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Origin of Ultra-high Energy Cosmic 
Rays: Some Perspectives of a Theorist
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1. Cosmic Rays and the non-thermal Universe: Some 
general considerations


2. Ultra-high energy cosmic rays: theoretical 
challenges, multi-messenger aspects


3. Anisotropies and 3-dimensional propagation



The All Particle Cosmic Ray Spectrum
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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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Cosmic Rays and the Non-Thermal 
Universe: General Considerations

ρCR ∼
4π
c0 ∫ d ln EE2j(E) ≥ 4πE2

eg j(Eeg) ∼ 5.9 × 1054 erg Mpc−3 , Eeg ∼ 1018 eV ,

(based on discussions with Jörg Rachen) 
Cosmic ray energy density dominated by extragalactic flux, 

because E2j(E) decreases with energy, so is dominated by smallest energy dominated 
by extragalactic flux 
For energy loss time Tloss(E) this corresponds to a power 

because E2j(E)/Tloss(E) only weakly depends on energy and Tloss(E) becomes comparable 
to the Hubble rate H0 ~ 1/t0 at E ~ Eeg. 
Now compare this with the thermal and non-thermal power in the Universe.

LCR

V
∼

4π
c0 ∫ d ln E

E2j(E)
Tloss(E)

∼ 10
ρCR

t0
∼ 4.3 × 1045 erg Mpc−3y−1 ,
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G. Sigl, book “Astroparticle Physics: Theory and Phenomenology”, Atlantis Press/Springer 2016
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If a fraction fs ~ 5% of the baryonic matter has been cycled through stars until today 
of which a nuclear binding energy fraction fn ~ 10-3 is released in stellar fusion then 
the thermal energy density is 𝜌th ~ fsfn Ωb𝜌c,0, corresponding to the thermal luminosity 

Similarly, if a fraction fnth of the mass density is transformed into non-thermal energy, 
its energy density is 𝜌nth ~ fnth Ωm𝜌c,0. We expect fnth to be a fraction of the 
turbulent energy density per unit mass, thus by the viral theorem 
fnth < vt2/2 ~ 10-6 (number typical for largest virialized structures, galaxy clusters). 
Thus 

and a fraction ~ 10-3 of the non-thermal power is sufficient to explain LCR. 

Lth

V
∼

fs fnΩbρc,0

t0
∼ 4 × 1049 ( Ωbh2

0.022 ) ( fs
0.05 ) ( fn

10−3 ) erg Mpc−3y−1 .

Lnth

V
∼

fnthΩmρc,0

t0
∼ 5.1 × 1048 ( Ωmh2

0.142 ) ( fnth

10−6 ) erg Mpc−3y−1 ,



�8

Estimate of maximal cosmic ray energy in an object of mass M and radius R: 

If magnetic field energy is fraction fB of non-thermal energy, 

The virial theorem states that fnth M ~ Upot/2 ~ GNM2/R, implying M ~ fnth R/GN. 

Together with equation above this gives 

and using the Hillas criterium with v ~ vt ~ fnth1/2 results in 

Remarkably this is independent of M and R and comparable to observed maximal 
energies if highest energy are dominated by heavy composition !

B2

8π
4π
3

R3 ∼ fB fnthM .

B ∼ (6fB)1/2 fnth
MPl

R
,

Emax ≤ eZRBvt ≃ (6fB)1/2 f3/2
ntheZMPl ∼ 3 × 1018 Z ( fnth

10−6 )
3/2

eV .
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The „grand unified“ differential neutrino number spectrum

Multi-Messenger Aspects

G. Sigl, book 
“Astroparticle Physics: 
Theory and Phenomenology”, 
Atlantis Press/Springer 2016



The universal diffuse photon spectrum
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G. Sigl, book 
“Astroparticle Physics: 
Theory and Phenomenology”, 
Atlantis Press/Springer 2016
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Multi-Messengers: The Big Picture

M. Ahlers, arXiv:1811.07633



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



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

✓
Emax

1020 eV

◆2

erg s�1

BR > 3⇥ 1017 ��1

✓
Emax/Z

1020 eV

◆
Gauss cm



A possible acceleration site associated with shocks in hot spots of active galaxies

�14



Or Cygnus A
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Depth of shower maximum Xmax and its distribution contain information on 
primary mass composition

Mass Composition
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Muon number measured at 1000 m from shower core 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, PRL 117, 192001 (2016) [arXiv:1610.08509]

The production of ρ0 could also play a role. 
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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

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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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) 026 [arXiv:1611.06812]

A Significant Anisotropy around 8x1018 eV is now seen
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Pierre Auger Collaboration, Science 357 (22 September 2017) 1266 [arXiv:1709:07321]
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Kotera, Olinto, Ann.Rev.Astron.Astrophys. 49 (2011) 119

3-Dimensional Effects in Propagation
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Modelling Challenges

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

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.
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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
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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, arXiv:1710.05517
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Dundovic and Sigl, arXiv:1710.05517
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Extragalactic Magnetic Field Filling 
Factors from recent Simulations

Alves Batista et al, PRD 96 (2017) 023010 [arXiv:1704.05869]
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Hackstein et al., Mon.Not.Roy.Astron.Soc. 475 (2018) no.2, 2519 [arXiv:1710.01353]
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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



CRPropa is a public code for UHE cosmic rays, neutrinos and γ-rays being extended 
to heavy nuclei and hadronic interactions

Version 1.4: Eric Armengaud, Tristan Beau, Günter Sigl, Francesco Miniati, 
Astropart.Phys.28 (2007) 463. 

https://crpropa.desy.de/Main_Page 
https://github.com/CRPropa/CRPropa3/ 

Version 2.0: Luca Maccione, Rafael Alves Batista, David Walz, Gero Müller, 
Nils Nierstenhoefer, Karl-Heinz Kampert, Peter Schiffer, Arjen van Vliet 

Astroparticle Physics 42 (2013) 41
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CRPropa 2.0/3.0

Module List

Magnetic fieldTabulated data

SourceModel 

Infrared background
Radio background
...

Check isActive ?

Galactic
lensing

Spectrum
Evolution
Direction 
Composition
...

External libraries
SOPHIA
DINT
...

Uniform
Grid
...

Candidate

Deflection

Observer

Boundary Output

Interaction

position, type, ...
isActive? 

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


Discrete Sources in nearby 
large scale structure
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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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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 fir injection indices 
𝝲 ~ 1.6 [Wittkowski, proceedings 
of ICRC 2017]
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Hackstein, Vazza, Brüggen, Sigl, Dundovic, 
Mon.Not.Roy.Astron.Soc. 462 (2016) no.4, 3660 [arXiv:1607.08872]

based on ENZO simulations
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Hackstein, Vazza, Brüggen, Sigl, Dundovic, 
Mon.Not.Roy.Astron.Soc. 462 (2016) no.4, 3660 [arXiv:1607.08872]

based on ENZO simulations



�37

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 luminosity etc.
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Eichmann et al., JCAP 1802 (2018) 036 [arXiv:1701.06792]
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Many other models have already provided predictions for multipoles/autocorrelations/
correlations etc, e.g. 

Kalashev, Pshirkov, Zotov, arXiv:1810.02284 
Sigl, Miniati, Ensslin, PRD 70, 043007 (2004)



Conclusions
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5.) The sources of ultra-high energy cosmic rays are still not identified due to rather small 
anisotropies; composition seems to become heavier at the highest energies which appears economic 
in terms of shock acceleration power

4.) The observed Xmax distribution and muon number and production depth in air showers 
provides potential constraints on hadronic interaction models: current models do not fully 
explain the data, however, systematic uncertainties are still significant.

3.) Energy densities in cosmic rays, gamma-rays and neutrinos are all comparable -> “calorimetry”

1.) A fraction ~ 10-3 of the total non-thermal power is sufficient to explain cosmic ray fluxes

2.) Maximal acceleration energy could be quite universal/not very source dependent

6.) 3-dimensional modeling becomes more and more important


