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1. 100 years of CRs
   – 50 years of 1020 eV physics
        – 5 years of revolutionary development
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do we see the long awaited GZK-effect
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100 years ago: Discovery of Cosmic Radiadion

Victor-Franz Hess 1912
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EVIDENCE FOR A PRIMARY COSMIC-HAY PARTICLE WITH ENERGY 10 eV~

John Linsley
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received 10 January 1963)

Analysis of a cosmic-ray air shower recorded
at the NIT Volcano Ranch station in February
1962 indicates that the total number of particles
in the shower (Serial No. 2-4834) was 5x10'0.
The total energy of the primary particle which
produced the shower was 1.0x10~ eV. The show-
er was about twice the size of the largest we had
reported previously (No. 1-15832, recorded in
March 1961).'
The existence of cosmic-ray particles having

such a great energy is of importance to astrophys-
ics because such particles (believed to be atomic
nuclei) have very great magnetic rigidity. It is
believed that the region in which such a particle
originates must be large enough and possess a
strong enough magnetic field so that REI» (1/300)
x(E/Z), where R is the radius of the region (cm)
and H is the intensity of the magnetic field (gauss).
E is the total energy of the particle (eV) and Z is
its charge. Recent evidence favors the choice
Z = 1 (proton primaries) for the region of highest
cosmic -ray energies. ' For the pr esent event one
obtains the condition RB» 3 x 10' . This condition
is not satisfied by our galaxy (for which RH ~ 5
x10", halo included) or known objects within it,
such as supernovae.
The technique we use has been described else-

where. ' An array of scintillation detectors is
used to find the direction (from pulse times) and
size (from pulse amplitudes) of shower events
which satisfy a triggering requirement. In the
present case, the direction of the shower was
nearly vertical (zenith angle 10+ 5'). The values
of shower density registered at the various points
of the array are shown in Fig. 1. It can be ver-
ified by close inspection of the figure that the
core of the shower must have struck near the

point marked "A," assuming only (1) that shower
particles are distributed symmetrically about an
axis (the "core"), and (2) that the density of par-
ticl.es decreases monotonically with increasing
distance from the axis. The observed densities

0.6

KlLOMETERS

FIG. 1. Plan of the Volcano Ranch array in February
1962. The circles represent 3.3-m2 scintillation de-
tectors. The numbers near the circles are the shower
densities (particles/m ) registered in this event, No.
2-4834. Point A is the estimated location of the
shower core. The circular contours about that point
aid in verifying the core location by inspection.
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1962, 50 Years ago: The First 1020 eV Event

4

Volcano Ranch Air Shower
Array, New Mexico

particle densities
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1965: Discovery of CMB

G. Gamow

Penzias & Wilson

Measurements @
4.08 GHz (7.35 cm)

1978

5
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1966: „End to the CR Spectrum ?“

6

Linsley‘s event

Greisen,
Zatsepin & Kuz‘min
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threshold: EpEγ > (mΔ
2 - mp2)

⇒ EGZK ≈ 6·1019 eV
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Greisen-Zatsepin-Kuz‘min (1966)

Problem 1: 1020 eV sources need to be nearby
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photo-pion production
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➙ GZK-Horizon ~ 60 Mpc
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Active Galactic
Nuclei (AGN)

LHC

GRB

AGN-Jets

SNR

Colliding Galaxies

Problem 2: Sources of 1020 eV particles
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Realistic constraints more severe

• small acceleration efficiency
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• interactions in source region
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Problem 3: Anisotropies
Expect anisotropies for
protons at E>1019 eV
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Cosmic Magnetic Fields

Halo B?

Extra-galactic B < nG ?

γ,n

weak deflection

RL = kpc  Z-1 (E / EeV) (B / μG)-1

RL = Mpc Z-1 (E / EeV) (B / nG)-1

strong deflection

Milky way

B ~ μG
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UHECR Astronomy
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Situation ~5 years ago
Experiments: AGASA, HiRes, Haverah Park, Yakutsk, SUGAR

11

• does the GZK-suppression exist?
 - Flux data contradictory
  AGASA ➙ no suppression
  HiRes ➙ possibly a suppression
• Composition mostly protons
• Apparent isotropy

Apparent continuation of spectrum gave
birth to exotic source and propagation scenarios
• Top Down Models

 - Topological Defects, Super-Heavy Dark Matter Particles, WIMPzillas, Cryptons, ...

• Z-Burst Model ➙ massive neutrinos
➙ expect EHE γ‘s and ν‘s 
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A New Generation: Hybrid Observation of EAS

12

Particle-density and
-composition at ground

light trace
at night-sky
(calorimetric)

Also:
Detection of Radio- & Microwave-Signals

Fluorescence light

Pioneered by the Pierre Auger 
Collaboration
(physics data taking started 01/2004)

Telescope Array follows same concept
             (data taking since 12/2007)
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Pierre Auger Observatory
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3000 km
2

~65 km

~6
5 k

m

Coihueco
HEAT

BLS

CLF

XLF

Loma Amarilla

Los 
Morados

Los Leones

1660 detector
        stations
on 1.5 km grid

27 fluores.
     telescopes
at periphery

160 radio
      antennas
...

Southern hemisphere: Argentina
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Telescope Array (TA)

14
Northern hemisphere: Utah, USA

~3
0 

km 507 SDs cover 680 km2 

3 FD stations

Utah, USA
39.3 0 N
112.9 0 W
Alt. 1400 m

- Central Laser 
- Lidar, IR camera 

- Electron Light Source 

Calibration Facilities

507 surface detectors: 
double-layer scintillators 
(grid of 1.2 km, 680 km2)

3 fluorescence detectors
(2 new, one station HiRes II)

Middle Drum: based on HiRes II

ELS Operation

LIDAR
Laser facility

FD Observation
Sep.3rd.2010   Beam Shot into the Sky, and Observed by FD

Event Display of ELS Shower 
Data  :  Sep.5th .2010.  AM04:30(UTC)

Energy : 41.1MeV 

Charge : 50pC/pulse

����

Beam Operation            :  Sep.2nd -4th

Beam shot into the Sky :   Sep. 3rd and 4th

# of Shot into the Sky�1800 pulses

Output power = 41.4MeV�40�140pC/pulse�0.5Hz

�	�����
���

Electron light source 
(ELS): ~40 MeV

Infill array and high
elevation telescopes
under construction

Test setup for
radar reflection
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The UHECR Hybrid Generation

15

same scale

3000 km2700 km2

Pierre Auger Observatory

Telescope Array
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Event Example in Auger Observatory

12 km

~ 20 km

 OBSERVATORY 
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Event Example in Auger Observatory

12 km

~ 20 km

E = 68 EeV
Xmax=770 g/cm2

d
E/

d
x 

(P
eV

/g
 c

m
2 )

Slant Depth (g cm2)

0

40

400 600 800 1000 2000

80

120

160
Longitudinal Profile

Lateral Profile

1000

S(1000)

S(1000)=222 VEM
! = 54°
S38=343 VEM
E = 71 EeV

10

100

1000

Si
gn

al
 (V

EM
)

Distance to Shower Core (m)

1
2000 3000

Cross Correlation


       











839 events

most energetic event at 75 EeV
 OBSERVATORY 

 



Karl-Heinz Kampert – University Wuppertal Texas-Symp., São Paulo, Dec. 2012

2008: Unambigiuous Detection of Flux Suppression
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Comparison of Experiments

19

EPJ Web of Conferences

HiRes Auger TA

Photometric calibration 10% 9.5% 10%
Fluorescence Yield 6% 14% 11%
Atmosphere 5% 8% 11%
Reconstruction 15% 10% 10%
Invisible Energy 5% 4% incl. above

TOTAL 17% 22% 21%

Table 2. Estimates of contributions to systematic uncertainties in the fluorescence energy scale, for HiRes [8],
Auger [11] and the Telescope Array [3]. The total is the sum of the uncertainties in quadrature.

at the median zenith angle of 38� [11]. This parameter is then related to the primary energy using
fluorescence observations of a subset of showers, taking advantage of a near-calorimetric fluorescence
energy determination. In these ways, the energy assignment is nearly free of simulations, with the
exception being in the estimation of a small (of order 10%, see below) correction for invisible energy,
that part of the primary energy carried into the ground by neutrinos and high-energy muons that does
not result in full fluorescence emission.

The Telescope Array SD analysis methods are broadly similar to that of AGASA [5], with the
ground array energy parameter being S (800), the scintillator signal at 800 m from the core. TA uses
simulations to determine the change in S (800) as a function of shower zenith angle at fixed energy.
The first energy estimate ESD from S (800) is rescaled by using the average FD-SD energy scale ratio
obtained from hybrid events, as E = hEFD/ESDih ESD, where hEFD/ESDih = 1/1.27 [2,12]. The use of
MC simulations is to account for any changes in the attenuation function with energy, given that the
CIC method is best applied at lower energy where the statistical uncertainties are smaller. On the other
hand, the simulation route is subject to uncertainties in both the choice of hadronic model and the mass
composition assumption. (The Auger collaboration has applied the CIC method with increasing cuts
on energy in an attempt to see any changes in the assumed attenuation with zenith angle, but so far no
significant change has been detected.)

Auger and the Telescope Array both take great care in determining the energy scale of fluorescence
measurements, as this is the basis of the energy measurements for both hybrid and SD spectra. While
the fluorescence technique is conceptually elegant, with the amount of light produced being directly
proportional to the energy deposited by the shower in the atmosphere, there are practical challenges.
Some of these are expressed through estimates of the systematic uncertainties related to the energy
scale, listed in Table 2 for the two experiments and for HiRes. Photometric calibration refers to the ab-
solute calibration of the telescopes and photomultipliers, and their wavelength response; uncertainties
in the fluorescence yield include those on the absolute e�ciency, its wavelength dependence, and its
dependence on pressure, temperature and humidity; atmospheric uncertainties include those relating
to Rayleigh and aerosol scattering; reconstruction uncertainties are mainly related to the e�ciency of
light collection in the telescope cameras; and the invisible energy uncertainties are based on lack of
knowledge of the true mass composition and on the spread of predictions of invisible energy by di↵er-
ent hadronic models. The total systematic uncertainty on the fluorescence energy is of order 20% for
the three experiments.

We will return to aspects of the fluorescence energy scale after examining the level of agreement
between the published energy spectra.

4 Comparing Energy Scales

The WG undertook an exercise to see if the various spectra could be brought into better agreement
through a simple scaling of the energy scale. This assumes that any current disagreement is based
solely on the energy scale, and not on other factors such as aperture calculation or the treatment of
energy resolution, but we believe that the results are informative. As input to the calculation we took

UHECR2012 Symposium
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Fig. 7. Break-point energies for the triple-power law fits after energy rescaling, to be compared with the orig-
inal positions in Figure 4. The error bars again represent the statistical uncertainty folded with the systematic
uncertainty in the energy scale for each experiment. The reference spectrum is the average of Auger and TA.

4.1 Analysis & Calibration Differences

The comparisons of spectra in the previous section suggest that a simple rescaling of energy can bring
the results into agreement. In the case of the Yakutsk/TA and Yakutsk/Auger comparisons the required
rescaling is somewhat outside that allowed by the known systematic uncertainties, but Auger/TA
rescaling is perfectly consistent with the 22% and 21% energy scale systematics of Auger and TA
respectively (Table 2). In this section we concentrate on some di↵erences in the analysis methods of
Auger and TA relevant to the energy scale.

Auger-TA-HiRes-Yakutsk
Working group @ UHECR2012
to appear in EPJ (web of conf)

global shifts to energy 
scale by ±10%
➙ perfect agreement
     (except for Yakutsk)

well allowed for by 
error budgets 

Syst. uncertainty on E-scale
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New Measurement of Fluorescence Yield

20

 [photons/MeV]337Y
3 4 5 6 7 8 9 10

Kakimoto et al. [5]

Nagano et al. [6]

FLASH Coll. [7]

AIRFLY Coll.
this measurement

MACFLY Coll. [8]

Lefeuvre et al. [9]

Waldenmaier et al. [10]

Fig. 10. Experimental results on Y337. For some experiments, the fluorescence yield
of the 337 nm band is derived from the integrated yield measured between ⇡ 300
to 400 nm (see text for details).

fluorescence yield currently available. These measurements have direct im-
plications for UHECR experiments which employ Fluorescence Detectors to
determine the cosmic ray energy. For example, the absolute fluorescence yield
of the 337 nm band reported here is 11% and 30% larger than that currently
adopted by the Pierre Auger Observatory [17] [35] and by the Telescope Ar-
ray [18] [36], respectively. While the actual e↵ect on the UHECR energy spec-
trum also depends on the specific fluorescence spectrum adopted by these ex-
periments, a downward shift of the energy scale by at least ⇡ 10% is implied
by the AIRFLY result. At the same time, the uncertainty on the energy scale
associated to the fluorescence yield, currently a major contribution [17] [18],
will be reduced by a factor of about three.

In principle, the experimental methods developed by AIRFLY could be fur-
ther refined to improve the precision of the fluorescence yield. In particular,
the 5% systematic uncertainty of the laser energy probe - the main systematic
of the pulsed laser calibration method - may be reduced, or a continuous laser
absolutely calibrated to 1-2% could be employed. However, the uncertainty on
the energy scale of UHECR experiments is likely to be dominated by other
contributions, including the absolute calibration of the fluorescence telescopes
and the knowledge of the atmosphere. Thus, we expect the absolute fluores-
cence yield measured by AIRFLY to remain a reference for the current and
next generation of UHECR experiments.

31

AirFly 2012 final
(Ave et al., arXiv:1210.6734)

used by TA and HiRes

used by Auger

Y337 = 5.61 ± 0.06stat ± 0.21syst    (now with only 4% uncertainty!)

This will almost eliminate the difference between Auger and TA/HiRes!
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Protons Emax,p = 1018.4 eV Iron Emax, Fe = 26 Emax,p

        = 1020 eV

(Allard, APP 39-40, 2012)

Expect to see heavier
composition at high energy !

However, astrophysically
very exotic result !!
(dN/dEsource ~ E-1.6 )

Flux Suppression in Detail
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measured. Today it is possible to compare the predictions with
high-precision data over the entire energy range. Therefore, it
becomes important to have predictive power, i.e., to test quan-
titative hypotheses which were developed long before much of
the new data were known.

We revisit here an idea originally proposed in 1993 (Biermann
1993; Biermann & Cassinelli 1993; Biermann & Strom 1993;
Stanev et al. 1993) and we show how our Galaxy and the radio
galaxy Cen A can describe the energy spectrum from 10 PeV
up to 3 ! 1020 eV and describe the Galactic to extragalactic
transition at the same time.

In the following sections, we first go through the tests the
1993 original model has undergone to date as regards spectra,
transport, secondaries, and composition; second, we confirm
the predictions of the original model with the newly available
data beyond the knee energy, and finally we present the high-
energy model which describes the transition between Galactic
and extragalactic cosmic rays.

2. ORIGINAL MODEL AND ITS TESTS TO DATE

In a series of papers started in 1993 (Biermann 1993;
Biermann & Cassinelli 1993; Biermann & Strom 1993; Stanev
et al. 1993; Biermann 1994) an astrophysics scenario was
proposed which emphasized the topology of the magnetic fields
in the winds of exploding massive stars (Parker 1958). In Stanev
et al. (1993), a comprehensive spectrum was predicted for
six element groups separately: H, He, CNO, Ne–S, Mn–Cl,
and Fe. The key points of this original model are as follows.
(1) The shock acceleration happens in a region which is
highly unstable and shows substructure, detectable in radio
polarization observation of the shock region, which is also
found in theoretical explorations (e.g., Bell & Lucek 2001;
Caprioli et al. 2010; Bykov et al. 2011). Therefore, the particles
go back and forth across the shock gaining momentum, while
the scattering on both sides is dominated by the scale of these
instabilities, which are assumed to be given by the limit allowed
by the conservation laws of mass and momentum. (2) There are
cosmic-ray particles which get accelerated by a shock in the
ISM, produced by the explosion of a relatively modest high-
mass star or, alternatively, by a low-mass SN Ia. This is most
relevant for hydrogen and less so for helium and heavier nuclei.
(3) Heavy cosmic-ray nuclei derive from very massive stars,
which explode into stellar winds already depleted in hydrogen,
and also in helium for the most massive stars. These explosions
produce a two-part spectrum with a bend that is proposed to
explain the knee. In this scenario, the knee is due to the finite
containment of particles in the magnetic field of the predecessor
stellar wind, which runs as sin !/r in polar coordinates (Parker
1958). Toward the pole region only lower energies are possible
and the knee energy itself is given by the space available in the
polar region. There is a polar cap component of cosmic rays
associated with the polar radial field with a flatter spectrum. (4)
Diffusive leakage from the cosmic-ray disk steepens all these
spectra by 1/3 for the observer. (5) Very massive stars eject
most of their zero-age mass before they explode and so form a
very massive shell around their wind (Woosley et al. 2002). This
wind shell is the site of most interaction for the heavy nuclei
component of cosmic rays. For stellar masses above about 25
solar masses in zero-age main-sequence mass (Biermann 1994),
the magnetic irregularity spectrum is excited by the cosmic-
ray particles themselves. The spectral steepening due to the
interactions is E"5/9 for the most massive star shells.
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Figure 1. Energy spectrum calculated with this model compared to the
data from KASCADE (KASCADE Collaboration 2009), KASCADE-Grande
(KASCADE-Grande Collaboration 2010), and Pierre Auger Observatory
(Pierre Auger Collaboration 2010a). The numbers in the upper part of the figure
show the error of the model defined as (Model " Data)/(Experimental Error).
The shape of the six element spectra from the Galactic and the extragalactic
component is the same by the model assumption.
(A color version of this figure is available in the online journal.)

The final spectrum is a composite of these components; see
Figure 1 of Stanev et al. (1993). The spectra predicted by these
arguments match the data such as shown by the recent Cosmic
Ray Energetics And Mass (CREAM) results (Wiebel-Sooth
et al. 1998; Biermann et al. 2009). This scenario has undergone
detailed tests as regards propagation and interactions (Biermann
1994; Biermann et al. 2009) so as to describe both Galactic
propagation and the spectra of the spallated isotopes as well as
the resulting positron spectra, the flatter cosmic-ray positron and
electron data, the Wilkinson Microwave Anisotropy Probe haze
and the spectral behavior of its inverse Compton emission, and
the 511 keV emission from the Galactic center region. New
Transition Radiation Array for Cosmic Energetic Radiation
(TRACER) results (Obermeier 2011) are also consistent in
terms of (1) the low-energy source spectrum, (2) the energy
dependence of interaction, (3) a finite residual path length at
higher energy, and (4) a general upturn in the individual element
spectra. The newest Pamela results (Adriani et al. 2011) are also
consistent with the 1993 original model in which hydrogen
was the only element to have a strong ISM–SN cosmic-ray
component, and so has a steeper spectrum than helium.

2.1. A Test Beyond the Knee

This original model was proposed to explain the particles
observed above 109 eV per nuclear charge. Here we first test
the original model with the KASCADE data. The most accurate
measurement of the energy spectrum in the knee energy range
has been done by the KASCADE experiment (KASCADE-
Grande Collaboration 2010). Figure 1 shows for the first time
the comparison of the original model to the measured data
from KASCADE. KASCADE reconstructs the spectrum using
two hadronic interaction programs (QGSJet and Sibyll) in the
analysis procedure. In the figure we show the data and the
original model, and also include the ratio of the difference
between original model and data divided by the experimental
error. For the ratio shown we use only one of these interaction
codes; as an example we use QGSJet. The figure shows good
agreement between data and the original model to within the

2

Biermann & de Souza, ApJ 746 (2012)
Cen A as extragalactic source above the knee
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Figure 8
(a) Longitudinal shower profiles of 10 proton-, iron-, and photon-induced showers of 1019 eV, simulated
with SIBYLL. The data points correspond to one shower of approximately the same energy that was
measured by the Pierre Auger Observatory (82). (b) Shower-to-shower fluctuations of the depth of the
shower maximum. Shown are predictions of different models and Pierre Auger data (18).

muons in showers but also leads to a wider lateral distribution of EM particles and muons because of
the larger transverse momentum with which baryons are produced. Unfortunately, the physics of
baryon pair production is not well understood, and more data are needed to constrain the models.

4.2. Longitudinal Shower Profile
Figure 8a shows the longitudinal profile of charged particles for 10 individual showers of proton,
iron, and photon primaries. The profiles of proton showers exhibit larger fluctuations than do
those of iron, as is expected from the greater interaction length of protons in air compared with
iron. Photon-induced showers have the greatest depth of maximum. Both the mean depth of the
shower maximum !Xmax" and the shower-to-shower fluctuations of Xmax are composition-sensitive
observables that can be measured with optical detectors such as Cherenkov arrays and fluorescence
telescopes (70).

Model predictions of the fluctuations of Xmax and recent data from the Pierre Auger Observa-
tory (18) are shown in Figure 8b. With respect to the interaction models studied here, the Pierre
Auger data show the trend from a predominantly light or mixed composition of cosmic rays at
1018 eV to a heavier elemental composition at higher energy. On the basis of Xmax fluctuations
alone, a light composition cannot be distinguished from a mixed one because a mixture of elements
can lead to fluctuations similar to those expected for protons (83).

Figure 9 presents a compilation of results for the mean depth of the shower maximum of
cosmic-ray experiments. Given the extrapolation of hadronic interaction properties needed to
simulate showers at the highest energies, it is very encouraging that the model simulations bracket
the shower measurements. The model results agree with the predictions of the superposition
model, !ln A" # De (ln E $ ln A); the parameter De is discussed below. However, the absolute
value of the mean depth of the proton showers is subject to large theoretical uncertainties. These
uncertainties also apply to iron showers, but at an energy that is 56 times higher. For comparison,
the predictions for photon showers are also shown in Figure 9. The results of the simulation
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Much debated: Auger vs HiRes
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The same holds true for the measurements of the shower-to-shower fluctuations, where
both experiments corrected the measurements for the detector resolution. The lines indicate
the predictions from air shower simulations for proton and iron compositions. There are
different line types corresponding to different high energy hadronic interaction models:
QGSJet-01, QGSJet-II, SIBYLL2.1 and EPOSv1.99.
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The HiRes collaboration chooses a fluctuation estimator that differs from the one pub-
lished by Auger and Yakutsk. Whereas the latter use simply the standard deviation (denoted
by RMS(Xmax)), HiRes uses the width of an unbinned likelihood fit with a Gaussian to the
distribution truncated at 2 ⇥ RMS, denoted by s
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Fig. 5 shows the corresponding hX

meas
max i observation and expectation for the TA experi-

ment. Currently the TA experiment does not have enough statistics to quantify the width of
the Xmax distributions at the highest energies.

Fig. 6 shows the energy distributions and total number of events that survived the selec-
tion cuts at each experiment. For this Figure, the energy scales have been normalized to the
TA energy scale. A summary of Figure 6 is shown in Table 1.

The hXmaxi measurements from Yakutsk (Fig. 3), HiRes (Fig. 4) and TA (Fig. 5) experi-
ments are consistent with the QGSJet predictions for a constant proton composition at all
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QGSJet-01, QGSJet-II, SIBYLL2.1 and EPOSv1.99.
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tion cuts at each experiment. For this Figure, the energy scales have been normalized to the
TA energy scale. A summary of Figure 6 is shown in Table 1.
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fit to constant compos. allowing a break

χ2/dof = 133/10 χ2/dof = 7.4/9

 = 4.4/7  = 1.2/6

 = 9.8/7  = 3.4/6

 = 7.7/7  = 4.2/8

1. All experiments prefer an increasing mass
2. Due to statistics, all but Auger are consistent 

with a constant composition
3. Absolute scale differs, needs further study

Auger-TA-HiRes-Yakutsk
Working group @ UHECR2012
to appear in EPJ (web of conf)
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EPOS 1.99 Kampert, Unger APP 35:660 (2012)

knee

2nd knee

ankle

Author's personal copy

Particle detectors usually do not publish air shower observables
but directly the interpretation in terms of elementary fractions,
and in that case only the differences between models with which
the data were analyzed can be used for a limited estimate of the
theoretical uncertainties. Results that were obtained with out-da-
ted interaction models like e.g. the AGASA measurements [159]
will be ignored in the following. Since usually only fractions of ele-
mental groups are quoted it is not obvious which value of lnAi to
assign in Eq. (29). To translate the data from Tibet AS c [89] into
hln Ai, we assume equal fluxes of protons and helium and assign
to ‘heavy’ fragments A = 32. However, we note that the chosen pro-
cedure of comparing fluxes from different measurement cam-
paigns with different event selection and energy calibration may
introduce additional systematic uncertainties particularly in view
of the steep power-law spectra involved, which we can not account
for here. For KASCADE-Grande [92], where the intermediate mass
group is composed of He, C, and Si, we again assume equal fluxes
and take the logarithmic mean of A ’ 12. For data that were ana-
lyzed in a simple bimodal proton/iron model like [101,99] the hln
Ai calculation is technically easy, but it is difficult to assess the sys-
tematic uncertainty arising from this simplified model. Data from
EAS-TOP are based on electrons and GeV muons [160] as measured
in the calorimeter at the surface as well as on electrons and TeV-
muons, the latter measured in MACRO [81]. Of all the experimental
particle detector results studied here, only Auger published the
measured air shower observables rather than their interpretation.
Since the average muon production depth and the rise time asym-

metries are well correlated with Xmax we assume that they also de-
pend linearly on hlnAi and can therefore use the air shower
simulations folded with the detector response from [117,110] to
estimate hlnAi from the equivalent of Eq. (30) for these variables.

The resulting energy evolution of hlnAi as derived from particle
detector data is displayed in Fig. 14 for different hadronic interac-
tion models. The upper and lower experimental boundaries from
optical detectors are indicated by the superimposed lines. As can
be seen, the systematic differences between experimental results
at low energies are considerably larger than in the case of optical
detectors spanning a range of up to Dhln Ai ! ± 1. Nevertheless,
all experiments below 1017 eV report a rise of hlnAi with energy
that could be reconciled with the hXmaxi results by an appropriate
rescaling. In the energy region toward the ankle, surface detector
data are sparse. The Haverah Park results tend towards a lighter
composition at 1018 eV, though with large statistical uncertainties.
At ultra-high energies only the surface detector data from Auger
are available for an interpretation with modern hadronic interac-
tion models. For both simulations, using QGSJETII and SIBYLL2.1, these
data are compatible with an increase of hlnAi above 1019 eV.

4. Search for neutral primaries

Measurements of neutral primaries, i.e. neutrons, photons, and
neutrinos provide additional crucial information about the acceler-
ation models and sources of cosmic rays as well as on their propa-
gation through the universe. Unlike charged cosmic rays they are
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Fig. 13. Average logarithmic mass of cosmic ray as a function of energy derived from Xmax measurements with optical detectors for different hadronic interaction models.
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672 K.-H. Kampert, M. Unger / Astroparticle Physics 35 (2012) 660–678

Ep
max,g~3·1015 eV Ep

max,EG~4·1018 eV ?
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(Auger) Data suggest
that we may see the 
exhaustion of sources
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Large Scale Anisotropies

30

Auger Collaboration:  ApJL, 762, L13 (2012),  ApJS 203,34 (2012)
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expectations from stationary galactic sources distributed in the disk

light CR component cannot originate from
stationary sources in the galactic disk



Karl-Heinz Kampert – University Wuppertal Texas-Symp., São Paulo, Dec. 2012

Neutron Astronomy
ddecay = 9.2 kpc ⨉ E (EeV)
➙ above 2 EeV see most of galactic disk
produced more efficiently than γ‘s from π0:
 • pUHECR+penv ➙ nUHECR + penv + π+  (n takes most of energy)
" • pUHECR+penv ➙ pUHECR + penv + π0  (π0 takes small energy only)

31

➙ galactic TeV sources should plausibly
    produce neutrons
energy flux of some γ sources exceeds
1 eV/cm2/s at Earth
➙ assuming E-2 spectrum expect also
1 eV/cm2/s @ EeV energy
upper limits of neutrons further down
by more than a factor of 10!

lo
g 

(F
)

log (E)

E-2

TeV PeV EeV

1 eV/cm 2/s

<0.1 eV/cm2/s
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Neutrons Upper Limit Sky-Maps

32

Fig. 4.— Celestial maps of the flux upper limit (particles
km2yr

) in Galactic coordinates.

6. Summary and discussion259

The blind search for a flux of neutral particles using the Auger SD data set finds no260

candidate point on the sky that stands out among the large number of trial targets. Upper261

limits have been calculated for all parts of the sky using four di↵erent energy ranges. Three262

of those ranges are independent data sets and the fourth is the combination of the other263

three. These upper limits pertain to neutrons, with systematic uncertainties as discussed in264

Section 4. (The methods used in this paper are less sensitive to photons.)265

The upper limits are generally more stringent where the directional exposure is266

relatively high, but they are strong enough to be of considerable astrophysical interest in267

all parts of the exposed sky. Above 1 EeV, the typical (median) flux upper limit is 0.0114268

25

1-2 EeV 2-3 EeV

>1 EeV >3 EeV

Auger Collaboration, ApJ, 760, 148 (2012)

if hadronic galactic sources with E-2

spectrum up to EeV, we would have seen them
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0180360

33

event direction

AGN position
(3.1° circle)

Astropart. Phys. 34 (2010) 314

Telescope Array:
11/25 = 44%
with iso-bkg = 24%
➙ 2% chance probability
➙ agree with Auger

 OBSERVATORY 

 

Auger Observatory:
28/84 = 33%
with iso-bkg = 21%
➙ <1 % chance probability

Centaurus A

UHECR Astronomy: Correlation with AGN

when correcting for accidentals,
~ 15 % of events with

E > 56 EeV point to nearby AGN
ApJ 757 (2012) 26

Combined chance
probability < 10-3 



Closest Active Galactic Nucleus: Centaurus A

Moon for comparison of apparent size

21
Karl-Heinz Kampert Texas-Symp., São Paulo, Dec. 201234

3.7 Mpc Distance
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R.-Y. Liu, et al, ApJ 755, 139 (2012),

Hardcastle, et al., ....

Particles with Z<10 may remain

within opening of 20°

Cen A a dominant UHECR Source ?

G. Farrar et al., JCAP 2012

Galactic magnetic field model of 

Jansson-Farrar-2012

➙ 60 EeV protons off by ~ 3°

Figure 2. The predicted locus of arrival directions for a 60 EeV proton emitted from the nucleus
of Cen A (white circle), for the JF12 GMF and five other popular large-scale Galactic magnetic field
models: the ASS/BSS models by Stanev [23], the best-fit model of Sun et al. [19, 20] with a 2 µG
halo field, and the ASS/BSS models of Pshirkov et al. [21]. The 2 � � uncertainty region of the
predicted arrival direction due to the uncertainty in the JF12 parameter values is indicated by the
shaded region; no such uncertainty analysis exists for the other models. JF12 provides a model of the
random field, but for purposes of comparing to the other models which do not provide a model of the
random field, only deflections due to the coherent field are shown.

Cen A from [26], to test the various GMF models in the region relevant for predicting
deflections of UHECRs from Cen A. We find that JF12 accurately predicts the mean Faraday
rotation measure and polarized and total synchrotron intensity in the particular direction of
Cen A, while other models perform less-well to very-poorly.

Finally, having confirmed the validity of the JF12 model for Cen A deflections, we use
JF12 in Sec. 4 to determine the deflections of UHECRs through the GMF as a function of
their energy and charge. We find that three events within 18� of Cen A could be protons
coming from Cen A and three others can be attributed to Cen A for more general charge
assignments. Thus we find that the distribution of the arrival directions of the excess of
events is not compatible with their dominant source being either the Active Galaxy or the
extended radio lobes of Cen A, unless high Z nuclei can “wrap back” to the Cen A region –
winding up arriving from that direction after deflections greater than 2⇡. Of course, in that
case, an association with Cen A would be essentially accidental.

– 3 –

5° radius around Cen A

H. B. Kim, arXiv:1206.3839, ....:
Further support for source in 

direction of Cen A

N. Fraija et al, ApJ 753, 40 (2012) & S. Sahu et al. PRD 85, 043012 (2012):

Assuming pp-interactions at source ➙ MeV-TeV γ‘s agree with Auger flux

H. Yüksel et al, ApJ 758, 16 (2012):
If UHECRs were protons ➙ EGMF would be > 20 nG
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Volume limited all-sky catalog of RG

36

Sjoert van Velzen, KHK, et al., ApJ 544 (2012)

constructed from NVSS 
and SUMSS radio surveys 
+ 2MASS Redshift Survey 
(2MRS)

Galactic coordinates

• z <  0.03

• K > 11.75 & ( F1400 >  213 mJy or F843 >  289 mJy)

• total of 575 sources

• area of circles ~ radio flux of the source
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Hillas Diagram of Radio Galaxies
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Figure 1: Two examples of radio galaxies with lobes. The contours show the radio
emission (data from NVSS), with each individual Gaussian component indicated by a
purple box. The galaxies from the 2MRS catalog are labeled with green pentagons.
UGC 7360 shows radio lobes without central emission for the core of the jet, while
NGC 547 displays both jet and lobe emission (a second radio-emitting galaxy, without
lobes, can be seen west of NGC 547)
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Figure 2: The radio luminosity and size of radio-emitting galaxies within z = 0.04 (or
a co-moving distance of 170 Mpc), for the region with the largest value of B ⇥ R. For
components that are not resolved, we use the upper limit on R given by the resolution
of the radio survey (at 50 Mpc this corresponds to 10 kpc). The minimum luminosity
and size that are needed to contain cosmic rays (Eq. 3) are shown. Only a handfull of
sources within the GZK volume are above the limit for protons of 1020 eV, while all
sources are large enough to contain iron nuclei of this energy.

4

Sjoert van Velzen et al. (work in progress)

Ep~1020 eV 

~5·1019 eV 

EFe~1020 eV 

Radio galaxies as the source of UHECRs:
Hillas diagram, energy injection, and

cross-correlation

Sjoert van Velzen, Heino Falcke, and Jörg Hörandel

June 14, 2012

Abstract

Radio galaxies are a longstanding candidate source of ultra-high energy cosmic
rays (UHECRs). Observations of the lobes of the prototypical radio galaxy Cen A
indicate that this source could be large and luminous enough to accelerate charged
particles to the ultra-high energy scale. We therefore wish to find all galaxies like
Cen A within the GZK horizon (100 Mpc) and check whether the properties of this
sample are consistent with the observed spectrum and angular distribution of UHE-
CRs. With this goal in mind, we have constructed a new catalog of radio-emitting
galaxies covering the entire extra-galactic sky. From our catalog we construct an
empirical Hillas diagram to identify all radio galaxies with lobes that are large
enough to contain ultra-high energy protons. We find that the total energy injected
per unit volume by the jets that are powering these lobes is su�cient to explain the
observed UHECR flux. However, we also find that the cross-correlation of radio
galaxies with UHECRs is not significantly stronger than the cross-correlation with
the local matter distribution. We conclude by discussing how our catalog can, in
principle, be used to rule out the hypothesis that radio galaxies are the source of all
ultra-high energy protons

1 Introduction
Nearby radio galaxies have been considered a potential source of ultra-high energy
cosmic rays (UHECRs) since the 1960s [1]. The jets of radio galaxies carry energy of
the accretion disk away from the black hole, creating lobes filled relativistic electrons
that emit synchrotron radiation. The magnitude of the magnetic field (B) in these lobes
can be estimated from their observed radio luminosity (L⌫) and radius (R). For any
synchrotron-emitting source, the total energy is minimum when the energy density
of the magnetic fields (UB) is in equipartition with the relativistic particles that are
emitting the radiation (Ue). Using this minimum energy argument, we find

B =
 

L⌫/✏
1031 erg s�1Hz�1

!2/7  
R

100 kpc

!�6/7 ✓ ⌫
GHz

◆1/7
µG (1)

1

Magnetic field inferred from radio luminosity and size
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A quite natural scenario...

dN

dE
max

/ E⇣

Fcr /
1

R2

R2 ≳ DGZK

Emax,1<EGZK

Emax,2

lg(Emax)

The most nearby source most 
likely will have a low Emax

for ρS≲ 10-5 Mpc-3

R1 < DGZK

38

We may see a nearby 
low-Emax source on a 
background of protons 
from distant sources
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How to Uncover the Origin of 
the Flux Suppression ?

Expect a different sky and E-spectrum
for light vs heavy primaries:

• p-like primaries (~15% of flux?):
  ➙ point back to sources, strong AGN correlation
 ➙ GZK-like E-spectrum
• intermediate-heavy primaries
 ➙ much more isotropic, no AGN correlation

39

Composition on event-by-event 
basis up to the highest energies
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GZK-Photons and Neutrinos

40

Present Upper limits on photon fluxes

GZK p

KHK, Unger APP 35:660 (2012)

γ-showers
penetrate deeper 
into atmosphere and 
contain almost no µ‘s

GZK Fe

Presence of GZK-
effect could 
independently be 
verified by EHE 
photons and 
neutrinos
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Next Steps...
where to we need to go ?
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UHECR Mission I: Ground Based

Pierre Auger Observatory:
• Upgrades to improve

a) shower-based primary mass measurement at highest
    energies
b) particle physics capabilities (true high energy frontier!)

42

Telescope Array
• Upgrades to improve statistics with surface array

World-Wide Consortium: NGGO ➙ Study UHECR Sources
• Prepare for a Next Generation Ground-based Observatory 

(NGGO) with much larger aperture and with particle physics 
capabilities (to be operated in 2022 ff)

• Understand Nature of End of Cosmic Ray Spectrum
• Particle Physics at Ecm ~ 100 ELHC
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UHECR Mission II: Space Based

43

• UHECR Astronomy and Source Hunting

• Effective aperture 5-10 
times larger than Auger
(but little particle physics capabilities)

• full-sky by construction

• hope for launch 2017/18
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Thanks for your Attention !

Sorry, Prof. Hess,

we are almost there but still need a bit more time




