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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 All Particle Cosmic Ray Spectrum
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AUGER SD (Phys.Lett.B 685(2010)239)

EAS-TOP (Astrop.Phys.10(1999)1)
KASCADE (Astrop.Phys.24(2005)1)
TIBET-III (ApJ678(2008)1165)
GAMMA (J.Phys.G35(2008)115201)
TUNKA (Nucl.Phys.B,Proc.Sup.165(2007)74)
Yakutsk (NewJ.Phys11(2008)065008)

-unfoldingµKASCADE-Grande (QGSJET II) Nch-N

KASCADE-Grande collaboration, arXiv:1111.5436

LHC center of mass



Auger exposure = 50000 km2 sr yr, 102901 events above 3x1018 eV until end 2014

Pierre Auger Spectra

Pierre Auger Collaboration, PRL 101, 061101 (2008) 
and Phys.Lett.B 685 (2010) 239 
ICRC 2015, arXiv:1509.03732
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Newest Results on Anisotropy

O. Deligny, arXiv:1808.03940

Amplitude and phase of 
dipole as function of energy
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Pierre Auger collaboration, 
JCAP 1706 (2017) no.06, 
026 [arXiv:1611.06812]

higher order 
multipoles will 
become more 
important to model
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Pierre Auger Collaboration, Science 357 (22 September 2017) 1266 [arXiv:1709:07321]



�13Pierre Auger collaboration, Astrophys. J. 868 (2018) 4 [arXiv:1808.03579]
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Pierre Auger collaboration, Astrophys. J. 868 (2018) 4  [arXiv:1808.03579]
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Hot spot  

slide 7 of 17 

Total events: 143   
Observed: 34 
Expected : 13.5 

Best circle center: RA=144.3o, Dec=+40.3o 

Best circle radius: 25o 

Local significance : 5 σ 
Global significance : 3 σ 

E>57 EeV   -  Years 1-9 excess map 

28.08.2018 TA anisotropy//TeVPA2018 

TA 2017 

Telescope Array results on anisotropy
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Pierre Auger collaboration, Astrophys. J. 853 (2018) no.2, L29 [arXiv:1801.06160]
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Pierre Auger collaboration, Astrophys. J. 853 (2018) no.2, L29 [arXiv:1801.06160]
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The strongest signal of about 4 sigma occurs for starburst galaxies above ~ 39 EeV 
(correlating fraction ~ 10% and correlation angle 12-14 degrees).
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fits to spectrum and composition for a homogeneous source distribution neglecting 
deflection (which generally is a good approximation for the solid angle integrated 
flux) tend to favor very hard injection spectra with low cut-off rigidities

Spectrum and Composition

comparatively low cutoff may be mostly caused by source physics; Peters cycle at 
highest energies is most “economic” in terms of source power

Pierre Auger collaboration, JCAP 1704 (2017) 028 [arXiv:1612.07155]
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Reminder: Propagation Theorem/Liouville Theorem

A homogeneous distribution of sources with equal properties and nearest 
neighbour distances smaller than other relevant length scales in the problem 
such as energy loss length and propagation/diffusion length within the source 
activity time scale gives rise to a universal/isotropic flux spectrum that 
does not depend on the propagation mode and thus on the magnetic field 
properties.

Some General Considerations
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Easiest to see in the back-tracking picture: 

This also applies to secondary fluxes such as neutrinos and gamma-rays because 
densities only depend on the time-integrated interaction rates (and energy loss 
rates) which are location independent

The di↵erential flux in the direction characterised by the unit vector n at
observer position r0 is given by

j(E0, r0,n) =

Z tmax

t0

dt⇢̇ [E(t), t, r(t,n)] ,

where ⇢̇(E, t, r) is the di↵erential injection rate at energy E, time t, and location
r, r(t,n) is the back-tracked trajectory with the initial conditions r(t0,n) = r0,
ṙ(t0,n) = n and E(t) with E(t0) = E0 is the back-tracked energy. For stochastic
losses one has to average over trajectories with equal initial conditions.

Clearly, if ⇢̇ only depends on E and t, then the flux neither depends on
the shape of the trajectories nor on direction, but only on energy, and thus is
universal.
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Corollary: 
To be sensitive to the propagation mode, magnetic field structure etc. requires 
discrete, inhomogeneous source distributions with nearest-neighbour distances 
larger than energy loss length and/or propagation distance within source activity 
time

• Broad dynamic range in length and time scales 
• partly unknown propagation mode: ballistic versus diffusive 
• disentangling source distribution/rates from propagation mode

Modelling Challenges
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Anisotropies vs heavy composition at UHE 
o if anisotropic signal >E is due to heavy nuclei, one should detect a stronger 
anisotropy signal associated with protons of same magnetic rigidity at >E/Z eV...  
argument independent of intervening magnetic fields...  (M.L. & Waxman 09, Liu+13) 

PAO ICRC-07 all-sky average flux 

iron anisotropic  
component 

proton anisotropic  
component 

qp/qZ 

o if anisotropies are seen at E ~ GZK, but not at E/Z:  
• there exist protons at GZK producing the anisotropies…  
• or, if Fe at UHE:  Z  & 1000 Zō…  if Si at UHE: Z & 1600 Zo… if O at UHE: Z & 100 Zo ¯ 

… sources with such high metallicities?    

Compare strength of anisotropy at E and E/Z: 
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A Simple One Source + Isotropic Background Model
Contribution of the one discrete source to the total flux parametrised by η and 
deflection spread by concentration parameter 𝞳: Dipole and quadrupole can fix 
both parameters, e.g. C2/C1 fixes 𝞳

Dundovic and Sigl, JCAP 1901 (2019) 018 [arXiv:1710.05517]

best fit η ~ 0.035, 𝞳 ~ 2.5, corresponding to a spread of ~ 50 degrees.
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Dundovic and Sigl, JCAP 1901 (2019) 018 
[arXiv:1710.05517]



Some general Requirements for Sources

Accelerating particles of charge eZ to energy Emax requires induction 
ε > Emax/eZ. With Z0 ~ 100Ω the vacuum impedance, this requires 
dissipation of minimum power of

where Γ is a possible beaming factor. 
If most of this goes into electromagnetic channel, only AGNs and maybe 
gamma-ray bursts could be consistent with this.

This „Poynting“ luminosity can also be obtained from Lmin ~ (BR)2 where BR is 
given by the „Hillas criterium“:

�27

Lmin ⇠ ✏2
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' 1045 Z�2

✓
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◆2
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✓
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1020 eV

◆
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Alves Batista et al. ``Open Questions in Cosmic Ray Research at ultra-high energies’’, submitted to Frontiers special edition

luminosity versus 
number density for 
continuous sources or 
(total energy 
released)/T versus 
(rate per volume)*T 
for intermittent 
sources with 
effective time delay 
T=3x105 y: 

diagonal lines from 
UHECR flux, minimal 
number density from 
lack of significant 
UHECR clustering
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Kotera, Olinto, Ann.Rev.Astron.Astrophys. 49 (2011) 119

Modelling Cosmic Rays in the Structured Universe



Discrete Sources in nearby large scale structure

and structured magnetic field
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Challenge: Unconstrained/constrained large scale structure simulations often have 
too limited spatial extent to cover all relevant sources below the GZK energy. Can be 
partly cured by period boundary conditions which can , however cause 
artificial regularities in simulated sky maps for small deflections (as can 
source distributions centered on Earth)
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Building Benchmark Scenarios

combining spectral and composition information with anisotropy can considerably 
strengthen constraints on source characteristics, distributions and magnetization
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Hackstein et al., Mon.Not.Roy.Astron.Soc. 475 (2018) no.2, 2519 [arXiv:1710.01353]
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Simulated Predictions of angular Multipoles
Wittkowski, Kampert, Astrophys. J. 854 (2018) L3 
[arXiv:1710.05617]

based on the “benchmark 
model” which combines constrained 
large scale structure simulation 
with magnetic field strength 
distribution of Miniati model 

inclusion of EGMF also leads to 
softer best fit injection indices 
𝝲 ~ 1.6 [Wittkowski, proceedings 
of ICRC 2017]
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Eichmann et al., JCAP 1802 (2018) 036 [arXiv:1701.06792]

based on a catalogue of radio galaxies where each source has individual injection 
parameters based on radio luminosity at 1.1 GHz, Qcr=4Qjet/7, L*= 4.9x1040 erg/s:
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Eichmann et al., JCAP 1802 (2018) 036 [arXiv:1701.06792]



Conclusions
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1.) A dipolar anisotropy unrelated to the Galactic plane of 
amplitude ~6.5% has been observed above 8x1018 eV

4.) Amplitude of anisotropies may be dominated by source 
distributions/most nearby sources. Magnetic fields may shift 
directions and mix dipoles; disentangling both influences will be 
a challenge

2.) Data indicate a growth of the dipolar amplitude from 4 to 
32 EeV and beyond

3.) Indications for intermediate scale anisotropies 
associated with extragalactic gamma-ray sources are found 
above 4x1019 eV


