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KASCADE-Grande collaboration, arXiv:1009.4716

The All Particle Cosmic Ray Spectrum
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Auger exposure = 20905 km2 sr yr
up to December 2010

Auger and HiRes Spectra

Pierre Auger Collaboration, PRL 101, 061101 (2008)
and Phys.Lett.B 685 (2010) 239
and ICRC 2011, arXiv:1107.4809
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electrons

γ-rays

muons

Ground array measures lateral distribution
Primary energy proportional to density 600m from

shower core

Fly’s Eye technique measures
fluorescence emission

The shower maximum is given by

    Xmax ~ X0 + X1 log Ep

where X0 depends on primary type
for given energy Ep

Atmospheric Showers and their Detection
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70 km

Pampa Amarilla; Province of Mendoza
3000 km2, 875 g/cm2, 1400 m

Lat.: 35.5° south Surface Array (SD):
1600 Water Tanks

1.5 km spacing
3000 km2

Fluorescence Detectors (FD):
4 Sites (“Eyes”)

6 Telescopes per site (180° x 30°)

Southern Auger Site
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The Greisen-Zatsepin-Kuzmin (GZK) effect

Nucleons can produce pions on the cosmic microwave background

nucleon

Δ-resonance

multi-pion production

pair production energy loss

pion production energy loss

pion production
rate

sources must be in cosmological backyard
Only Lorentz symmetry breaking at Г>1011

could avoid this conclusion.

γ
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Eth =
2mNm⇡ +m2

⇡

4"
' 4⇥ 1019 eV
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Lengthscales for relevant processes of a typical heavy
nucleus
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The Ultra-High Energy Cosmic Ray Mystery consists of
(at least) Three Interrelated Challenges

1.) electromagnetically or strongly interacting particles above
     1020 eV loose energy within less than about 50 Mpc.

2.) in most conventional scenarios exceptionally powerful
     acceleration sources within that distance are needed.    

3.) The observed distribution does not yet reveal unambiguously
    the sources, although there is some correlation with local

    large scale structure
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1st Order Fermi Shock Acceleration
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Fractional energy gain per shock crossing ～ u1 - u2 on a time scale rL/u2 .
Together with downstream losses this leads to a spectrum E-q with q > 2 typically.
Confinement, gyroradius < shock size, and energy loss times define maximal energy

synchrotron iron, proton
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A possible acceleration site associated with shocks in hot spots of active galaxies
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Pierre Auger sees a clear excess
in the direction of Centaurus A

Pierre Auger Collaboration, Astropart.Phys. 34 (2010) 314

Centaurus A is a UHECR source candidate
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air shower characteristics suggest mixed or heavy 
chemical composition for E>1019 eV
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Auger data on composition seem to 
point to a quite heavy composition 
at the highest energies

Pierre Auger data suggest a heavy component at the highest energies:

Pierre Auger Collaboration,
Phys.Rev.Lett., 104 (2010) 091101,
and ICRC 2011, arXiv:1107.4804
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CRPropa is a public code for UHE cosmic rays, neutrinos and γ-rays being extended 
to heavy nuclei and hadronic interactions

Eric Armengaud, Tristan Beau, Günter Sigl, Francesco Miniati,
Astropart.Phys.28 (2007) 463.

Version 1.4 at http://apcauger.in2p3.fr/CRPropa/index.php
Now including: Jörg Kulbartz, Luca Maccione,

Nils Nierstenhoefer, Karl-Heinz Kampert, Peter Schiffer, Arjen van Vliet
ask for beta version CRPropa 2.0 !
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CRPropa 2.0
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The main part of the code is written in C++ and calls some Fortran routines
(mainly SOPHIA for interactions photo-pion production of nucleons)

nuclear interactions based on TALYS

Electromagnetic cascades are treated by solving one-dimensional transport
equations

The set-up (source distributions, environment, magnetic fields, low energy
photon backgrounds, injection spectrum, arbitrary composition at fixed energy per 

nucleon, which interactions/secondaries to take into account)
can be provided with xml files.

Output can be in form of whole trajectories or events; possible output formats are
ASCII, FITS or ROOT.

Presented are two examples for 1D and 3D simulations
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Composition at given E/A (blue) 
following elemental abundances in the 
Galaxy
Composition at given E for an E-2.6 
injection spectrum (red).

Mixed chemical compositions
For an injection spectrum E-α elemental abundance at given energy E is modified to

dnA

dE

(E) = NxA A

↵�1
E

�↵

where xA is the abundance at given energy per nucleon E/A.
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1D: Energy-Composition 
Propagation Matrix

18Nierstenhöfer, Unger

Freitag, 10. Februar 12



1D: Mass Composition after 
propagating a mixed Composition 
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comoving injection rate scaling as (1+z)4 up to z=2
injection spectral slope α=2.2 up to Emax = Zx1021 eV
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1D: Secondary gamma-rays 
and neutrinos in this Scenario
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Pierre Auger data

simulated cosmic rays

neutrinos

gamma-rays
full IceCube sensitivity

Auger sensitivity

Fermi LAT
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Sensitivities to and Predictions for UHE neutrino fluxes

Rates for intermediate flux estimates

Kotera, Allard, Olinto, JCAP 1010 (2010) 013
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Gaisser, arXiv:1201.6651
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Cosmogenic neutrino fluxes depend on number of nucleons produced
above GZK threshold which is proportional to Emax/A
Further suppressed for heavy nuclei due to increased pair production

Physics with Diffuse Cosmogenic Neutrino Fluxes

Pure protons, Emax=3 1021 eV, 
strong evolution

Pure iron, Emax= 1020/26 eV, 
no evolution

Kotera, Allard, Olinto, JCAP 1010 (2010) 013
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current Auger limit on
Earth-skimming neutrinos

Freitag, 10. Februar 12



23

3-Dimensional Effects in 
Propagation

Kotera, Olinto, Ann.Rev.Astron.Astrophys. 49 (2011) 119
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Structured Extragalactic 
Magnetic Fields

Kotera, Olinto, Ann.Rev.Astron.Astrophys. 49 (2011) 119

Filling factors of extragalactic magnetic fields are not well known and come out different in
different large scale structure simulations

Miniati
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Extragalactic iron propagation produces nuclear cascades in structured magnetic fields:

Initial energy 1.2 x 1021 eV, magnetic field range 10-15 to 10-6 G. Color-coded is 
the mass number of secondary nuclei
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xml-file for 3D-simulation
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<?xml version="1.0" standalone=no>

<TrajNumber     value=20000000/>
<MinEnergy_EeV  value=1.  />
<MaxTime_Mpc    value=3000.  />
<RandomSeed     value=1512  />

<Output type="Events">
   <File type="ASCII" option="force"> mixed1 </File>
</Output>

<MagneticField type="LSS-Grid">
   <Nx       value=256  />
   <Ny       value=256  />
   <Nz       value=256  />
   <Step_Mpc value=0.2915 />
   <Origin>
      <X_Mpc value=0 />
      <Y_Mpc value=0 />
      <Z_Mpc value=0 />
   </Origin>
   <File type="FITS"> ../../../MiniatiLSS_Bfield.fits </File>
</MagneticField>

<InfraredBackground type="Uniform">
  <SpectralShape type="Primack" />
  <MaxRedshift value=5. />
</InfraredBackground>

<RadioBackground type="Obs" />

<Interactions type="Sophia">
   <MaxStep_Mpc value=50. />
</Interactions>

<Integrator type="Cash-Karp RK">
   <Epsilon value=1.e-4 />
   <MinStep_Mpc value=0.01 />
</Integrator>

propagation range

output file

magnetic field box

low energy target
photons (radio/IR)

interactions

integrator
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xml-file for 3D-simulation
continued

<Sources type="Discrete">
   <Number value=11 />
   <PointSource>
   <CoordX_Mpc value=5.96 />
   <CoordY_Mpc value=17.8 />
   <CoordZ_Mpc value=22.9 />
   </PointSource>
   ....
   <PointSource>
   <CoordX_Mpc value=7.0 />
   <CoordY_Mpc value=39.0 />
   <CoordZ_Mpc value=45.5 />
   </PointSource>
   <Spectrum type="Power Law">
       <Alpha    value=1.   />
       <Rigidity_EeV value=384.6 />
   </Spectrum>
</Sources>

<Observers type="Spheres around Observers">
   <Number     value=1 />
   <Radius_Mpc value=1. />
   <SphereObserver>
       <CoordX_Mpc value=4. />
       <CoordY_Mpc value=41.7 />
       <CoordZ_Mpc value=45.5 />
   </SphereObserver>
</Observers>

<Particles type="Nuclei">
<Number_Of_Species value=25/>
<Species MassNumber=1 ChargeNumber=1 Abundance=0.950000/>
<Species MassNumber=4 ChargeNumber=2 Abundance=0.0400000/>
<Species MassNumber=9 ChargeNumber=4 Abundance=0.00316986/>
<Species MassNumber=11 ChargeNumber=5 Abundance=0.00316986/>
<Species MassNumber=12 ChargeNumber=6 Abundance=0.315155/>
<Species MassNumber=14 ChargeNumber=7 Abundance=0.0240910/>
<Species MassNumber=16 ChargeNumber=8 Abundance=0.370733/>
<Species MassNumber=19 ChargeNumber=9 Abundance=0.000211324/>
<Species MassNumber=20 ChargeNumber=10 Abundance=0.0408560/>
<Species MassNumber=23 ChargeNumber=11 Abundance=0.00228230/>
<Species MassNumber=24 ChargeNumber=12 Abundance=0.0760767/>
<Species MassNumber=27 ChargeNumber=13 Abundance=0.00548034/>
<Species MassNumber=28 ChargeNumber=14 Abundance=0.0704414/>
<Species MassNumber=31 ChargeNumber=15 Abundance=0.000464913/>
<Species MassNumber=32 ChargeNumber=16 Abundance=0.00922782/>
<Species MassNumber=35 ChargeNumber=17 Abundance=7.74855e-05/>
<Species MassNumber=40 ChargeNumber=18 Abundance=0.00157084/>
<Species MassNumber=39 ChargeNumber=19 Abundance=0.000204280/>
<Species MassNumber=40 ChargeNumber=20 Abundance=0.00457869/>
<Species MassNumber=45 ChargeNumber=21 Abundance=0.000683282/>
<Species MassNumber=48 ChargeNumber=22 Abundance=0.000683282/>
<Species MassNumber=51 ChargeNumber=23 Abundance=0.000683282/>
<Species MassNumber=52 ChargeNumber=24 Abundance=0.00105662/>
<Species MassNumber=55 ChargeNumber=25 Abundance=0.000774855/>
<Species MassNumber=56 ChargeNumber=26 Abundance=0.0683281/>
 </Particles>

source
positions

injection
spectra

observer
location

chemical composition
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Discrete Sources in 
nearby galaxy clusters 

10 sources per (75 Mpc)3 box, concentrated in a galaxy cluster at ≃30 Mpc, injecting 
E-2.5 spectra up to 200xZ EeV with 10 x galactic abundance;

+ one source @ 4Mpc of 0.002 relative strength injecting E-2 spectrum up to 10xZ EeV.
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Results: Spectra and Composition

proton fraction
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Results: Sky Distributions and Anisotropies

above 1 EeV above 55 EeV

deflection angles deflection angles
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Composition and energy dependence 
of excess from nearby source

In the absence of interactions Lemoine and Waxman 
2009 (JCAP 11, 009) relate significance of anisotropy 
in a given sky patch at energies E and E/Z by

provided an E-s spectrum from a nearby source is 
dominated by protons and Z-nuclei at E/Z and E, 
respectively, where E-α observed spectrum, qZ(E) = 
injection composition of nearby source at energy E

�p(> E/Z) = �Z(> E)
qp(E/Z)

qZ(E)
Zs�(�+1)/2
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significance of excess within 18 degrees
around nearby source

Composition and energy dependence 
of excess from nearby source: 

simulation results

Lemoine/Waxman estimate

simulations including energy losses 
with relatively strong fields do not 
necessarily show strong correlations 
between anisotropies at different 
energies
=> anisotropy may not directly 
constrain composition
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Possible Explanations of 
anisotropy results

interactions break the E/Z degeneracy

mixed composition washes out anisotropies

nearby and background source fluxes may 
not be independent since a nearby 
magnetized source can shield the background 
flux at low energy thus reducing the 
excess. Shielding at high energy irrelevant 
due to GZK effect
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Deflection in galactic magnetic field is rather
model dependent, here for E/Z=4 1019 eV for
Models of

Tinyakov, Tkachev (top)

Harrari, Mollerach, Roulet (middle)

Prouza, Smida (bottom)

Deflection in extragalactic fields is even more
uncertain

Kachelriess, Serpico, Teshima, Astropart. Phys. 26 (2006) 378
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UHECR Deflection in
Galactic Magnetic Fields
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contour plot of amplification
factor for 60 EeV iron nuclei 
due to Galactic magnetic 
field: only coherent 
component in Prouza-Smida
model

including a turbulent 
component of strength 4 µG,
50 pc coherence length,
extending 3 kpc into halo

Giacinti, Kachelriess, Semikoz, Sigl, Astropart.Phys. 35 (2011) 192

Mapping the Sky at Earth to the Sky outside the Galaxy by 
backtracing anti-nuclei
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Even for iron primaries Centaurus A can not be the only 
UHECR source

Iron Image of Cen A in the Prouza-Smida Galactic 
magnetic field model

Including an extreme choice for the turbulent 
Galactic field component with strength 10 µG, 
coherence length 50 pc, 10 kpc halo extension

Giacinti, Kachelriess, Semikoz, Sigl, Astropart.Phys. 35 (2011) 192

isotropic

data

simulation
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Composition and the Transition Galactic/Extragalactic 
Cosmic Rays

Light Galactic Nuclei produce too much anisotropy above ≃ 1018 eV. This implies:

1.) if composition around 1018 eV is light => probably extragalactic (and ankle may be due
to pair production by protons)
2.) if composition around 1018 eV is heavy => transition could be at the ankle if
Galactic nuclei are produced by sufficiently frequent transients, e.g. magnetars

Giacinti, Kachelriess, Semikoz, Sigl, arXiv:1112.5599

turbulent coherence length varied turbulent field strength varied
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E/Z=1018 eV E/Z=3x1019 eV

Distribution of Galactic Sources Contributing to 
Observed Flux

Giacinti, Kachelriess, Semikoz, Sigl, arXiv:1112.5599
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Physics Conclusions
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2.) Both diffuse cosmogenic neutrino and photon fluxes mostly 
depend on chemical composition and maximal acceleration 
energy

3.) Multi-messenger modeling sources including gamma-rays and 
neutrinos start to constrain the source and acceleration 
mechanisms

1.) It is surprisingly difficult to construct simple scenarios
with structured sources and magnetic fields that reproduce all 
observations: spectra, energy dependent composition and 
anisotropy; to explain them separately is quite easy
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Simulation Conclusions
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Multimessenger Simulations with CRPropa 2.0:

1.Nuclei propagation through ambient photon fields with all 
relevant interactions

2.Deflections in magnetic fields (3D)
3.1D version with cosmological evolution
4.Secondary electromagnetic cascades and neutrino 

propagation (rectilinear approximation)

Currently we are β testing the full nuclei code.
If you want to use or test the code, please contact us.
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