5+3718c is located within a 0°.5 region around this
1LHAASO source.

8. 1LHAASO J2047+4434 is an extended TeV source with
TS= 62.4, only detected by KM2A. A weak WCDA
component with TS≈ 20 is found but is not included in
this catalog. The unidentified pointlike GeV source 4FGL
J02049.3+4440c is 0°.32 from this 1LHAASO source.

Sixteen of the new TeV sources have pulsar or PWN/SNR
associations. Each source is briefly described as follows:

1. 1LHAASO J0216+4237u is a pointlike source located
at high Galactic latitude b≈− 17°. Interestingly, 0°.32
from this source, an energetic millisecond pulsar PSR
J0216+4238 ( = ´ -E 2.44 10 erg s35 1, τc= 476Myr,
d= 3.15 kpc, p0= 2.3 ms) is located. The large position
offset reduces the possibility of an association between
1LHAASO J0216+4237u and PSR J0216+4238. As
mentioned above, we favor a physical association
between 1LHAASO J0216+4237u, 1LHAASO J0206
+4302u, and 1LHAASO J0212+4254u. More details
will be discussed in a forthcoming report.

2. 1HAASO J0249+6022 is an extended source with
r39≈ 0°.71 for the WCDA component and with
r39≈ 0°.38 for the KM2A component. We find that the
KM2A component overlaps the extended region of the

Figure 8. LHAASO significance map within the region 10° � l � 115°, ∣ ∣ b 12 . Top panel: WCDA (1 TeV < E < 25 TeV) significance map. Middle panel:
KM2A (E > 25 TeV) significance map. Bottom panel: KM2A (E > 100 TeV) significance map. In this figure and in the following figure, the LHAASO source are
represented by gray crosses and white labels. The LHAASO sources for which the WCDA component has higher significance are plotted in the top panel. The
LHAASO sources for which the KM2A component has higher significance are plotted in the middle panel. Meanwhile, UHE sources are shown again in the bottom
panel.
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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
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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.
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photons generated by the decay of neutral
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ing with the interstellar medium within the
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actions of energetic electrons with interstellar
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terstellar matter, so other messengers are
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In addition to neutral pions, cosmic-ray inter-
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ray interactions.
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arise from the decay of pions, a diffuse neu-
trino flux concentrated along the Galactic
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energy gamma-ray point sources (also visible
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possible neutrino sources (6–10). This makes
the Galactic plane an expected location of
neutrino emission.
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neutrino detectors (11–14) have not found a
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Cascade events in IceCube
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instrument spacing. This results in larger di-
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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
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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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general considerations about accelerators

trajectory of particle in B field
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Hillas criterion
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Ec = Z · 4.5 106 GeV
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Fig. 1. Energy spectra for different cosmic-ray elements. Solid line: Model prediction for the SNR-CRs. Data: CREAM (Ahn et al.
2009; Yoon et al. 2011), ATIC-2 (Panov et al. 2007), AMS-02 (Aguilar et al. 2015a,b), PAMELA (Adriani et al. 2011), CRN
(Müller et al. 1991; Swordy et al. 1990), HEAO (Engelmann et al. 1990), TRACER (Obermeier et al. 2011), and KASCADE
(Antoni et al. 2005). Cosmic-ray source parameters (q, f) used in the calculation are given in Table 1. For the other model
parameters (D0, a, η, s), see text for details.
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Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the different species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

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

Oxygen 2.25 2.52× 10−2

Neon 2.25 3.78× 10−3

Magnesium 2.29 5.17× 10−3

Silicon 2.25 5.01× 10−3

Iron 2.25 4.95× 10−3

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

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

N(z, p) = ν̄R

∫ ∞

0
dk

sinh [k(L− z)]

sinh(kL)
×

J1(kR)

B(p)

{

Q(p)

+ ξsp−s

∫ p

p0

dp′p′
s
Q(p′)A(p′) exp

(

ξs

∫ p

p′

A(u)du

)

}

,

(3)

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

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

A(u) =
1

uB(u)
. (4)

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

2.2. Model prediction for the low-energy measurements

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

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

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

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

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

From Figure 2, it can be observed that, at energies
around the knee, the all-particle spectrum is predicted to be
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Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the different species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

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

Oxygen 2.25 2.52× 10−2

Neon 2.25 3.78× 10−3

Magnesium 2.29 5.17× 10−3

Silicon 2.25 5.01× 10−3

Iron 2.25 4.95× 10−3

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

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

N(z, p) = ν̄R
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where J1 is a Bessel function of order 1, and the functions
B and A are given by,

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

A(u) =
1

uB(u)
. (4)

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

2.2. Model prediction for the low-energy measurements

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

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

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

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

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

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

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

2.1. Transport of SNR-CRs in the Galaxy

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

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

∇ · (D∇N)− [n̄vσ + ξ] δ(z)N

+

[

ξsp−s

∫ p

p0

du N(u)us−1

]

δ(z) = −Qδ(z), (1)

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

Q(p) = AQ0(Ap)
−q exp

(

−
Ap

Zpc

)

, (2)

where Q0 is a normalisation constant which is proportional
to the amount of energy f channelled into cosmic rays by a
single supernova event, q is the spectral index, and pc is the
cut-off momentum for protons. The exponential cut-off in
Equation 2 represents a good approximation for particles
at the shock produced by the diffusive shock acceleration
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∂Ni

∂t
= ∇(Di∇Ni)−

∂

∂E
(biNi)− nνσiNi −

Ni

γτi
+ Qi +

∑

j>i

nνσijNj +
∑

j>i

Nj

γjτij

Transport equation for cosmic rays in the Galaxy

energy loss (Bethe Bloch)

loss through interactions  
with ISM (spallation)

loss through radioactive decay

source term

production through spallation  
of heavy nuclei

production through decay  
of heavy nuclei

diffusion
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Formation of the chemical composition

~ 1 GeV/n
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Relative abundance of elements at Earth

abundance of elements in CRs and solar system mostly similar
but few differences, e.g. Li, Be, B  —> important to understand propagation of 
cosmic rays in Galaxy  —> column density of traversed matter

primary cosmic rays generated at source            e.g. p, He, Fe
spallation products —> secondary cosmic rays, e.g. Li, Be, B
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Leaky box approximation
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Complete solution of He diffusion equation is practically
inn possible ,

too many unknown parameters
flee fug simplifications are applied

diffusion coefficient D ~ no28 cg?

17 simple model : Leahy Box model

freepropagation of Crs in

a closed volume ( falaxg)

QYMJ *;FFatmiyreflection
Pesola

l
Pesc ( E) constant in Ware

free propagation of CRs in a closed 
volume (Galaxy)

energy dependent escape probability
Pesc(E), constant in time
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life time/residence time of CRs in the Galaxy

simplified transport equation for stable CR nuclei
(neglecting energy loss and gain)
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Formation of the chemical composition
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Figure 3. χ2 map in the parameter space of δ vs. Λ0 for the Leaky-Box
model fit to TRACER data. The best-fit values are marked at (δ, Λ0) =
(0.53 ± 0.06, 0.31+0.55

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

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

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

NB

NC

= λ−1
→B

Λ−1 + Λ−1
B

. (8)

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

λ−1
→B = λ−1

C→B + NO/NC · λ−1
O→B. (9)

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

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

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

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

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

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

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

NB =
1

Λ−1
esc + Λ−1

s

·
[

NC

ΛC→B
+

NO

ΛO→B

]

. (7.6)

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

(

B

C

)

=
NB

NC
=

Λ−1
→B

Λ−1
esc + Λ−1

s

. (7.7)

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

C→B+Λ−1
O→B , assuming the abundances

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

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

Λesc(E) = C · E−δ + Λ0, (7.8)

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

Λ(R) =
26.7β

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

Cosmic-ray Propagation and the TRACER Measurement

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

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

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

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

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

A propagation index of 1/3, corresponding to a Kolmogorov spectrum of magnetic irreg-
ularities in the Galaxy (see Section 1.3), is strongly disfavored within the framework of the
Leaky-Box approximation.

A. Obermeier et al., ApJ 752 (2012) 69
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a b s t r a c t

Boron nuclei in cosmic rays (CRs) are believed to be mainly produced by the fragmentation of heavier
nuclei, such as carbon and oxygen, via collisions with the interstellar matter. Therefore, the boron-to-
carbon flux ratio (B/C) and the boron-to-oxygen flux ratio (B/O) are very essential probes of the CR prop-
agation. The energy dependence of the B/C ratio from previous balloon-borne and space-based experi-
ments can be well described by a single power-law up to about 1 TeV/n within uncertainties. This
work reports direct measurements of B/C and B/O in the energy range from 10 GeV/n to 5.6 TeV/n with
6 years of data collected by the Dark Matter Particle Explorer, with high statistics and well controlled sys-
tematic uncertainties. The energy dependence of both the B/C and B/O ratios can be well fitted by a bro-
ken power-law model rather than a single power-law model, suggesting the existence in both flux ratios
of a spectral hardening at about 100 GeV/n. The significance of the break is about 5:6r and 6:9r for the
GEANT4 simulation, and 4:4r and 6:9r for the alternative FLUKA simulation, for B/C and B/O, respec-
tively. These results deviate from the predictions of conventional turbulence theories of the interstellar
medium (ISM), which point toward a change of turbulence properties of the ISM at different scales or
novel propagation effects of CRs, and should be properly incorporated in the indirect detection of dark
matter via anti-matter particles.

! 2022 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Galactic cosmic rays (CRs) are energetic particles travelling
through the interstellar space. They are messengers of the violent
evolution of stars or stellar systems in extreme environments.
CRs are typically divided into two classes, the primary and sec-
ondary families. Primary CRs are accelerated at astrophysical
sources such as supernova remnants, while secondaries are pro-
duced from the interactions of the primaries with the interstellar
medium (ISM) during the propagation [1,2]. The spectrum of accel-
erated particles at the source is expected to follow a power-law
form R!p according to the Fermi acceleration mechanism [3],
where R is the rigidity and p is the power-law index. After the dif-
fusive propagation in the ISM, the spectrum of primary CRs would
soften to be / R!ðpþdÞ, where d is the slope of the rigidity-
dependence of the diffusion coefficient. The parameter d depends
on the power spectrum of the turbulence of the ISM, with typical
values of 1/3 for the Kolmogorov theory of interstellar turbulence
[4] or 1/2 for the Kraichnan theory [5]. The spectrum of secondary
CRs generated by the interaction of primary particles with the ISM

is expected to be even softer, / R!ðpþ2dÞ. The flux ratio of the
secondary-to-primary CRs is then / R!d, which sensitively
depends on the propagation procedure. Precise measurements of
the secondary-to-primary flux ratios are thus crucial to reliably
constrain the propagation process of CRs [1,2].

Lithium, beryllium, and boron nuclei in CRs are dominantly pro-
duced by the fragmentation of heavier nuclei, since their primary
abundances from stellar nucleosynthesis are many orders of mag-
nitude lower than those of protons, helium, carbon, and oxygen.
Among all the secondary-to-primary ratios, the B/C ratio is the
most extensively measured. The B/O is in principle more directly
related to the propagation procedure of CRs than B/C, due to that
there is a small amount of secondary contribution for the carbon
nuclei. Thanks to the contributions from worldwide experiments,
the B/C ratio has been measured up to a few TeV/n [6–16],
although the uncertainties are relatively large for kinetic energies
above 500 GeV/n. A power-law decline form, / R!1=3, can well fit
the rigidity (energy) dependence of the B/C ratio, in agreement
with the prediction of the Kolmogorov turbulence [13]. Neverthe-
less, evidence of breaks of the secondary-to-primary flux ratios
was shown by the AMS-02 measurements [15,16], though the
break is not significant for individual B/C or B/O ratio. Improved
measurements of the secondary-to-primary ratios, especially

https://doi.org/10.1016/j.scib.2022.10.002
2095-9273/! 2022 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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comparison with the alternative analysis based on the FLUKA sim-
ulation. We find that the break energies and the high-energy spec-
tral indices of B/C and B/O are consistent with each other, while the
low-energy spectral index of B/C is slightly harder than that of B/O.
The difference may come from the fact that the carbon spectrum is
softer than the oxygen spectrum below! 100 GeV/n as revealed by
AMS-02 [16] and CALET [27], which may be due to a small sec-
ondary contribution of carbon from oxygen and heavier nuclei.
The corresponding spectral index changes are found to be
Dc ¼ 0:155þ0:026þ0:000

$0:026$0:026 (Dc ¼ 0:207þ0:027þ0:000
$0:028$0:007) for B/C (B/O).

The DAMPE results have far-reaching implications on the prop-
agation of Galactic CRs. The slope parameter d of the diffusion coef-
ficient is predicted to be either 1/3 or 1/2 in the conventional
turbulence theories [4,5]. The detection of spectral hardenings in
the B/C and B/O ratios by DAMPE thus challenges these conven-
tional scenarios. To introduce a spectral break of the diffusion coef-
ficient may be the simplest solution to account for the observations
[28]. We have illustrated in Fig. 2 that the fitting to the pre-DAMPE
data with a single power-law form of the diffusion coefficient,
DðRÞ / Rd with d ¼ 0:477 [29], using the GALPROP model [30]
assuming the convective transportation of CRs, deviates clearly

from the DAMPE high-energy measurements (see the blue dashed
lines). If we add a spectral break at Rbr ¼ 200 GV, with a high-
energy slope dh ¼ 0:2, the model prediction matches well with
the measurements as shown by the red dashed lines. Intriguingly,
the inferred d ¼ 0:477 at rigidities of 6 200 GV is very close to the
prediction of the Kraichnan theory of turbulence [5]. At higher
rigidities, the rigidity dependence of R$0:2 is harder than that
expected by the Kolmogorov theory of turbulence [4]. This devia-
tion may be relieved if a small amount of secondary particles were
generated at the sources (i.e., they experience the same propaga-
tion process and thus give rise to a constant, although small, ratio).
Our findings may thus imply the change of turbulence properties of
the ISM at different scales, e.g., from the magnetized turbulence
(Kraichnan type) at smaller scales to isotropic, stationary hydrody-
namic turbulence (Kolmogorov type) at larger scales.

Alternatively, more complicated propagation or acceleration
effects of CRs may also result in hardenings of the secondary-to-
primary ratios. These models include, but are not limited to, the
nested leaky box propagation model with different energy-
dependence of the residence time in the ISM and the cocoon
regions surrounding the sources [31], the production and acceler-

Fig. 2. Boron-to-carbon (a) and boron-to-oxygen (b) flux ratios as functions of kinetic energy per nucleon. DAMPE measurements are shown by red filled dots, with error bars
and shaded bands representing the statistical and total uncertainties, respectively. The total uncertainties are the sum in quadrature of the statistical and systematic ones. The
blue dashed lines show the fitting results for a GALPROP model with single power-law rigidity dependence of the diffusion coefficient, and the red dashed lines are the results
with a hardening of the diffusion coefficient at 200 GV. In panel (a), other direct measurements by HEAO3 [6] (green circles), CRN [7] (green squares), ATIC-2 [9] (cyan circles),
CREAM-I [10] (cyan squares), TRACER [11] (orange triangles), PAMELA [12] (orange circles), NUCLEON-KLEM [14] (magenta triangles) and AMS-02 [16] (blue squares) are
shown for comparison. In panel (b), the measurements of B/O by HEAO3 [6] (green circles), CRN [7] (green squares), TRACER [11] (orange triangles) and AMS-02 [16] (blue
squares) are shown. For the AMS-02 results [16], we convert the ratios from rigidity to kinetic energy per nucleon assuming an atomic mass number of 10.7 for boron, 12.0 for
carbon, 16.0 for oxygen, and a power-law spectrum of carbon (oxygen) with an index of $2:6. The error bars of TRACER, CREAM-I, PAMELA, and AMS-02 data include both
statistical and systematic uncertainties added in quadrature. For HEAO3, CRN, ATIC-2, and NUCLEON data only the statistical uncertainties are shown.

Table 1
Boron-to-carbon and boron-to-oxygen flux ratios measured with DAMPE, together with 1r statistical and systematic uncertainties.

hEi Emin Emax B/C B/O
(GeV/n) (GeV/n) (GeV/n) ratio' rstat ' rsys ratio' rstat ' rsys

12.5 10.0 15.8 0:1926' 0:0017' 0:0111 0:1882' 0:0025' 0:0119
19.8 15.8 25.1 0:1616' 0:0007' 0:0070 0:1546' 0:0008' 0:0081
31.3 25.1 39.8 0:1373' 0:0006' 0:0061 0:1290' 0:0007' 0:0068
49.7 39.8 63.1 0:1176' 0:0007' 0:0051 0:1084' 0:0008' 0:0057
78.7 63.1 100 0:1015' 0:0010' 0:0044 0:0927' 0:0010' 0:0049
125 100 158 0:0884' 0:0013' 0:0038 0:0803' 0:0012' 0:0042
198 158 251 0:0794' 0:0018' 0:0036 0:0722' 0:0017' 0:0038
313 251 398 0:0730' 0:0025' 0:0033 0:0678' 0:0024' 0:0043
497 398 631 0:0678' 0:0035' 0:0031 0:0652' 0:0034' 0:0041
787 631 1000 0:0624' 0:0048' 0:0034 0:0588' 0:0045' 0:0041
1315 1000 1778 0:0594' 0:0067' 0:0034 0:0529' 0:0059' 0:0039
2339 1778 3162 0:0532' 0:0088' 0:0036 0:0499' 0:0083' 0:0041
4160 3162 5623 0:0470' 0:0125' 0:0038 0:0532' 0:0141' 0:0055

DAMPE Collaboration Science Bulletin 67 (2022) 2162–2166
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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
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dN

dE
∝ Eγ

0
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Leakage from Galaxy

Shape of energy spectrum

at source γ ~ -2.1

fragmentation
σ ~ A2/3

Escape
Leakage from Galaxy

at Earth γ ~ -2.6 to -2.7

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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∂Ni
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= ∇(Di∇Ni)−

∂

∂E
(biNi)− nνσiNi −

Ni

γτi
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∑
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nνσijNj +
∑

j>i

Nj

γjτij

Transport equation for cosmic rays in the Galaxy

energy loss (Bethe Bloch)
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with ISM (spallation)

loss through radioactive decay
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of heavy nuclei

production through decay  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Chart of the nuclides
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τesc = 17 · 106 a

10Be  10B + e-   (t  =2.4 106 a)

10Be 10B

e-

Residence time in Galaxy

latest measurement from ACE/CRIS 
experiment:

„Age“ of galactic cosmic rays
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=) Tesc = 17.106 a

from this
,

we can chin an
average density

5 =
t 10 glam
Votes c= 3ft o#5s

= 0,3 It atom /cm3

falaxy - haidisc
- CR

particles
spend

a significant fraction
of their Midura

time in tkfolactic
Lalo ( lower density )

CR particles spend a 
significant fraction of 
their residence time in 
the Galactic halo 
(lower density)

from this, we can derive an average density
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This figure shows the spiral galaxy NGC 891, seen almost edge-on, which is believed to be very similar to our Milky Way. It was 
observed at 8.4 GHz (3.6 cm wavelength) with the Effelsberg 100m telescope. The background optical image is from the CFHT 
Observatory. The "X-shaped" structure of the magnetic fields indicates the action of a galactic wind. The observed extent of the radio 
halo is limited by the large energy losses of the cosmic-ray electrons emitting at this wavelength. At lower frequencies (longer 
wavelengths) the radio waves are emitted by electrons with lower energies for which the energy lossesare smaller, so that larger 
radio halos are expected. 

confirmed by observations of 
diffuse radio emission

confirmed by observations of diffuse radio emission

Synchrotron radiationB
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diffuse radio background of the Milky Way

radio wavelengths  
synchrotron radiation from electrons in B fields  
intensity  
halo of galaxies are more extended than the visible region 
--> confirmation that cosmic rays (electrons)    
      propagate in the galactic halo

/ B⇢e
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Diffuse Galactic gamma rays

diffuse gamma radiation observed E>100 MeV 
origin: 
 
--> direct hint that cosmic rays (hadrons) are not a local 
phenomenon  
they propagate in the halo of the Milky Way and they 
exist in other galaxies 

electrons produce gamma rays through bremsstrahlung
and inverse Compton interaction with CMB and with 
diffuse infrared/optical radiation 

CR+ ISM ! ⇡0 ! � + �
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The Fermi All Sky Map, showing the diffuse galactic gamma-ray 
background from the Milky Way. 
Courtesy of NASA/DOE/International LAT Team
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Fermi’s Large Area Telescope shows that an intense star-forming region in the Large 
Magellanic Cloud named 30 Doradus is also a source of diffuse gamma rays. Brighter colors 

indicate larger numbers of detected gamma rays.
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Relative importance of gamma-ray production processes
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Relative importance of gamma-ray production processes

from electrons (bremsstrahlung)
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Relative importance of gamma-ray production processes

electrons inverse Compton
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Relative importance of gamma-ray production processes

from electrons (inverse Compton scattering on CMB)
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More exact gamma-ray yields
previous section: estimates
main inaccuracy: energy spectra for protons and electrons are different in CRs
electrons suffer synchrotron radiation losses and have a steeper spectrum
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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
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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
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; ð3Þ

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

3. Propagation path length

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

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

2. Assumptions

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

"riDijðrÞrjNðrÞ ¼ QðrÞ: ð1Þ

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

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

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

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

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

3. Propagation path length

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

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

2. Assumptions

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

"riDijðrÞrjNðrÞ ¼ QðrÞ: ð1Þ

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

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

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

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

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

3. Propagation path length

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

For protons at 4 PeV, the amount of traversed material
is approximately 0.7 g/cm2. At higher energies, the calcu-
lated path length decreases as /E"0.7. Between 0.1 and
1 PeV the calculations yield a behavior k / E"d with
d = 0.2. The dashed dotted line indicates a trend below
0.1 PeV extrapolating the calculated values to lower ener-
gies using the slope obtained. This yields a path length
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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-
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ries for individual particles.

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

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

3. Propagation path length

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

For protons at 4 PeV, the amount of traversed material
is approximately 0.7 g/cm2. At higher energies, the calcu-
lated path length decreases as /E"0.7. Between 0.1 and
1 PeV the calculations yield a behavior k / E"d with
d = 0.2. The dashed dotted line indicates a trend below
0.1 PeV extrapolating the calculated values to lower ener-
gies using the slope obtained. This yields a path length
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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).

102

103

104

102 103 104 105 106 107 108

Energy [GeV]

F
lu

x 
dΦ

/d
E

0
⋅ E

0
2.

5
[m

-2
 s

r-1
 s

-1
 G

eV
1.

5 ]

¤ ¤
⊗⊗⊗
✡

⊕
⊕⊕

⊕
⊕

⊕
⊕ ⊕

❄

∇∇∇✧✧✧✧✧✧

⊗ AMS
✡ BESS
✧CAPRICE
¤ HEAT

Ichimura
∇ IMAX

JACEE
Kawamura

✢MASS
Ormes

Papini
RUNJOB
Ryan
Smith
SOKOL

❄ Webber
⊕ Zatsepin

KASCADE (QGSJET)
KASCADE (SIBYLL)

KASCADE (SH)
EAS-TOP

Fig. 7. Proton flux as obtained from various measurements, for references
see [28], compared to the spectra shown in Fig. 6 (black lines) and the poly-
gonato model [26] (grey, dashed line).

J.R. Hörandel et al. / Astroparticle Physics 27 (2007) 119–126 123

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
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þ 1
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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. 13.) The grey solid lines indicate spectra according to the poly-gonato model (Hörandel, 2003a). The black lines indicate spectra for models explaining
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Roulet (2004) (! ! !), as well as Völk and Zirakashvili (2003) (-Æ-Æ-).
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Fig. 26. Left panel: Cosmic-ray energy spectra according to the poly-gonato model [2]. The spectra for groups of elements are labeled by their respective
nuclear charge numbers. The sum of all elements yields the galactic all-particle spectrum (—) which is compared to the average measured flux. In addition,
a hypothetical extragalactic component is shown to account for the observed all-particle flux (- - -). Right panel: Transition from galactic to extragalactic
cosmic rays according to Berezinsky et al. [451]. Calculated spectra of extragalactic protons (curves 1, 2, 3) and of galactic iron nuclei (curves 1� , 2� , 3�) are
compared with the all-particle spectrum from the Akeno and AGASA experiments. KASCADE data are shown as filled squares for the all-particle flux and
as open circles for the flux of iron nuclei.

In themodel of Berezinsky and collaborators [451,452], the dip in the all-particle spectrumbetween 1018 and 1019 eV, see
Fig. 26 (right), is interpreted as a structure caused by electron–positron pair production on cosmic microwave background
photons p + 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)
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the same rigidity dependence, and extragalactic H+He having a spectrum� E�2.3 before suffering losses by cosmic microwave background and starlight

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

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

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

themodel, which in turn, is used to predict the flux of TeV ⌃ -rays. The solid line above 106 eV reflects the spectra of decaying

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

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

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

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

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

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

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

from the SNR ‘‘Vela Junior’’ [448].

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

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

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

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

6.2. Transition region

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

transition most likely occurs at energies between 1017 and 1018 eV.

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

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

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

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

second (galactic) component to explain the observed flux at energies above 1016 eV, marked as component ‘‘B’’ in the figure.

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

model proposed byWibig andWolfendalewith a transition at higher energies between 1018 and 1019 eV [450]is very similar.

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

component is required beyond 1018 eV only.

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

than iron) to the all-particle spectrum at energies of around 4⇤1017 eV [2,3], as illustrated in Fig. 26 (left). The figure shows

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

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

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

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

In this scenario, a significant extragalactic contribution is required at energies E � 4⇤ 1017 eV.

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

„classical“ supernovae + additional component

Hillas
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Fig. 2. Contribution of SNR-CRs to the all-particle cosmic-ray spectrum. The thin lines represent spectra for the individual
elements, and the thick-solid line represents the total contribution. The calculation assumes an exponential cut-off energy for
protons at Ec = 4.5 × 106 GeV. Other model parameters, and the low-energy data are the same as in Figure 1. Error bars are
shown only for the proton and helium data. High-energy data: KASCADE (Antoni et al. 2005), IceTop (Aartsen et al. 2013), Tibet
III (Amenomori et al. 2008), the Pierre Auger Observatory (Schulz et al. 2013), and HiRes II (Abbasi et al. 2009).

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

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

3. Additional component of Galactic cosmic rays

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

strength of 3 µG, the Larmor radii for cosmic rays of en-
ergy Z×108 GeV is 36 pc, much smaller than the size of the
diffusion halo of the Galaxy, which is typically considered
to be a few kpc in cosmic-ray propagation studies, keep-
ing comic rays around the second knee well confined in the
Galaxy. This suggests that the Galactic cut-off at this en-
ergy must be intrinsic to a source population or acceleration
mechanism different from the standard supernova remnants
we have discussed above. In an earlier work, Hillas (2005)
considered an additional Galactic component resulting from
Type II supernova remnants in the Galaxy expanding into
a dense slow wind of the precursor stars. In the follow-
ing, we discuss two other possible scenarios. The first is
the re-acceleration of SNR-CRs by Galactic wind termi-
nation shocks in the Galactic halo (Jokipii & Morfill 1987;
Zirakashvili & Völk 2006), and the second is the contribu-
tion of cosmic rays from the explosions of Wolf-Rayet stars
in the Galaxy (Biermann & Cassinelli 1993). Both these
ideas have been explored in the past when detailed mea-
surements of the cosmic-ray spectrum and composition at
low and high energies were not available. Using new mea-
surements of cosmic rays and astronomical data (like the
Wolf-Rayet wind composition), our study can provide a
more realistic estimate of the cosmic-ray contribution from
these two possible mechanisms. In the following, the re-
accelerated cosmic rays from Galactic wind termination
shocks will be referred to as “GW-CRs”, and cosmic rays
from Wolf-Rayet stars as “WR-CRs”. Some ramifications of
these basic scenarios will be discussed in Section 6, after
investigating the effect of different extra-galactic contribu-
tions below the ankle in Section 5.
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.

H He N Si γ

He −0.78

N −0.61 −0.01

Si −0.43 −0.08 +0.75

γ −0.26 −0.32 +0.80 +0.89

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

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

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include
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Fig. 6. Model prediction for the all-particle spectrum using the Wolf-Rayet stars model. Top: C/He = 0.1. Bottom: C/He = 0.4.
The thick solid blue line represents the total SNR-CRs, the thick dashed line represents WR-CRs, the thick dotted-dashed line
represents EG-CRs, and the thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra
for the individual elements. For the SNR-CRs, an exponential energy cut-off for protons at Ec = 4.1 × 106 GeV is assumed. See
text for the other model parameters. Data are the same as in Figure 2.

based on the observed all-particle spectrum between ∼ 108

and 109 GeV. For C/He = 0.1, we obtain an injection en-
ergy of 1.3 × 1049 ergs into helium nuclei from a single
supernova explosion and a proton source spectrum cut-
off of 1.8 × 108 GeV, while for C/He = 0.4, we obtain
9.4 × 1048 ergs and 1.3 × 108 GeV respectively. For both
the progenitor wind compositions, the total amount of en-
ergy injected into cosmic rays by a single supernova explo-
sion is approximately 5 times less than the total energy

injected into SNR-CRs by a supernova explosion in the
Galaxy. The total WR-CR spectrum for the C/He = 0.1
case is dominated by helium nuclei up to ∼ 109 GeV, while
for the C/He = 0.4 case, helium nuclei dominate up to
∼ 2× 108 GeV. At higher energies, carbon nuclei dominate.
One major difference of the WR-CR spectra from the GW-
CRs spectrum (Figure 3) is the absence of the proton com-
ponent, and a very small contribution of the heavy elements
like magnesium, silicon and iron. Another major difference
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thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra for the individual elements. For
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Data are the same as in Figure 2.

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

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

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

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

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

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

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

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

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

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

The contribution of the WR-CRs to the all-particle
spectrum is shown in Figure 4. The results are for two
different compositions of the Wolf-Rayet winds available
in the literatures: Carbon-to-helium (C/He) ratio of 0.1
(top panel) and 0.4 (bottom panel), given in Pollock et al.
(2005). The abundance ratios of different elements with re-
spect to helium for the two different wind compositions
are listed in Table 2. In our calculation, these ratios are
assumed to be proportional to the relative amount of su-
pernova explosion energy injected into different elements.
The overall normalisation of the total WR-CR spectrum
and the maximum energy of the proton source spectrum
are taken as free parameters. Their values are determined
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Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

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

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

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

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

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

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

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

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

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

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

showers of secondary particles initiated by charged CR interactions in natural materials (e.g. air,
water or ice) are detected through fluorescence, air-Cherenkov, water-Cherenkov or scintillation
e�ects. This allows for large instrumented surfaces or volumes. Historically, the two classes of tech-
niques have been employed by two separate communities and we structure the review of charged
CRs accordingly. For detection of gamma-rays, direct observations are relevant mostly below hun-
dreds of GeV; for gamma-rays of higher energies and neutrinos of essentially all energies, indirect
observations are required.
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Figure 30.1: The spectrum of cosmic rays (CRs). Shown are measurements of the intensity of
charged and neutral CRs, multiplied by kinetic energy squared. The data for the charged CRs [5–34]
have been extracted from the Cosmic Ray Database (CRDB) [35]. Below 104 GeV, the all-particle
spectrum is the sum of spline fits of the most important nuclear species. The di�use “-ray fluxes
have been extracted from Refs. [36–38], measurements of the di�use neutrino background from
Ref. [39]. Energy-integrated intensities are indicated by the various diagonal lines.

Charged CRs are deflected by magnetic fields and so generally speaking the observed events do
not point back to sources. CRs can however reach the earth from galactic and even cosmological
distances. Between hundreds of MeV and at least a few PeV, CRs are believed to be of galactic
origin; above a few EeV, the sources are most likely extra-galactic. If CRs with energies in excess
of ≥ 1 EeV came from sources in the Galactic disk, the angular distribution at Earth would be very
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Emergence of Spectral Breaks in CRD

• Presented high-precision spectra of protons from AMS-02, CALET, DAMPE, and ISS-CREAM

• Above! 100 GeV the proton spectrum clearly departs from a single power law

• Excellent consistency across direct instruments

• Good agreement with ground-based arrays (GRAPES, LHAASO): unique test of HIM and air-shower physics!

C. Evoli (GSSI) CRD July 24, 2025 14 / 47

latest updates - ICRC 2025
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On the origin of the first hardening

Above 192 GV, the secondary-to-primary flux ratios exhibit an additional hardening: 
Secondary cosmic rays hardens more than primary. 
This additional hardening favors the propagation origin of the spectral hardening.

AMS-02: secondary-over-primary ratios

• At about the same rigidity the secondary-to-primary flux ratios exhibit a similar hardening

• Remember:
Nsec

Npri
(R) → H

D(R)
→ grammage

• This additional hardening favors the propagation origin of the proton first spectral hardening.

C. Evoli (GSSI) CRD July 24, 2025 18 / 47

latest updates - ICRC 2025
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On the Origin of the First Hardening

DAMPE: Boron spectrum up to 6 TeV/n

• Increased statistics: DAMPE Boron measurements now extend to→ 12 TV.

• The Boron spectrum exhibits a highly significant hardening, with

∆γsec ≈ 2∆γpri
C. Evoli (GSSI) CRD July 24, 2025 19 / 47

latest updates - ICRC 2025



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 136

Understanding the→10 TeV Softening

CARBON

OXYGEN

E2.7Φ E2.6Φ

First direct evidence of break in rigidity by DAMPE

C. Evoli (GSSI) CRD July 24, 2025 22 / 47

latest updates - ICRC 2025
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Cosmic rays
knee 2nd knee ankle
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Energy content of extragalactic 
cosmic rays

P=5.5 1037 erg/(s Mpc3)

total power

 ~2 1044 erg/s per active galaxy

 ~2 1052 erg/s per cosmol. GRB
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Hillas diagram

Hillas criterionB · L >
2 · p

z · e · �



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 139

model of AGN
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Ultra High Energy Cosmic Rays
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Abstract

Ultra High Energy Cosmic Rays, UHECR, are charged particles with

energies between → 1018 eV and → 3 ↑ 1020 eV → 50 J. They exhibit

fundamental physics at energies inaccessible to terrestrial accelerators,

challenge experimental physics and connect strongly to astronomical

observations through electromagnetic, neutrino and even gravitational

wave channels. There has been much theoretical and observational

progress in the sixty years that have elapsed since the discovery of

UHECR, to divine their nature and identify their sources.

• The highest energy UHECR appear to be heavy nuclei

with rigidity extending up to → 10EV;

• A significant (6.9ω) dipole anisotropy has been measured but our

poor understanding of the Galactic magnetic fields makes this hard

to interpret;

• The UHECR luminosity density is → 1044 erg Mpc→3 yr→1

which constrains explanations of their origin;

• The most promising acceleration mechanisms involve di!usive

shock acceleration and unipolar induction;

• The most promising sources include intergalactic accretion shocks,

and relativistic jets from stellar-mass or supermassive black holes.

We explore the prospects for using the highest energy events, combined

with multimessenger astronomy, to help us solve the riddle of UHECR.
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Propagation of UHECRs

p + γ3K  Δ+  p + π0 ; n + π+

threshold: EGZK≈6·1019 eV

Figure 3

Left: Product of the cross section and the inelasticity ω for protons photointeractions (pair production and pion
production, respectively) adapted from Allard (2012); Middle: Cross section for GDR and ! resonance for iron nuclei,
adapted from Morejon et al. (2019); Right: Complete cosmic background radiation adapted from Hill et al. (2018). The
acronyms CRB, CMB, CIB, COB, CUB, CXB, CGB denote the radio, microwave, infrared, optical, ultraviolet, X-ray, and
gamma-ray backgrounds, respectively. The numbers indicate the photon number density for each component. The CMB is
the dominant photon background with density → 411 photons cm→3 and average photon energy ↑Eω↓ ↔ 6↗ 10→4 eV.

COSMIC-RAY HORIZONS

We can define a parameter similar to an opacity ωloss → tprop/(min(tloss, tHubble)), where tHubble is the Hubble

time, tloss(E) = ↑ 1

E

(
dE
dt

)
is the energy loss time and tprop is the propagation time of the UHECR in the

magnetic fields (either at the acceleration site, in the source environment or in the extragalactic medium).

Let us define tloss. In the case of hadronic (p ↑ p) interactions, we have tloss = (np cεϑpp)
→1 where

ε → dE/E is the inelasticity, np the proton density and ϑpp the cross section for hadronic interactions

(Fig. 1). For photohadronic (p↑ ϖ) interactions, tloss = (nω cεϑpω)
→1 (or tloss = (nω cεϑNω)

→1 for nuclei)

where nω the photon density and ϑpω (ϑNω fpr nuclei) the cross section for hadronic interactions (Fig. 3).

When ωloss ↓ 1 the universe is “transparent” to cosmic rays. Therefore the condition ωloss = 1 sets a

limit to the distance UHECR can travel, defined as the “UHECR horizon” (Fig, 4). When tloss < tHubble and

ωloss ↭ 1, there is e!cient production of secondary gamma-ray and neutrinos. Since these neutral particles

travel in straight line, they may provide a smoking gun signal of UHECR production.

trapping of cosmic rays and particle acceleration. This is the essence of Fermi acceleration

(Fermi 1949), one of the earliest and most widely invoked cosmic acceleration mechanisms. As

originally conceived, this postulated a population of interstellar clouds, now replaced by MHD

waves, moving with speed ↔ u, o” which cosmic rays would “bounce” at a rate ϱF gaining

rigidity by an amount ↔ ±Ru/c in each encounter. The cosmic rays random walk in rigidity

space at a rate d↗R2↘/dt ↔ ϱF (Ru/c)2 or GR ↔ ϱF (u/c)
2
R (e.g. Kulsrud 2005).

Extra-Galactic Magnetic Field, EGMF, of strength a few microgauss, have been observed

near the center of galaxy clusters; a few tenths of a microgauss are reported near their outskirts.

Meanwhile, upper limits on the primordial magnetic field in voids have been derived (Kronberg

2016; Mtchedlidze et al. 2024). The correlation length, ςc, provides an average size for the

ensemble of magnetic structures that form the turbulence. Commonly assumed values for the

field strength are ↔ 1 nG, and ↔ 100 kpc the for correlation length. At low energy the di”usion

time of UHECR in the EGMF becomes comparable to the Hubble time and a suppression in

the flux of cosmic rays is expected (Sidebar Cosmic-Ray Horizon), leading to the existence

of a (rigidity dependent) ”magnetic horizon” (Parizot 2004; Lemoine 2005; Berezinsky & Gaz-

izov 2007). Such a flux suppression depends on the source density and cosmological evolution

(Globus et al. 2008). In reality, the EGMF strength is expected to be correlated with the dif-

ferent structures, clusters, filaments, and voids (Kotera & Lemoine 2008). This may change

the propagation of the UHECRs in the field with stronger deflections within regions of stronger

magnetic field.

At the highest energies, UHECR astronomers benefit from a phenomenon which also reduces

the size of the observable universe (and hereby the number of source candidates) because UHECR

www.annualreviews.org • Ultra High Energy Cosmic Rays 9

Fe-gamma cross section
diffuse photon backgrounds
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Energy loss lengths

Figure 4

Top Left: Energy evolution of the energy loss length of protons and photons for di!erent energy loss
processes in the CMB and IR photon backgrounds at z=0. Top Right: Evolution of the attenuation
length of iron nuclei as a function of the energy for the di!erent photodisintegration processes and
interactions with the CMB and IR/Opt/UV photons at z = 0. At low energy the di!usion distance in
the turbulent EGMF is shorter than the loss length (see (Globus et al. 2008) for details) and UHECR
may be hidden by magnetic horizons. The energy loss lengths for all the photointeraction processes are
taken from Allard (2012) and Zhang et al. (2024). Bottom: Sky map in Galactic coordinates of the
di!erent types of galaxies within 40 Mpc that could host the sources of UHECR, adapted from (Globus
et al. 2023).

interact with the extragalactic background photons, mostly the CMB5 and lose energy. This

e!ect was predicted by Greisen (1966) and Zatsepin & Kuz’min (1966), two years after the

discovery of the CMB (and is therefore known as the GZK e!ect). This a!ects proton and

nuclei di!erently. At the highest energies, protons su!er from pion production while ultra-high

energy nuclei will be gradually stripped o! their nucleons (these interactions will be detailed in

Section 3). Therefore, any observed high energy cosmic-ray proton can be the fragment of a

heavier nuclei starting its journey at larger distances than the strict horizon for protons. This

phenomenon does increase the volume for potential sources (e.g., Metzger et al. 2011); it also

suggests that observing heavy nuclei at extreme energies from distant sources is less likely. The

observational capability for the mass composition above 100 EeV thus carries critical information

about the EECR source distance (e.g., Globus et al. 2023).

The energy loss length of protons and nuclei in the extragalactic background light and their

di!usion lengths in a fiducial turbulent EGMF is shown in Fig. 4. At the highest energies, the

e!ect of the fiducial EGMF on EECR is negligible and they su!er mostly from the GZK e!ect.

Their sources need to be within 100 Mpc at 100 EeV and 40 Mpc at 150 EeV, making their

identification possible as the number of credible sources is limited (a map of the local universe

within 40 Mpc is shown in Fig. 4). To discover which of these sources are candidates to be the

sources of EECR events, one needs to take into account the EECR propagation in the Galactic

5The average baryon density in the extragalactic medium is of the order of one proton per cubic meter,
which translates into a collision time for p-p interaction of → 2 1013 yr making hadronic interactions
negligible.

10 Noémie Globus and Roger Blandford

photon

proton

nuclei
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Sky map

Figure 4

Top Left: Energy evolution of the energy loss length of protons and photons for di!erent energy loss
processes in the CMB and IR photon backgrounds at z=0. Top Right: Evolution of the attenuation
length of iron nuclei as a function of the energy for the di!erent photodisintegration processes and
interactions with the CMB and IR/Opt/UV photons at z = 0. At low energy the di!usion distance in
the turbulent EGMF is shorter than the loss length (see (Globus et al. 2008) for details) and UHECR
may be hidden by magnetic horizons. The energy loss lengths for all the photointeraction processes are
taken from Allard (2012) and Zhang et al. (2024). Bottom: Sky map in Galactic coordinates of the
di!erent types of galaxies within 40 Mpc that could host the sources of UHECR, adapted from (Globus
et al. 2023).

interact with the extragalactic background photons, mostly the CMB5 and lose energy. This

e!ect was predicted by Greisen (1966) and Zatsepin & Kuz’min (1966), two years after the

discovery of the CMB (and is therefore known as the GZK e!ect). This a!ects proton and

nuclei di!erently. At the highest energies, protons su!er from pion production while ultra-high

energy nuclei will be gradually stripped o! their nucleons (these interactions will be detailed in

Section 3). Therefore, any observed high energy cosmic-ray proton can be the fragment of a

heavier nuclei starting its journey at larger distances than the strict horizon for protons. This

phenomenon does increase the volume for potential sources (e.g., Metzger et al. 2011); it also

suggests that observing heavy nuclei at extreme energies from distant sources is less likely. The

observational capability for the mass composition above 100 EeV thus carries critical information

about the EECR source distance (e.g., Globus et al. 2023).

The energy loss length of protons and nuclei in the extragalactic background light and their

di!usion lengths in a fiducial turbulent EGMF is shown in Fig. 4. At the highest energies, the

e!ect of the fiducial EGMF on EECR is negligible and they su!er mostly from the GZK e!ect.

Their sources need to be within 100 Mpc at 100 EeV and 40 Mpc at 150 EeV, making their

identification possible as the number of credible sources is limited (a map of the local universe

within 40 Mpc is shown in Fig. 4). To discover which of these sources are candidates to be the

sources of EECR events, one needs to take into account the EECR propagation in the Galactic

5The average baryon density in the extragalactic medium is of the order of one proton per cubic meter,
which translates into a collision time for p-p interaction of → 2 1013 yr making hadronic interactions
negligible.

10 Noémie Globus and Roger Blandford

Sky map in Galactic coordinates of the different types of 
galaxies within 40 Mpc that could host the sources of UHECR



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 145

Starburst galaxies

The Antennae Galaxies are an example of a 
starburst galaxy occurring from the 
collision of NGC 4038/NGC 4039. 

exceptionally high rate of 
star formation 
 
e.g. Milky Way 3 M0/yr 
 
starburst galaxy: >100 M0/yr 

https://en.wikipedia.org/wiki/Antennae_Galaxies
https://en.wikipedia.org/wiki/Star_formation


Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 146

296 J. Blümer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293–338

Fig. 1. All-particle energy spectrum of cosmic rays as measured directly with detectors above the atmosphere and with air shower detectors. At low

energies, the flux of primary protons is shown.

Fig. 2. Abundance of elements in cosmic rays as a function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100 [40].

Abundance for nuclei with Z ⌥ 28 according to [41]. Heavy nuclei as measured by ARIEL 6 [42,43], HEAO 3 [44], SKYLAB [45], TIGER [46], TREK/MIR [47,

48], as well as UHCRE [49]. In addition, the abundance of elements in the solar system is shown according to [50].

decreases as a function of energy, which is frequently explained in Leaky Box models by a rigidity-dependent2 decrease of

the path length of cosmic rays in the Galaxy ⇥(R) = ⇥0(R/R0)
�⌥ . Typical values are ⇥0  10–15 g/cm2, ⌥  0.5� 0.6, and

R0  4 GV as reference rigidity.

Cosmic-ray particles are assumed to propagate in a diffusive process through the Galaxy, being deflected many times

by the randomly oriented magnetic fields (B � 3 µG). The nuclei are not confined to the galactic disc, they propagate in

the galactic halo as well. The scale height of the halo has been estimated with measurements of the 10Be/9Be-ratio by the

ISOMAXdetector [52] to be a fewkpc. The abundance of radioactive nuclei in cosmic raysmeasuredwith the CRIS instrument

yields a residence time in the Galaxy of about 15⇤ 106 years for particles with GeV energies [53].

2 Rigidity is defined as particle momentum divided by its charge R [V] = p/z.

KArlsruhe Shower Core and Array DEtector

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

Simultaneous measurement of
electromagnetic, 
muonic,
hadronic
shower components

200 m200 m

~1000/m
2 s

~1
/m

2  yr

~1
/km

2  ce
ntury



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 147

The Pierre Auger Observatory

Hörandel Part B2 COSMICISFONTIBUS

range from 10 � 80 MHz with two polarisation detections. A SD station is shown in Fig. 4 left: a 1.2 m high
WCD, containing 12 m3 ultra-pure water, is read out by three photo-multiplier tubes with 120 MHz sampling
frequency. On top a Surface Scintillation Detector (SSD) is installed, covering an area of about 2 m2 and
enclosed in an aluminium box [72]. The light produced in the scintillator bars is collected and propagated
along wavelength-shifting fibres and read out by a PMT.

Figure 4: Left: a station of the SD of the PAO. Right: layout of the 3000 km2 SD
array, each dot represents one of the 1660 stations as shown on the left.

The electronics of the
SD is located inside a
weather-protecting dome
[73]: the Upgraded Uni-
fied Board (UUB) fea-
tures a 12-bit ADC with
120 MHz sampling rate
to read out the PMTs of
the WCD and the SSD.
All data are send via
a communication system
to a central Data Ac-
quisition System (DAQ).
Core of the present pro-
posal is the Radio De-
tector (RD). It has been
developed and installed
at the PAO under the leadership of Hörandel in the framework of a previous ERC AdG. Two aluminium
rings, forming the dual-polarised antenna are mounted on a fibreglass mast on top of each WCD [74,75]. They
record radio emission in the frequency band 30 � 80 MHz and are digitised with 250 MHz sampling frequency.

Radio Detection of extensive air showers
The radio emission in EASs originates from different processes. The dominant mechanism is of geomagnetic
origin [76–78]: electrons and positrons in the shower are accelerated in opposite directions by the Lorentz force
exerted by the magnetic field of the Earth. The generated radio emission is linearly polarised in the direction
of the Lorentz force (~v ⇥ ~B), where ~v is the propagation velocity vector of the shower (parallel to the shower
axis) and ~B represents the direction and strength of the Earth magnetic field. A secondary contribution to the
radio emission results from the excess of electrons at the front of the shower (Askaryan effect) [79]. This
excess is built up from electrons that are knocked out of atmospheric molecules by interactions with shower
particles and by a net depletion of positrons due to annihilation. This charge excess contribution is radially
polarised, pointing towards the shower axis. The resulting emission measured at the ground is the sum of
both components. Interference between these components may be constructive or destructive, depending on
the position of the observer/antenna relative to the shower. The emission is strongly beamed in the forward
direction due to the relativistic velocities of the particles. Additionally, the emission propagates through the
atmosphere, which has a non-unity index of refraction that changes with height. This gives rise to relativistic
time-compression effects, most prominently resulting in a ring of amplified emission around the Čerenkov
angle [80]. By precisely measuring the polarisation direction of the electric field at various positions within the
air shower footprint the relative contribution of the main emission processes has been measured [81, 82].

Horizontal air showers [83] with zenith angles Q > 60
� traverse a big amount of atmosphere until they are

detected. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density
of the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30 � 80 MHz) and
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in HAS.

End-to-end calibration of the signal chain . The active components of the RD electronics, the low-
noise amplifiers (LNAs) and the digitisers have been thermally cycled to simulate ageing and take care
of eventual changes of the performance as a function of time. All units have been end-to-end cal-
ibrated in the laboratory, recording parameters like gain and phase shifts as a function of frequency.
The antenna pattern of the Short Aperiodic Loaded Loop Antenna (SALLA) [84] has been simulated
with the NEC software. The antenna pattern has been verified through in-situ measurements (see e.g.

6

. The Surface Array of the Pierre Auger

Observatory consists of 1660 water Cherenkov detec-

tors that sample at the ground the charged particles

and photons of air showers initiated by energetic cos-

,eüg

Argentina is now complete. A large fraction of the

detectors have been operational for more than five
years. Each detector records data locally with timing

obtained from GPS units and power from solar

panels and batteries. In this paper, the performance

and the operation of the array are discussed. We

emphasise the accuracy of the signal measurement,

the stability of the triggering, the performance of

the solar power system and other hardware, and the

: Detector performance, Surface Detector,

The Surface Detector (SD) of the Pierre Auger Ob-

servatory is composed of Water Cherenkov Detectors

with 1500 m

spacing between detectors. In addition to the detectors

Fig. 1: Current deployment status of the array. Tanks

within the shaded area are filled with water and in
operation.

performance, and finally its operation and maintenance

60 km

Pierre Auger Observatory
3000 km2

4 telescope buildings
6 telescopes each

Spring 2008:
water Cherenkov detector array completed
1600 tanks operating

3000  km2  
SD: 1660 positions, spacing 1500 m, 750 m, 433 m
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solar cells

GPS antenna
communications antenna

electronics

battery

plastic tank with 
12 t ultra pure water

3 9“ photomultiplier tubes
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Four sites
Six telescopes 
viewing 30ox30o each

Fluorescence Detector
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SDPSDPSDP



Time FitTime FitTime Fit

- Shower-Detector Plane (SDP)  by fitting 

the directions of the triggered pixels

- Shower axis within the  SDP, by fitting the 

time-sequence of triggered FD pixels using 

the information from the “hottest” SD tank

calorimetric  energy 
measurement

longitudinal shower profile
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Hybrid Detection of Air ShowersHybrid Detection of Air Showers

[6 of 30]

Measuring air showers with multiple 
techniques

6

FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
be described well with the power law

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

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

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

30�80MHz
/ sin2(↵)

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

The value of A reported here applies for a cosmic-ray

surface detector

fluorescence detector

radio detector

Xmax, Ecal

TA 
0.8*104 
km2 sr 

exposure
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Energy spectrum
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ENERGY SPECTRUM OVER 3 DECADES IN ENERGY 
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FD ENERGY SCALE 
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dX 

energy 
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Fluorescence yield
Atmosphere
FD calibration
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slant depth 
X [g/cm2]  

! Einv
E = Ecal +Einv

dE/dX reconstruction
Invisible energy (#, µ, ..)

systematic uncertainties correlated and uncorrelated among 
different showers (crucial to correctly propagate the FD 
uncertainties to SD energies) '!
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AIRFLY - FLUORESCENCE YIELD 
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•  relative spectrum and its 
pressure dependence 

•  humidity and temperature 
dependence of collisional cross 
sections 

•  absolute intensity of the 337 
nm line 

The Airfly Collaboration: Astropart. Phys. 42 (2013) 90. Astropart. Phys. 28 (2007) 41. 
Nucl. Inst.. Meth. A 597 (2008) 50. M. Bohacova talk at 6th Air Fluor. Workshop   

“effective” definition of the wavelength bands  
!  don’t care of possible contaminations 

between nearby bands 
!  straightforward and correct propagation of 

Airfly measurement uncertainties (!
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ATMOSPHERE 
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•  atmospheric profiles from 
Global Data Assimilation 
System (GDAS) 

 
•  hourly aerosol optical depth 

profiles 

•  aerosol phase function    

•  % dependence of aerosol 
scattering cross sec. 

 
•  cloud coverage 

production and transmission of the light (aerosols and molecular scattering) 

The Pierre Auger Collaboration 
Astropart. Phys. 33 (2010) 108 
Astropart. Phys. 35 (2012) 591 
JINST 8 (2013) P04009  
L. Valore  ICRC 2013 #0920 *!
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SD Energy Calibration

Table 1: Parameters of the energy calibration. The type of reconstruction is marked in the first column and ⌃ is
corresponding energy estimator. A and B are calibration parameters according to Eq.(3). Values come from Ref.6.

reconstruction ⌃ A B energy resolution
SD 1500 m vertical S38 (0.187± 0.004) EeV 1.023± 0.006 (15.3± 0.4)%
SD 1500 m inclined N19 (5.71± 0.09) EeV 1.01± 0.02 (19± 1)%
SD 750 m vertical S35 (1.29± 0.06) · 10�2 EeV 1.01± 0.01 (13± 1)%

The reconstruction of events detected by the infilled array is limited to the vertical recon-
struction. In this case, the events below 55� are used. The shower size estimator is S450, i.e. the
NKG function is evaluated at 450 m which is the optimal distance for the dense array. After
the CIC correction, the shower energy estimator is S35. Otherwise, the vertical reconstruction
proceeds in the same way as for the regular array.

The three energy estimators coming from SD reconstructions are calibrated to the hybrid
energy measurement. This is done on the sub-set of Golden events, i.e. the events that are
separately reconstructed by the hybrid and the corresponding SD reconstruction at the same
time. The calibration function has the form 6

EFD = A⌃B,⌃ = S38, N19, S35. (3)

Calibration curves are shown in Fig.1 and calibration constants are listed in Tab.1.
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Figure 1 – Energy calibration curves. Energy estimators of SD 1500 m vertical (gray), SD 1500 m inclined (red)
and SD 750 m vertical (blue) reconstruction methods are shown, respectively. Units of S35 and S38 are vertical
equivalent muons (VEM)2. For details of the calibration procedure see the text. Figure is taken from Ref.6.

3 Energy spectrum measurements

The energy spectrum measurement consists of two ingredients, the estimation of the cosmic ray
energy, described in Sec.2, and calculation of the exposure of the experiment.

The exposure calculation of the Pierre Auger Observatory SD measurements is very simple.
In our analysis, we accept only events with energies higher then the threshold for the full
e�ciency of the SD array. It means that the aperture of the detector is a purely geometrical
quantity and consists of counting active hexagons of water–Cherenkov stations 7. Results of the
exposure calculation are visualized in Fig.2.

When using the hybrid reconstruction, the exposure calculation is based on detailed Monte
Carlo simulations. We also use only events for which the Hybrid detection is fully e�cient, but

The energy spectrum from surface detector data (I)
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Figure 5. Contour plot of the muon density in the shower plane for E = 10EeV proton showers with
zenith angles 70◦ (left) and 84◦ (right) and azimuth angle 0◦, as obtained from simulations based on
QGSJetII-03. The y-axis is oriented in the direction of the B⃗ field projected onto the shower plane.

illustrated in Figs. 4 and 5. The separation proceeds in the direction perpendicular to the
plane defined by the shower axis and the magnetic field. The magnitude of the separation
depends mainly on the component of B⃗ perpendicular to the shower direction, the muon
energy and the distance traveled [3]. The resulting signal patterns at the ground thus have
a quite strong dependency on the arrival directions. As the zenith angle changes, the large
variations in the distance traveled by the muons are to a large extent responsible for changes
in the patterns at the ground level. As the azimuthal direction of the shower changes,
smaller differences in the patterns are also observed, due to the varying angle between the
typical muon velocity and the B⃗ field. Two different approaches have been used to obtain
these distributions. One is based on a transformation of cylindrically symmetric patterns,
exploiting the anti-correlation between muon energy and angle to the shower axis [3]. The
other relies on continuous parameterizations in zenith angle and position in the shower plane
that are fitted to results obtained from simulations [21]. Both approaches have been shown
to reproduce the average profile of a given set of simulated showers with an accuracy better
than 5%.

When the arrival direction and the nature of the primary particle are fixed, the muon
number density has been shown to scale nearly linearly with shower energy (ρµ ∝ Eα with
α typically being in the range [0.90–0.95]) [3, 21]. There are some differences between the
distributions depending on the assumed nature of the primary particle, its energy and the
hadronic interaction model used in the simulations. It has also been shown that these dif-
ferences are manifested primarily by an overall normalization of the muon densities, and
the shapes of these functions are approximately the same for a given arrival direction [23],
i.e., weakly dependent on both shower energy and composition. Both characteristics are
illustrated in figure 4.

The universal shape of the muon distribution and the scaling between muon number
density and shower energy provide the basis of the fitting procedure. The reconstruction of
the shower size is based on the fit of measured signals to the expected muon patterns. Details
are fully described below.

– 7 –

6/19/18 7

Horizontal showers: 
Compare to expected 
muon profile at 10 EeV

Infill: particle density at 
400 m

particle density at 1000 m

M. Unger, SuGAR 2018

SD EVENTS: ENERGY CALIBRATION 
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against FD calorimetric energies 

avoid uncertainties on air 
showers simulations 
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COMBINED ENERGY SPECTRA 
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Features of the Energy Spectrum of Cosmic Rays above 2.5 × 1018 eV
Using the Pierre Auger Observatory
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suppression, is a new observation. For all parameters and
observables presented in the text, the first error is statistical
and the second systematic.
From the measured energy spectrum one can infer the

differential energy density per dex (dex indicates decade in
log10 E, following the convention of [22]), obtained as
lnð10Þð4π=cÞE2JðEÞ. It provides a measurement of the
energy density of the local Universe attributable to cosmic
rays. Above the ankle, a range in which UHECRs are of
extragalactic origin [5], the integration over energy results
in ð5.66# 0.03# 1.40Þ × 1053 ergMpc−3. This translates
into constraints on the luminosity of the sources, as
discussed below.
A detailed examination of the systematic uncertainties of

the energy spectrum is reported in [8]. The uncertainty in
the flux amounts to 30%–40% near 2.5 × 1018 eV, 25% at
1019 eV, and 60% at the highest energies. The uncertainties
include contributions from the absolute energy scale (the
largest), the exposure, the unfolding procedure, and the
Sð1000Þ reconstruction. No indication of further systematic
uncertainties has been found from a comparison of the
spectra calculated over different time periods, seasons, and
ranges of zenith angle.

The wide declination range covered, from δ ¼ −90° to
δ ¼ þ24.8°, allows a search for dependencies of energy
spectra on declination. For this, we have divided the sky
into three declination bands of equal exposure. In each
band, the estimation of the spectrum is made as for the
whole field of view, but using unfolding-correction factors
relevant to the band in question. We report in Table I the
parameters characterizing the spectral features for each
declination range. They are seen to be in statistical agree-
ment. There is thus no obvious dependence with declina-
tion over the energy range covered. A trend for the intensity
to be slightly higher in the Southern Hemisphere is
observed [8], consistent with the anisotropy observations
[6]. We therefore claim a second new result, namely that the
energy spectrum does not vary as a function of declination
in the range accessible at the Auger Observatory other
than in the mild excess from the Southern Hemisphere
expected in line with the known energy-dependent anisot-
ropies above 8 × 1018 eV. A comparison of the spectrum
with that of Telescope Array measured in the Northern
Hemisphere is discussed in [8] and references therein.
Astrophysical implications of the features of the energy

spectrum.—We now examine the validity of models pro-
posed to explain features of UHECRs using the new
information given here and the data on mass composition
and arrival directions recently reported [5,6,23–28]. If
UHECRs are produced throughout the Universe, to reach
Earth they must cross the background photon fields
permeating the extragalactic space. In particular, the cosmic
microwave background photons induce pion production
with protons colliding at around 5 × 1019 eV and photo-
disintegration of heavier nuclei at a roughly similar thresh-
old, leading to the expectation of a spectral steepening (the
Greisen-Zatsepin-Kuzmin (GZK) effect [29]). Depending
on the energy and chemical composition of the UHECRs,
higher-energy background photons, such as infrared light,
may also be responsible of interactions producing the flux
steepening.
A popular framework has been that what is observed

comes from universal sources, uniformly distributed, that
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TABLE I. Spectral parameters in three different declination
ranges. The energies E12, E23, and E34 are given in units of
1018 eV and the normalization parameter J0 in units of
1018 km−2 sr−1 yr−1 eV−1. Uncertainties are statistical.

½−90.0°;−42.5°' ½−42.5°;−17.3°' ½−17.3°;þ24.8°'
J0 1.329# 0.007 1.306# 0.007 1.312# 0.006
γ1 3.26# 0.03 3.31# 0.03 3.30# 0.03
γ2 2.53# 0.04 2.54# 0.04 2.44# 0.05
γ3 3.1# 0.1 3.0# 0.1 3.0# 0.1
γ4 5.2# 0.4 4.4# 0.3 5.7# 0.6
E12 5.1# 0.2 4.9# 0.2 5.2# 0.2
E23 14# 2 14# 2 12# 1
E34 47# 4 37# 4 51# 4
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declination range. They are seen to be in statistical agree-
ment. There is thus no obvious dependence with declina-
tion over the energy range covered. A trend for the intensity
to be slightly higher in the Southern Hemisphere is
observed [8], consistent with the anisotropy observations
[6]. We therefore claim a second new result, namely that the
energy spectrum does not vary as a function of declination
in the range accessible at the Auger Observatory other
than in the mild excess from the Southern Hemisphere
expected in line with the known energy-dependent anisot-
ropies above 8 × 1018 eV. A comparison of the spectrum
with that of Telescope Array measured in the Northern
Hemisphere is discussed in [8] and references therein.
Astrophysical implications of the features of the energy

spectrum.—We now examine the validity of models pro-
posed to explain features of UHECRs using the new
information given here and the data on mass composition
and arrival directions recently reported [5,6,23–28]. If
UHECRs are produced throughout the Universe, to reach
Earth they must cross the background photon fields
permeating the extragalactic space. In particular, the cosmic
microwave background photons induce pion production
with protons colliding at around 5 × 1019 eV and photo-
disintegration of heavier nuclei at a roughly similar thresh-
old, leading to the expectation of a spectral steepening (the
Greisen-Zatsepin-Kuzmin (GZK) effect [29]). Depending
on the energy and chemical composition of the UHECRs,
higher-energy background photons, such as infrared light,
may also be responsible of interactions producing the flux
steepening.
A popular framework has been that what is observed

comes from universal sources, uniformly distributed, that
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TABLE I. Spectral parameters in three different declination
ranges. The energies E12, E23, and E34 are given in units of
1018 eV and the normalization parameter J0 in units of
1018 km−2 sr−1 yr−1 eV−1. Uncertainties are statistical.
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J0 1.329# 0.007 1.306# 0.007 1.312# 0.006
γ1 3.26# 0.03 3.31# 0.03 3.30# 0.03
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γ3 3.1# 0.1 3.0# 0.1 3.0# 0.1
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Energy spectrum

magnetic field. The large scale ordered component of the Galactic halo field can both increase

and decrease the UHECR flux from a given direction through magnetic focusing/lensing (Harari

et al. 2000; Farrar et al. 2015). Currently, there are many di!erent GMF models (Jansson &

Farrar 2012; Terral & Ferrière 2017; Xu & Han 2024; Unger & Farrar 2024; Korochkin et al.

2024) so it is di”cult to constrain its e!ects.

2. KEY OBSERVATIONAL RESULTS

“Atmosphere! Atmosphere! Do I look like an atmosphere?” – Arletty in Hôtel du Nord, 19386

As we have seen in the introduction, the spatial and temporal structure of an atmospheric

shower is a unique signature of the physical properties (energy and mass) of the primary particle.

In this section, we will review the current status on the energy spectrum, mass composition and

arrival direction of UHECR as derived from the air shower data accumulated during almost two

decades by the two current UHECR experiments - TA and Auger.

2.1. Energy
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Figure 5

Left Spectrum of UHECR multiplied by E3 observed by KASCADE-Grande, TA and Auger. Overlaid in dotted is the
simulated spectra obtained for the proton component which allow to account for the Galactic to extragalactic transition.
Right Spectrum of UHECR multiplied by E3 observed by TA and Auger in the common declination band. The numbers of
UHECR in each energy bin is indicated. TA and Auger data are taken from (Tsusenada et al. 2023). KASCADE-Grande
data are taken from (Bertaina et al. 2016). The total UHECR light component across the Galactic-to-extragalactic
transition is shown by the dotted blue line (Globus et al. 2015b).

The UHECR energy spectrum as measured by TA and Auger is shown in the left panel of

Fig. 5. It can be described as a power-law, with the flux falling by → a thousand for each decade

increase in energy. This points to a non thermal process. A closer inspection of the spectrum

indicates a hardening at around 5 EeV, with a steepening about a decade higher, around 50 EeV.

These two features - called “ankle” and “cuto!” - have been confirmed by both experiments.

The TA and Auger spectra appear, however, to be di!erent in normalization and shape, even

in the common declination band, as can be seen in the right panel of Fig. 5. A joint TA-Auger

working group have made detailed studies on systematic uncertainties and found that the energy

spectra determined by both observatories are consistent in normalization and shape if energy-

dependent systematic uncertainties (with an energy-dependent shift ±10%↑ log(E/10EeV) for

E > 10 EeV) are taken into account (Tsusenada et al. 2023).

The ankle, a hardening seen in the all-particle spectrum at about 5 EeV, has been the

subject of various interpretations over the years. The first successful model able to explain the

6Also the year in which Pierre Auger began his detailed studies of the properties of extensive air
showers.
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Mass composition
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First 2 moments of Xmax distributions

Figure 6

The first two moments of the Xmax distributions. Figure adapted from (Bergman et al. 2023) shows the energy evolution
of the mean (left) and the standard deviation (right) of the Xmax distributions measured by TA (blue squares) and
Auger→TA (red circles) using Sibyll 2.3d. Auger and TA measurements are compatible at the current level of statistics
and understanding of systematics (Yushkov et al. 2019).

ankle is the dip model (Berezinsky et al. 2006), where the ankle appears as a natural feature

of the extragalactic UHECR propagation resulting from the dip in the pair-production losses

of protons on CMB, p + ωCMB → p + e
+ + e

→, as seen in Fig. 4. This elegant possibility has

been excluded by composition measurements, as the main assumption of this model is that the

extragalactic UHECR are mostly protons with a maximal admixture of 15% of nuclei (Allard et

al. 2005). In mixed composition models, the ankle is generally considered to mark the transition

from Galactic to extragalactic cosmic rays (Szabelski et al. 2002). There are hints that this

transition may even start at lower energies, around 0.1 EeV, where an ankle-like feature in the

spectrum of the light (proton and helium) elements (also shown in Fig. 5) has been reported

by KASCADE-Grande (Apel et al. 2013). There is also a phase shift of the dipole anisotropy

at around 0.1 EeV towards the Galactic anticenter direction (Fujii 2024). These observations

suggest that a light extragalactic component starts to take over the Galactic component at 0.1

EeV.

The cuto! marking the end of the spectrum was first reported by HiRes in 2008 (Abbasi et

al. 2008a), and then confirmed by both Auger (Abraham et al. 2010) and TA (Abu-Zayyad et al.

2013a). This cuto! could be due to the GZK e!ect (Section 1.3). It should be noted, however,

that the steepening occurs earlier than the GZK prediction for a pure proton composition

(Watson 2024). Another interpretation of this flux suppression is that it is primarily caused

by a limit to the rigidity accelerated at the sources. As for now, the highest energy observed

is 320 EeV (Bird et al. 1995), followed by an event at 244 EeV reported last year (Abbasi et

al. 2023).There are ↑ 60 events above 100 EeV (Caccianiga et al. 2023). There is no apparent

correlations/clustering with nearby source candidates above 100 EeV, which is interpretable as

a heavy composition at the highest energies or a very strong local EGMF.

2.2. Composition

Over the past decade the evidence against a simplistic, pure, proton UHECR composition has

become very strong. Auger revealed a much more nuanced picture where the primary com-

position is a mixture of protons and heavier nuclei, already at the ankle (Aab et al. 2016b)

and which becomes significantly heavier as the energy increases (Salamida 2023). This trend

towards a heavy composition is also inferred from the isotropy at the highest energies (Abbasi

et al. 2024).

The evolution of the moments of the Xmax distribution (see section 1.2) as measured by

Auger and compared to the prediction for hydrogen and iron is shown in Figure 6. At 5 EeV,

the span in predictions for ↓Xmax↔ between the di!erent hadronic interaction models is ↑25 g

cm→2, about one-quarter of the di!erence between ↓Xmax↔ values of protons and iron nuclei. As

consequence, the mass composition of cosmic rays can be referred only with respect to the Xmax

scale predicted by a particular model (Abdul Halim et al. 2024a).

12 Noémie Globus and Roger Blandford
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Figure 2. Top: fitted spectra, as function of reconstructed energy, compared to experimental counts.
The sum of horizontal and vertical counts has been multiplied by 10 for clarity. Bottom: the distri-
butions of Xmax in the fitted energy bins, best fit minimum, SPG propagation model, EPOS-LHC
UHECR-air interactions. Partial distributions are grouped according to the mass number as follows:
A = 1 (red), 2 ≤ A ≤ 4 (grey), 5 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (cyan), total (brown).

5.2 The effect of experimental systematics

The data on which the fit is performed are affected by different experimental systematic
uncertainties. In this section we analyze their effect on the fit parameters.

The main systematic effects derive from the energy scale in the spectrum [4], and the
Xmax scale [5]. The uncertainty on the former is assumed constant ∆E/E = 14% in the
whole energy range considered, while that on composition ∆Xmax is asymmetric and slightly
energy dependent, ranging from about 6 to 9 g/cm2. As described in section 3 two approaches
are used to take into account the experimental systematics in the fit.
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Figure 2. Top: fitted spectra, as function of reconstructed energy, compared to experimental counts.
The sum of horizontal and vertical counts has been multiplied by 10 for clarity. Bottom: the distri-
butions of Xmax in the fitted energy bins, best fit minimum, SPG propagation model, EPOS-LHC
UHECR-air interactions. Partial distributions are grouped according to the mass number as follows:
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5.2 The effect of experimental systematics

The data on which the fit is performed are affected by different experimental systematic
uncertainties. In this section we analyze their effect on the fit parameters.

The main systematic effects derive from the energy scale in the spectrum [4], and the
Xmax scale [5]. The uncertainty on the former is assumed constant ∆E/E = 14% in the
whole energy range considered, while that on composition ∆Xmax is asymmetric and slightly
energy dependent, ranging from about 6 to 9 g/cm2. As described in section 3 two approaches
are used to take into account the experimental systematics in the fit.
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Figure 1. Deviance
√
D −Dmin, as function of γ and log10(Rcut/V). The dot indicates the position

of the best minimum, while the dashed line connects the relative minima of D (valley line). In the
inset, the distribution of Dmin in function of γ along this line.

necting (γ, log10(Rcut/V )) minima (dashed line in the figure), corresponding in each point to
the best fit of the other parameters (J0 and fA).

From the figure we see that there is a very definite correlation between γ and Rcut:
this correlation is a quite general feature of the combined fit, appearing in all the different
variations of the reference fit discussed below. Considering the deviance distribution it is
immediate to note that there are two regions of local minima: one, which contains the best
minimum, corresponds to a low value of Rcut and a spectral index γ ≈ 1; this minimum
region is quite extended towards smaller values of γ at a slowly decreasing Rcut. In figure 2
we present the spectrum data we actually fit and the Xmax distributions together with the
fitted functions, while in figure 3 the fit results are compared for reference to the all-particle
spectrum and Xmax momenta. The essential features of such a model have been discussed
elsewhere [19, 20] and, using a similar approach to that of this work, in [21], the general
features being a low maximum rigidity around log10(Rcut/V) = 18.5, a hard spectrum and a
composition dominated by Helium and heavier elements.

There is also a second relative minimum, which appears less extended, around the
pair γ = 2.04 and log10(Rcut/V) = 19.88. For nuclei injected with these parameters the
effects of interactions during propagation are dominant, as it is demonstrated by copious
production of high energy secondaries (in particular Hydrogen). This is the reason why in
this region the fit to composition is quite bad, as reported in table 1 and in figure 4, withXmax

simulated distributions almost always larger than experimentally observed; this solution, in
the reference model, can be excluded at the 7.5σ level.
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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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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

– 13 –

JCAP04(2017)038

ournal of Cosmology and Astroparticle Physics
An IOP and SISSA journalJ

Combined fit of spectrum and
composition data as measured by the
Pierre Auger Observatory

The Pierre Auger collaboration

E-mail: auger spokespersons@fnal.gov

Received December 22, 2016
Accepted March 29, 2017
Published April 20, 2017

Abstract. We present a combined fit of a simple astrophysical model of UHECR sources
to both the energy spectrum and mass composition data measured by the Pierre Auger
Observatory. The fit has been performed for energies above 5 · 1018 eV, i.e. the region of
the all-particle spectrum above the so-called “ankle” feature. The astrophysical model we
adopted consists of identical sources uniformly distributed in a comoving volume, where nuclei
are accelerated through a rigidity-dependent mechanism. The fit results suggest sources
characterized by relatively low maximum injection energies, hard spectra and heavy chemical
composition. We also show that uncertainties about physical quantities relevant to UHECR
propagation and shower development have a non-negligible impact on the fit results.

Keywords: ultra high energy cosmic rays, cosmic ray experiments, cosmic ray theory, inter-
galactic media

ArXiv ePrint: 1612.07155

This article is dedicated to Aurelio Grillo, who has been deeply involved in this study for many years
and who has inspired several of the developments described in this paper. His legacy lives on.

c⃝ 2017 IOP Publishing Ltd and Sissa Medialab srl doi:10.1088/1475-7516/2017/04/038

JCAP04(2017)038

ournal of Cosmology and Astroparticle Physics
An IOP and SISSA journalJ

Combined fit of spectrum and
composition data as measured by the
Pierre Auger Observatory

The Pierre Auger collaboration

E-mail: auger spokespersons@fnal.gov

Received December 22, 2016
Accepted March 29, 2017
Published April 20, 2017

Abstract. We present a combined fit of a simple astrophysical model of UHECR sources
to both the energy spectrum and mass composition data measured by the Pierre Auger
Observatory. The fit has been performed for energies above 5 · 1018 eV, i.e. the region of
the all-particle spectrum above the so-called “ankle” feature. The astrophysical model we
adopted consists of identical sources uniformly distributed in a comoving volume, where nuclei
are accelerated through a rigidity-dependent mechanism. The fit results suggest sources
characterized by relatively low maximum injection energies, hard spectra and heavy chemical
composition. We also show that uncertainties about physical quantities relevant to UHECR
propagation and shower development have a non-negligible impact on the fit results.

Keywords: ultra high energy cosmic rays, cosmic ray experiments, cosmic ray theory, inter-
galactic media

ArXiv ePrint: 1612.07155

This article is dedicated to Aurelio Grillo, who has been deeply involved in this study for many years
and who has inspired several of the developments described in this paper. His legacy lives on.

c⃝ 2017 IOP Publishing Ltd and Sissa Medialab srl doi:10.1088/1475-7516/2017/04/038

p He 
2  A  4

A = 1

5  A  22

27  A  56

CNO 

Fe 
p 
He 
CNO 
Fe 

Sub-EeV extra-gal. 
protons from 
interactions of 
heavier nuclei



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025

JCAP04(2017)038

(E/eV)
10

log
18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
J 

[e
V

3
E

3610

3710

3810

(E/eV)
10

log
18 18.5 19 19.5 20

]
-2

 [
g 

cm
〉

m
ax

X〈

600

650

700

750

800

850

900
H

He

N

Fe

EPOS-LHC

(E/eV)
10

log
18 18.5 19 19.5 20

]
-2

) 
[g

 c
m

m
ax

(X
σ

0

10

20

30

40

50

60

70

H

He

N

Fe

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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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

wi cos ai

ba ¼ 2
N

XN

i¼1

wi sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
wi. The weights, wi , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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3*104 CRsE>8*1018 eV

Anisotropy detected at >5.2 sigma
dipole amplitude 6.5%COSMIC RAYS

Observation of a large-scale anisotropy
in the arrival directions of cosmic
rays above 8 × 1018 eV
The Pierre Auger Collaboration*†

Cosmic rays are atomic nuclei arriving from outer space that reach the highest energies
observed in nature. Clues to their origin come from studying the distribution of their
arrival directions. Using 3 × 104 cosmic rays with energies above 8 × 1018 electron
volts, recorded with the Pierre Auger Observatory from a total exposure of 76,800 km2

sr year, we determined the existence of anisotropy in arrival directions. The anisotropy,
detected at more than a 5.2s level of significance, can be described by a dipole with an
amplitude of 6:5þ1:3

"0:9 percent toward right ascension ad = 100 ± 10 degrees and declination
dd = "24þ12

"13 degrees. That direction indicates an extragalactic origin for these ultrahigh-
energy particles.

P
articles with energies ranging from below
109 eV up to beyond 1020 eV, known as cos-
mic rays, constantly hit Earth’s atmosphere.
The flux of these particles steeply decreases
as their energy increases; for energies above

10 EeV (1 EeV ≡ 1018 eV), the flux is about one
particle per km2 per year. The existence of cosmic
rayswith suchultrahigh energies has been known
for more than 50 years (1, 2), but the sites and
mechanisms of their production remain a mys-
tery. Information about their origin can be ob-
tained from the study of the energy spectrum
and the mass composition of cosmic rays. How-
ever, the most direct evidence of the location of
the progenitors is expected to come from studies
of the distribution of their arrival directions. In-
dications of possible hot spots in arrival direc-
tions for cosmic rays with energies above 50 EeV
have been reported by the Pierre Auger and Tel-
escope Array Collaborations (3, 4), but the statis-
tical significance of these results is low.We report
the observation, significant at a level ofmore than
5.2s, of a large-scale anisotropy in arrival direc-
tions of cosmic rays above 8 EeV.
Above 1014 eV, cosmic rays entering the atmo-

sphere create cascades of particles (called exten-
sive air-showers) that are sufficiently large to reach
the ground. At 10 EeV, an extensive air-shower
(hereafter shower) contains ~1010 particles spread
over an area of ~20 km2 in a thin disc moving
close to the speed of light. The showers contain an
electromagnetic component (electrons, positrons,
and photons) and a muonic component that can
be sampled using arrays of particle detectors.
Charged particles in the shower also excite ni-
trogen molecules in the air, producing fluores-
cence light that can be observed with telescopes
during clear nights.
The Pierre AugerObservatory, located near the

city of Malargüe, Argentina, at latitude 35.2°S, is
designed to detect showers produced by primary

cosmic rays above 0.1 EeV. It is a hybrid system, a
combination of an array of particle detectors and
a set of telescopes used to detect the fluorescence
light. Our analysis is based on data gathered from
1600 water-Cherenkov detectors deployed over
an area of 3000 km2 on a hexagonal grid with
1500-m spacing. Each detector contains 12metric
tons of ultrapure water in a cylindrical container,
1.2mdeepand 10m2 inarea, viewedby three9-inch
photomultipliers. A full description of the obser-
vatory, together with details of the methods used
to reconstruct the arrival directions and energies
of events, has been published (5).
It is difficult to locate the sources of cosmic

rays, as they are charged particles and thus in-
teract with themagnetic fields in our Galaxy and
the intergalactic medium that lies between the
sources and Earth. They undergo angular deflec-
tionswith amplitude proportional to their atomic
number Z, to the integral along the trajectory of
themagnetic field (orthogonal to the direction of
propagation), and to the inverse of their energy
E. At E ≈ 10 EeV, the best estimates for the mass
of the particles (6) lead to a mean value for Z be-
tween 1.7 and 5. The exact number derived is
dependent on extrapolations of hadronic physics,
which are poorly understood because they lie
well beyond the observations made at the Large
Hadron Collider. Magnetic fields are not well
constrained bydata, but if we adopt recentmodels
of the galactic magnetic field (7, 8), typical values
of the deflections of particles crossing the galaxy
are a few tens of degrees forE/Z= 10 EeV, depend-
ing on the direction considered (9). Extragalactic
magnetic fields may also be relevant for cosmic
rays propagating through intergalactic space (10).
However, even if particles from individual sources
are strongly deflected, it remains possible that an-
isotropies in the distribution of their arrival di-
rectionswill be detectable on large angular scales,
provided the sources have a nonuniform spatial
distribution or, in the case of a single dominant
source, if the cosmic-ray propagation is diffusive
(11–14).

Searches for large-scale anisotropies are con-
ventionally made by looking for nonuniformities
in the distribution of events in right ascension
(15, 16) because, for arrays of detectors that op-
erate with close to 100% efficiency, the total expo-
sure as a function of this angle is almost constant.
The nonuniformity of the detected cosmic-ray flux
in declination (fig. S1) imprints a characteristic
nonuniformity in the distribution of azimuth
angles in the local coordinate systemof the array.
From this distribution it becomes possible to ob-
tain information on the three components of a
dipolar model.

Event observations, selection,
and calibration

We analyzed data recorded at the Pierre Auger
Observatory between 1 January 2004 and 31
August 2016, from a total exposure of about
76,800 km2 sr year. The 1.2-m depth of the water-
Cherenkov detectors enabled us to record events
at a useful rate out to large values of the zenith
angle, q.We selected eventswith q <80° enabling
the declination range −90° < d < 45° to be ex-
plored, thus covering 85% of the sky.We adopted
4 EeV as the threshold for selection; above that
energy, showers falling anywhere on the array
are detectedwith 100% efficiency (17). The arrival
directions of cosmic rays were determined from
the relative arrival times of the shower front at
each of the triggered detectors; the angular res-
olution was better than 1° at the energies con-
sidered here (5).
Twomethods of reconstruction have beenused

for showers with zenith angles above and below
60° (17, 18). These have to account for the effects
of the geomagnetic field (17, 19) and, in the case
of showers with q < 60°, also for atmospheric ef-
fects (20) because systematic modulations to the
rates could otherwise be induced (see supple-
mentary materials). The energy estimators for
both data sets were calibrated using events de-
tected simultaneously by the water-Cherenkov
detectors and the fluorescence telescopes, with
a quasi-calorimetric determination of the energy
coming from the fluorescencemeasurements. The
statistical uncertainty in the energy determina-
tion is <16% above 4EeV and <12%above 10 EeV,
whereas the systematic uncertainty on the abso-
lute energy scale, common to both data sets, is
14% (21). Evidence that the analyses of the events
with q < 60° and of those with 60° < q < 80° are
consistentwith each other comes from the energy
spectra determined for the two angular bands.
The spectra agree within the statistical uncer-
tainties over the energy range of interest (22).
We consider events in twoenergy ranges, 4EeV<

E < 8 EeV and E ≥ 8 EeV, as adopted in previous
analyses [e.g., (23–25)]. The bin limits follow those
chosenpreviously in (26, 27). Themedian energies
for these bins are 5.0EeVand 11.5EeV, respectively.
In earlier work (23–25), the event selection re-
quired that the station with the highest signal
be surrounded by six operational detectors—a
demanding condition. The number of triggered
stations is greater than four for 99.2%of all events
above 4 EeV and for 99.9% of events above 8 EeV,
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Reconstruction of the dipole above 8 EeV
Combination of the Rayleigh analyzes to extract the dipole amplitude:

in right ascension → sensitive only to the orthogonal component to the Earth’s axis
in azimuth angle   → projection along the Earth’s axis

Longitude l = 233°, Latitude b = -13°

Amplitude                    d=6.5−0.9

+1.3
%

Implication on the origin of the UHECR:

  Dipole direction far away from the Galactic center (~125°). Above 40 EeV, no anisotropies associated 
with Galactic plane or Galactic center
  2MRS dipole x GMF deflection → observed dipole? 
  

Galactic center

Galactic plane

Extragalactic origin of the highest energy cosmic rays
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Sky maps

Figure 7

Left: Significance sky-map of 45o oversamplings of events above the ankle energy. The distribution of
UHECR appears to be dipolar with respect to the supergalactic plane, SGP. The dipole is the only
significant UHECR anisotropy (6.9ω). Right: Significance sky-map of 20o oversamplings above the
cuto! energy. The post-trial significance of the intermediate-scale anisotropies are ↭ 4ω. The sky maps
are in in galactic coordinates (Fujii et al. 2022).

The component below the ankle is required to have a very soft spectrum and a mix of

protons and intermediate-mass nuclei (Corstanje et al. 2021; Halim et al. 2023). The origin

of these ”sub-ankle” extragalactic protons is unclear. Photo-disintegration of UHECR nuclei

on background photons within or around their sources was suggested as a viable mechanism

for producing these extragalactic protons (Globus et al. 2015a; Unger et al. 2015). In Galactic

models, this light ankle is interpreted as a transition between two light Galactic components

(Eichler et al. 2016). The origin of the intermediate-mass component is not well constrained

and could be either of Galactic or extragalactic origin.

Above the ankle, the evolution towards a heavier composition can be interpreted as the

signature of a low maximal energy-per-unit-charge of the nuclei accelerated at UHECR sources

(Allard et al. 2008). It was quoted as the “disappointing model” (Aloisio et al. 2011) since the

low maximum rigidity would challenge the possibility to perform UHECR astronomy.

At the highest energies, where there are no measurements of composition-sensitive observable

with the fluorescence detectors of Auger and TA, the existence of protons or very heavy nuclei

(heavier than iron) cannot be ruled out. A very interesting possibility would be the existence

of an additional proton-dominated component at the highest energies which could be detected

through secondary neutrinos (Section 3). The muon puzzle (Section 1.1) tells us that we need

to address the origin of the discrepancies between air shower models and mass measurements

(e.g. Scaria et al. 2023) to have a better understanding of the nature of UHECR. What can be

said today, on the basis of existing shower models, is that replacing heavy nuclei with protons

at the highest energy exacerbates the muon problem.

2.3. Anisotropy

The discovery of a large scale modulation in right ascension in the distribution of UHECR with

energy above 8 EeV has been a breakthrough in cosmic-ray physics (Aab et al. 2017). This

anisotropy has now reached a statistical significance of 6.9ω (Abdul Halim et al. 2024b). It can

be interpreted as a dipole moment of amplitude → 7% at 10 EeV pointing in a direction → 113

degree away from the GC, with no statistically significant evidence for a quadrupole moment.

A working group with members from both Auger and TA have searched for anisotropies in

the UHECR arrival direction data. A full-sky coverage is achieved by combining Auger and TA

data (see Fig. 7 adapted from Fujii et al. 2022). While the angular resolution is typically better

than a degree, combining the two datasets requires a cross-calibration procedure due to the

di!erent systematic uncertainties on energy measurements. Spherical harmonic moments are

well-suited for measuring the anisotropy level at di!erent angular scales but the reconstruction

of the multipolar moments depends on the energy cross-calibration between the two experiments.

Since its discovery, attempts to explain the dipole anisotropy have been made, invoking a

large number of UHECR sources following the local inhomogeneities, which require an EGMF

below some model-dependent limit in the → nG range (Globus & Piran 2017; Hackstein et al.

2018; Globus et al. 2019; Ding et al. 2021; Allard et al. 2022; Bister and Farrar 2024). The
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Figure 2. Modeled spectra on Earth for the Centaurus A model with m = 0 (left), with m = 3.4
(middle) and the SBG model with m = 3.4 (right). In this and all following figures the thick lines
indicate the best-fit and the thin lines are drawn from the posterior distribution demonstrating the
uncertainty. The markers represent the measured data of the Pierre Auger Observatory. The grey
area symbolizes the energy bins which are not (fully) included in the fit (see section 3.1.2). In the
upper row the total spectrum is depicted with the di!erent element contributions in di!erent colors.
The contribution by the source catalog is indicated by the dashed line. The lower row shows the
individual spectrum of the strongest source in the respective catalog.
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Figure 3. First two moments of the Xmax distributions for the Centaurus A model with m = 0 (left),
with m = 3.4 (middle) and the SBG model with m = 3.4 (right).

For the SBG model with m = 3.4, the spectral index has softened visibly compared
to the reference model with m = 3.4. The softening decreases the number of high-energy
particles emitted at the background sources. This compensates the increased number of
high-energy particles from the catalog sources which can reach Earth easily due to the short
propagation distances. The signal fraction is around f0 → 20%. In figure 2, it is again visible
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Figure 2. Modeled spectra on Earth for the Centaurus A model with m = 0 (left), with m = 3.4
(middle) and the SBG model with m = 3.4 (right). In this and all following figures the thick lines
indicate the best-fit and the thin lines are drawn from the posterior distribution demonstrating the
uncertainty. The markers represent the measured data of the Pierre Auger Observatory. The grey
area symbolizes the energy bins which are not (fully) included in the fit (see section 3.1.2). In the
upper row the total spectrum is depicted with the di!erent element contributions in di!erent colors.
The contribution by the source catalog is indicated by the dashed line. The lower row shows the
individual spectrum of the strongest source in the respective catalog.
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Figure 3. First two moments of the Xmax distributions for the Centaurus A model with m = 0 (left),
with m = 3.4 (middle) and the SBG model with m = 3.4 (right).

For the SBG model with m = 3.4, the spectral index has softened visibly compared
to the reference model with m = 3.4. The softening decreases the number of high-energy
particles emitted at the background sources. This compensates the increased number of
high-energy particles from the catalog sources which can reach Earth easily due to the short
propagation distances. The signal fraction is around f0 → 20%. In figure 2, it is again visible

– 18 –

JCAP01(2024)022

90� 0� -90�

-60�

-30�

0�

30�

60�
Cen A, m = 0.0

90� 0� -90�

-60�

-30�

0�

30�

60�
Cen A, m = 3.4

90� 0� -90�

-60�

-30�

0�

30�

60�
SBG, m = 3.4

90� 0� -90�

-60�

-30�

0�

30�

60�

90� 0� -90�

-60�

-30�

0�

30�

60�

90� 0� -90�

-60�

-30�

0�

30�

60�

90� 0� -90�

-60�

-30�

0�

30�

60�

0 1 2
pdf/B

90� 0� -90�

-60�

-30�

0�

30�

60�

0 1 2
pdf/B

90� 0� -90�

-60�

-30�

0�

30�

60�

0 1 2
pdf/B

Figure 4. Modeled arrival directions pdf (eq. (2.17)), left for Centaurus A model with m = 0,
middle for Centaurus A model with m = 3.4 and right for SBG model with m = 3.4. The energy
bins log10(Edet/eV) =19.3 (upper row), log10(Edet/eV) =19.6 (middle row) and log10(Edet/eV) =19.9
(lower row) are shown as examples. The catalog contribution and with that the level of anisotropy
rises with the energy, while the overall blurring decreases. Additionally, the contribution of individual
sources depends on the energy through their distances and flux weights. The stars indicate the
directions of the source candidates with the size scaling with the relative flux contribution before the
observatory exposure is applied.

how the catalog contribution becomes relevant at higher energies, where it reaches values
of up to → 40% at 100 EeV. Additionally, figure 2 displays the individual spectrum of the
strongest source in the SBG catalog, NGC 4945. The modeled spectrum looks rather similar
to the one of Centaurus A, only with smaller uncertainties due to the additional constraints
from the other candidates in the SBG catalog. The two source candidates NGC 4945 and
Centaurus A are located in similar directions and distances of around 3.5 Mpc. Hence, the
contribution of that sky region is modeled consistently, independent from the number of other
subdominant candidate sources in the catalog. This is also visible in the arrival directions
in figure 4, where both the size of the blurring and the overall anisotropy level is similar
for both NGC 4945 and Centaurus A.

To verify explicitly that the model describes the overdensity in the region of Centaurus
A and NGC 4945, we investigate the spectrum of all events in a circular region with variable
angular size centered on the direction of the respective source candidate. The size of the
region is a trade-o! between wanting to fully contain the contribution of the source candidate,
and minimizing the contamination by background and neighboring candidates. The modeled
and measured (calculated from the energy spectrum data set described in section 3.2) spectra
for one example selection angle of 20→ (radius) are displayed in figure 5. Here, it is visible how
the model predicts an increased flux for the region around the source candidate. In particular,
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the cosmic-ray arrival directions show a better agreement with models in which a fraction of
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catalogs such as that of starburst galaxies. Here, we present a novel combination of both
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By investigating a scenario with Centaurus A as a single source in combination with the
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Abstract. This paper presents the results of di↵erent searches for correlations between very
high-energy neutrino candidates detected by IceCube and the highest-energy cosmic rays
measured by the Pierre Auger Observatory and the Telescope Array. We first consider
samples of cascade neutrino events and of high-energy neutrino-induced muon tracks, which
provided evidence for a neutrino flux of astrophysical origin, and study their cross-correlation
with the ultrahigh-energy cosmic ray (UHECR) samples as a function of angular separation.
We also study their possible directional correlations using a likelihood method stacking the
neutrino arrival directions and adopting di↵erent assumptions on the size of the UHECR
magnetic deflections. Finally, we perform another likelihood analysis stacking the UHECR
directions and using a sample of through-going muon tracks optimized for neutrino point-
source searches with sub-degree angular resolution. No indications of correlations at discovery
level are obtained for any of the searches performed. The smallest of the p-values comes from
the search for correlation between UHECRs with IceCube high-energy cascades, a result that
should continue to be monitored.
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Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the IceCube
cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected by the Pierre
Auger Observatory (magenta stars) and Telescope Array (orange stars). The circles around the
showers indicate angular errors. The black diamonds are the HESE tracks while the blue diamonds
stand for the tracks from the through-going muon sample. The blue curve indicates the Super-Galactic
plane.

at 22�, with the TA post-trial p-value being 9.3⇥ 10�4 and that of Auger being 4.1⇥ 10�2.
Thus, when considering the entire UHECR data set, this minimum gets reinforced.

The results of the likelihood stacking method are summarized in table 3. The most
significant deviation from the isotropic flux is found for the magnetic deflection parameter
D = 6� for the cascade sample. The observed pre-trial p-value is 2.7 ⇥ 10�4. Due to this
rather small value the post-trial p-value calculation based on generating background-only
samples and counting the fraction of those more significant than the result is not feasible.
We then conservatively apply a trial factor of 3 to account for the 3 values of the magnetic
deflection parameter D used in the analysis.3 The obtained post-trial p-value is 8.0⇥ 10�4.

3This approach is conservative since when using generated background-only samples it was observed that

the significances obtained for D = 3�, 6�, and 9� are strongly correlated. When these simulations were used

to obtain trial factors for less significant pre-trial p-values we obtained trial factor values smaller than 2.

– 14 –

JCAP01(2016)037

Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the IceCube
cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected by the Pierre
Auger Observatory (magenta stars) and Telescope Array (orange stars). The circles around the
showers indicate angular errors. The black diamonds are the HESE tracks while the blue diamonds
stand for the tracks from the through-going muon sample. The blue curve indicates the Super-Galactic
plane.

at 22�, with the TA post-trial p-value being 9.3⇥ 10�4 and that of Auger being 4.1⇥ 10�2.
Thus, when considering the entire UHECR data set, this minimum gets reinforced.

The results of the likelihood stacking method are summarized in table 3. The most
significant deviation from the isotropic flux is found for the magnetic deflection parameter
D = 6� for the cascade sample. The observed pre-trial p-value is 2.7 ⇥ 10�4. Due to this
rather small value the post-trial p-value calculation based on generating background-only
samples and counting the fraction of those more significant than the result is not feasible.
We then conservatively apply a trial factor of 3 to account for the 3 values of the magnetic
deflection parameter D used in the analysis.3 The obtained post-trial p-value is 8.0⇥ 10�4.

3This approach is conservative since when using generated background-only samples it was observed that

the significances obtained for D = 3�, 6�, and 9� are strongly correlated. When these simulations were used

to obtain trial factors for less significant pre-trial p-values we obtained trial factor values smaller than 2.

– 14 –

IceCube
TA
PAO



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 182

3
Michael Schimp Pierre Auger neutrino searches and GW follow-up

June 21, 2018 CRIS 2018, Portopalo di Capo Passero

 

Neutrino detection with the Pierre Auger SD

CR

~850 g cm-2

EARTH

             ~800 g cm-2

μ

hadr, e±, γ
(shower front)

 

Down-going (DG) ν

Earth-skimming (ES) ν
τ

(most sensitive)

primary

τ

shower age
young old

 

TOP OF ATMOSPHERECR



Jörg R. Hörandel - BND school, Nijmegen - Sept 2025 183

Hörandel Part B2 COSMICISFONTIBUS

Figure 2: Left: Upper limits on the integral photon flux from the PAO alongside limits from other experiments.
Shaded bands show cosmogenic flux predictions from UHECR interactions with Galactic matter (grey), back-
ground radiation fields (violet, green, orange), and hot gas in the Galactic halo (blue). Dashed lines denote
super-heavy Dark Matter predictions [26]. Right: upper limits on the diffuse flux of neutrinos for two Auger
analyses together with the recent KM3NeT neutrino detection. IceCube limits are scaled for a E�2

n flux as-
sumption. The predicted fluxes from cosmogenic and astrophysical neutrino models are illustrated as well [27].

from the SBG catalogue of around 20% at 40 EeV1 with a magnetic field blurring of around 20� for a rigidity of
10 EV1 provides a fair simultaneous description of all three observables, see Fig. 1. The SBG model is favoured
with a significance of 4.5s compared to a reference model with only homogeneously distributed background
sources. By investigating a scenario with Centaurus A as a single source in combination with the homogeneous
background, it is confirmed that this region of the sky provides the dominant contribution to the observed
anisotropy signal. Models containing a catalogue of jetted active galactic nuclei whose flux scales with the
g-ray emission are, however, disfavoured as they cannot adequately describe the measured arrival directions.

Figure 3: The spectral flux of gamma rays, neutrinos, and UHECRs [25].

The PAO data are also
used to contribute to multi-
messenger astroparticle
physics through strong
flux limits on ultra-high-
energy neutrino and photon
fluxes [26–31], see Fig. 2.
Those can be used to
provide an independent,
indirect measurement of
the mass composition of
UHECRs, they exclude that
UHECRs are only protons
at the highest energies.

Combining the multi-
messenger information from gs, ns, and CRs is a powerful tool to understand the origin of UHECRs [25, 32].
This is illustrated in Fig. 3: The spectral flux (F) of neutrinos inferred from the IceCube eight-year up-going
track analysis (red fit) and the six-year high-energy starting event analysis (magenta fit) compared to the flux
of unresolved extragalactic g-ray sources (blue data) and UHECRs (green data). The neutrino spectra are
indicated by the best-fit power-law (solid line) and 1s uncertainty range (shaded range). The multi-messenger
connections are highlighted: A: The joined production of charged pions (p±) and neutral pions (p0) in CR
interactions leads to the emission of neutrinos (dashed blue) and g-rays (solid blue), respectively. B: CR
emission models (solid green) of UHECRs imply a maximal flux (calorimetric limit) of neutrinos from the
same sources (green dashed). C: The same CR model predicts the emission of cosmogenic neutrinos from the
collision with cosmic microwave background photons (GZK mechanism).

11 EeV=10
18 eV. Particle rigidity: energy/charge E/Z. 1 EV= 10

18 V.

2

Neutrinos
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
_1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of �

�40 8
8 Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 :M . An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at _40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position _9 and _16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 https://doi.org/10.3847/2041-8213/aa91c9
© 2017. The American Astronomical Society. All rights reserved.

Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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Abstract

The Advanced LIGO and Advanced Virgo observatories recently discovered gravitational waves from a binary
neutron star inspiral. A short gamma-ray burst (GRB) that followed the merger of this binary was also recorded by
the Fermi Gamma-ray Burst Monitor (Fermi-GBM), and the Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), indicating particle acceleration by the source.
The precise location of the event was determined by optical detections of emission following the merger. We
searched for high-energy neutrinos from the merger in the GeV–EeV energy range using the ANTARES, IceCube,
and Pierre Auger Observatories. No neutrinos directionally coincident with the source were detected within ±500 s
around the merger time. Additionally, no MeV neutrino burst signal was detected coincident with the merger. We
further carried out an extended search in the direction of the source for high-energy neutrinos within the 14 day
period following the merger, but found no evidence of emission. We used these results to probe dissipation
mechanisms in relativistic outflows driven by the binary neutron star merger. The non-detection is consistent with
model predictions of short GRBs observed at a large off-axis angle.

Key words: gamma-ray burst: general – gravitational waves – neutrinos

1. Introduction

The observation of binary neutron star mergers with multiple
cosmic messengers is a unique opportunity that enables the
detailed study of the merger process and provides insight into
astrophysical particle acceleration and high-energy emission
(e.g., Faber & Rasio 2012; Bartos et al. 2013; Berger 2014;
Abbott et al. 2017a). Binary neutron star mergers are prime
sources of gravitational waves (GWs; e.g., Abadie et al. 2010),
which provide information on the neutron star masses and spins
(e.g., Veitch et al. 2015). Kilonova/macronova observations of
the mergers provide further information on the mass ejected by
the disruption of the neutron stars (e.g., B. Abbott et al. 2017,
in preparation; Metzger 2017).

Particle acceleration and high-energy emission by compact
objects are currently not well understood (e.g., Mészáros 2013;
Kumar & Zhang 2015) and could be deciphered by combined
information on the neutron star masses, ejecta mass, and
gamma-ray burst (GRB) properties, as expected from multi-
messenger observations. In particular, the observation of high-
energy neutrinos would reveal the hadronic content and
dissipation mechanism in relativistic outflows (Waxman &
Bahcall 1997). A quasi-diffuse flux of high-energy neutrinos of
cosmic origin has been identified by the IceCube observatory
(Aartsen et al. 2013a, 2013b). The source population producing
these neutrinos is currently not known.

On 2017 August 17, the Advanced LIGO (Aasi et al. 2015) and
Advanced Virgo (Acernese et al. 2015) observatories recorded a
GW signal, GW170817, from a binary neutron star inspiral (Abbott
et al. 2017b). Soon afterward, Fermi-GBM and INTEGRAL

detected a short GRB, GRB 170817A, from a consistent location
(Abbott et al. 2017a; Goldstein et al. 2017; Savchenko et al. 2017).
Subsequently, ultraviolet, optical, and infrared emission was
observed from the merger, consistent with kilonova/macronova
emission. Optical observations allowed the precise localization of
the merger in the galaxy NGC 4993, at equatorial coordinates

J2000.0 13 09 48. 085h m sa =( ) , J2000.0 23 22 53. 343d = - n ¢ ´( )
(Abbott et al. 2017c; Coulter et al. 2017a, 2017b), and at a
distance of ∼40Mpc. At later times, X-ray and radio emissions
were also observed (Abbott et al. 2017c), consistent with the
expected afterglow of a short GRB at high viewing angles (e.g.,
Abbott et al. 2017a).
High-energy neutrino observatories continuously monitor

the whole sky or a large fraction of it, making them well suited
for studying emission from GW sources, even for unknown
source locations or for emission prior to or after the GW
detection (Adrián-Martínez et al. 2016a; Albert et al. 2017a). It
is also possible to rapidly analyze the recorded data and inform
other observatories in the case of a coincident detection,
significantly reducing the source localization uncertainty
compared to that provided by GW information alone.
In this Letter, we present searches for high-energy neutrinos

in coincidence with GW170817/GRB 170817A by the three
most sensitive high-energy neutrino observatories: (1) the
ANTARES neutrino telescope (hereafter ANTARES; Ageron et al.
2011), a 10 megaton-scale underwater Cherenkov neutrino
detector located at a depth of 2500 m in the Mediterranean Sea;
(2) the IceCube Neutrino Observatory (hereafter IceCube;
Aartsen et al. 2017), a gigaton-scale neutrino detector installed
1500 m deep in the ice at the geographic South Pole,
Antarctica; and (3) the Pierre Auger Observatory (hereafter
Auger; Aab et al. 2015b), a cosmic-ray air-shower detector
consisting of 1660 water-Cherenkov stations spread over an
area of ∼3000 km2. All three detectors joined the low-latency

The Astrophysical Journal Letters, 850:L35 (18pp), 2017 December 1 https://doi.org/10.3847/2041-8213/aa9aed
© 2017. The American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any further
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of the work, journal citation and DOI.
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range from 10 � 80 MHz with two polarisation detections. A SD station is shown in Fig. 4 left: a 1.2 m high
WCD, containing 12 m3 ultra-pure water, is read out by three photo-multiplier tubes with 120 MHz sampling
frequency. On top a Surface Scintillation Detector (SSD) is installed, covering an area of about 2 m2 and
enclosed in an aluminium box [72]. The light produced in the scintillator bars is collected and propagated
along wavelength-shifting fibres and read out by a PMT.

Figure 4: Left: a station of the SD of the PAO. Right: layout of the 3000 km2 SD
array, each dot represents one of the 1660 stations as shown on the left.

The electronics of the
SD is located inside a
weather-protecting dome
[73]: the Upgraded Uni-
fied Board (UUB) fea-
tures a 12-bit ADC with
120 MHz sampling rate
to read out the PMTs of
the WCD and the SSD.
All data are send via
a communication system
to a central Data Ac-
quisition System (DAQ).
Core of the present pro-
posal is the Radio De-
tector (RD). It has been
developed and installed
at the PAO under the leadership of Hörandel in the framework of a previous ERC AdG. Two aluminium
rings, forming the dual-polarised antenna are mounted on a fibreglass mast on top of each WCD [74,75]. They
record radio emission in the frequency band 30 � 80 MHz and are digitised with 250 MHz sampling frequency.

Radio Detection of extensive air showers
The radio emission in EASs originates from different processes. The dominant mechanism is of geomagnetic
origin [76–78]: electrons and positrons in the shower are accelerated in opposite directions by the Lorentz force
exerted by the magnetic field of the Earth. The generated radio emission is linearly polarised in the direction
of the Lorentz force (~v ⇥ ~B), where ~v is the propagation velocity vector of the shower (parallel to the shower
axis) and ~B represents the direction and strength of the Earth magnetic field. A secondary contribution to the
radio emission results from the excess of electrons at the front of the shower (Askaryan effect) [79]. This
excess is built up from electrons that are knocked out of atmospheric molecules by interactions with shower
particles and by a net depletion of positrons due to annihilation. This charge excess contribution is radially
polarised, pointing towards the shower axis. The resulting emission measured at the ground is the sum of
both components. Interference between these components may be constructive or destructive, depending on
the position of the observer/antenna relative to the shower. The emission is strongly beamed in the forward
direction due to the relativistic velocities of the particles. Additionally, the emission propagates through the
atmosphere, which has a non-unity index of refraction that changes with height. This gives rise to relativistic
time-compression effects, most prominently resulting in a ring of amplified emission around the Čerenkov
angle [80]. By precisely measuring the polarisation direction of the electric field at various positions within the
air shower footprint the relative contribution of the main emission processes has been measured [81, 82].

Horizontal air showers [83] with zenith angles Q > 60
� traverse a big amount of atmosphere until they are

detected. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density
of the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30 � 80 MHz) and
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in HAS.

End-to-end calibration of the signal chain . The active components of the RD electronics, the low-
noise amplifiers (LNAs) and the digitisers have been thermally cycled to simulate ageing and take care
of eventual changes of the performance as a function of time. All units have been end-to-end cal-
ibrated in the laboratory, recording parameters like gain and phase shifts as a function of frequency.
The antenna pattern of the Short Aperiodic Loaded Loop Antenna (SALLA) [84] has been simulated
with the NEC software. The antenna pattern has been verified through in-situ measurements (see e.g.
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[85]) in the field with a drone, carrying a reference antenna in a defined pattern above a RD station.

RD WCD
Azimuth (deg) 156.99±0.01 157±0.1
Zenith (deg) 84.7±0.01 84.7±0.1
Energy (EeV) 36.23 	± 	3.34 38.55 	± 	2.92
Core X (km) -19.8 -17.40±0.88
Core Y (km) -8.73 -9.78±0.45

Figure 5: An air shower measured with the RD.

The diffuse Galactic
radio emission is
well measured [86],
this is used as a
standard reference
signal to calibrate
the RD in-situ [87].
The Galactic radio
emission is recorded
periodically on each
station locally and
is used to correct
for potential time-
dependent changes
in the parameters
(such as e.g. po-
tential gain changes of the electronics as a function of temperature). It should be noted that the absolute
calibration of the full electronics chain (performed in the laboratory) agrees within 5% uncertainty with
the parameters obtained from the Galactic emission. This demonstrates our excellent understanding of the
complete signal chain. The atmospheric electric fields are continuously monitored at 5 positions in the SD
array. This allows to generate a veto against strong atmospheric electric field during thunderstorms [88],
which would distort the energy measurements of a shower. This yields absolutely calibrated time traces for
each antenna and polarisation direction. A study with AERA demonstrates the long-term stability of the radio
detection technique [89]. Only marginal deviations have been found over a period of 10 years.

PoS(ICRC2025)294

First Data of the 3000 km
2

Radio Detector at the Pierre Auger Observatory Bjarni Pont

Figure 7: (Left): Comparison of the cosmic ray energy as measured by the WCD and the electromagnetic
energy as measured by the RD. Highlighted in color are the zenith angles of the air showers. Statistical
uncertainties of reconstructed parameters are shown as gray bars. (Right): An example of a near-horizontal
air shower with an energy of approximately 32 EeV arriving from west. The gray markers are SD positions
and the green markers show where the RD was deployed at the time of the event. Stations that measured a
significant radio signal are shown with star markers. The color indicates the arrival time of the pulse. The
underlying red markers show the signals measured by the WCD, where the size is proportional to the signal.

3.2 Extremely extended radio footprints

In Fig. 7 (Right), we illustrate the detection of a near-horizontal radio footprint measured in
early 2024. The air shower had a zenith angle of 85→ and an electromagnetic energy of about
32 EeV, compatible with the estimate of the WCD. This event demonstrates the ability of the RD
to measure in this near-horizontal regime, illustrating the potential to measure ultra-high-energy
neutral particles. Of particular interest are showers coming from the west where the Andes mountain
range provides the potential for earth-skimming neutrinos to interact and to produce an air shower
(the event shown does not have a su!cient zenith angle to be considered a candidate).

4. Outlook

The Radio Detector is expected to operate for at least a decade, providing a substantial increase
in the number of cosmic rays with an estimation of the mass [14]. Together with the mass
measurements by the WCD-SSD at low zenith angles, it will be able to cover most of the southern
sky. This will allow for studies of the mass composition of ultra-high-energy cosmic rays. In
addition, the measurements of the amount of muons in the shower as a function of energy by this
WCD-RD hybrid approach will contribute to addressing the muon puzzle [16]. In parallel, the
Radio Detector will extend the radio-based energy scale to energies beyond 1018.5 eV, building on
the results and method developed for the AERA radio detector at the Pierre Auger Observatory [13].
This extension will provide an independent way to access the cosmic-ray energy up to the highest
observed energies. Furthermore, the use of both amplitude and phase information in the radio
signal enables interferometric reconstruction techniques, allowing for a three-dimensional and time-

7

Figure 6: Measured e/m energy (RD) in EAS as a func-
tion of total CR energy (WCD) [90]. Highlighted in
colour are the zenith angles of the EAS.

The installation of the RD in the whole array has been
completed end of 2024. At the time of writing, com-
missioning of the RD systems is almost completed.
First RD data are being analysed in parallel. The
first data look very promising [90]. For illustration,
in Fig. 5 a measured air shower is shown with an en-
ergy of almost 40 EeV, coming in just 5� above the
horizon. The energy fluence as a function of dis-
tance to the shower axis has been fitted with a spe-
cially adapted function for HAS [91]. This function
describes the data very well and yields the total e/m
energy delivered to the ground in form of radio waves
(in the 30 � 80 MHz band). The shower has been
reconstructed independently, using the information
from the RDs and the WCDs. Both, the direction (az-
imuth and zenith angles) as well as the energy agree
perfectly within their uncertainties. The location of the shower axis, intersecting with the ground is slightly
offset between the particle content of the shower (WCD) and the radiation (RD), this is caused by refractive
effects during the propagation of the radio waves in the atmosphere [92]. For illustration and to facilitate cross
checks an independent reconstruction has been applied for Fig. 5. Goal of the proposed work is to establish a
hybrid reconstruction, combining the information from the RDs and WCDs (sub project #1).

Another data-driven approach to verify the performance of the RD system is to investigate the measured e/m
energy (from RD) as a function of the total shower energy (from WCD), as illustrated in Fig. 6. This is a very
important plot since it illustrates the end-to-end verification of the complete signal chain. The absolute energy
scale obtained by the RD is fully compatible with the well established energy scale of the WCD. It should be
noted that the data shown are taken during the installation, i.e. only with a fraction of the full 3000 km2 array.
Therefore, only loose quality cuts have been applied (to keep some showers for the analysis), which results in
a larger scattering of points around the main diagonal. In the future, when we can apply stricter quality cuts,
we expect a much narrower distribution along the main diagonal. It should also be noted that the e/m energy is

7
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Figure 10: Angular deflec-
tions of UHECRs. Differ-
ent models of the Galac-
tic magnetic field are con-
sidered, see [99]. The
CR rigidity E/Z is 20 EV.
Filled circles denote a grid
of arrival directions and the
open symbols are the back-
tracked directions at the
edge of the Galaxy [99].
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Figure 19. Angular deflections of ultrahigh-energy cosmic rays in the eight model variations derived in this paper and JF12. The cosmic-ray
rigidity is 20 EV (2⇥1019 V). Filled circles denote a grid of arrival directions and the open symbols are the back-tracked directions at the edge
of the Galaxy.

Figure 20. Left: Rigidity threshold such that the angular deflection in the given direction is 20� in all models. Right: Rigidity threshold such
that the model predictions of the angular deflection differ by  20�. (1 EV = 1018 V)

JF12 model are generally within the range of deflections pre-
dicted for the GMF models derived in this work. This is not
the case for the deflections calculated with the GMF model
of Pshirkov et al. (2011), due to the absence of a poloidal
component in that model (c.f., Sec. 7.6).

Current studies of the anisotropies of ultrahigh-energy cos-
mic rays indicate the presence of “hot spots” of cosmic-ray
clusters at intermediate angular scales of 20� (Abbasi et al.
2014; Abreu et al. 2022). For the identification of extragalac-
tic sources related to these overdensities, a precision in back-
tracking through the GMF at least as good as their angular
size, qmax, is needed. Figure 20 aims to illustrate this re-
quirement. In the left panel, we show the minimum rigidity
such that the deflection for a CR arriving in the given direc-
tion is less than qmax = 20� in all 8 models. Requiring that
the deflections in half of the sky are less than qmax = 20�,
according to all of these models, requires the rigidity to be
greater than or equal to Rnocorr

50 = 20 EV.

The minimum rigidity requirement improves considerably
if the arrival directions are corrected for their expected de-
flection in the GMF. The limit on the precision with which
we infer the source position arises from the difference be-
tween the models, and not the overall magnitude of the de-
flection. The differences of predicted deflections within the
model ensemble are smaller than the deflections themselves.
Therefore, as shown in the right panel of Fig. 20, the required
minimum rigidity is lower when the deflections are corrected
for. With corrections, the rigidity quantile at which half of
the sky can be observed at qmax = 20� or better, decreases
to Rcorr

50 = 11 EV giving a much greater observational reach.
Note that this discussion is indicative only, since the mini-
mal rigidity requirement may change when random fields are
included in the analysis.

8.2. Axions

Another important application of the model ensemble pre-
sented in this paper is the prediction of the conversion of

Sub project #2: Circling in on the sources (PhD1+PhD2+PI). One of the prime objectives of the upgraded
PAO and the RD is to conduct CR astronomy, i.e. use CRs to locate their sources. However, charged CRs rays
are deflected through magnetic fields during their propagation through extragalactic and intergalactic space.
Their deflections can be approximated as [98]
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(With the strength B and coherence length lcor of the B-field, distance to source d.) For particles with high
rigidity E/Z only a small deflection is expected and one can hope to conduct charged-particle astronomy to
find the sources or source regions of UHECRs. Using the excellent capabilities of the upgraded PAO (see #1)
we aim to develop algorithms to isolate light nuclei with low charge Z.

The IMAGINE Consortium (co lead by the PI) aims to coordinate and facilitate the efforts of a diverse group of
researchers in the broad areas of the interstellar medium, Galactic magnetic fields and CRs, and our overarching
goal is to develop comprehensive insights into the structures and roles of interstellar magnetic fields and their
interactions with CRs within the context of Galactic astrophysics [100, 101]. Goal is to develop comprehen-
sive insights into the structures and roles of interstellar magnetic fields and their interactions with CRs. The
backbone of the consortium is the Interstellar MAGnetic field INference Engine, a publicly available Bayesian
platform that employs robust statistical methods to explore the multi-dimensional likelihood space using any
number of modular inputs. This tool is used by the IMAGINE Consortium to develop an interpretation and
modelling framework that provides the method, power and flexibility to interfuse information from a variety of
observational, theoretical and numerical lines of evidence into a self-consistent and comprehensive picture of
the thermal and non-thermal interstellar media. An important innovation is that a consistent understanding of
the phenomena that are directly or indirectly influenced by the Galactic magnetic field, such as the deflection
of UHECRs rays or extragalactic backgrounds, is made an integral part of the modelling.
A precise Galactic B-field model will be crucial to back-trace the high-rigidity particles towards their sources
[99]. Given the arrival direction ~v of an UHECR at Earth, the knowledge of the Galactic B-field can be used
to infer its arrival direction at the edge of the Galaxy ~u. Sky maps of the deflection angle qdef = arccos(~u~v)
for nine different B-field models (see [99]) for a particle rigidity of 20 EV are shown in Fig. 10. These were
obtained by numerically integrating the equation of motion of a negatively charged particle in the Galactic
magnetic field until it leaves the Galaxy at a galactocentric radius of rmax = 30 kpc. The magnitude of the
deflection angle is indicated by colours at each of the starting directions ~v and the direction of the deflection
is indicated by an arrow for a subset of directions. As can be seen, all models exhibit qualitatively similar de-
flection pattern but with quantitative differences due to limitations in the knowledge of the Galactic B-field(s).
With the comprehensive Galactic B-field model(s) obtained from the IMAGINE project, we aim to determine
the source regions with accuracies of 10 � 20

�.

Complementary, we will produce skymaps of neutral particles (gs and ns), see #3. Their interpretation is much
easier since those particles are not deflected by magnetic fields. However, so far no EeV neutral particles have
been detected. It will be one of the key findings of this ERC AdG project to find out which way is favoured by
nature to find the origin of the highest-energy particles in the Universe: neutral or charged particles.
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Milestones and Deliverables: • M21 Algorithm to select CR nuclei of a certain charge and energy, i.e.
rigidity E/Z ⇡ 2 · E/A (with Z ⇡ A/2 for most nuclei) implemented in the PAO software framework.
• P21 Publication on "rigidity-resolved sky maps of UHECRs and implications on models of the origin of
UHECRs". In case point sources or enhancements are found on the sky, this would be a groundbreaking
way forward and would enable the • P22 Publication "charged-particle astronomy: a new window to the
high-energy Universe".

Sub project #3: Hybrid air shower reconstruction for neutral particles (photons and neutrinos)
(PhD2+PI). Neutral particles, such as photons and neutrinos provide valuable insight to the extreme
processes in the high-energy Universe in addition to nuclear CRs. Detecting EeV photons and neutrinos
would be a break through for the field. Objective of the proposed work is to improve the photon and neutrino
detection at the highest energies > 10

19 eV, using the unique facility of the PAO RD, with its strong sensitivity
to the e/m shower component. Already now (see Fig. 2) the upper limits from the PAO start to constrain models
for the production of photons and neutrinos at the highest energies. Increasing the sensitivity by an order of
magnitude would either allow to further constrain the production models, or in an ideal case, detect the first
photons and neutrinos ever in the EeV energy range.
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Earth-skimming potential
• 65km footprint (larger than Lake Geneva)

• Nearly from the horizon: 89 degrees.

• Around 2x1019 eV
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Figure 11: Measured HAS arriving 0.5�

above the horizon. The footprint has a length
of ⇠65 km, crossing the complete array. The
energy reconstructed form the RD is 52 EeV.

Air showers initiated by high-energy photons in the atmosphere
differ significantly from those from nuclei [102]. For a photon-
induced shower, the first interactions and generations are purely
electromagnetic, since the radiation length is more than two or-
ders of magnitude smaller than the mean free path for photo-
nuclear interactions. Yet, the development of the shower is de-
layed by the typically small multiplicity of electromagnetic in-
teractions. Thus the maximum development of the shower is
reached at a slant atmospheric depth Xmax larger for photon pri-
maries than for nuclei, with a difference of ⇡ 200 g/cm2 be-
tween photons and protons at 10

19 eV and even larger between
photons and heavy nuclei. Since the mean free path for photo-
nuclear interactions is much larger than the radiation length, the
transfer of energy to the hadron and muon channels is reduced
hence only a small fraction of the electromagnetic component
in a photon-induced shower is injected into the hadronic cas-
cade. Showers induced by photons are thus characterised by a
lower content of muons: on average, simulations show that pho-
ton showers have nearly one order of magnitude less muons than
proton showers of the same energy.

g-induced air showers need to be treated differently in the reconstruction software. An extra algorithm needs to
be developed to convert the measured quantities (with a strong emphasise on the e/m component) to the energy
of the incoming photon.

For hadron-induced HAS most particles are absorbed while traversing a relatively large amount of atmosphere,
only high-energy muons are expected at detector level. In contrast, neutrinos will interact close to the array
either in the nearby Andes mountains or the Earth crust (for upwardgoing ns). This results in air showers with
a large(r) e/m component and a HAS with a large e/m-to-muon ratio is an interesting n candidate. A HAS
coming in 5� above the horizon from the direction of the Andes is shown in Fig. 5. If this shower would have a
slightly lower elevation (the Andes are seen from the PAO at elevations < 2

�) this would be a very interesting
n candidate. Another interesting, recently recorded shower, coming in only 0.5� above the horizon with an
energy of 52 EeV is depicted in Fig. 11. If such a shower would come from the direction of the Andes (left in
the figure) it would be a serious neutrino candidate.

The different e/m-to-muon ratio in n-induced showers compared to nuclei-induced ones requires a different
treatment of n-showers in the reconstruction software. We aim to implement a reconstruction algorithm which
combines the WCD and RD information to select neutrino candidates and to establish an energy scale for
neutrinos in the PAO reconstruction software.
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