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UHECR Anisotropies

Telescope Array (USA) Pierre Auger Observatory (Argentina)

E>38 EeV

&
13}
4
S
s
g
8
kS
s
S
energy spectrum: go i;;,
T T T T Ty T Ty T T g
= 10% - 27 knee 3
; E ""On“”'“”'-% instep B
Ay F hL™Y setee. S

L e » .,
b’ [ lowenergy ankle Yeuyut® . g
B [ 3 [
'E | ankle ?‘ E>100 EeV §
< ; 3
(] g @
> 10¥ “u *-. I
[ F ppression * g
@ L B I ra g
w L (dég) (360 2
- I 2
A NS FRE NS WS FEWTE FWTRE R S Rk O c253 =

10" 107 10" 10" 10%
Dec.(deg) e

E[eV] CAuger - 2/27




UHECR Anisotropies

angular deflection in Galactic magnetic field

E>38 EeV

E>100 EeV

knowledge of GMF is needed to interpret data!

T. Fujii ICRC23, Telescope Array and Pierre Auger Collaboration ICRC23

O Auger
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Observational Tracers of the Galactic Magnetic Field (GMF) wsesin i work
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Extragalactic Rotation Measures
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Electron

Polarized Synchrotron Emission ,"VAC_\C\C\
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Parametric GMF Components pooidal field

\

disk field

toroidal field

UF28 solenoidal field components
(major refinement of JF12 functions)




New Disk Field Model

y/kpc

previous “wedge”-model (e.g. JF12): smooth spiral disk field:

e divergence-free Fourier-expansion of By(r) at reference radius
* avoids radial discontinuities
e free pitch angle and “magnetic arms” (number of Fourier modes)
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z/kpe

Halo X-Field
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e fix JF12 discontinuities at z = 0 and transition to §x = 49°
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Unified Halo Model

¢ evolve X-field via ideal induction equation 9,B = V X (v, x B)

¢ radial and vertical shear of Galactic rotation generates toroidal field

Galactic rotation curve
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® no separate X- and torodial halo needed! — 6 instead of 10 free halo parameters



Adjustment of Model Parameters to Data

4%

disk +  toroidal + poloidal = total \6\‘5 data
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light

Uncertainties: Thermal Electron Models Ne(T,Y,2) = resme
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. . . Electron < ncre (1;7 y’ Z)
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Uncertainties: Cosmic-Ray Electrons /@C:§§\
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Uncertainties: Model Assumptions

Examples:

y/kpc
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Uncertainties: Foregrounds a) Small-Scale Structures

mask Hll regions (atypical ne) deflection angle < 5°
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distinction small- and large-scale not always unambiguous, e.g. North Polar Spur or Fan Region (see A. Korochkin’s talk)
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Uncertainties: Foregrounds b) Local Bubble

examples of solenoidal bubble fields:
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— see talk by Vincent Pelgrims for more details (see also talk by A. Korochkin)

realistic bubble  spherical bubble




Model Variations

9 variations (subset of ~200 models giving the greatest diversity of CR deflection predictions):

name variation X2 /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 n.-B correlation 1.22
crel0  cosmic-ray electron vertical scale height 1.22
synCG  use COSMOGLOBE synchrotron maps 1.50

locBub local bubble (preliminary, spherical approximation) 1.17

YMW16
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Deflections at 20 EV (base model) v
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t 20 EV (backtracking)

Deflections a

locBub

nebCor
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Deflections at 20 EV .
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Rigidity Threshold for Nuclear Astronomy L s ?
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Application: 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
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Simplest Assumption: Fe Nucleus from Standard Accelerator
(Rmax ~ 1018.6—18.7 V)
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Propagation of Fe in Extragalactic Photon Fields

¢ horizon between 8 and 50 Mpc
e factor 240 uncertainty source volume!

propagation distance D / Mpc
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Arrival Direction

FErnom = (2.12 £0.25) x 10*° eV FEiow = (1.64 4+ 0.19) x 10%° eV
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localization uncertainty: 6.6% of 47 or 2726 deg?
uncertainty of coherent deflection, random field, Galactic variance, TA energy scale, statistical uncertainty of £




Distribution of galaxies up to D=150 Mpc

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

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

2MASS galaxies  * Swift-BAT AGNs @ radio galaxies @ starburst galaxies —— Amaterasu localization
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Eiow — 10, D()_1=42 MpC
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E|0W, D0.1=25 MpC
2MASS galaxies  * Swift-BAT AGNs @ radio galaxies @ starburst galaxies —— Amaterasu localization
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Enom, D0.1=1 0 MpC

2MASS galaxies  * Swift-BAT AGNs @ radio galaxies @ starburst galaxies —— Amaterasu localization
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Pierre Auger Coll., ApJS 264 (2023) 50
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Summary and Outlook

UF23 model ensemble: wusc s rarar aps 070 2024) o5)
e fit to newest RM, Q, U data
* major refinement of JF12 GMF components
¢ uncertainty of coherent GMF for UHECR tracking (...and other applications)
e test association of UHE arrival directions with source candidates
Availability:
® ()GitHub |link (C++)
® CRfropa link (C++)
e gammaALPs |ink (python)
Next Steps:
¢ include more data to decrease uncertainties (pulsar RMs, dust, ...)
e explore further sources of uncertainty (functional forms, foregrounds, ne, ncre)
e extend analysis to turbulent component
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https://github.com/MichaelUnger/GalacticMagneticFieldUF23
https://crpropa.github.io/CRPropa3/
https://gammaalps.readthedocs.io

