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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 dragon�ies 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 �elds that help shape galaxies, stars, and planets throughout the
universe.

These magnetic �elds compete with gravity and turbulence to control how matter �ows through
space, in�uencing 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 �rst 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 �elds 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 e�ciencies by providing magnetic pressure support
against gravitational collapse (McKee and Ostriker, 2007). However, in the �nal stages of stellar
birth, magnetic �elds 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 �eld
vectors in 3D space and examine their relationship to cosmic and interstellar structures.

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

The 3D geometry of magnetic �elds 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 �lamentary
cloud: magnetic �elds oriented parallel to the �lament's long axis will preferentially resist radial
gravitational collapse, while �elds oriented perpendicular to the axis will resist collapse along the
�lament (poloidal collapse). These di�erent �eld geometries can lead to distinct fragmentation
modes and, ultimately, di�erent 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
�elds, 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 �eld vectors are crucial for studies of energy budgets in clouds.
Magnetic energy density depends on the total magnetic �eld strength, and therefore only 3D
magnetic �eld measurements can provide magnetic energy density values for comparison with
thermal and turbulent energy densities. Most observational measures of magnetic �elds only
provide a lower limit on the total �eld 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 �eld vector
to an elongated cloud may appear parallel when projected onto the plane of sky.

Mapping 3D magnetic �eld vectors from observations is extremely challenging. The biggest
challenge is obtaining the complete vector direction of the �eld, including the plane-of-sky direction.
Other challenges include determining the 3D �eld 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 di�erent phases of the ISM.
To date, only two studies have successfully reconstructed full 3D magnetic �eld vectors in the
interstellar medium (Tahani et al., 2022a,b), demonstrating both the di�culty of this endeavor
and its importance. These reconstructions revealed that 3D magnetic �eld 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
unidenti�ed structure).

The most promising way to achieve 3D �eld 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 �elds and discuss
how their integration enables 3D magnetic �eld reconstruction.

1.2 SKA-Speci�c Common Observing Techniques

The SKA will enable measurements of interstellar magnetic �elds with several di�erent 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 �elds 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 e�ect. We
brie�y introduce each below.
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1.2.1 Synchrotron Emission

Synchrotron emission occurs when relativistic cosmic ray electrons undergo gyromotion around
magnetic �eld lines. Synchrotron emission is commonly observed in regions of shocks, supernova
remnants, and star-forming regions, and can be used to probe di�erent magnetic �eld components.
The emission is strongly polarized perpendicular to the projected plane-of-sky magnetic �eld com-
ponent (� POS), as the radiation is emitted in the direction of the electron's acceleration. Therefore,
the orientation of observed linear polarization reveals the� POSorientation (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 e�ects can be negligible depending on the en-
vironment and �eld 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 �eld 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 �nd that this assumption can lead to signi�cant overestimation of magnetic �eld
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 �eld strength, while the ratio of polarized to total intensity gives information
on the ratio of turbulent to uniform magnetic �eld components (Beck and Krause, 2005; Borla�
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 quanti�ed by the
Faraday depth,q, as

q¹Aº

»rad m� 2¼
= 0•81

¹ obs

r

=e

»cm� 3¼
� LOS

»̀ � ¼
3;

»pc¼
– (1)

where=4 is the thermal electron density,� LOS is the strength of the magnetic �eld component
along the line of sight, and3; is the path length from the source at distanceA 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� \ is quadratic with observing wavelength and
Faraday depth is referred to as Rotation Measure, RM= � \ • � _2.

When linearly polarized emission and Faraday rotation are intermixed, such as di�use synchrotron
emission and Faraday rotation in the interstellar medium, the Rotation Measure is unde�ned. 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� ¹qº in a technique called Faraday Tomography. Here, the complex observed
polarization%¹_2º = & ¹_2º ¸ 8* ¹_2º as a function of wavelength squared is Fourier transformed
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to (Burn, 1966; Brentjens and de Bruyn, 2005):

� ¹qº =
¹ ¸1

�1
%¹_2º 4� 28q_2

3¹_2º• (2)

As wavelength coverage is limited and strictly positive in reality, the observed Faraday spectrum
~� ¹qº is convolved with a Rotation Measure Spread Function (RMSF)' ¹qº, which is an artifact

due to limited wavelength coverage1. The observed Faraday spectrum is:

~� ¹qº =

¯ ¸1
�1 , ¹_2º%¹_2º4� 28q_2

3_2

¯
, ¹_2º3_2
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where, ¹_2º is a window function denoting the wavelength coverage,¢ denotes convolution, and

' ¹qº =
¹ ¸1

�1
, ¹_2º 4� 28q_2

3¹_2º• (4)

With intermixed synchrotron emission and Faraday rotation, the Faraday depth spectra can take on
a range of di�erent appearances, depending on both the physics in the ISM and the properties of the
instrument used for the observations. A uniform magnetic �eld 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 di�ering 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
in�uenced by the observing parameters through the mechanism of depolarization. Depth depolar-
ization arises from di�ering 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 di�erential 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). Di�ering amounts and types of depolarization between di�erent instruments can be used to
probe the same regions out to di�erent 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

Di�erent techniques can help determine the magnetic �elds associated with di�erent environments
or interstellar phases:

ˆ 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 anRM Gridof 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').

ˆ 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 �eld 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 �eld 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).

ˆ Faraday tomography of extended Galactic synchrotron emission provides a glimpse towards
magnetic �eld 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).

ˆ The MC-BLOS technique of Tahani et al. (2018) can provide the line-of-sight component of
magnetic �eld (BLOS) associated with molecular clouds by comparing EG RMs projected on
or near a cloud versus slightly o� 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 di�erent criteria discussed in Tahani et al. (2025b).

1.2.3 Zeeman e�ect

The Zeeman splitting of the atomic and molecular spectral lines in the presence of magnetic �elds
enables the measurement of theBLOS. This technique provides the least model-dependent (and
likely the most accurate) approach to determine the �eld 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 ofBLOS. Zeeman observations of Hi and
molecular tracers (such as OH, CN, CCS, and others) can probe magnetic �elds 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 speci�cations 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 �eld 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 path�nder.

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 �elds, the axis of rotation can become statistically aligned with the local magnetic �eld
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� POS via a mass-weighted (Seifried
et al., 2020) average along the line of sight.

This technique has proven highly successful in mapping magnetic �eld morphology across diverse
astrophysical environments, from the Galactic magnetic �eld structure studied by Planck observa-
tions (Planck Collaboration et al., 2016a) to magnetic �elds in nearby galaxies (Borla� 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, di�erent far-infrared wavelengths probe di�erent 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 �eld studies in di�erent thermal environments within the
same region. Additionally, dust polarization fractions can provide additional information about the
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inclination angle of the �eld 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
� POS. Additionally, since stellar distances are known through parallax measurements, particularly
from Gaia (Luri et al., 2018), this technique provides tomographic� POS observations at di�erent
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� POS varies with
depth, complementing the integrated measurements from dust emission. As with thermal dust
emission, the polarization angle only provides the orientation of the� POS, but not the direction,
su�ering from a 180� ambiguity. Similarly to thermal dust emission, stellar polarization can be
used to infer the inclination angle of the magnetic �eld (Truong and Hoang, 2025).

1.4 Cross-Community De�nitions

Across the astronomy and astrophysics community, some terminologies describing magnetic �elds
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 �eld (also refered to as ordered random and isotropic random) in Galactic Magnetic
�eld studies (Ja�e et al., 2010; Ja�e, 2019) may be highly structured, coherent-looking �elds in
zoomed-in observations of speci�c regions, such as a star-forming region, where for example,
gravity dominates and reshapes the �eld lines, or tangential �elds around a bubble caused by their
expansion.

For interstellar structures, we di�erentiate betweenHii regions(ionized hydrogen bubbles formed
around massive stars,� 1-10 pc),supernova remnants(� 10-100 pc shells of individual explosions),
andsuperbubbles(� 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�lament can refer to any elongated density structures, where �Hi �laments� are mainly
composed of neutral hydrogen in the di�use ISM. Hi �laments can appear along the edges of
bubble shells. �Molecular �laments� are dense, star-forming �lamentary 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 than106 cm� 3.

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

2 SKA-Speci�c 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 di�use synchrotron emission in the literature. We adopt the
term �extended� throughout this chapter to avoid confusion with the di�use medium de�ned in
Section 1.4.

2.1 Extended synchrotron emission

2.1.1 Faraday Depth Spectra with the SKA

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

Xq�
2
p

3
� _2

– (5)

jqmaxj �

p
3

X_2
– (6)

qmax scale�
c

_2
min

– (7)

where� _2 andX_2 are the wavelength-squared coverage and sampling respectively, and_min 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 havingqmax scale¡ Xq. This requires high frequencies in order to minimize_min, and
a wide_2 coverage. The_2 ranges of SKA-Low and SKA-mid in comparison with SKA path�nders
and precursors is shown on the vertical axis of Figure 2. With SKA-low (50-350 MHz) in AA4,Xq
as narrow as 0.1 rad m� 2 will be possible, a factor of 10 improvement in Faraday depth resolution
over LoTSS. In terms ofqmax scale¡ Xq, 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 di�erences in LOS depth probed by
di�erent frequency ranges (due to depth depolarization), examining Faraday depth spectra produced
from speci�c frequency subsets will be informative. For example, combining only Mid-1 and Mid-2
data for comparison with Low-frequency observations can reveal how di�erent frequency ranges
probe di�erent 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
path�nders over their respective_2 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 achieve500
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