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The Pierre Auger Observatory
• 25 Gt air calorimeter
• area: 3000 km2

• 1600 surface detectors:
12 t water-Cherenkov
3.8 m2 scintillator
30-80 MHz radio antennas

• 27 fluorescence telescopes
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UHECR Observations
Telescope Array (USA) Pierre Auger Observatory (Argentina)

energy spectrum and mass composition
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UHECR Observations

Telescope Array (USA) Pierre Auger Observatory (Argentina)

energy spectrum and mass composition
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Observational Tracers of the Galactic Magnetic Field (GMF) used in this work

V. Pelgrims E.L. Alexander

Faraday Rotation Synchrotron Radiation
of extragalatic radio sources of cosmic-ray electrons
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Parametric GMF Components
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Adjustment of Model Parameters to Data

disk + toroidal + poloidal = total data

RM

Q

U

• 6520 data points
• 15-20 parameters
• typical reduced χ2/ndf = 1.2...1.3, depending on model
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Uncertainties: Thermal Electron Models

112 pulsar DMs 189 pulsar DMs
Cordes&Lazio arXiv:0207156

Yao, Manchester & Wang, ApJ 2017

ne(x, y, z)→
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Uncertainties: Cosmic-Ray Electrons
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Uncertainties: Model Assumptions
Examples:

Global Spiral or Local Spur?

radial dependence of X-field?
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Model Variations MU & G.R. Farrar ApJ 970 (2024) 95

9 variations (subset of ∼200 models giving the greatest diversity of CR deflection predictions):
name variation χ2/ndf
base fiducial model 1.22
expX radial dependence of X-field 1.30
spur replace grand spiral by local spur (Orion arm) 1.23
neCL change thermal electron model (NE2001 instead of YMW16) 1.19
twistX unified halo model via twisted X-field 1.26
nebCor ne-B correlation 1.22
cre10 cosmic-ray electron vertical scale height 1.22
synCG use COSMOGLOBE synchrotron maps 1.50
locBub local bubble (preliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminarypreliminary, spherical approximation) 1.17
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Deflections at 20 EV (base model) (backtracking)
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Deflections at 20 EV (backtracking)

base

twistX

synCG

spur

cre10

nebCor

expX

neCL

locBub

11/20



Deflections at 20 EV (backtracking)
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Application: Localization of the “Amaterasu” Particle
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(B)  Date: 27 May 2021  Time: 10:35:56.474337 UTC
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SD0116: 2.2 MIP at 3.6 km

SD0217: 21.8 MIP at 2.3 km

SD0316: 19.2 MIP at 2.4 km

SD0317: 78.6 MIP at 1.5 km

SD0318: 216.9 MIP at 1.3 km

SD0416: 7.3 MIP at 2.3 km

SD0415: 4.9 MIP at 3.4 km

SD0417: 393.6 MIP at 1.1 km

SD0418: 5581.2 MIP at 0.3 km

SD0516: 12.1 MIP at 2.5 km

SD0419: 347.5 MIP at 1.2 km

SD0517: 211.1 MIP at 1.4 km

SD0518: 3548.4 MIP at 0.7 km

SD0519: 313.0 MIP at 1.2 km

SD0616: 3.6 MIP at 3.1 km

SD0617: 32.9 MIP at 2.2 km

SD0618: 96.8 MIP at 1.7 km

SD0615: 1.8 MIP at 4.1 km

SD0619: 40.3 MIP at 1.8 km

SD0718: 9.7 MIP at 2.7 km

SD0620: 8.2 MIP at 2.6 km

SD0720: 13.4 MIP at 3.2 km

SD0820: 4.6 MIP at 3.9 km

• E =
(
2.44± 0.29 (stat.)+0.51

−0.76 (syst.)
)
×1020 eV

• if Fe: Enom = (2.12± 0.25)× 1020 eV
• Fe at −1σsyst.: Elow = (1.64± 0.19)× 1020 eV
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Simplest Assumption: Fe Nucleus from Standard Accelerator
(Rmax ∼ 1018.6−18.7 V)

TA 14-year SD spectrum, Kim et al, EPJ Conf 283 (tm2023) 02005

... or ultra-heavy nuclei? G.F. Farrar arXiv:2405.12004 and B.T. Zhang et al arXiv:2405.17409

Peters Cycle:

proton He

CNO Fe

Pierre Auger Coll. 2023

Photodisintegration in source:

MU, Farrar, Anchordoqui PRD15 15/20



Propagation of Fe in Extragalactic Photon Fields
• horizon between 8 and 50 Mpc
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Arrival Direction MU&G.R. Farrar ApJL 962 (2024) L5

Enom = (2.12± 0.25)× 1020 eV Elow = (1.64± 0.19)× 1020 eV
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Distribution of galaxies up to D=150 Mpc
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Elow − 2σ, D0.1=72 Mpc
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Elow − 1σ, D0.1=42 Mpc
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Elow, D0.1=25 Mpc
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Enom, D0.1=10 Mpc
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Top 4 UHE Auger Events Auger Coll. ApJS. 264 (2023) 50

id E ` b Ωloc / 4π θloc
(EeV) (degree) (degree) – (degree)

PAO191110 166 ± 13 269.1 −6.8 7.1% 31
PAO070114 165 ± 13 303.0 41.7 2.4% 18
PAO141021 155 ± 12 247.6 −16.2 6.3% 29
PAO200611 155 ± 12 258.3 −16.9 6.6% 29
TA210527∗ 154 ±18 36.2 30.9 4.7% 25

∗ at common Auger-TA energy scale (Bergman et al UHECR22)

id E ` b Ωloc / 4π θloc
(EeV) (degree) (degree) – (degree)

PAO191110 166 ± 13 269.1 −6.8 7.1% 31
PAO070114 165 ± 13 303.0 41.7 2.4% 18
PAO141021 155 ± 12 247.6 −16.2 6.3% 29
PAO200611 155 ± 12 258.3 −16.9 6.6% 29
TA210527∗ 154 ± 18 36.2 30.9 4.7% 25

∗ at common Auger-TA energy scale (Bergman et al UHECR22)
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PAO070114 and TA210527 (D0.1 ≈35 Mpc) MU&G.R. Farrar UHECR24, arXiv:2502.15876

supergalactic coordinates 20/20
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Summary
Ultra-High-Energy Cosmic Rays

• Pierre Auger Observatory and Telescope Array
• Where are the ZeVatrons??

Galactic Magnetic Field
• key to interpret UHE arrival directions
• new analysis of coherent magnetic field
• model ensemble bracketing uncertainties

Application to top 5 UHE Particles
• simplest assumption: Fe nucleus
• best localization uncertainties within 2-5% of 4π
• horizon between 8 and 50 Mpc
• none of the “usual suspects” within loc. uncert.
• transient in an otherwise undistinguished galaxy?

MU&G.R. Farrar ApJ 970 (2024) 95
MU&G.R. Farrar ApJL 962 (2024) L5
T. Bister, MU&G.R. Farrar ApJ 975 (2024) L21
V. Pelgrims, MU&I.C. Maris arXiv:2411.06277


