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The Milky Way is the galaxy in which we can study its magnetic field to the
finest details, providing an ideal laboratory to understand the fundamental ques-
tions: how magnetic field is generated and evolves, and how it influences other
components in the Galaxy. An SKA-Mid polarization survey will produce an
all-sky rotation measure (RM) grid with a density of about 100 deg−2, which is
approximately two orders of magnitude larger than what is currently available,
and produce total intensity, polarized intensity, and RM all-sky images of diffuse
emission covering scales from about 10′′ upward after combination with single-
dish observations. The dense RM grid and images of diffuse emission will allow
us to determine the most complete picture of the magnetic field in the southern
Galactic hemisphere from large to small scales.
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1 Introduction

The magnetic field is crucial to understanding a wide range of astrophysical processes such as star
formation (Pattle et al., 2023), galactic evolution (Marinacci and Vogelsberger, 2016), and formation
and evolution of cosmic large-scale structures (Subramanian, 2016). How magnetic fields originate
and evolve is an unsolved fundamental question (Brandenburg and Ntormousi, 2023). To achieve
a breakthrough in answering the question, measurements of magnetic fields from the ∼pc scale in
the interstellar medium (ISM) to the ∼Mpc scale in cosmic webs are required, to which SKA can
make a unique major contribution.

The prevailing theory for magnetic field evolution is the dynamo mechanism which converts kinetic
energy to magnetic energy (see Brandenburg and Ntormousi, 2023, for a review). Dynamos have
been proven to work over a tremendous range of scales from stars such as the Sun to clusters
of galaxies. The mean-field dynamo produces the large-scale field, and the fluctuation dynamo
produces the small-scale field. These dynamos co-exist in galaxies with the fluctuation dynamo
thought to provide additional seed field for the mean-field dynamo (see Shukurov and Subramanian,
2022, for details). However, there are still unresolved questions on how a dynamo works in a galaxy,
and advancement of theory, simulations, and observations are needed to reach the complete picture.

Radio observations provide two unique probes of magnetic fields: polarization imaging that involves
deriving polarized intensity and rotation measure (RM) of diffuse emission and RM of extragalactic
sources. At centimeter wavelengths, radio emission originates mainly from synchrotron radiation
by relativistic electrons spiraling in a magnetic field, which is linearly polarized. When a linearly
polarized wave propagates in the magnetized ISM, its polarization angle 𝜒 rotates, which is called
Faraday rotation. This can be represented as 𝜒(𝜆) = 𝜒0 + RM𝜆2, where 𝜒(𝜆) is the polarization
angle at wavelength 𝜆, 𝜒0 is the intrinsic polarization angle, and RM = 0.81

∫ observer
source 𝑛𝑒𝐵∥d𝑙. Here,

the integral is along the line of sight from the source to the observer, 𝑛𝑒 is the thermal electron
density in cm−3, 𝐵∥ is the line of sight component of the magnetic field in 𝜇G, d𝑙 is the increment
in path length in pc and RM is in rad m−2.

Polarized emission is modulated by Faraday rotation effects along the line of sight and across the
beam (e.g. Sokoloff et al., 1998), which produces abundant structures in the polarization image,
as can be seen from single-dish (e.g. Sun et al., 2025; Ordog et al., 2026) and interferometer (e.g.
Wieringa et al., 1993; Haverkorn et al., 2000; Gaensler et al., 2001, 2025) observations of Galactic
diffuse emission. The decoding of the polarization images sheds light onto the properties of small-
scale turbulent magnetic fields (Gaensler et al., 2011). The polarization structures are wavelength
dependent, and broadband polarization observations are needed to recover the emission and Faraday
rotation structures.

Each RM measurement traces the magnetic field along a single line of sight. An RM grid consisting
of a large number of RMs of background extragalactic sources allows us to probe the magnetic
field in a foreground object. An RM is composed of an intrinsic contribution from within the
extragalactic source that has a scatter of ∼6 rad m−2 (e.g. Schnitzeler, 2010) and contributions from
foreground objects. The denser an RM grid is, the more accurately the coherent structure caused
by the foreground objects can be determined, and the more accurately the structure of the magnetic
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field of the foreground objects can be measured. Broadband polarization observations are also
needed to accurately determine RMs.

With modern telescopes capable of multichannel broadband polarization observations, which deliver
𝑄(𝜆2) and 𝑈 (𝜆2), the RM synthesis technique (Burn, 1966; Brentjens and de Bruyn, 2005) can be
applied to obtain 𝑄(𝜙) and 𝑈 (𝜙). The polarized emission is thus decomposed into components
of different Faraday depths 𝜙, and 𝜙(®𝑟) = 0.81

∫ observer
®𝑟 𝑛𝑒𝐵∥d𝑙 with ®𝑟 being the position inside

the source and the rest being the same as in the definition of RM. The Faraday spectrum (e.g.
Sun et al., 2015b), 𝐹 (𝜙) ≡ 𝑄(𝜙) + 𝑖𝑈 (𝜙), reflects the physical properties of a polarized source.
For a source without internal RM, and assuming that the foreground medium is spatially uniform,
|𝐹 (𝜙) | approaches a 𝛿 function with the peak position corresponding to the RM. Due to bandwidth,
𝑄(𝜆2) and 𝑈 (𝜆2) are sampled in a limited number of 𝜆2, resulting in a spread function in the
𝜙 domain, called the RM spread function (RMSF). The full width at half magnitude (FWHM)
of the RMSF determines the resolution in the 𝜙 domain and is proportional to 1/Δ𝜆2, where
Δ𝜆2 is the maximum separation of 𝜆2. The uncertainty of RM measurement can be estimated as
𝜎RM = FWHM/2SNR𝑃 (e.g. Vanderwoude et al., 2024), where SNR𝑃 is the signal-to-noise ratio
in polarized intensity. This indicates the importance of a broad coverage in 𝜆2 space in the precise
determination of RMs.

The Milky Way Galaxy is an ideal laboratory for understanding magnetism, for which we would be
able to derive the geometry and strength of the large-scale magnetic field and statistical properties,
such as correlation scales and power spectra, of random small-scale field. It is challenging for
external galaxies (Mao et al., 2026) since each observation is an integral through the entire depth
of the galaxy. In contrast, we are located inside the Galaxy and have the advantage of providing
sight lines covering all directions, and the sight line integrates from the position of the observer to
the edge of the Galaxy, thereby covering only part of the Galaxy. In addition, auxiliary information
such as pulsar RMs, starlight polarization, or associations with objects with known distances can
provide some 3D spatial information.

Obtaining an all-sky RM grid of the highest density and precision and all-sky polarization images
of the Galactic diffuse emission covering scales larger than ∼ 10′′ is what SKA will be able to
achieve by conducting a deep all-sky polarization survey. The RM grid and polarization images
will reveal the structure of the Galactic magnetic field, which will constrain theory and simulations.
This will revolutionize the study of Galactic magnetism and also advance studies of the magnetic
field beyond the Milky Way Galaxy.

2 Current status

2.1 Open questions on the Galactic magnetic field

The Galactic magnetic field consists of a large-scale component (also called a regular field) with
a coherent scale larger than ∼ kpc and a small-scale component (also called a random or turbulent
field) on scales smaller than ∼ 100 pc. The large-scale component is composed of a disk field and
a halo field.

The Galactic magnetic field has been extensively studied using RMs of pulsars and extragalactic
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sources (e.g. Han et al., 2018; Xu et al., 2022; Curtin et al., 2024) and the total intensity and polarized
synchrotron emission (e.g. Planck Collaboration et al., 2016). Progress in these studies has been
reviewed by Haverkorn (2015), Han (2017), and Brandenburg and Ntormousi (2023). Efforts have
been made to derive the magnetic field model to reproduce all relevant observations including RMs,
total, and polarized intensity (see Jaffe, 2019, for a review), which started from simple qualitative
modeling (Sun et al., 2008) to sophisticated quantitative modeling involving Markov Chain Monte
Carlo (Boulanger et al., 2018) and 𝜒2 minimization (Unger and Farrar, 2024).

Despite extensive studies, there are still outstanding questions on the Galactic magnetic field that
have yet to be answered.

What is the configuration of the halo field: toroidal, poloidal, X-shaped, dipole, quadrupole,
. . . ? The large-scale asymmetric pattern of RM signs below and above the Galactic plane, as
can be seen from RMs of pulsars and extragalactic sources (Han et al., 1999; Taylor et al., 2009;
Hutschenreuter et al., 2022), can be naturally interpreted with a toroidal field with an odd symmetry
with respect to the plane. The toroidal field has been incorporated in modeling to reproduce
RMs and synchrotron emission. However, the exact form and extent of the toroidal field are very
uncertain. The scale length of the toroidal field in Galactic radius ranges from ∼ 4 kpc (Sun et al.,
2008) to ∼ 10 kpc (Unger and Farrar, 2024) and ∼ 15 kpc (Xu et al., 2022), and the functional
form of the field also varies between models. In addition to the toroidal field, a poloidal field has
also been proposed, which was driven by the RMs towards the Galactic poles. The average RM of
extragalactic sources was measured to be∼ 6 rad m−2 toward the southern Galactic pole (Taylor et al.,
2009; Mao et al., 2010). Toward the northern Galactic pole, it is uncertain with measurements of
∼ 3 rad m−2 (Taylor et al., 2009; Sun et al., 2015a) and∼ 0 rad m−2 (Mao et al., 2010). This suggests
that a simple dipole field (Han, 2017), resulting in opposite RM signs toward the poles, is probably
not sufficient to explain the observations. What is appealing is that the addition of a toroidal field
and a poloidal field yields an X-shaped field that is often observed for extragalaxies (Krause et al.,
2020). The divergence-free poloidal field (Ferrière and Terral, 2014) and the X-shaped field have
been used (Unger and Farrar, 2024). Recently, Dickey et al. (2022) found that RMs follow a sin(2𝑙)
pattern in the northern Galactic hemisphere and a sin(𝑙 + 𝜋) pattern in the southern hemisphere,
which requires a more complex model of the whole field including halo and disk components,
such as the combination of a dipole field and a quadrupole field. Here, 𝑙 is the Galactic longitude.
Alternatively, the observed RM patterns could be dominated by more local structures (e.g. West
et al., 2021; Maconi et al., 2025). Separating local magnetic feature contributions from the truly
global large-scale halo field shall be carefully considered.

What is the configuration of the disk field: grand design magnetic spiral arms, following
matter spiral arms, axisymmetric, one or more field reversals, reversals not perpendicular to
the disk, . . . ? The magnetic field in the Galactic plane has reversals (see Han, 2017, for a review),
which is an unusual feature, one that is not observed in many other galaxies. It is challenging
to determine the disk field with RMs because of the field reversal and with synchrotron emission
because of the integral of long path lengths along line of sight and strong depolarization. The
field pattern can be best studied with pulsar RMs and dispersion measures (DMs), and their ratios
eliminate the dependence on the electron density. By segmenting the pulsars into distance bins,
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Han et al. (2018) found that the disk field follows the matter spiral arms with reversals alternating
between arm and inter-arm regions (Han, 2017). Note that the distances for most of the pulsars
with known RMs are derived from DMs based on the Galactic thermal electron density model by
Yao et al. (2017). The median fractional uncertain of the distance is 15% with an rms of 150%.
The most recent model by Ocker and Cordes (2026) expects to improve the distance estimate by
achieving a fractional uncertainty of 0.9% with an rms of 30%. The distance uncertainty leads
to the uncertainty of the derived structure of magnetic field. More direct distance measurements,
such as from the very long baseline interferometer (VLBI) parallax, and more independent distance
measurements, such as from the HI absorption, are required to measure the Galactic magnetic field
more accurately with pulsar RMs and DMs. As an example, Curtin et al. (2024) used pulsars with
the best distance estimates available to study the magnetic field along the spiral arms. To account
for only the RMs of extragalactic sources, only one field reversal is required (Sun et al., 2008; Van
Eck et al., 2011). Recent studies further suggest that reversal of the disk field can occur across
the Galactic mid-plane (Ma et al., 2020; Oswald et al., 2025). Based on the RMs of pulsar and
extragalactic sources, Van Eck et al. (2011) found that the disk field follows the matter spiral arms
only for the inner Galaxy and is purely azimuthal for the outer Galaxy. The recent models by
Unger and Farrar (2024) show that the disk field is present between the matter spiral arms, forming
magnetic spiral arms. Making the modeling of the disk field even more challenging, Ordog et al.
(2017) found that the reversal is diagonal crossing the Galactic plane and a 3D modeling of the disk
field is required.

Where is the transition from the halo field to the disk field? For most of the Galactic magnetic
field models so far, the disk field has an even symmetry with respect to the Galactic plane; the
halo field has a mixture of symmetry. The disk field decreases with increasing height, whereas
the halo field varies in the opposite direction. The scale height of the disk field is about 1 kpc, as
used by Sun et al. (2008) in an exponential function and derived by Unger and Farrar (2024) in
a logistic sigmoid function. The toroidal field peaks at a height of 2-3 kpc (Sun et al., 2008; Xu
et al., 2022; Unger and Farrar, 2024). A focused study towards the Perseus spiral arm suggests that
the dominating component can transition from the disk to the halo at a Galactic height of ∼ 540 pc
(Mao et al., 2012). With the toroidal field in the opposite direction of the disk field below the plane,
a transition with sign change of the magnetic field is expected at the height of about 1 kpc. Above
the plane, a transition of the total magnetic field strength from decreasing to increasing is expected.
The transition becomes complex when the halo field includes more components. How the transition
of magnetic field is reflected in RMs and synchrotron emission is yet to be explored.

What are the structure and energy spectrum of the small-scale field: purely random,
anisotropic, ordered, striated, Kolmogorov-like, broken power law, . . . ? Two of the char-
acteristics of the small-scale magnetic field: structure and energy spectrum, are not yet clear. If
the field is completely random, it will contribute to total synchrotron emission and cause depolar-
ization, but the net RM is expected to be zero. An ordered (Jaffe et al., 2010) or striated (Jansson
and Farrar, 2012) small-scale field, which can be caused by compression or shearing of the random
field, does not contribute to the net RM (but can cause small-scale RM fluctuations; Ma et al., 2025)
but generates polarized emission. It is possible to differentiate the isotropic and ordered random
fields with observables of total and polarized intensity and RM. There is a scarcity of measurement
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of the energy spectrum of the random field. Minter and Spangler (1996) showed that the spectrum
can be derived from the structure function of RMs, and measured the spectrum on the scale of
0.01-100 pc for a small Galactic area with RMs of 38 extragalactic sources, implying a transition
from 2D to 3D Kolmogorov turbulence. Han (2017) showed that the energy spectrum depends on
the scale and becomes flatter with increasing scales. Recently, Ma et al. (2025) showed that there
can be an additional energy component at < 0.1 pc scales on the Galactic mid-plane, which can be
attributed to the anisotropic turbulent (i.e. striated) magnetic field, or to stellar feedback processes.
The structure functions of the RMs also manifest a dependence on latitude (Sun and Reich, 2009;
Stil et al., 2011) and arm-interarm environment (Haverkorn et al., 2008), which complicates the
measurement of the energy spectrum.

How are the large-scale and small-scale fields connected? The small-scale field is generated
by the small-scale fluctuation dynamo which quickly amplifies the weak seed field to strengths
comparable to turbulent kinetic energy and then saturates. The large-scale mean field dynamo then
acts on the small-scale field and produces the large-scale field (Shukurov and Subramanian, 2022;
Brandenburg and Ntormousi, 2023). The large-scale field can also be tangled and converted back
to the small-scale field (Seta and Federrath, 2020). Therefore, a connection in the energy spectra
of small-scale and large-scale fields is expected, but it has not yet been established firmly from
observations (Han, 2017). The spatial correlation of the regular and random fields is uncertain.
In the models, a homogeneous and isotropic random field (Sun et al., 2008) or an ordered random
field correlated with the regular field (Jaffe et al., 2010; Jansson and Farrar, 2012; Unger and Farrar,
2024) was used. Interestingly, a correlation was found between the mean RM and the standard
deviation of RMs, suggesting a correlation between regular and random fields (Brown and Taylor,
2001). From simulations, Wu et al. (2009) confirmed a tight correlation between the regular field
strength and the width of the RM distribution caused mainly by a purely random field. The strength
of the random field is generally greater than that of the regular field, with a ratio of 2-4 in the solar
neighborhood (e.g. Haverkorn, 2015, for a review). With this large random field, the magnetic
field estimated from RM might not be accurate due to the correlation between thermal electron
density and random fields, particularly for small scales around ∼100 pc (Beck et al., 2003; Seta and
Federrath, 2021).

2.2 RM grid surveys

The RM grid surveys target extragalactic sources and measure their RMs and polarized intensity.
Interferometers are best suited to conduct these surveys as they can provide high angular resolution
to allow for long integration time to overcome confusion and detect more sources. A summary of
the completed and ongoing RM grid surveys was presented by Gaensler et al. (2025, their Table
1), and most RM values available up to 2023 have been compiled by Van Eck et al. (2023) into a
consolidated catalog.

The key parameters characterizing an RM grid survey include sky coverage, frequency coverage,
rms noise, resolution, RM density, and the FWHM of the RMSF. These parameters, except for
frequency coverage that is encoded in the FWHM of the RMSF, are shown for several all-sky RM
grid surveys in Fig. 1. To study the Galactic magnetic field, a dense RM grid with a large sky
coverage is desired.
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Figure 1: All-sky RM grid surveys: LoTSS, POGS, VLASS, NVSS, SPICE-RACS, and POSSUM, showing 5
key parameters: sky coverage, sensitivity, FWHM of the RMSF, RM density, and resolution. For comparison,
an SKA-Mid survey discussed in Sect. 3 is shown in each panel. The sensitivity and FWHM of the RMSF
are displayed on logarithmic scales. There is no RMSF for NVSS because RMs were derived from two
frequencies not able to use RM synthesis.

The first RM catalog covering a large sky area with declination 𝛿 > −40◦ was produced by
reprocessing the National Radio Astronomy Observatory (NRAO) Very Large Array (VLA) sky
survey (NVSS) and has an RM density of about 1 deg−2 (Taylor et al., 2009). Although these
RMs were derived from the polarization angles at two very close frequency channels near 1.4 GHz
and susceptible to 𝑛𝜋 ambiguity (Ma et al., 2019), they were proven to be statistically reliable
compared to more precise measurements later (e.g. Mao et al., 2012). In the southern sky, the
S-band Polarization All-Sky Survey (S-PASS, Carretti et al., 2019)/Australia Telescope Compact
Array (ATCA) survey (Schnitzeler et al., 2019) is the first large-area RM survey, presenting RMs
towards about 3,800 sightlines, though in some cases the low resolution caused additional Galactic
components to be mixed in, mimicking complexity (see e.g. Ranchod et al., 2024). These two
RM grids were the primary data sources for constructing a Galactic RM sky by Hutschenreuter
et al. (2022) and modeling the large-scale magnetic field (e.g. Jansson and Farrar, 2012). Recent
low-frequency surveys, such as the POlarized GLEAM (GaLactic and Extragalactic All-sky MWA
survey) Survey (POGS, Riseley et al., 2020) by the Murchison Widefield Array (MWA) and
LOw Frequency ARray (LOFAR) Two-meter Sky Survey (LoTSS, O’Sullivan et al., 2023), also
delivered all-sky RM grids with high RM accuracy, but the RM density is much lower due to strong
depolarization at low frequencies.
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The next big step towards a denser all-sky RM grid is the Spectra and Polarization In Cutouts of
Extragalactic Sources - Rapid Australian SKA Pathfinder (ASKAP) Continuum Survey (SPICE-
RACS) covering 𝛿 < +49◦. The first data release for a sky area of about 1300 deg2 shows that
the RM density is about 4 deg−2 (Thomson et al., 2023), and the second data release for all-sky
RMs shows that the RM density is about 7 deg−2 (Thomson et al., 2026). The eventual plan for
SPICE-RACS to combine the three ASKAP frequency bands in the range of 800-1800 MHz will
deliver an expected RM density of about 10 deg−2 (Gaensler et al., 2025, their Table 1), reaching
an order of magnitude improvement compared to the NVSS RM grid.

The ongoing VLA Sky Survey (VLASS, Lacy et al., 2020) at 2-4 GHz (S band) will also deliver
an all-sky RM grid with a density of about 6 deg−2. The FWHM of the RMSF is approximately
220 rad m−2, which means a large uncertainty of RM measurement. This grid is ideal for studying
the intrinsic properties of extragalactic sources, but will also provide unique sight lines through the
Galaxy since there would be a population of sources that are only polarized at S band.

The Polarization Sky Survey of the Universe’s Magnetism (POSSUM), which is being conducted
by ASKAP, will make a big leap forward by providing an RM density of 30-50 deg−2 covering
approximately the southern 50% of the sky (Gaensler et al., 2025). The primary frequency range
is 800-1088 MHz, with supplementary data at 1296-1440 MHz, and RMs are measured with RM
synthesis, resulting in a median uncertainty of about 1 rad m−2. As demonstrated by Gaensler et al.
(2025), details of the RM structures can be revealed with the POSSUM RM grid, which were not
recognized from the NVSS RM grid. The POSSUM survey is expected to be completed by the
Middle of 2028.

2.3 Diffuse polarized emission surveys

Surveys targeting diffuse polarized emission from the Galaxy are usually conducted with single-dish
telescopes to preserve the large-scale emission which is missed in observations with interferometers.
Polarization surveys nowadays are usually observed with broadband multichannel receivers, which
enables RM synthesis to derive Faraday depth and polarized intensity simultaneously.

The Global Magneto-Ionic Medium Survey (GMIMS) is a major effort to study the diffuse polarized
emission with RM synthesis, aiming to observe the full sky with telescopes in both hemispheres
covering the frequency range of 300-1800 MHz. Four GMIMS component surveys have been
completed with data released: the low-band north (350-1030 MHz) survey conducted with the
Dominion Radio Astrophysical Observatory (DRAO) 15-m telescope (Ordog et al., 2026), the
high-band (1280-1750 MHz) north (−30◦ < 𝛿 < +87◦) survey conducted by the DRAO 26-m
telescope (Wolleben et al., 2021), the low-band (300-480 MHz) south (−90◦ < 𝛿 < +20◦) survey
conducted by Murriyang, the Parkes 64-m telescope (Wolleben et al., 2019), and the Southern
Twenty-centimeter All-sky Polarization Survey (STAPS, Sun et al., 2025) conducted by Murriyang
as the high-band (1.3-1.8 GHz) south (−89◦ < 𝛿 < 0◦) component. Among these surveys, STAPS
has the highest resolution of about 20′. These surveys delivered frequency cubes: 𝐼 (𝜆2), 𝑄(𝜆2),
and 𝑈 (𝜆2) and Faraday depth cubes: 𝑄(𝜙), 𝑈 (𝜙), and 𝐹 (𝜙).

The Five-hundred-meter Aperture Spherical radio Telescope (FAST) is conducting the Commensal
Radio Astronomy FAST Survey (CRAFTS, Li et al., 2018), which observes pulsar, Galactic and
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extragalactic HI, and continuum simultaneously. The frequency coverage is 1.0-1.5 GHz, the
planned sky area is −14◦ < 𝛿 < +66◦, and the resolution is 3′-4′. Sun et al. (2022) demonstrated
the great polarization capability of FAST by showing the RM synthesis results of the Cygnus Loop
supernova remnant. The polarization processing of CRAFTS is currently underway (Sun et al. in
prep.).

POSSUM and the total intensity survey of ASKAP, the Evolutionary Map of the Universe (EMU,
Hopkins et al., 2025), can preserve the emission up to an angular scale of about 30′ at 944 MHz.
In order to provide the larger scale emission for POSSUM and EMU and fill the frequency gap of
the GMIMS survey to better determine RMs of diffuse emission, the POSSUM-EMU-GMIMS All
Stokes UWL Survey (PEGASUS) has been proposed (Carretti et al., Murriyang project ID P1123)
and is currently being observed with Murriyang using the Ultra-Wide-bandwidth Low-frequency
receiver (UWL). PEGASUS covers the frequency range of 700-1440 MHz overlapped with STAPS
and the sky area of −90◦ < 𝛿 < +20◦. The observations are expected to be completed by July
2026, and the data processing is expected to be finished by the middle of 2028, roughly the same as
POSSUM.

3 An SKA-Mid all-sky polarization survey

SKA will be able to advance the understanding of the Galactic magnetic field through an all-sky
polarization survey, which delivers an RM grid that contains millions of RMs and polarized intensity
and Faraday depth spectra of the Galactic diffuse emission that cover angular scales from arcseconds
to degrees after combining with single-dish observations.

The RM grid has been and will continue to be the highest priority of SKA magnetism over the years
of developing the science case (Beck and Gaensler, 2004; Haverkorn et al., 2015; Johnston-Hollitt
et al., 2015; Heald et al., 2020). An all-sky polarization survey with SKA-Mid Band 2 to deliver this
RM grid has been elaborated by Heald et al. (2020): sky coverage of 30, 000 deg2, frequency range
of 0.95-1.76 GHz, resolution of 2′′, and rms sensitivity of 4 𝜇Jy beam−1. The nominal integration
time for each pointing is 15 min, and it will take about 2.5 yr total time, assuming observations
are conducted at night and including overheads, to complete the survey that contains about 30, 000
pointings (Heald et al., 2020). This SKA-Mid survey compared to other surveys is shown in Fig. 1.
The survey improves significantly in RM density, resolution, and sensitivity.

3.1 Perspective of AA4 and AA*

The SKA will be delivered in stages (SKAO-TEL-0002299). There will be a planned pause after
AA* and the delivery of AA4 will depend on the funding. AA* contains 144 dishes, including 64
MeerKAT 13.5-m dishes and 80 SKA 15-m dishes. AA4 will add another 53 15-m dishes, reaching
a total number of 197.

According to the most recent SKA Observatory (SKAO) sensitivity calculator1, the rms sensitivity
with AA* reaches about 3.4 𝜇Jy beam−1 with Briggs weighting and robust of 0 for an integration
time of 15 min. For AA4, it takes about 7 min of integration time per pointing to reach a similar

1https://sensitivity-calculator.skao.int/
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sensitivity, which is about half the integration time with AA*. To complete the all-sky RM grid
survey, it will take about 1.2 yr total time. If we keep the same integration time, the sensitivity will
reach 2.35 𝜇Jy beam−1, and the density of the RM grid increases by a factor of approximately 1.2,
as discussed below.

The resolution with AA4 is about 0′′.8. At this resolution, most of the extragalactic sources will
probably be partially or totally resolved. There may be potential risks here. For a source that is
compact at 2′′ resolution, the specific intensity in polarization becomes lower if resolved at 0′′.8
resolution, and it might not be detected with the same sensitivity. This will cause a decrease of
the source count. When most of the sources are resolved, the intrinsic RM structure of the sources
becomes important, which poses a challenge when using the RM grid to study the foreground
magnetic field.

The maximum baseline is about 23 km for AA* after excluding the remote dish SKA-008, which
leads to a resolution of 2′′ specified for the RM grid survey. For AA4, there will be 43 more dishes
located within the maximum baseline of AA*. If the resolution of 2′′ is kept by excluding long
baselines, the collecting area for AA4 is about a factor 1.3 larger than AA* and the total time it
takes for the survey is about 1.9 yr.

We strongly advocate starting the RM grid survey with AA*. The SKA-Mid RM grid survey
is ideally conducted with AA4 as it takes less time or delivers more RMs provided that the high
resolution resulting in resolving sources is not concerning. However, since AA* has already delayed,
AA4 is likely to be further delayed given the funding uncertainty. When AA4 is ready, very deep
observations of small sky areas can be conducted because the higher resolution, meaning a lower
confusion limit, allows for a longer integration time.

3.2 Survey specifications

RM grid density. Polarization source counts at ∼ 10 𝜇Jy level has been studied only recently with
some deep fields. The total number of polarized sources per deg2 with polarized flux density larger
than 𝑃 can be represented as 𝑁 (> 𝑃) = 𝑁0(𝑃/𝑃0)𝛼, where 𝑃0 = 30 𝜇Jy. For 𝑃 < 1 mJy, Rudnick
and Owen (2014) found 𝛼 = −0.6 and 𝑁0 = 45 (68) with a resolution of 1′′.6 (10′′) based on Jansky
VLA observations. Similarly, Berger et al. (2025) obtained 𝛼 = −0.54 and 𝑁0 = 66.5 using deep
field observations with the Westerbork Synthesis Radio Telescope (WSRT) at a resolution of about
15′′. The expected number of sources per deg2 would be about 127 and 92 for a 𝑃 threshold of 9 𝜇Jy
and 16.4 𝜇Jy, respectively. However, the source number was found to be about 160 deg−2 with a
resolution of 13′′ (Loi et al., 2025) and about 138 deg−2 with a resolution of 18′′ (Taylor et al.,
2024) corresponding to these two thresholds, higher than expected by a factor 1.3-1.5. Assuming
a 5𝜎 threshold of peak polarized intensity to measure RMs, the density of the SKA-Mid RM grid
is expected to be 108-124 (117-136) deg−2 for a 5𝜎 threshold of 20 (17) 𝜇Jy, slightly higher than
the estimate by Heald et al. (2020). The density of the RM grid would be a factor of 3 higher than
POSSUM (Gaensler et al., 2025). In the following, we quote a fiducial number of 100 deg−2 when
discussing science with the RM grid.

Sky coverage. As emphasized by Heald et al. (2020), a large sky coverage, covering the observable
all-sky area of about 30, 000 deg2, is key to the success of the survey. We advocate for the survey to
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be wide instead of deep for the following reasons. (1) The Galactic magnetic field has a complicated
structure that produces longitude- and latitude-dependent RM variations. A dense all-sky RM grid
is essential to reveal these variations and differentiate the models of magnetic field. The discovery
of sinusoidal RM patterns toward the Galactic northern hemisphere (Dickey et al., 2022) and the
RM gradient across a diagonal line instead of longitude or latitude (Ordog et al., 2017) with more
RM data are good examples. (2) Comparison of RMs of extragalactic sources with Faraday depths
of diffuse emission is essential to disentangle emission structures along the line of sight, as the
ratio reveals how thermal gas and nonthermal gas are mixed (Sokoloff et al., 1998; Erceg et al.,
2022). This will identify whether the RM features are caused by discrete objects or by the Galactic
magnetic field. Therefore, an all-sky RM grid is required to match all-sky images of polarized
emission. (3) A dense all-sky RM grid is needed to build an accurate RM foreground model of the
Milky Way Galaxy, which is crucial to determine RMs of extragalactic objects such as fast radio
bursts (FRBs), nearby galaxies, and clusters of galaxies. The current model by Hutschenreuter et al.
(2022) is based on RM measurements from various observations containing different systematics.
With the dense all-sky RM grid, the intrinsic contributions of the sources can be better removed
and the coherent RM structures can be better recognized, so that an accurate RM model can be
achieved. (4) Besides the magnetic field in the Milky Way Galaxy, magnetic fields in the sources
themselves, in nearby galaxies, and in other large-scale objects will also be studied. It is important
to have all-sky polarization observations to increase the samples to overcome statistical errors due
to the small sample size.

Angular resolution. The resolution of 2′′ is optimized for source cross-identification with optical
observations (Prandoni and Seymour, 2015; Heald et al., 2020), and is about 10 times better than
POSSUM. At this resolution, a large number of extragalactic sources will be resolved into multiple
components. These components provide close sight lines, and RM variations across these sight
lines will allow us to probe the turbulent magnetic field to the scale of tens of arcseconds (e.g. Minter
and Spangler, 1996; Ma et al., 2026). This will also help eliminate the Galactic contribution when
studying the magnetic field in the intergalactic medium with adjacent pairs of RMs (Vernstrom
et al., 2019).

Frequency coverage. The SKA-Mid Band 2 has a frequency range of 950-1760 MHz, which is
ideal for RM measurements using RM synthesis. According to the SKAO sensitivity calculator,
the central frequency is 1.31 GHz with a bandwidth of 720 MHz when including the 64 MeerKAT
dishes, and the corresponding FWHM of the RMSF is 51.43 rad m−2. For a signal-to-noise ratio
of 5 as a threshold for RM determination, the RM uncertainty is better than about 5 rad m−2. At
higher frequency, the source count will decrease as a result of the steep spectra of extragalactic
sources, and the FWHM of the RMSF will increase, resulting in a larger RM uncertainty. At lower
frequency, such as the frequency range of 350-1050 MHz for SKA-Mid Band 1, the FWHM of
the RMSF is about 6 rad m−2, much narrower than that for SKA-Mid Band 2. However, strong
depolarization will occur at the low frequency end, which largely reduces the number of detectable
polarized sources. The broad band will also allow for a depolarization analysis of the sources to
study their environment.

𝒖𝒗 coverage. We simulated a 15 min observation of a source at 𝛿 = −60◦ and plotted the antenna
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Figure 2: Antenna layout for AA* and 𝑢𝑣 coverage and distributions for a 15 min observation of a source
at 𝛿 = −60◦ at the central frequency of 1.31 GHz of SKA-Mid Band 2. The remote dish SKA-008 was
excluded.

layout for AA* and the 𝑢𝑣 distributions using the ska_ost_array_config2 package. Note that
the simulations results are similar for AA4 if the 2′′ resolution is used. The frequency is 1.31 GHz
which is the central frequency of SKA-Mid Band 2 if including MeerKAT dishes. The results are
shown in Fig. 2. About 20% of the baselines is less than about 2 k𝜆 and the minimum baseline is
about 0.15 k𝜆, corresponding to a maximum angular scale of about 22′ for large-scale emission.
This overlaps well with single-dish polarization surveys by Murriyang and FAST, and these data
can be combined to obtain emission that covers all scales above the resolution.

Readiness. All-sky RM grid surveys such as POSSUM with ASKAP (Gaensler et al., 2025) and

2https://gitlab.com/ska-telescope/ost/ska-ost-array-config
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the deep field RM grid surveys with MeerKAT (Taylor et al., 2024; Loi et al., 2025), have developed
polarization calibration and imaging techniques that can be used for the SKA-Mid polarization
survey. The strong sources from POSSUM can be used as a sky model to facilitate the calibration
of the SKA survey. The RM-Tools package (Purcell et al., 2020; Van Eck et al., 2026) is versatile
for RM determination and complexity diagnosis.

4 Galactic magnetic field with an SKA-Mid polarization survey

An SKA-Mid polarization survey will deliver an all-sky dense RM grid and total intensity and
polarization images of the Galactic diffuse emission. The density of the RM grid is about two
orders of magnitude higher than NVSS, about three times that of POSSUM, and roughly the same
as that of the MeerKAT deep field.

4.1 RM grid
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Figure 3: Image of the Galactic RM sky (Hutschenreuter et al., 2022) and RMs of extragalactic sources from
NVSS (Taylor et al., 2009), POSSUM (Anderson et al., 2021), and MeerKAT (Loi et al., 2025) overlaid on
the NVSS total intensity image at 1.4 GHz.
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We show the Galactic RM sky (Hutschenreuter et al., 2022) constructed mainly from the NVSS
and S-PASS/ATCA surrveys, and RMs of extragalactic sources from NVSS (Taylor et al., 2009),
POSSUM (Anderson et al., 2021), and MeerKAT (Loi et al., 2025) in Fig. 3. The 3◦ × 3◦ area is
centered on the Fornax cluster of galaxies.

It can be clearly seen that the RM sky and NVSS RMs cannot represent the true RM distribution
of the Galaxy. The conspicuous pattern of a negative RM strip from the northeast to the southwest
through the field, as seen with POSSUM, is missed in NVSS. It appears that the negative RM pattern
extends beyond the field. With the densest RM grid of MeerKAT, strips of enhanced positive and
negative RMs can be identified toward the north and southwest. These strips also appear to extend
beyond the field, probably representing a foreground feature.

The all-sky RM grid from the SKA-Mid polarization survey will reveal the accurate Galactic
foreground RM. With a density of about 100 deg−2, we can reach the scale of ∼ 10′. RMs of
extragalactic sources consist of an intrinsic component from magneto-ionic gas inside the source
and an extrinsic component from gas between source and observer. For the latter, the contribution
from the Galactic medium is dominant. The intrinsic RM components are not correlated. In contrast,
the Galactic RM components are correlated over a scale depending on the Galactic magnetic field.
To estimate the Galactic RM component, the widely used method is to do a running average (e.g.
Unger and Farrar, 2024). For a low density RM grid, the method will be biased toward intrinsic
RM component or RM from Galactic objects. The problem will be alleviated with a denser RM
grid. The running average is certainly not sufficient to capture the spatial RM variation. More
advanced method by Hutschenreuter et al. (2022) has been used to construct a Faraday depth sky of
the Milky Way. There is work to be done to develop robust method to properly extract the Galactic
RM component from a dense RM grid. Khadir et al. (2024) tested interpolation algorithms with an
RM grid of ∼ 40 deg−2 to recover patchy or filamentary structures, and found that the Bayesian RM
sky method worked the best. Future studies with different underlying foreground RM structures
and a denser RM grid are needed to develop interpolation techniques.

4.2 Diffuse emission

Most of the dishes, 123 out of 144, are located within a maximum baseline of 5 km for AA* and
are well suited to observe diffuse emission. We simulated an observation of a source at 𝛿 = −60◦

for 15 min, only using dishes within 5 km. The 𝑢𝑣 coverage, the baseline distribution, and the
point spread functions (PSFs) along the major and minor axes for uniform and natural weightings
are shown in Fig. 4. The PSF sizes from the natural weighting are only about a factor 2 larger than
those from the uniform weighting, indicating a great surface brightness sensitivity that is needed for
imaging the diffuse emission. If we taper baselines in 𝑢𝑣 beyond 20 k𝜆, a well-shaped synthesized
beam is expected and the resolution is about 10′′ with a Briggs weighting of robust 0.

The combination of interferometer and single-dish data is essential to retain the large-scale emission.
There are methods working on visibility data (Rau et al., 2019; Ordog et al., 2025) and images (Jiao
et al., 2022), and a review was presented by Plunkett et al. (2023). The methods are still being
developed. We combined the EMU and STAPS data with CASA feather and the results are
shown in Fig. 5. Note that the frequencies of the two surveys do not match, but are very close,

14



Magnetic field in the Milky Way Galaxy Sun et al.

Figure 4: 𝑢𝑣 coverage, baseline distribution, and PSFs along the major and minor axes for uniform and
natural weightings for a simulated 15 min observation with AA*, only using dishes within 5 km of baselines.
The PSF sizes are displayed in the two bottom panels.

and we extrapolated STAPS data assuming a spectral index for the combination. As can be seen,
the combined image shows structures of scales from the EMU resolution of 18′′ to larger. The
combination in polarization is more complex, and 𝑄 and 𝑈 shall be combined separately for each
individual channel before RM synthesis. For both total intensity and polarized intensity, joint
deconvolution of visibilities, such as TP2VIS (Koda et al., 2019) developed for ALMA, likely works
better, but further tests are needed.

For the frequency range of 950-1760 MHz for SKA-Mid Band 2, the maximum detectable Faraday
depth scale is about 108 rad m−2 (Brentjens and de Bruyn, 2005). Ideally, the FWHM of the
RMSF is required to be much smaller than the maximum scale to properly recover the structures
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Figure 5: Total intensity images from STAPS (Sun et al., 2025), ASKAP EMU (Hopkins et al., 2025), and
the two combined.
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of the Galactic diffuse polarized emission that is distributed over extended Faraday depth. The
SKA-Mid Band 1 is thus favored since it yields a much narrower FWHM of the RMSF. However,
the maximum Faraday depth scale from SKA-Mid Band 1 is also much smaller. This means that
polarized emission from different regions are detected for different frequency ranges. Observations
with SKA-Mid Band 1 will help understand polarized structures that are closer to the observer. A
combination of observations spanning a wide frequency range will deliver a 3D structure of the
interstellar medium.

The total intensity and polarization images from the SKA-Mid polarization survey in combination
with single-dish observations will reveal the emission structures of the Galactic interstellar medium
down to a scale of about 10′′.

4.3 Galactic magnetic field

Breakthroughs in studying the Galactic magnetic field are expected with the SKA-Mid RM grid
and images of diffuse emission.

Large-scale field. With the dense RM grid, the RM caused by the Galactic magnetic field can be
accurately extracted. An RM grid of 100 deg−2 will be able to identify RM caused by Galactic
objects such as bubbles and supernova remnants with angular size larger than ∼ 10′, combining
multiwavelength observations probing these objects. The accurate RM pattern of the Galaxy can
thus be revealed, such as the RM variation versus longitude and latitude. The RM sign changes
in the halo, indicating field reversals that are caused by the transition of disk field to halo field,
can also be identified. Compared to the RM grid used so far for magnetic field modeling, the RM
grid density improves by about two orders of magnitude. This will allow us to precisely determine
the parameters that describe the Galactic magnetic field, using optimization techniques such as
MCMC. The ratio of RM of extragalactic sources to that of diffuse emission is an indicator of how
the synchrotron-emitting gas and the Faraday-rotating gas are mixed, which enables modeling of
RMs and emission together.

Small-scale field. The structure function of the RMs of unresolved extragalactic sources can be
derived down to a scale of ∼ 10′, or down to an even smaller scale of ∼ 1′ since the sources can
be closer to each other. If a source is resolved into multiple components, RM of each component
will provide a probe of magnetic field along line of sight. This will be equivalent to a denser RM
grid. The structure function of the RMs of the components of resolved sources is down to a scale
of approximately 2′′, namely the resolution of the observations. However, in this case, the intrinsic
contributions of RM are also correlated, and how to decompose RM into intrinsic and extrinsic
components need to be further explored. Based on the Faraday complexity, RM structures of scales
less than the beam size can also be inferred (Ma et al., 2026). The power spectrum of intensity
and RM of the diffuse emission can be evaluated on scales of about 10′′ upward after combination
with single-dish observations. The power spectrum of random fields can then be inferred from
these structure functions and power spectra on scales from ∼ 10′′ to tens of degrees of the size
of observed sky area, spanning three orders of magnitude. Power spectrum analysis can also be
applied to different sky areas and different Faraday depths to obtain 3D properties of random fields.

Connecting large-scale and small-scale fields. Applying techniques such as gradient to total
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intensity and polarized intensity images will be able to derive the Alfvénic Mach number which is
an indicator of the ratio of random to regular field (Lazarian et al., 2024). With the dense RM grid, it
is feasible to compare the standard deviation and average of RMs, which reflects the ratio of random
to regular field and the scale of the random field. With total intensity and polarization images that
both retain the scales from 10′′ upward, an accurate fractional polarization can be derived, from
which the ratio of random to regular field can be extracted.

Magnetic field in discrete objects. With the dense RM grid, magnetic fields in the foreground
objects such as HII regions, HI cloud and supernova remnants (SNRs), whose angular scales larger
than ∼ 10′ can be measured. Further exploration of the three-dimensional magnetic structure of
discrete Galactic objects is discussed by Tahani et al. (2026). With the high-resolution and high-
sensitivity images, it is expected that more SNRs of smaller angular sizes will be discovered, and
it will be possible to measure their magnetic fields. This will also help solve the missing SNR
problem (Ball et al., 2023, 2025). By cross matching the RM grid with other surveys such as HI,
H𝛼, and X-ray, it is anticipated that anomalous RM structures, such as the Faraday screen with very
weak electron density but large regular magnetic field (e.g. Sun et al., 2007), will be discovered.

Origin and evolution of the Galactic magnetic field. One consequence of dynamo theory is
the presence of helical field (e.g. Brandenburg and Ntormousi, 2023). Magnetic helicity can be
measured using the relationship between fractional polarization and RM (e.g. West et al., 2020).
The dense RM grid and high resolution polarization image provide us the best opportunity to
measure helicity, which will confirm dynamo as the origin of the Galactic magnetic field. With
the complete picture of the Galactic magnetic field including the structure and the energy spectrum
to be unveiled by the SKA-Mid polarization survey, how the dynamo works in the Galaxy will be
understood.

4.4 Synergy with dust polarization and impact on other researches

Dust Polarization, dust physics, and dust properties. Dust polarization provides an independent
probe of the 3D Galactic magnetic field through the combination of the polarization angle and the
polarization degree (Hoang and Truong, 2024; Truong and Hoang, 2025). It is possible to constrain
the magnetic field structure combining synchrotron emission and dust polarization (Pelgrims et al.,
2021). However, the fundamental physics of grain alignment and how grain alignment efficiency
varies with local conditions are still not fully understood (see Tram and Hoang, 2022, for a review).
The dust polarization degree provides crucial constraints on the grain alignment physics and dust
properties (e.g., size, shape, composition); yet, there is a degeneracy between grain alignment, dust
properties, and the magnetic field in the dust polarization. This degeneracy can be disentangled
only when 3D magnetic fields are constrained. The combination of plane-of-sky component of the
magnetic field traced by dust polarization angle with line-of-sight component of the magnetic field
traced by Faraday rotation from the SKA-Mid polarization survey will allow us to infer 3D magnetic
fields of discrete objects (Tahani et al., 2026). The inferred 3D magnetic fields will be used to
model dust polarization based on the modern Radiative Torque (RAT) alignment theory (Hoang and
Lazarian, 2016), which will be compared with the observed starlight and thermal dust polarization
to constrain grain alignment mechanisms and dust properties in the different environments, from
large to small scales.
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Ultra-high-energy Cosmic rays (UHECRs). The origin of UHECRs (energy≳ 1017 eV) is still a
mystery. One of the keys to understanding the origin is to backtrack in which direction they enter
the Galaxy based on the ground-based observations. The UHECRs are deflected by the Galactic
magnetic field. As shown by Unger and Farrar (2024), the backtrack direction differs significantly
from the current models of the Galactic magnetic field. With the Galactic magnetic field model
derived from the SKA-Mid polarization survey, the direction will be determined, which will advance
the studies of UHECRs.

Low energy cosmic-ray flux and spectrum. Cosmic-ray (CR) electrons with energies of 0.1-
10 GeV produce the observed radio emission with frequencies up to GHz through synchrotron
radiation. However, because of solar modulation, the flux and spectrum of these CR electrons
are difficult to measure. The spectral index of the total intensity provides a way to derive these
quantities (Bracco et al., 2024), which also probes the plane-of-sky component of the magnetic field.
With the broadband all-sky total intensity image, we will derive spectral index and thus measure
the energy flux and spectrum of these low energy CR electrons, which can help us understand how
they propagate in the Galaxy.

Accurate foreground RM model. With the dense RM grid, an accurate foreground RM model of
the Galaxy will be established. The dense RM grid will also be used to study the magnetic field
in extragalactic objects, such as nearby galaxies, clusters of galaxies, and large-scale structures in
cosmology. For these studies, it is essential to remove the dominant contribution from the Galaxy,
which will benefit from the accurate foreground RM model. The foreground model is also required
to obtain intrinsic RMs of fast radio bursts (e.g. Pandhi et al., 2025) and to assess the detectability
of possible polarization from the epoch of reionization (Li et al., 2021).

5 Summary

Understanding the Galactic magnetic field is the first step toward understanding the origin and
evolution of cosmic magnetism. However, there are still open questions on the Galactic magnetic
field.

An SKA-Mid polarization survey will produce an all-sky RM grid with a density of about 100 deg−2,
which is about two orders of magnitude greater than that currently being used to model the Galactic
magnetic field. Together with single-dish observations, the survey will also produce total intensity,
polarized intensity, and RM all-sky images of diffuse emission covering the scales from about 10′′

upward. The RM grid and the images of diffuse emission will lead to the most complete picture of
the Galactic magnetic field, and thus advance our understanding of the origin and evolution of the
magnetic field.
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