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Modeling of the Coherent Galactic Magnetic Field (GMF)
Observables:

adapted from Hasegawa+13 and Pelgrims+18

Popular Models in UHECR:
S97 PT11 JF12 Planck16 TF17

parameter fit 7 3 3 7 3

extragalactic RMs 7 3 3 7 3∗

polarized synchrotron 7 7 3 3 7

polarized dust 7 7 7 3 7

T. Stanev ApJ 1997, Pshirkov et al ApJ 2011, R. Jannsson&G.R. Farrar ApJ 2012, Planck Collab. A&A 2016, Terral&Ferriere A&A 2017 ∗Galactic plane excluded (|b| > 10◦) 2/21



Jansson&Farrar Global Magnetic Field Model (JF12) R. Jansson & G.F. Farrar, ApJ 757 (2012) 14

three divergence-free components:
• disk field, (h . 0.4 kpc)

• toroidal halo field (hscale ∼ 5.3 kpc)

• “X-field” (halo)

• 21 parameters adjusted to 6605 data points

z = 10 pc z = −10 pc

z = 1 kpc z = −1 kpc
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Extragalactic Rotation Measures used for JF12

180 150 120 90 60 30 0 30− 60− 90− 120− 150− 180−
longitude/degree

1−

0.5−

0

0.5

1

si
n(

la
tit

ud
e/

de
gr

ee
)

Taylor+09 (NVSS)

misc < 2012

θ = θ0 +RMλ2

4/21



Extragalactic Rotation Measures 2022
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Schnitzeler+19 (S-PASS/ACTA)

Van Eck+21 (CPGS)

Betti+19 (VLA)

Riseley+20 (POGS)

Mao+20a (CPGS)

Mao+20b (CPGS)

Shanahan+19 (THOR)

Ma+20 (VLA)

Anderson+15 (ATCA)

Kaczmarek+17 (ATCA)

Livingston+21 (ATCA)

θ = θ0 +RMλ2
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2022 RM Sky
RM ∝

∫ observer
source B‖(l)ne(l) dl
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Foreground: HII Regions
EM ∝

∫ observer
source ne(l)

2 dl
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Foreground: HII Regions
EM ∝

∫ observer
source ne(l)

2 dl
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Polarized Synchrotron Emission

WMAP9 Planck R3.00 difference

Q

U

PI
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Combined WMAP-Planck Polarized Emission
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Combined WMAP-Planck Polarized Emission
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Thermal Electron Models

112 pulsar DMs 189 pulsar DMs

DM ∝
∫ observer

source ne(l) dl

Cordes&Lazio arXiv:0207156

Yao, Manchester & Wang, ApJ 2017 9/21



Thermal Electron Halo
reasonably well-constrained from DMs of pulsars in globular clusters

YMW16 NE2001
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∆DM: data-model residual without exponential halo (preliminary) 10/21
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Cosmic-Ray Electron Model
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DRAGON calculation constrained by local lepton flux and D0/H from B/C https://github.com/cosmicrays/DRAGON 11/21

https://github.com/cosmicrays/DRAGON


Cosmic-Ray Electron Model
• D0/H = const from B/C
• halo half-height H currently not

well constrained Weinrich+20, Evoli+20, Maurin+22

→ large uncertainty in vertical ncre profile!
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GMF Model Improvements – Disk Field
JF12: Brown+07 “wedge”-model:
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smooth spiral disk field:
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• divergence-free Fourier-expansion of Bφ(r) at reference radius
• avoids sharp radial discontinuities of JF12
• free pitch angle and “magnetic arms” (number of Fourier modes)

MU&Farrar UHECR18, arXiv:1901.04720
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GMF Model Improvements – X-Field

JF12 X-field Ferriere&Terral14 “Model C” (FTC)

• JF12: discontinuities at z = 0 and transition to θX = 49◦

• smooth FTC X-field model, but θX = f(r, z)

14/21



GMF Model Improvements – Halo Field
• evolve X-field via ideal induction equation ∂tB = ∇× (vrot ×B)
• radial and vertical shear of Galactic rotation generates toroidal field

→ no separate X- and torodial halo needed!

MU&Farrar UHECR18, arXiv:1901.04720
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“Twisted X-field”
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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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Aim: GMF Model Variations Using Newest Data

• 2+1 GMF models:

component
variation

JF22 UF22a UF22b

disk Brown07 spiral Fourier spiral Fourier spiral
toroidal halo JF12 JF12

twisted X
poloidal halo JF12 FT14

• 2 thermal electron models: NE2001, YMW16
• 4 CR electron models: (diffusion height H = 4, 6, 8, 10 kpc)

→ 1 (best-fit) “fiducial” model
→ 23 variations to estimate uncertainties (lower limit)

17/21



Example: Influence of Diffusion Height H

2 4 6 8 10
h/kpc

8200

8300

8400

8500

8600

8700

2 χ

(npar = 23, ndf = 6499)

BX ∝ B0 exp(−r/rX), BT ∝ BT exp(−z/z0)
rX/kpc B0/µG

z0/kpc BT /µG
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Refit of JF12
JF12 JF22

RM data 2011 2022
QU WMAP7 WMAP9&Planck

RM mask none HII
PI mask 35% 35%+spurs

thermal electrons NE2001 YMW16
cosmic-ray electrons GALPROP E−3 DRAGON PD 4 kpc

Xfield at GC 0 within r = 1 kpc continous

data JF12 JF22a
χ2/ndf = 1.10 χ2/ndf = 1.35
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Deflections: JF12 vs JF22a
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Summary and Outlook

Major Overhaul of JF12

• new RM data

• new synchrotron sky maps

• improved auxillary models (ne and ncre)

• smooth disk-field

• unified halo model

Model Variations→ Uncertainties:

• parametric model choices

• ncre and ne models

Next up:

• random field, ne −B correlations, foregrounds: local bubble, spurs,...
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