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what are cosmic rays?
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cosmic-ray spectrum
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a brief historical overture
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‣ 1900: Hans Geitel and Julius Elster notice the existence of 
ionising radiation in the atmosphere

‣ 1909: Theodor Wulf measures higher levels of ionising 
radiation at the top of the Eiffel tower

‣ 1910: Domenico Pacini rejected the idea of this radiation 
having terrestrial origin

‣ 1912: Victor Hess improves Wulf's experiments and show 
an increasingly high ionisation power at higher altitudes

‣ 1920s: Robert Millikan coined the term "cosmic rays"

‣ rest of the century: particle physics with cosmic rays
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the cosmic-ray spectrum
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detection principle
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Taken from: F. Schröder. Prog. Part. Nuc. Phys. 93 (2017) 1
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shower development in the atmosphere
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http://astro.uchicago.edu/cosmus/projects/aires/
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a brief history of UHECRs
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‣ 1962: first detection of a CR with E>1020 eV (Volcano Ranch experiment)

‣ 2007: we've found them...

‣ 2008: it was an statistical fluke =(

‣ 2018: what's producing these CRs?
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ultra-high energy cosmic rays (UHECRs)
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‣ where do they come from?

‣ what are they made of?

‣ how are they accelerated?

‣ what is the maximal energy they can reach?

‣ do we see a GZK cutoff?

‣ where does the transition between galactic and 
extragalactic cosmic rays take place?

fundamental 
questions

some 
problems

‣ observables from CR experiments: spectrum, composition, anisotropy

‣ neutrinos and photons provide complementary information

‣ test new physics scenarios using UHECRs (?)
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‣ UHECR acceleration models: bottom-up and top-down

‣ the vast majority of top-down models have been excluded by measurements fraction

‣ bottom-up: educated guess for accelerator sites: Hillas condition

UHECR sources

�11

‣Hillas criterion: Larmor 
radius should be smaller 
than accelerator size

Emax ⇡ 2�cZeBRL

‣ acceleration mechanism 
affects energy spectrum

‣ "popular" candidates: AGNs, 
young pulsars, magnetars, 
tidal disruptions
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templates

‣ diffusive shock acceleration

‣ shear acceleration

‣ unipolar induction

‣ magnetic reconnection

‣ one-shot acceleration

UHECR sources & acceleration
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sources

‣ supernovae [Fermi '49, Axford+ '77, Bell '78, Blandford & 
Ostriker '78]

‣ magnetars [Aarons+ '03]

‣ young pulsars [Gunn & Ostriker '69, Blasi+ '00, Fang+ '12]

‣ GRBs [Vietri '95, Waxman '95, Lemoine '02]

‣ AGN jets [too many to cite]

‣ tidal disruption events (TDEs) [Farrar & Gruzinov '09]

‣ TDEs of white dwarfs with ignition [RAB &  Silk '17]

‣ ...

matter of taste: everybody's got a favourite source 
and acceleration model; pick yours!
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tidal disruption IMBH+WD: flare
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Rosswog et al. ApJ 695 (2009) 404. arXiv:0808.2143
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tidal disruption IMBH+WD: nucleosynthesis
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Korobkin et al. MNRAS 426 (2012) 1940. arXiv:1206.2379
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‣ goal: explain the intermediate composition for the UHECRs measured by Auger

‣ idea: white dwarfs can be ignited by BHs with mass 102 Msun<MBH<105 MBH

‣ the supernova explosion accelerates CRs via Fermi mechanism

‣ a jet is launched due to the high accretion rate

‣ CRs crossing the jet receive an energy boost by a a few orders of magnitude

‣ model I: CO star; model II: He star

possible sources:  IMBH+WD

�15

RAB, J. Silk. Phys. Rev. D 96 (2017) 103003 arXiv:1702.06978
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propagation picture

magnetic fields

- extragalactic (filaments, 
sheets, clusters, voids)

- galactic
sources
- AGNs

- GRBs

- tidal disruptions

- magnetars

? ... 

primary 
nuclei

possible 
secondary 

nuclei

neutral 
particles

interactions/energy losses

- pair production

- photopion production

- expansion of the universe

- photodisintegration

- nuclear decay

secondary 
gamma rays 

and neutrinos
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modelling the propagation of UHECRs: photon backgrounds
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modelling the propagation of UHECRs: interactions
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‣ there are more processes than the ones 
shown

‣ hadronuclear interactions (nucleus-nucleus) 
should be accounted for in dense 
environments
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epistemological interlude: the GZK cutoff
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Auger

HiRes
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modelling the propagation of UHECRs: energy losses
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modelling the propagation of UHECRs: magnetic fields
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‣ voids

10-9 1012109106103110-310-6

‣clusters ‣stars ‣white 
dwarfs

‣neutron 
stars

‣magnetars

B [G]

‣galaxies

‣ are there cosmological magnetic fields?

‣ how did the magnetic fields in the universe 
come to be? astrophysical vs cosmological 
origin

‣ we have upper and lower bounds, but 
parameter space is still large



‣ largest cosmic ray observatory in 
the world

‣ operating since 2004

‣ located in Mendoza, Argentina

‣ >3000 km2

‣ p i o n e e r hy b r i d d e t e c t i o n 
technique (surface + fluorescence)

‣ pioneer "superhybrid" technique 
including also radio detection

surface detector
fluorescence detector
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state of the art: Pierre Auger Observatory
radio detector
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the Pierre Auger Observatory

�23
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what are UHECRs made of?
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Pierre Auger Collaboration. PRD 90 (2014) 122005. arXiv:1409.4809

‣UHECRs are very (very) likely atomic nuclei

‣ showers are reconstructed assuming hadronic interaction models, which are based 
on extrapolation of accelerator data

‣ New Physics in air showers?

‣ direct implication: high-energy cutoff implies probably no or small GZK effect
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what are the sources of UHECRs?
Pierre Auger Collaboration. ApJ 804 (2015) 15. 

arXiv:1411.6111
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the Telescope Array hotspot
Telescope Array Collaboration. ApJL 790 (2014) L21. 

arXiv:1404.5890
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‣ hotspot detected with significance 3.4σ
‣ no sources nearby

‣ excess near supergalactic plane, which contains e.g. Ursa Major,  Virgo and Coma cluster

‣ distance to Ursa Major cluster ~ 19 degrees
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the Auger dipole
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Pierre Auger Collaboration. Science  357 (2017) 1266. arXiv:1709.07321

‣ Auger's result show that UHECRs above 8 EeV are (mostly) extragalactic

‣ the distribution of UHECRs at E>8 EeV seem to trace the local distribution of matter in 
the universe
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‣ explain these three observables

‣ explain also gamma ray and neutrino counterparts

‣ magnetic fields and source distribution may affect 
spectrum and composition, and certainly affect 
anisotropy

‣ 3D simulations are needed

‣ large parameter space → fast simulations

modelling the propagation of UHECRs

�28
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modelling the propagation of UHECRs: CRPropa
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‣ publicly available Monte Carlo code 
for propagating UHECRs and their 
secondaries in the intergalactic space

‣ modular structure

‣ parallelisation with OpenMP

‣ 1D, 3D and "4D" simulations

‣ relevant energy losses implemented

‣ variety of tools to handle custom 
magnetic field models

‣ predict spectrum, composition, and 
anisotropies simultaneously

‣ several models of EBL available

‣ possible to compute secondary 
gamma and neutrino fluxes

https://github.com/CRPropa/CRPropa3

RAB et al.  JCAP 05 (2016) 038.  arXiv:1603.07142
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combined spectrum-composition fits
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‣ log(Rcut / V) = 18.48

‣ γ = 0.29 (+0.08 | -0.07)

‣ fraction of H: 14.3% (+4.2 | -14.2)

‣ fraction of He: 10.0% (+2.2 | -10.0)

‣ fraction of N: 75.3% (+15.5 | -9.4)

‣ fraction of Fe: 0.5% (+0.1 | -0.1)

CRPropa

Kneiske '04 EBL model

TALYS cross sections for PD

A. di Matteo+ (Pierre Auger Collaboration). ICRC 2015 Proceedings. 

arXiv:1509.03732
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theoretical uncertainties in the modelling

�31

RAB,  Boncioli, di Matteo, van Vliet, Walz.  JCAP 1510 (2015) 063. arXiv:1508.01824
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how to solve this "problem"

‣ magnetic horizons: suggested by [Mollerach & Roulet 
’13], but do not play a role at EeV energies in 
realistic extragalactic magnetic field models [RAB & 
Sigl ’14]

‣ source distribution may be highly inhomogeneous 

‣ source emissivity may evolve negatively with redshift 
[Taylor+ '15, RAB+ '18]

‣ interactions in the surroundings of sources may 
harden the escape spectra [Unger+ '15]

‣ caveat 1: hadronic interaction models can fail to 
describe interactions at the highest energies (e.g. 
muon problem [Auger ’14])

‣ there is no problem

the hard spectra "problem"

Pierre Auger Collaboration. . JCAP 04 (2017) 038. arXiv:1612.07155

what 
we ge
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what 
we lik

e
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magnetic horizons of UHECRs
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RAB & G. Sigl. JCAP 1411 (2014) 031. arXiv:1407.6150
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‣ state-of-the-art model: Jansson & Farrar '12 (JF12)

‣ this model is based on fits of synchrotron emission + Faraday rotation + polarisation 
measurements

‣ models needs improvements

UHECRs and the galactic magnetic field

�34

obtained with the PARSEC code: 

http://web.physik.rwth-aachen.de/Auger_MagneticFields/PARSEC

http://web.physik.rwth-aachen.de/Auger_MagneticFields/PARSEC
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‣ the case of Centaurus A, assuming only galactic deflections and the complete JF12 field

UHECRs and the galactic magnetic field

�35

obtained with the PARSEC code
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‣ if galactic deflection dominate over extragalactic, can we reconstruct source position?

UHECRs and the galactic magnetic field

�36

‣ no multiplets detected in Auger data [Auger ’12]

‣ constrain models of GMF with multiplets?

‣ unlikely to be detected, unless source is really close and magnetic fields are "well-behaved"

‣ cool idea: to use UHECR to measure/constrain cosmic magnetic fields

M. Zimbres, RAB, E. Kemp. Astropart. Phys. 54 (2014) 54. arXiv:1305.0523

RAB, M. Zimbres, E. Kemp. Physicae Proc. 1 (2012) 23. arXiv:1201.2183
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UHECR astronomy?
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Dolag et al. JETP 79(2004) 583

Sigl, Miniati, Ensslin. PRD 70 

(2004) 043007
100<E [EeV]<1000 ‣ cumulative deflections displayed are for 

protons

‣ Sigl+: deflections are high

‣ Dolag+: deflections are small

‣ for heavy nuclei deflections can be even 
higher

‣ UHECR astronomy may be possible in the 
later but not in the former scenario 

‣ how to solve this controversy?

what would happen in the extreme case in 
which voids are highly magnetised?
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MHD simulations
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UHECR astronomy?
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RAB, M.-S. Shin, J. Devriendt, D. Semikoz, G. Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869

‣ MHD simulations of the cosmic web give VERY different results

‣ power spectrum of magnetic fields affects UHECR astronomy

‣we know nothing about extragalactic magnetic fields

‣ ...but we can set limits

https://arxiv.org/abs/1704.05869
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deflections in extragalactic magnetic fields
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RAB, M.-S. Shin, J. Devriendt, D. Semikoz, G. Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869

https://arxiv.org/abs/1704.05869
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prospects for UHECR astronomy
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RAB, M.-S. Shin, J. Devriendt, D. Semikoz, G. Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869

In the worst case scenario UHECR astronomy is not 
impossible, but it is not very easy either.  

How to unveil the sources of UHECRs then?

use multiple messengers!!!

https://arxiv.org/abs/1704.05869
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multi-messenger constraints on sources

�42

p+ � ! p+ ⇡0

p+ � ! n+ ⇡+

⇡0 ! 2�

⇡+ ! µ+ + ⌫µ

n ! p+ e� + ⌫̄e

A
ZX + � !A�1

Z X + n

A
ZX + � !A

Z X + e+ + e�

A
ZX + � !A�1

Z�1 X + p

p+ � ! p+ e+ + e�

e+ + e� ! �

neutrinos

photons

UHECRs gamma rays neutrinos

how far can we see with 
it? 100 Mpc at 50 EeV 👎 10 Mpc at 1 EeV 👎 observable universe 👍

suitability for astronomy 👎 👍 👍
how hard it is to be 

detected? 👍 👍 👎
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UHECR constraints with UHECR astronomy
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A. van Vliet, J. Hörandel, RAB.  Proc. of Science (ICRC2017) 562. arXiv: 17017.04511

UHECRs gamma rays neutrinos
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first row:  pure proton, spectral index = 2.5, source evolutions indicated, maximal rigidity = 200 EV
second row:  pure proton/iron, spectral index = 2.5, no source evolution, maximal rigidity = 200 EV
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UHECR constraints with UHECR astronomy
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A. van Vliet, RAB, J. Hörandel. In preparation. 2018.

sources evolve as (1+z)m 
bands encompass upper and lower limits:  
    - spectral indices: 2-3 (darker); 1-3 (lighter)  
    - log(Emax/eV): 20-23 (darker); 19.6-23 (lighter)

‣ fraction of protons and evolution of sources 
can be excluded with neutrino experiments

‣ IceCube does not have the required 
sensitivity, but next-generation detectors 
such as the Giant Radio Antenna for 
Neutrino Detection (GRAND) can reach the 
sensitivity to probe part of the parameter 
space
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detection of cosmogenic neutrinos 
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RAB, R. M. de Almeida. B. Lago, K. Kotera. arXiv:1806.XXXX
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GRAND
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upcoming White Paper

GRAND Workshop
IAP, May 2017

GRAND collaboration.  Proc. of Science (ICRC2017) 996. 

arXiv:1708.05128

‣ ~35 collaborators from 23 institutions

‣ idea: 300k antennas covering an area  
of ~200,000 km2

‣ possible site: Tianshan mountains, 
XinJiang province, China

‣ detection principle: radio emission of 
extensive air showers initiated by 
Earth-skimming tau neutrinos
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GRAND
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‣ we still don't know what the sources of UHECRs are

‣ we still don't know what UHECRs are made of - we know they are mostly nuclei!

‣ we still don't know how UHECRs can be accelerated to such high energies

‣ we can neither confirm nor rule out the GZK cutoff

‣ Auger will operate until ~2022

‣ the next generation of experiments: some proposals 
   - JEM-EUSO (Japanese Experiment Module - Extreme Universe Space Observatory)  
   - POEMMA (Probe Of Extreme Multi-Messenger Astrophysics)  
   - GRAND (Giant Radio Array for Neutrino Detection)

where do we stand?

�48
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‣ UHECRs seem to have mixed composition

‣ highest energy cutoff may be due to maximal source acceleration energy instead of GZK

‣ surprisingly low spectral indices in combined spectrum-composition fits → unconventional 
sources? oversimplified analysis?

‣ TA intermediate-scale anisotropy not yet explained in terms of source populations

‣ Auger dipole suggests extragalactic sources following the large-scale structure

‣ difficult to construct models to explain main observables (spectrum, composition and 
anisotropies) → efficient computational tools required for modelling

‣ EBL spectrum, photonuclear cross sections, magnetic field power spectrum are all sources of 
uncertainty in the modelling of UHECR propagation

summary and outlook

�49
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‣magnetic fields may spoil UHECR astronomy

‣ MHD simulations suggest that even if voids are highly magnetised, UHECR astronomy may be 
possible in a fraction of the sky for typical magnetic power spectra

‣ if extragalactic deflections are low, it might be possible to constrain the galactic 
magnetic field using UHECRs other messengers are also useful to constrain UHECR 
sources

‣multimessenger astronomy with neutrinos + photons + cosmic rays (+ gravitational 
waves?) seem promising

summary and outlook

�50

thanks!  
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back-up slides
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modelling the propagation of UHECRs: energy losses
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MHD simulations

�53

‣ simulation volume: (200h-1 Mpc)3 

‣ AMR grid obtained using RAMSES, with 18 levels of refinement

‣ simulation: 

  part 1: solve ideal MHD ensuring precise conservation of momentum, energy, and mass

            guarantee that there are no magnetic monopoles in the simulation

  part II: physical parametrisation

            cooling, heating, and other relevant energy terms

            subgrid models including formation and death of objects, feedback, turbulence, ...

         properly model source and sink terms

‣ feedback ignored, but could be very important

the simulations

‣ run F: fiducial run

‣ run L: less magnetic power over small scales

‣ run S: less magnetic power over large scales

‣ run O: power mostly on large scales

RAB, M.-S. Shin, J. Devriendt, D. Semikoz, G. Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869

https://arxiv.org/abs/1704.05869
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prospects for UHECR astronomy
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deflections in extragalactic magnetic fields
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RAB, M.-S. Shin, J. Devriendt, D. Semikoz, G. Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869
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‣ we use Planck’s upper limit to normalise the magnetic field in voids

‣ this analysis provide an upper limit on (extragalactic) UHECR deflection

‣ MHD simulations: 5123 with size (200h-1)3; RAMSES code; 18 levels of refinement

https://arxiv.org/abs/1704.05869
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deflections in extragalactic magnetic fields
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RAB, M.-S. Shin, J. Devriendt, D. Semikoz, G. Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869

https://arxiv.org/abs/1704.05869
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deflections in extragalactic magnetic fields
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‣ the case of Centaurus A, assuming only galactic deflections and only the regular 
component of the field

UHECRs and the galactic magnetic field
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obtained with the PARSEC code
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radio detection of neutrinos
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‣ relevant for ~Mhz-Ghz

‣ geomagnetic emission: due to the induction of a 
transverse currente polarized in the direction of 
the geomagnetic force

‣ induced electric field: Lenz' law

‣ geomagnetic emission stronger than Askaryan 
effect in air, due to time variation of the the net 
charge excess in the shower front

‣ radio emission is the coherent sum of Askaryan + 
geomagnetic emissions, which may interfere 
constructively or destructively

‣ orientation constant for geomagnetic effect

‣ in Askaryan effect orientation changes after 
shower reaches maximum

F. Schröder. Nuclear and Part. Phys. Proc. 190 (2016) 279.

F. Schröder. Prog. Nuclear and Part. Phys. 93 (2017) 1.
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‣ example: simulation with CoREAS for the LOPES experiment

‣ colour: electric field strength of the radio signal.

‣ steepness and shape of footprint: depend on the distance from observation plane to the 
shower maximum

‣ footprint correlates with the composition

radio detection of CRs
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galactic lensing
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‣ assumes no energy losses

‣ each “lens” corresponds to a different 
energy bin

‣ lenses generated by backtracking protons to 
the galactic border

‣ nuclei have deflection of Z times the 
deflection for protons

‣ technique based on the PARSEC code   
[Bretz ’14]

‣ these lenses are applied to simulated data a 
posteriori
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diffusion in extragalactic magnetic fields
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‣ uniform source distribution


