
flux falls ~E-2.7    --> E=1015 eV:  1 particle/m2/a

atmosphere acts as an absorber/calorimeter

vertical atmospheric depth

--> calorimetric measurement

1035
g

cm2

⇡ 12�I

⇡ 30X0

Measurement of Cosmic Rays at E>10 TeV
Extensive Air Showers
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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 !ux of primary protons is shown.
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pair production γ à e++e-

bremsstrahlung e à 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 e!ects 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 e!ects. 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

0927-6505/$ - see front matter ! 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.astropartphys.2004.09.003
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A Matthews Heitler Model – Electromagnetic 
Cascades

depth of shower maximum

X�
max = ncX0 ln 2 = X0 ln
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⇥
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number of electrons at shower maximum
Nmax
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gEe
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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 à π0 + π+ + π-

π à hadronic interaction
à decay

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

N� = (Nch)n E� =
E0�

3
2Nch

⇥nafter n interactions

nc =
lnE0/E�

c

ln 3
2Nch

= 0.85 lg
�

E0

E�
c

⇥
after nc interactions Eπ=Ecπ:

superposition model
particle (E0,A) à 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 �NµE⇤
c

E0
= 1�

�
E0

AE⇤
c

⇥��1

Number of electrons at shower maximum

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

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



Xp
max = ⇥p�air

i ln 2 + X0 ln
�

�E0

3NchEe
c

⇥

A Heitler Model – Xmax

Xp
max = ⇥ ln 2�X0

�
3N0Ee

c

� · PeV

⇥
+ �p lg

�
E0

PeV

⇥

�� = X0 ln 10 � 84.4g/cm2

�p = X0 ln 10� ⇥X0 ln 10 + � ln 2 ⇥ 70g/cm2

elongation rate
e/m shower
proton shower

estimator for mass A of primary particle

Xmax for heavy nuclei

⇥p�air
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PeVproton air interaction length ζ=-4.88 g/cm2
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PeV
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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) 1533JRH, Nucl. Instr. and Meth. A 588 (2008) 181

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

max # X 0 lnA (2)

where X 0 " 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

lg%Ne=Nm& " 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 " 7:24 ' A#0:16N1:16
m (4)

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

NejE0
" 5:30( 107%E0=PeV&1:37N#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
"

Xmax ) 287:9 g=cm2

569:6 g=cm2
) 1:02 lg Nm. (6)

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

ARTICLE IN PRESS

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

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

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

cascade of secondary particles allows to sample the 
shower at specific points

example: KASCADE 40000 m2 total area
500 m2 e/m detectors (~1.2%), detector distance 13 m

1

detector coverage
1015 eV: ! 1% ! (15 m)
1020 eV: ! 10-8 ! (1.5 km)



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

e-/+

µ-/+



Event reconstruction in the scintillator array

shower core r = 2.5 – 5.5 m

shower direction  = 0.5° – 1.2°

shower size Ne/Ne = 6 – 12 %

electromagnetic component



5

e/�

µ detector       

detector       
Fe+Pb absrober

--> count the number 
of electrons and 
muons

measurement of hadrons
hadron calorimeter

⇡ 10�I

�I =
1

n · � ⇡ 16.7 cm in Fe
5



KASCADE 

Hadron 

Calorimeter

320 m2 x 9 layers

liquid ionization chambers

44 000 electronic channels

EH > 20 GeV

J. Engler et al., Nucl. Instr. Meth.  A 427 (1999) 528



Hadronic shower core
E0 ~ 6 PeV

May 7th, 2002  9:45

Number of reconstructed hadrons  Nh = 143

20 m

1
6
 m



Hadronic shower core
E0 ~ 6 PeV

May 7th, 2002  9:45

Number of reconstructed hadrons  Nh = 143

20 m

1
6
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to determine the properties of the primary particle, 
we measure the number of
- electrons 
- muons 
- hadrons

--> measure the lateral density distribution

we need a suitable parametrization

rM: Molière radius = 0.25 X0
                                                                      in air    ~80 m for electrons (analytically derived)
                                                         ~400 m for muons (empirical)
                                                           ~15 m for hadrons (empirical)

Ne

Nµ

Nh

⇢e,µ,h(r)

Ne,µ,h =

Z 1

0
2⇡r⇢e,µ,h(r)dr

⇢(r) /
✓

r

rM

◆s�2 ✓
1 +

r

rM

◆s�4.5



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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Electromagnetic component Muons

KASCADE-Grande – Lateral distributions 
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in addition to particles at ground (electrons, muons, hadrons) in 
air showers electromagnetic radiation is produced:
- Cherenkov radiation

charged particles moving with a speed
emitt Cherenkov radiation
air close to ground 
                      in air
Cherenkov threshold
--> most Cherenkov light is emitted from relativistic 
electrons

v > vair =
c

nair

n ⇡ 1.000283 cos⇥c =
c

n · v ⇡ 1

n) ⇥c < 1.4�

Ee = 22 MeV Eµ = 4.4 GeV

14

focusing effect due to increase of n with 
increasing depth --> n(h)

ring with ~100 m diameter on the ground

e.g. 1 TeV gamma ray produces ~3*106 
Cherenkov photons 300-500 nm

) ⇥c = f(h)

⇥c ⇠ bigger

⇥c ⇠ smaller



- Fluorescence light
charged particles moving through the atmosphere 
excite nitrogen molecules
--> fluorescence light (300-450 nm)
isotropic radiation of fluorescence light

15

Cherenkov
telescope

--> air showers can be observed 
from aside

fluorescence
telescope

~0.5% of dE/dx (~2.2 MeV/(g cm2)

by the rotational structure.4 The set of bands connecting a given
pair of electronic states is named a band system.

In our spectral range, nitrogen fluorescence comes basically from
the Second Positive system C3Pu ! B3Pg of N2 and the First
Negative system B2S!

u ! X2S!
g of N!

2 (see Fig. 1) which in the air-
fluorescence community are usually denoted as 2P and 1N systems,
respectively. Notice that while the 2P system is generated after the N2

X1S!
g ! C3Pu excitation, 1N fluorescence takes place as a conse-

quence of the X1S!
g ! "N!

2 #B
2S!

u molecular ionization, leaving the
nitrogen ion in a specific excited state. The wavelengths of the mole-
cular bands of nitrogen are well known (see for instance Ref. [30]).

Apart from the 1N and 2P systems the weak bands of the N2

Gaydon–Herman (GH) system have been observed in the air-
fluorescence spectrum [29,31].

A spectrum typically observed at high pressure between 280
and 430nm for air is depicted in Fig. 2 [32]. The labels mark 21
major transitions. All important transitions and the corresponding
wavelengths between 290 and 430nm are compiled in Table 1.

The cross-section for excitation of the upper electronic levels of
both systems as a function of electron energy is displayed in Fig. 3.
The curve for the 2P system shows a sharp maximum at about 15eV
followed by a fast E$2 decrease, as expected from the optically
forbidden nature of this transition. On the contrary, the excitation
cross-section for the 1N system shows a much softer maximum at
about 100eV followed by a much slower "logE#=E decrease which
becomes a soft growing behavior at relativistic energies [33,34].

For a given electronic state the cross-section for the excitation
to a vibrational level v is proportional to the Franck–Condon factor
qX!v, defined as the overlapping integrals between the vibrational
wave functions of the lower and upper levels of the excitation
process. The Einstein coefficients Avv0 give the probability per unit
time of radiative de-excitation v–v0. Therefore, the probability of
emission of a fluorescence v–v0 photon by electron impact is
proportional to the optical cross-section defined as

svv0 % sv
Avv0P
v0Avv0

% svB
vv0 (6)

and therefore, in the absence of other effects, the relative intensity
of a molecular band with respect to a reference transition (e.g.
0–0) of the same system is given by

I0vv0

I000
%
svv0

s00
%

qX!v

qX!0

Bvv0

B00
. (7)
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Fig. 2. Air-fluorescence spectrum excited by 3MeV electrons at 800hPa as measured by the AIRFLY Collaboration [32].

Table 1
Transitions and corresponding wavelengths of the air-fluorescence spectrum [32]

Transition l (nm)

2P(3,1) 296.2
2P(2,0) 297.7
GH(6,2) 302.0
GH(5,2) 308.0
2P(3,2) 311.7
2P(2,1) 313.6
2P(1,0) 315.9
GH(6,3) 317.6
2P(4,4) 326.8
2P(3,3) 328.5
2P(2,2) 330.9
2P(1,1) 333.9
2P(0,0) 337.1
GH(0,4) 346.3
2P(2,3) 350.0
2P(1,2) 353.7
2P(0,1) 357.7
GH(0,5) 366.1
2P(3,5) 367.2
2P(2,4) 371.1
2P(1,3) 375.6
2P(0,2) 380.5
2P(4,7) 385.8
GH(0,6) 387.7
1N(1,1) 388.5
1N(0,0) 391.4
2P(2,5) 394.3
2P(1,4) 399.8
2P(0,3) 405.0
2P(3,7) 414.1
2P(2,6) 420.0
1N(1,2) 423.6
2P(1,5) 427.0
1N(0,1) 427.8

4 See e.g. Ref. [29] for some illustrative examples.
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Mainly: Charge 
separation in 
geomagnetic field

Theory predicts 
additional mechanisms:
excess of electrons in 
shower:
charge excess
superposition of 
emission due to 
Cherenkov effects in 
atmosphere

Radio Emission in Air Showers

polarization of radio signal
geomagnetic Askaryan

e+e+e+

e+ e-

e-
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e-

e-e+

e- drift

e+ drift

air shower

atmospheric nucleus

cosmic ray

coherent 
radio pulse
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1 km

>2000 antennas

153 antennas

Auger Engineering Radio Array
AERA

Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.

with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
detectors (on a 750 m grid) and within the field of view of HEAT [13], allowing for the calibration
of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
fluorescence light, the particles at the ground, and the radio emission from extensive air showers.

Since March 2015 AERA consists of 153 autonomous radio detection stations, distributed with
di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which

2

             core
23 stations ~5 km2

~150 antennas
~17 km2

30-80 MHz

Auger Engineering Radio Array
AERA

5 frank.schroeder@kit.edu
Institut für Kernphysik

KIT Campus North

09 Mar 2014 AERA-AMIGA hybrid analysis

AMIGA unitary cell
≥10 m² installed at each location

Three detectors at one site: SD + MD + RD

25 stations
since August 2010

100 stations
since March 2013

+25 stations
since March 2015
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Four sites
Six telescopes 
viewing 30ox30o each

FD eye view
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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



20 May 2007    E ~ 1019 eV

A Hybrid Event
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Fig. 7. All-particle cosmic-ray energy spectrum as obtained by direct measurements above the atmosphere by the ATIC [219,220], PROTON [221], and
RUNJOB [222] as well as results from air shower experiments. Shown are Tibet AS� results obtained with SIBYLL 2.1 [223], KASCADE data (interpreted
with two hadronic interaction models) [224], preliminary KASCADE-Grande results [225], and Akeno data [226,33]. The measurements at high energy are
represented by HiRes-MIA [227,228], HiRes I and II [229], and Auger [169].

Fig. 8. All-particle energy spectra in the knee region. Results from direct measurements by Grigorov et al. [221], JACEE [230], RUNJOB [222], and SOKOL
[231] aswell as from the air shower experiments Akeno 1 km2 [226], BASJE-MAS [232], BLANCA [173], CASA-MIA [163], DICE [182], EAS-TOP [233], GAMMA
[234], GRAPES-3 [235], HEGRA [174], KASCADE electrons and muons interpreted with two hadronic interaction models [224], hadrons [236], and a neural
network analysis combining different shower components [237], KASCADE-Grande (prelinimary) [238], MSU [239], Mt. Norikura [240], Tibet AS� [241]
and AS� -III [223], as well as Tunka-25 [176].

3.1. Galactic cosmic rays

Many groups have published results on the all–particle energy spectrum from indirect measurements in the knee
region (�1015 eV). The spectra obtained are compiled in Fig. 8. The ordinate has been multiplied by E2.5

0 . The individual
measurements agree within a factor of two in the flux values and a similar shape can be recognized for all experiments
with a knee at energies of about 4 PeV. Also shown are results for the all-particle flux as obtained by direct observations

The properties of CRs E>1014 eV
all-particle energy spectrum of cosmic rays

power law ~E-2.7 power law ~E-3.0

“knee“

“ankle“
fall-off

1020 eV = 16 J



“knee“ at E ~4*1015 eV
possible reasons:
1) maximum energy attained during acceleration 

processes in Galactic sources

2) leakage from Galaxy - propagation effect
extrapolation of diffusion parameters to 1015 eV

--> CRs cannot be magnetically bound to the Galaxy at 
high energies
--> expect rigidity dependent cut-off

14

E
max

/ Z ·R ·B ⇡ Z · 1015 eV

rigidity dependent cut-off

⌧esc(E) / E� � ⇡ �0.6

c · ⌧esc(1018 eV) ⇡ 300 pc corresponds to thickness of Galactic disc
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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 log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=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 !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
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
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 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 log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=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 !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
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
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 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

HHeCSiFe Data

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

k

QGSJet-II.03

selection criterium electron-poor

log10(E/eV)

16 16.5 1817 17.5

FIG. 3 (color online). Evolution of the k parameter as a func-
tion of the reconstructed energy for experimental data compared
with simulations of primary masses for the angular range
0)–24). The error bars assign statistical as well as reconstruction
uncertainties of k. The line displays the chosen energy dependent
k values for separating the mass groups, where the dashed lines
assign the uncertainty of the selection.

PRL 107, 171104 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

21 OCTOBER 2011

171104-3

estimation of energy and mass of the primary particles is
based on the combined measurement of the charged parti-
cle component by the detector array of Grande and the
muon component by the KASCADE muon array (Fig. 1).
Basic shower observables like the core position, zenith
angle, and total number of charged particles (shower size
Nch) are derived from the measurements of the Grande
stations. While the Grande detectors are sensitive to
charged particles, the muonic component is measured in-
dependently by the shielded detectors of the KASCADE
array. 192 scintillation detectors of 3:24 m2 sensitive areas
each are placed below an iron and lead absorber to select
muons above 230 MeV kinetic energy. A core position
resolution of 5 m, a direction resolution of 0.7!, and a
resolution of the shower size of about 15% are achieved.
The total number of muons (N!) with a resolution of about

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

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

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

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

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

shower-to-shower fluctuations, i.e., by the dispersion of the
muon and electromagnetic particle numbers for a fixed
primary mass and energy. In addition, cosmic rays imping-
ing on the atmosphere under different zenith angles show a
varying, complicated behavior due to the nonuniform mass
and density distribution of the air. Therefore, the absolute
energy and mass scale have to be inferred from compari-
sons of the measurements with Monte Carlo simulations.
This creates additional uncertainties, since the physics of
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and medium mass primaries) is compatible with a single
power law with slope index ! ! "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 !
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 log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=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 !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
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
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 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 log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=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 !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
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
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 16:92* 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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FIG. 3 (color online). Evolution of the k parameter as a func-
tion of the reconstructed energy for experimental data compared
with simulations of primary masses for the angular range
0)–24). The error bars assign statistical as well as reconstruction
uncertainties of k. The line displays the chosen energy dependent
k values for separating the mass groups, where the dashed lines
assign the uncertainty of the selection.
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energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

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

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.
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Fig. 14. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. (Refer to note in
Fig. 13.) The grey solid lines indicate spectra according to the poly-gonato model (Hörandel, 2003a). The black lines indicate spectra for models explaining
the knee as e!ect of leakage from the Galaxy during the propagation process according to Hörandel et al. (2007) (—), Ogio and Kakimoto (2003) (- - -),
Roulet (2004) (! ! !), as well as Völk and Zirakashvili (2003) (-Æ-Æ-).
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summary
- no (big) inconsistencies in the description of hadronic 

interactions
--> knee is an astrophysical effect
(no new particle physics in atmosphere)

- strong indications for a rigidity (~Z) dependent cut-off 
of the energy spectra for groups of elements

- moste likely the knee is caused by a combination of 
two effects:
- maximum energy of accelerators (SNR)
- leakage from Galaxy

1216



Transition from Galactic to extra-galactic CRs
At energies between 1017 and 1018 eV all elements of the 
Galactic CR component should reach their cut-off 
energies.
--> observed all-particle flux at high energies is mostly 
composed of particles of extra-galactic origin326 J. Blümer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293–338
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Fig. 25. The breakdown of the cosmic-ray spectrum according to a model of Hillas [449] as the sum of galactic H, He, CNO, Ne–S, and Fe components with
the same rigidity dependence, and extragalactic H+He having a spectrum ⇧ E�2.3 before suffering losses by cosmic microwave background and starlight
interactions. The galactic components were given a turn-down shape based on a KASCADE knee shape as far as the point marked x. The dashed line Q is
the total galactic SNR flux if the extended tail (component B) of the galactic flux is omitted [449].

electrons ranging from radio frequencies to the x-ray regime. The observed synchrotron flux is used to adjust parameters in
themodel, which in turn, is used to predict the flux of TeV � -rays. The solid line above 106 eV reflects the spectra of decaying
neutral pions, generated in interactions of accelerated hadrons with material in the vicinity of the source (hadron + ISM
⌅ ⇥0 ⌅ � � ). This process is clearly dominant over electromagnetic emissions generated by the inverse Compton effect
and non-thermal bremsstrahlung, as can be inferred from the figure. The results are compatible with a nonlinear kinetic
theory of cosmic-ray acceleration in supernova remnants and imply that this supernova remnant is an effective source of
nuclear cosmic rays, where about 10% of the mechanical explosion energy is converted into nuclear cosmic rays [443,445].
Further quantitative evidence for the acceleration of hadrons in supernova remnants is provided by measurements of the
HEGRA experiment [446] of TeV � -rays from the SNR Cassiopeia A [447] and by measurements of the H.E.S.S. experiment
from the SNR ‘‘Vela Junior’’ [448].

In conclusion, it may be stated that a standard picture of the origin of galactic cosmic rays seems to emerge from the data.
The measurements seem to be compatible with the assumption that (hadronic) cosmic rays are accelerated at strong shock
fronts of supernova remnants. The particles propagate in a diffusive process through the Galaxy. As origin for the knee a
combination of the maximum energy attained in the acceleration process and leakage from the Galaxy seems to be favored.

6.2. Transition region

Different scenarios are discussed in the literature for the transition from galactic to extragalactic cosmic rays. The
transition most likely occurs at energies between 1017 and 1018 eV.

The flux for elemental groups of the model of Hillas is shown in Fig. 25 [449]. The spectra are constructed with rigidity-
dependent knee features at high energies. Reviewing the properties of cosmic rays accelerated in SNRs, and using the fluxes
as derived by the KASCADE experiment (marked as component A in Fig. 25) Hillas finds that the obtained all-particle flux
(dashed line, marked with Q ) is not sufficient to explain the observed all-particle flux, see Fig. 25 [449]. Hillas proposes a
second (galactic) component to explain the observed flux at energies above 1016 eV, marked as component ‘‘B’’ in the figure.
An extragalactic component, marked as EGT , dominates the all-particle spectrum above 1019 eV, for details see [449]. The
model proposed byWibig andWolfendalewith a transition at higher energies between 1018 and 1019 eV [450]is very similar.
In this model, the galactic cosmic-ray flux extends to higher energies. Thus, a significant contribution of the extragalactic
component is required beyond 1018 eV only.

Another possibility to match the measured all-particle flux is a significant contribution of ultra-heavy elements (heavier
than iron) to the all-particle spectrum at energies of around 4⇥1017 eV [2,3], as illustrated in Fig. 26 (left). The figure shows
spectra for elemental groups with nuclear charge numbers as indicated, derived from direct and indirect measurements
according to the poly-gonato model [2]. The sum of all elements is shown as a solid line and is compared to the average
experimental all-particle flux in the figure. In this approach the second knee is caused by the fall-off of the heaviest elements
with Z up to 92. It is remarkable that the second knee occurs at E2nd ⇤ 92 · Ek, the latter being the energy of the first knee.
In this scenario, a significant extragalactic contribution is required at energies E � 4 ⇥ 1017 eV.
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extragalactic
cosmic raysEnergy content of extragalactic 

cosmic rays

ρE=3.7 10-7 eV/cm3

P=5.5 1037 erg/(s Mpc3) (t0=1010 a)

total power

à ~2 1044 erg/s per active galaxy

à ~2 1052 erg/s per cosmol. GRB
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JRH, Rev. Mod. Astron. 20 (2008) 203 (arXiv:0803.3040)
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Accelerator 
dimensions and 
magnetic field

BµG · Lpc >
2 · E15

Z · �

potential sources of extra-
galactic CRs:
- AGN
- GRB
motivated by energy budget and 
Hillas diagram
typical distance ~10 - 100 Mpc
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How far can a proton with E~1020 eV travel through the 
universe?
3K microwave background ~411 ptotons/cm3

1965: Greisen, Zatsepin, Kuz‘min realized that (GZK effect)

Lorentz transformation

threshold energy for GZK effect

above this energy the proton generates a     resonance
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16 46. Plots of cross sections and related quantities
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Figure 46.15: Total and elastic cross sections for !p, total cross section for "!p, and total hadronic cross sections for !d, !p, and !!
collisions as a function of laboratory beam momentum and the total center-of-mass energy. Corresponding computer-readable data files may be
found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, IHEP, Protvino, April 2012)



How far can a proton with E~1020 eV travel through the 
universe?

interaction

on average the proton loses about 20%-30% of its energy 
during the interaction
--> after 10 Mpc the energy has been reduced to 1/e
--> attenuation length ~10 Mpc

�p =
1

n��p

p+ �3K ! �+ ! p+ ⇡0

! n+ ⇡+

10�22 s



„Optical depth“ of the Universe – The GZK Effect

Stanev & de Marco, PRD 72 (2005) 081301

Energy loss length

at highest energies field of view 
is reduced to < 100 Mpc

p + γ3K à Δ+ à p + π0 ; n + π+

threshold: EGZK≈6·1019 eV



Energy spectrum of CRs at highest energies
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(E/eV)
10

log
18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 sr

-2
 k

m
2

J [
eV

3 E

36
10

37
10

38
10

(E/eV)
10

log
18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 sr

-2
 k

m
2

J [
eV

3 E

36
10

37
10

38
10

Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range

maximum rigidity
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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First measurement of the depth of shower maximum over 3 decades in energy
Depth of shower maximum premiere observable for mass composition studies

HEAT data extends the FOV of the fluorescence detector up to 60˚ 
Extension of the depth of shower maximum measurements down to 1017 eV

Compared to expectations from proton and iron
EPOS-LHC, QGSJETII-04, Sybill2.1 as hadronic interactions models
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Extension of the depth of shower maximum measurements down 
to 1017 eV.
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What do spectrum and composition data tell 
us?

(Simple) Model of UHECR to simultaneously reproduce the Auger spectrum and Xmax 
distribution. 
Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei. 
Fit parameters: injection flux normalization and spectral index γ, cutoff rigidity Rcut, 
p, He, N, Fe, fractions.(Simple) Model of UHECR to reproduce the Auger spectrum and Xmax distributions at the same time

Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei.
Fit parameters: injection flux normalization and spectral index �, cutoff rigidity Rcut, p-He-N-Fe fractions
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Energy spectrum and elements fractions
<Xmax> and �(Xmax)

What do spectrum and composition data tell us?

Best fit with very hard injection spectra (� � 1)
Flux limited by maximum energy at the sources (Rcut � 101..7 eV

Di Matteo #249

13

(Simple) Model of UHECR to reproduce the Auger spectrum and Xmax distributions at the same time
Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei.

Fit parameters: injection flux normalization and spectral index �, cutoff rigidity Rcut, p-He-N-Fe fractions
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What do spectrum and composition data tell us?

Best fit with very hard injection spectra (� � 1)
Flux limited by maximum energy at the sources (Rcut � 101..7 eV
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(Simple) Model of UHECR to reproduce the Auger spectrum and Xmax distributions at the same time
Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei.

Fit parameters: injection flux normalization and spectral index �, cutoff rigidity Rcut, p-He-N-Fe fractions
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<Xmax> and �(Xmax)

What do spectrum and composition data tell us?

Best fit with very hard injection spectra (� � 1)
Flux limited by maximum energy at the sources (Rcut � 101..7 eV

Di Matteo #249
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(Simple) Model of UHECR to reproduce the Auger spectrum and Xmax distributions at the same time
Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei.

Fit parameters: injection flux normalization and spectral index �, cutoff rigidity Rcut, p-He-N-Fe fractions
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What do spectrum and composition data tell us?

Best fit with very hard injection spectra (� � 1)
Flux limited by maximum energy at the sources (Rcut � 101..7 eV
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Best fit with very hard injection spectra (γ ~ 1) 
Flux limited by maximum energy at the sources (Rcut ~ Z * 
1018.6 eV

Rcut and γ Energy spectrum and element fractions <Xmax> and σ(Xmax)



6.5% dipole for arrival direction of UHECRs 
established at 5.2 sigma level

Science 357 (2017) 1266

3*104 CRs E>8*1018 eV

galactic coordinates


