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Cosmic Rays

~ 30 - 40 km
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Relative abundance of nuclei
H : He   : Z= 6-9 : 10-20 : 21-30
1  : 0.38 : 0.22     : 0.15   : 0.4

At sea level:
mainly muons as
secondary particles

Atmosphere as shield from 
highly ionizing radiation



Altitude 30-35 km

Particle detectors
up to 3 tonnes

140 m (max)

175 m

70 m

170 m

260 m

High-altitude balloon measurements
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Particle cascades: Extensive air shower

Secondary particles arrive at 
ground at almost the same time
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Neutral pions: 
em. shower

Charged pions: 
muons and 
neutrinos



All-particle flux

10 part. / km2 min.

10 part. / km2 day

10 part. / km2 cent.

0.1 part. / m2 min.

LHC beam energy
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Power law

dN
dEdΩdAdt

∝ E−γ

γ ≈ 2.7 1011 eV < E < 1015.5 eV
≈ 3.1 1015.5 eV < E < 1018.5 eV



Ultra-high energy: 1020 eV
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Need accelerator of size of Mecury´s orbit 
to reach 1020 eV with current technology

Large Hadron Collider (LHC), 
27 km circumference, 
superconducting magnets

Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

(M. Unger, 2006)

Acceleration time for LHC: 815 years 



Composition of cosmic rays at low energy
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(Hörandel, 2005)

Most frequent elements: H ... Fe/Ni
Often only H and Fe considered

Element abundance
in Solar system



All-particle flux
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Power law

dN
dEdΩdAdt
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Energy spectrum of particles
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Knee

Ankle

Toes
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Galactic cosmic rays: the knee
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Knee



Galaxy and galactic magnetic fields
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1 pc = 3.26 ly =  3.08 1016 m

Magnetic field not well known,
B = 3 µG = 30 nT close to Solar System

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

RL � 1pc×
�

E
1015 eV

��
µG
ZB

�

Diffusion: distance scales ~ (time)2 Extragalactic sources unlikely

(Andromeda, M31)



Galaxy and galactic magnetic fields
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1 pc = 3.26 ly =  3.08 1016 m

Magnetic field not well known,
B = 3 µG = 30 nT close to Solar System

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

Diffusion: distance scales ~ (time)2 Extragalactic sources unlikely

(Andromeda, M31)

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar

RL � 1pc×
�

E
1015 eV

��
µG
ZB

�



Source candidates: Supernova remnants
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SN remnant 1006 (2.2 kpc distance)

20 pc

Expansion velocity ~ 7000 km/s

General arguments:
• Rate and energy budget
• Acceleration theory
• Elemental composition

Observed galactic SN explosions:
1604 (Kepler)
1572 (Tycho)
1181 (Chinese astronomers)
1054 (Crab nebula)
1006 (Chinese and Arabian records)

Estimates: 
~3 SN explosions / 100 yrs
Kinetic energy of ejecta:  ~1051 erg

(1 erg = 0.1 µJ)

Particle

Multi-messenger observations: gamma-rays & neutrinos – confirmation still lacking



Magnetic fields: Confinement in the Galaxy (i)
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log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

Observed spectrum softer than injection spectrum

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar



Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar

Magnetic fields: Confinement in the Galaxy (ii)
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log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

Diffusion: same behaviour for different elements at same rigidity p/Z ~ E/Z

knee from change in
diffusion regime ?



Magnetic fields: Confinement in sources
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log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

knee from sources
(acceleration) ?

Acceleration: same behaviour for different elements at same rigidity p/Z ~ E/Z

SN remnant 1006

20 pc

Distance ~ 2.2 kpc



Exotic models for interpretation
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The knee and unusual events at PeV energies

A.A.Petrukhina

aExperimental Complex NEVOD, Moscow Engineering Physics Institute,
Kashirskoe shosse, 31, Moscow 115409, Russia

The appearance of the knee in EAS energy spectrum in the atmosphere in PeV energy interval and observation
of various types of unusual events approximately at same energies are considered as evidence for new physics.
Some ideas about possible new physical processes at PeV energies are described. Perspectives to check these ideas
and their consequences for experiments at higher energies are discussed.

1. Introduction

Although a possibility of two different expla-
nations of the knee in the measured Ne spectrum
of EAS (primary spectrum or interaction change)
was discussed in the first paper [1], the point of
view that the knee is connected with a change of
primary spectrum became predominant. The rea-
son is very simple. For the second possibility (in-
teraction change) it is necessary to explain where
is the difference (∆E) between primary (E0) and
EAS (EEAS) energies, and what particles carry
away this energy ∆E. During 40 years the an-
swers to these questions were not found. Only
in 1999 was a suitable approach to the problem
proposed [2]. The main idea of this approach is
the following. In hadron interactions at PeV en-
ergies some new ”heavy particles” (excited states
of matter) with mass, Mx, about 1 TeV are pro-
duced, and these objects can decay into leptons
directly or through W± and Z0-bosons. In this
case muons and three types of neutrinos (νe, νµ,
ντ ) will carry very large energies (≥ 100 TeV)
that cannot be detected by existing EAS arrays.
This circumstance allows to explain the appear-
ance of the knee in the EAS energy spectrum. At
the 12th ISVHECRI the author noted that some
unusual events observed in cosmic ray hadron ex-
periments could be explained by means of VHE
muon interactions [3]. The present paper contains
the results of further analysis in the framework of
a new approach of other unusual events and phe-
nomena observed in cosmic rays.

2. Overview of unusual experimental data

Unusual events in particle physics are those
which cannot be explained in the framework of
existing theories of particle interactions, or which
in principle can occur but with negligibly small
probability. Of course, in any experiment some
unusual or inexplicable events can be observed,
and very often their appearance can be explained
by various methodical and technical reasons or
chance coincidences of different phenomena. But
it is impossible to explain numerous unusual
events which are detected in interactions of cos-
mic rays with PeV energies and higher as chance
coincidences, since these unusual events and phe-
nomena are detected in different experiments.

All observed unusual experimental results can
be combined into three groups: 1) unusual phe-
nomena in hadron experiments; 2) unexpected
behaviour of EAS characteristics; 3) evidence of
some excess of VHE muons.

1) Most of the unusual phenomena in
hadron experiments were obtained in experiments
”Pamir” and ”Chacaltaya” [4] and in the Tien-
Shan hadron calorimeter [5] as briefly described
below.

Families - sets of separated cascades, charac-
teristics of which can hardly be explained in the
framework of usual multi-production of secondary
particles.

Halos in families - diffuse dark spots around
some cascades in families which cannot be ex-
plained without additional suppositions about

Nuclear Physics B (Proc. Suppl.) 151 (2006) 57–60
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9 New physics, the cosmic ray spectrum knee, and pp

cross section measurements

Aparna Dixit1, Pankaj Jain2, Douglas W. McKay3, and Parama Mukherjee4

December 7, 2009

1) Physics Department, PSIT, Kanpur, India
2) Department of Physics, IIT Kanpur, Kanpur 208016, India
3) Department of Physics & Astronomy, University of Kansas,

Lawrence, KS - 66045, USA
4) School of Marine and Atmospheric Sciences, Stony Brook University,

Stony Brook, NY 11794, U.S.A

Abstract

We model new physics modifications to the total proton-proton
cross section with an incoherent term that allows for missing energy
above the scale of new physics. We explore the possibility that the
new physics interaction alone can provide an explanation for the knee
just above 106 GeV in the cosmic ray spectrum. We add the con-
straint that the new physics must also be consistent with published
pp cross section measurements an order of magnitude and more above
the knee. Allowing for the necessary rescaling of the cross section data
in the light of the new physics, we find parameter ranges in several
generic models that readily give good quality fits to recently published
Tibet III spectrum analysis and to the rescaled direct cross section
measurements. The rise in cross section required at energies above the
knee is radical. Even before reaching design energy, the Large Hadron
Collider can test this picture with total cross section measurements.

1 Introduction

The knee phenomenon in the cosmic ray spectrum [1], observed by many ex-
periments over many years ago, still lacks a convincing explanation. Though
it is generally believed to be of astrophysical origin, the center of mass energy
corresponding to the knee is several TeV in the proton-proton (pp) system,

1

New physics: scaling with nucleon-nucleon cms energy

E0

EX ~100 TeV

log(E)

log
(Flux)

spectrum of 
sources

knee due wrong energy 
reconstruction of showers?

Atmosphere

Cosmic ray

Threshold scales with E/A



Origin and physics of the knee
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Some other models for the knee ...
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Non-linear shock acceleration

Bell & Lucek, 2001 (several papers)
Berezhko, Völk, ....

Figure 1: Left panel : all-particle spectrum (thick line) and spectra of individual elements.

Right panel : spatial dependence of the hydrodynamical quantities (the gas pressure upstream

is very low and lies outside the plot boundaries).

choice of parameters corresponds to a 2000 year old SNR with radius Rsh ∼ 14.4

pc, i.e. a SNR at the beginning of its Sedov-Taylor stage for a SN explosion of

1051 erg and an ejecta mass of 1.4 solar masses. It is worth recalling that the

highest cosmic ray energy is thought to be achieved at this evolutionary stage

[16].

The free-escape boundary is placed at x0 = 0.2Rsh upstream of the shock

and the diffusion coefficient is taken as Bohm-like,

Di(x, p) =
1

3
v(p)

pc

ZiB(x)
, (17)

in the amplified magnetic field at the shock position, namely B(x) = B1 =
√

8πρ0u2
0Pw,1 upstream and B(x) = B2 = RsubB1 downstream.

In Fig. 1 we show the spectra of accelerated particles and the the quan-

tities related to shock hydrodynamics, obtained through the iterative method

described in §2, in a case of efficient particle acceleration (we used ξH = 3.8, cor-

responding to ηH = 5.7× 10−5 in Eq. 2). Notice that the gas pressure upstream

is very low and lies outside the plot boundaries.

The most noticeable feature is the fact that, for the standard abundances

deduced in §3, the dynamical role of nuclei overall is twice as important as

that of protons: at the shock position the pressure of accelerated protons is

PH # 0.05, in units of the ram pressure far upstream, while the pressure in

12

Caprioli, Blasi, Amato, astro-ph/1007.1925

Magnetic field amplification, similar
end values for different environments

Anisotropy likely
at some level



KASCADE

Area ~ 0.04 km2,
252 surface detectors
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Air shower ground arrays

Combined energy-
composition analysis
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24

Knee



LHC: distribution of charged secondary particles
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η =− ln tan
θ
2

θ

Detailed LHC comparison

D. D‘Enterria, RE, T. Pierog,
S. Ostapchenko (astro-ph/1101.5596)

Protons:  Elab = 3 x 1016 eV

LHC: Exotic scenatios for knee very unlikely
~20% of primary energy should be transferred to invisible particles

Significant improvement 
of models expected
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Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar

Ankle as transition to free-streaming limit ?
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log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

Earth not in center of Galaxy: strong anisotropy expected

knee from change in
diffusion regime ?

RL � 1kpc×
�

E
1018 eV

��
µG
ZB

�



Arrival direction distribution of cosmic rays
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4 R.BONINO et al. SEARCH FOR SIDEREAL MODULATION

TABLE II
RESULTS OF THE TWO ANALYSES IN DIFFERENT ENERGY RANGES (THE EVENTS IN THE DIFFERENT ENERGY INTERVALS
ARE SLIGHTLY DIFFERENT BETWEEN THE TWO METHODS BECAUSE THE RAYLEIGH ANALYSIS, UNLIKE THE EAST-WEST
METHOD, CORRECTS THE ENERGY OF THE EVENTS FOR THE WEATHER EFFECTS). THE STATISTICAL UNCERTAINTIES ARE
CHARACTERISED BY THE QUANTITIES sR =

�
2/N AND sEW =

�
2/N/ sin δt. RAYLEIGH PROBABILITIES AND 99%C.L.

UPPER LIMITS ARE ALSO GIVEN. SINCE ALL THE MEASURED AMPLITUDES ARE COMPATIBLE WITH BACKGROUND, THE
PHASES ARE NOT SIGNIFICANT AND ARE NOT REPORTED HERE.

Rayleigh analysis E-W method upper limits
Energy range [EeV] r [%] sR [%] P [%] r [%] sEW [%] P [%] r99% [%]

all energies 0.48 0.27 19.5 1.05
0.2 - 0.5 0.25 0.43 84.2 1.19
0.5 - 1 1.08 0.44 4.8 2.03
1 - 2 0.90 0.32 1.8 0.77 0.65 49.9 1.59
2 - 4 0.79 0.64 45.8 1.65 1.33 46.3 2.12
4 - 8 0.71 1.33 86.6 5.05 2.73 18.0 3.66
>8 5.36 2.05 3.3 2.76 4.08 79.5 9.79

Fig. 4. Upper limits on the anisotropy amplitude as a function of energy from this analysis. Results from EAS-TOP, AGASA
and KASCADE/Grande experiments are displayed too. Also shown are the predictions from two different galactic magnetic
field models with different symmetries (A and S) and the expectations from the Compton-Getting effect for an extra-galactic
component isotropic in the CMB rest frame (C-G Xgal).

IV. CONCLUSIONS

We have searched for large scale patterns in the
arrival directions of events recorded at the Pierre Auger
Observatory using two complementary analyses.

We have set 99% c.l. upper limits at the percent level
at EeV energies, constraining some theoretical models.
In particular, we can already exclude all those models
that predict anisotropy amplitudes greater than ∼ 2%
below 4 EeV. Further statistics will obviously be useful,
and the sensitivity will be improved in the coming years
using data from the Pierre Auger Observatory.

Finally we do not confirm the 4% modulation detected
by AGASA at 4 s.d. between 1 and 2 EeV.
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(Auger ICRC 2009)

Dipole anisotropy expected
from galactic diffusion (large for 
protons, small for heavy nuclei)

No anisotropy expected for 
extragalactic sources (independent of 
composition)

Relative amplitude of dipole anisotropy

Ankle

Transition between galactic 
and extragalactic sources

RL � 1kpc×
�

E
1018 eV

��
µG
ZB

�

No anisotropy below 6 x 1019 eV found: interpretation of ankle unclear
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Transition to extra-galactic sources ?
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Galactic 
cosmic rays

Extra-galactic
 cosmic rays

Particle of 1020 eV:
iron ~ 1.3 kpc
proton ~ 30 kpc

RL � 1kpc×
�

E
1018 eV

��
µG
ZB

� Anisotropy?

Galactic sources at 
~1019 eV excluded 

due to isotropy
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Problem 1: Sources must be extreme objects

Emax � 1018 eV Z β
�

R
kpc

��
B

µG

�

Hillas 1984:

shock
velocity

mag. field
strength

size of acc. 
region
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Black hole of ~109 solar masses



Problem 2: Energy loss during propagation

CMB: Penzias & Wilson (1965)

400 ph/cm3

�Eγ� ∼ 6.3×10−4 eV

Greisen, Zatsepin &
 Kuzmin (1966)

GZK effect

Universe opaque for 
p with E > 1020 eV

IR

γ-rays

visible

x-rays

URB

32

p γ → p π0

p γ → n π+

A γ → (A−1) n
A γ → (A−2) (pn)



Energy loss for different particles

(Cronin, TAUP 2003)
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(Allard et al. 2007)

Energy loss length

Energy loss length

Proton and iron suffer smallest
(and almost equal) energy loss

Protons



Problem 3: Deflection in magnetic fields
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Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating

8
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Extragalactic magnetic fields

Galactic magnetic fields

Typical field strengths:

• proton deflection angle ~few degrees
• iron deflection angle large
• proton astronomy ?
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Distribution of Galaxies
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Southern Pierre Auger 
Observatory

Malargue, Argentina

Area ~3000 km2, 
1660 surface detectors (1.5 km grid)
 24+3 fluorescence telescopes
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Anisotropy at the highest energies
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Figure 1: The 69 arrival directions of CRs with energy E ≥ 55 EeV detected by the Pierre Auger
Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-Hammer projection
of the sky in galactic coordinates. The solid line represents the field of view of the Southern
Observatory for zenith angles smaller than 60◦. Blue circles of radius 3.1◦ are centred at the
positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field
of view of the Observatory. Darker blue indicates larger relative exposure. The exposure-weighted
fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and
III only, because the parameters were chosen to maximise the correlation in period
I. In Fig. 2 we plot the degree of correlation (pdata) with objects in the VCV catalog
as a function of the total number of time-ordered events observed during periods
II and III. For each additional event the most likely value of pdata is k/N (number
correlating divided by the cumulative number of arrival directions).

12

E > 5.5 x 1019 eV

(Auger, Astropart. Phys. 2010)

Correlation: 
38+0.07-0.06%

Isotropy: 21%

Discovery in 2007: Science cover article

Active Galactic Nucleus (AGN) smeared by 3.1°

Arrival direction
of cosmic rays

Note: 
• anisotropy only for source distances up to GZK sphere (as one would expect)
• no correlation found in HiRes data (smaller statistics, northern hemisphere)



Composition analysis using shower profiles
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Auger shower

• Energy well determined
• Primary particle type: mean and 

fluctuations of shower depth of 
maximum

Example: event measured by Auger Collab. (ICRC 2003)
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Unexpected change of mass composition !
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(Auger Collab. PRL 104, 2010)

Theoretical uncertainties on mean Xmax large
Uncertainties on prediction of fluctuations?

Change of cosmic ray composition
form mixed or light to heavy
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Sys. uncertainty: 13 g/cm2 (mean)
                          6 g/cm2 (RMS)

Anisotropy
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Upper end: Flux suppression due to GZK effect ?
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Composition 
proton and/or iron 
dominated at 
upper energy end

Particle physics

Upper end: flux 
suppression due 
to GZK effect

Why is there a transition from a light to a heavy composition ?

Source injection flux
Emax = ???
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Upper end: Maximum injection energy of source(s) ?
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Extragalactic 
particles: isotropy 
in ankle region

proton

carbon
iron

Composition 
related to rigidity 
at source

Upper end: 
superposition of 
max. energy and 
GZK effect

Why is max. injection energy so similar to GZK threshold ?


