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Probing Magnetic fields in and around galaxies near and far Mao et al.

In order to understand the magnetization of galaxies and the role of magnetic
fields in feedback processes that govern star formation and galaxy evolution, it is
essential to have a comprehensive census of magnetic fields in and around galaxies
from the nearby Universe to high redshifts.
For nearby galaxies, the geometry and strength of their galactic magnetic fields
will be determined via the diffuse polarized synchrotron emission across multiple
SKA bands, while deep rotation measure (RM) grids extending out to large
galactocentric radii will provide constraints on the geometry and strength of the
circumgalactic medium (CGM) magnetic fields. Beyond the local Universe, a
promising approach to track the buildup of galactic magnetic fields is to utilize
polarized background radio sources which are strongly gravitationally lensed by a
distant galaxy lying in between. The differential Faraday rotation between lensed
images serves as a direct tracer of the magnetized interstellar medium (ISM) in the
lensing galaxy. A large sample of background radio sources lensed by foreground
galaxies across a wide range of redshifts and lensing galaxy mass and type will
allow us to trace how galactic magnetic fields evolve as a function of redshift and
directly constrain galactic dynamo theories. Statistical rotation measure studies
of back-illuminated galaxies will allow us to probe the magnetization of the CGM
out to high redshifts.
In this chapter, we outline the science goals, strategies, techniques, and observa-
tional requirements with SKA AA4 for (1) a homogeneous polarimetric survey
of nearby galaxies – mapping both the diffuse polarized emission as well as pro-
ducing a dense RM grid within the virial radius; (2) a survey of the interstellar
magnetic fields in distant galaxies targeting strong lensing systems with polarized
lensed quasars, as well as a general statistical back-illumination survey to probe
the redshift evolution of magnetic fields in the CGM. These proposed observations
will serve as a major step towards understanding the co-evolution of galaxies and
their magnetic fields over cosmic time and provide constraints on galactic dynamo
theories.
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1 Introduction

From the plasma physics point of view, galaxies are prime laboratories for testing all flavors of
dynamo theories because they are the only astrophysical systems in which the dynamo-active region
is transparent and can be directly observed. The small-scale (or the fluctuation) dynamo, which
just requires turbulence, is thought to dominate early on in young galaxies, amplifying the magnetic
fields to considerable strengths. When the galactic disk settles into equilibrium, the large-scale (or
the mean-field or 𝛼-Ω) dynamo begins to operate effectively, amplifying and organizing magnetic
fields on large scales (> kpc) from the combined effects of helical turbulence and differential
rotation (Ruzmaikin et al., 1988; Rincon, 2021; Shukurov and Subramanian, 2021). Unfortunately,
this amplification and organization of magnetic fields in and around galaxies is not at all well
constrained observationally. Only a handful of rigorous comparisons between the predictions of
dynamo theory and observed field properties exist for nearby galaxies (Van Eck et al., 2015; Beck
et al., 2019).

While mean-field dynamo predictions are broadly consistent with basic properties of the observed
large-scale galactic magnetic fields in the present day Universe, such comparisons at z>0 are not
currently possible. There remain critical challenges and unresolved mysteries that can only be
effectively addressed with new, sensitive and high-angular resolution radio polarization data from
the SKA.

The magnetic field is a major component of the ISM and CGM that can influence star formation and
galaxy evolution. Indeed, the presence of magnetic fields (and cosmic rays) is capable of strongly
altering basic galaxy properties (e.g., the dominance of the galactic disk, mass of the central black
hole) as well as the property and structure of the CGM such as the density and metal enrichment
(Buck et al., 2020; van de Voort et al., 2021; Pakmor and Springel, 2013). Non-thermal pressure
from magnetic fields and cosmic rays is capable of driving energetic winds that are ubiquitous in
galaxies at high redshift (Hanasz et al., 2013; Pakmor et al., 2016). These winds magnetize the
CGM and in turn would affect accretion / infall of gas onto galaxies at later times (e.g Betti et al.,
2019; Berlok and Pfrommer, 2019; Jung et al., 2023). Hence, understanding galaxy evolution is not
possible without a much improved understanding of the evolution of magnetic fields in and around
galaxies.

It has now become clear that magnetic fields should be studied in a broad context as basic galactic
properties such as star-formation rate, galactic rotation and disk-halo connection shape galactic
magnetic fields and vice versa. In that context, non-magnetic, non-polarization observations and
measurements of the multiphase ISM are also crucial, particularly when building galaxy-specific
dynamo models and their field-structure predictions (e.g. Chamandy et al., 2024).

In this chapter, we build upon and update topics covered in the Beck et al. (2015) AASKA science
book chapter on magnetic fields in external galaxies. We focus mostly on the large-scale (kpc-scale)
component of the galactic magnetic field and refer readers to (Ma et al., 2026) in the same volume
for studies of small-scale (< 100 pc) magnetic fields with the SKA. Similarly, we refer readers to
(Sun et al., 2026) in the same volume for studies of the Milky Way magnetic field with the SKA.
For broader and historical context of the general cosmic magnetism science case, we refer readers
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to Gaensler et al. (2004); Mao (2020); Heald et al. (2020).

2 Theoretical and simulation expectations

In the ISM, the small-scale dynamo seeds the mean-field dynamo by amplifying fields to 𝜇G
strengths on relatively short time scales (turbulent eddy turnover timescales, ≈ 107 years) in young
galaxies (Brandenburg and Subramanian, 2005; Seta and Federrath, 2020; Brandenburg and Ntor-
mousi, 2023). Then, the mean-field dynamo organizes the field to coherent structures and amplifies
its strength to 𝜇G level. In the disk, the fastest growing solution to the mean-field dynamo equation
is axisymmetric with even parity across the mid-plane, while the field in the thick disk (halo)1

has odd parity across the mid-plane 2. The coherent magnetic fields generated by the large-scale
dynamo has spiral geometry with pitch angles on the order of 10◦ (trailing) that decreases at larger
galactocentric radii for a flared disk.

Early works on dynamo time scales in different types of galaxies have demonstrated, for example,
that at z=0.5, a Milky Way-like galaxy would have developed coherent magnetic fields on kpc scales
(Arshakian et al., 2009). More sophisticated predictions of galactic magnetic field evolution have
been obtained by coupling semi-analytical galaxy formation models with non-linear mean-field
dynamo theory (Rodrigues et al., 2015, 2019) on a large sample of spiral galaxies. These studies
showed that large-scale magnetic fields could be amplified to 𝜇G field strength between redshift
of 2 and 3, depending on the galaxy mass. This work also produced important predictions of the
large-scale magnetic field statistics, including the fraction of galaxies hosting large-scale magnetic
fields at redshift zero3.

In the CGM (that is, the medium that lies beyond the ISM, but within the virial radius), cosmological
magnetohydrodynamic (MHD) zoom simulations of Milky Way-like galaxies have shown that
magnetization occurs in two distinct phases. At early times, magnetization is driven by outflows
that also produce metal enrichment. At z<1, an in situ turbulent dynamo further amplifies the
CGM magnetic field, reaching a field strength of ∼ 0.1 𝜇G that permeates the CGM out to the virial
radius by z=0. In general, the CGM field is not expected to be well ordered, but may be aligned by
coherent outflow velocity structures at low redshifts (Pakmor et al., 2020).

3 State of the Art in Nearby Galaxies

In nearby galaxies, the most direct tracer of the plane-of-the-sky ordered magnetic field is polarized
synchrotron emission at high frequencies as the emission suffers minimally from 𝜆2-dependent
Faraday depolarization effects. Faraday rotation derived from multi-frequency diffuse polarized
emission data provides the direction and strength of the line-of-sight component of the coherent

1Throughout this chapter, we refer to vertical heights up to several kpc as the thick disk, up to ∼ 10 kpc as the halo
and beyond that as the CGM.

2Even parity disk field and odd parity halo field can co-exist in the presence of a galactic wind (Moss et al., 2010), or
one might enslave the other (Moss and Sokoloff, 2008).

3We are not yet able to test this at z=0 due to the lack of an unbiased large sample of galaxies with magnetic field
measurements.
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(regular) magnetic field. While dust polarimetry of the SOFIA legacy program SALSA (Lopez-
Rodriguez et al., 2022) has yielded beautiful magnetic maps of a dozen nearby galaxies, they
lack field strength and field coherency information. To date, approximately 120 galaxies have had
their galactic magnetic field properties derived mostly from narrowband diffuse radio polarization
observations with limited angular resolution (Beck and Wielebinski, 2013). Figure 1 shows the
magnetic field and the Faraday rotation maps of the well-studied NGC 6949 as an example of the
typical polarization products. On the other hand, the coherent magnetic field along the line of sight
can be directly revealed by the RM grid technique, where the Faraday rotation of a collection of
background polarized radio sources is used to derive the magnetic field properties of the galaxy.
At present, M31, the Large and Small Magellanic Clouds are the only three galaxies whose large
angular extents enable the application of the RM grid (e.g. Han et al., 1998; Gaensler et al., 2005;
Mao et al., 2008).

NGC6946  6cm Polarized Intensity + B-Vectors (VLA+Effelsberg) + H-Alpha
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Figure 1: Left panel: Magnetic field orientations overlaid on the H𝛼 emission of NGC6946 (Ferguson et al.,
1998) and 6 cm polarized intensity contours (at 1,2,3,4,6 × 60 𝜇Jy beam−1 area) at a resolution of 15". Right
panel: The Faraday rotation map of NGC6946 at 15" derived from 3 cm and 6 cm polarization data at pixels
where the signal-to-noise in polarized intensity exceeds 6.5. The contours show the 6 cm polarized intensity
at 1,2,3,4,6 × 60 𝜇Jy beam−1 area. A Galactic foreground RM of +40 rad m−2 has been subtracted. RM
values are predominantly positive (negative) in the northern (southern) arm with a large-scale sinusoidal
azimuthal modulation. Detailed modeling of this modulation indicated the existence of an axisymmetric
large-scale field superposed by higher order modes. Both figures are kindly reproduced by Rainer Beck
based on his work in Beck (2007).

By recompiling a dozen of these archival datasets in a robust and consistent fashion, Beck et al.
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(2019) re-derived several critical observed properties of the galactic magnetic field in nearby
galaxies. The total magnetic field derived from the equipartition assumption 4 between cosmic
rays and magnetic field in 12 nearby galaxies using 4.85 GHz polarization data has yielded a
representative field strength of 13 𝜇G Beck et al. (2019). The regular magnetic field has a typical
strength of 1-2 𝜇G. The random field (isotropic and anisotropic) dominates over the regular field,
with an average Breg/Btot ratio of 0.13. The magnetic field strength correlates with the gas mass
surface density which hints at an effective small-scale dynamo (Heesen et al., 2023a). In terms
of field geometry, galaxies exhibit a strong axisymmetric mode and rare large-scale field reversals
(only the Milky Way has a confirmed large-scale field reversal (e.g., Sun et al., 2008; Van Eck
et al., 2011; Jansson and Farrar, 2012, see also discussions in Sun et al. in the same volume)).
Only one candidate galaxy, NGC4666 could potentially have a reversal along the radial direction
(Stein et al., 2019). Halo fields have been observed to have much more complex structures with
X-shape polarization signatures (Krause et al., 2020; Irwin et al., 2024), but the field coherency and
symmetry in the halo is not well established in general.

Observational measurements of the magnetic properties in the CGM of nearby galaxies are still
lacking. The only available ∼ 3𝜎 detection of CGM magnetic fields comes from stacking of 183
nearby galaxies by Heesen et al. (2023b) using the LOFAR LoTSS DR2 RM catalog, which yielded
an estimated CGM field strength of ∼0.5𝜇G at the virial radius. No CGM RM grid studies have
been carried out for individual galaxies.

4 Pushing the envelope: magnetic field measurements at high redshifts with radio
polarimetry

Direct detection of the integrated polarized emission from distant galaxies is challenging: assuming
a luminosity of a Milky-Way like galaxy and an integrated polarized fraction of 5%, sub 𝜇Jy beam−1

sensitivity is required to detect the polarized emission at redshifts up to 0.5. Similarly, an angular
resolution of better than 0.1" is needed to achieve physical resolution << 1 kpc for galaxies at z>0.5.
These sensitivities and angular resolutions are challenging to meet with current instruments and
will remain so in the foreseeable future. To date, no cosmologically distant star-forming galaxies
have been detected in state-of-the-art deep (𝜇Jy beam−1 sensitivity) polarization surveys in the radio
wavelengths (Ranchod et al. 2026, submitted). Therefore, even during the first phase of the SKA,
we will mostly rely on back-illumination experiments to probe magnetic fields in distant galaxies.
We note that recent ALMA polarimetry of a lensed galaxy revealed ordered galactic magnetic
fields with spiral structures at z=2.3 (Geach et al., 2023; de Roo et al., 2025). However, from dust
polarization data alone, it is possible not to distinguish between genuine large-scale coherent fields
and mere-anisotropic random fields.

Faraday rotation studies of intervening galaxies seen against polarized background sources can
reveal magnetic field properties of the foreground intervening galaxy. However, these studies are
often hindered by (1) redshift dilution of the small expected RM signal; (2) isolation of Faraday
rotation produced in the intervening galaxy from the intrinsic RM of the background radio source,

4Caveats discussed in full details in Seta and Beck (2019).
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and (3) the dominating Galactic foreground RM (Pandhi et al., 2025). At small impact parameters,
the use of gravitational lensing systems can directly address points (2) and (3) above, as the RM
produced in the lensing galaxy can be obtained by differing the RM between the lensed images,
effectively removing RM contributions from the Galactic foreground and the intrinsic background
source properties5. Mao et al. (2017) and Kovacs et al. (2026) measured magnetic fields through the
disk and halo of two z=0.4 lensing galaxies. They found that at z=0.4, galaxies host disk-dominant
coherent magnetic fields, which is consistent with those seen in present day galaxies. Substantial
turbulent magnetic fields on small-scales (< 50 pc) were revealed through modeling wavelength-
dependent depolarization effects. The lensing effect thus acts as a natural telescope, allowing us
to peer into both the large-scale and small-scale magnetic fields in distant galaxies. These exciting
initial findings warrant further investigations and expansion into different galaxy mass and redshifts.

At larger impact parameters, statistical studies have at best delivered marginal detections of magne-
tized gas associated with high-z galaxies, with most results being upper limits (e.g. Kronberg and
Perry, 1982; Bernet et al., 2008, 2010; Farnes et al., 2014; Lan and Prochaska, 2020). To minimize
the impact of our inability to properly subtract the Galactic foreground RM, the sample could be
limited in a small deep-drilling field. Recently, Böckmann et al. (2023) utilized this approach based
on MIGHTEE-POL polarization data of the COSMOS and XMM-LSS fields and found the CGM
contributes an |RM| of ∼ 5 rad m−2 at 2.5𝜎 around z∼0.5 galaxies. However, the magnetic field
structure and turbulence level in the CGM remain unconstrained across z. In Figure 2, we have
summarized the current status of ISM and CGM magnetic field measurements beyond the local
Universe. The large apparent scatter can be attributed to estimates of different components of the
magnetic field at different galacto-centric radii, obtained using a variety of tracers and methods
across a wide range of galaxy types.

We note that dispersion measures (DM) and rotation measures of fast radio bursts have led to
numerous single-sightline estimates of magnetic fields in the ISM and CGM of both nearby and
distant galaxies (Prochaska et al., 2019; Sherman et al., 2023; Mannings et al., 2023). Due to
the unknown contributions from the host galaxy and local environment as well as our inability
to accurately subtract the fluctuating Galactic RM foreground at the level needed to detect RMs
produced in and around distant galaxies, the constraining power of these observations remains weak.
However, future statistical studies of FRB DM and RM may yield more stringent limits (Kovacs
et al., 2024; Khrykin et al., 2026).

5 Current observational limitations

Most of the archival diffuse polarized synchrotron data from galaxies were obtained prior to the
advent of broadband receivers (Beck and Wielebinski, 2013, 2023), hence most data available for
the study of galactic magnetic fields are at discrete narrowband. RMs were usually computed using
data at two wavelengths (3 cm and 6 cm), assuming a linear relation between the polarization angle
and 𝜆2. Longer wavelength observations (11cm, 18cm, and 20cm) were often analyzed separately.

5Under the following assumptions: (1) negligible RM fluctuations on arcsecond scales in the Milky Way foreground;
and (2) negligible RM/ polarization variability intrinsic to the background source, or that any time-delay effects can be
fully modeled and removed through long-term polarization monitoring
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Figure 2: A compilation of selected measurements of ISM and CGM magnetic fields beyond z=0. Blue
symbols represent statistical measurements, while red symbols represent measurements in individual galaxies.
Representative values from the following studies are included: Kronberg et al. (1992); Bernet et al. (2008);
Wolfe et al. (2011); Bernet et al. (2013); Joshi and Chand (2013); Farnes et al. (2014, 2017); Mao et al.
(2017); Prochaska et al. (2019); Malik et al. (2020); Lan and Prochaska (2020); Shah and Seta (2021);
Mannings et al. (2023); Böckmann et al. (2023); Kovacs et al. (2026).

The use of broadband data will prevent n𝜋 ambiguity and allow modeling of RM and depolarization
simultaneously across all bands without having to assume the dominant depolarization mechanism.
Broadband polarization analyses including L and S bands (or even lower frequencies) would en-
able Faraday tomography to reveal the three-dimensional structure of the large-scale field and the
turbulent properties of the small-scale field.

Many of the historical datasets were from single-dish radio telescopes, with angular resolutions
often exceeding 1’, while the interferometric observations had angular resolutions that are rarely
better than 10". For a typical local volume galaxy distance of 7 Mpc, this translates into a physical
scale of >340 pc, far from the typical energy-injection scale of 50-100 pc in the ISM (Haverkorn
et al., 2008; Fletcher et al., 2011; Dhakal and Seta, 2025). As turbulence is unresolved in most of
these previous observations, depolarization effects reduce the detectability of polarized emission,
especially at lower frequencies, hindering us from obtaining a complete view of galactic magnetic
fields.
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With the exception of CHANG-ES (Irwin et al., 2012, 2024) and WSRT SINGS (Heald et al., 2009;
Braun et al., 2010), almost all galactic magnetic field studies in the nearby universe consist of a single
galaxy, often selected because of their galaxy properties or expected/anticipated unique magnetic
field features, with possibly vastly different observational setups. Only a large, homogeneous and
unbiased dataset can facilitate rigorous comparison with theoretical predictions. We note that even
non-detections of a large-scale coherent magnetic field are important for testing dynamo theory and
its predictions.

The majority of existing extragalactic source RMs are narrowband data from the last century.
Broadband observations of extragalactic radio sources (EGSs) will provide precise RMs without
n𝜋 ambiguity. By modeling the broadband complex polarized spectra, it would become possible
to separate foreground from internal Faraday effects, thereby producing a cleaner RM grid. This
is especially critical given the cumulative polarized source count density only increases with the
survey detection limit to the power of -0.6 (Rudnick and Owen, 2014).

In order to successfully conduct an RM grid experiment, that is, to reliably recognize a simple
large-scale ISM field pattern, we need to ensure sufficient (> 50) sources behind the main body of
a galaxy (Stepanov et al., 2008) for a statistically meaningful sample size of >40 galaxies. This
requires a survey depth of at least 10 nJy beam−1 to be reached at Band 2, which is well beyond the
scope of the SKA. To reconstruct magnetic fields in external galaxies without prior knowledge of
the field structure would require an even higher RM grid density (>1000 RMs per galaxy; (Stepanov
et al., 2008)), which is only feasible for our closest neighbors, the Large and the Small Magellanic
Clouds, in the SKA era. Therefore, RM grid studies of a large sample of nearby galaxies with the
SKA will primarily focus on determining CGM magnetic fields owing to their much larger projected
areas on the sky.

At present, both the sample sizes for background polarized source- foreground galaxy pairs and for
polarized lensing systems remain limited. The redshift range of distant galaxies probed are very
limited as well, to mostly z<0.5.

6 Proposed SKA observations

We propose four sets of key observations to be performed with AA4, targeting the ISM and CGM
magnetic fields in both nearby and distant galaxies.

(1) Mapping the diffuse polarized synchrotron emission in nearby galaxies: Ideally, we would
require continuous frequency coverage from Bands 1, 2, 3, 4, and 5a to perform Faraday tomography
and fully model the three-dimensional large-scale and small-scale magnetic fields. However, given
the planned deployment of the frequency bands, we choose to prioritize observations in Band 5a
because Faraday depolarization effects are minimal and we can achieve the highest precision in
measuring magnetic field structures among the available bands. Intrinsic polarization angles and
Faraday rotation can be derived from the broadband data within Band 5a. Even though Bands 1 and
2 will be available, we note that combined polarization analysis of Band 5a with Bands 1 and 2 in
the absence of Bands 3 and 4 data is expected to be highly challenging. The large gap in frequency
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coverage would result in high sidelobe levels in Faraday depth space and subsequently significantly
reduce our ability to constrain the magneto-ionic medium models through QU fitting 6.

With Band 5a, we expect an rms noise of 0.16𝜇Jy beam−1 in 50 hours, tapered to 4" resolution
(a native resolution 0.14" with robust=0). This is sufficient to detect synchrotron emission from a
region 100 pc in extent with a field strength of 9 𝜇G (or 5𝜇G field 1 kpc in extent) at better than the
7𝜎 level, representing an order-of-magnitude improvement in surface brightness sensitivity over
existing surveys. The short baselines of SKA-Mid enable the recovery of polarized emission on
kpc in nearby galaxies. A sample size of ∼ 50-100 galaxies would be desirable for proper statistical
analysis.

For a subset of nearby galaxies with edge-on orientation, targeted ultra-deep Band 1 or even
SKA-LOW observations may reveal polarized emission associated with the steep-spectral-index
synchrotron emission from aged cosmic ray electrons at large distances from the mid-plane. Thus,
directly tracing magnetic fields outside the thin disk: in the thick disk, halo or even in the transition
region to the CGM.

(2) Probing the CGM magnetic fields of nearby galaxies using dense RM grids out to virial
radius: As the CGM field strength is low and expected to be in the sub 𝜇G regime, highly precise
RM measurements would be needed. A 10𝜎 polarized detection in Band 1 would have an RM error
of 0.4 rad m−2 whereas a 10𝜎 polarized detection in Band 2 would have an RM error of 4 rad m−2.
The trade-off between polarized source density and the overall fractional polarization of sources
(hence signal-to-noise ratio in polarization) and RM precision must be carefully considered before
planning the final survey. To obtain at least 20 RMs through the CGM of ∼ 320 nearby galaxies, a
sensitivity of 1 𝜇Jy beam−1 must be achieved, corresponding to at least 8 hours on-source time in
Band 1 and 2 hours on-source time in Band 2.

(3) Deep, targeted follow-up polarization observations of individual lens candidates: We will
select targets from lens search surveys (see McKean et al. in the same volume). As the surveys
themselves likely lack the sensitivity to perform detailed polarization analysis and thus to obtain
reliable RMs, we anticipate that the survey data are polarization calibrated so that they can at
least provide candidate list for polarized systems. We would ideally prefer continuous frequency
coverage in Bands 2, 3, 4, and 5a (Band 1 observations will not have sufficient angular resolution
to resolve lensed images). Given the deployment plan, we would request Band 2 observations to
provide precise RMs and Band 5a observations to best anchor the intrinsic polarization properties
of the lensed radio source. Consider a minimum total flux density at Band 2 of 1 mJy beam−1,
we aim to detect 1% polarization at the 10𝜎 level. This requires 1 𝜇Jy beam−1 sensitivity with
robust=−1, an angular resolution of 0.43"x0.38", and 5 hours of on-source time per system in Band
2. Assuming a flat spectral index of −0.5, and a conservative lower bound on the polarization
fraction at Band 5a, robust=0 (angular resolution of 0.14"x0.12"), an on-source time of 2 hours is
needed. This is considered a modest investment of telescope time, provided that search surveys can
already offer strong indications of whether the candidates are polarized. In addition to individual
follow-up polarization observations, a large sample of polarized lensing systems identified in a

6We note that at Band 5a, there may be contributions of anomalous microwave emission to the observed total intensity,
thus appropriate correction is necessary prior to any polarization fraction analysis.
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high-resolution Band 5a survey has the potential to statistically detect magnetic fields in galaxies at
even higher redshifts than those accessible with Band 2-only polarimetric data.

(4). Statistical constraints of magnetic fields in CGM of distant galaxies using quasar
absorption-line systems: We will devise deep polarimetric observations with a sky footprint
matching on-going and future legacy spectroscopic surveys in the southern sky to maximize any
cross-match potential and thus the sample size. Because the expected RM signal is small, Band 1
or/and Band 2 observations would be needed to provide the best RM precision. The survey area is
likely to be on the order of a few hundred to 1000 sq degrees. Achieving a breakthrough on this
front requires an RM grid at least an order of magnitude denser than any planned surveys. To reach
a source density of ∼ 500 polarized sources per square deg (total of ∼ 5x105 polarized sources)
requires a sensitivity of 0.1 𝜇Jy beam−1 corresponding to 2 hours per pointing in Band 2 with
robust=0.

7 Specific Science Focus

Conducting a homogeneous galactic magnetic field census for a large sample of nearby galaxies
From key science observation (1), we will be able to consistently derive various properties of galactic
magnetic fields in a large number (50-100) of nearby galaxies and make conclusive observationally-
based statements on the conditions required for galaxies to host large-scale magnetic fields, thereby
directly testing dynamo theory. Comparisons of magnetic field properties to complementary HI
observations will be needed to connect magnetic field properties with kinematics. Much can be
learned on a per-galaxy basis (e.g., galaxy-specific dynamo models) as well as on a statistical basis
using the entire sample. A combined analysis of polarization angles and RMs (Paul et al., 2026) can
reveal dynamo modes in 3D, revealing how the spectrum of dynamo modes may depend on galaxy
properties such as the number of spiral arms (Chamandy et al., 2013) and galaxy age. We will also
be able to better assess the relative importance of possible magnetic arms generation mechanisms,
including MHD waves (Lou and Fan, 1998). The properties of large-scale magnetic fields and their
dynamic roles in different types of galaxies will be closely examined from dwarf galaxies (e.g.
Drzazga et al., 2016) to barred galaxies (e.g. Beck et al., 2005) to elliptical galaxies (e.g. Shah and
Seta, 2021). Detailed polarization studies of the Magellanic system (Gaensler et al., 2005; Mao
et al., 2008, 2012; Livingston et al., 2022, 2024) will inform us about the magnetic fields in and
around our closest neighbors.

Furthermore, detailed comparison with polarized dust emission in nearby galaxies to be mapped by
the anticipated Atacama Large Aperture Submillimeter Telescope (AtLAST) will inform us of the
interplay of magnetic fields in the multi-phase ISM (Liu et al., 2025).

Resolving the magnetic field reversal tension Milky Way is the only galaxy with a confirmed
large-scale magnetic field reversal along the Sagittarius arm (e.g. Van Eck et al., 2011; Korochkin
et al., 2025). One possible reason why they have not yet been confirmed in external galaxies is
due to the insufficient angular resolution of current studies. Magnetic field reversals in spiral arms
likely have limited radial and vertical extents, on the order of ∼ few hundred pc (Reid et al., 2019)
or less. Resolving these reversals in a typical nearby galaxy at distance of 7 Mpc thus require
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an angular resolution of at least 5", which has not yet been achieved to date. The proposed key
science observation (1) in combination with new techniques (Kurahara et al., 2021), especially of
edge-on galaxies, will ensure that the observational signatures of the field reversal are not washed
out/depolarized and will inform us about the prevalence of these features and shed light on their
origin.

Unraveling the elusive magnetic helicity Magnetic helicity and its conservation are important
concepts in dynamo theory. However, strong observational evidence for helicity is still lacking,
although large-scale magnetic field geometries consistent with helical fields have been reported
in two external galaxies IC342 (Beck, 2015) and NGC4217 (Stein et al., 2020). The proposed
key science observation (1) has the potential to reveal magnetic helicities for the first time. One
likely manifestation would be observational signatures associated with opposite helicities of the
plane-parallel fields in edge-on galaxies (Horellou and Fletcher, 2014; Brandenburg and Stepanov,
2014).

Quantifying the magnetized gas content in the CGM of nearby galaxies Existing studies of the
magnetized CGM in nearby galaxies rely on stacking approaches, and basic properties of the CGM
field such as its extent, strength, and field geometry remain unknown. With key science observation
(2), we can measure this in up to a hundred nearby galaxies individually and quantify CGM fields
and its dependence on the underlying galaxy properties (e.g., with respect to outflow on a per-galaxy
basis) for the first time 7. This information is critical for identifying the role of magnetic fields in
the gas physics of the multiphase CGM.

Tracing the evolution of ISM magnetic fields over cosmic time Key science observation (3)
will unveil the first occurrences of large-scale magnetic fields in distant galaxies and place direct
constraints on the time-scale of the large-scale dynamo. The much larger lens sample from the
SKA will extend galactic magnetic field measurements to earlier cosmic epochs and a wider range
of galaxy types. Comparisons with dynamo theory predictions and cosmological MHD simulations
will effectively address the origin of large-scale galactic magnetic fields.

Investigating the redshift evolution of CGM magnetic fields Key science observation (4) will
reveal the CGM magnetic fields in distant galaxies. The expected large sample size will allow
binning in redshift space to characterize the redshift dependence of the CGM field. In addition, we
will search for RM signatures that correlate with outflows, metal enrichment and the star formation
rate history to test CGM magnetic field seeding mechanisms.

8 Conclusions and Outlook

In this chapter, we have presented our observational strategies with SKA AA4 to probe magnetic
fields in and around nearby and distant galaxies. Carefully designed observations primarily in
Bands 2 and 5a together will provide detailed magnetic field measurements in the ISM and CGM
for a statistically substantial sample of nearby and distant galaxies for the first time. These key
polarimetric observations will significantly advance our knowledge of the magnetic fields in the

7Heesen et al. (2023b) hints at a potential correlation between CGM magnetic fields and outflows along the minor
axis based on stacking nearby galaxies.
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ISM and CGM, enabling one to characterize the evolution of this elusive non-thermal component
of the baryonic cycle as a function of redshift.

We would like to emphasize that beyond the first generation receivers, polarimetric observations in
Bands 3 and 4 are critical in all of the outlined science cases above as ∼ 1.7 - 5 GHz is the optimal
polarimetric observing frequencies for galactic turbulence characterized by Faraday dispersion in
the range of ∼ 10 -100 rad m−2 (Arshakian and Beck, 2011). Continuous frequency coverage
bridging Band 2 and 5a data is indispensable for comprehensive modeling of the three-dimensional
large-scale and small-scale magnetic fields in external galaxies (Heald et al., 2015).

Looking beyond the current baseline design into the SKA 2 Era, the envisioned improvement in
sensitivity and angular resolution will allow one to directly probe the magnetic fields using polarized
synchrotron emission in galactic regions of weak emission (e.g., at large galactocentric radii, or
in extreme turbulent regions). The combination of the order of magnitude increase in sensitivity
and increase in FoV will increase the survey speed, boosting the RM grid density by a factor >> 4
(within a given observing time) than AA4, enabling more nearby external galaxies to have an RM
grid constructed for determining their ISM fields, as well as a denser CGM RM grid in nearby and
distant galaxies. The expected 20-fold improvement in the resolving power in the GHz frequency
range will significantly increase the number of strong lensing candidates and hence expand the
sample size of high redshift galaxies in which ISM fields can be probed by the lensing method, with
accessibility to galaxy masses down to dwarf galaxy and to even higher redshifts. It is without a
doubt that the full SKA will revolutionize our understanding of the origin of magnetic fields in and
around galaxies.
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