THE ASTROPHYSICAL JOURNAL, 940:75 (27pp), 2022 November 20 https://doi.org/10.3847 /1538-4357 /ac94ce
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS
CrossMark

Structure in the Magnetic Field of the Milky Way Disk and Halo Traced by Faraday
Rotation

John M. Dickey1 , Jennifer West , Alec J. M. Thomson® ,T.L. Landecker” , A. Bracco’ , E. Carretti® ,JL L. Han’%*
A. S. Hill*'° , Y. K. Ma'' . S. AL Mao'? , A, Ordog4 10 , Jo-Anne C. Brown'? , K. A. Douglas4‘13’14 , A Erceng,

V. Jeli¢ (15 , R. Kothes*@®, and M. Wolleben'®
! School of Natural Sciences, Private Bag 37, Unlversny of Tasmama Hobart, TAS, 7001, Australia; john.dickey @utas.edu.au
Dunlap Instltute for Astronomy and Astrophysics, University of Toronto, Toronto, ON M5S 3H4, Canada
3 CSIRO Space & Astronomy, P.O. Box 1130, Bentley, WA 6102, Australia
“# National Research Council Canada, Dominion Radio Astrophysical Observatory, P.O. Box 218, Penticton, British Columbia, V2A 6J9, Canada
5 Laboratoire de Physique de I’Ecole Normale Supérieure, ENS, Universit€ PSL, CNRS, Sorbonne Université, Université de Paris, F-75005 Paris, France
6 INAF—Istituto di Radioastronomia, Via Gobetti 101, 1-40129 Bologna, Italy
7 National Astronomical Observatories, Chinese Academy of Sciences, A20 Datun Road, Chaoyang District, Beijing 100101, People’s Republic of China
8cAs Key Laboratory of FAST, NAOC, Chinese Academy of Sciences, People’s Republic of China
¥ School of Astronomy and Space Sciences, University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
Department of Computer Science, Math, Physics, and Statistics, University of British Columbia, Okanagan Campus, 3187 University Way, Kelowna, BC VIV1V7,
Canada
! Research School of Astronomy & Astrophysics, Australian National University, Canberra, ACT 2611, Australia
2 Max Planck Institute for Radio Astronomy, Auf dem Hiigel 69, D-53121 Bonn, Germany
Depaﬂment of Physics and Astronomy, University of Calgary, Calgary, AB T2N 1N4, Canada
Physms and Astronomy Depanmem Okanagan College, 1000 KLO Road, Kelowna, British Columbia, V1Y 4X8, Canada
Rudjer Boskovi¢ Institute, Bijenicka cesta 54, 10 000 Zagreb, Croatia
6 Skaha Remote Sensing Ltd., 3165 Juniper Drive, Naramata, BC VOH 1NO, Canada
Received 2022 July 18; revised 2022 September 20; accepted 2022 September 22; published 2022 November 22

s

Abstract

Magnetic fields in the ionized medium of the disk and halo of the Milky Way impose Faraday rotation on linearly
polarized radio emission. We compare two surveys mapping the Galactic Faraday rotation, one showing the
rotation measures of extragalactic sources seen through the Galaxy, and one showing Faraday depth of the diffuse
Galactic synchrotron emission from the Global Magneto-lonic Medium Survey. Comparing the two data sets in
5° x 10° bins shows good agreement at intermediate latitudes, 10° < |b| < 50°, and little correlation between them
at lower and higher latitudes. Where they agree, both tracers show clear patterns as a function of Galactic
longitude, ¢; in the northern hemisphere a strong sin (2¢) pattern; and in the southern hemisphere a sin (£ + 7)
pattern. Pulsars with height above or below the plane |z| > 300 pc show similar £ dependence in their rotation
measures. Nearby nonthermal structures show rotation measure shadows as does the Orion—Eridanus superbubble.
We describe families of dynamo models that could explain the observed patterns in the two hemispheres. We
suggest that a field reversal, known to cross the plane a few hundred parsecs inside the solar circle, could shift to
positive z with increasing Galactic radius to explain the sin (2£) pattern in the northern hemisphere. Correlation
shows that rotation measures from extragalactic sources are one to two times the corresponding rotation measure of
the diffuse emission, implying Faraday complexity along some lines of sight, especially in the southern
hemisphere.

Unified Astronomy Thesaurus concepts: Galaxy magnetic fields (604); Interstellar medium (847); Milky Way
magnetic fields (1057); Milky Way Galaxy physics (1056); Milky Way Galaxy (1054); Milky Way disk (1050)

1. Introduction To survey the RM requires a source of polarized emission,
either compact sources or the diffuse synchrotron emission by
cosmic-ray electrons in the Galactic B field. Pulsars are
excellent polarized sources, and the study of their RMs shows
the structure of the ionized interstellar medium in the disk and
lower halo (Han et al. 1999, 2006, 2018; Sobey et al. 2019), but
it is limited by our imprecise knowledge of pulsar distance
(Cordes & Lazio 2002; Gaensler et al. 2008; Yao et al. 2017).
Most pulsars are close to the Galactic midplane, but a few are

picture of the interstellar magnetic field emerges (Han 2001, high enough above and below the plane that their RMs sample

2017: Brown et al. 2007: Van Eck et al. 2011; Beck 2015: get magnetic ﬁzl.d in the lower lfltal" > well o 1.‘t‘h“.‘et disk.
HaVerkOm 2015 Jaffe 2019) X raga actic radio sources arc orten pO arized, wi mitrinsic

Faraday rotation that contributes to their RMs, but their mea-
sured RMs can be gridded, interpolated, and smoothed using a

The magnetoionic medium is a mixture of ionized interstellar
gas and magnetic field (B) that causes Faraday rotation of
linearly polarized radiation at radio wavelengths. The ionized
gas can be either in classical H 1 regions or in the diffuse
ionized medium, in both the Milky Way disk and halo.
Although only the line-of-sight (LoS) component of the B field
contributes to Faraday rotation, surveys of rotation measure
(RM) provide such high precision and resolution that a useful
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Xu & Han 2014; Oppermann et al. 2015; Ferriere 2016;
Hutschenreuter & EnBlin 2020; Hutschenreuter et al. 2022).
For brevity we refer to the resulting values as the extragalactic
RM, because it is based on surveys of polarized radio galaxies,
but the gridded map is an estimate of the foreground, i.e., the
Milky Way contribution to the RMs of the sources.

Another approach to measuring Galactic RMs is to study the
Faraday spectrum of the diffuse Galactic synchrotron emission.
The Faraday spectrum (Burn 1966; Brentjens & de Bruyn
2005; Wolleben et al. 2010; Lenc et al. 2016; Van Eck et al.
2019; Ferriere et al. 2021) shows how the polarized brightness
is distributed over a range of values of Faraday depth, ¢,
corresponding to the RM of the intervening magnetoionic
medium along the LoS between the telescope and each emis-
sion region. Since diffuse Galactic synchrotron emission is
widespread along every LoS, the RM generalizes to the first
moment of the Faraday spectrum (Dickey et al. 2019). In this
study, we make use of the Global Magneto-lonic Medium
Survey (GMIMS) High-Band North (HBN) polarization data
set (Wolleben et al. 2021), in particular its first moments, which
we will loosely refer to as the GMIMS or diffuse RM.

Comparing Galactic and extragalactic RMs at centimeter
wavelengths has been done in small areas, particularly at low
latitudes, (Ordog et al. 2017, 2019; McKinven 2021) and in
larger areas at low frequencies (Riseley et al. 2020; Erceg et al.
2022). Prior to GMIMS (Wolleben et al. 2021), large area
surveys of the polarized synchrotron emission, e.g., Spoelstra
(1984), Landecker et al. (2010), did not have sufficient band-
width, i.e., range in A2, to resolve the emission across the
Faraday spectrum and allow accurate computation of the first
moment of the RM. This RM comparison over the whole sky
north of § = — 28° is the first step in a series of papers that will
exploit the GMIMS RMs to understand the distribution of the
Galactic B field with cosmic-ray electrons that generate the
synchrotron emission.

Section 2 describes the RM data from the GMIMS survey
and compares it to the extragalactic RMs. Section 3 discusses
the pulsar RMs and models for the nearby disk field, and
presents a spherical harmonic expansion of the RM survey
results, with a discussion of the imprint of nearby synchrotron
and Ha emission regions. There we compare the RMs of
samples of pulsars that are at different heights, z, above or
below the midplane with the extragalactic and diffuse emission
RMs. Section 4 asks whether the asymmetry between the two
Galactic hemispheres might be consistent with current dynamo
models that solve the plasma equations for the global disk and
halo field. A combination of MO and M1 dynamo solutions is
promising and worth further study. Section 5 discusses the
significance of the ratios between the corresponding RM values
in the extragalactic and GMIMS data, as evidence for different
distributions of magnetoionic (rotating) medium and synchro-
tron emission. Section 6 summarizes the results and suggests an
overhead (positive z) field reversal as a possible paradigm for
the RM pattern in the northern hemisphere.

2. Rotation Measure Surveys Compared

The extragalactic RM data used here is the map made from
interpolation and gridding of RM catalogs by Hutschenreuter
et al. (2022), successor to similar maps by Hutschenreuter &
EnBlin (2020), Oppermann et al. (2012, 2015). RMs for the
diffuse Galactic emission are derived from the GMIMS HBN
survey (Wolleben et al. 2021) observed at wavelengths
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between 17 and 23 cm with the DRAO 26 m telescope. The
GMIMS RMs are the first moment of the Faraday cube (Dickey
et al. 2019; Ordog 2020, Section 4.1). For pixels whose max-
imum polarized intensities in the Faraday cube are less than
0.03 K, the first moment is not computed, and the map is
blanked. The GMIMS first-moment map is further blanked for
declinations less than —25°, to avoid systematic effects near the
southern horizon of the survey at § = —30°.

To study the large-scale longitude variation of the RMs from
the two data sets, we sacrifice angular resolution by binning the
data into cells with sizes of a few degrees, then compute the
median value and the dispersion of the values in each bin. This
process reduces the scatter due to the small-scale structure in
the RMs; the median filter attenuates the effect of spurious
points with very large positive or negative RMs that may be
caused by small regions of high electron density and/or a
strong, localized, random component in the Galactic B field.
Many different bin sizes were tried, all giving qualitatively
similar results, described in Appendix A. Here we present the
profiles for bins with longitude width 10° and latitude width 5°.
A reduced chi-squared measure of goodness of fit is given in
Appendix B with a discussion of its limitations due to the non-
Gaussian distribution of RM values in the bins. The values
from the two surveys are taken at the same points in the maps
after reprojection to a common Healpix'’ projection
(Nside = 512, nested). Each bin has ~50 to 140 independent
values, depending on the latitude, since the beam size (FWHM)
of the GMIMS observations is ~40’. The density of the
extragalactic sources is ~1.3 deg™ on average, but lower for
the south celestial pole region.

2.1. Longitude Dependence of the RMs

The upper panel of Figure 1 shows the GMIMS HBN
(DRAO) first-moment map (Wolleben et al. 2021), with a red
outline showing the area influenced by the North Polar Spur
(NPS; see Section 2.3 below) at midlatitudes. The lower panel
of Figure 1 shows the Hutschenreuter et al. (2022) map based
on extragalactic source RMs. The bin edges in longitude are
spaced by 10°, indicated by the solid and dotted meridional
lines in Figure 1. The dispersion of RM values in each bin is
computed from the 16th and 84th percentiles of their dis-
tributions, corresponding to roughly +1c for a Gaussian dis-
tribution. These are plotted as error bars on the data points in
Figure 2.

Two examples of the median-filtered RM versus longitude
data using latitudes +35° < b < +40° and latitudes +40° < b
< +45° (marked by the green dashed lines in Figure 1) are
shown in Figure 2. The GMIMS (DRAO) values are shown in
blue; the extragalactic values are in red. The formulae indicated
on the figure are least-squares fits to the points using a five-
parameter function to determine the first three terms of a Fourier
series in longitude, /, i.e.,

RM() = Co + Gisin (£ + ¢)) + Cysin2(f + ¢,). (1)

Values of the constants Cy, C;, C», ¢, and ¢,, with errors, are
given in Table 1 for the range of latitudes —60° < b < + 60°.
Errors on the parameters are the square roots of the diagonal
elements of the covariance matrix, from SCIPY routine optim-
ize.curve_fit (Virtanen et al. 2020). Amplitudes and phases

'7 http: / /healpix.sourceforge.net (Gérski et al. 2005).
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Figure 1. Two maps of the Galactic RM. The upper panel shows the GMIMS High-Band North first-moment map made with data from the DRAO 26 m telescope
(Wolleben et al. 2021). The lower panel shows the Galactic estimate based on extragalactic source RMs (Hutschenreuter et al. 2022). The red box indicates the area
dominated by the North Polar Spur in Stokes / synchrotron emission; see Section 2.3 below. The green dashed lines illustrate two sets of bins at constant latitude, used

to make the two panels in Figure 2.

shown in bold face in Table 1 are statistically significant, either
because the amplitude is more than five times the error or
because the phase error is less than 0.15 radians (8°) for ¢, or
0.075 radians (4°) for ¢,. The fitted phases have offsets of & 7
so that all phases are in the ranges —7w < ¢; <+, and
—% < ¢, < +=, and the amplitudes, C; and Cs, are positive.

The values of the amplitudes and phases from Table 1 are
displayed in Figure 3. The GMIMS phases and amplitudes are
on the left panel, the extragalactic values are on the right panel,
with phases at the top and amplitudes below. The amplitudes
and phases of the sin () terms are shown in blue, of the sin (2¢)
terms in red. Some low-latitude points, (|b| < 5°), are off scale

on the lower panels of Figure 3: to include them would collapse
the scale so that the intermediate latitude points would be
compressed at the bottom. At such low latitudes, the path
lengths through the disk are very long, several kiloparsecs, so
RMs can be very high, and they vary dramatically on angles
smaller than the DRAO telescope beam. For the extragalactic
RMs (right panel), the sin (¢) term is much stronger than the
sin (2¢) term for negative latitudes, with the blue curve above
the red for b < 0°. For the GMIMS RMs, the negative latitudes
are not fully sampled in longitude, so the amplitudes of the two
terms are not well determined; all the GMIMS C; and C,
values at b < 0° are less than 50 in Table 1. The latitude range
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Figure 2. Examples of the sin (2¢) form of the RM at intermediate positive latitudes. On the upper panel are profiles made from averaging the latitude range
+35° < b < + 40°, with the GMIMS (DRAO) data shown in blue and the extragalactic (ExGal) RM grid (Hutschenreuter et al. 2022) shown in red. Error bars on the
points show %10 of the distributions of values in each bin. The least-squares fit parameters are shown (Equation (1), see Table 1). In the lower panel is a similar pair of
averages for +40° < b < 4 45°. In each panel, the scatter plot on the right shows the correlation between the median values from GMIMS (x-axis) and the
extragalactic sample. The Pearson correlation coefficient (R) is indicated, along with the slope of the best linear fit, shown with the red line.

where sin (2¢) dominates is +20° < b < + 50°, where on the
two lower panels the red curves are well above the blue in
Figure 3.

For the latitude range + 20° < b < 4 50°, all of the longitude
slices of the extragalactic survey show fitted amplitudes C, in
Table 1 that are greater than 50 (4.90 in one case) and also
greater than C;, mostly by a factor of 2 or more. For all these
latitudes, the fits show small errors in ¢,, 04 < 0.08 radians.
These latitudes show similar domination by the sin (2¢) term in
the GMIMS data. All have values of C, from fits to the
GMIMS data that are also above 5o with the exception of
425° < b < + 30°, where the C, value is at the 4.5¢0 level. The
phases are well determined; the noise in the phase is o4, < 0.08
radians.

2.2. Correlation Results

At high latitudes (|| > 50°), the RM values from the two
surveys show little correlation. In both surveys, the RMs are
close to zero at both poles, with means +3.9 and +0.5 rad m~2
for 50° < b < 70° for the extragalactic and GMIMS surveys,
respectively. The standard deviations of the binned median
RMs in this range are 6.5rad m~ > for the GMIMS data and

2.4rad m~2 for the extragalactic data. In the south, the GMIMS
survey covers only about half of the high-latitude region. The
GMIMS survey has a broad RM spread function (RMSF),
8o =140rad m~> (Wolleben et al. 2021), as well as a large
beam size (660 = 40'). The lack of correlation between the two
surveys at high Galactic latitudes may be due in part to poor
Faraday spectral resolution of the GMIMS data in an area of
very small values of RM, to the low surface brightness of the
diffuse polarized emission, and to the dominance of the random
field component, as the projection of the ordered field on the
LoS is small in this direction.

For latitudes between 20° and 50°, we plot a scatter diagram
of the extragalactic versus GMIMS median RMs, calculated in
the bins described above in the left panel of Figure 4. The
correlation coefficient is R = 0.69, and the slope of the best-fit
line is 1.1, using SCIPY regression analysis routine stats.
linregress. In contrast, for latitudes above b = +50°, there
is no correlation; R = —0.03, as shown on the right panel of
Figure 4. Values of R for each 5° of latitude are given in
Table 2 and illustrated in Figure 5.

The negative latitudes all have a longitude range that is not
sampled by the GMIMS survey (south of § = —25°), so their
scatter plots have fewer points, and the correlation tests only a



Table 1
Longitude Fit Parameters
GMIMS (DRAO) Extragalactic
Latitude Range C, C, o] C, o2 C, C, o} C, 02
©) (rad m™?) (rad m~2) (radians) (rad m™?) (radians) (rad m™?) (rad m™?) (radians) (rad m™?) (radians)
—60 <b < -55 —155+64 20.1 = 10.0 —0.18 £ 0.15 129 +£ 4.5 0.28 + 0.09 8.1+£0.8 78 +1.2 2.99 +0.12 27+1.0 0.65 £0.22
—-55<b < =50 —33.4+10.8 472+£174 —0.31 £+ 0.08 241+£72 0.35 £ 0.09 79+09 109 +1.1 2.85+£0.13 32+12 0.51 £0.22
—50<b< —45 —29.1 £10.9 38.0 + 17.1 —0.46 £ 0.13 2554+72 0.24 +0.10 52+0.8 139+ 1.2 2.73 £ 0.09 26+1.2 0.85 £0.27
—45 <b < —40 —33.6+64 443 £103 —0.42 £+ 0.06 200 £4.6 0.33 £ 0.07 26+13 19.0 +2.1 2.98 £ 0.09 63+19 0.82 £0.15
—40<b<-35 —20.9 £ 6.8 20.5 + 10.0 —0.65 £0.19 172 +5.5 0.22 +0.11 —24+21 31.7 £ 3.0 2.87 £ 0.09 12.1 £3.0 0.75 £0.11
—-35<b<-30 —12.5+45 33+79 —0.61 £0.74 13.1+£49 0.63 £ 0.11 —4.6+£25 40.3 + 3.9 2.86 + 0.08 50+3.7 0.86 £0.32
-30<b< 25 —-163 £5.1 8.8 £7.6 —0.91 £0.56 19.6 4.9 0.70 + 0.09 —-72+£30 53.1 +4.6 3.01 £ 0.07 135+42 1.09 £0.14
-25<b<-20 —144+39 38+32 —2.39 £+ 1.69 155+33 091 £0.15 —16.8 £3.6 57.0 £5.3 -3.13 £ 0.09 252+54 1.01 £0.10
—-20<b< —15 —32+63 11.6 = 10.2 —293 £0.51 88 +£42 1.09 + 0.40 —134+£46 50.1 + 6.8 —2.95 + 0.12 29.6 £ 6.8 1.07 £0.10
—-15<b<—-10 —40+6.1 79+94 —2.72 £ 1.06 14+53 —0.11 £2.29 —92+62 448 £9.3 —2.73 £0.18 320+85 0.93 £0.14
-10<b< -5 4.6 4.7 247+ 8.4 3.01 £0.16 9.8+5.5 —1.30 £0.17 —23+7.1 68.2 +10.7 —2.98 + 0.14 124 +£9.2 0.64 £ 0.36
—5<b<+0 11.9+£438 299+738 3.10£0.20 93+46 —1.09 £ 0.26 110+ 114 1009 +17.3 —3.09 £0.15 329+ 144 0.06 £0.19
+0<b<+5 —7.6£43 21.1+7.6 —0.81 £0.22 149 +5.1 0.30 + 0.07 6.0 £13.3 44.1+£193 2.84 +0.43 78.3 +15.2 0.19 +0.10
+5<b<+10 —-11.6 £33 304 £6.2 —0.47 £ 0.10 23.7 £ 3.7 0.28 £ 0.04 194+77 170 £9.2 1.75 £ 0.71 384 +£8.7 0.25+£0.12
+10 < b < +15 1.5£25 9.24+3.7 —1.59 £0.49 13.2+43 0.01 £ 0.08 123 +49 268 +79 0.19 £0.19 36.4 + 6.0 0.14 £ 0.08
+15 <b <420 7.8 +£3.7 19.6 £6.5 —0.17 £ 0.14 21.8 £+ 3.6 0.32 £ 0.05 35+3.1 30.7 £ 4.9 0.18 £ 0.12 272 +4.1 0.28 £0.08
+20 < b < +25 —102£3.2 209 +5.1 —0.37 £ 0.13 229+33 0.31 + 0.05 3.6 +2.7 16.7 £ 3.8 0.23 £0.23 26.2 + 34 0.25 + 0.06
+25 < b <430 —2.6+26 83+£43 —0.13 £0.29 19.7 £3.1 0.16 £ 0.08 25+19 148 £2.9 0.32 £0.16 279 +£23 0.22 £+ 0.04
+30 < b < +35 —53+14 36+22 —0.08 £ 0.60 16.5 £ 1.6 0.19 + 0.07 20+ 1.7 10.5 +£2.7 —0.10 £0.19 23.2+25 0.08 + 0.05
+35 < b <440 —-6.9+09 57+13 1.79 £0.25 157 + 1.2 0.13 £+ 0.04 —25+£15 109 +£23 0.10 £0.18 22.1 +24 0.23 £+ 0.04
+40 < b < +45 —38+£13 52+15 2.25+0.39 13.8 £ 1.6 0.11 + 0.07 09+09 56+14 0.30 + 0.19 16.0 £ 1.3 0.17 + 0.04
+45 < b <450 -05+13 62+19 270 £0.19 10.6 = 1.4 0.31 £0.08 4.1£09 33+ 14 0.06 £ 0.34 87+15 0.30 £ 0.06
+50 < b < +55 0.5+ 1.0 6.6 £ 1.5 2.75 £ 0.14 73+14 0.66 + 0.08 39+0.7 1.1+£1.2 0.10 + 0.96 6.1 £1.3 0.47 +0.08
+55 < b <460 22+£1.0 47+15 245 +0.25 46+13 1.52 £ 0.15 6.4 +0.7 5.6 £0.9 —-1.02£0.18 0.6+09 —0.26 £ 0.75

Note. Parameters from Equation (1), bold face indicates statistically significant values.

02 JoquaaoN ¢z0z (ddz7) SL:0v6 “TVNINO[ TVOISAHIOULSY HH],

‘e 1@ Aoyoiq



THE ASTROPHYSICAL JOURNAL, 940:75 (27pp), 2022 November 20

GMIMS

ExGal

Dickey et al.

6 TT A xX xxg P ¥ - TT
X 5
E :l:zII = IIIIIII'=II T
= | s=xey e _seol,e™ =X :2 25 ¢ L
8 0 xxxxx%$ IIxx$xxX$ KX 3 %l 0
Brl Wt oe| e e
¥ G
(f,‘ 60 - -60
E B -
< 50- H | 50
© ) BT
o 40- _ % [ 40
= 30+ % Ly 30
S {I
% 201%|T N I z [ ) 1 H -20
= ::I = s ) ﬁ L)
o ) ZI
10- % Iz i | i o
% o £$x$ X IIII I Kyl
0 | + Xz | 0
—50 0 50 —50 0 50
latitude (°)

Figure 3. Amplitudes (C; and C,) and phases (¢; and ¢,) of the sin (£) and sin (2¢) terms, from Table 1. The GMIMS results are on the left, the extragalactic on the
right. The values of the fitted parameters (Equation (1)) are shown in blue for the sin (¢), and red for the sin (2¢) terms. The curves are shaded for latitudes where the
amplitudes, C; and/or Cs, are greater than 5o. At negative latitudes, much of the third and fourth quadrants are not observable in the GMIMS survey. Because of this,

points on the left side of the left panel have large errors, and they are not shaded.

limited area. These R values are less secure. Even so, a pattern
of correlation at midlatitudes emerges in both hemispheres,
with little or no correlation at low latitudes (—5° < b < + 5°)
and at high latitudes (|b| >50°), illustrated in Figure 5. At
midlatitudes in the southern hemisphere, most 5° strips show
R > 0.5, with the exception of —45° < b < —40° shown in
Figure 6. So much of the longitude range is blanked in the
GMIMS data that the fit results are not significant, as shown by
the large spurious excursion in the fit in the unobserved region.

2.3. Effect of the North Polar Spur

The large angular-scale pattern of RMs at intermediate lati-
tudes, which is apparent in the Galactic northern hemisphere as
the sin (2¢) pattern discussed here, has been ascribed to the
effect of the NPS (Gardner et al. 1969; Lallement 2022; also
called Loop I, in Section 3 below). It may be that the NPS is
part of a larger structure that shapes the direction of the B field
throughout the hemisphere, a structure that could explain many
large features in the synchrotron emission, optical and far-IR
polarization, and cosmic-ray propagation (West et al. 2021). In

that case, the sin (2¢) RM pattern may be a useful tracer of the
direction of the LoS component of the field in this structure. On
the other hand, if the effect of the NPS is restricted to the region
of the first quadrant where the Stokes I emission shows a large
loop (illustrated in Section 3), then it is worth checking whether
the values of RM in these longitudes alone can cause the
sin (2¢) term to dominate over the sin (¢) term, unlike in the
southern hemisphere. To check, we blank the longitude range
20° < £ < 70° for latitudes + 25° < b < + 70°, and repeat the
analysis above. This area is shown by the red outlines in Figure
1. Blanking the NPS area gives results like those shown in
Figure 7 and Table 3. The effect on the fitted amplitude and
phase of the sin (2¢) term of blanking the NPS in the first
quadrant is small. All statistically significant values of C, and
¢, (in bold face in Table 1) agree with their values for the
unblanked maps within their errors, e.g., for latitudes +
35°<b<+40°% C, is decreased from 15.74+1.2 to
15.4 4+ 1.4 rad m 2 for the GMIMS profile, and similarly from
22.1+2.4 to 21.442.6rad m * for the extragalactic profile.
The correlation between the two RM samples is reduced from
R=0.76 to R=0.64. Comparing Figures 2 and 7 shows that
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Figure 4. Scatter plots of median values from the extragalactic RM map of Hutschenreuter et al. (2022) vs. corresponding median values of RM from the GMIMS
survey for the latitude range +20° < b < + 50° (left panel) and +50° < b < + 70° (right panel). On the left, the correlation coefficient is R = 0.69, and the slope of
the best-fit line is 1.1 &+ 0.08, whereas on the right there is no correlation (R = —0.03). The median errors on the points are shown in the insets. On the right (high
latitudes), the standard deviation of the GMIMS values is 9.8 (x-axis), and for the extragalactic values, the standard deviation is 6.1 (y-axis).

Table 2
Correlation Results

Latitude R Slope
—60 < b < =55 —0.11 —0.16 £ 0.35
—55<b< =50 —0.11 —0.20 £ 0.43
-50< b < —45 0.49 0.48 +0.19
—45 < b < —40 0.11 0.19 +0.39
—40 < b < =35 0.69 2.04 +£0.49
-35<b<-30 0.59 1.68 = 0.51
-30<b< =25 0.73 1.77 £ 0.37
—25<b< =20 0.63 1.99 + 0.54
-20<b< —15 0.63 1.95+0.53
—15<b<—-10 0.65 1.68 +0.42
—-10<b< -5 0.66 4.01 +0.98
—5<b< 40 0.36 2.90 + 1.58
+0<b<+5 —0.02 —0.26 £ 2.59
+5<b<+10 0.26 1.45 +1.10
+10 < b < +15 0.61 2.04 +0.54
+15 < b < 420 0.57 1.53 +0.44
+20 < b < 425 0.77 1.62 +0.26
+25 < b < 430 0.83 1.17 £ 0.15
+30 < b < 435 0.80 1.06 +0.14
+35 < b < 440 0.76 1.02 £ 0.15
+40 < b < +45 0.66 0.71 £ 0.14
+45 < b < +50 0.52 0.56 + 0.16
+50 < b < 455 0.40 0.37 +0.15
+55 < b < 460 —-0.42 —0.25 £0.09

the highest peaks in both profiles are in the blanked area, but
the sin (2¢) shapes are not significantly diminished when those
peaks are removed. We conclude that the NPS does not by
itself generate the sin (2¢) pattern in the northern Galactic
hemisphere. In the following sections, the NPS area is not
blanked, but similar results are found if the blanking is applied.

2.4. Slopes, Amplitude Ratios, and Phases

There are many reasons why surveys of RMs with different
telescopes may give different, even uncorrelated, results. Dif-
ferences in the u,v plane coverage for different instruments
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Figure 5. The Pearson correlation coefficient, R, vs. Galactic latitude, from
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hand axis). Dots are plotted only for latitudes 10° < |b| < 50° where the cor-
relation is strong (R > 0.5).
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as a result, and the constants are ill determined. In addition, there is very little
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Figure 7. The effect of blanking an area that covers the bright emission region corresponding to the North Polar Spur (25° < b < 70°, and 20° < ¢ < 70°). The

latitude ranges are the same as those shown in Figure 2.

leads to different angular resolution and spatial filtering of the
polarized brightness distribution on the sky. In particular, sin-
gle-dish surveys of diffuse polarization like GMIMS suffer
from depolarization due to several physical effects that do not
apply to observations of compact, extragalactic sources. Two
very significant processes are beam depolarization and depth
depolarization (Burn 1966; Tribble 1991; Sokoloff et al. 1998;
Dickey et al. 2019). The large beam of the DRAO telescope
blends together the emission from a large enough area that the
polarized flux with many different position angles averages so
as to attenuate the measured polarized intensity. This is parti-
cularly problematic at low Galactic latitudes where the polar-
ization angle varies rapidly with the position on the sky. The
extragalactic sources used to construct the RM grid are com-
pact enough (a few arcseconds to tens of arcseconds) that
variations in the foreground Galactic RM are too small to cause
much beam depolarization, except where HII regions or
another small-scale RM structure causes polarization shadows
(Stil & Taylor 2007; Harvey-Smith et al. 2011; Thomson
et al. 2019).

Depth depolarization of the diffuse Galactic emission
occurs when synchrotron emission and Faraday rotation
coexist within the same volume. Emission arising at different
depths along the LoS suffers different rotation, and vector
averaging reduces the observed polarized intensity. In the

simplest case, where magnetic field, synchrotron emissivity,
and electron density are constant, the RM of the diffuse
emission is exactly half that of an extragalactic source seen
through the region (Burn 1966). If the ionized gas that causes
the Faraday rotation is all in front of the diffuse polarized
Galactic emission, there is no depth depolarization, and the
extragalactic RM and the diffuse RM will be the same. If the
synchrotron emission is in front of most of the rotating
medium, there will be little or no correlation between the
extragalactic and diffuse RMs.

Figure 8 plots the slopes determined from the regression
analysis in Section 2.2, for only those latitudes having corre-
lation coefficient R > 0.5, as in Figure 5. Also plotted in red is
the ratio of the amplitudes of the sin (2¢) terms of the extra-
galactic sample divided by the GMIMS amplitude, i.e.,

G, ratio = CoprGa )
2-GMIMS

Red points are plotted only for the latitudes having amplitudes
for both extragalactic and GMIMS data greater than 5o (with
one exception each, as noted in the caption; see Table 1). These
criteria select only —40° < b < —10° and +10° < b < 4+50° for
the slopes, and +15° < b < + 45° for the amplitude ratios. All
the southern hemisphere slopes are consistent with a value of 2
(the upper blue line in Figure 8), the maximum expected from a



Table 3
Fit Parameters with North Polar Spur Blanked (Equation (1))
GMIMS (DRAO) Extragalactic
Latitude Range C, C, o3 C, o2 C, C o3} Cy o2
©) (rad m™?) (rad m™?) (radians) (rad m™?) (radians) (rad m?) (rad m’z) (radians) (rad m™?) (radians)
+25 < b < +30 -35+19 54428 —0.56 +0.48 15.1 £2.7 0.16 +0.08 30+£20 158 +3.2 0.39 +0.15 28.7 +2.5 0.23 + 0.04
+30 < b < +35 —57+13 33420 —0.42 £0.58 15.8 +£ 1.5 0.24 £+ 0.07 1.2+1.7 9.0+2.7 —0.20 £ 0.22 214 + 2.6 0.09 £+ 0.05
+35 < b < +40 —-69+1.0 5.6+ 1.3 1.82 +0.27 154 +14 0.13 + 0.05 —-28+1.5 104 +25 0.06 + 0.20 214 + 2.6 0.24 + 0.05
+40 < b < +45 —-35+14 52+1.5 2.19 +0.43 139+ 1.8 0.08 £ 0.07 0.8 +0.9 54+14 0.28 +0.18 15.7 £ 1.3 0.17 + 0.04
+45 < b < +50 -0.1+13 6.0 £2.0 2.74 +0.26 10.1 £ 1.7 0.24 +0.09 47+1.0 44+1.5 0.16 +0.26 9.0+ 1.4 0.26 + 0.06
+50 < b < +55 1.6 £1.1 52+1.4 2.39 +0.31 73+1.5 0.52 +0.10 5.84+0.9 38+ 14 0.42 +0.28 72+13 0.33 + 0.07
+55 < b < +60 19+ 14 48+19 2.56 +0.36 5.1+1.8 1.53 £ 0.16 6.6 +0.8 5.6 +0.9 —-0.97 £ 0.21 1.1+1.1 —0.26 £ 0.46

Note. Bold face indicates statistically significant values.
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Figure 8. Correlation slopes and amplitude ratios for the sin (2¢) terms at midlatitudes. Slopes are plotted for latitudes having R > 0.5 only. Amplitude ratios are
plotted only for +15 < b < + 50, for which all but one of the values of C, are greater than 5¢ in both surveys. (The exceptions are latitudes 25°-30° in the GMIMS
survey that have C, = 18.0 4.0 rad m’z, i.e., 4.50, and latitudes 45°-50° in the extragalactic survey that have C, = 7.9 & 1.6 rad m’z, i.e., 4.90.) The blue lines
indicate the range of slopes expected for a uniform, Faraday thin slab. Values above 2 can arise in various ways, e.g., the diffuse emission is beginning to show depth
depolarization. Values close to 1 suggest that the diffuse emission is behind most of the magnetoionic medium that causes the Faraday rotation in the extragalactic
sample. A field reversal along the line of sight could explain values of the slope less than 1.

uniform slab of mixed emission and rotating medium. This
suggests that the southern midlatitudes have polarized emission
and Faraday rotation distributed mostly together along the LoS.
On the other hand, the northern hemisphere points have lower
values of the slopes, with values dropping from 1.62 to 0.56 as
the latitude increases over the range +15°<b <+ 50°
approaching and passing the lower-limit value of 1 for fore-
ground rotation (the lower blue line in Figure 8). In this case,
the diffuse polarized emission and the extragalactic sources are
on average showing roughly the same RMs, suggesting that the
synchrotron emission is farther away than the medium that
causes the Faraday rotation (Section 3.1 below). The amplitude
ratios suggest an intermediate result for the component of the
RMs that is modulated by the sin (2¢) pattern. All of the red
points are between 1 and 2 in Figure 8, suggesting that the
synchrotron emission and the Faraday rotation are coextensive
over part of the LoS, but with some background emission that
is beyond the rotating medium.

The phases of the fitted functions, ¢; and ¢, in Equation (1),
show good consistency in the intermediate latitude ranges
where the fits show either a strong sin (2¢) term (the northern
Galactic hemisphere) or a strong sin (¢) term (the southern
Galactic hemisphere) as indicated by the shaded regions in
Figure 3. But there is an offset of roughly 7 between ¢, and ¢,.
Using the Pearson correlation coefficient R > 0.5 as a filter, and
plotting only ¢, values with error less than 0.075 radians
(=4"3), gives the points on the right side of Figure 9. On the
left are values of ¢, with corresponding errors less than 0.15
radians. In the southern hemisphere, only the extragalactic
survey has sufficient longitude coverage to give good fits in
Equation (1). The fact that the phases of the sin (2¢) terms in
the north are close to zero, 0° < ¢, < 20°, suggests that the
field sampled by these RM surveys is nearly aligned, either
parallel or perpendicular, to the direction to the Galactic center.
If the large angular-scale pattern in the northern midlatitude
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Figure 9. The fitted phases of the sin £ and sin (2¢) functions, i.e., ¢; and ¢, in
Equation (1). In the northern hemisphere, ¢, from both the GMIMS and the
extragalactic fits are shown, in blue and red respectively. In the south, the
extragalactic fits give ¢; ~ 7. In the figure, we subtract 7 to get the black points
on the same scale as the ¢, values in the north. Note that both the error bars and
the range of values for ¢, naturally have about twice the range as for ¢,
because of the factor of 2 in the third term on the right of Equation (1). The
conditions for including points on the plot are that R > 0.5 and the error in ¢ is
small, i.e., 04 < 0.075 radians or o, < 0.15 radians.

RMs is due primarily to a few nearby, large structures, then this
alignment would be fortuitous. Thus Figure 9 strengthens the
case for a global field configuration as the cause of the long-
itudinal modulation in the RMs, as discussed in Section 4
below. The close alignment of the zero phase direction in both
the northern hemisphere sin (2¢) and the southern hemisphere
sin (£ + m) functions with the Galactic center direction (£ = 0°)
suggests that these patterns are both aligned by a global field
pattern, e.g., an azimuthal or spiral field. The smooth decrease
in ¢, with increasing latitude in the north is suggestive of a
transition between disk-dominated and halo-dominated fields,
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Figure 10. Scatter plots between rotation measures (RM) of Galactic pulsars with 10° < |b| < 50° taken from the ATNF catalog and RMs of extragalactic sources
from Hutschenreuter et al. (2022). The scatter plots are organized by distance (D, left panel) and height above and below the Galactic plane (|z], right panel). On the
right panel, there is a tight correlation for pulsars with |z| > 0.6 kpc, as indicated by the Pearson coefficients, R, shown along with the number of pulsars in each
sample, N, and the slope of the best-fit line, which approaches 1 as z increases. These numbers are summarized in Table 4. The pulsar RMs are very precisely
measured; in most cases, the error bars are smaller than the symbols. The errors in the extragalactic RMs are the standard deviations in the Hutschenreuter et al. (2022)

map at the positions of the pulsars.

or perhaps the effect of flow in or out of the disk (Henriksen &
Irwin 2021).

3. Contributions to the RM at Intermediate Latitudes from
the Nearby Disk

The distinct, contrasting patterns in the RM at intermediate
latitudes in the northern and southern hemispheres, described
above, trace the magnetic field and the diffuse ionized medium
along the entire LoS through the Galaxy, for the extragalactic
sources, or along the LoS to and through the synchrotron
emission, for the GMIMS survey. Knowing the distances to the
regions where most of the rotation takes place would help to
interpret these patterns in terms of the magnetic field config-
uration. In particular, the contributions to the RMs due to
electrons and magnetic field in the disk versus the halo of the
Galaxy need to be distinguished (Mao et al. 2012). Distances to
the sources of polarized radiation are needed in order to model
the LoS distribution of the rotating medium, and to subtract the
contribution of the nearby disk from the RMs at midlatitudes.

Pulsars are useful for tracing the three-dimensional dis-
tribution of RMs because their distances can be measured,
either approximately by their dispersion measure (DM) or more
precisely by parallax. Large samples of pulsar RMs (Han et al.
1999, 2006, 2018; Sobey et al. 2019) have been used to
develop models of the field in the disk, (e.g., Han & Qiao 1994;
Indrani & Deshpande 1999; Sun et al. 2008; Sun & Reich
2010; Van Eck et al. 2011; Jansson & Farrar 2012; Xu & Han
2019), and to estimate the scale heights of both the magnetic
field and the diffuse electron layers. In this section, we consider
the contribution to the RM by the medium in the nearby disk,
based on several such empirical models of the electron density
and magnetic field configuration (Section 3.1), then we model
the RM due to the nearby disk (Section 3.2), and finally in
Section 3.3, we match the largest RM features with an inven-
tory of nearby radio continuum structures that contribute to
both the synchrotron emission and the RM in both
hemispheres.

11

3.1. RMs of Pulsars with Parallax Distances

Many pulsars have approximate distances based on their
DMs and models of the electron density in the disk (Yao et al.
2017, and references therein). Much more accurate distances
come from a parallax, so we start with these. Using the ATNF
Pulsar Catalog18 (v. 1.67, Manchester et al. 2005), we first
consider pulsars in the range 10° < |b| < 50° with accurate
parallax distances, % < 1, where op is the error in the distance,
D. This gives a sample of 57 pulsars. We then separate these by
height above the plane, z = D X sinb, and compute the cor-
relation with the extragalactic RMs in the same directions, i.e.,
the healpix cell containing the pulsar position.

Considering the subsamples at different distances, D, and
height above or below the plane, |z|, shown in Figure 10 and
Table 4, the correlation between the extragalactic RMs and the
pulsar RMs gets stronger rapidly with |z| above about 0.3 kpc.
For the 12 pulsars in the sample with |z| > 1 kpc, the Pearson
correlation coefficient is a remarkable 0.97. Using a much
larger sample of 296 pulsars with distances estimated from
their DMs and the electron density model of Yao et al. (2017)
gives weaker correlation coefficients, but still suggests that
most of the RM toward the extragalactic sources is generated
below |z| <~ 1kpc (Table 4). For this larger sample, the
correlation coefficients vary from 0.81 to 0.88 between 0.6 <
|z < 1 kpe. The correlation is still strong, but degraded some-
what for the second sample, perhaps because of the less precise
DM distances compared with the parallax distances used for the
first sample. The increasing correlation between pulsar and
extragalactic RMs for pulsars with |z| increasing from about 0.3
to 1kpc agrees with the finding of Mao et al. (2012) for
longitude £ ~ 110° that the symmetric disk B dominates RMs
for |z] < 0.5 kpc.

Figure 11 shows the trend of DM versus z for the pulsars
used in Figure 10, along with the expected DM given by var-
ious estimates for h,, the scale height of the ionized gas layer
(Ocker et al. 2020, Table 2), assuming that the electron density,

18 https: //www.atnf.csiro.au /research /pulsar/psrcat/psrcat_help.html
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Figure 11. Dispersion measure (DM) as a function of |z| for our selected 54
pulsars. Estimated trends from the literature are listed in the legend with
corresponding values of the scale height of the ionized gas in the Milky Way
h,. Although the points show large scatter, the data are consistent with esti-
mates for A, in the range 1.0-1.8 kpc.

Table 4
RM Correlations: Pulsars versus Extragalactic Sources
Sample Number Pearson R Slope
57 Pulsars with Parallax Distances, 10° < |b| < 50°

0 < |z] < 0.3 kpe 12 0.57 0.72
0.3 < |z] < 0.6 kpc 18 0.95 0.91

0.6 < |z] < 1 kpe 15 0.93 1.12
1 <z < 6kpc 12 0.97 0.95

296 Pulsars with DM Distances, 10° < |b| < 50°

0 < |z] < 0.3 kpe 65 0.80 0.72
0.3 < |z] < 0.6 kpc 80 0.81 0.91

0.6 < |z] < 1kpc 62 0.84 0.92
1 <z < 5kpe 89 0.88 0.81

n., depends on z as

ne(Z) = N0 eilzl/hg (3)

with n, as the average midplane electron density. Recent
values of h, are ~1.5 kpc. This is roughly a factor of 3 greater
than the corresponding scale height of the B field causing the
pulsar RM. This is supported by Figure 12, which shows the
average LoS magnetic field strength, (B)) = 1.232%, as a

function of |z| for this sample of pulsars. The curves in Figure
12 show the predictions assuming an exponential z dependence
of B with different values of A, the magnetic field scale height
(e.g., Sobey et al. 2019), and a midplane value B(0) = 6 uG for
the ordered component of the field. Most of the pulsars in
our sample are between the curves for hp=0.1kpc and
hgp=0.5kpc, which is indicative of a large-scale, ordered
magnetic field mostly confined to the Galactic thick disk, with a
considerably smaller scale height than the thermal electrons, A,.
This result is also consistent with theoretical expectations from
numerical simulations by Pakmor et al. (2018), where it is
shown that, because the magnetic field strength decreases
exponentially with height above the disk, the Faraday rotation
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Figure 12. Correlation between the average LoS magnetic field, (B), and |z
for our selected 54 pulsars. Four analytical trends of the form
(B)) = (B|, 0)e 1<) are overlaid as functions of the magnetic field scale
height, hz. As in Figure 11, the points are scattered over a wide range, but they
are mostly consistent with sz < ~ 0.5 kpc.

for an observer at the solar circle is dominated by the local
environment (distance D~a few kiloparsecs in the
simulations).

The scale height of the B field derived above applies only to
the field as measured with Faraday rotation, i.e., the field in
regions where the thermal electron density is high enough to
cause significant RMs. The synchrotron emission may extend
beyond the thermal electrons, because the cosmic rays and
magnetic fields are not so strongly confined to the disk in
regions where the mass density of the interstellar gas is low,
e.g., in bubbles or chimneys of hot gas (McClure-Griffiths
et al. 2000).

The RMs of pulsars with |z| > 0.6 kpc correlate well with
extragalactic RMs. Considering the longitude dependence of
the pulsar RMs, and restricting the sample to pulsars with
25° < |b| < 45° and |z] > 0.3 kpc, gives the points shown in
Figure 13. For comparison, the results of fits of Equation (1) to
the extragalactic RMs (Table 1) in these latitude ranges are
shown as dashed curves. The extragalactic fits show good
agreement with the pulsar points in both hemispheres.

The conclusion from this comparison with RMs of pulsars at
intermediate latitudes is that they are quite consistent with the
extragalactic RMs if the pulsar is more than ~0.6 kpc above the
plane. At midlatitudes (30°-45°), this gives distance
D > ~ 1 kpc. There are many large structures more nearby that
cast shadows on the RM sky, and we discuss them below in
Section 3.3.

3.2. Comparison with Empirical Models of the Disk Field

The correlation with pulsar RMs discussed above suggests
that a significant contribution to the extragalactic and GMIMS
RMs may be coming from the disk field, in addition to the field
in the lower halo (roughly |z| > 0.6 kpc). Using models for the
disk field, we can predict the strength of the RMs expected at
midlatitudes from the LoS path length through the disk.
Figure 14 shows three models for the disk contribution,
corresponding to Bg;s field models by Sun et al. (2008), Van
Eck et al. (2011), and Jansson & Farrar (2012), combined with
models for the thermal electron density in the disk, following
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Figure 13. Rotation measure vs. longitude for pulsars with latitudes +25° < b < + 45° and z > 0.3 kpc (upper panel) or — 25° > b > — 45° and z < — 0.3 kpc
(lower panel). For comparison, the Equation (1) predictions using the extragalactic fit parameters (Table 1) are indicated by the dashed curves. Many of the pulsars
have such precisely measured RMs that the error bars are smaller than the symbols. In both hemispheres, the agreement between the extragalactic RMs and the pulsar

RMs is very good, particularly for pulsars with |z] > 0.6 kpc.

the method for projection described in Ma et al. (2020). Since
the disk field is primarily azimuthal, these necessarily give
roughly sin (/ + m) dependence on longitude, but they
include a field reversal inside the solar circle, which adds a
weak sin (2¢) component, along with higher terms in a
Fourier expansion. Overall, these disk field models are in fair
agreement with the extragalactic RMs in the southern hemi-
sphere (right-hand panel, Figure 14), but they are completely
inconsistent with the RMs at positive latitudes (left-hand
panel). A comparison of these disk field models with the
extragalactic and diffuse RM data at midlatitudes suggests
that the disk field cannot explain the sin (2¢) behavior of the
RMs at positive latitudes, but it may be sufficient to explain
the sin (£ + 7) functions seen at negative latitudes.

An empirical approach to modeling the midlatitude RM
pattern, also based on pulsar data, is that of Xu & Han (2019).
Combining pulsar RMs and corresponding DMs, they find
approximate sin (2£) and sin (¢ + 7) functions for the inter-
mediate latitude behavior of RM on longitude, reproduced in
Figure 14 as the red curves (see their Figure 17). To explain the
asymmetry between the two hemispheres, they invoke anti-
symmetric toroidal fields in the halo (Han et al. 1997, 1999),
plus a disk field with spiral shape and two field reversals inside
the solar circle (Han et al. 2006, 2018), and the nearest is at a
distance of just 0.14 kpc. In Figure 14, the Xu & Han (2019)
model, which includes disk and halo fields, shows the same
sin (! + m) dependence as the disk models in the southern
hemisphere, but it gives roughly a sin (2¢) behavior in the
north, which is much more consistent with the extragalactic and
GMIMS RM data.
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3.3. Nearby RM Structures

The differences between the RM patterns in the two hemi-
spheres have been ascribed to nearby features such as the NPS
(Gardner et al. 1969). For the NPS, we show in Section 2.2 that
this feature alone does not generate the observed pattern of
RMs in the northern hemisphere. Here we evaluate the
contribution of other discrete nearby structures whose RM
variations match the morphology of Stokes I synchrotron
emission or Ha emission. To illustrate this comparison, in this
section, we decompose the RM surveys in spherical harmonics
and display the results in orthographic projection using
HEALPix tools (Gorski et al. 2005).

The analysis of the functional dependence of RM on
Galactic longitude, ¢, in Section 2 by decomposing as the first
few terms of a Fourier Series, Equation (1), generalizes
mathematically to a decomposition in spherical harmonics, 7"
(e.g., Dennis & Land 2008; Drake & Wright 2020), the well-
known family of orthogonal functions on a sphere. The sphe-
rical harmonic degree, /, roughly corresponds to angular scale,
6 =180° I"". We compute the spherical harmonics up to degree
[ =3, which can capture dipole (m = 1), quadrupole (m = 2),
and even octopole (m = 3) modes (i.e., > % on the sphere. For
both the Hutschenreuter et al. (2022) map and the GMIMS
map, we mask the Galactic plane for |b| < 10° before com-
puting the spherical harmonics. We show the sum of the first
three spherical harmonics for both maps in orthographic pro-
jection, centered on the Galactic poles, in the lower panels of
Figures 15 and 16. The sin (2¢) (north) and sin (¢ + 7) (south)
functions stand out in this representation.

The largest structures in the synchrotron sky are the Galactic
loops and spurs, reviewed by Vidal et al. (2015), which stand
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Figure 14. Models for the contribution of the disk to the RMs observed at intermediate latitudes. The left panel shows north latitudes (b = + 40°) and the right panel
shows the corresponding south latitudes (b = — 40°). These are computed following the method described in Ma et al. (2020, Section 2.2). The blue and orange curves
result from the model of Sun et al. (2008) for the disk component and disk plus halo, respectively. The green curve is the disk component of the Van Eck et al. (2011)
model, and the red is the disk component of the model by Jansson & Farrar (2012). The recent model of the halo contribution to RMs of pulsars Xu & Han (2019) is
shown in purple for b = £30° (copied from their Figure 17). For comparison the Equation (1) fits to the extragalactic RMs for similar latitude ranges are shown by the
dashed curves. The Xu & Han (2019) halo model matches the models for the GMIMS and extragalactic RMs quite well in both hemispheres, as does the Sun et al.
(2008) disk-plus-halo model, but the disk-only models do not fit the RM pattern in the northern hemisphere.

out in both total synchrotron intensity (Stokes /) and polarized
emission. Using the relatively sparse RM grid of the time,
Simard-Normandin & Kronberg (1980) described three
corresponding regions, (A), (B), and (C), which enclose the
largest-scale RM features. Stil et al. (2011) revisited this
description using the RM grid of Taylor et al. (2009). The areas
covered by the three regions as defined by Simard-Normandin
& Kronberg (1980) are as follows:

1. Region (A). Loop 11 is a rectangle with corners (¢, b) =
(145°, —10°) and (170°, —35°).

2. Region (B). The Gum Nebula is a circle centered at
(¢, b) =(255°, 0°) and radius ~20° (Vallee & Bignell 1983).

3. Region (C). The NPS (Loop I) is a rectangle with corners
(¢, b)=(0°, 0°) and (60°, + 60°).

Region (A) is associated with radio continuum Loop II. The
outline of Loop II, as seen in the diffuse, unpolarized syn-
chrotron emission in the upper panel of Figure 17, follows a
boundary of RM ~ O rad m™ “, the white areas in Figures 15 and
16. Region (A) covers an enormous area, much of quadrants (I)
and (II) in the southern hemisphere, within which the RMs are
mostly negative. Nested inside Loop II is another emission
feature, Loop IIIs, which roughly mirrors the northern Loop III
(center at (¢, b)=(124°, +15.5°) with diameter 65°; Ber-
khuijsen 1971). The boundary of Loop IIIs is associated with
an increase of the absolute RM value. Thomson et al. (2021)
model this region as an expanding shell, following Berkhuijsen
(1973) and Vidal et al. (2015). There is an additional region of
negative RM in the first Galactic quadrant of the southern
hemisphere, visible in the full-resolution extragalactic map.
This region is separated by a ridge of positive RM following
the line of Loop II. The same positive ridge is present in the
GMIMS map, but the larger area of negative of RM does not
appear. However this region lies at the most southern decli-
nations covered by the GMIMS-HBN survey.

Region (B) is associated with the Gum nebula, which is at
lower latitude (|b| < 20°) and relatively small compared with
the other two, so it is unlikely to have a strong effect on the
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midlatitude RMs. In contrast, regions (A) and (C) are large
enough to influence the RM patterns on sterradian scales.

Region (C), the NPS discussed in Section 2.3 above, appears
in the first quadrant as an area of relatively uniform positive
RM. In the GMIMS map, the positive region only extends as
high as b~ 50°, whereas it extends to the north pole in the
extragalactic map.

The extragalactic data show that the RM is mostly positive at
southern latitudes in the third and fourth Galactic quadrants.
The same is not true for the GMIMS map. Although much of
the southern Galactic hemisphere could not be observed by the
DRAO telescope, the observed portion of the third quadrant has
mostly negative RMs.

Strong correlation can be seen between the RM and the Ha
emission from nearby H II regions, sometimes casting depolar-
ization shadows that block the background diffuse polarization
(e.g., Harvey-Smith et al. 2011; Purcell et al. 2015; Thomson
et al. 2018). Regions of lower-density ionized gas traced by
diffuse Ha can strongly affect the RM. To study this effect, we
plot the all-sky Ho image of Finkbeiner (2003) in the lower
panel of Figure 17. Comparing this to the full-resolution maps
from both surveys (upper panels of Figures 15 and 16) reveals a
correlation with How emission. Latitudes |b] < 10° are hidden in
our orthographic projection, but even so the Orion—Eridanus
superbubble (Joubaud et al. 2019) shows up clearly at long-
itudes 180° < ¢ < 240°, latitudes — 45° < b < —5°. There is a
clear correlation with the extragalactic RMs and the Orion—
Eridanus superbubble. The region itself is morphologically
complex, and so is the RM distribution, but there is an
enhancement in RMs along the bubble’s boundary, with pri-
marily positive RMs there. The correlation with RM is far less
clear in the GMIMS data. While there appear to be correlated
RM enhancements along the Ho filaments, the GMIMS RM
structure does not match the Ha as well as the extragalactic
RMs do. The maps combining just the low-order Y;" terms
(lower panels of Figure 16) show that the GMIMS RM is mostly
negative in the Orion—Eridanus area. The difference between the
GMIMS and extragalactic RMs in this area suggests that much
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Figure 15. Upper: the extragalactic RM map of Hutschenreuter et al. (2022) in orthographic projection, centered on the Galactic poles. The left panel shows the
northern hemisphere, the right panel shows the south, with circles of constant latitude at b = £30° and +60°. Lower: the spherical harmonic expansion of the
Hutschenreuter et al. (2022) RM distribution with [y, = 3. We overlay the positions of nearby radio continuum loops (Vidal et al. 2015) and label the Galactic

quadrants by Roman numerals on both panels. As these are images of the sky, parity is reversed compared with the ordinary face-on view of the Galactic plane seen
from above the northern hemisphere.
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Figure 16. The upper panels show the Wolleben et al. (2021) map of the GMIMS RMs in orthographic projection. The lower panels show the spherical harmonic

expansion, as in Figure 15. The radio continuum loops discussed in the text are indicated as in Figure 15. The gray patches are areas where the signal-to-noise is too
low to allow calculation of the first moment of the Faraday spectrum.

of the diffuse synchrotron emission is coming from the vicinity negative RM encircled by Loop III in the second quadrant. The
of the superbubble itself, and from the foreground. appearance of this loop is very similar to that of Loop II in the

In the northern Galactic hemisphere, the two RM maps show south, with diffuse Stokes / emission following a line of
good agreement. The strongest common feature is the region of RM ~ Orad m 2. In the full-resolution versions of both maps,
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Figure 17. The upper panels show Stokes / emission at 408 MHz (destriped; Haslam et al. 1982; Remazeilles et al. 2015). The lower panels show the Ha emission
from SHASSA, VTSS, and WHAM (Finkbeiner 2003). Alignment and overlays are the same as Figure 15.

there is a clear ridge of positive RM, which sharply changes to
negative across the boundary of Loop III. Loop I (the NPS)
crosses the intermediate latitude range at / =~ 30°. The strongest
positive RM features in the GMIMS map match the morph-
ology of the spur. In both the GMIMS and the extragalatic
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maps, however, there is a sharp change in the strength
of the RM along the ridge of the NPS (Sun et al. 2015).
The distance to the high-latitude component of Loop I has
been constrained to ~0.1kpc using starlight polarization
(Panopoulou et al. 2021).
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In summary, Loop I does not appear to contribute strongly to
the sin (2¢) pattern in the northern Galactic hemisphere (as
shown in Section 2.3 above). Loops I, III, and IIIs do make
significant contributions to the RMs in both surveys. No strong
distance constraints have been placed on these loops, but their
huge angular sizes and the corresponding Stokes / emission
suggests that they are local features. Orion—Eridanus also has a
large-scale effect on the RM sky.

The sin (2¢) and sin (¢ + 7) structure of the RM sky in the
inner Galactic quadrants (first and fourth) does not appear to be
associated with any local discrete structures. The Y7" decom-
positions show that the RM pattern appears antisymmetric
about the Galactic plane at longitudes — 90° < ¢ < +90°. It is
when we include the outer quadrants (second and third) that the
asymmetry appears, along with the association with local fea-
tures. It is therefore possible that the RM structure from the
global magnetic field is antisymmetric about the Galactic plane,
but the antisymmetric pattern is obscured in the outer Galaxy
by the effects of nearby objects.

4. Self-consistent Field Configurations Based on RM Maps

The discussion in Section 3 shows that the difference
between the sin (2¢) and sin (£ + 7) variation of RM with
longitude in the northern and southern hemispheres is not
easily explained by the effects of nearby discrete structures
such as H 1I regions or radio continuum loops. The very good
correlation with RMs of pulsars with parallax distances shows
that most of the Faraday rotation in the extragalactic sample
occurs in the thick disk or lower halo, below |z| ~ 1 kpc.
Outside of the thin disk, |z| ~ 0.1 kpc, the field configuration
must change dramatically and differently in the two hemi-
spheres, to explain the disagreement between the disk B field
models shown in Figure 14, and the intermediate latitude
extragalactic and GMIMS RM results. How the field changes
with z, and why it changes so differently in the north and south,
is the fundamental question considered in this section.

To go beyond the empirical models of the B field, like those
illustrated in Figure 14, requires a physical approach to the
generation and maintenance of the magnetic field as a solution
to the plasma equations (e.g., Ferriere & Terral 2014). Dynamo
configurations provide the preferred model because dynamo
processes in the interstellar medium can both amplify the field
(the small-scale dynamo) and sustain a global mean field, i.e.,
the o — Q dynamo (Beck 2015). To try to explain the RM
variation with £ described in Section 2, we consider the scale-
invariant models of Henriksen (2017) and Henriksen et al.
(2018), which solve the magnetohydrodynamic equations
including diffusion and a velocity field in the medium, in a
form that assumes scale invariance and solutions that are self-
similar in time. Various velocity fields in the gas are considered
by Henriksen et al. (2018), and different amounts of diffusion.
These models do not separate disk and halo contributions to the
field; they make a continuous, global solution to the plasma
equations and hence to the vector potential and finally the
magnetic field.

Here we explore whether a large angular-scale model of the
Galactic magnetic field can reproduce the main features
described in Section 2, namely the following:

1. asymmetry across the Galactic plane,
2. a sin (2¢) RM pattern in the north,
3. a sin (/ + m) RM pattern in the south,
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4. the amplitudes of the two patterns differ by a factor of 2,
with the stronger amplitude in the south.

In this section, we show that a dynamo-based model can be
found that displays these general features. We have not
achieved an exact match between our model and the data, and
we deliberately leave this to future work. Our goal here is
simply to demonstrate that dynamo models are strongly rele-
vant to understanding the observed patterns in the RM sky.
Following the approach of West et al. (2020, Section 3), we
start with a combination of MO (axisymmetric) and M1
(bisymmetric) spiral modes, each either positive or negative in
radial direction, and each either dipolar (continuous field across
the midplane) or quadrupolar, i.e., symmetric field on either
side of the midplane (Sokoloff & Shukurov 1990). Combining
just these two simplest spiral modes makes possible a diverse
set of field configurations, some of which are asymmetric
between the hemispheres, as seen in Figure 18.

For the B field configuration that matches each spiral pattern,
we use combinations of dynamo models developed by Hen-
riksen (2017) and Henriksen et al. (2018), and subsequently
applied to modeling the edge-on spiral galaxy NGC 4631 by
Woodfinden et al. (2019). We use the best-fit case from
Woodfinden et al. (2019) as a test case for this work. Different
approaches start more or less from the same set of dynamo
equations, but some use numerical techniques involving the
solution of partial differential equations, and some use other
semianalytic approximations, such as assuming a zero z
approximation. The advantage of scale invariance is that it
allows a quick survey of the possibilities based on algebraic
equations and analytic solutions, and most importantly, it
allows a coherent treatment of the disk and halo fields together.
The dynamo models used in this work do not separate the disk
field from the halo field. Rather, the two components are a
result of the same scale-invariant dynamo modes.

We solve the dynamo equations for the M =0 and M =1
cases, where M is the spiral mode, using a grid that has n, = 64,
n,= 64, and n, =32 pixels, corresponding to a single hemi-
sphere of the model magnetic field of a galaxy, and using a
physical scale of 0.625 kpc pixel ' (i.e., 64 pixels corresponds
to 40 kpc). The model has no small-scale structure, and so this
relatively coarse resolution is sufficient. The coordinate system
defines the plane of the model galaxy to be parallel to the x—y
plane, with the origin at its Galactic center. The z-axis is
perpendicular to the plane, with z >0 toward the northern
hemisphere. We scale the average strength of the output
magnetic field of the M = 0 mode to be 1 4G. We then scale the
M =1 mode to have the same average power, and thus the
same average RM, as the M = 0 mode.

We find the solution for the dynamo equation for the vector
potential (Henriksen 2017, Equation (1)) for points where
z >0, and then assume either dipolar or quadrupolar symmetry
across the disk of the galaxy to calculate points where z < 0.
We integrate the coherent field using a low-resolution Healpix
projection Ng;q. = 64, corresponding to roughly 1° pixels. This
angular resolution corresponds to a physical scale perpend-
icular to the LoS that is roughly 0.2 kpc at a distance of 10 kpc.

We place the observer inside of this grid, at a position similar
to the Sun’s position in the Galaxy, i.e., (x, y, 2) =(— 8, 0, 0)
kpc. We then use the Hammurabi code (Waelkens et al. 2009)
to compute the RM for an observer embedded inside this
magnetic field geometry. The RM is computed by integrating
volume elements along lines of sight through a grid where each
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Figure 18. Simulated RM maps showing the M =0 and M = 1 modes, each with + dipolar and quadrupolar symmetry. The two top rows show these modes
individually. The lower rows show all 16 combinations thereof. The case of —MO dipolar added to —M1 quadrupolar, in the fourth row and rightmost column, is

reproduced in Figure 19.

element, i, contributes an increment of RM calculated by
RM; = 0.81 n, B;; Ar. Here n, is the thermal electron density
of the halo, which we assume to have a constant value of
0.01 cm ™3, and Ar is the element size (0.625 kpc).

The output is a Healpix image (Gérski et al. 2005) of the RM
across the sky, which can be compared with the extragalactic
RM data. We mask latitudes below |b| =30° because we
cannot adequately display them on this image, and because our
primary interest is at higher latitudes. The top two rows of
Figure 18 show the M =0 and M = 1 modes, each with dipolar
or quadrupolar symmetry. The following rows show all 16
combinations of the M =0 plus M =1 modes, with equal
amplitudes, positive or negative, in each case. In these panels,
we have rotated the center point of the longitude axis by 100°
clockwise to more closely resemble the appearance of the
pattern we observe in the real data. This rotation is equivalent
to changing the viewing position within the model galaxy, i.e.,
the (x, y) coordinates, but while maintaining the same radial
distance, ie., r = x> +y?> =8 kpc). Here we can see that
the M=0 or M =1 mode alone cannot reproduce a sin(2 ¢)
pattern. However, the combination of — B,,_; (dipolar) added
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to — By—1 (quadrupolar) can crudely reproduce all of the
observed features, including the asymmetry across the plane.
This model is shown in larger format in Figure 19. Slices
through the model at latitudes +35°<b<+40° and
—45° < b < — 40° corresponding to Figures 2 and 6 are shown
in Figure 20. The B field on three planes that make sections
through the Galaxy is shown in Figure 21 to illustrate the
complexity of the field in this —M0—M1 model. Although the
model has not been adjusted to fit the data, and clearly
adjustment is needed as seen by the mismatch in Figure 20, the
fact that the two hemispheres in this model give such different
overall RM patterns motivates further work.

5. Discussion

Comparing the RM surveys based on diffuse emission
(GMIMS) and the foreground derived from extragalactic source
RMs, the data in Section 2 show that the midlatitude regions,
roughly 10° < |b| < 50° in both hemispheres, are where a
large-scale, coherent picture emerges. Near the plane, |b| <
10°, and at both poles, |b| > 50°, the two surveys do not cor-
relate, either because the path lengths sampled by the two
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Figure 19. The preferred model RM distribution resulting from a halo field configuration including —MO dipolar and —M1 quadrupolar components. The model is
arbitrarily rotated in longitude. Latitudes — 20° < b < + 20° are blanked. Latitude ranges used to compute the azimuth dependence shown in Figure 20 are indicated

by dashed green lines.
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Figure 20. Constant latitude binned slices through the —M0-M1 model. The
upper panel covers latitudes +35° < b < +40°; the red and blue curves are
copied from the upper panel of Figure 2. The lower panel is for —45° <
b < —40° corresponding to Figure 6. Error bars show the scatter of values in
each longitude bin, which are necessarily small because of the low angular
resolution of the model.

techniques are different or because of different resolutions,
both in angle and on the Faraday spectrum, 6¢. However, at
midlatitudes the very good agreement between the two quite
different observational methods indicates that the Milky Way
magnetic field can be traced reliably with RM surveys of
either type.

20

If there were a one-to-one correspondence between GMIMS
and extragalactic RMs, i.e., slope of 1 in Figure 8, that would
indicate that the Galactic synchrotron emission all comes from
behind the entire volume of Faraday rotating medium. In
regions where this is not the case, a comparison of the two RM
maps gives information on how these two media are mixed
along every LoS.

To understand the values of the amplitude ratios and corre-
lation slopes displayed in Figure 8, we consider a Burn slab
(Burn 1966) as described in Section 2.4. Such a mixed rotating
and emitting region has a finite width, Ay, in the Faraday
spectrum, because emission from different points along the LoS
undergoes different amounts of rotation. For a Burn slab, the
detected polarization angle is a linear function of the wave-
length squared, just as it is for a background point source that
undergoes rotation due to the same uniform magnetic field
along the LoS. The RM derived from that slope is half the
value of the corresponding point-source RM, leading to a ratio
of 2, shown by the upper blue line in Figure 8. For the
GMIMS-HBN survey, the RMSF is broader than Ay for any
realistic slab at intermediate latitudes, so the slab is unresolved
in ¢, with a single Faraday depth peak near the center of A,
giving approximately half the value of the total RM of the slab.

If the slab is in the foreground, and the synchrotron emission
extends farther along the LoS than the Faraday rotating med-
ium, then the ratio of the extragalactic RM to the diffuse RM
can be less than 2. The ratio is 1 in the extreme where the slab
becomes simply a foreground screen of rotating plasma with all
the emission coming from beyond the screen.

The two points in Figure 8 above b = + 40° that give slopes
of 0.71 £0.14 and 0.56 £ 0.16 (see the lower right panel of
Figure 2) are revealing; a value less than 1 in this ratio implies a
field reversal along the LoS, beyond the diffuse emission. If
there are one or more sign changes in the magnetic field
component along the LoS, then the interpretation of the RM
ratios can get much more complicated. In that case, the diffuse
RM could be arbitrarily high, either positive or negative, and
the extragalactic RM could be zero, or vice versa, giving C,
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Figure 21. Examples of the B field configuration in the —MO (dipolar) and —M1 (quadrupolar) model. The left and middle panels show the field direction projected on
planes parallel to the midplane, displaced above and below midplane by 1.25 kpc. The right panel shows the field on a plane perpendicular to the midplane, through a
position (x = —8.1 kpc, y = 0, z = 0) normal to the radial direction, roughly corresponding to the position of the observer for the computation of the RM Figures 18—
20. The B field model is for a generic spiral galaxy; it has not been fitted to the Milky Way, so the scales on the axes are representative. Unlike Figures 18-20, the field
is not integrated along the line of sight nor projected on the sky; these panels merely illustrate sections through the model. The background color shows the magnitude
of the field (|B|), with a logarithmic scale. The field is neither symmetric nor antisymmetric about the midplane.

ratios of zero or £ oo, or anything in between. Modeling the
Faraday spectrum with better resolution would be needed to
interpret the RMs in that case (e.g., Bracco et al. 2022; Erceg
et al. 2022, Appendix C). This suggests that at positive lati-
tudes we may be looking through a field reversal that is several
hundred parsecs above the midplane. The absence of correla-
tion between the GMIMS and extragalactic survey RM at the
highest latitudes could be explained if the diffuse emission
comes from both behind and in front of the reversal.

The simplest and most striking result of the analysis of the
RMs in Section 2 is that the typical values of the RM in the
Galactic southern hemisphere are bigger than those in the
north. In Table 1 and Figure 3, the C; term has values of
50-60rad m 2 for —5° > b > —30°, dropping smoothly to
~30rad m 2 at b = — 40°. This is not clear in the GMIMS data
because of the sparse coverage of southern declinations, but for
the extragalactic data on the lower right-hand panel of Figure 3,
the blue curve at the southern latitudes is a factor of 2 above the
red curve, and a factor of 4 above the blue curve at the
corresponding northern latitudes. The different amplitudes of
the RMs in the two hemispheres are expected in the -M0-M1
model of Section 4 (Figures 19 and 20).

In the south, the correspondence of the main negative RM area
with the insides of Loop II and Loop Ils is striking in the right
panels of Figures 15 and 16, in the range 60° < £ < 120°. Posi-
tive RMs dominate the whole longitude range 180° < ¢ < 360°,
but in the Orion—Eridanus region, they are the strongest, mostly
at southern latitudes but reaching into the north in the longitude
range 240° < £ < 260°. These two structures by themselves may
cause the very large values of RM in the south that are not seen in
the north. Thus the northern hemisphere may be a window to the
halo field (|z] > 0.3 kpc) whereas in the south the RMs are
dominated by structures in the nearby disk. So both the effect of
synchrotron loops with distances less than ~1 kpc (Section 3)
and the global models including the halo field (|z| > 0.5 kpc;
Section 4) may be needed to understand the difference between
the RM patterns in the northern and southern hemispheres.

This synthesis of the two frameworks, on the one hand,
nearby structures on large angular scales, and, on the other, a
global halo-field pattern, is supported by the ratios of values of
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C, and the correlation slopes shown in Figure 8. All the
southern hemisphere slopes are consistent with a value of 2,
suggesting that the synchrotron emission and the Faraday
rotation are mixed in a single emitting—rotating medium. The
lower values in the northern hemisphere, between 1 and 2 but
mostly closer to 1, indicate that there the diffuse synchrotron
emission is mostly coming from beyond the medium that
causes the Faraday rotation, thus at distances greater than
~1kpc. Distance estimates to more interstellar dust clouds
(Lallement et al. 2018; Pelgrims et al. 2020), and observations
of the three-dimensional structure in the B field around these
clouds (Tahani et al. 2019, 2022a, 2022b) are rapidly
improving our understanding of the field in the nearby disk. As
larger surveys become available, e.g., POSSUM (Gaensler
et al. 2010; Anderson et al. 2021) and SPICE-RACS (A. J. M.
Thomson et al. 2022, in preparation), these large-scale and
small-scale RM studies can be unified.

6. Conclusions

Comparing the RM map of the Milky Way derived from large
samples of extragalactic source RMs with the first-moment map
derived from the GMIMS Faraday depth spectra of the diffuse
synchrotron emission shows that these two data sets often give
very different results. Where they agree is on the large angular
scales, at intermediate Galactic latitudes. Surprisingly, the pat-
terns that show up in both surveys are neither symmetric nor
antisymmetric between the northern and southern Galactic
hemispheres. In the north, there is a strong sin (2¢) pattern in the
RMs between b =+ 10° and b = + 50°. The pattern is closely,
but not precisely, aligned with the Galactic center, i.e.,
20° > ¢, > 5°; see Figure 9. In contrast, the southern hemisphere
shows a sin (¢ + ) pattern, with the 7 phase offset indicating
that RMs in the first and second Galactic quadrants are mostly
negative, while in the third and fourth quadrants they are mostly
positive. Again, the pattern is aligned closely with longitude 0°.
Pulsar RMs match these patterns when we consider only pulsars
well above and below the thin disk (|z] > ~ 0.6 kpc).

The question raised by comparison of GMIMS and extra-
galactic RMs is as follows: why are the northern and southern
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hemispheres so different? In Sections 3 and 4, we take a first
step toward a coherent picture of the global magnetic field
configuration in the disk and halo of the Milky Way.

Large angular-scale, nearby structures like the radio con-
tinuum loops show morphological correspondence with RM
features. Expanding the RMs in low-order spherical harmonics
makes this correspondence clearer, as shown in Figures 15 and
16. Loops 11, 11, and IIIs trace the boundaries of large areas of
negative RMs, and Loop 1, i.e., the NPS, has high positive RM.
The boundary of the Orion—Eridanus superbubble is traced by
positive RMs. To the extent that distances are known, these
loops and bubbles are within 1 kpc of the Sun (West et al.
2021, and references therein), with the possible exception of
parts of Loop I (Lallement 2022).

If the midlatitude RM patterns cannot be explained entirely
by these nearby structures, then they may help to determine the
pattern of the B field in the lower Galactic halo (|z| >~ 0.5
kpc). If the vertical z-component of the B field is continuous at
z=0, as in a dipole (MO) configuration, then it is hard to
reconcile the asymmetry between the hemispheres in their RM
patterns. Adding a quadrupole (M1) field, which has anti-
symmetry between the hemispheres, can introduce a dis-
continuity in combined B, at z=0, so it helps to match the
data, as in the —MO-M1 model discussed in Section 4.

At low latitudes (|b| < 5°), the RM pattern is more compli-
cated (reviewed by Han 2017). The B field in the disk is pri-
marily spiral or azimuthal, but with at least one field reversal
just a few hundred parsecs inside the solar circle (e.g., Simard-
Normandin & Kronberg 1980; Sofue & Fujimoto 1983; Rand
& Kulkarni 1989; Weisberg et al. 2004; Xu & Han 2019). An
azimuthal field naturally gives a sin (¢) pattern, and a nearby
reversal introduces a sin (2¢) and higher-order terms (Van Eck
et al. 2011) that may be connected with the inter-arm halo field
described by Mao et al. (2012).

An attractive conjecture is that the field reversal seen in the disk
just ~0.15-0.3 kpc inside the solar circle at z =0 might move to
larger Galactic radius at positive z, so that it passes directly above
the solar circle at z ~ 0.3 kpc. Ordog et al. (2017) have shown that
the Sagittarius Arm reversal (£ ~ 52° to 72°) is not cylindrical (see
also Ma et al. 2020). The latitude of the reversal boundary is a
linear function of longitude, with slope about 0.5, implying that
its height above the plane, z, increases linearly with Galactic
radius. A similar radial slope of the nearby field reversal would be
a natural explanation for the sin (2¢) pattern in the RMs at
midlatitudes in the northern Galactic hemisphere.

Nearby edge-on spiral galaxies show “X-shaped” B fields in
their halos; see Ferriere & Terral (2014), Krause et al. (2020)
reviewed by Beck (2015, Section 4.13). A particularly dramatic
example is NGC 4631 (Mora-Partiarroyo et al. 2019), which
shows field reversals in its northern halo. The pattern has been
modeled with dynamo components similar to those illustrated
in Figure 18 (Woodfinden et al. 2019). This is what the local
field reversal would look like if it extends radially at high z.
The smooth shift in the longitude of zero-phase as a function of
latitude (Figure 9) could indicate a variation of the pitch angle
of the reversal with height above the plane, z.

The ratio between the Galactic and extragalactic RMs sug-
gests that, in the northern hemisphere, the synchrotron emission
is mostly beyond the Faraday rotating medium, whereas the
two are spatially mixed in the south (Section 5). Moving
beyond a single homogeneous slab or screen geometry leads to
more complex models for the juxtaposition of the rotating and
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emitting regions. An example is the model of Basu et al. (2019)
that includes the effects of random fields. The much finer
resolution, 8¢, in the Faraday spectra observed by LOFAR at
A~1 m gives sufficient precision to motivate such detailed
interpretations (Sobey et al. 2019; Bracco et al. 2022; Erceg
et al. 2022). The broad RMSF of the GMIMS-HBN observa-
tions does not justify a similar fine-scale analysis of the Fara-
day spectrum in these data.

When the GMIMS HBN (DRAO) survey is supplemented by
a low-band survey in the northern hemisphere, then models of
the propagation of the polarized radiation through the magne-
toionic medium can be improved. Better sampling of the
extragalactic RM will be provided by POSSUM (Gaensler et al.
2010; Anderson et al. 2021), a much larger radio polarization
survey than all previous observations put together. Similarly, the
parameters of the dynamo models of the magnetic field struc-
tures described briefly in Section 4 can be adjusted to better fit
the RM data from all three kinds of polarized emission: pulsars,
extragalactic sources, and the diffuse synchrotron radiation.
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Appendix A
The Effect of Binning the RM Values Before Correlation

Grouping the values of RM from the extragalactic and
GMIMS surveys into bins 5°~10° on a side and then computing
the median of the values in each bin greatly reduces the scatter
in the points in Figures 2 and 7. The bin size has very little
effect on the results of fitting for the constants in Equation (1).
To confirm the robustness of the results in Table 1, we repeat
the analysis of Section 2 using all integer factors of 360
between 24 and 90 for the number of longitude bins for each 5°
latitude band. Two examples are shown in Figure 22, with 24
and 90 bins respectively, for latitudes + 35° < b < + 40°,
corresponding to the upper panel of Figure 2. The upper panel
of Figure 22 has 24 bins of width 15°; the lower panel has 90
bins of width 4°. The fitted functions have quite similar values
for the amplitudes and phases of both the sin (¢) and sin (2¢)
terms. Considering the full latitude range 20° < b < 50° where
the fitted value of C, is greater than five times the error gives
Figure 23. The fitted values of Cj, i.e., the amplitude of the
sin (2¢) term, are plotted for each latitude using longitude bins

19 http: //www.astropy.org
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agree within error bars of +1¢. From this and similar comparisons with many
different bin widths, we conclude that the bin size has minimal effect on the
least-squares fitting in Section 2.
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of 4° versus 15°. The results are quite consistent, with only one
of the 12 points showing more than 1o difference.

Decreasing the size of the bins has a moderate effect on the
correlation between the extragalactic and GMIMS values of
RM. This is shown in Figure 24. Each trace shows the result of
computing correlations like those shown in Figure 4, for dif-
ferent bin widths from 15° to 4°. For most latitudes, the cor-
relation coefficient, R, decreases as the bins get narrower, from
roughly 0.75 for bins ~10° wide or more, down to about 0.70
for bin widths of 4°-5°. Although the effect is small, the fact
that the narrower bins show less correlation suggests that the
large angle patterns are well correlated between the two sur-
veys, while the structure in RMs at angles less than about 5° is
less well correlated. This result might be expected if the small
angular-scale variations come from structures that cover narrow
intervals along the LoS. The two surveys weight the polarized
emission from different distances differently, so small features
have different effects in the two.

In addition to checking the effect of the bin widths, it is
interesting to check whether the smoothing and interpolation of
the extragalactic RMs to make the continuous RM function of
Hutschenreuter et al. (2022) has a significant effect on the fit-
ting results. For this we use the catalog of Taylor et al. (2009)
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and bin the RMs of the sources directly, then compute the
median of the RMs in each bin. The result is shown on the left
panel of Figure 25. The values of the coefficients C; and C, are
consistent within the error bars, except for those points that
have poorly determined values of the constants (less than 50)
from the least-squares fitting (Equation (1)). The right panel of
Figure 25 shows a similar result for a smaller sample of
extragalactic sources, only those with nominal high precision
(orm < Srad m_z) in the RM measurements by Taylor et al.
(2009). Reducing the size of the sample has the effect of
degrading the correlation with the binned result, in spite of the
higher precision of the individual measurements.

Appendix B
Chi-square, Goodness of Fit, and the RM Distribution
Function

The quality of the least-squares fits of the median RMs in
each longitude bin is considered here, using the method of

24

reduced chi-square (Xlz,), following the technique described in
Barlow (1989, Section 8.3). We define x? as

n . €i2
x2=2[y' {( )

g

(B1)
i=1 i
where n is the number of data points (in this case, n =36
except at latitudes where there are no samples in one or more
bins because they are below the decl. limit of the GMIMS
survey), and y; is the median of the binned values of the RM at
each longitude, £;. The rms errors of the measured values are o,
and the fitted function f(¢;) has the form of Equation (1), with
the values of the five parameters, Cy, C;, C,, ¢, and ¢, as
described in Section 2.1. Dividing by the number of degrees of
freedom, v = n — k, where k =5 is the number of parameters in
the model. This gives the reduced chi-square statistic:

(B2)
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Table 5
Reduced Chi-squared Results
GMIMS ExGal

Latitude Range X2 w2 X2 w2

—60° < b < —55° 1.2+04 35+£03 25+03 6.5+0.2
—55° < b < —50° 1.84+0.4 38+03 22403 124 £0.2
—50° < b < —45° 1.7+04 46+03 1.3£0.3 7.1+02
—45° < b < —40° 0.5+04 1.8+£0.3 21+03 72402
—40° < b < —-35° 0.8+0.4 1.5+03 26+03 11.4+02
—35°<b < -30° 0.8+0.3 1.94+03 29403 15.1£0.2
-30° < b < -25° 0.7+0.3 23403 24+£03 13.1+0.2
—25°<b < -20° 0.6+0.3 1.74+0.3 1.8+0.3 9.14+02
-20°<b < —15° 0.8+0.3 1.8+0.3 28+0.3 84+£02
—15°<b < -10° 0.5+0.3 0.8+0.3 33+03 6.6+0.2
—-10°< b < -5° 0.6 +0.3 1.0+0.3 1.3+0.3 4.8+0.2
—-5°<b<0° 0.8+0.3 24403 0.7+0.3 28402
0°<b<5° 0.5+0.3 1.24+03 09+03 2.6+02
5°<b<10° 04+03 1.6 £0.3 1.7+0.3 4.7+0.2
10°<b < 15° 1.1+0.3 32+£03 1.7+£0.3 4.1+£0.2
15° < b <20° 0.5+0.3 2.74+03 1.8+0.3 49402
20° < b < 25° 0.7+0.3 1.9+03 1.8+0.3 49+0.2
25° < b < 30° 1.24+0.3 29403 1.7+0.3 84+£0.2
30° < b <35° 09+0.3 45403 26+03 9.1+£0.2
35° < b < 40° 0.8+0.3 6.4+0.2 29+03 103 +0.2
40° < b < 45° 1.34+0.3 59402 1.5+0.3 9.0+0.2
45° < b < 50° 1.24+0.3 50+02 1.6 £0.3 43+0.2
50° < b < 55° 09+03 24402 1.8+0.3 47+0.2
55° < b < 60° 09+0.3 1.7+0.2 1.6 £0.3 4.0+0.2

If the fitted function, f, completely describes the underlying
variation between the data points, y;, (but not the errors) then
we expect Xlz, ~ 1. Under ideal conditions (Andrae et al. 2010),

the excess of Xi above 1 can be interpreted as a probability that
the fitted function fully explains the underlying variation
among the measured values, as a statistical test of null
hypothesis. Even though these conditions do not apply here, it
is useful to consider the quality of the fitted functions for each
latitude, with parameters given in Table 1, by computing X,2,
and comparing it to a value that would give 10% probability,
P =0.1, that the data are fully described by the model, and that
the residuals are purely due to the errors, o;, in the data points.

As Barlow (1989) points out, for large v (v > ~ 30), the
quantity \/2—X2 is distributed roughly as a Gaussian with mean
value +/2v — 1, and standard deviation equal to 1. With this
appr0x1mat10n the probablhty P gives X using the inverse of
the error function, erf ! (erfinv in SCIPY.SPECIAL), as fol-
lows:

o V20 — 1 + V2 -erf~I(1 — 2P)P

(for v > ~30).
2v

(B3)

This gives Xi < 1.33 for P<0.10 with »=31 (the more
precise SCIPY routine chdtri gives 1.34). The model must be
linear in the fitted parameters to allow interpretation of P as a
probability, but Equation (1) is not linear in the phases, ¢; and
¢>. So the conclusion that P =0.1 or 10% probability of the
residuals exceeding this value by chance, corresponding to the
1.33 threshold in X,z,’ is only for comparison purposes.

Table 5 gives values for Xi for all latitude fits, for both the
GMIMS and extragalactic data, corresponding to Table 1.
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extragalactic in blue. The upper panel shows the distribution of samples in the
longitude bin from 340° ¢ < 350°, the lower panel shows the same for the bin
from 50° < ¢ < 60° that includes part of the North Polar Spur. In both cases,
the medians have been subtracted from the values, so that all the histograms
have zero median. The rectangles at the top show the range from the 16th to the
84th percentiles, which we use to determine £ 1o for the error bars in Figure 2
and for the determination of X,% in Table 5.

Errors on the X values in Table 5 are simply /2/v assuming
that the variance of y? is 2 - v. Of particular interest is the range
of northern latitudes where the sin 2¢ term dominates the fitted
function, for both the GMIMS and extragalactic data, i.e.,
+20<b<+50. The GMIMS data are consistent with
X;% = 1.0 for this range. The extragalactic values of xlz, are
greater than one, typically by more than their errors. This
suggests that the data could be better fitted with a function with
more parameters, €.g., more terms in a Fourier series. This is
not surprising since the sin £ and sin 2¢ functions cannot model
the variations of RM on angular scales smaller than about ~
radians, but there is a great deal of structure in the RM dis-
tribution on all angular scales (e.g., Haverkorn et al. 2008). For
comparison, Table 5 shows xi for a different model, given by
simply removing the mean value of the RMs at each latitude,
ie.,

P2 — i u (B4)

v 2
i=1 Oi

where y is the mean of the y; values, and for this case v = 35. In
all cases, U2 > Xi, typically by a factor of 3 to 5, which shows
that fitting functions with the form of Equation (1) is well
justified, although further fitting on smaller angular scales
would also be justified for the extragalactic data in particular.
For the GMIMS data, there is also structure on angular scales
smaller than 1 radian, as can be seen by the contrast between
the upper and lower panels for Figure 16, so adding more terms
to Equation (1) would certainly decrease the values of Xi. The
fact that these values are already less than 1 in Table 5 suggests
that the error bars on the data points, i.e., the errors on the
median RM values in each bin, have been overestimated.
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A fundamental source of misinterpretation in the application
of the x* statistic is the possibility that the errors of the fitted
data points, 0;, do not reflect variances of Gaussian distribu-
tions. Studying the distributions of the points in the bins shows
that sometimes they are roughly normally distributed and
sometimes not. Figure 26 shows two typical cases, both taken
from longitude bins for the latitude range 35° < b < 40°. The
upper panel shows distributions that are approximately normal,
but the lower panel shows a case for which both samples show
a long positive-going tail. In some other bins, one or both
distributions are bimodal. A proper statistical analysis of
goodness of fit to a model should be done using Monte Carlo
methods based on the probability distributions themselves, as
in the Markov Chain Monte Carlo analysis of Thomson
et al. (2019).

The rich texture of the RM patterns on the sky causes the
non-Gaussian RM distributions in the bins. It also contributes
to the relatively high values of the Xi for the extragalactic data
in Table 5. Modeling the RM patterns of both surveys on
angular scales smaller than ~1 radian is beyond the scope of
this paper. As surveys with a greater areal density of RMs
become available, the effective angular resolution of the RM
maps will improve, allowing more detailed modeling of
structures in the Galactic magnetic field on a wide range of
scales.
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