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ABSTRACT

Measuring the magnetic field of the Milky Way reveals the structure and evolution of the Galaxy. Pulsar rotation measures
(RMs) provide a means to probe this Galactic magnetic field (GMF) in three dimensions. We use the largest single-origin data
set of pulsar measurements, from the MeerKAT Thousand-Pulsar-Array, to map out GMF components parallel to pulsar lines
of sight. We also present these measurements for easy integration into the consolidated RM catalogue, RMTable. Focusing on
the Galactic disc, we investigate competing theories of how the GMF relates to the spiral arms, comparing our observational
map with five analytic models of magnetic field structure. We also analyse RMs to extragalactic radio sources, to help build-up
a three-dimensional picture of the magnetic structure of the Galaxy. In particular, our large number of measurements allows us
to investigate differing magnetic field behaviour in the upper and lower halves of the Galactic plane. We find that the GMF is
best explained as following the spiral arms in a roughly bisymmetric structure, with antisymmetric parity with respect to the
Galactic plane. This picture is complicated by variations in parity on different spiral arms, and the parity change location appears
to be shifted by a distance of 0.15 kpc perpendicular to the Galactic plane. This indicates a complex relationship between the
large-scale distributions of matter and magnetic fields in our Galaxy. Future pulsar discoveries will help reveal the origins of this
relationship with greater precision, as well as probing the locations of local magnetic field inhomogenities.

Key words: magnetic fields —pulsars: general - ISM: magnetic fields — Galaxy: disc.

1 INTRODUCTION

The study of galaxy formation and evolution requires a detailed
understanding of Galactic magnetic fields. From our vantage point
on Earth, the Milky Way is the source of the most detailed information
of Galactic structure, because we are able to view its Galactic
magnetic field (GMF) in three dimensions. A key observational
tracer of Galactic magnetism is pulsar radio emission: with just two
straightforward measurements, the dispersion and rotation measures,
we are able to estimate of the average magnetic field strength along
the line of sight to the pulsar (Manchester 1972).

Observational tracers of the GMF are varied and are sensitive to
different components of the field, either parallel or perpendicular
to the line of sight. Tracers of the perpendicular field component
include synchrotron emission and all-sky dust polarization maps
(full summary by Haverkorn et al. 2019) and starlight polarization
(Pelgrims et al. 2024). Newly proposed techniques include using
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Fast Radio Bursts to map the parallel magnetic field component
along the entire line of sight through the Galaxy (Pandhi et al. 2022),
and applying the Velocity Gradient Technique to H1 data to obtain
full three-dimensional mapping (Hu & Lazarian 2023). Two key
techniques for obtaining the parallel component of the GMF along
the line of sight involve measuring the strength of Faraday rotation
from radio sources (e.g. O’Sullivan et al. 2023). Measurements
of Faraday rotation to extragalactic radio sources (EGRS) have
recently provided a detailed map of the full Faraday depth of the
Galaxy (Hutschenreuter et al. 2022). Combined with models and
evidence of the Galactic electron column density, Hutschenreuter
et al. (2024) then inferred an all-sky two-dimensional map of the
magnetic field strength parallel component averaged on sightlines
through the whole Galaxy. Radio pulsars are also highly polarized
sources to which Faraday depths can be measured, but unlike
EGRS, they are unique in having two important attributes. First,
dispersion of the pulsar signal provides an independent estimate
of the electron column density, so that the average magnetic field
strength itself can be estimated directly. Second, they are situated
inside the Galaxy, enabling the study of its three-dimensional

© 2025 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

520z AINr 60 U 159nB A 61761 18/Z | LZ/€/0FS/I0E/SEIUL/WOY dNO"0IWePED.//:SAYY WOy papeojumoq


http://orcid.org/0000-0002-0838-0680
http://orcid.org/0000-0003-2122-4540
http://orcid.org/0000-0003-2317-9747
http://orcid.org/0000-0002-7122-4963
http://orcid.org/0000-0001-9208-0009
mailto:lucy.oswald@physics.ox.ac.uk
https://creativecommons.org/licenses/by/4.0/

internal structure, rather than the two-dimensional view of
the sky.

The physics behind this is as follows. As the polarized radio beam
of the pulsar travels through the interstellar medium (ISM) from
source to observer, it undergoes dispersion and Faraday rotation. The
cumulative effects of these processes are described by integrating the
electron column density and the magnetic field strength along the
line of sight to calculate the dispersion measure (DM) and rotation
measure (RM):

d
DM:/ n.dl, (1)
0
63

d
RM=—2<__ | uB.d, 2
87r2£0m§c‘3/0 " @

where n, is the Galactic electron number density distribution, B is
the three-dimensional magnetic field vector, d! describes the line of
sight vector from pulsar to observer, d is the distance to the pulsar and
the constant of proportionality in front of the RM integral is given in
a form such that if the constants e, €(, m,, and ¢ are all measured in SI
units, the combined constant of proportionality has units of inverse
Tesla (7~'). We can separate out the magnetic field component if
we assume that n, and B are not correlated with each other and
can be treated independently. This has the potential to either over
or underestimate the GMF by up to a factor of 3 if the assumption
is incorrect (Beck et al. 2003), however, Seta & Federrath (2021)
demonstrated that the assumption is valid on kpc scales. We may
therefore obtain the component of B that lies parallel to the line of
sight, By, averaged along the path to the pulsar, as being proportional
to the ratio of RM and DM:
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Usual measurement units for the observables are cm™ pc for the
DM and rad m~2 for the RM. To obtain {By) in units of uG, we must
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therefore scale the integration constant in equation (2) by 10~ (%) s
giving the following constant of proportionality for equation (3):
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Authors have used these measurements to test analytical models of
the GMF in the plane (e.g. Men, Ferriere & Han 2008; Noutsos et al.
2008); to measure the scale height of the halo GMF (Sobey et al.
2019); and to probe GMF behaviour on both local and global length-
scales, including the Galactic spiral arm and interarm regions (Han
et al. 2018).

Early models of the GMF structure include the concentric ring
model (Rand & Kulkarni 1989), which is now largely superseded by
the axisymmetric and bisymmetric spiral models where the magnetic
field follows the Galactic spiral arms (see Beck et al. 1996, and
references therein). In the spiral models, the direction of the field
points along these spiral arms, either towards or away from the
centre. For the axisymmetric model, the field direction follows the
same pattern for all the spiral arms, whereas for the bisymmetric
model the field direction can be followed into the centre along one
spiral arm and out from the centre along another, so that overall the
field direction alternates from one spiral arm to another (Han 2003).
In general, attempts to fit such models to pulsar observations have
shown that they are unable to explain the complexity of the data (e.g.
Men et al. 2008; Noutsos et al. 2008; Nota & Katgert 2010). This
is due at least in part to local regions having a strong impact on the
observed (B)) over and above the global GMF, but it may also be the
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case that simple models simply do not describe the full complexity
of the field.

Newer GMF models have been developed and tested using
alternative observations, predominantly synchrotron intensity and
RMs to extragalactic radio sources. Jaffe et al. (2010) modelled the
GMF on the plane, simulating synchrotron and EGRS observables
and comparing these to existing observations. They sought to separate
and constrain three components of the GMF: the coherent, random,
and ordered components, assuming a two-dimensional logarithmic
spiral model. Van Eck et al. (2011) combined EGRS and pulsar
measurements to model the disc field, concluding that the inner
field followed the spiral arms and the outer field was azimuthal,
with one region spiralling out from the centre in which the field is
reversed. Jansson & Farrar (2012), again focusing on synchrotron and
EGRS, favoured a spiral disc field and, in particular, demonstrated
evidence for a significant poloidal halo field component. Terral &
Ferriere (2017), using Faraday depths to EGRS, modelled spiralling
magnetic fields in the Galactic halo and found a slight preference
for a bisymmetric structure. Meanwhile, Vallée (2022) favoured an
axisymmetric spiral model for which the pitch angle is somewhat
decoupled from that of the spiral arms, and there exist reversals in
field direction that form an annular shape. Most recently, Unger &
Farrar (2023) combined EGRS and synchrotron measurements to
test a range of models of the GMF, encompassing the disc field
and both poloidal and toroidal halo fields. Their work supports the
poloidal halo field contribution proposed by Jansson & Farrar (2012).
It also demonstrates that evidence for a large-scale spiral field in
the disc remains inconclusive, with a local spiral spur fitting the
data set comparably well. This is predominantly due to the lack of
constraining ability of EGRS measurements in the plane, since they
can only provide an average of the entire line of sight through the
Galaxy. The authors comment that pulsars could be used to help
break this degeneracy, but that they in turn are constrained by the
limited knowledge of their distances from Earth.

Galactic diffuse synchrotron emission is another important probe
of the GMF. Recent works comparing diffuse emission to EGRS
have included Ordog et al. (2019), who found that the RMs from
polarized extended emission track those from EGRS except where
lines of sight cross regions with large amounts of H1l. Erceg et al.
(2022) used images from the Low-Frequency Array (LOFAR) to
reveal diffuse polarized emission morphology at low frequencies,
and again found a correlation with the Faraday sky from EGRS.
Field reversals have been studied in detail using diffuse emission,
with Ordog et al. (2017) identifying a field reversal region which
is diagonal with respect to the galactic plane, and Dickey et al.
(2022) also identifying a field reversal which appears to shift above
the Galactic plane with increasing Galactic radius. These studies
reveal the complex relationships between GMF behaviour in the
Galactic plane and in the halo, and Ordog et al. (2017) in particular
emphasize the need for three-dimensional studies of the GMF to
break degeneracies.

The most recent works to use pulsars to model the GMF are those
of Han et al. (2018), who compared pulsars with background sources
to investigate large scale field reversals and developed a model for the
disc magnetic field, and Xu et al. (2022), who focused on directions
of the field in the spiral arms and interarm regions in the first Galactic
quadrant only. Since then, new works have constrained RMs to new
pulsars (e.g. Ng et al. 2020) and to investigate the GMF of the
Galactic halo through pulsar measurements in the globular cluster 47
Tuc (Abbate et al. 2020). But no new attempts have been made to fit
global GMF models to pulsar measurements of (By).
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The main limitation of using pulsars to constrain the GMF so far
has been the coarse sampling of lines of sight through the Galaxy
that they provide, due to limited numbers of sources. As more pulsars
have been discovered, the coverage of the map of (B)) in the Galaxy
has improved. Publications mapping the GMF with pulsars have
progressed from using 19 RMs (Manchester 1972) to 1222 RMs (Ng
et al. 2020) (1167 catalogue values and 55 new measurements at the
time of publication). Now, the Thousand-Pulsar-Array (TPA) project
presents RM measurements resulting from 19 697 observations of
1097 pulsars, the largest single cohesive data set of this sort to
date, which includes 254 pulsars for which new RM measurements
were presented for the first time by Posselt et al. (2023). Using
these, combined with 741 previously recorded measurements from
the pulsar catalogue (Manchester et al. 2005, version 2.1.1) we create
a catalogue of measurements to 1838 pulsars in total with which to
probe the three-dimensional internal structure of the GMF.

In Section 2, we give details of the observations used and the
methods for calculating dispersion and rotation measures, along
with information about extragalactic radio source data used for
comparison. We also summarize the modelling approaches we take
for estimating pulsar distances, and for comparing our observations to
analytic models of the Galactic magnetic field. We present the results
of our measurements in Section 3 in tables (provided in full machine-
readable format in the Supplementary Material) and a sky map of
the average magnetic field along the line of sight to each pulsar.
We also present the full collection of RMs formatted according
to the RMTable format, to enable straightforward integration with
the universal catalogue of RMs from radio sources, RMTable2023
(Van Eck et al. 2023). In Section 4, we apply these results to a
study of the magnetic field in the Galactic plane, investigating spiral
configurations and comparing results with previous studies and with
measurements of Faraday rotation to extragalactic radio sources. We
follow this up by performing a quantitative comparison of our data
set with a set of representative analytic magnetic field models in
Section 5. Further perspectives on the outcome of this modelling,
the current limitations and prospects for the future are discussed in
Section 6, and Section 7 summarizes the key conclusions.

2 OBSERVATIONS, MEASUREMENTS, AND
MODELLING METHODS

2.1 Pulsar observations and rotation measures

‘We consolidate here a catalogue of the largest cohesive set of pulsar
RM and DM measurements made with a single instrument, which
have specifically been tailored to be the most representative sample of
measurements of the large-scale GMF. Our analysis here is focused
on observations of radio pulsars from the TPA project, part of the
MeerTime Large Survey Project on MeerKAT (Bailes et al. 2020;
Johnston et al. 2020). We conducted a census of 1170 pulsars and
then continued follow-up monitoring observations on a monthly basis
for 597 pulsars (Keith et al. 2024). Details of the observing strategy
are given in Song et al. (2021) and the full data reduction strategy is
presented in Posselt et al. (2023). Key parameters of the observations
are as follows. The pulsars were observed using the MeerKAT L-
band receiver, from 896 to 1671 MHz with 928 frequency channels.
The data are folded into 8-s sub-integrations and we record 1024
phase bins per pulse period. We combine this data set with existing
measurements to other pulsars obtained from the pulsar catalogue
PSRCAT (Manchester et al. 2005, version 2.1.1). For all consultations
of PSRCAT, we make use of PSRQPY (Pitkin 2018).

MNRAS 540, 2112-2130 (2025)

For this work we made use of the long time baseline of our observa-
tions to account for time-varying fluctuations in RM measurements,
which we observe to be predominantly caused by the varying effect
of the Earth’s ionosphere, and by the impact of radio frequency
interference (RFI) on individual measurements, although the impact
of changing lines of sight from the Earth to the pulsar, particularly
through its local environment, also has an important impact. It is by
accounting for these time-varying fluctuations in RM that we are able
to present the most representative sample of RMs suitable for GMF
modelling. This is because, by measuring average RM values over
the course of the observing time period, we ensure that these values
are representative of the Galactic contribution to Faraday rotation,
rather than being unduly affected by temporary fluctuations from
sources more local either the pulsar or the Earth, in the way that
a census observation RM may be. Our method for doing this is as
follows.

We performed a measurement of the RM for every pulsar ob-
servation in the data set of 24 108 observations of 1242 pulsars,
taken between 2019 February 12 and 2023 May 15, using the RM
synthesis technique as described by Brentjens & De Bruyn (2005)
and implemented in PSRSALSA (Weltevrede 2016). Further details
of this are given in Keith et al. (2024). The RM measurement is
based on a fit of a sinc-like function to the output RM synthesis
power of trial RMs covering 20 rad m~2 around the expected RM.
To avoid bias, after finding the most likely fit, we then repeat the
measurement covering a 400 rad m~2 range, after centring the search
range at the fitted RM. The implementation of RM synthesis on
every pulsar observation is a largely automated process, but there
exist observations within the sample for which the pulsar is not
visible, either due to intermittency of the pulsar or due to excessive
RFI. We therefore performed a by-eye rejection of pulse profiles for
which the signal-to-noise ratio pulse profile itself was too low, since
for these observations an RM synthesis fit will be meaningless. This
process removed 1799 observations of 26 pulsars. Further details of
this approach are given by Keith et al. (2024), who presented the
full RM time series measurements for 597 pulsars from this sample.
Our work here makes use of those same time series, but extends the
RM measurement process to incorporate all TPA pulsar observations,
including those without long-term follow-up monitoring.

Next, we performed a more in-depth analysis of individual obser-
vations for which the RM could not be accurately constrained: these
cases were predominantly for observations with low signal-to-noise
ratio or those adversely affected by RFI or strong scintillation. In
order to do this efficiently for the remaining 22 309 measurements
of 1216 pulsars that required analysis, we used the following
metric. We removed all measurements for which the error on the
measured RM was greater than 7 rad m~2. We chose this cut-off
as being roughly 5 exponential decay-lengths on our distribution
of RM errors, so that around 10 percent of the observations are
removed (2587 observations removed; 19 722 observations of 1097
pulsars remaining). For the remaining observations, we subtracted
the estimated ionospheric contribution to the RM, identified using the
software IONFR (Sotomayor-Beltran et al. 2013). We then identified
and removed RM values which were clear outliers relative to the
distributions of RM measurements per pulsar: we defined this as
measurements lying more than 10 units away from the median
RM value for pulsars with more than 10 observations (a further 25
observations removed). This left 19 697 observations of 1097 pulsars:
329 pulsars having only 1 RM measurement and the remaining
768 having an average (median) of 49 measurements contributing.
We then calculated the median and median absolute deviation
(MAD) RM per pulsar. These average measurements encompass
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Figure 1. Examples of the graphical output of the RM synthesis process for two observations of PSR J0343—-3000, taken at 13:37:46 on 2020 May 16 (top left
and bottom left) and at 22:33:17 on 2022 January 31 (top right and bottom right). These two observations were taken as examples of a successful fit (left) and
unsuccessful fit (right). The top two plots show the output when RM synthesis is run over a range of 40 rad m~2, from 28 to 48 rad m~2, and the bottom two
plots show the same for a range of 400 rad m~2, from —160 to 240 rad m~2. The dotted line indicates the measured RM synthesis power at each trial RM, and
the solid line overlaid indicates the best-fitting sinc-like function, from which the best-fitting RM and its uncertainty are obtained.

any remaining uncertainty due to insufficiently modelled ionospheric
fluctuations or small-scale measurement deviations due to changing
lines of sight or instrument noise, and therefore represent the largest
uniform and representative survey of the average contribution of the
GMF to pulsar rotation measures to date.

Checking the extent to which our removal of bad observations
affects our median calculation, we find that it has a non-zero
effect for 220 pulsars, usually altering RMs by up to 5 units, with
the biggest alteration being from 86.2 to 64.2 rad m~2 for PSR
J1835—0643 (two out of its three observations were dropped due
to excessively large measurement uncertainties). The pulsars for
which the outlier removal had the biggest effect were generally

those with the smallest absolute RMs, indicating that weaker Faraday
rotation signals are harder to constrain, as might be expected.
For those pulsars with only one RM measurement, we quote the
RM synthesis uncertainty on its measurement rather than the
MAD.

We checked our metric for outlier removal by further categorizing
722 RM measurement outputs by eye (639 ‘good’ and 83 ‘bad’) and
using these to test the false positive and false negative rate. Fig. 1
shows the plotting output of the RM synthesis modelling, run twice
over ranges of 20 rad m~2 and 400 rad m~2 (28 to 48 and — 160 to 240
rad m~2, respectively in this case), for pulsar J0343—3000, showing
both a successful RM fit from 2020 May 16 and a failed fit from 2022

MNRAS 540, 2112-2130 (2025)
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January 31. The RM synthesis output should generate a distribution
of power over trial RM that is representative of a sinc function, with
a single defined maximum peak that corresponds to the best-fitting
RM. For the failed measurement, it can be seen that there is no
single clearly defined RM that corresponds to a power maximum.
Comparing our outlier-removal technique to the by-eye assessment,
we found a false positive rate of 4.8 per cent and a false negative rate
of 4.5 per cent (true positive and true negative rates of 95.5 per cent
and 95.2 percent, respectively). We are therefore confident that
the outlier-removal technique, combined with the MAD, properly
encompasses the failure rate of the RM modelling process.

2.2 Dispersion measures, pulsar distances, and electron density
models

We also require measurements of the pulsar DM and distance to
estimate the magnetic field strength along the line of sight. For the
DM measurements we use the census values published by Posselt
et al. (2023). It is known that the choice of DM used to dedisperse
a pulsar observation affects the best-fitting RM inferred (Oswald,
Karastergiou & Johnston 2020), and that pulsar DMs evolve with
time (Keith et al. 2024). This means that for pulsars with multiple
observations in our sample, using the same DM for every observation
will introduce a small scatter on the inferred RM value. However,
the magnitude of this scatter will be smaller than the dominant effect
of the actual time-varying fluctuations in Faraday rotation strength,
and will simply be encompassed as a small additional contribution
to the MAD uncertainty we calculate for each RM.

Itis difficult to determine distances to pulsars accurately. Over 150
pulsars have independent distance measurements from parallaxes
obtained through pulsar timing, optical techniques, and very long
baseline interferometry. The majority of these are millisecond pulsars
(Ocker, Cordes & Chatterjee 2020) and for the rest of the data set the
distances are currently undetermined. We therefore do not have all the
information required in equation (3) to identify the distance to which
our measurement of (B)) applies, and must therefore rely on a model
of the distribution of the electron column density through the Galaxy.
Assuming this model, we can infer the distance to a given pulsar from
its DM. We make use of the YMW16 model of Galactic electron
density distribution for this purpose (Yao, Manchester & Wang
2017): for each pulsar we use the default distance given in the pulsar
catalogue, which is either an independent distance measurement, or
the inferred distance from the YMW 16 model. Previous publications
(e.g. Noutsos et al. 2008) have used the NE2001 model instead
(Cordes & Lazio 2002), however it was argued by Price, Flynn &
Deller (2021) that the YMW 16 model is more accurate on average.
They also demonstrated that both models have significant outliers
and that the Galactic halo should be incorporated into future models,
factors which must be taken into account when judging the accuracy
of any magnetic field modelling, however, we focus predominantly
on the Galactic disc in this paper.

We note that the Galactic Cartesian coordinates, X, Y, and Z, are
definition-dependent, and furthermore are defined differently within
PSRCAT and PSRQPY.! For clarity we therefore choose to calculate
these coordinates ourselves from the pulsar distance, Galactic latitude
b and longitude /. We choose to align these measurements with
the YMW 16 model, since the majority of the distances we use are
derived from this model. This places the origin such that the Sun

ISee details at https://psrqpy.readthedocs.io/en/latest/index.
html#differences- with-the-atnf-pulsar-catalogue, accessed 2024 January 24.
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is positioned at (0,8300,6) pc, and the X and Y axes parallel to
[ =90° and [ = 180°, respectively. We calculate the coordinates, in
units of pc, as X = rsin(/) cos(b), ¥ = 8300 — r cos(l) cos(b), and
Z = 6 + rsin(b).

2.3 Analytic magnetic field models

In 2008, Noutsos et al. investigated their sample of 150 pulsar
RMs by comparing them to four analytic models of the Galactic
magnetic field. They found that they did not have enough pulsar
measurements to distinguish confidently between the different cases.
We now perform a comparison of our modern data set with those
same four models, to test whether the increased sample size of
our data set improves the extent to which we are able to constrain
the GMF analytically. Considerable time has passed since this last
test of these models, and the field of GMF modelling has evolved
considerably in the meantime. Nevertheless, we focus our attention
on these four models specifically for the following reasons. First,
a key way in which GMF modelling has evolved in recent years
is to move away from prescriptive analytic models of these types,
because of increasing evidence that they either do not provide enough
information to encompass the complexity of the GMF, or because of
insufficient capacity to constrain parameters using existing observa-
tions. Newer models are therefore less likely to be tractable to the type
of simple analytic calculations described in the modelling process
undertaken here. We argue that comparing our measurements to
older analytic models retains important value. These models provide
a representative range of types of spiral and non-spiral model, such
that, even if the precise model parameters are inaccurate, we can still
test the relevance of symmetries/antisymmetries and contributing
components to the disc field. In this light, the goal of model
comparison becomes one of testing representative types of GMF
structure, rather than constraining the specific model parameters, and
we follow this up with a discussion of results in the context of more
recent modelling approaches. Furthermore, by studying the same
models as Noutsos et al. (2008), we can provide a direct comparison
with previous pulsar-only modelling efforts, to understand the impact
of increased numbers of measurements and make predictions about
future advancements.

The four models in question are a simple dipolar—toroidal model
(hence known as the DT model) and three more originally published
by Tinyakov & Tkachev (2002) (henceforth TT), Prouza & Smida
(2003) (PS), and Harari, Mollerach & Poulet (1999) (HMR). The
last three of these are all variations of a logarithmic spiral disc
field, with different pitch angles for the spirals, differing vertical
suppressions of (B)) away from the Galactic plane, and differing
symmetry/antisymmetry with respect to the Galactic plane. The PS
model also includes dipolar and toroidal contributions in addition
to the logarithmic spiral. Full descriptions of the models are given
in Noutsos et al. (2008) and the last three of these were originally
collated and discussed by KachelrieB, Serpico & Teshima (2007),
however we also summarize their mathematical descriptions in
Appendix A for ease of comparison.

In order to compare each model with the pulsar (B)) measure-
ments, we must consider the impact on (B)) of averaging over both
a changing electron column density and a changing field direction
along a line of sight. To make this comparison, we wish to infer
what we would detect observationally if the magnetic field followed
a given analytical model. Since our observed pulsar parameters (the
RM and DM) are dependent on the electron column density as well as
the magnetic field, our model needs to include all of this information.
We also need to integrate our models along the line of sight to
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Table 1. Table of time-averaged RM measurements for the Thousand-Pulsar-Array data set (first few lines here and the full table is given in the Supplementary
Information). The columns indicate the name of the pulsar, the number of observations used in the analysis, the number of observations for which a successful RM
measurement was obtained and used, the average RM inferred and the type of uncertainty used on that measurement. Where there is only one RM measurement,
the uncertainty is that inferred from the RM synthesis technique; where there is more than one measurement, the median absolute deviation (MAD) is used.
Pulsars missing information about the uncertainties of either the RM or DM (or both) are marked with an asterisk. The full table is available in the Supplementary

Material online.

PSRJ Nops (pre-filter) Nops (post-filter) RM (rad m~2) Type of error
J0034—0721 10 10 8.6+0.3 MAD
J0038—-2501 1 1 9+2 RMsynth
J0045—7042 2 2 324104 MAD
J0045—7319x% 27 5 —219+04 MAD
JO108—1431 10 10 35+0.1 MAD
JO113-7220 2 1 127 +£2 RMsynth
JO131-7310 3 1 —55+£5 RMsynth
J0134—-2937 10 10 15.93 £ 0.09 MAD

make them comparable to observations. We therefore multiply the
YMWI16 model of electron column density and each of the four
analytic models of the magnetic field in turn, and integrate this along
the line of sight from the pulsar’s position to Earth, to achieve a
model RM. This integral requires knowledge of the pulsar’s distance
from Earth. If we have an independent distance measurement for
a given pulsar, we use this in the integration. We also convert the
independent distance into the inferred DM from the YMW 16 model,
for comparison. If the pulsar’s independent distance is unknown,
we use the YWM16 model to convert its DM to a model distance,
and integrate over this to calculate the model RM and DM. We
use PYGEDM to read in values of electron column density from the
YMW16 model, and to convert between DM and distance values
(Price et al. 2021).

To obtain our integrated model RM and DM, we approximate the
integrals as numerical summations over YMW16 electron column
density and analytic magnetic field model. We sum along the line of
sight from each of the modelled pulsar positions to the location of
the Sun to obtain the modelled RM and DM:

RMpoaer = C Y n(r)B(r) - AL, ©)
r=rp
DMuoget = ()| AL, ©)
r:rp

where ry and r, are the positions of the Sun and the pulsar
respectively, C ~ 1.232 rad m~2 cm*uG~! pc~! (see equations 2
and 4 for its exact value), AL = (ry — r,)/N, and N is the number
of steps of the summation, which we take to be 10 000. For a pulsar at
a distance of a few kpc this gives a model resolution of a fraction of
a parsec. The resolution will be slightly worse for pulsars at greater
distances when using a fixed number of summation steps in this way,
but we find that for the level of model accuracy we have available,
the resolution given by N = 10 000 is sufficient: all but one of the
model DMs in the plane lie within 0.2 cm™3 pc of the value from the
YMW16 model.

We note again the limitations of using the YMW 16 model to infer
pulsar distances. To investigate this, we compare the differences in
values between the DM inferred by the YMW16 model and that
observed, for pulsars with known distances. We find that although
half (155 out of 307) lie within 20 cm™> pc of each other, there
exist outliers with differences of hundreds of cm™ pc. Calculating
the standard deviation, o, of the differences between modelled and

observed DM values for these pulsars, we find o = 111 cm™ pc

for pulsars in the region |Z| < 1 kpc, and o =36 cm~3 pc for
pulsars outside this region. This means that the vast majority of
model discrepancies are for pulsars lying in the Galactic plane.
By extension, it is likely that the model distances for many of the
pulsars for which we do not have an independent distance are quite
inaccurate: this should always be kept in mind.

3 RESULTS: MEASUREMENTS AND THEIR
DISTRIBUTION ON THE SKY

3.1 Rotation measures, dispersion measures, and distances

Table 1 presents the first few lines of a table of all the time-
averaged RMs of the TPA pulsar data set, for which an RM
census was originally published by Posselt et al. (2023). These
RMs are intended as more stable average RMs for the purpose of
magnetic field modelling, thus where possible they are averages of
several observations, as detailed in Section 2.1. The full table of
measurements is given in the Supplementary Material.

Table 2 presents a representative subset of a table of RMs,
DMs and distances used for the magnetic field modelling in this
paper, including those taken from PSRCAT, and the inferred average
magnetic field along the line of sight, (B)). In total the data set
comprises the 741 pulsar RM and DM measurements taken from
PSRCAT for the pulsars not part of the TPA data set, combined with
measurements for the 1097 pulsars presented in this publication. For
four of the TPA pulsars (J1130—6807, J1226—3223, J1629—3825,
and J1651—7642) we have an RM measurement but no published
census DM: for these four we use the DM measurements taken from
PSRCAT. For cases where we do not have an uncertainty estimate on
either the RM, DM, or both, we do not quote an uncertainty for the
inferred average magnetic field, and we mark the pulsar name with
an asterisk. Again, we present the full table in the Supplementary
Material.

We also present the RM measurements in the RMTable format
developed by (Van Eck et al. 2023). This format was developed to be
a universal and flexible catalogue format for RM measurements, for
use in galactic magnetism research, with regularly updated versions
of the catalogue being maintained at 10.5281/zenodo.6702842. We
have therefore reformatted all the RM measurements presented in
Table 1 into the RMTable format to enable easy integration into the
catalogue. This too can be found in the Supplementary Material.
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Table 2. Table of RM, DM, and distance measurements used for the magnetic field modelling, plus the inferred average magnetic field along the line of sight
(brief subset presented here, full table in Supplementary Information). The ‘Source’ column details whether the pulsar was taken from the pulsar catalogue
(PSRCAT) or is part of the Thousand-Pulsar-Array data set (TPA). The ‘Type of distance’ column indicates whether the distance used is independently measured
or inferred from the DM using the YMW 16 model. Pulsars missing information about the uncertainties of either the RM or DM (or both) are marked with an

asterisk. The full table is available in the Supplementary Material online.

PSRJ Source RM (rad m—2) DM (cm—3 pc) Distance (kpc) Type of distance (B)) (UG)
J0034—-0534 PSRCAT —38+17 13.76517 £+ 0.00004 1.348 model —-3+2
J0034—-0721 TPA 8.6 £0.3 142+0.2 1.03 independent 0.74 +0.02
J0036—1033 PSRCAT —8.1+0.7 23.1+02 25.0 model —0.43 £0.04
J0038—2501 TPA 9+2 6.1 £0.1 0.604 model 1.7+£04
J0040+5716 PSRCAT 153+0.2 92.515 £ 0.003 2.42 model 0.204 £ 0.003
J0045—7042 TPA 324+04 71.0+£ 0.9 59.7 independent 0.56 + 0.01
J0045—7319% TPA —219+04 105.4 59.7 independent —0.256188
J0048+3412 PSRCAT —83.3+0.1 39.92 £+ 0.01 4.501 model —2.570 + 0.003

There are 39 pulsars in the Van Eck catalogue already, 36 of which
also appear in this paper, and three of which do not. Those three have
been obtained using RM synthesis of imaging observations in the
GaLactic and Extragalactic All-sky MWA (GLEAM) survey (Riseley
et al. 2020). They do not have recorded RMs in PSRCAT, nor do they
form part of the sample of the TPA. For the other 36, we compare
the two sets of RM measurements and find that 7 of the 36 pulsars
have absolute RM differences greater than 15 rad m~2 across the two
catalogues, with the largest being a difference of 630 rad m~2 for PSR
7192541720, with measurements of 444 rad m~2 in the TPA survey
(published here), 437 rad m~? in a previously published measurement
given in PSRCAT, and —186 rad m~2 in the GLEAM survey. Such a
large difference seems best attributable to a measurement error, but
on the whole, the smaller differences between measurements may
partly be attributable to the time-fluctuations discussed above, and
partly to the differences in observation method.

3.2 Average magnetic field measurements in Galactic
coordinates

Fig. 2 shows the distribution of measurements of the average
magnetic field component pointing along the line of sight to pulsars,
(B)), as a function of Galactic latitude (b) and longitude (/). We
present (B)) for 1097 pulsars in the TPA data set and supplement
this with a further 741 pulsars from the pulsar catalogue — these are
particularly useful for the pulsars only observable in the Northern
hemisphere. The colour of each point represents the magnitude of
(B)), capped at &= 3 puG. Red points indicate that the sense of the
observed magnetic field component points towards the Sun, blue
indicates that it points away from the Sun. The overall view on the
sky continues to support the broad schematic representation of a
quadrupole configuration of the magnetic field that is antisymmetric
with respect to both the Galactic plane (b = 0°) and the line of
Galactic longitude ! = 8° (Athanasiadis 2004). Our data set provides
particularly good coverage of the Galactic plane, since most of the
pulsar population are found there, and so we devote the majority of
our analysis to modelling the configuration of the GMF within the
plane.

Our map of magnetic field measurements to pulsars across the sky
is qualitatively similar to the results of Hutschenreuter et al. (2024),
shown in their fig. 5, where they model the full average magnetic
field across the sky using EGRS. Although their work maps out
the average magnetic field across the full line of sight through the
Galaxy whereas our measurements show only the contribution up to
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the distance to a given pulsar, it is unsurprising that these two maps
show many of the same features: this is evidence that the dominant
contribution of the magnetic field to many lines of sight lies between
the pulsar and the Earth, and is therefore sampled by both maps. We
discuss the comparison to EGRS in greater detail in Section 4.2.

4 INVESTIGATING THE GALACTIC PLANE

Fig. 3 shows a representation of (Bj) measurements to the subset
of the pulsars that lie in the Galactic plane. Many papers define
this as being within +8° of Galactic latitude from the plane, after
Han, Manchester & Qiao (1999). We instead choose to define this
as being within 1 kpc of the Galactic plane in Galactic Cartesian
coordinates, i.e. | Z| < 1 kpc. This definition relies on the YMW16
model to calculate Z, but, since our investigations rely on this model
anyway, this has the advantage of giving a self-consistent definition
of Galactic plane pulsars within our modelling set-up. Our TPA data
set are marked with crosses and the pulsar catalogue measurements
are marked with circles, as in Fig. 2. The location of the Sun is
marked with a black star, and dotted lines mark lines of Galactic
longitude, as labelled. We show two representations of the large-
scale structures of the Galaxy in inset figures: the YMW 16 model of
electron distribution and an artist’s impression of Galactic structure
displaying the names of the Galactic spiral arms> (Churchwell et al.
2009). The average magnetic field measurements to pulsars are
superimposed on to the image of Galactic structure, to compare
the distribution of the pulsars with the positions of spiral arms.
Most pulsars are located upon the spiral arms of the YMW16
model. Although it is expected that there will be more pulsars
located in spiral arms than between them, it should be noted that
the reliance upon the YMW16 model for the placing of individual
pulsars means that care should be taken about not relying too heavily
on the modelled pulsar positions when making inferences about the
magnetic field structure. From Fig. 3, we can see that, although the
YMW 16 spiral arms can be identified as corresponding to the named
stellar spiral arms, the winding of the two sets of spiral arms does
not always align. A good example is the looser curvature of the
Perseus arm in the region 90° < / < 270° compared to the tighter
curvature of the YMW16 spiral arm in that longitude region. This
means that the pulsars in this region lie upon the YMW16 spiral

2Sourced from: https:/science.nasa.gov/resource/the- milky-way- galaxy, ac-
cessed 2023 December 1.
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Figure 2. Main figure: sky map distribution of pulsars displayed as a function of Galactic latitude and longitude. The colour of each point indicates the average
magnetic field component pointing along the line of sight, (B)), with the scaling given by the colourbar on the right. The magnetic field strength is capped
at 231 G. The crosses and dots indicate the two data sets used, which are also shown separately in the two subplots above. Top left (crosses): the subset of
pulsar measurements taken in this work, from the Thousand-Pulsar-Array project. Top middle (dots): pre-existing pulsar measurements taken from the pulsar
catalogue. Top right: histogram of (B|) measurements, with the x-axis range capped at 10 uG. Two vertical lines mark £3 uG.

arm and therefore appear to lie between the Perseus and Scutum—
Centaurus arms. Without independent distance measurements this
positional uncertainty is difficult to break. This will have an impact
on the extent to which we can infer whether the GMF follows the
spiral arms or has a different pitch angle.

As discussed in Section 3.2, the GMF appears antisymmetric with
respect to the Galactic plane. From this point onwards we therefore
split our data set into pulsars sitting just above and just below
the Galactic plane, to assess the extent to which this antisymmetry
impacts our modelling results.

4.1 Simple tests of a spiral configuration

The axisymmetric and bisymmetric spiral models of the GMF
propose that the magnetic field follows the structure of the Galactic
spiral arms. In the axisymmetric case, the magnetic field would point
along the clockwise direction of all of the arms; in the bisymmetric
case the field flows inwards from one end of a spiral and outwards on
the spiral on the opposite side of the centre. That could, for example,
correspond to the field flowing inwards along the Perseus arm and
outwards along the Scutum—Centaurus arm, and similarly inwards
along the Norma/Outer arm and outwards along the Sagittarius arm,
or the equivalent but all flowing in the opposite direction.

InFig. 4, we create a simple visualization of some of the observable
effects of a spiral model. The upper four subplots of the figure show
the distribution of (B)) within the plane again, as in Fig. 3, now split
into the upper/lower halves of the Galactic plane and superimposed

against the YMW16 electron density model, since this is what is
used to identify the locations of pulsars. The X—Y components of the
Galactic coordinate system label the axes, the four Galactic quadrants
are labelled Q1 to Q4 and dotted lines indicate Galactic longitudes
in increments of [/ = 10°, starting from 0° along the line X =0,
Y < 0 that passes through the Sun and the Galactic centre. It should
be stressed that our observations show the average magnetic field
component pointing along the line of sight, and not the magnetic
field measurement at the position of pulsar in question. For this
reason, we have plotted the figures twice, once with dots/crosses
marking the positions of pulsars, and once with lines extending from
the Sun along the lines of sight to those positions.

The lowest pair of subplots in the figure shows a series of vectors
pointing along the directions of the spiral arms of the YMW16
model. We chose the direction of the magnetic field along each spiral
arm to match roughly with the observed directions of the average
magnetic field to the pulsars. We associate the YMW16 spiral arms
with named Galactic spiral arms as follows: moving from top to
bottom on the figure the arms with vectors overlaid are the Perseus,
Sagittarius, and Scutum—Centaurus arms (labelled respectively on
the figure). The innermost region of the YMW 16 model has a much-
simplified circular symmetry and so our associated semicircle of
vectors roughly encompasses regions of the Norma arm, Near-3kpc
arm, and Galactic bar. To compare with the pulsars above the plane
(0 < |Z] < 1 kpc, bottom left plot) we directed the field along the
Perseus arm inwards, Sagittarius arm outwards, Scutum—Centaurus
arm outwards, inner region anticlockwise circle. To compare with
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Figure 3. Top left: map of the YMW 16 model of electron column density in the Milky Way. The overlaid dotted lines mark Galactic longitude increments of
30°, and the circles mark increments of 5000 lyr or 1533 pc. Top right: labelled visual representation of the spiral arm structure of the Milky Way (Churchwell
et al. 2009), sourced from https://science.nasa.gov/resource/the- milky-way- galaxy. Bottom: bird’s eye view of the locations of the pulsars in the Galactic plane,
overlaid on the visualization of the Milky Way spiral arms. The pulsar colour scheme depicts the average Galactic magnetic field component parallel to, and
averaged along, the line of sight, in the same way as in Fig. 2. The location of the Sun is marked on all three subplots with a black star.
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Figure 4. Top left: the Galactic disc pulsars sitting above the Galactic plane Z = 0 (0 < |Z]| < 1 kpc). The colour scheme depicts the GMF component parallel
to and averaged along the line of sight to the pulsar, as in Fig. 3. Top right: the equivalent below the Galactic plane (—1 < |Z] < 0 kpc). Middle left and middle
right: as for top left and top right, but now with the measurements of (B ) represented as lines rather than points, to emphasize the fact that these measurements
are averages along the whole line of sight. Bottom left and bottom right: visualizations of a simple spiral model of the Galactic magnetic field above (left) and
below (right) the Galactic plane, indicated by coloured vectors. The direction of each vector points from the circular end towards the squared end. The length
of each vector has no significance and is selected only to guide the eye in comparing the direction of the vector with the curvature of the spiral arm. The colour
of each vector indicates the angle 6 that the vector makes with the line of sight to the Sun, calculated from the dot product. In each figure the YMW 16 electron
column density model is plotted in the background, the location of the Sun is marked with a black star and increments of 10° of Galactic longitude / are indicated
with thin radial lines, with labels given in increments of 30°. Circles are plotted to mark increments of 4 kpc radial distance from the Sun. The line / = 0° is
marked with a thick black line going vertically downwards from the Sun. The lines / = 90°, 180°, and 270° are similarly marked with thick black lines. Further
details are given in the text.
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the pulsars below the plane (—1 < |Z| < 0 kpc, bottom right plot)
we directed the Perseus arm field inwards (symmetric about the
plane), Sagittarius arm inwards (antisymmetric), Scutum—Centaurus
arm inwards (antisymmetric), inner region anticlockwise circle
(symmetric). Where vector colour is strongest, the vector direction is
very close to the line of sight (6 ~ 0° for red or 6 ~ 180° for blue),
and we would expect to observe a strong measurement of (B) from
this region. Where the colour is pale, the magnetic field direction is
closer to 90° away from the Sun, and we would expect to see little
or no magnetic field from this region.

Itis important to note that this simple visualization does not include
any information about the actual magnitude of (By), which might
be expected to be stronger closer to the Galactic centre, nor does
it account for the fact that our actual observations depend on the
average along the whole line of sight. For example the vector closest
to the bottom right of the bottom left plot in the figure (I ~ 45°,
distance from Sun ~ 12 kpc) is a pale blue colour, however the line of
sight to this region would pass through a region where the magnetic
field points directly towards the Sun. This means that the average
magnetic field inferred along the line of sight to this region would
encompass everything along the line of sight, and the field would
likely be observed to be red (positive) rather than blue (negative).

Comparing this simple visualization to the observations, it is clear
that the assumption that the magnetic field points along the spiral
arms is reasonably successful in explaining the overall magnetic
field directions and, to some extent, the varying strengths of observed
magnetic field, but only if the direction along different spiral arms
is allowed to be different. This pushes the model more in favour
of a bisymmetric spiral than an axisymmetric spiral: indeed the
visualization comparing to the pulsars above the Galactic plane
follows exactly the bisymmetric prescription described at the start
of this section. However, there same is not true for below the
plane (—1 < |Z] < 0 kpc), where only the Sagittarius and Scutum—
Centaurus arms have their magnetic field direction reversed.

This raises an interesting question about the antisymmetry of the
GMF with respect to the plane. It is well known that the field appears
antisymmetric in quadrants 1 and 4, but symmetric in quadrants
2 and 3. But our viewing location at the Sun is unlikely to be a
special case [although we note that He, Xu & Hou (2021) locate the
Galaxy corotation radius close to the Solar circle], so the quadrant
distinction ought to be arbitrary unless it is reflecting some limitation
of our viewing geometry. This simple spiral visualization model
can account for that, by changing the symmetry/antisymmetry split
from referring to quadrants to referring to different spiral arms. If
the Perseus spiral arm is symmetric with respect to the plane, but
the Scutum—Centaurus and Sagittarius arms are not, then we will
observe the majority of the symmetry/antisymmetry split to fall along
the quadrants as shown, since the Scutum—Centaurus and Sagittarius
arms lie entirely in Q1 and Q4. The Perseus arm extends into Q1, but
the magnetic field there is likely to be mostly masked by the stronger
impact of the Sagittarius arm which lies along the line of sight, and
into Q4, where it is sufficiently far from the Sun that we have only one
pulsar lying in the arm, and again the average magnetic field along
this line of sight will also be dominated by the Sagittarius arm. We
note also that the model of the Sagittarius arm being antisymmetric
with respect to the plane was independently proposed by Ma et al.
(2020), which supports this description in that region. The cause
of this change in symmetry for different spiral arms could be that
the magnetic field of the Perseus arm is inclined with respect to the
Galactic plane. If the stellar/gas density follows a similar inclination
to the magnetic field, it is possible that stellar/gas tracers could be
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employed to test this, but further investigation along these lines is
beyond the scope of this work.

Another interesting question to address is whether a ring-shaped
magnetic field is a more useful or relevant picture than a spiral. In this
simple visualization, we make use of a ring-shaped field closest to
the Galactic centre: visually this seems a reasonable approximation
to the observations, but the increased complexity of structures closer
to the Galactic centre makes the picture more difficult to ascertain.
The reality of the Milky Way having a bar structure in the centre may
affect the magnetic field in two ways: first it may directly alter the
structure of the field, and secondly the electron density distribution
may be altered from the circular region given in the YMW16 model,
affecting the inferred distances to pulsars. There is considerable
discussion in the literature about an annular region in which the field
direction opposes the rest of the field. This may also be accounted
for by our description here of the Scutum—Centaurus and Sagittarius
arm fields changing direction below the plane (—1 < |Z]| < 0 kpc),
whereas the inner field region does not. We discuss this more in
Section 5.2.

There remains one key region that does not conform to the
prevailing spiral arm direction suggested by our simple model: the
region at 280° < [ < 300° within ~3 kpc of the Sun. In this region
the prevailing magnetic field direction is opposite to that expected
from the anticlockwise and clockwise field directions inferred above
and below the plane, respectively. We return to discussion of this
region in the context of EGRS RM measurements in Section 4.2.

4.2 Comparison with extragalactic radio sources

We compare the RMs of our pulsar data set with the RMs of
EGRS positioned directly behind those pulsars as viewed from
Earth. For this we use the Faraday rotation sky map constructed
by Hutschenreuter & EnBlin (2020).> We identify the relevant EGRS
RM per pulsar by converting the Galactic latitude and longitude of the
pulsar into the appropriate pixel in the HEALPix*scheme (resolution
Nside = 512), and using the RM associated with that pixel. Note
that we are therefore not comparing pulsar RMs with the RMs of
specific radio sources, but with the Faraday rotation value inferred
at that point on the reconstructed sky map, which has a resolution of
46.8 arcmin?.

Fig. 5 compares the pulsar RMs with the EGRS RMs positioned
along the same line of sight. Crosses mark the positions on the sky
in terms of Galactic latitude and longitude, and the size of the cross
indicates the magnitude of the difference of the two RMs, scaled to a
reasonable visual comparison as 101log;(| R Mrgrs — RMpuisal), SO
that larger crosses indicate cases where the RM difference is larger.
The colour of the cross indicates whether the RM of the pulsar and
the EGRS have the same sign (blue) or different signs (orange). If
the latter, then there must be at least one reversal of the magnetic
field with a strong effect somewhere along the line of sight between
the pulsar and the EGRS. In cases where the pulsar and EGRS RM
signs are different, but the absolute difference is less than 30, where
o is defined as the error on the RM measurement, we conclude that
the fact that their signs are different from each other is insignificant.
We therefore remove these points from the figure.

It can be seen that, away from the Galactic plane, most of the
crosses are blue, i.e. the pulsar and the EGRS RMs have the same

3Source: https://wwwmpa.mpa-garching.mpg.de/~ensslin/research/data/
faraday2020.html, accessed 2023 March 1.
“https://healpix.jpl.nasa.gov/
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Figure 5. Sky map distribution of pulsars as a function of Galactic latitude and longitude, coloured for comparison with RM measurements to EGRS along the
same lines of sight. Blue crosses (darker shade when viewed in greyscale) indicate that pulsar and EGRS RMs have the same signs, whereas orange crosses
(paler shade when viewed in greyscale) indicate different signs. The size of cross is scaled as 101og;o(|RMEGRs — RMpuisar|) to represent the magnitude of

difference of EGRS and pulsar RMs. Further details are given in the text.

sign. It can also be seen that, as you move away from the Galactic
plane, the size of the crosses gets smaller — the pulsar measurements
and the EGRS measurements are more similar to each other. This
suggests that, away from the plane, the field is weaker and more
homogeneous, so there are likely to be fewer field reversals along
the line of sight. Furthermore, the field is likely strongest closest to
the middle of the Galaxy, so in most cases the dominant contribution
to the field along the whole line of sight is likely to be sampled
by the pulsar as well as the EGRS, unless the pulsar happens to be
very nearby. Out of the plane, it is therefore more useful to use EGRS
maps to probe (By), since the sky coverage is vastly improved and the
view from within the Galaxy itself does not provide much additional
information.

The majority of the orange crosses in Fig. 5 lie along the Galactic
plane, and the size of these crosses is larger, indicating a strong
difference between pulsar and EGRS RMs along these lines of sight.
This makes sense: in the plane the field is strongest and the effect of
the spiral arms and more extreme variations in localized regions are
likely to cause observable field reversals along the line of sight. We
therefore investigate the comparison in the plane more closely.

In Fig. 6, we compare the signs of the pulsar and EGRS RMs in the
plane, splitting into views above and below the plane (0 < |Z] < 1
kpc and —1 < |Z] < 0 kpc, respectively). We use this split view for
two reasons, first for easier direct comparison with Fig. 4, and second
as a useful check for identifying unusual regions in the Galaxy. If the
behaviour appears different above and below the plane, that implies
the existence of a localized region that is dominating the apparent
magnetic field either above or below the plane, because otherwise
we would not necessarily expect to see an overall difference in the
two plots. We begin by comparing the pulsar and EGRS RM signs
in the plane as a whole, before discussing some particular regions of
interest.

We consider what results we would expect to see from our simple
spiral model and compare this to the distribution of similar (blue

points) and different (orange points) RM signs between the pulsars
and the EGRS. We see that overall the orange points are congregated
both very close to the Sun and at larger distances from the Sun towards
the Galactic centre. Following a line of sight through the Galactic
centre, we would expect to see a magnetic field that is stronger
and more variable than that in the halo. As a result, we expect RM
measurements to locations beyond the Galactic centre to include
contributions from areas where the field direction is reversed. This
means that along lines of sight that pass close to the Galactic centre,
roughly —40° < [ < 40°, we expect a fairly even distribution of blue
and orange points, respectively encompassing even and odd numbers
of field reversals in the Galactic centre region between the pulsar and
the EGRS: these expectations are fulfilled by the observations. By
contrast, in regions of Fig. 4 where we observe dark red or blue, that
is, strong (B ), we expect that that region provides the magnetic field
contribution that dominates what we see along that line of sight. This
means we would expect same sign of RM from the EGRS - this is
indeed the case along the region 40° < [ < 60°.

When looking away from the Galactic centre and towards quad-
rants 2 and 3, the observed (By) should be weaker, so we expect
the majority of pulsars and EGRS to have the same sign, because
the region closest to the Sun will have the strongest impact on the
observed (B) and this region is common to both lines of sight — this
is again seen to be the case.

It is particularly difficult to constrain our understanding of the
magnetic field at large distances due to the limited number of pulsar
observations. Future pulsar discoveries will fill out the map, but
pulsar discoveries from the region beyond the Galactic centre will
be particularly hampered by scattering of the radio emission by
intervening material. Comparing pulsar and EGRS RMs indicates
considerable complexity in the magnetic field viewed towards the
Galactic centre, but at present we have insufficient data to determine
the extent to which this is caused by sign reversals in the global field
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Figure 6. Bird’s eye view of pulsars in the Galactic disc and above and below the Galactic plane (0 < |Z] < I kpc and —1 < |Z]| < 0 kpc, respectively),
coloured to show the comparison of pulsar and EGRS RMs, where blue (darker shade) indicates the same sign and orange (lighter shade) indicates opposite

signs, as described for Fig. 5.

rather than by local regions being the dominant contribution to the
average magnetic field.

On the whole, we find that the results from comparing the signs
of the RMs of pulsars and EGRS follow our expectations from our
simple spiral model as laid out above, however there are two regions
that stand out for being different. This is particularly evident when
we compare behaviour above and below the Galactic plane. The first
is aregion above the plane in the Perseus arm, around 8 kpc from the
Sun and at 60° < [ < 70°, where there is a cluster of orange points
not replicated below the plane (—1 < |Z] < 0 kpc). Comparing with
Fig. 4, we see that we measure a magnetic field pointing towards the
Sun in this region, which is different from what would be predicted
due to a clockwise field in the Perseus arm. This suggests that the
pulsars in this region are probing a special local field configuration of
some sort, which is why the behaviour stands out against the EGRS
background. The second region of interest is on the Sagittarius arm,
close to the Sun and at 280° < / < 300°. Here, we see that the sign
relative to the EGRS background changes with distance from the Sun,
going from opposite (orange) to the same (blue) as you move away
from the Sun. It is also slightly different above and below the plane.
This region also stands out as not fitting with the expected spiral arm
direction indicated by Fig. 4. This could suggest that there is a region
slightly further from the Sun that locally has the field pointing in
the opposite direction to that expected from the spiral arm direction:
this region dominates the field direction both for pulsars from this
region and for the EGRS beyond it. To test this properly, we would
need to discover more pulsars in the region 280° < [ < 300° but at
larger distances from the Sun, to further probe this relationship with
distance.

5 TESTING ANALYTIC MODELS

5.1 Comparison with four analytic models

We now investigate how the analytic magnetic field models, de-
scribed in Section 2.3, compare to our observations. Figs 7 and 8
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show visual comparisons of how (B)) compares for the data and the
four models, split to show the comparison above (Fig. 7) and below
(Fig. 8) the Galactic plane. Visually, it appears that of these four
models the TT model best describes the data, because the HMR and
PS models are symmetric and therefore do not represent the magnetic
field direction well below the plane (—1 < |Z| < 0 kpc), and the DT
model contains no field reversals, unlike what can be seen in the
observations.

Next, we compare the models in a more quantitative way, by
counting the number of measurements of (B)) in each model that
have the same sign as the equivalent data measurements. We show
the results of this as a bar chart in the top subplot of Fig. 9, as fractions
of the measurements with a matching magnetic field direction (sign)
above the plane (0 < |Z| < 1 kpc), below the plane (—1 < |Z| <
0 kpc), and in total. We find that, despite its obvious systematic
residuals, quantitatively the DT model performs best, with 62 per cent
of the observations having a matching magnetic field direction. The
TT model comes a close second, with a 59 per cent match. We note,
however, that the three logarithmic spiral models show discrepancies
in how well they perform above and below the plane, and so we
investigate shifting the position of where we split the plane in two,
to see if this improves these discrepancies.

We investigate this in two ways. First, we simply shift the position
of our cut from Z =0 kpc to Z = 0.15 kpc, so that some of the
pulsars being counted as ‘above the plane’ are now identified as
being ‘below the plane’. We tested Z = 0.1, 0.15, and 0.2 kpc, all
of which are shifts of no more than 10 per cent of the thickness of
our defined Galactic plane (|Z| < 1 kpc). We find, as shown in the
middle subplot of Fig. 9, that shifting the cut evens out the fractions
of pulsars for which the magnetic field direction matches the data
for the TT model, and worsens the discrepancy for the other three
models. This is most noticeably true for Z = 0.15 kpc. This suggests,
but does not confirm, that the pulsars would be better modelled by
an antisymmetric magnetic field which is shifted so that its plane
of parity is slightly above the zero-point of the stellar plane. We do
not attempt a more careful fit to find the best shift of Z, because
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Figure 7. Top: pulsar magnetic fields in the top half of the Galactic disc
(0 < |Z] < 1 kpc), distributed and coloured identically to the top left subplot
of Fig. 4. Below: modelled (By) for the same locations for four analytic
models. All magnetic field strengths shown here are capped at +3 uG. Further
details of the analytic models are given in the text.

the goal here is to perform an indicative test rather than to place
undue importance on a single variable. We then rerun all of the model
calculations, but with this shift of Z = 0.15 kpc included in the model
itself, and then repeat the calculation of agreement of magnetic field
signs. We show this in the bottom subplot of Fig. 9. We find that
shifting the zero-plane of the models improves the agreement with
the data for all models other than the HMR model. The magnitude
of this improvement is marginal at only 2-3 per cent, but we also
see that the agreements above and below the zero-plane even out for
the TT model and get worse for the HMR model, just as would be
expected for a magnetic field structure that is antisymmetric about
the plane at roughly Z = 0.15 kpc.

The results of this model comparison therefore suggest that the
antisymmetry of the GMF may be offset with respect to the Galactic
plane. It is perhaps reasonable that the GMF would not follow
the stellar plane precisely, since there are already questions raised
about the extent to which it follows the spiral arms. However, this
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Figure 8. As for Fig. 7, this figure depicts pulsar measurements of (B ) (top)
and corresponding modelling results for four analytic models (below), but
now for pulsars in the bottom half of the Galactic plane (—1 < |Z| < 0 kpc).

conclusion is currently limited by the number of pulsar observations
available, because by shifting the parity change upwards we are
transferring a lot of pulsars from being ‘above’ the plane to being
‘below’ the plane, which means we are losing information about the
GMF above the plane.

We do not really expect any of these comparisons with analytic
models to accurately represent the true structure of the GMF. This
is because previous attempts (e.g. Noutsos et al. 2008) have been
unsuccessful in constraining model parameter values, and because
our data set will necessarily include the impact of small-scale field
fluctuations which are not included in the large-scale field models.
This is why we use the models only as comparative indicators to
test the key features of the GMF. The comparative tests done here
successfully reveal some key results: that some form of sign reversals
are required, and that the field parity is antisymmetric, and that the
location of the GMF plane may be offset from the stellar plane.
Although we model this as being a simple vertical shift of 0.15 kpc, it
is perhaps more likely that the GMF plane is tilted, or warped, which
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Figure 9. Top: bar chart showing fractions of pulsars for which the ob-
servations and the analytic model have (B)) measurements with the same
sign. For each of the four models (details of them in the text), the bars show
the total fraction of pulsars in the Galactic plane (dotted), the subset below
Z = 0 (left diagonal), and the subset above Z = 0 (right diagonal). Middle:
the same bar chart, but now the subsets are divided with respect to the plane
Z = 0.15 kpc. Bottom: same bar chart, but now the zero-plane of the analytic
models has been shifted up by Z = 0.15 kpc and the model outputs have been
recalculated and then compared to the data set.

could reflect the dynamical relationship between the formation and
evolution processes of both the large scale stellar and magnetic field
structures of the Galaxy. Investigating such structures in more depth
would first require the discovery of more pulsars at larger latitudes,
to fill out these regions of the map.

The DT model does not capture the complexity of changing
field directions at different distances that is observed. However,
an alternative method of explaining the field reversals seen in
observations would be to introduce an annular region for which the
field direction is reversed. We investigate this approach in the next
section.
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5.2 Testing an annular configuration

Working with synchrotron observations, Vallée (2022) proposes that
the GMF does not maintain a consistent direction within each spiral
arm, but instead has different segments pointing either clockwise or
anticlockwise. The paper concludes that the GMF is predominantly
clockwise, but that there exists an annular region with an anticlock-
wise magnetic field lying between 5.5 and 7.6 kpc from the Galactic
centre. Combining synchrotron and EGRS observations, Sun et al.
(2008) determined that an axisymmetric spiral galactic field, with
sign reversals introduced in a ring configuration (ASS + RING),
provided the best fit to their all-sky map. In particular, they noted
that a bisymmetric spiral successfully fit the data in the Galactic
disc, but was not compatible alongside the halo field. Similarly, Van
Eck et al. (2011) described a model of a ‘spiralling-out’ region of
field reversal in an otherwise clockwise magnetic field which, given
the lack of pulsars discovered at larger distances, can be viewed
as qualitatively similar to a ring description for the observations
available. The focus of magnetic field modelling in this paper so
far has taken as a reasonable assumption that the GMF follows the
stellar structure of the spiral arms, and has as a result tended towards
favouring bisymmetric (or near-bisymmetric) field configurations. It
is however important to test the alternative: that reversals of the GMF
in an annular configuration lead to the spatially varying B field signs
we observe.

We focus on testing an annular configuration qualitatively rather
than quantitatively: our main goal being to see whether pulsar
observations yet have sufficient density to be able to distinguish
confidently between the two types of model. We therefore set-
up a very simple annular model to represent the key qualitative
components of the various annular models described in the literature.
To test this, we take the simple dipolar—toroidal model described
above and modify it so that the field direction is predominantly
clockwise, and symmetric above and below the plane. We then
introduce an annular region into the model, from 5.5 to 7.6 kpc
following Vallée (2022), in which the field direction is anticlockwise.
Mathematically, we convert the field presented by Noutsos et al.
(2008) into Galactic Cartesian coordinates X, Y, and Z as follows,
but remove the dependence on the sign of Z to make it symmetrical:

b (BEE-E ) o
B4 X (a4 3)

where R = /X2 + Y2, m =245 uG kpc®, n = 4.8 uG kpc, and
=+ indicates the change of direction of the field. Then we proceed
exactly as described for the previous analytic models.

Plotting the resulting comparison of (B) along the line of sight
in Figs 10 and 11, we see that this averaging leads, not to a simple
circular shape of alternating magnetic field direction, but to a U-
shaped arc, because the plotted magnetic field, (By), is the average
along the line of sight rather than the value at the position of the
pulsar.

It should be noted that the magnetic field strengths, for this
configuration of the ring model, are much weaker than those observed
(note that the colourbars in Figs 10 and 11 are scaled differently to
all other colourbars in this paper). This has happened because we
have introduce a sign change to the dipolar—toroidal model used
earlier, without making any adjustments to the model magnetic
field strength scaling. This will lead to cancelling out of magnetic
fields along the lines of sight where the ring sign changes are
included. This is not a factor of concern in comparing this model
with the data, because our focus is on the sign of the magnetic
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Figure 10. Top: pulsar magnetic fields in the top half of the Galactic
plane (0 < |Z| < 1 kpc), identical to the top subfigure of Fig. 7. Bottom:
average magnetic field output for the DT model, adjusted to be predominantly
clockwise, symmetric with respect to the Galactic plane, and with an annular
region introduced in which the field direction is anticlockwise. The edges of
that annular region are marked with magenta circles. Note the difference in
colourbar scaling for the upper and lower figures.

field, not its magnitude. Visually, the distribution of positive and
negative (B)) measurements is roughly as plausible as those for the
antisymmetric logarithmic spiral models: there are variations in the
precise locations in the sign changes of the (B)) but observational
fidelity is insufficient to discriminate between the different models
as yet. Previous comparisons of spiral models and concentric ring
models by Han et al. (1999) and Indrani & Deshpande (1999) both
concluded that a bisymmetric spiral fit the observed data better
than a concentric ring structure. Vallée (2022) still favoured a spiral
model, but was focused on the sign changes of the field directions
following an annular region, rather than alternating between the
arm and interarm regions as preferred by Han et al. (2018), who
worked with pulsar observations. Sun et al. (2008) again favoured a
spiral model to explain synchrotron and EGRS observations, with the
annular region conferring only the necessary change in field direction
to introduce observed sign reversals, and Van Eck et al. (2011) found
the same, again for synchrotron and EGRS observations. Our results
demonstrate that we are still not yet in a regime where we are able
to determine confidently the accuracy of the locations of direction
changes in the GMF. Although pulsars provide an increased coverage
of the three-dimensional disc field distribution than the average effect
of EGRS, like Unger & Farrar (2023) we find that the idea that
the GMF in the plane follows a large-scale spiral structure cannot
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Figure 11. Top: pulsar magnetic fields in the bottom half of the Galactic
plane (—1 < |Z] < 0 kpc), identical to the top subfigure of Fig. 8. Bottom:
predicted GMF distribution in the bottom half of the Galactic disc for the DT
model with an annular region, depicted as in Fig. 10.

be concluded with absolute certainty. The increased measurement
precision highlights the constraints of our limited knowledge of
pulsar distances, and additional complexities of the magnetic field
that are not well captured statistically by either type of model.

6 DISCUSSION

Using pulsars to study the magnetic field of the Milky Way has a
unique set of advantages and disadvantages. Pulsars are unique in
both providing a direct measurement of the average magnetic field
component along the line of sight and giving a three-dimensional
perspective of the GMF. However, this measurement is of the
cumulative effect along the whole line of sight, which blurs our
understanding, particularly as we look out to greater distances, where
the two issues of a lack of pulsars discovered, and the increasing
likelihood of averaging over multiple field reversals, combine to blur
the picture. Furthermore, the fact that we do not have independent
distance measurements to the majority of pulsars is a key limitation
on our ability to interpret (B)). In particular, it is likely to affect
how well we can distinguish between positions on the spiral arms
and positions between the spiral arms, which is strongly relevant for
determining the relationship of the magnetic field structure to the
stellar structure of the Galaxy.

Despite these limitations, a considerable amount may be learned
from pulsar measurements of the GMF, particularly now that we have
access to 1838 lines of sight to map out the sky. This work supports
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previous interpretations that have suggested that the GMF is best
described by a (roughly) bisymmetric logarithmic spiral structure
which is antisymmetric with respect to the plane, and comparison
with extragalactic radio sources supports our interpretation. Nota &
Katgert (2010) pointed out that, for their study of the fourth Galactic
quadrant, ‘the details of the spiral arm model... hardly affect the
character of the solution’. The same appears true when considering
the whole Galaxy, as we do here: comparing the TT, HMR, and PS
models it can be seen that the choice of pitch angle has little influence
on how well the model reproduces the data. It is, alternatively,
still potentially possible to use an annular region to model much
of the GMF sign reversals, perhaps retaining a spiral structure which
is axisymmetric and introducing an annular region to model the
reversals which are otherwise attributed to bisymmetry, but there is
insufficient evidence to promote this particular model as preferable
to a bisymmetric spiral structure.

We note the work of West et al. (2021), which used the Planck
map of linear polarized intensity (Planck Collaboration I 2016) to
study the Northern Polar Spur and Fan Region. They concluded that
both observed structures could be modelled as resulting from long,
parallel, magnetized filaments pointing along the Local Arm (also
known as the Orion Arm, Orion—Cygnus Arm or Orion Spur, which
is how it is labelled in Fig. 3). Similarly, Hutschenreuter & Enflin
(2020) found evidence that the magnetic field is aligned with the
Orion arm. The presence of such local magnetized filaments will
impact the magnetic field observed along the line of sight of these
filaments. West et al. (2021) find that an orientation towards Galactic
longitude / = 45° is a reasonable match to their observations, while
Hutschenreuter & EnBlin (2020) indicate a pronounced structure
in their maps at / = 60°. We note that the region with the strongest
magnetic field measurements in our own data set lies in the Sagittarius
arm between 40° and 50° of longitude, but that, closer to the Sun
and above the plane, the magnetic field direction points away from
the Sun rather than towards it. The sudden change in sign with
increasing difference could therefore be attributed to a change from
the filaments of the Local arm dominating the observations, to the
Sagittarius arm field having the strongest effect on observations of
more distant pulsars. The filamentary structures inferred by West
et al. (2021) may have similar counterparts throughout the rest of the
Galaxy: these may be the cause of the observation that the magnetic
field seems to trace the spiral arms.

We also note the work of Ordog et al. (2017), who compared
Galactic diffuse emission and EGRS RMs to find a diagonal RM
gradient associated with the field reversal in the Sagittarius—Carina
arm. They interpreted this as the GMF structure containing a current
sheet that is not perpendicular to the Galactic plane, leading to
the diagonal reversal. They comment on the potential impacts of
undulating field reversals originating from convective instabilities,
and a potential misalignment between the Galactic plane and its
magnetic dipole. These interpretations align with our comments
about both the incomplete antisymmetry of the GMF about the plane,
depending on the spiral arms, and our potential misalignment of the
Galactic and stellar planes, as discussed in Sections 4.1 and 5.1. The
specific location of their field reversal (52°<[/<72°) is also worthy
of closer study in the light of our own comparisons to EGRS at
60°</<70°, which suggested a special local field configuration at
an 8 kpc distance from the Sun and above the plane only. At closer
distances to the Sun in this region we also see strong antisymmetry
of B field signs with respect to the plane, which agrees qualitatively
with the field reversal gradient discussed by Ordog et al. (2017).
We can also compare the work of Ma et al. (2020), who proposed,
from comparison of their new EGRS measurements with pulsar
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RMs, that the Sagittarius arm hosts an odd-parity disc field. Our
own findings provide good support for such a model describing this
region. Finally, we note the work by West et al. (2021) discussed
above, relating to the impact of the Local arm on GMF measurements
around / = 45°. A more detailed three-dimensional study, relating
RM gradients in relation to the plane, with the regions of interest at
different distances commented on here, would be able to constrain
our understanding of this region of the sky, and enable us to
map out the full physical impact of field reversals throughout the
Galaxy.

The increased fidelity of observations has enabled us to investigate
the plane antisymmetry more closely, showing that the best-fitting
models place the GMF plane of antisymmetry at Z ~ 0.15 kpc.
In addition, the magnetic field directions along each of the spiral
arms is not antisymmetric with respect to the plane in all cases
(notably the Perseus arm). Both of these features raise interesting
questions about the relationship of the GMF to the spiral arms in
terms of their formation history. The existence of field reversals in
the Milky Way is unusual, perhaps unique, in the context of magnetic
field observations of other galaxies (Beck 2016), and Ampere’s law
implies the presence of a current sheet at the location of each reversal,
the origins of which are unclear. However, we are increasingly seeing
more complex magnetic field configurations for other galaxies as
well, such as the extreme pitch angle of the magnetic field vectors
of NGC 2997 (A. Damas Segovia, private communication and paper
in preparation). Further high fidelity observations of Galactic field
structures will surely continue to open up new challenges to theories
of magnetic field formation.

Many previous publications have discussed the presence of sign
reversals of the GMF between arm and interarm regions, using both
pulsar measurements of the parallel field component (Han et al.
2018) and synchrotron tracers of the perpendicular field component
(Vallée 2022). We note that by separately considering the magnetic
field above and below the plane, and by adjusting the position
at which we consider the split, we reduce some of the need to
introduce reversals along the line of sight by instead accounting
for it as field antisymmetry above and below the plane. We are
cautious about introducing arm/interarm sign reversals into either
our simple spiral picture or the analytic magnetic field models,
due to the limitations on our knowledge of distances to pulsars,
and instead investigate the extent to which we can explain some of
the sign reversals in regions close to the Sun as resulting from the
impact of localized effects in certain regions, particularly the effect
of filamentary structures in the Local arm, rather than the large-scale
GMEF. In general, the GMF is likely to be tied to the structures of the
spiral arms themselves, which may include inclinations and warps.
Future GMF modelling may benefit from including more detailed
spiral arm structure information, such as the age patterns and the
Galaxy corotation radius (e.g. He et al. 2021), and, conversely, GMF
results may be able to inform such Galactic structure models.

7 CONCLUSIONS

Using 19697 observations of 1097 pulsars from the TPA survey,
combined with existing measurements to 741 pulsars from the pulsar
catalogue, we have formed the most comprehensive map to date
of pulsar observations of the Galactic magnetic field. Comparing
these measurements to the RMs from extragalactic radio sources,
and to models of the GMF that include one simple spiral picture,
one analytic dipolar—toroidal model, three analytic logarithmic spiral
models, and one annular ring-shaped model, we find the following
results.
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The average magnetic field estimates inferred from pulsar mea-
surements correspond well to the idea that the GMF follows the
spiral arms of the Galaxy. This approximately resembles a roughly
bisymmetric spiral structure. The varying strength of the magnetic
field matches well with the directions of the spiral arms relative
to our vantage point on Earth, and comparisons of sign changes in
the magnetic field with EGRS back up this interpretation. Com-
plications to this picture can largely be explained by the GMF
being predominantly antisymmetric with respect to the Galactic
plane, but with some spiral arms being symmetric instead. More
detailed modelling suggests that this plane antisymmetry is offset
from the stellar plane. Indeed, the plane of antisymmetry could
even be tilted or curved, which might account for the varying
symmetries/antisymmetries of different spiral arms, but there are
currently insufficient measurements to pulsars to investigate this
hypothesis more closely.

In this study, we have focused on using pulsars and EGRS as
probes of the GMF in the Galactic disc. Future work would benefit
from extending this study into the wider context, both of observations
and of the disc in the context of the halo field. The number and
precision of the measurements making up this data set represent a
sizable advance in our capacity to study the GMF using pulsars, but
a key limitation remains in our lack of precise knowledge of the
distances to pulsars, particularly those further away from Earth, and
our consequent heavy reliance on modelling the electron column
density to be able to draw conclusions about the three-dimensional
structure of the GMF. Future advances will be possible with more
in-depth comparison of pulsar measurements of the GMF with those
obtained through alternative observations, such as those of EGRS
(Hutschenreuter et al. 2024), synchrotron emission (West et al. 2021),
dust polarization (Pelgrims, Maclds-Pérez & Ruppin 2021), starlight
polarization (Pelgrims et al. 2024) and diffuse galactic emission (e.g.
Ordog et al. 2019), and of discovery of new pulsars with the Square
Kilometre Array telescopes. This will increase the number of lines
of sight through the ISM, particularly to fainter, more distant pulsars,
advancing our ability to probe the GMF beyond our local region of
the Galaxy.
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APPENDIX: MATHEMATICS OF ANALYTIC
MODELS

DT model

B_ <%(2X2 —-Y?) - sign(Z)%)

3)7;§(Y + Slgl’l(Z)% (Al)

where r = /X2 + Y2, m =245 uG kpc?, and n = 4.8 uG kpc.
TT model

_ ((A/r)X sin(p) — Y cos(p)
b= <(A/V)Y sin(p) + X Cos(p))’ (A2)

where r and 6 are standard polar coordinates derived from X and Y,
A = bcos(@ — In(r/rg)/ tan(p)) f,
ro = (re + do) exp™ 74P,
f. = sign(zo) exp(~|Z1/Zo),

b= {B(FO)FO/(I‘ cos(¢)), ifr > r.'core
B(ro)reo/(reore cos(9)),  otherwise
¢ = (1/tan(p)) In(1 + do/r) — /2
p = —8radians, dy = —0.5 kpc, reore = 4 kpc, Zg = 1.5 kpc, and
B(rp) = 1.4uG.

HMR model
As for the TT model, but now
Jfo = 1/2cosh(Z/z1)) + 1/(2cosh(Z/z2)),
where z; = 0.3 kpc and z, = 4 kpc,
b = 3(ro/r)(tanh(r /reore))?,
p = —10 radians, dy = —0.5023 kpc, and r¢ore = 2 kpc.

PS model
This model consists of three components. The first is the same as for
the TT model, except
f. = exp(~|Z])/ Zo),
p = —8 radians, dy = —0.5 kpc, reore = 4 kpe, Zp = 0.2 kpc,
B(i’o) = 2},LG.
Next is a toroidal contribution:
Br max(r@) = 1.5uG, hT = 1.5kpc, wT = 0.06kpc,
Hfunc=(H@ro—r, D)+ H@Ir —rg, Dexp(rp —
N/ro)/A +(Z| = hy)/wr)?)

_ (_sign(Z)BT,max('”Q)(Hf”nc) ?08(9)) (A3)
Slgn(Z)BT,max(rO)(Hfunc) Sll'l(g)

Finally a dipole component, given in terms of spherical polar
coordinates r, 6 and ¢:

—3%4 cos ¢ sin¢g sing
Bp = | —3L% cosgsingcosd |, (A4)
L - 3 cos?6))

where 11z = 123uG kpc?, and the z-component of the field, B, =
—100pG for r < 500 pc.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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