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Key UHECR Observations
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AND: Neutral UHE messengers (photons, neutrons, neutrinos), Hadronic Interactions (p+air cross section, muons in air showers), BSM Physics (LIV, SHDM, anitons, monopoles), ...



Extragalactic Cosmic-Ray Propagation
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Greisen, Zatsepin, Kuzmin Cutoff (GZK)
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Greisen, Zatsepin, Kuzmin Cutoff (GZK)
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Photo-Pion Production
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Photo-Pion Production profos ok resk
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Photo-Pion Production
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Extragalactic Photon Fields
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Pair Production and Adiabatic Loss
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Pair Production and Adiabatic Loss
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Energy Loss of Protons (o)
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Energy Loss of Protons
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Propagation of UHE Protons
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Propagation of UHE Protons  rdit e’
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Propagation of UHE Protons  rddift+¢'e™« rdogion
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Propagation of UHE Nuclei
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Propagation of UHE Nuclei
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Propagation of UHE Nuclei

M. De Domenico, EPJ 128 (2013) 99
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Propagation of UHE Nuclei
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“GZK Sphere”
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Extra- and Intergalactic Magnetic Fields
vicinity of the

Galaxy (disk + halo) source
[ Tkpc x 10kpc | [ 10- 100 kpc | source

\
\
\
scattering centers source 1
(radio halos, environment |
galactic winds, ...) (cluster) /
/

filaments -

_

—_—

10 - 300 Mpc

magnetic field
in voids?

10 - 30 Mpc

K. Kotera & A.V. Olinto ARAA 49 (2011) 119



Vazza et al. MNRAS 445 (2014) 3706
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Propagation Through the IGMF

Hesri et ilica e

o SW\;.u_ﬁb\élL, suﬂ’l,rtv\b éov IR CC"‘""‘""“- (._.\bl-l'\ lc) 3> s loduee § toondown 1x(W e AIAOLL
o Stamdacd duviehion nh LKLJ\'M Dens =W

5 e [B 40"
Qﬁns S (:G\_'\ <'—’— 400 f\f(, ( \ = Prl\hh A,s\mwuw\Y o DHE ‘

(myim. evtia corbounn “‘"‘“‘"‘7 { b?,:.{n“'c.)

. @vw-\b Aty K dJA/ wrk ballishe @ Ur=c

40” tnci L0w
o st (1 (5] L () o
@S

. W\AU\J\Z hoaou : 1‘<A/H° (HMde, time 16 é\-{r)

;6_ _}\_&_ %_ d i S ho-vsidily hwizon
~ G\j(’\nf\f\ (70“‘:(.\40 Vv 07




Proyehed wad\‘c &tdd orindrhion ;.,\zumt &vow\ prlavtaation

M51 (HST, MPIfR)

Galactic Magnetism

Planck polarized intensity at 30 GHz
imimsi(-7 deuvs

9000 Lj
T

sw!«v-\w« vadicton

Electron

Jansson&Farrar 2012



Cosmic-Ray Deflections
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Key UHECR Observations

arrival directions
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energy spectrum mass composition
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Bl 6 GCR Spedrus ~ Epagy 2
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Maximum Rigidity Model, Peters Cycle?
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Maximum Rigidity Model, Peters Cycle?
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Photonuclear Interactions in Source Environment?
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Photonuclear Interactions in Source Environment?
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Single Mass + Photonuclear Interactions in Source Environment
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Interpretation of the UHE Spectrum and Mass «enaican
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Interpretation of the UHE Spectrum and Mass «enaican
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Interpretation of the UHE Spectrum and Mass «enaican
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Interpretation of the UHE Spectrum and Mass «enaican
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Dipolar Anisotropy of UHECRs (E> 8 EeV)

Pierre Auger Coll., ICRC21 and Science 357 (2017) 1266
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Dipolar Anisotropy of UHECRs (E> 8 EeV) 20K lery calge
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Charged Particle Astronomy?
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UHECR Sky as seen by the Pierre Auger Observatory
O(Epuger = 41 EeV) - W = 24°
75° (Sjlactic

latitude
o

code and dataset available at
doi:10.5281/zenodo.6504276
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Correlation with Galaxy Catalogues (E= 40 EeV)
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Correlation with Galaxy Catalogues (E= 40 EeV)
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Anisotropy at UHE: Localization of the “Amaterasu” Particle

The,.
Guardian
‘What the heck is going on?’ Extremely
high-energy particle detected falling to

Earth
OMG! Schon wieder!

nature

The most powerful cosmic ray since
the Oh-My-God particle puzzles

scientists

A Ray From Space Hit Earth with
Such Incredible Power That
= Scientists Named It After a God

The source of the Amaterasu particle, named after the Japanese
sun goddess, is a "big mystery."



Science

HOME > SCIENCE > VOL.382,NO.6673 > AN EXTREMELY ENERGETIC COSMIC RAY OBSERVED BY A SURFACE DETECTOR ARRAY
RESEARCH ARTICLE | ASTROPARTICLE PHYSICS

An extremely energetic cosmic ray observed by a sur- e E— (2.44 +0.29 (stat.) F0-31 (syst.)) %1020 gV
face detector array

COLLABORATION*t, R. U. ABBAS| M. G ALLEN, R. ARIMURA

e if Fe: Enom = (2.12 4 0.25) x 1020 eV
® Feat —logyst: Fiow = (1.64 £0.19) x 1020 eV
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Propagation of Fe in Extragalactic Photon Fields

propagation distance D / Mpc
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MU & G.R.Farrar ApJL 2024



Distribution of galaxies up to D=150 Mpc

¢ 2MASS galaxies * Swift-BAT AGNs @ radio galaxies

® starburst galaxies —— Amaterasu localization
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Fiow — 20, D0_1=72 MpC

2MASS galaxies ¢ Swift-BAT AGNs @ radio galaxies

® starburst galaxies —— Amaterasu localization
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= s dso poskes by Nabine Bouvie and Lugisnar Dewrado
Enom, Do.1=10 MpC 4

2MASS galaxies * Swift-BAT AGNs @ radio galaxies ® starburst galaxies —— Amaterasu localization
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‘ m James Webb Space Telescope 2023
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