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Some phenomenological and 
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The All Particle Cosmic Ray Spectrum
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KASCADE-Grande collaboration, arXiv:1111.5436
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Auger exposure = 60,400 km2 sr yr (surface detector vertical) as of end 2018

Pierre Auger Spectra
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Pierre Auger collaboration, V. Nowotny, ICRC 2021

A. Coleman et al., Cosmic and 
Energy Frontiers, Astropart. 
Phys. 147 (2023) 102794

“instep”



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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Some Air Shower Physics

In this simple picture for a 
primary energy Ep the depth of 
shower maximum is the depth of 
first interaction X0 

plus the radiation length Xr times 
the number of generations n, 

Xmax ~ X0 + Xr log (Ep/Ec) 

where Ec is some critical energy



Cosmic ray versus neutrino induced air showers
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taken from R. Engel, Pierre Auger highlights, ICRC 2021



pair production energy loss

pion production energy loss

pion production 
rate

The Greisen-Zatsepin-Kuzmin (GZK) effect
Nucleons can produce pions on the cosmic microwave background

nucleon

Δ-resonance

multi-pion production

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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Length scales for relevant processes of a typical heavy

nucleus
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Energy Loss Lengths based on CRPropa



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



Shell-type supernova remnant RCW 86 seen by HESS
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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“:
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Lmin ⇠ ✏2

Z0
' 1045 Z�2

✓
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A possible acceleration site associated with shocks in hot spots of active galaxies
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Or Cygnus A
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Depth of shower maximum Xmax and its distribution contain information on 
primary mass composition

Mass Composition



within statistics consistent with the northern hemisphere observed by HiRes and 
Telescope Array

Pierre Auger data suggest a heavier composition toward highest energies:
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potential tension with air shower simulations and some hadronic interaction models 
because a mixed composition would predict larger RMS(Xmax)

taken from R. Engel, Pierre Auger highlights, ICRC 2021
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Muon number measured are systematically higher than predicted

The muon number scales as

Nµ / Ehad / (1� f⇡0)N ,

with the fraction going into the electromagnetic channel f⇡0 ' 1
3 and the number

of generations N strongly constrained by Xmax. Larger Nµ thus requires smaller
f⇡0 !

Pierre Auger Collaboration highlights, R. Engel, ICRC 2021

The production of ρ0 could also play a role. 
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D. Soldin, arXiv:2302.07111, RICAP 2021

 

where  is the measured muon number,  is the muon number predicted to be 

detected for species i and  is composition deduced from measured . A 
consistent hadronic model would give  within the superposition approximation.

Δz ≡
ln ⟨Nμ⟩ − ln ⟨Ndet

μ,p⟩
ln ⟨Ndet

μ,Fe⟩ − ln ⟨Ndet
μ,p⟩

−
⟨ln A⟩

56

Nμ Ndet
μ,i

⟨ln A⟩ Xmax
Δz = 0
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D. Soldin, arXiv:2302.07111, RICAP 2021
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A. Coleman et al., Cosmic and Energy Frontiers, Astropart. Phys. 147 (2023) 102794
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Uncertainties of Standard Model Predictions for Muon 
Number and Production Depth

S. Ostapchenko and G. Sigl, arXiv:2404.02085

“pion splitting”

maximal variation of muon number  and maximal muon production depth  
taking into account collider data/constraints

Nμ Xμ
max



28

modified pion 
exchange
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enhanced (anti)nucleon, kaon and  meson productionρ
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G. Sigl, book “Astroparticle Physics: 
Theory and Phenomenology”, Atlantis 
Press/Springer 2016 

see also K.-H.Kampert and M.Unger, 
Astropart.Phys. 35 (2012) 660

Indications of “Peters cycles” 
for galactic and extragalactic 
sources whose maximal 
energies are proportional to 
the charge Z and extend up to 
~ 1017 and 1020 eV, respectively

Global Picture on Mass Composition
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Pierre Auger Collaboration, Science 357 (22 September 2017) 1266 [arXiv:1709:07321]
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Anisotropy searches at highest energies – catalogs

21

UHECR sky > 32 EeV from the Pierre Auger Observatory

M83

Cen A

NGC 4945

Anisotropy search in the toe region with Auger phase 1 data spanning 2004-2020 (17 years!)
~4σ from search in Centaurus region, confirmed by catalog-based searches.

Largest signal from starburst galaxies but no compelling evidence for catalog preference

For all these searches: most significant signal at Eth = 38-41 EeV on top-hat scale 𝚿 = 23-27° with signal fraction α = 5-15%

Evolution of signal: compatible with linear growth within expected variance, 5σ reach expected in 2025-30 

Most important evidence for UHECR anisotropy around the toe from a single observatory → UHECR source ID is near?

Jonathan Biteau – ICRC 2021 / CR Anisotropies – 2021.07.15

A
pJL 2018

IC
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C
 2019
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C
 2019
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pJL 2018

Catalog-based searches
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Best-fit parameters and threshold energy
Fit of attenuated flux pattern + isotropy to data with variable signal fraction and smoothing scale above Eth = {32, 33, …, 80} EeV 
For all four catalogs: most significant signal at Eth = 38-41 EeV on top-hat scale 𝚿 = 23-27° with signal fraction α = 6-15%
Post-trial deviation from isotropy: from 3.1σ (jetted AGN) up to 4.0σ (starbursts). 

Evolution of signal with exposure
Starbursts significance: 4.0σ in ApJL 2018, 4.5σ at ICRC2019 (similar α, 𝚿 above 38-41 EeV). 
Compatible with linear growth within expected variance 

Stronger a priori: the Centaurus region

Motivation 
Early-day flagging of Centaurus region (7% current exposure)  

Crowded area in the Council of Giants (3-6 Mpc)

Method & Result
Direction fixed to that of Cen A, free Eth and 𝚿 

Eth > 41 EeV, 𝚿 = 27°: 3.9σ post-trial deviation from isotropy (5% excess)

20°

M83

Cen A

NGC 4945

Auger, Science 2007
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UHECR sky > 32 EeV viewed from the Pierre Auger Observatory Jonathan Biteau

Catalog ⇢th [EeV]  [deg] U [%] TS Post-trial ?-value
All galaxies (IR) 40 24+16

�8 15+10
�6 18.2 6.7 ⇥ 10�4

Starbursts (radio) 38 25+11
�7 9+6

�4 24.8 3.1 ⇥ 10�5

All AGNs (X-rays) 41 27+14
�9 8+5

�4 19.3 4.0 ⇥ 10�4

Jetted AGNs (W-rays) 40 23+9
�8 6+4

�3 17.3 1.0 ⇥ 10�3

Table 2: The results of the searches for anisotropies against catalogs. The second to fourth columns provide
the threshold energy, the equivalent top-hat radius and the signal fraction maximizing the local TS, or
post-trial ?-value, shown in the fifth and sixth columns.

on the analysis results. The catalogs are fully complementary: 2MASS infrared observations of
“all” galaxies provide, through stellar mass, a deep view on integrated star-formation activity; radio
observations of bright starburst galaxies provide a more instantaneous view on ongoing starforming
activity; X-ray observations provide a census of “all” active galaxies, be they jetted or non-jetted;
W-ray observations finally focus on a sub-sample of jetted active galaxies.

To determine whether the flux patterns from these catalogs contribute to the anisotropy in the
toe region, we perform an unbinned maximum-likelihood ratio test [8] between the null hypothesis,
isotropy, and the test hypothesis, that is a catalog contribution added to an isotropic component,
where both hypotheses account for the exposure of the Observatory. The flux of each source is
weighted according to the UHECR attenuation expected from the best-fit model of the spectral and
composition data from [13]. The overall UHECR flux contribution of the catalog is normalized to
a free amplitude U (that of the isotropic component is 1-U) and the catalog flux pattern is smoothed
with a Fisher - von Mises function on a Gaussian angular scale, \. The local test statistic, TS,
corresponding to the maximum likelihood ratio is shown as a function of energy threshold in Fig. 2,
right. The TS profiles of the catalogs display an energy dependence similar to that observed in
the Centaurus region, obtained by profiling the pre-trial ?-value in Fig. 2, left, and penalizing for
the scan over the angular scale. As reported in Table 2, the signal is maximal for all four catalogs
above an energy threshold close to 40 EeV. For the sake of comparison with other results, the best-fit
Gaussian angular scales are converted to equivalent top-hat radii as  = 1.59⇥ \ [17], with best-fit
values at  ⇡ 25�. The signal fractions range from 6 to 15%. The local TS range between 17 and
25, yielding post-trial ?-values between 10�3 (3.1f) and 3 ⇥ 10�5 (4.0f), accounting for the scan
in energy threshold and the two free parameters (U, \).

Although similar parameters are inferred for the four catalogs, the TS and corresponding
post-trial ?-values show marked di�erences. A quantitative comparison between the catalogs is
performed, as in [8], by testing a composite model including contributions from catalog #1 and
catalog #2 against a model including a contribution from catalog #1 only. A W-ray only, X-ray
only, or IR only contribution is disfavored with respect to a composite model including a radio
contribution from starburst galaxies above 38 � 41 EeV at confidence levels varying between 2
and 3f. While there is no significant indication for a preferred catalog, such di�erences can be
qualitatively understood from a comparison of the observed flux map shown in Fig. 1 with the best-
fit flux models shown in Fig. 3. The X-ray and W-ray models of all and jetted AGNs are dominated
by a contribution from Centaurus A, with additional mild contributions close to the edge of the
FoV from NGC 4151 (so-called “Eye of Sauron”) for the former and from the blazar Markarian 421
and the radio-galaxy NGC 1275 for the latter. The possible mild excess south of the edge of the
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A closer look at the catalog-based models

Which UHECR overdensities do the models grasp?
Centaurus region in all models (M83 + Cen A + NGC 4945 at ~4 Mpc)

Galactic-South-pole tepid spot in starburst model (NGC 253 at ~4 Mpc)

No hotspot at (l,b) ~ (280°,75°) from IR model (Virgo cluster at ~16 Mpc)

Observed > 41 EeV

Best-fit models > 38-41 EeV 
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Disclaimer: qualitative comparison
Starbursts + IR/X-ray/ɣ-ray vs IR/X-ray/ɣ-ray

yield only mild (2-3σ) preference for starbursts

Model flux map

All data until end of 2020, optimized quality cuts: 120,000 km2 sr yr

4.0s

3.1s

Growth of test statistic (TS) compatible with linear increase 
Discovery threshold of 5σ expected in 2025 – 2030 (Phase II) 
Other means to increase sensitivity (Auger 85% sky coverage)

(Jonathan Biteau)

taken from R. Engel, Pierre Auger highlights, ICRC 2021, see also Pierre Auger collaboration, Astrophys. J. 935 (2022) 170
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Kotera, Olinto, Ann.Rev.Astron.Astrophys. 49 (2011) 119

3-Dimensional Effects in Propagation
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Extragalactic Magnetic Field Filling 
Factors from recent Simulations

Alves Batista et al., ``Open Questions in Cosmic Ray Research at ultra-high energies’’, Front.Astron.Space Sci. 6 (2019) 23 
[arXiv:1903.06714]
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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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https://crpropa.desy.de/Main_Page 
https://github.com/CRPropa/CRPropa3/

http://apcauger.in2p3.fr/CRPropa/index.php
https://github.com/CRPropa/CRPropa3/


Discrete Sources in nearby 
large scale structure

37



38

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.

<latexit sha1_base64="tvJNNJttnZpGGPHdW8iwxjR0E1U="> p/CyMBcuon6jTCKU2vmICUu1HqcBeaYMY33dZpT/s/ULjN4MJkLmBXIZVoWiIjGjNH+KmhszAsFCJczQZz8B3SISLpDC7cLBeqfrdrof1le339Z0LFnPrRdW2+paG9a29d7atfatsPG58bXxvfGj+aX5rfmz+atyXVyoY55ZV07zzz/4Uqyb</latexit><latexit sha1_base64="tvJNNJttnZpGGPHdW8iwxjR0E1U="> p/CyMBcuon6jTCKU2vmICUu1HqcBeaYMY33dZpT/s/ULjN4MJkLmBXIZVoWiIjGjNH+KmhszAsFCJczQZz8B3SISLpDC7cLBeqfrdrof1le339Z0LFnPrRdW2+paG9a29d7atfatsPG58bXxvfGj+aX5rfmz+atyXVyoY55ZV07zzz/4Uqyb</latexit><latexit sha1_base64="enDVuMe7KMsQhoCcu7A3p7bFnLc="> hReluXAx9RvnEsFqFyMmLNN6nIXkmTFM9HWbUf7L1isxft2fCFmUyGVUFYrL1IzS/Clm3JgRCBYpYYY+/wnohiWhQgo3hQsSDtbbHb/deb++tv1mRsey88x57jSdjrPhbDvvnF1n34lqn2pfat9q3+uf61/rP+o/K9dbS7OYp86VU//9F/b8rJg=</latexit><latexit sha1_base64="enDVuMe7KMsQhoCcu7A3p7bFnLc="> hReluXAx9RvnEsFqFyMmLNN6nIXkmTFM9HWbUf7L1isxft2fCFmUyGVUFYrL1IzS/Clm3JgRCBYpYYY+/wnohiWhQgo3hQsSDtbbHb/deb++tv1mRsey88x57jSdjrPhbDvvnF1n34lqn2pfat9q3+uf61/rP+o/K9dbS7OYp86VU//9F/b8rJg=</latexit><latexit sha1_base64="enDVuMe7KMsQhoCcu7A3p7bFnLc="> hReluXAx9RvnEsFqFyMmLNN6nIXkmTFM9HWbUf7L1isxft2fCFmUyGVUFYrL1IzS/Clm3JgRCBYpYYY+/wnohiWhQgo3hQsSDtbbHb/deb++tv1mRsey88x57jSdjrPhbDvvnF1n34lqn2pfat9q3+uf61/rP+o/K9dbS7OYp86VU//9F/b8rJg=</latexit><latexit sha1_base64="enDVuMe7KMsQhoCcu7A3p7bFnLc="> hReluXAx9RvnEsFqFyMmLNN6nIXkmTFM9HWbUf7L1isxft2fCFmUyGVUFYrL1IzS/Clm3JgRCBYpYYY+/wnohiWhQgo3hQsSDtbbHb/deb++tv1mRsey88x57jSdjrPhbDvvnF1n34lqn2pfat9q3+uf61/rP+o/K9dbS7OYp86VU//9F/b8rJg=</latexit>
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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]
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Pierre Auger Collaboration, 
Astropart. Phys. 31 (2009) 399

Maccione, Liberati, Sigl, 
PRL 105 (2010) 021101

Experimental upper limits on 
UHE photon fraction

Contradict predictions if pair 
production is absent

Lorentz Symmetry Violation in the Electromagnetic Sector

The idea:
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Lorentz Symmetry Violation in the Photon Sector

For a photon dispersion relation 

pair production may become inhibited, increasing GZK photon fluxes 
above observed upper limits: In the absence of LIV for electrons/positrons 
for n=1 (CPT-odd terms) this yields:

Even for n=2 (CPT-even) one has sensitivity to ξ2~10-6 
Such strong limits may indicate that Lorentz invariance violations are 
completely absent !

!2
± = k2 + ⇠±n k2

✓
k

MPl

◆n

, n � 1 ,

⇠1  10�12
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Such strong limits suggest that Lorentz 
invariance violations are completely absent !

excluded by current photon flux 
upper limits/too little UHE photon 
absorption takes place

excluded if UHE photons are detected

Constraints for n=2 for the 3 
independent parameters
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The modified dispersion relation also leads to energy dependent group velocity 
V=∂E/∂p and thus to an energy-dependent time delay over a distance d: 

for linearly suppressed terms. GRB observations in TeV γ-rays can therefore probe quantum 
gravity and may explain that higher energy photons tend to arrive later (Ellis et al.).

�t = �� d
E

MPl
' ��

✓
d

100Mpc

◆✓
E

TeV

◆
sec
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But the UHE photon limits are inconsistent with interpretations of time 
delays of high energy gamma-rays from GRBs within quantum gravity 
scenarios based on effective field theory 
Maccione, Liberati, Sigl, PRL 105 (2010) 021101 

Possible exception in space-time foam models, 
Ellis, Mavromatos, Nanopoulos, arXiv:1004.4167



Conclusions
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1.) The sources of ultra-high energy cosmic rays are still not identified due to rather small 
anisotropies; they are influenced by the source distribution and magnetic fields 

2.) composition seems to become heavier at the highest energies which appears economic in terms 
of shock acceleration power

3.) The observed Xmax distribution of air showers also provides potential constraints on 
hadronic interaction models; however, more muons are observed than predicted by 
conventional models; this is hard to explain within the Standard Model

4.) Highest energy particles can be used as sensitive probes of the Lorentz symmetry


