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Illustration of the Challenge

large-scale structure

CosmicFlows Hoffman+2018

here: 2M++ density field, Carrick+2015
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here: neglect IGMF, attenuation via CRPropa

Galactic magnetic field
(coherent B and random b)

Jansson&Farrar 2012 (lcoh = 50 pc)
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a) B, b, Dmax=100 Mpc
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b) B, b, Dmax=100 Mpc, different realization of b
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c) mixed composition (E = 40 EeV)
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d) mixed composition & attenuation (E = 40 EeV)
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UHECR Rigidity and Proton Fraction
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Protons at UHE?

energy fraction escaping source:

fp =
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Eref

EQpdE∫∞
Eref

E (Qp+Qmix)dE

(Qp ∼ Eγp e−E/E
UHEp
max , γp = −1 and Eref = 1019 eV)
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Protons at UHE?
low Rmax, small He photo-disintegration pathlength at UHE
→ideal window for proton-nucleus separation!
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Reminder: How to Measure the Galactic Magnetic Field

composite arXiv:1302.5663 & www.nrao.edu + starlight polarization, polarized dust emission, Zeeman effect 9/23



GMF ModelingFitting GMF Models
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GMF Modeling

new data since JF12:
• full-sky RMs
• pulsars (RM&DM)
• precise e± at Earth
• final WMAP maps
• Planck maps

MU&Farrar in prep.

MU&Farrar UHECR18
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Model Developments
Brown+07 “wedge”-model:
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• evolve poloidal field via induction equation
• radial and vertical shear of Galactic rotation

generates toroidal field

MU&Farrar UHECR18, arXiv:1901.04720
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Model Developments
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Figure 3. Illustration of the GMF model with a twisted poloidal field. The best-fit model at t = 70 Myr is presented in the middle
column and the corresponding un-twisted model at t = 0 is shown in the left column. The lower three rows show the simulated sky
maps for RM, Q and U. A visualization of field lines of the models is in the top row. The lines are colored if the toroidal field strength
is ≥ 99% of the total field strength. Regions with r · B > 0 are shown in orange, otherwise green is used. The observed sky maps are
displayed in the lower three panels of the right-most column (Q and U data from [14], RM data compilation from [4] (see references
therein)).. he rotation curve of the Galaxy used for the twisting is shown as a red line in the top-right panel together with measured
velocities of high-mass starforming regions (HMSFRs) from [8].

Thus for a magnetic field that is poloidal and azimuthally
symmetric at t = 0, Bφ (only) evolves with time:

Bφ(t) = (Bz ∂zv + rBr ∂rω) t, (7)

where we introduced the angular velocity ω = ω eφ = v
r eφ

and used the solenoidality of the poloidal field.
Eq. (7) can be applied to evolve any type of poloidal

field. For definiteness, we tested this ansatz by evolving
the smooth poloidal field model of type “C” from [17]. For
the Galactic rotation curve we used a fit to the high-mass
starforming regions with parallax measurements from [8]
(see top right panel of Fig. 3) and for the vertical velocity
gradient we assume a constant value inspired by simula-
tions [18] and constrain it within two sigma of the value of
(22±6) (km/s)/kpc as observed close to the Galactic mid-
plane [19]. The resulting sky maps of RM, Q and U of the
un-twisted model and the evolved model (t = 70 Myr) are
shown in the left and middle panel of Fig. 3. In contrast
to the conclusions of [20], we find a good description of
the overall structure of data from the combined effect of

radial and vertical shear, in particular the anti-symmetric
pattern of the rotation measures and the tilted pattern of Q
and U within the Solar circle. (The analytics underlying
the contrary conclusion of [20] are not apparent to us.) In
a future work we will discuss the magnitude and physical
origin of the effective winding time ≈ 70 Myr.

2.5 Thermal Electron Model

A large-scale model of the density of thermal electrons
in the Galaxy (ne) is needed to predict the rotation mea-
sures for a given magnetic field configuration. The spatial
distribution of ne can be estimated using dispersion mea-
sures of Galactic pulsars and scattering measures of Galac-
tic and extragalactic sources. We have tested the impact
of two different models for the thermal electron densities:
NE2001 [21] with the updated scale height of the thick
disk from [22] (used in JF12), and YMW17 [23]. The
newer YMW17 model benefits from more available dis-
persion measures from pulsars with measured distances,

MU&Farrar UHECR18, arXiv:1901.04720
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Model Variations and RefitsFit Variations (coherent)
id disk toroidal poloidal NE ncre QU misc χ2/ndf

Parametric models
a JF JF JF 01 GP_JF W7 - 1.10
b JF JF FTC 01 GP_JF W7 - 1.09
c JF JFsym FTC 01 GP_JF W7 - 1.11
d JF JFsym FTC 01 GP_JF W7 warp 1.11
e UF JFsym FTC 01 GP_JF W7 - 1.09
f UF UF UFa 01 GP_JF W7 - 1.14
g UF UF UFb 01 GP_JF W7 - 1.09

Synchrotron products
h JF JFsym FTC 01 GP_JF W9base - 1.22
i JF JFsym FTC 01 GP_JF W9sdc - 1.24
j JF JFsym FTC 01 GP_JF W9fs - 1.11
k JF JFsym FTC 01 GP_JF W9fss - 1.22
l JF JFsym FTC 01 GP_JF P15 - 0.78

Thermal electrons
m JF JFsym FTC 16 GP_JF W7 - 1.21
n UF JFsym FTC 16 GP_JF W7 - 1.14
o JF JF FTC 01 GP_JF W7 κ = −1 1.05
p JF JF FTC 01 GP_JF W7 κ = +1 1.05
q JF JFsym FTC 01 GP_JF W7 HIM 1.12

Cosmic-ray electrons
r JF JFsym FTC 01 O13a W7 - 1.13
s JF JFsym FTC 01 O13b W7 - 1.12
t JF JFsym FTC 01 S10 W7 - 1.13

MU&Farrar, ICRC17, arXiv:1707.02339
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Model Variations – Effect on Backtracked Arrival DirectionsEffect on Back-tracking of UHECRs, R = E/Z = 20 EV
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Model Pertubations? Wirtz, Bister & Erdmann, 2101.02890

• tangent deflection vector field
• fit multipole expansion of difference

to e.g. JF12 (here: rotation angle ψ)
• `max = 5→36 fit parameters(!)
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Large-Scale Anisotropy (E> 8 EeV)
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Large-Scale Anisotropy (E> 8 EeV)
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Energy Dependence of Dipole
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← model: mixed composition
Rmax = 6 EV, ρ = 10−4 Mpc−3

dipole position→

Pierre Auger Coll., ApJ868 (2018) 4 and ICRC19

(see also Globus+1808.02048, Ding+2101.04564, Allard+2110.10761)
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Intermediate-Scale Anisotropy
(E >39 EeV, 〈E〉 ∼54 EeV)
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TS = 25↔ isotropy disfavoured at 4σ
Auger Coll. ApJ 2018 and ICRC21
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Coherent Deflections at 8 EV (JF12)
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Coherent Deflections at 8 EV (all model variations)
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Simulated “SBG Sky” (650 events, N, Auger flux weights & JF12)

100 realizations using an anisotropic fraction of 0.2:

L. Deval (KIT)

see also K. Kawata et al. [TA Coll.] ICRC21
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Summary – Charged Particle Astronomy
Challenges:

• 〈R〉 ≤ 1019 eV for E < 1020 eV
• need to isolate lightest air showers
• complicated interplay of R (deflection) and E (attenuation)
• uncertainties from

• hadronic interactions (mass→ charge)
• GMF modeling (B and b)

Opportunites:

• near-future improvements of systematics via
• p+O runs at LHC
• new GMF-related data and analyses

(starlight pol., RM syn., pulsars...) (updated JF12, IMAGINE, ...)

• UHECR spectrometry and tomography
θdefl ∝ Z/E Dmax ∝ E/A

• study GMF and EGMF
• “How isotropic can the UHECR flux be?” di Matteo&Tinyakov 2017
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