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1) The Big Picture: A quick overview 

2) Astrophysics and Detection of E<1014 eV  Galactic CRs (very brief) 

3) Detection of E>1014 eV: Basic air shower phenomenology 

4) Basic concepts and technologies of EAS experiments (very brief & qualitatively) 

5) The light and heavy knee: Emax of galactic accelerators? 

6) The end of the CR-spectrum: Emax of extragalactic accelerators?  

7) Anisotropies: Hunting the UHECR sources 

8) Multi-Messenger: Lessons and Prospects 

9) Related non-CR opportunities  

10) UHECR future: challenges and prospects

• Observing EAS 
  – particle component 
  – optical component 
  – radio component 
  – microwave component

Lecture 2
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Recap: Particles Component of EAS
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all shower particles added up

Individual components @ 1015 eV

for different prim. masses

Fe-shower:
few more µ’s
fewer e’s
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Light from EAS

• isotropic fluorescence light

• directed Cherenkov light

Two mechanisms
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Fluorescence Light in Air
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N2
+: 1st neg. Band

N2: 2nd pos. Band

Molecular excitations
~4 photons/m/electron 
~5.6 photons/MeV (~0.5 % of dE/dx)
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→ effective above ~1017 eV

1020 eV shower ≈ 60 W light bulb
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1967: K. Greisen with a group of students
The unsuccessful pioneers…

1st Fly’s Eye
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2nd Fly’s Eye (Utah)
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~1980-1995
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Auger 2007: The best Fly’s Eye 😎 

2nd Fly’s Eye (Utah) ~1980-1995
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Cherenkov Light in EAS Experiments
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Much higher intensity as compared to fluorescence,
but only ~1° cone of EAS direction → only suited up to ~1017 eV

2.4. Experimental techniques in cosmic ray physics and gamma-ray astronomy
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Figure 2.12.: The spectrum of Cherenkov light from 750TeV gamma-ray events before and after atmo-
spheric absorption, and after taking into account the wavelength-dependent quantum efficiency
of the detector. The emission spectrum is taken from CORSIKA simulations, absorption is
done using MODTRAN [Kneizys et al., 1996] and the quantum efficiency of the PMT is mod-
elled using the the values given in the data sheet of the Electron Tubes PMT 9352KB, one
candidate photomultiplier for the HiSCORE experiment (see appendix E).

The minimal energy that a relativistic particle must have to emit Cherenkov radiation is given by

Eth

m0c2 =
1p

1� (v/c)2
!
=

1p
1� (1/n)2

(2.10)

Air Cherenkov detectors utilise the fact that most of the secondary particles in an air shower fulfil the
Cherenkov condition and emit Cherenkov light. Since the refractive index of air varies with pressure, the
energy threshold and the emission angle of Cherenkov light in air depend on altitude and the atmospheric
conditions. For a typical atmosphere [US Standard Atmosphere, 1976] the refractive index is about n =
1.00011 at a typical height of an air shower maximum at 8km, which gives an energy threshold of Eth =
67m0c2 (about 34MeV for electrons and 7GeV for muons) and an emission angle of q = 0.85� (assuming
b = 1).

The Cherenkov light spectrum of a singly charged particle is given by

dN
dxdl

= 2pa
✓

1� 1
(bn(l))2

◆
1
l2 (2.11)

where a ⇡ 1/137 is the fine structure constant and n(l) the wavelength dependent refractive index of the
ambient material. In the visible light regime n(l) is roughly constant and the Cherenkov light spectrum
follows a l�2 dependence, making Cherenkov light appear blue. In the UV regime, the refractive index
becomes smaller than 1, making Cherenkov emission impossible and preventing an ”infinite“ total amount
of Cherenkov radiation.

The spectrum seen with atmospheric Cherenkov detectors is a product of the emission spectrum and
the atmospheric transmission between the emission and the observation altitude. Figure 2.12 shows the
spectrum of Cherenkov light before and after atmospheric absorption (assuming a sea level detector altitude),
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PhD D. Hampf (UHH 2012)

like fluorescence: ~300-500 nm

4. The HiSCORE experiment

cosmic ray

Cherenkov
light

or 
gamma−ray

air shower

Figure 4.1.: Illustration of the HiSCORE detector: High energy particles interact with the atmosphere and
create an air shower. The resulting Cherenkov light is measured by the detector array.
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Figure 4.2.: Illustration of the detector station. The dimensions are R2 = 10cm (fixed by the size of the
PMT), R1 = 20cm and H = 52cm. The actual station will contain four channels instead of the
depicted two.
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Pioneered by AEROBIC in HEGRA
Now: HiSCORE @ Tunka Valley
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Most recent: Radio Emission in EAS
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Mainly charge separation in geomagnetic field (~90%)

~E / ~v ⇥ ~B
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• coherent emission 
  from shower front 
• linear polarisation  
  parallel to v x B

ƒ ≈ 30-100 MHz

Theory predicts additional mechanisms: 
• excess of electrons in shower front  

  → charge excess (Askaryan), ~10% 
• tail of Cherenkov effects

Askaryan: 
radially polarised

geomagnetic: 
linearly polarised

• No luck due to rapid attachment time (ns) of 
free electrons in the lower atmosphere 
(damping factor)

• However did detect echoes from Meteor 
trails: led to major research programmes on 
meteors and radio astronomy

• Large 218 ft telescope pointing to Zenith for 
CR radar – but found meteors and  
discovered radio emission from M31

• Even larger fully steerable telescope built:

-
2 2O Oe+ →

Jodrell Bank 1946



Karl-Heinz Kampert – Bergische Universität Wuppertal

LOPES Experiment: proof of principle
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LOPES @ 
KASCADE-Grande

A 1017 eV airshower produces a 1 GJy radio flare in 
25 ns (40 MHz bandwidth)! 
The brightest radio source, the sun, has 1MJy.

Zo
om

Falcke, KHK, et al., Nature 435 (2005) 313Codalema (Nantes) succeeded almost in parallel
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Radio Detection of EAS around the world
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5 km2  (core)
~1800 antennas

0.5 km2

CODALEMA
Design of a low noise, wide band, active dipole Design of a low noise, wide band, active dipole 

antenna for antenna for aa cosmic ray cosmic ray radiodetectionradiodetection

experimentexperiment (CODALEMA)(CODALEMA)

IEEE International Symposium on Antennas and Propagation, June 10-15 2007, Honolulu, Hawai'i, USA 

Didier CHARRIER

Subatech, Nantes, France

Didier.charrier@subatech.in2p3.fr

the CODALEMA collaboration
http://codalema.in2p3.fr

SUBATECH, Nantes

Observatoire de Paris-Meudon

Observatoire de Nançay
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ESEO, Angers

LPSC, Grenoble
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LAOB, Besançon

(FRANCE)
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Application Ranges of EAS Observables
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1014 eV 1017 eV 1020 eV

Cherenkov light (15% duty cycle)

Fluorescence light (15% duty cycle)

Particle numbers at ground (100% duty cycle)

Radio emission (almost 100% duty cycle)

1940

1980

1990

2005

Techniques now often used in combination → Hybrid Observations
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3) Detection of E>1014 eV: Basic air shower phenomenology 

4) Basic concepts and technologies of EAS experiments 

5) The light and heavy knee: Emax of galactic accelerators? 

6) The end of the CR-spectrum: Emax of extragalactic accelerators?  

7) Anisotropies: Hunting the UHECR sources 

8) Multi-Messenger: Lessons and Prospects 

9) Related non-CR opportunities  

10) UHECR future: challenges and prospects

• Experiments in the energy range of the knee 
• The Knee and the „heavy knee“ 
• Interpretation: 
  - maximum energy of galactic sources ? 
  - diffusion losses from galaxy ?  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Major EAS experiments around the knee  
from recent past to present

IceCube/IceTop 

Argo-YJB 

GRAPES  

KASCADE 

KASCADE-Grande 

Tibet Asγ 

Tunka/HiScore

photomultiplier tube (PMT) model ETL9807B is
mounted on top of a trapezoidal-shaped alumi-
num cone, with its face at a height of 60 cm above
the scintillator surface. The inner surfaces of the
tank and the cone have been painted with super-
white (TiO2) paint to increase the efficiency for
collection of diffuse photons at the PMT. The
whole detector assembly is covered by a large

aluminum cone to protect it from rain and heating
due to direct sunlight. The detector is mounted on
a 40 cm height stand, as shown in Fig. 3, to raise it
well above flowing rain water. This arrangement
allows, a small muon telescope as shown in Fig. 3,
to be placed under the detector for single particle
(muon) calibration as discussed below.

2.2. Shower detector calibration

As shown in Fig. 3, shower detectors are
calibrated using a small muon telescope made of
two independent scintillator pedals (each 15!
15 cm2 in area and 5 cm in thickness) placed inside
an aluminum box with a vertical separation of
5 cm between them. Each being fully sensitive to
the passage of minimum-ionizing particles, a 2-
fold 100 ns coincidence between the two scintilla-
tors selects almost all muons with zenith angle
yt50": Most of these muons pass through the
shower detector located above the muon telescope,
thus providing the distribution of integrated-
charge for the passage of minimum-ionizing
particles. Typical single-particle response for four
detectors in terms of the distribution of integrated-
charge (ADC value) is shown in Fig. 4. The

ARTICLE IN PRESS

Fig. 2. A view of the GRAPES-3 array showing electron
detectors and the central control room. Four halls housing the
muon detectors are seen on the left. The detectors lined up from
the top-right to the bottom-left in the picture, are along the East
to West direction.

PMT

Scin. Block Scin. Block

Pulse

HV

for Calibration

Muon Telescope

10 cm

Fig. 3. Schematic of a shower detector, including the muon
telescope under the detector, used for calibration.

Fig. 4. Typical distributions of the integrated-charge (ADC
value) for single particles (muons) for 4 shower detectors.

S.K. Gupta et al. / Nuclear Instruments and Methods in Physics Research A 540 (2005) 311–323314
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Features of the CR spectrum

Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be

2

F. Schröder, ICRC2019

knee

2nd knee

ankle

cut-off

CR all-particle spectrum
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Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].
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2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be
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Features of the CR spectrum

knee

2nd knee

ankle

cut-off

Are these features caused 
by the CR sources, or are 
they an effect of  propagation ?

E
max

/ R⇥B ⇥ Z
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Acceleration and magnetic confinement:
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SNR509 
(50 kpc)

Cygnus A 
(250 Mpc)

NRAO/AUI

Supernova Remnants AGN and their Jets/Lobes

E < 1016 eV

E ~ 1020 eV ?

Putative 

Cosmic Particle Accelerators

X-ray (Chandra) + optical (Hubble)

M82 (3.5 Mpc)

particle acceleration at shock waves E ~ 1019 eV ?

Starburst Galaxies
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Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be
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Features of the CR spectrum
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Acceleration and magnetic confinement:

Diffusion losses 
from Galaxis ?

p
He

CNO Fe

~1017 eV

~4·1015 eV

Emax

PeV ⇡ Rpc ⇥B
µG ⇥ Z
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1017 eV → thickness gal. disk
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Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be
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1017 eV → thickness gal. disk

KHK & Unger, APP 2012
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IceTop at South Pole
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3/24

Cosmic Ray Physics with IceCube and IceTop

I IceTop
I Electromagnetic and muonic signal

(Eµ ƒ 1 GeV)
I Shower axis reconstruction
I Cosmic ray energy estimator

I IceCube
I Muon tracks/bundles in the ice

(Eµ & 400 GeV)
I Track reconstruction
I Deposited energy along the track dE/dX

! 3-dimensional cosmic ray detector!

IceTop @ surface

IceCube @ 2000 m depth

µ
2/24

The IceCube Neutrino Observatory

I IceCube
I Located at geographic South Pole
I ≥ 1 km3 instrumented volume
I 86 strings with 5160 digital

optical modules (DOMs)
I Depths between 1450 m and 2450 m
I Trigger rate of ≥ 2.15 kHz, mainly

atmospheric muons (Eµ & 400GeV)

I IceTop
I ≥ 1 km2 surface array
I Atmospheric depth ≥ 690 g/cm2

I 162 ice Cherenkov tanks in 81 stations
I 2 DOMs per tank

! CR air shower measurements!

IceTop station: 
Cherenkov light 
in frozen water
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Cosmic Ray Mass Composition
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Cosmic Ray Mass Composition

p

Fe

D. Soldin @ ICRC2019Same feature as in 
KASCADE-Grande



Karl-Heinz Kampert – Bergische Universität Wuppertal

Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be
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Features of the CR spectrum

knee

2nd knee

ankle

cut-off

p
He

CNO Fe

galactic CRs 
but Emax(accel) or diffusion 
losses remains an open issue

p
CNO

Fe

could the same work  
for extragalactic CRs ?

?
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Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be

2

�56

Features of the CR spectrum

knee

2nd knee

ankle

cut-off
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electron-rich sample

all-particle  
electron-poor sample
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Apel et al., 
PRL 107 171104 (2011),
PRD 87, 081101(R) (2013)
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Fe-like

to verify, need to measure 
composition at the cut-off!

?
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3) Detection of E>1014 eV: Basic air shower phenomenology 

4) Basic concepts and technologies of EAS experiments 

5) The light and heavy knee: Emax of galactic accelerators? 

6) The end of the CR-spectrum: Emax of extragalactic accelerators?  

7) Messages from Photons and Neutrinos (MM) 

8) Anisotropies: Hunting the UHECR sources 

9) Related non-CR opportunities  

10) UHECR future: challenges and prospects

Menu…
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• Pierre Auger Observatory 
• Telescope Array 
• E-spectrum 
 • Propagation of UHECR 
• Composition 
• open issues & debates
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Hybrid Detection of EASextremely high        
energy nuclear 

collisions

Primary particles initiate 
          an extensive air shower

light trace
at night-sky
(calorimetric)
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Hybrid Detection of UHECR: Pierre Auger Observatory

�59

• 27 Telescopes to measure light trace of 
   EAS in atmosphere 
• integrated light intensity → CR energy 
• 13% duty cycle 

• 1660 Water Cherenkov detectors on 
   1.5 km grid to measure footprint of 
   particles at ground 
• 100% duty cycle 
• cross calibrated with FD-telescopes 
   with hybrid events

• 153 radio antennas for em-radiated energy 
• 18 km2 area 
• 100% duty cycleCentral campus with 

visitors center

Nucl. Instr. Meth. A798 (2015) 172

3000 km2 area
Argentina (Malargüe)

• 1400 m altitude
• 35° S, 69° W
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Surface Detector (SD)
507 plastic scintillator SDs 

1.2 km spacing
~700 km2

Fluorescence Detector(FD)
3 stations

38 telescopes 

TA detector in Utah

4

3 com. towers

14 telescopes

12 telescopes

12 telescopes

Refurbished HiRes

39.3°N, 112.9°W
~1400 m a.s.l.

Middle Drum
(MD)

Black Rock Mesa (BR)

Long
Ridge
(LR)

CLF

ELS

2014/3/20 H. Sagawa @ VHEPA2014 FD and SD: fully operational
since 2008/May
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Auger and TA
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Pierre Auger Observatory 
Province Mendoza, Argentina  
1660 detector stations, 3000 km2 
27 fluorescence telescopes

Telescope Array (TA) 
Delta, UT, USA 
507 detector stations, 680 km2 
36 fluorescence telescopes 
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A quadruple event 
4 Telescopes + 20 km2 Footprint



Karl-Heinz Kampert – Bergische Universität Wuppertal

Calibrating the Primary Energy

�63

Central campus with 
visitors center

Nucl. Instr. Meth. A798 (2015) 172
E = 68 EeV
Xmax=770 g/cm2
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Calibrating the Primary Energy
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Nucl. Instr. Meth. A798 (2015) 172
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Calibrating the Primary Energy
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Auger UHECR Energy Spectrum
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(
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Interlude: 

Intergalactic Propagation

Diffuse Extragalactic  
Background Radiation

CMB: 412 photons/cm3

for comparison: ρH < 1 proton/m3

⬅ discovered 1965
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1966: „End to the CR Spectrum ?“

�69

Greisen, 
Zatsepin & Kuz‘min

Linsley‘s event 
                  (observed 1962     

          PRL 1963)

John Linsley @ Volcano Ranch
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GZK effect for CR protons: The Two Ingredients 

!70

14 51. Plots of cross sections and related quantities

Figure 51.11: Total and elastic cross sections for Λp, total cross section for Σ−p, and total hadronic cross sections for γd, γp, and γγ
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, August 2017)

Δ resonance

γp total cross section
discovered in 1951
by Fermi et al in Chicago

❷

threshold for Δ-excitation: 
Ep   Eγ      > (mΔ

2 - mp2)
⇒ EGZK ≈ 6·1019 eV

CR CMB

Note: σ(γp)=σ(pγ) 
at same √s

�att =
1

n� ·�p�
⇡ 8 Mpc�eff =

✓Z
n(✏) · ��p(✏)d✏

◆�1
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42 STERNE UND WELTRAUM  Februar 2008

der Sonne kommen, vor Jahren von nah-
en Sternen und vor Milliarden Jahren 
von entfernten Quasaren. Jenseits der 
am weitesten entfernten Objekte sollten 
wir aus allen Richtungen des Himmels 
Photonen empfangen, die im dichten 
und warmen urzeitlichen Universum 
emittiert wurden, bevor irgendwelche 
Sterne, Galaxien oder andere kosmische 
Strukturen entstanden. Sie bilden den 
Strom primordialer Photonen, den Arno 
Penzias und Robert W. Wilson 1964 
erstmals als die kosmische Mikrowel-
lenhintergrundstrahlung beobachteten. 
Zusammen mit der Expansion des Uni-
versums und der primordialen Element-
häufigkeit bildet er eine der drei wich-
tigsten experimentellen Stützen der Ur-
knalltheorie.

Bis etwa 380 000 Jahre nach Beginn der 
kosmischen Expansion war die Tempera-
tur überall im Universum so hoch, dass 
Elektronen sich nicht dauerhaft an Pro-
tonen binden konnten, um Wasserstoff-
atome zu bilden. Innerhalb dieses ioni-
sierten Gases oder »Plasmas« konnten sich 
die Photonen nicht frei ausbreiten, weil 
sie, ähnlich wie Licht im Nebel, perma-
nent von Elektronen in alle Richtungen 
gestreut wurden. Während sich das Uni-
versum ausdehnte, kühlte sich das Plas-
ma ab. Unterhalb von etwa 10 000 Kelvin 
konnten die Elektronen beginnen, sich 
mit Protonen zu Atomen zu vereinigen. 
Diese »Rekombination« war beinahe ab-
geschlossen, als die Temperatur auf 3000 
Kelvin fiel. Neutrales Wasserstoffgas ist 
so lichtdurchlässig, dass etwa 90 Prozent 
der primordialen Photonen uns ohne jede 
weitere Wechselwirkung erreichen, ob-
wohl sie nahezu 14 Milliarden Jahre zu 
uns unterwegs waren.

Vor der Rekombination jedoch waren 
die Photonen so eng an die Materie ge-
koppelt, dass ihre Energieverteilung die 
Eigenschaften der Materie zu jener Zeit 
direkt widerspiegelt: Sie entspricht ge-
nauestens dem Spektrum eines »Schwar-
zen Körpers«, dessen Form allein von 
der Temperatur abhängt: Sie spiegelt die 
lokale Temperatur und Dichte der Mate-
rie zum Zeitpunkt der »letzten Streuung« 
wider. Eine Messung der Temperatur des 
CMB verrät uns also charakteristische Ei-
genschaften der Materie zu jener Zeit.

Während das Universum expandiert, 
nehmen auch die Wellenlängen der Pho-
tonen zu und die charakteristische Tem-
peratur des Schwarzkörper-Spektrums 
nimmt ab. Der Faktor, um den die Wel-
lenlänge seit der Zeit zugenommen hat, 
als das Photon emittiert wurde, ent-
spricht genau dem Faktor, um den sich 
das Universum seither ausgedehnt hat. 
Und um diesen Faktor ist auch die Tem-
peratur gefallen, die das Schwarzkörper-
Spektrum charakterisiert. Daher wurden 
die Photonen, die von dem primordialen 
Schwarzen Körper bei 3000 Kelvin aus-
gestrahlt wurden, zu Wellenlängen ver-
schoben, die um einen Faktor 1100 grö-
ßer sind, und die wir als Strahlung eines 
Schwarzen Körpers bei 2,7 Kelvin wahr-
nehmen. Die Messung ihres Spektrums 
durch Cobe zeigte, dass es um weniger als 
0,01 Prozent von einem idealen Schwarz-
körper-Spektrum abweicht (Abb. 3).

Die kosmische Hintergrundstrah-
lung erscheint also extrem gleichför-
mig (Abb. 4 a). Nur wenn man den Kon-
trast des CMB-Bildes tausendfach ver-
stärkt, kann man erkennen, dass die eine 
Seite des Himmels etwas heller ist als 
die andere (Abb. 4 b). Diese Asymme- 

trie (CMB-Dipol genannt) entsteht durch 
die Bewegung der Erde und der Sonne 
relativ zum CMB, (wobei ein kleiner Teil 
davon noch primordialen Ursprungs 
sein könnte). Wenige hundert Kilome-
ter pro Sekunde reichen aus, um durch 
den Dopplereffekt die gemessene Tem-
peratur des Schwarzkörpers in der einen 
Richtung um einige Tausendstel Kelvin 
zu erhöhen, in der anderen abzusenken. 
Ziehen wir die Dipolkomponente von 
der gemessenen Verteilung ab und stei-
gern den Kontrast noch weiter, so begin-
nen wir, auf allen Winkelskalen, von den 
größten bis zu den kleinsten, räumliche 
Strukturen zu erkennen (Abb. 4 c). Diese 
Muster spiegeln sowohl den Zustand des 
Universums 380 000 Jahre nach dem Ur-
knall wider als auch die Auswirkungen 
der 14 Milliarden Jahre währenden Rei-
se, welche die Photonen seit ihrer letzten 
Streuung an Elektronen im primordialen 
Plasma hinter sich haben.

Um diese Reise nachzuvollziehen, stel-
len wir uns eine Gruppe von Photonen 
vor, die frei durch den Raum fliegen, 
nachdem sie aus dem primordialen Plas-
ma entkamen. Anfänglich sind sie Pho-
tonen des sichtbaren Lichts bei einer Wel-
lenlänge von ungefähr 0,5 Mikrometern. 
Im Laufe der Zeit dehnt die kosmische Ex-
pansion ihre Wellenlänge und sie verlie-
ren Energie. Wenn sie einen Galaxienhau-
fen passieren, stoßen einige lokal emit-
tierte Photonen ähnlicher Wellenlänge zu 
ihnen und erhöhen ihre Anzahl um einen 
winzigen Betrag. Gelegentlich gehen eini-
ge der Photonen durch Wechselwirkung 
mit Teilchen verloren, denen sie begeg-
nen. Insgesamt aber geschieht auf ihrer 
langen Reise nicht viel: Das Universum 
ist bemerkenswert leer und durchsichtig, 
und sogar Milliarden von Jahren später 
tragen sie immer noch die physikalische 
Information mit sich, die ihnen bei ih-
rer letzten Streuung im heißen, primor-
dialen Plasma mitgegeben wurde. Wenn 
ihre Wellenlängen auf einige Millimeter 
angewachsen sind, treten die Photonen in 
die Peripherie einer großen Spiralgalaxie 
ein, der Milchstraße, wo noch einige Pho-
tonen der lokalen Mikrowellenstrahlung 
zu der Gruppe hinzutreten.

Wenn die Photonen nach beinahe 14 
Milliarden Jahren fast ereignisloser Rei-
se unsere Position in der Milchstraße er-
reichen, treffen sie plötzlich mit einem 
höchst unerwarteten Objekt zusammen: 
der glatten metallischen Oberfläche des 

Abb. 3: Die Messungen des Cobe-
Satelliten zeigten, dass das 
Spektrum der kosmischen Hin-
tergrundstrahlung mit hoher Ge-
nauigkeit dem Spektrum eines 
Schwarzen Körpers entspricht.
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GZK effect for CR Nuclei

!71

Note: This case was treated in the same two papers!

interaction with CMB photon may induce a
collective oscillation of neutrons against protons

neutrons and protons
in an atomic nucleus

σ 

Eγ(MeV) 
0 20 30 40

Often, single or multiple nucleons
are lost in this process
→ photodisintegration (Z,N) + γ ➙ (Z,N-1) + n 

     ➙ (Z-1,N) + p 
     ➙ (Z,N-2) + 2n 
     ➙ ... 

„Giant“-Resonance
→ nuclei don’t survive propagation if energy  
     is above Giant Resonance threshold 

discovered 1947
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Examples of Giant-Dipole Cross sections
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the data on such nuclei are scarce: a cross section
measurement, such as (c, 1nx) or (c, abs), is avail-
able at various energies for less than half of the
stable nuclei with 12 6 A 6 56. Total photoab-
sorption cross sections around the GDR peak
energy are available for 10 nuclei, while the inte-
grated total photoabsorption cross section is
known for 16 nuclei [11]. The exhaustive compar-
ison performed to compare the predictions with
the data is illustrated below.

To test the model predictions, we first consider
the (c, 1nx) cross sections, i.e. the photodisintegra-
tion leading to a single neutron emission, but pos-
sibly also to other extra ejectiles. This set is of
particular importance for our present study since
the one-nucleon emission is the dominant process
for photon energies in the 0–50 MeV range. The
model predictions based on four different prescrip-
tions for the E1-strength function is compared in
Figs. 1 and 2 with experimental data for eight nu-
clei, namely 13C, 23Na, 30Si, 32S, 35Cl, 39K, 51V and
55Mn. Globally, the calculations are found to de-
scribe the data accurately, from light to heavy

nuclei, even though a few isotopes still suffer from
imperfect description, such as 13C. In most cases,
however, the behaviour of the cross section is
remarkably well described, being confined within
the experimental error bars over the whole energy
range. For astrophysical applications, this degree
of accuracy is quite satisfactory, especially in view
of the remaining uncertainties pertaining to the
origin of UHECRs (distribution of sources, injec-
tion spectra, initial composition) and to their
propagation in extragalactic space, depending on
the essentially unknown strength and topology of
the magnetic effects.

In some cases, the QRPA prediction is found to
overpredict the data, especially at high energies.
This is the case for the HFB + QRPA prediction
of the 32S(c, 1nx) reaction, or for the HFBCS +
QRPA results for 30Si, 51V and 55Mn. On average,
both phenomenological Lorentzian approaches
reproduce better the experimental data. In the case
of 13C and 23Na, both the microscopic calculations
and the Lorentzian-based predictions agree with
each other. It should however be recalled here that
the Lorentzian formulas make use of the experi-
mental total photoabsorption peak cross section,
peak energy and width for the cases presented here,
while the QRPA models do not.

To illustrate the accuracy of multi-nucleon pho-
toemission predictions, the 51V(c, 2nx) measured
cross section is compared to the four calculations
in Fig. 3. The agreement is good and all models
predict similar cross sections, except the HFB +
QRPA model which overestimates the cross sec-
tion. The errors on such measurement are rela-
tively large and prevent one from considering
this data as a strong constraint on the models.

The (c,p) cross sections provide complementary
insight on the accuracy of the models. The inte-
grated cross section is available for about 15 nuclei
of interest [11]. The description of the data is
found to be reasonable, and not to differ from
one model to another significantly. An average
agreement within a factor of two is obtained on
the integrated cross section.

In view of the present comparison between
the model predictions and the available experimen-
tal data, the generalized Lorentzian model is
adopted for further calculations of the UHECR
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Figure 1.20: Total photodisintegration cross sections of light nuclei with .

the model over the whole energy range, suggesting that the quasi-deuteron process entirely triggers photo- -
emission off . For the Levinger parameter we find empirically , which is much below the
empirical value found for heavy nuclei, but fairly consistent with the prediction of our modified model applying
Levinger’s theoretical formula.

The nucleus : The photodisintegration cross section of shows essentially three peaks at low energy:
one, very sharp just above threshold at about , one broad resonance around MeV and the giant
resonance at about . The central energy of the giant resonance fits well into the smooth -dependence
observed for nuclei with highermass numbers (see below), but the width of about is exceptionally large.
The lower energy peaks are also exceptional and are observed in only a few nuclides, and in none of them with
a strength relative to the giant resonance as in . They are readily explained by and shell
transitions of the valence neutron. The low energy part of the cross section can be fitted by

(1.3.26a)

The peak around is attributed to the GDR of the core nucleons. At higher energies, we adopt the
quasi-deuteron cross section as predicted by our modified model, using , and obtain
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Energy Loss Length for Nuclei
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GZK Horizon
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Harari et al.; astro-ph/0609294

90% of p/Fe at E>80 EeV 
come from within 100 Mpc

90% of Si at E>80 EeV 
come from within 25 Mpc
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The GZK - Horizon
Expect anisotropies for 
protons at E>1019 eV

60 Mpc
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CRPropa: Open Source Public Code
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Module List

Magnetic fieldTabulated data

SourceModel 

Infrared background
Radio background
...

Check isActive ?

Cosmology
correction

Galactic
lensing

Spectrum
Evolution
Direction 
Composition
...

External libraries
SOPHIA
DINT
...

Uniform
Grid
...

Candidate

Deflection

Observer

Boundary Output

Interaction

position, type, ...
isActive? 

KHK et al, Astropart. Phys. 42 (2013) 41
R.A. Batista, KHK et al, JCAP 05 (2016) 038

Propagates CR particles from
source to observer and accounts 
for all type of interactions in 
photon fields as well as in 
magnetic fields.
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GZK-effect, i.e. propagation effect ?
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Why is there a „dip“ for propagated protons ?

pγ → Δ → p+π 

pγ → e+e– + p

Fe+γ → „Cr“ + p + n

first pointed out by V. Berezinsky
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GZK-effect or Sources running at their RxB limits?
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Combined fit of Pierre Auger spectrum and composition data Armando di Matteo
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Figure 1: Left:
p

D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable

106

Emax of 
    sources

p
He

N

Fe

Emax

Z / Z ⇥ Emax

p

Ep = 8·1018 eVmax

Energy spectrum alone cannot tell origin 
of the cut-off, need mass composition in addition
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Longitudinal Shower Development ➙ Primary Mass
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations
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Author's personal copy

The first inelastic interaction of the primary particle of energy E
and mass A with an atmospheric nucleus occurs at an average
depth which is equal to interaction length for inelastic nucleus-
air collisions, kA!air. In this and each consecutive interaction about
one third of the primary energy is transferred from the hadronic to
the electromagnetic component of the shower via decays of neutral
pions into photons. The energy transfer continues until the charged
hadrons decouple from the shower by decay into muons and neu-
trinos, i.e. until their interaction length becomes larger than their
decay length (see next section). If the charged hadrons start to de-
cay on average after nd interaction lengths, then the energy in the
electromagnetic component is

Ecal " E 1! 2
3

! "n d
! "

: ð1Þ

Since nd P 5 for energies P1015 eV [45], it follows that most of the
energy of an air shower can be observed in its electromagnetic part
and it is this so-called calorimetric energy which allows detectors
that can observe the longitudinal air shower development to esti-
mate the primary energy with good accuracy.

Given this estimator of the energy of the primary particle, the
orthogonal variable sensitive to its primary mass is the slant depth
at which the particle cascade reaches its maximum in terms of the
number of particles, Xmax. This shower maximum is dominated by
electromagnetic sub-showers produced in the interaction with
the largest inelasticity which is usually (though not always) the
first interaction. An electromagnetic shower of energy E reaches
its maximum at about

Xemag
max

# $
" X0 ln E=eem

c ; ð2Þ

where X0 " 36.62 g/cm2 is the radiation length in air and
eem

c " 84 MeV is the critical energy in air at which ionization
and bremsstrahlung energy losses are equal. If the total multiplicity
of hadrons produced in the main interaction is N and the average
hadron energy is E/N, then the shower maximum of a primary
proton is

Xp
max

# $
" kp þ X0 ln

E
2Neem

c

! "
; ð3Þ

where both the hadronic interaction length and particle production
multiplicity are energy dependent. The factor 2 takes into account
that neutral pions decay into two photons. Furthermore, the shower
maximum is expected to be influenced by the elasticity of the first
interaction, jela = Elead/E, where Elead is the energy of the highest en-
ergy secondary produced in the interaction. For interactions with
jela > 0.5 most of the primary energy will be transferred deeper into
the atmosphere and correspondingly the shower maximum will be
deeper. We are not aware of a consistent treatment of the elasticity
within a Heitler model for the longitudinal development, however
using air shower simulations, the dependence on the elasticity fits
well to

Xp
max

# $
" kp þ X0 ln

jelaE
2Neem

c

! "
: ð4Þ

The elongation rate [46–48] is a measure of the change of the
shower maximum per logarithm of energy,

D ¼ dhXmaxi
d ln E

: ð5Þ

For protons and constant elasticity Eq. (4) gives

Dp ¼
d Xp

max

# $

d ln E
" X0ð1! BN ! BkÞ ð6Þ

where the changes in multiplicity and interaction length are given
by

BN ¼
d ln N
d ln E

and Bk ¼ !
kp

X0

d ln kp

d ln E
: ð7Þ

Since hadronic interaction models predict an approximately loga-
rithmic decrease of kp with energy and N / Ed, Dp is approximately
constant and therefore

Xp
max

# $
" c þ Dp ln E; ð8Þ

with parameters c and Dp being dependent on the characteristics of
hadronic interactions. Using the aforementioned (semi-) superposi-
tion assumption, one obtains

XA
max

D E
¼ Xp

maxðE
0 ¼ E=AÞ

# $
¼ c þ Dp lnðE=AÞ ð9Þ

and at a given energy the average shower maximum for a mixed
composition with fractions fi of nuclei of mass Ai is

hXmaxi "
X

i

fi XAi
max

D E
¼ Xp

max

# $
! Dphln Ai: ð10Þ

This equation explicitly demonstrates the relation of hXmaxi to the
average logarithmic mass of the cosmic ray composition,
hln Ai ¼

P
ifi ln A.

The numerical value of Dp from air shower simulations is about
25 g/cm2 (or about 60 g/cm2 for the change in hXmaxi per decade,
Dp

10 ¼ lnð10ÞDp) and therefore proton and iron induced air showers
are expected to differ by around Dp(ln 56 ! ln 1) " 100 g/cm2.
Moreover, if the hadronic cross sections and multiplicities rise with
energy (and if there are no sudden changes in the elasticity as
for instance suggested in [49]), then Eq. (7) leads to Linsley’s
elongation rate theorem which states that the value of Dp cannot
exceed the radiation length in air, X0. Therefore, Eq. (10) implies
that if an experiment measures an elongation rate of D > X0,
then a change in the cosmic ray composition from light to heavy,
dhln A i/d ln E > 0, must be responsible for that larger value.

Results of air shower simulations of hXmaxi and Ecal are shown in
Fig. 1. As can be seen, the calorimetric energy is indeed a good
proxy for the primary energy and exhibits only small shower-to-
shower fluctuations. And, as expected from the relations sketched
above, the shower maximum penetrates deeper into the atmo-
sphere with the logarithm of the energy and is shallower for heavy
nuclei than for light ones. The shower-to-shower fluctuations in
Xmax are however large and even extreme compositions like pure
proton vs. pure iron have a considerable overlap in their Xmax-
distributions.

However, these fluctuations carry interesting information about
the primary particle types and/or the ‘mixedness’ of the cosmic ray
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Fig. 1. Air shower simulation of the shower maximum vs. calorimetric energy.
Contour lines illustrate the regions which include 90% of the showers and the inset
shows a detailed view at 1020 eV.

662 K.-H. Kampert, M. Unger / Astroparticle Physics 35 (2012) 660–678
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Combined fit of Pierre Auger spectrum and composition data Armando di Matteo
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Figure 1: Left:
p

D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable
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Combined Fit of Spectrum and Xmax Distributions

minimal astrophysical model
Pierre Auger Coll., JCAP 1704 (2017) no.04, 038

• Emax = Rcut Z

• power law injection E−γ

• five mass groups: p, He, N, Si

• source evolution (1 + z)m

• 1D propagation with CRPropa3

• Gilmore+12 EBL photon field

extended model
D. Wittkowski for the Pierre Auger Coll., ICRC15

• local large scale structure
(Dolag+12)

• extragalactic magnetic field
(Sigl+03)

• 4D propagation with CRPropa3

[24 of 47]slide adapted from M. Unger
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D. Wittkowski, ICRC2017
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Best-fit parameters

Source properties 4D with EGMF 4D no EGMF 1D no EGMF

1

� 1.61 0.61 0.87

log10(Rcut/eV) 18.88 18.48 18.62

fH 3 % 11 % 0 %

fHe 2 % 14 % 0 %

fN 74 % 68 % 88 %

fSi 21 % 7 % 12 %

fFe 0 % 0 % 0 %

Strong influence of the EGMF on reconstructed source properties

Assuming an EGMF leads to softer �

Dominated by intermediate-mass nuclei

1Homogeneous source distribution, see [A. Aab et al., JCAP 2017, 038 (2017)]
David Wittkowski for the Pierre Auger Collaboration Reconstruction of the properties of the UHECR sources 10 / 17
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Lessons learned: 
1) maximum source rigidity describes data very well 
2) EGMF has significant effect 
3) source rigidity found to be < 1019 V 
4) need very hard source spectra




