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3D Fields Tahani et al.

Magnetic fields play important roles in the star-formation process across different
spatial scales. The interplay between magnetic field strength (a key component of
the interstellar medium’s energy budget) and field orientation relative to density
structures impacts how interstellar material evolves toward star formation. To
understand galactic evolution toward stars, planets, and ultimately life, we need
to map three-dimensional (3D) magnetic field vectors in 3D space. However,
determining full vector information remains challenging due to projection effects
and the complex relationship between observable tracers and field geometry. We
outline the observational techniques that can be used to probe the 3D magnetic
field structures of objects such as supernova remnants (SNR), superbubbles, Hii
regions, and Hi filaments in the diffuse interstellar medium (ISM), and objects
in the dense ISM such as molecular clouds, filaments, and cores. The main
SKA-specific observational techniques include synchrotron emission and Faraday
rotation of both compact sources and the diffuse emission. We discuss how
SKA AA4 will allow implementation of the techniques we describe, leveraging
the vastly improved sensitivity, resolution and uv-coverage compared to existing
datasets. This will enhance our ability to reconstruct 3D magnetic field vectors,
advancing our understanding of magnetic fields in Galactic evolution and star
formation.
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1 Introduction

Polarized light surrounds us and can be utilized to reveal hidden information about our world, from
the 3D glasses in movie theaters to the navigation systems of dragonflies and the hunting strategies
of mantis shrimp (Daly et al., 2016). This same property of light serves as a powerful tool for
mapping the invisible magnetic fields that help shape galaxies, stars, and planets throughout the
universe.

These magnetic fields compete with gravity and turbulence to control how matter flows through
space, influencing when and where stars are born (Pattle et al., 2023). The complexity of these
interactions has made star formation one of the most pivotal unanswered questions in astrophysics.
Understanding how the first stars formed, how galaxies evolve, and how planets emerge requires
comprehending how stars form in today’s Universe. Our galaxy provides an excellent laboratory
for this fundamental investigation.

What we know about magnetic fields reveals their dual nature: they play complex and sometimes
contradictory roles in star formation (Hennebelle and Inutsuka, 2019). At times they impede the
process, reducing star formation rates and efficiencies by providing magnetic pressure support
against gravitational collapse (McKee and Ostriker, 2007). However, in the final stages of stellar
birth, magnetic fields become essential, enabling star formation through magnetic braking that
removes excess angular momentum from rapidly spinning protostellar cores (Wurster and Li, 2018).
To fully understand these competing roles, we must map three-dimensional (3D) magnetic field
vectors in 3D space and examine their relationship to cosmic and interstellar structures.

1.1 The necessity of 3D magnetic field vector measurements and the challenges in obtaining
them

The 3D geometry of magnetic fields relative to 3D density structures can determine how these
structures evolve (e.g. Tritsis et al., 2015; Tahani et al., 2022a). For example, consider a filamentary
cloud: magnetic fields oriented parallel to the filament’s long axis will preferentially resist radial
gravitational collapse, while fields oriented perpendicular to the axis will resist collapse along the
filament (poloidal collapse). These different field geometries can lead to distinct fragmentation
modes and, ultimately, different populations of forming stars and star-formation rates (Seifried and
Walch, 2015). Some studies (Fiege and Pudritz, 2000a,b; Inoue et al., 2018) suggest that magnetic
fields, depending on their morphology can allow for formation of more massive molecular clouds
and stabilize the cloud against gravity and fragmentation. Such critical distinctions are lost when
we observe only two-dimensional projections (Seifried et al., 2020), where nearly perpendicular
structures can appear parallel when projected onto the plane of the sky as shown in Figure 1 (Tahani,
2022).

In addition, full 3D magnetic field vectors are crucial for studies of energy budgets in clouds.
Magnetic energy density depends on the total magnetic field strength, and therefore only 3D
magnetic field measurements can provide magnetic energy density values for comparison with
thermal and turbulent energy densities. Most observational measures of magnetic fields only
provide a lower limit on the total field strength (e.g. Crutcher, 2012), and often rely on assumptions
to estimate the gas density or to infer the turbulent kinetic energy (such as isotropic turbulence).
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Figure 1: Schematic illustration of the limitation of 2D projections. a perpendicular magnetic field vector
to an elongated cloud may appear parallel when projected onto the plane of sky.

Mapping 3D magnetic field vectors from observations is extremely challenging. The biggest
challenge is obtaining the complete vector direction of the field, including the plane-of-sky direction.
Other challenges include determining the 3D field strength and localizing the measurement in
3D space, since often probes of the plane-of-sky (POS) or line-of-sight (LOS) component are
obtained from line-of-sight integrated observations, which may trace different phases of the ISM.
To date, only two studies have successfully reconstructed full 3D magnetic field vectors in the
interstellar medium (Tahani et al., 2022a,b), demonstrating both the difficulty of this endeavor
and its importance. These reconstructions revealed that 3D magnetic field vectors can trace the
formation history and evolutionary path of molecular clouds and identify objects hidden to total
emission observations (also see Mohammed et al. (2024) where Faraday tomography reveals an
unidentified structure).

The most promising way to achieve 3D field vectors requires the incorporation of observations and
techniques across the entire electromagnetic spectrum. In the following subsections, we describe
the commonly-used observational techniques for probing interstellar magnetic fields and discuss
how their integration enables 3D magnetic field reconstruction.

1.2 SKA-Specific Common Observing Techniques

The SKA will enable measurements of interstellar magnetic fields with several different methods.
The volume, coverage, and sensitivity of the expected data will be transformational in terms of our
ability to reconstruct the magnetized ISM. The three main observables of magnetic fields from SKA
polarization data are (a) Galactic synchrotron emission, (b) Faraday rotation of extended emission
and background sources and (c) circular polarization of spectral lines due to the Zeeman effect. We
briefly introduce each below.
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1.2.1 Synchrotron Emission

Synchrotron emission occurs when relativistic cosmic ray electrons undergo gyromotion around
magnetic field lines. Synchrotron emission is commonly observed in regions of shocks, supernova
remnants, and star-forming regions, and can be used to probe different magnetic field components.
The emission is strongly polarized perpendicular to the projected plane-of-sky magnetic field com-
ponent (𝐵POS), as the radiation is emitted in the direction of the electron’s acceleration. Therefore,
the orientation of observed linear polarization reveals the 𝐵POS orientation (with 180◦ ambiguity) in
synchrotron-emitting regions integrated along the line of sight (in the absence of Faraday rotation).
At higher frequencies (> 5 GHz), Faraday rotation effects can be negligible depending on the en-
vironment and field strength, while at lower frequencies, observed Faraday rotation (see following
section) can be used to de-rotate the polarization angles.

Synchrotron intensity can provide estimates of magnetic field strength under the assumption of
equipartition between magnetic and cosmic ray energy densities. However, this assumption lacks
direct observational validation and has been challenged by numerical simulations (Dacunha et al.,
2025), which find that this assumption can lead to significant overestimation of magnetic field
strength. Linzer et al. (2025) found that equipartition can be assumed at kpc scales but breaks
down at smaller scales. Under the equipartition assumption, synchrotron total intensity may provide
estimates of the overall field strength, while the ratio of polarized to total intensity gives information
on the ratio of turbulent to uniform magnetic field components (Beck and Krause, 2005; Borlaff
et al., 2023).

1.2.2 Faraday rotation and Rotation Measure Grids

Faraday rotation causes the polarization angle of linearly polarized emission passing through a
magnetized region with free electrons to rotate. The amount of rotation can be quantified by the
Faraday depth, 𝜙, as

𝜙(𝑟)
[rad m−2]

= 0.81
∫ obs

r

𝑛e

[cm−3]
𝐵LOS

[𝜇𝐺]
𝑑𝑙

[pc] , (1)

where 𝑛𝑒 is the thermal electron density, 𝐵LOS is the strength of the magnetic field component
along the line of sight, and 𝑑𝑙 is the path length from the source at distance 𝑟 to the observer.
When a background source of linearly polarized light (e.g. a pulsar or a quasar) propagates through
a Faraday rotating foreground, the angle rotation Δ𝜃 is quadratic with observing wavelength and
Faraday depth is referred to as Rotation Measure, RM = Δ𝜃/Δ𝜆2.

When linearly polarized emission and Faraday rotation are intermixed, such as diffuse synchrotron
emission and Faraday rotation in the interstellar medium, the Rotation Measure is undefined. In
this case, multiple emission components with varying Faraday rotation contribute to the observed
emission, which is now a complex function of observing wavelength. This can be described as a
Faraday spectrum 𝐹 (𝜙) in a technique called Faraday Tomography. Here, the complex observed
polarization 𝑃(𝜆2) = 𝑄(𝜆2) + 𝑖𝑈 (𝜆2) as a function of wavelength squared is Fourier transformed
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to (Burn, 1966; Brentjens and de Bruyn, 2005):

𝐹 (𝜙) =

∫ +∞

−∞
𝑃(𝜆2) 𝑒−2𝑖𝜙𝜆2

𝑑 (𝜆2). (2)

As wavelength coverage is limited and strictly positive in reality, the observed Faraday spectrum
𝐹̃ (𝜙) is convolved with a Rotation Measure Spread Function (RMSF) 𝑅(𝜙), which is an artifact
due to limited wavelength coverage1. The observed Faraday spectrum is:

𝐹̃ (𝜙) =
∫ +∞
−∞ 𝑊 (𝜆2)𝑃(𝜆2)𝑒−2𝑖𝜙𝜆2

𝑑𝜆2∫
𝑊 (𝜆2)𝑑𝜆2

= 𝐹 (𝜙) ★ 𝑅(𝜙), (3)

where 𝑊 (𝜆2) is a window function denoting the wavelength coverage, ★ denotes convolution, and

𝑅(𝜙) =
∫ +∞

−∞
𝑊 (𝜆2) 𝑒−2𝑖𝜙𝜆2

𝑑 (𝜆2). (4)

With intermixed synchrotron emission and Faraday rotation, the Faraday depth spectra can take on
a range of different appearances, depending on both the physics in the ISM and the properties of the
instrument used for the observations. A uniform magnetic field embedded in a uniform distribution
of thermal and relativistic electrons will produce a slab-like feature in Faraday depth space, in
which the largest Faraday depth corresponds to the furthest physical distance along the LOS. The
scenario of multiple, discrete, synchrotron emitting and Faraday rotating regions or objects along
the LOS will produce multiple features with differing intensities and polarization angles in the
Faraday depth spectrum. The distances corresponding to the emission and Faraday rotation of these
features can often be estimated by correlating the plane-of-sky structures in the polarized intensity
at each Faraday depth with other tracers such as dust and Hi.

The observational signatures of extended synchrotron emission and Faraday rotation are heavily
influenced by the observing parameters through the mechanism of depolarization. Depth depolar-
ization arises from differing Faraday depths along the LOS yielding polarization angles that partially
cancel out when they arrive at the telescope. Lower frequency observations are more susceptible
to depth depolarization because Faraday rotation is more pronounced at longer wavelengths. Beam
depolarization is caused by plane-of-sky variations in polarization angle (either intrinsic or a result
of small-scale Faraday rotation variability) cancelling out within the beam of the telescope. Tele-
scopes with larger beams are more prone to beam depolarization. Finally, bandwidth depolarization
is the result of differential Faraday rotation within the frequency range encompassed by an observing
channel of the instrument. The same frequency binning will cause more bandwidth depolarization
at lower frequencies because of the wavelength-squared dependence of Faraday rotation. In general,
depolarization limits the physical depths that are probed along the LOS by a given instrument, a
phenomenon that has been referred to as the ‘polarization horizon’ (Uyaniker et al., 2003; Hill,
2018). Differing amounts and types of depolarization between different instruments can be used to
probe the same regions out to different depths.

1This is entirely analogous to the point spread function in radio interferometric data, which is an artifact due to limited
spatial coverage of antennas.
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Techniques using Faraday rotation

Different techniques can help determine the magnetic fields associated with different environments
or interstellar phases:

• Any linearly polarized extragalactic (EG) source will provide a RM value, containing con-
tributions from the Milky Way, the intergalactic medium, any intervening structures, and the
environment in the source itself. The intergalactic contribution is relatively small, and for all
but the highest latitudes, the contribution from the Milky Way dominates. With large numbers
of EG sources one can construct an RM Grid of irregularly spaced RM measurements across
the sky. Van Eck et al. (2023) provided a consolidated table of over 55,000 EG source RMs.
Hutschenreuter et al. (2022) removed EG source contributions and provided a best-estimate
all-sky map of Galactic Faraday rotation (‘the Faraday sky’).

• Galactic pulsars also emit linearly polarized emission and therefore can be used as sources
for an RM Grid. Pulsar RMs do not contain an intrinsic RM distribution, diminishing
uncertainties in the Galactic RM. In addition, pulsar distances are often known (although not
always accurately), allowing some distant-dependent information mostly concentrated near
the Galactic plane. The comparison between the RM of pulsars and extragalactic sources
can provide constraints on the magnetic field by segmenting the line of sight based on the
distances of the pulsars (e.g. Han, 2017). This method has been used to constrain Galactic
magnetic field models as well as local structures (e.g. Xu and Han, 2019). With SKA’s
sensitivity, the number of available pulsar RMs is expected to increase dramatically to tens
of thousands (Xue et al., 2017).

• Faraday tomography of extended Galactic synchrotron emission provides a glimpse towards
magnetic field structure in 3D space. Broadband spectro-polarimetric surveys of the whole
sky show complex Faraday spectra, which allow disentangling of various Faraday rotation
components along a line of sight (e.g. Van Eck et al., 2017).

• The MC-BLOS technique of Tahani et al. (2018) can provide the line-of-sight component of
magnetic field (BLOS) associated with molecular clouds by comparing EG RMs projected on
or near a cloud versus slightly off the cloud, and performing chemical modeling to infer the
thermal electron distribution in the cloud using column density maps. The selection of OFF
points considers different criteria discussed in Tahani et al. (2025b).

1.2.3 Zeeman effect

The Zeeman splitting of the atomic and molecular spectral lines in the presence of magnetic fields
enables the measurement of the BLOS. This technique provides the least model-dependent (and
likely the most accurate) approach to determine the field strength. The emission or absorption from
these split energy levels produces left- and right-hand circular polarization, the detection of which
enables measurement of both the strength and direction of BLOS. Zeeman observations of Hi and
molecular tracers (such as OH, CN, CCS, and others) can probe magnetic fields across a wide range
of densities and physical conditions in the interstellar medium (Troland et al., 1986; Crutcher et al.,
1999; Crutcher, 2012; Sarma et al., 2000; Crutcher and Kemball, 2019; Ching et al., 2022b). The
SKA will enable deep Zeeman observations of atomic and molecular tracers through its enhanced
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sensitivity and spectral resolution. For detailed technical specifications and science cases, we refer
readers to two parallel chapters by Bourke et al. (2026) and Robishaw et al. (2026) in this Volume.

1.3 Complementary/Ancillary commonly-used observational techniques

The advent of SKA data is expected to enable the further development of the methods outlined in
Section 1.2, while at the same time allowing for new methods to be created. We anticipate that
the combination of these methods with complementary probes of the magnetic field will provide
fruitful ground for such new developments.

1.3.1 Complementary radio-polarimetric surveys

For extended synchrotron emission, single-antenna surveys can provide crucial information on large
spatial scales, complementary to the high resolution of interferometer arrays (see 2.1.2). One key
set of broadband, single-antenna extended emission polarization data is the Global Magneto-Ionic
Medium Survey (GMIMS), covering 300–1800 MHz. GMIMS has two sub-bands completed in
the northern hemisphere (Wolleben et al., 2021; Ordog et al., 2026) with telescopes at the Domin-
ion Radio Astrophysical Observatory, and two in the southern hemisphere (Wolleben et al., 2019;
Sun et al., 2025) with CSIRO’s Murriyang Parkes telescope. Observations for a third southern
hemisphere component, the POSSUM-EMU-GMIMS All Stokes UWL Survey (PEGASUS), have
recently been completed with the Murriyang telescope. Currently existing and in progress interfer-
ometric datasets will also be useful for comparison with SKA data. These include the POlarization
Sky Survey of the Universe’s Magnetism (POSSUM, Gaensler et al., 2025), with the SKA precur-
sor, ASKAP, and the LOFAR Two-metre Sky Survey (LoTSS, Shimwell et al., 2022) with the Low
Frequency Array (LOFAR), an SKA pathfinder.

1.3.2 Polarized thermal dust emission

Interstellar dust grains are typically non-spherical and spin around their minor axes. In the presence
of magnetic fields, the axis of rotation can become statistically aligned with the local magnetic field
direction (Purcell, 1975; Andersson et al., 2015; Hoang and Lazarian, 2016), resulting in polarized
thermal emission and extinction. The polarization orientation of dust emission observed at far-
infrared and submillimeter wavelengths therefore traces the 𝐵POS via a mass-weighted (Seifried
et al., 2020) average along the line of sight.

This technique has proven highly successful in mapping magnetic field morphology across diverse
astrophysical environments, from the Galactic magnetic field structure studied by Planck observa-
tions (Planck Collaboration et al., 2016a) to magnetic fields in nearby galaxies (Borlaff et al., 2023;
Lopez-Rodriguez et al., 2023; Martin-Alvarez et al., 2024), star-forming regions (Doi et al., 2021b;
Tahani et al., 2023), and protoplanetary envelopes and disks (Hwang et al., 2025; Gupta et al.,
2022; Sharma et al., 2025). Additionally, different far-infrared wavelengths probe different grain
populations and physical conditions (Fanciullo et al., 2022): shorter submillimeter wavelengths are
sensitive to warmer dust closer to heating sources, while longer wavelengths trace cooler, more
extended material, enabling magnetic field studies in different thermal environments within the
same region. Additionally, dust polarization fractions can provide additional information about the
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inclination angle of the field with respect to the LOS (King et al., 2018, 2019; Chen et al., 2019;
Fissel et al., 2019; Sullivan et al., 2021; Hu and Lazarian, 2023b; Hoang and Truong, 2024).

1.3.3 Starlight polarization

Unpolarized starlight at optical and near-infrared wavelengths undergoes dichroic absorption as it
passes through magnetically aligned dust grains, resulting in observed polarization aligned with
𝐵POS. Additionally, since stellar distances are known through parallax measurements, particularly
from Gaia (Luri et al., 2018), this technique provides tomographic 𝐵POS observations at different
distances along the line of sight (Panopoulou et al., 2019; Doi et al., 2021a; Pelgrims et al., 2023;
Angarita et al., 2025). This distance information enables mapping of how the 𝐵POS varies with
depth, complementing the integrated measurements from dust emission. As with thermal dust
emission, the polarization angle only provides the orientation of the 𝐵POS, but not the direction,
suffering from a 180◦ ambiguity. Similarly to thermal dust emission, stellar polarization can be
used to infer the inclination angle of the magnetic field (Truong and Hoang, 2025).

1.4 Cross-Community Definitions

Across the astronomy and astrophysics community, some terminologies describing magnetic fields
and interstellar structures can vary. For consistency, we highlight some of the terms and mention
our descriptions of them in this section. We note that what may be referred to as ordered or
turbulent field (also refered to as ordered random and isotropic random) in Galactic Magnetic
field studies (Jaffe et al., 2010; Jaffe, 2019) may be highly structured, coherent-looking fields in
zoomed-in observations of specific regions, such as a star-forming region, where for example,
gravity dominates and reshapes the field lines, or tangential fields around a bubble caused by their
expansion.

For interstellar structures, we differentiate between Hii regions (ionized hydrogen bubbles formed
around massive stars, ∼ 1-10 pc), supernova remnants (∼ 10-100 pc shells of individual explosions),
and superbubbles (∼ 100–500 pc often dust or hydrogen cavities caused by multiple supernovae).
The term bubble may refer to any of the three above-mentioned shells. Throughout this chapter,
the term filament can refer to any elongated density structures, where “Hi filaments” are mainly
composed of neutral hydrogen in the diffuse ISM. Hi filaments can appear along the edges of
bubble shells. “Molecular filaments” are dense, star-forming filamentary structures bright in CO
observations. We use “molecular clouds” (which includes the term giant molecular clouds) for cold,
molecular-hydrogen-dominated gas structures (∼ 1–100 pc). In this chapter “dense cores” denotes
sub-parsec regions where stars form with densities higher than 106 cm−3.

Finally, the diffuse medium includes interstellar structures with densities lower than densities of
molecular regions∼ 500 cm−3, and dense medium refers to structures with molecular line emissions
and typical densities higher than ∼ 500 cm−3.

2 SKA-Specific Observations and Technical Details

Here we describe the properties of SKA AA4 for the application of Faraday tomography of extended
synchrotron emission and RM grids in the context of previous surveys. Extended synchrotron
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emission may also be referred to as diffuse synchrotron emission in the literature. We adopt the
term “extended” throughout this chapter to avoid confusion with the diffuse medium defined in
Section 1.4.

2.1 Extended synchrotron emission

2.1.1 Faraday Depth Spectra with the SKA

The sensitivity to different Faraday rotation structures is characterized by three key parameters: the
Faraday depth resolution, 𝛿𝜙, the largest detectable Faraday depth, 𝜙max, and the broadest feature in
Faraday depth that is not depolarized, 𝜙max scale. From Brentjens and de Bruyn (2005) these depend
on the observing wavelength, 𝜆, as

𝛿𝜙 ≈ 2
√

3
Δ𝜆2 , (5)

|𝜙max | ≈
√

3
𝛿𝜆2 , (6)

𝜙max scale ≈
𝜋

𝜆2
min

, (7)

where Δ𝜆2 and 𝛿𝜆2 are the wavelength-squared coverage and sampling respectively, and 𝜆min is the
shortest observed wavelength. The ability to distinguish between multiple discrete Faraday rotating
screens and broadened Faraday depth structures arising from mixed emission and rotation relies on
observations having 𝜙max scale > 𝛿𝜙. This requires high frequencies in order to minimize 𝜆min, and
a wide 𝜆2 coverage. The 𝜆2 ranges of SKA-Low and SKA-mid in comparison with SKA pathfinders
and precursors is shown on the vertical axis of Figure 2. With SKA-low (50-350 MHz) in AA4, 𝛿𝜙
as narrow as 0.1 rad m−2 will be possible, a factor of 10 improvement in Faraday depth resolution
over LoTSS. In terms of 𝜙max scale > 𝛿𝜙, SKA-Mid 2 in AA4 will have sensitivity to Faraday depth
structures as wide as 110 rad m−2.

Figure 3 shows examples of ISM Faraday rotation scenarios and observed Faraday depth spectra
with AA4 SKA-Low, Mid 1 (350-1050 MHz), Mid 2 (950-1760 MHz), and their combination. This
highlights the ability of SKA-Low to resolve multiple, closely spaced Faraday depth features (top
panel) and the role of SKA-Mid in distinguishing between Faraday screens and extended features
similar to a Burn slab (middle and bottom panels). Given the differences in LOS depth probed by
different frequency ranges (due to depth depolarization), examining Faraday depth spectra produced
from specific frequency subsets will be informative. For example, combining only Mid-1 and Mid-2
data for comparison with Low-frequency observations can reveal how different frequency ranges
probe different physical depths, especially when used in conjunction with other observables that
help associate Faraday depth features with physical distances.

2.1.2 Spatial Scales with the SKA

The horizontal axis of Figure 2 shows the range of angular scales of SKA and its precursors and
pathfinders over their respective 𝜆2 ranges. For the interferometric data (SKA, ASKAP, MeerKAT
and LoTSS DR2) the upper bound of this range is determined by the shortest available baselines and
the lower bound is the resolution of the synthesized beam. At 140 MHz, SKA-Low will achieve 5′′
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resolution, a factor of 60 improvement over LoTSS, making it ideally suited for studying extended
synchrotron emission structures associated with Hi filaments (Van Eck et al., 2017; Bracco et al.,
2020a) and other diffuse ISM features. Faraday tomography requires spatially convolving all Stokes
𝑄 and 𝑈 maps in the data cube to the angular resolution of the lowest frequency. At the lowest
frequencies Mid-1 (Mid-2) will have 0.75′′ (0.28′′) resolution, a factor of ∼12 (30) improvement
over MeerKAT.

Interferometric and single-antenna data are equally important and are complementary for studying
extended synchrotron emission and Faraday rotation. For the synchrotron emission, single-antenna
telescopes provide information on the largest spatial scales, providing the overall brightness for
any given region, and allowing for the synchrotron emissivity to be calculated. Interferometric
observations typically provide high-resolution information on the small-scale structures in an ob-
served region, but do not observe the zero-level of the emission. For studying structures on a wide
range of spatial scales in total and polarized emission, combined interferometric and single-antenna
data are ideal. For extended emission Faraday rotation, analyzing combined interferometric and
single-antenna data yields different information than analyzing either dataset alone (Ordog et al.,
2025). When sufficient variability exists in the complex polarized emission to produce detectable
interferometric signal, interferometric data can be sensitive to Faraday depth structures on spatial
scales larger than the maximum nominal scale probed by the array (e.g. Haverkorn et al., 2003;
Ordog et al., 2017). In these cases, the extended emission Faraday rotation maps from interfero-
metric data may correlate better with point source RM grids than with single-antenna maps (Ordog
et al., 2019; Erceg et al., 2022), as single-antenna observations are more strongly affected by beam
depolarization.

For SKA AA4, GMIMS can provide complementary single-antenna data. The published and in-
progress GMIMS data sets are shown in blue in Figure 2. In particular, PEGASUS, for which
observations are complete, is intended to provide large-scale information for POSSUM, but also
overlaps in frequencies with SKA Mid-1 and Mid-2, and could provide adequate large-scale infor-
mation despite the small gap in spatial scale coverage. Similarly, the Southern Twenty Centimeter
All-sky Polarization Survey (STAPS; Sun et al., 2025) will be able to provide large-scale polarization
data for SKA Mid-2.

2.2 The SKA RM Grid

The SKA Cosmic Magnetism Working Group has proposed an observing plan in which an RM
Grid plays a major role (Johnston-Hollitt et al., 2015; Heald et al., 2020). The RM Grid would be
based on a primary polarizations survey using SKA1-MID Band 2, in the frequency range from
950 to 1760 MHz. They will result in a nominal RM precision ΔRM ≲ 5 rad m−2 for sources
with a signal-to-noise ratio higher than 5, an expected ≳ 100 polarized sources per square degree,
a factor 3 more than ASKAP (see the parallel chapter by Sun et al., 2026), and a high angular
resolution of about 2′′.
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3 Diffuse ISM: Bubbles (Superbubbles, Supernova Remnants, Hii regions) and
Filaments

SKA data will be invaluable for tracing magnetic fields in a variety of diffuse ISM structures,
shaping our understanding of how these structures evolve and how they fit into the larger Galactic
context. Massive stellar outflows, stellar UV radiation, and supernova explosions are among the
dominant sources of energy injection into the ISM. These processes generate bubbles and compress
the surrounding medium, which can trigger gravitational collapse and star formation (Deharveng
et al., 2005). Magnetic field observations of these shells suggest that the fields are “frozen-in” to
the medium (Kothes and Brown, 2009; Tahani et al., 2023). The shells of bubbles often exhibit
filamentary morphology (Heiles, 1979).

3.1 Supernova Remnants and Superbubbles

A single supernova sweeps up the ISM, compressing the ambient magnetic field and causing it to
wrap around the shell tangential to the surface of the bubble (scales of∼tens of pc; Kothes and Brown,
2009; Kim and Ostriker, 2015). These field lines retain a memory of the initial (pre-explosion) field
geometry while forming a morphology tangential to the bubble surface. Inhomogeneities in the
environment, such as density gradients, variations in initial field direction, and changes in magnetic
field strength and direction, can lead to asymmetries in the supernova remnant shell (Chen et al.,
2017). Multiple supernova explosions and/or outflows from OB associations (clusters of massive
stars; Higdon and Lingenfelter, 2005; Bally, 2008; Collischon et al., 2021) within a localized region
can create superbubbles (scales of ≳ 100 pc). We suggest several techniques for reconstructing the
3D magnetic field geometry of these bubbles.

3.1.1 SNRs as Probes of the Galactic magnetic field

West et al. (2016) showed that the morphology of SNRs are effective probes of their Galactic
explosion environment, providing in-situ measurements of the Galactic magnetic field. The SNR
morphology can reveal not only the orientation of the field, but also highlights gradients in the
magnitude as well as bends and twists in its geometry. ASKAP observations of a relatively small
region of ∼ 35◦ of the Galactic plane have added approximately 50 new radio SNRs to the known
population (including new identifications as well as new radio detections of candidates known at
other wavelengths; Ball et al., 2025). It is expected that by the end of the ASKAP-EMU survey,
the population will grow by more than 400 candidates (Ball et al., 2025), doubling the known
populations of SNR candidates in the Galaxy. SKA is expected to identify and confirm even more
SNRs. The higher resolution will be useful for disentangling complex regions and identifying
individual structures. This increased population will be particularly useful for developing the next
generation large-scale 3D Galactic magnetic field models.

3.1.2 RM-Grid across a bubble

RM-Grids are powerful tools to detect low-density ionized gas, and changes in the direction of the
BLOS. To date, the most commonly used RM-grid catalogue is that of Taylor et al. (2009), which is
derived from the 1.4 GHz NRAO VLA Sky Survey (NVSS, Condon et al. 1998) and the subsequent
RMTable2023 (Van Eck et al., 2023), has an RM-source density of only∼ 1 per square degree. With
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such a low source density, we are restricted to analysis on large objects such as the Gum Nebula,
which is a 36◦ wide shell that is thought to be an old SNR (Purcell et al., 2015). RM-grid densities
that will be achievable by SKA will have 100 sources or more per square degree that will allow
us to probe structures with arcmin scales. POSSUM has been used to probe a few extragalactic
bubbles and supernova remnants (Jung et al., 2024). Stacking experiments could possibly be used
to statistically measure the ionized gas density in the interior of the bubble.

3.1.3 Structure functions in the bubble walls

Large bubbles, such as superbubbles, with scales bigger than ∼ 100 pc, may exhibit different scales
of structures in the front and back of the bubble wall, due to the differences in their distances.
For example, Vanderwoude (2025) used ASKAP observations with a ∼ 18′′ beam to analyze a
filamentary structure thought to be associated with the Upper Centaurus Lupus (UCL) subregion of
the Scorpius-Centaurus superbubble. The polarized intensity observations shown in Fig. 4 illustrate
a clear difference in the scale of the polarization structure observed on and off the filament. If a
structure with size 200 pc is located at a distance of 0.5 kpc, then variations on the order of 1 pc
will appear as polarization structure with an angular size of 8.5′ on the near side versus 6′ on the
far side. Such differences could plausibly be detectable with the arcsec resolution of SKA.

3.1.4 Faraday tomography

With the great improvements in Faraday depth resolution and sensitivity to structures, Faraday
tomography may become a useful tool in distinguishing the front and back of a bubble. As the
magnetic field is compressed and wraps around the shell of a bubble its direction changes along
the line-of-sight for some viewing angles. In this way, the Faraday peaks of the bubble may be
separated along the LOS, providing a unique probe of the 3D structure of the bubble (Ideguchi
et al., 2022). Correlating Hi emission of the bubble walls with diffuse polarized emission can help
reveal the 3D structure. For this to work, high spatial and velocity resolution are needed.

3.2 Hii regions

Dust polarization observations of Tahani et al. (2023) using the James Clerk Maxwell Telescope
have shown that Hii regions can push the magnetic fields and orient them tangential to the shell
of these bubbles. They presented a formalism to use the field geometry and explore the feedback
effects on magnetic fields. This formalism could potentially be extended to examine the energy
budget in Hii envolopes and better examine 3D magnetic fields. A combination of these 𝐵POS

observations with Zeeman (Sarma et al., 2000), and/or Faraday tomography and RM grids, could
help reveal the 3D magnetic fields associated with the bubble surface of Hii regions.

3.3 Hi filaments

The ISM exhibits filamentary morphology across a wide range of densities (Hacar et al., 2023).
The diffuse neutral ISM traced by Hi appears highly magnetized and filamentary, with filaments
showing a statistically preferred orientation along the POS magnetic field as traced by starlight
polarization and polarized dust emission (e.g. Clark et al., 2014). At high Galactic latitude, Hi
filaments are likely cold neutral medium (CNM) structures (Clark et al., 2019; Kalberla, 2025), the
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Figure 4: Peak polarized intensity map of the SN1006 field. The smaller green rectangle highlights a
filamentary structure that has much finer scale structure when compared with the surrounding emission.
(Reproduced with permission from Vanderwoude (2025)).

majority of which are within a few hundred parsecs from the Sun, usually associated with the wall
of the Local Bubble (Kalberla et al., 2016).

Polarized thermal dust emission and starlight polarization towards such Hi filaments can be used to
obtain estimates of the POS magnetic field of these structures via the Davis-Chandrasekhar Fermi
technique and its potentially more accurate variants (Davis, 1951; Chandrasekhar and Fermi, 1953;
Hildebrand et al., 2009; Houde et al., 2009; Skalidis and Tassis, 2021). In particular, Skalidis and
Pelgrims (2019) suggest that the Planck 353 GHz polarized emission at high latitude is mostly
dominated by the Local Bubble. While this finding could allow for Local Bubble magnetic field
estimates without correcting for background emission, Halal et al. (2024) presented results that could
indicate otherwise, requiring multiwavelength observations. Such estimates can be supplemented
by optical/NIR polarization of nearby stars.

The LOS component of the magnetic field towards Hi filaments is most directly probed by observa-
tions of the Zeeman effect in circular polarization of the Hi line emission or absorption (see parallel
chapter by Robishaw et al., 2026). Magnetic field properties will of course vary as a function of
scale, making 3D reconstruction of field vectors from the combination of dust polarization and
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the Zeeman effect difficult in general (e.g. due to small-scale tangling and reversals of the field).
However, Hi filaments in the Local Bubble wall may offer an ‘easy’ testbed: the magnetic field
appears to be coherent enough from scales of few arcminutes up to a degree (Nowotka et al., 2025).

SKA-Low data will also offer an alternative way of probing LOS magnetic fields in Hi filaments
via the RM synthesis of extended low frequency radio emission. This technique has been widely
used in LOFAR data revealing structures in Faraday depth space that appear to be correlated with
tracers of the neutral medium (Zaroubi et al., 2015; Kalberla and Kerp, 2016; Jelić et al., 2018;
Turić et al., 2021; Bracco et al., 2020b), often associated with the Local Bubble wall (Erceg et al.,
2024). Boulanger et al. (2024) found that the local (within 200 pc) warm neutral medium (WNM)
is the likely source of free electrons causing Faraday rotation observed in the LoTSS survey. To the
extent that the magnetic field strength is constant with density in the diffuse neutral ISM (Crutcher,
2012), or at least has only a mild dependence with density (Ponnada et al., 2022; Seta and McClure-
Griffiths, 2025), such low-frequency-based Faraday depths could be used to constrain the line of
sight component of the magnetic field in nearby CNM structures.

The high density of extragalactic RMs could enable the estimation of the LOS magnetic field in
distant, more massive Hi filaments (e.g. Syed et al., 2022), by extending the ON-OFF extragalactic
RM technique (see Section 4.1.1) (Tahani et al., 2018) to atomic gas. Any spatial gradient in the
associated RMs can be compared to the filament axis and could be used to inform 3D models of
the filament’s magnetic field. Such measurements would be invaluable for comparing with GMF
models (Jaffe, 2019), providing new constraints on the scale-dependence of the magnetic field
properties at various galactocentric radii.

SKA data will allow us to explore the combination of velocity and Faraday depth spectra, probing
discrete magnetized structures along the line of sight in a tomographic way (most likely to appear
at relatively low Galactic latitudes). This can be done, for instance, by searching for Faraday
depth peaks that are morphologically similar on the plane of the sky with Hi features at different
radial velocities using techniques such as machine vision algorithms (Soler et al., 2019). If such
identifications are robustly made, one could further exploit spatial gradients in the Faraday depth
features to infer 3D properties of the Hi filament magnetic field (e.g. testing uniform versus
kinked/arc-shaped field geometries). Informed by models of Galactic rotation, such estimates can
be localized in 3D space, and further compared with complementary techniques of magnetic field
estimation (e.g. Hu and Lazarian, 2023a).

With BLOS and 𝐵POS estimates towards a filament, the inference of the 3D geometry of the magnetic
field can be pursued. Different tracers of the magnetic field have a different dependence on the 3D
geometry of the field, leading various authors to propose that combinations of multiple magnetic
field tracers can be used to infer the 3D geometry (e.g. Goodman and Heiles, 1994; Reissl et al.,
2018). However, complications arise due to the 180-degree directional ambiguity in 𝐵POS (Tahani,
2022) and the multi-phase, turbulent nature of the ISM. Improved methods of 3D inference of
the magnetic field based on combinations of observables and statistical treatment of the turbulent
magnetic field should be further developed (e.g. Tsouros et al., 2024), in order to fully exploit the
wealth of magnetism data from the SKA.
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4 Dense ISM: Molecular clouds, filaments, and cores

4.1 Molecular clouds and filaments

Magnetic fields influence the formation and evolution of molecular clouds, however, the details
remain poorly understood. Magnetic fields and turbulence can significantly influence star formation
rates and efficiencies (Krumholz and Federrath, 2019), and may stabilize clouds against gravitational
fragmentation (Inoue et al., 2018; Fiege and Pudritz, 2000a,b). Studies of the relative orientation
between magnetic fields and density structures reveal close interplay between gas dynamics and
field orientations (Planck Collaboration et al., 2016b).

The last decade of magnetic field observations in molecular clouds have revealed a systematic trend:
magnetic fields tend to align perpendicular to high-density structures (> 1021.7 cm−2) and parallel to
low-density structures (Planck Collaboration et al., 2016b; Soler et al., 2019). At very high densities,
another transition back to parallel alignment with dense filaments has been observed (Pillai et al.,
2020), potentially indicating gravitational dominance over magnetic fields (gravity pulling the field
lines along dense filaments). The physical origin of the parallel-to-perpendicular transition remains
debated (Crutcher, 2012; Seifried et al., 2020; Pattle et al., 2023), with proposed explanations
including converging flows (Soler and Hennebelle, 2017), super-Alfvénic transitions (Chen et al.,
2020), and gravitational domination (Seifried et al., 2020). However, Pattle et al. (2023) found no
conclusive evidence linking the transition to specific Alfvén Mach numbers in their review.

Studies exploring field-density alignment examine only projected quantities on the plane of the sky.
As demonstrated in Figure 1, nearly perpendicular structures in three dimensions can appear parallel
when projected, leading to incorrect physical interpretations. Additionally, true 3D magnetic field
information is essential for accurately calculating physical quantities such as Alfvén Mach number,
magnetic pressure, and mass-to-flux ratio, all of which require knowledge of the complete 3D field
geometry.

In the following subsections, we describe techniques for determining line-of-sight and plane-of-sky
magnetic field components in molecular clouds, and approaches for reconstructing complete 3D
field vectors.

4.1.1 Line-of-Sight Fields

Tahani et al. (2018) demonstrated that Faraday rotation measurements of unresolved background
sources (pulsars or extragalactic sources) can be used to infer BLOS associated with molecular
clouds. The technique uses OFF points, which are sources whose projections fall near the cloud but
sufficiently far from it in order to estimate the Galactic contribution (foreground and background
to the cloud, i.e., non-cloud components) to the RM. The cloud’s contribution is then isolated
from ON points, which are sources with their projection either on the cloud or near enough to
the cloud that their rotation measures are influenced by the cloud’s magnetic field. Subtracting
the Galactic RM (determined from OFF points) from the observed RM at ON points yields the
cloud’s RM contribution, revealing the direction of BLOS. To determine field strength, the technique
incorporates extinction or column density maps with chemical evolution models. In this approach,
the cloud is divided into extinction layers along the line of sight, and electron densities are estimated
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at each layer as detailed in Tahani et al. (2018, 2025b). This approach accounts for the varying
ionization fraction with depth into the molecular cloud.

Tahani et al. (2025b) developed the MC-BLOS software package to implement this technique in an
automated manner for upcoming RM observations from SKA and its pathfinder’s surveys such as
POSSUM (Gaensler et al., 2025) and SPICE-RACS (Thomson et al., 2023). The BLOS results show
excellent consistency with available Zeeman observations. In molecular regions, MC-BLOS results
match very well in both strength and direction with available molecular Zeeman measurements. In
cloud envelopes, MC-BLOS BLOS directions match well with Zeeman, though the strength values
may exceed the strengths estimated through atomic Zeeman measurements. However, the spatial
correlations in the Orion A cloud envelope are striking: both the error-weighted atomic Zeeman
and MC-BLOS-derived LOS field strengths on the eastern side of the cloud (where both techniques
indicate fields pointing toward the observer) are twice the averaged error-weighted values on the
western side (where both techniques indicate fields pointing away from the observer).

The SKA era will enable significant improvements to this technique through:

• Better OFF point selection: Current RM catalogs provide only ∼ 1 source(s) per square
degree, limiting OFF point selection (Tahani et al., 2025b). SKA’s RM source density
(∼ 100 sources per square degree for the RM Grid survey, potentially much higher for deep
observations) will enable much more accurate determination of Galactic RM contributions.
Pulsar RM observations will additionally aid Galactic RM modeling.

• Higher spatial resolution: SKA’s RM source density will produce much higher resolution
BLOS maps and extend the technique to many more molecular clouds, enabling refinement
through examination of diverse regions.

• Extension to complex regions: Combined with 3D dust maps and tomographic pulsar RM
analysis, the technique can be applied to regions closer to the Galactic plane and more complex
environments (with multiple clouds along the line of sight) than previously accessible.

With 100 RMs per square degree, we estimate the number of points per cloud will be hundreds for
the majority of nearby molecular clouds. For the Perseus cloud, which covers ∼ 30 square degrees,
the SKA RM grid will provide thousands of measurements. So far, the MC-BLOS technique has
been applied to high-latitude clouds with minimal confusion along the LOS. However, the high
density of RMs provided by the SKA will allow extending the technique to lower latitudes. We
can estimate the number of expected measurements per cloud, as well as the minimum lengthscale
that will be probed on average, by making use of the most recent, complete catalog of molecular
clouds in the Milky Way (Miville-Deschênes et al., 2017). We select clouds that are within 5 kpc,
covering at least 1 sq. deg of sky area, in the Southern sky (𝛿 < 30◦). These are all clouds within
5◦ of the galactic plane (defined by the coverage of the original survey by Dame et al., 2001).
Assuming a random (Poisson) background source sky distribution, the mean separation between
nearest neighbors is 1

2
√

100
= 3′. Figure 5 (right) shows a 2D distribution of the number of RMs

per cloud versus the smallest POS scale that can be probed per cloud with the assumed RM grid
density. The expectation is that we will be able to probe LOS magnetic field fluctuations down
to sub-parsec scales for a significant amount of clouds (given proper treatment of LOS-confusion
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Figure 5: Left: Line-of-sight magnetic fields obtained by the MC-BLOS technique in the Perseus cloud
and its reconstructed 3D field, bending around the cloud and forming a concave arc-shaped morphology
(Tahani et al., 2022b). Right: Expectations for probing molecular clouds at low latitude with an RM grid:
2D distribution of the number of RMs per cloud versus the corresponding smallest POS scale that will be
probed. Calculations based on an RM grid density of 100 sources/deg2 and the Miville-Deschênes et al.
(2017) catalog of molecular clouds in the Galaxy (see text).

effects). For further discussion on the capabilities of SKA in constraining small-scale magnetic
fields in the Milky Way and nearby galaxies, we refer the reader to the chapter by Ma et al. (2026).

In addition to RMs, Zeeman splitting measurements provide a powerful way of probing the BLOS

in molecular clouds through observations of molecular tracers such as OH and CN, as well as Hi to
probe cloud envelopes. While precise g-factor determinations are essential (see the parallel Zeeman
chapter by Bourke et al., 2026), Zeeman measurements provide the least model-dependent (and
likely the most accurate) technique for determining magnetic field strength. SKA observations can
significantly expand available Zeeman measurements of molecular clouds through both absorption
and emission detections. These observations are particularly valuable for tomographic studies of
BLOS when combined with MC-BLOS, as different tracers probe distinct density regimes: Zeeman
measurements sample localized regions dominated by the density regime of each specific tracer,
and MC-BLOS provides cloud-averaged BLOS. Together with Faraday rotation measurements
from extended emission and RM grids, multi-tracer Zeeman observations can enable tomographic
mapping of BLOS variations along the line of sight.

4.1.2 3D vectors and LOS and POS integration

As described in Section 1.3.2, dust emission polarization and starlight polarization provide com-
plementary measurements of 𝐵POS in molecular clouds. Co-integration of BLOS and 𝐵POS with
models can help with reconstruction of 3D magnetic field vectors. Tahani et al. (2019) constructed
models of the Orion A magnetic field morphology (that were consistent with BLOS observations),
generated synthetic observations from these models, and compared them with the BLOS and 𝐵POS

observations. Using Monte Carlo simulations and chi-squared probability analyses, they concluded
that an arc-shaped magnetic field, where the field bends around the cloud and connects to the
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larger-scale Galactic magnetic field, provides the most probable morphology and the best match to
observations.

To resolve the 180-degree directional ambiguity in 𝐵POS and determine complete 3D field vectors,
Tahani et al. (2022a) and Tahani et al. (2022b) combined Galactic magnetic field models with 𝐵POS

and BLOS observations. They used the Hammurabi code (Waelkens et al., 2009) with only the
coherent component of the Jansson and Farrar (2012) Galactic field model, as the turbulent compo-
nent is not relevant for determining the initial field geometry (before the evolution or formation of
the cloud). Their reconstructions incorporated energy balance calculations including Alfvén Mach
number and magnetic pressure. For the clouds they studied (Orion A and Perseus), the coherent
components of various Galactic magnetic field models showed good agreement. Improved deter-
mination and modeling (e.g. Unger and Farrar, 2024) of the large-scale Galactic magnetic field
through SKA observations will enable extension of these complete field maps (six-dimensional:
3D vectors in 3D space) to many more molecular clouds.

The combination of these techniques with stellar polarimetry and distance information from Gaia en-
ables tomographic mapping of how 𝐵POS varies with depth through molecular cloud complexes (Doi
et al., 2021a) and how cloud fields connect to galactic magnetic fields. A number of surveys of
optical/NIR linear polarimetry of stars are (or will become) available, targeting the inner Galaxy
(Clemens et al., 2020), higher latitudes (PASIPHAE, Tassis et al., 2018), lower latitudes including
the Galactic plane (SOUTH POL, Magalhaes et al., 2018), and targeted regions (DragonflyPol;
Tahani et al., 2026, Tahani et al., in prep).

In addition to advancing our understanding of magnetic field roles in star formation, 3D magnetic
field vectors can reveal the formation history and evolutionary pathways of molecular clouds. The
reconstructed 3D magnetic fields of the Orion A and Perseus molecular clouds enabled step-by-
step formation scenarios for these clouds, revealing influence from nearby bubbles consistent with
the formation models of Inutsuka et al. (2015). For example, the 3D field vectors of the Perseus
molecular cloud showed the influence of a previously unidentified interstellar structure on the
cloud’s formation and evolution, a structure invisible in total emission observations. This finding
was subsequently confirmed through independent kinematic studies (Kounkel et al., 2022).

4.2 Dense Core Studies with SKA

4.2.1 Zeeman Effect Observations of Dense Cores with SKA-Mid

The reconstruction of 3D magnetic field vectors threading molecular dense cores requires comple-
mentary measurements of both line-of-sight and plane-of-sky field components. As discussed in
Section 1.3, polarized dust emission and starlight polarization trace 𝐵POS through mass-weighted
and tomographic observations, respectively, while Zeeman splitting provides direct measurements
of BLOS. For dense molecular cores, the integration of these techniques helps construct a whole
picture of the cores from a magnetic field point of view, namely Zeeman observations of Hi,
OH, and CCS transitions measure BLOS through the core material itself, while Faraday rotation of
background continuum sources and foreground/background pulsars provides complementary BLOS

constraints from the medium surrounding cores.
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SKA-Mid will significantly improve both measurement techniques through unprecedented sensi-
tivity, achieving an order of magnitude improvement over current interferometers while providing
sub-arcsecond angular resolution. This will enable detection of magnetic fields down to (1–2) 𝜇G
in OH transitions and potentially sub-𝜇G levels in Hi, under favorable observing conditions. This
transformational capability addresses critical gaps in 3D field reconstruction: current facilities
detect Zeeman signatures in only 25–30% of targeted molecular cores with integration times of
10–50 hr, while SKA-Mid is expected to detect comparable fields in a few hrs with detection rates
exceeding ∼ 50%.

4.2.2 Sensitivity and spectral resolution for OH transitions

All four ground-state OH transitions relevant for Zeeman effect studies (satellite lines at 1612
MHz and 1720 MHz, and main lines at 1665 MHz and 1667 MHz) lie within SKA-Mid Band 2
(950–1760 MHz), which provides up to 810 MHz of simultaneous bandwidth. These transitions
can be observed simultaneously.

4.2.3 Specifications for CCS molecular line observations

CCS presents a promising but challenging tracer for high-density regions. The key CCS transition
for Zeeman measurements, the 𝐽𝑁 = 10 → 01 line at approximately 11.119 GHz (Shinnaga
and Yamamoto, 2000), falls within SKA-Mid Band 5b coverage (8.3–15.4 GHz). At 12.5 GHz,
representative of this band, SKA-Mid is expected to achieve an array System equivalent flux density
(SEFD) of 2.77 Jy and 𝐴eff/𝑇sys of 998 m2/K, yielding a spectral line sensitivity of 85 𝜇Jy/beam
for one-hour integrations with the 210 Hz zoom channel resolution available across all bands.

CCS traces densities of 104–105 cm−3 in cold, dense pre-stellar cores (e.g. Suzuki et al., 1992).
The Zeeman coefficient for CCS near 11 GHz is approximately 0.8 Hz/𝜇G, making detectable field
strengths around 200 𝜇G feasible for strong lines. However, CCS observations face the following
challenges: higher frequencies require better atmospheric conditions; the smaller beam size (down
to 0.05′′) at 11 GHz samples small physical scales, potentially missing extended emission; and
CCS emission is typically weak and spatially complex. SKA Mid’s enhanced sensitivity may have
a great potential in establishing CCS as a routine tracer of magnetic fields at higher densities.

4.2.4 Hi 21-cm line observations: Emission and absorption as complementary dense core
tracers

Zeeman Observations in Hi Emission and Absorption

Hi emission Zeeman observations probe magnetic fields in the cold neutral medium (CNM)
surrounding molecular clouds, setting key boundary conditions for understanding magnetic field
evolution during cloud formation and collapse. The Zeeman splitting of the Hi 21-cm line is
2.8 Hz 𝜇G−1 (0.59 km s−1 mG−1), comparable to OH splitting and resolvable with SKA-Mid’s finest
210 Hz (0.044 km s−1) spectral resolution. At 1.4 GHz, SKA-Mid achieves ∼140 𝜇Jy beam−1 line
sensitivity in one hour, enabling detection of∼0.5–1 𝜇G fields in Hi emission with typical brightness
temperatures of 20–100 K. Mapping diffuse Hi requires moderate angular resolution (10–60′′) to
avoid spatial filtering, favoring use of SKA’s inner array or combination with MeerKAT, which
offers sensitivity to large-scale emission while retaining interferometric suppression of systematics.
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Hi absorption observations access different environments. This technique enables independent
estimates of gas density, temperature, and magnetic field strength. Absorption is particularly
powerful in dense core studies, detecting cold atomic gas at 10–30 K that is indistinguishable from
warmer Hi in emission.

Hi Narrow Self-Absorption (HINSA) is a specialized form of absorption spectroscopy that isolates
cold atomic hydrogen mixed with molecular gas (Li and Goldsmith, 2003; Goldsmith and Li, 2005).
HINSA features are narrow (Δ𝑣 ≲ 1 km s−1) absorption dips superimposed on broader Hi emission,
produced by Hi at𝑇spin ∼ 10–40 K cooled via collisions with H2. Unlike classical Hi self-absorption
(HISA), which traces warm-to-cold transitions in atomic gas, HINSA identifies residual Hi within
well-shielded regions dominated by H2, with [Hi]/[H2] ∼ 10−4–10−3. Although volumetrically
minor, this cold Hi component is an excellent magnetic probe because: (1) HINSA lines are 5–
10× stronger than typical molecular tracers; (2) Zeeman splitting is as strong as in normal Hi
(2.8 Hz 𝜇G−1); and (3) Hi abundance is stable across diverse environments, avoiding depletion
effects seen in molecules.

A HINSA Zeeman detection by Ching et al. (2022a) with FAST toward L1544 in Taurus measured
a field strength of +3.8 ± 0.3 𝜇G. This was part of a multi-tracer analysis combining quasar Hi
absorption at 7.1 pc, Hi emission at 0.72 pc, OH emission at 0.24 pc, and HINSA at 0.15 pc from
the core center. The data revealed a coherent magnetic field structure over four orders of magnitude
in density—from CNM (𝑛 ∼ 30 cm−3) to molecular envelopes (𝑛 ∼ 104 cm−3) and dense cores
(𝑛 ∼ 105 cm−3), with a consistent ∼4 𝜇G field strength.

SKA-Mid’s Capabilities

SKA-Mid will transform HINSA from a niche technique into a survey tool for magnetic fields in
dense cores. With 2 𝜇Jy beam−1 continuum sensitivity at 1.4 GHz, SKA-Mid can detect HINSA
against background sources with flux densities down to 10–50 mJy, three orders of magnitude fainter
than required for single-dish detections. This extends HINSA Zeeman studies beyond nearby clouds
(𝑑 ≪ 200 pc) to targets across the Galactic plane (𝑑 ∼ 1–2 kpc). The interferometric architecture
offers key advantages: systematics suppression via cross-correlation, sub-arcsecond resolution to
isolate compact continuum sources, and a large field of view enabling simultaneous emission and
absorption observations across multiple sightlines.

Toward 3D Magnetic Field Mapping with SKA-Mid

Combining SKA-Mid Zeeman observations in Hi (emission, absorption, HINSA), OH, and CCS
enables comprehensive 3D magnetic field reconstruction across the full density range of star-
forming regions. Hi traces ∼0.1–1 𝜇G fields in diffuse CNM; OH detects 1–10 𝜇G fields in
molecular envelopes; HINSA probes 1–5 𝜇G fields in atomic-molecular interfaces; CCS accesses
0.1–1 mG fields in dense prestellar cores. No other facility offers such a diagnostic suite with
matched sub-arcsecond spatial resolution. The resulting datasets will allow systematic study of
how field strength, geometry, and dynamical influence evolve from diffuse atomic gas through
molecular envelopes to collapsing cores.
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4.2.5 Resolving core-envelope three-dimensional field structure

Resolving the core-envelope 3D magnetic field structure is critical for understanding magnetic brak-
ing and angular momentum transport. Theoretical models predict that magnetic field lines become
increasingly pinched as material contracts, potentially launching magnetically driven outflows via
magneto-centrifugal processes or forming magnetically supported pseudo-disks where field lines
resist further compression. Current observations largely measure single-pointing field strengths,
inferring morphology from polarization angles (Kandori et al., 2017; Clemens et al., 2016; Kandori
et al., 2020) but lacking direct 3D vector measurements revealing field curvature.

SKA-Mid’s sub-arcsecond resolution can potentially enable mapping of 𝐵LOS from 1000 AU
envelope scales to 100 AU inner core scales. When combined with dust polarization data, this
could enable reconstruction of 3D magnetic fields. The ratio 𝐵LOS/𝐵POS is expected to vary
systematically with radius in flux-freezing scenarios, producing an hourglass morphology with
field lines transitioning from poloidal in envelopes to toroidal in the flattened core. In contrast,
turbulent field models predict randomized 𝐵LOS/𝐵POS ratios at all radii. Furthermore, with resolved
observations of the Zeeman effect towards cores, we will be able to detect gradients in the total field
strength. This will enable detailed comparisons with theoretical predictions of the radial variation
of the mass-to-flux ratio due to ambipolar diffusion and other non-ideal magnetohydrodynamics
effects.

4.2.6 Synchrotron emission from protostellar magnetospheres as complementary dense core
diagnostics

Beyond molecular line Zeeman observations, SKA-Mid’s sensitive continuum capabilities enable
the detection of non-thermal radio emission from embedded protostars, providing independent
constraints on magnetic field strengths in the innermost regions of collapsing cores. Theoretical
models and X-ray observations demonstrate that young protostars exhibit intense magnetic activity,
with reconnection events and magnetospheric processes accelerating particles to relativistic energies
(Padovani and Galli, 2018). These energetic particles, gyrating in the protostellar magnetosphere’s
kilogauss-strength fields, produce synchrotron radiation detectable at radio wavelengths (Bracco
et al., 2025). Recent predictions suggest that Class 0 and Class I protostars embedded in dense
cores should produce synchrotron emission at flux-density levels of tens to hundreds of 𝜇Jy at GHz
frequencies, with spectral indices 𝛼 ∼ −0.5 to −1.0 characteristic of non-thermal emission and
clearly distinguishable from dust thermal emission (𝛼 ∼ +2 to +3).

LOFAR observations targeting the Pezzuto et al. (2021) catalog of high-density molecular cloud
cores identified from Herschel and Planck surveys yielded non-detections of protostellar synchrotron
emission, with 3𝜎 upper limits of several hundred microjanskys at 150 MHz. However, these non-
detections do not exclude the theoretical predictions, since synchrotron emission exhibits steep
negative spectral indices and LOFAR’s low frequencies probe the optically thick regime, where
free-free absorption from ionized gas surrounding protostars can suppress the signal. SKA-Mid
observations at 1–15 GHz access the optically thin synchrotron regime while providing order-of-
magnitude sensitivity improvements over LOFAR at comparable frequencies. With continuum
sensitivities of 2 𝜇Jy beam−1 at 1.4 GHz and 5 𝜇Jy beam−1 at 12 GHz in one-hour integrations,
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SKA-Mid can detect the predicted synchrotron emission from embedded protostars, enabling sta-
tistical studies correlating magnetic-activity signatures with core properties (mass, density, and
magnetic field strength inferred from Zeeman measurements) and evolutionary state. The combi-
nation of Zeeman-derived large-scale field measurements and synchrotron-derived magnetospheric
diagnostics will potentially provide unprecedented dual constraints on magnetic field structures
from ∼ 1000 AU envelope scales down to ∼ 1 AU magnetospheric scales, testing theoretical pre-
dictions for magnetic flux conservation and field amplification during collapse. For an overview of
observations of in-situ synchrotron emission from cores, we refer the reader to the parallel chapter
by Bracco et al. (2026).

5 Summary
Mapping the 3D interstellar magnetic fields has far-reaching implications, from understanding
galaxy evolution to illuminating the processes of cloud, star, and planet formation, cosmic-ray
propagation, and beyond. In star-forming environments in particular, reconstructing 3D field vectors
in 3D space enables detailed studies of energy budgets and a clearer understanding of the relative
roles of gravity, turbulence, and magnetic fields in regulating star-formation rates and efficiencies.
3D field reconstructions allows us to trace how gas and dust flow to feed dense regions, how filaments
fragment, and how magnetic geometry evolves from cloud to core. For example, compiling 3D
fields of a large number of clouds, including isolated clouds such as Musca and bubble-impacted
ones such as Perseus, enables exploration of how fields and clouds co-evolve to form stars in
different environments and whether these two environments yield different star-formation rates and
efficiencies (Tahani et al., 2025a).

Utilizing complementary techniques across the electromagnetic spectrum makes 3D field vector
reconstruction possible. Polarization observations from radio to optical probe different components
of the field and offer insights on different interstellar regions. However, major pieces of the puzzle
have so far been missing. The SKA can provide those missing pieces. Its broadband, high-
sensitivity spectro-polarimetric capabilities and dense rotation-measure grids will significantly
improve measurements of the line-of-sight magnetic fields and the tomographic view of this field
component along the line of sight. Additionally, SKA can enable improved plane-of-sky fields in
synchrotron-dominated regions.

Combining upcoming data across the electromagnetic spectrum with SKA’s radio measurements,
we will be able to reconstruct complete 3D magnetic field vectors and localize them in space.
Sub-millimeter and far-infrared facilities, such as CCAT-prime/FYST (CCAT-Prime Collaboration
et al., 2023) and potentially PRIMA (Tahani et al., 2025a) will map polarized dust emission and
hence trace plane-of-sky field morphology in dusty regions. Optical and near-infrared polarization
surveys such as DragonflyPol2 (Tahani et al., 2026, Tahani et al., in prep), PASIPHAE3, GPIPS
(Clemens et al., 2020), and IPS (Angarita et al., 2025) provide tomographic views of plane-of-sky
fields. These observations can provide field inclinations and can complement SKA observations.

The synergy of these facilities enables magnetic field studies over a vast variety of densities and
2https://dragonflypol.github.io/DragonflyPol/
3https://pasiphae.science
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temperatures. SKA’s sensitivity and frequency coverage will open the door to mapping Faraday
depth structures associated with bubbles and filaments, potentially detecting front- and back-shell
signatures, which can be directly compared with dust-polarization or synchrotron-derived mor-
phologies. SKA observations can bridge the gap between the Galactic magnetic field and the scales
of individual molecular clouds and substructures within these clouds, in a co-investigation effort
with other observations across the spectrum. Ultimately, these efforts will converge toward a com-
prehensive 6D view (3D field vectors mapped in 3D space) across different environments. This view
can clarify how magnetic fields influence cloud formation and fragmentation, how feedback from
stars and bubbles reshapes the surrounding interstellar medium, and how the Galactic magnetic
field connects to star-forming clouds.
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