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The aim of this science case for SKA1-Mid is to elucidate the spatial and velocity
structure of the Cold Neutral Medium (CNM) on scales below the Field length,
thereby elucidating the physical processes that govern CNM structure formation
and its role in the earliest stages of molecular cloud formation. This goal will
be achieved through a unique observational combination of several-arcsecond an-
gular resolution, high velocity resolution, and unprecedented surface-brightness
sensitivity. These observations will reveal the characteristic size, morphology,
velocity structure, and internal dynamics of CNM clumps, and will directly con-
nect such structures to the earliest phases of the atomic to molecular transition.
Full-polarization observations with SKA1-Mid will also enable emission-based
Zeeman measurements of the CNM, allowing the magnetic field strength to be
mapped and opening a new window on the role of magnetic fields in CNM forma-
tion and evolution. In particular, this will make it possible to determine whether
magnetic fields primarily inhibit fragmentation by supporting the gas against com-
pression, or instead guide anisotropic condensation and promote the development
of small-scale CNM structure through thermal instability. In combination with
interferometric spatial filtering and high spectral resolution, SKA1-Mid will se-
lectively trace the CNM and robustly identify individual clumps in both position
and velocity space. These capabilities will provide decisive tests of thermal insta-
bility and the two-phase turbulence model, and will establish a new observational
foundation for understanding how molecular clouds emerge from the multi-phase
atomic interstellar medium.
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1 Introduction

Hydrogen constitutes the principal component of the interstellar medium (ISM), existing in ionized,
neutral atomic, and molecular forms. Neutral atomic hydrogen (H i) is typically classified into three
distinct components: the warm neutral medium (WNM; high temperature and low density), the
cold neutral medium (CNM; low temperature and high density), and the lukewarm neutral medium
(LNM), a thermally unstable state that lies between the two (McClure-Griffiths et al., 2023). The
CNM is considered to form through thermal instability acting on the WNM, triggered by shocks
and turbulence, and represents an intermediate stage in the transition from diffuse atomic cloud to
molecular cloud. Observationally, analyses of all-sky H i clouds have estimated the mean fractions
of the CNM, LNM, and WNM in the local H i clouds to be ∼25%, ∼41%, and ∼34%, respectively.
These fractions in the H i filaments are ∼46% for the CNM, ∼37% for the LNM, and ∼17% for the
WNM, although the CNM fraction is a lower limit because no correction for optical depth has been
applied. These results indicate that the relative contributions of the three phases vary depending on
the region and/or the evolutionary stage (Kalberla and Haud, 2018).

This transition is of fundamental importance because molecular cloud provides the immediate
reservoir for star formation (e.g., Krumholz et al., 2009a; R. and Evans II, 2012). Although molecular
hydrogen can form under a range of interstellar conditions, efficient H2 formation generally requires
atomic hydrogen cloud to become sufficiently cold, dense, and shielded from dissociating ultraviolet
radiation (e.g., Krumholz et al., 2009b). The CNM therefore plays a key role as a primary
pathway by which diffuse atomic cloud is compressed and cooled before becoming molecular
(Koyama and Inutsuka, 2002; Wolfire et al., 2003). CNM formation may not be necessarily the only
possible pathway to molecular cloud, especially in dynamically compressed or non-equilibrium
environments. However, in the local Galactic ISM, molecular cloud formation generally requires
the production of cold, dense, and shielded atomic gas, so the CNM or CNM-like thermally unstable
gas is expected to be a major, and probably primary, intermediate stage (Wolfire et al., 2003; Inoue
and Inutsuka, 2012; Kobayashi et al., 2020). In this picture, the WNM first condenses into thermally
unstable LNM, and then into dense CNM structures, which can subsequently accumulate sufficient
column density and shielding to enable the formation of H2 and, eventually, molecular clouds
(Koyama and Inutsuka, 2002; Inoue and Inutsuka, 2012; Kobayashi et al., 2020). Understanding
the spatial structure, kinematics, and physical conditions of the CNM is therefore essential for
clarifying how the atomic ISM evolves into the molecular phase.

Absorption line studies toward compact background continuum sources have provided valuable
constraints on the physical properties of the CNM (e.g., Heiles and Troland, 2003a; Stanimirovi𝑐
et al., 2014; Murray et al., 2015). However, because such measuremets are limited to discrete
line of sight such as quasars, they are unable to elucidate extended spatial structure of the CNM
clouds. Temporal variations in the optical depth of absorption line caused by the proper motion or
annual parallax of background sources have revealed the structures of the H i clouds on scales of
10–100 AU (e.g., Faison and Goss, 2001; Stanimirovi𝑐 and Zweibel, 2018). While these results
demonstrate that the CNM exhibits structure on very small scales, the spatial coverage remains
confined to the narrow regions sampled by background sources, preventing a comprehensive view
of CNM morphology and kinematics.
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A key physical scale in the CNM is the Field length associated with thermal instability, which is an
order of ∼0.01 pc (∼2800 AU). This implies that observations capable of resolving spatial scales
down to 1000 AU are crucial for testing theoretical models of CNM formation. To capture the
spatial distribution of the H i clouds, emission line observations are indispensable.

The increasing sensitivity of modern radio interferometers will substantially raise the number of
detectable background sources. In the MeerKAT MIGHTEE survey, ∼114,000 sources have been
detected over an area of ∼20.1 deg2 with an angular resolution of 5′′, and a sensitivity of 1–3.6 𝜇Jy
beam−1 (Hale et al., 2025). This corresponds to an average source number density of ∼4.4×10−4

arcsec−2. Furthermore, in the SKA era, the number of background point sources detectable at 1
GHz is expected to reach ∼65,000 deg−2 at a sensitivity of 1 𝜇Jy, equivalent to ∼5×10−3 arcsec−2

(Jarvis et al., 2015). This corresponds to only ∼0.24 background sources per 1000 AU × 1000
AU area at a distance of 150 pc, indicating that, although the situation is improved compared to
MeerKAT, the sampling remains intrinsically sparse on such scales. Consequently, absorption line
observations alone will be insufficient to fully sample the spatial distribution of the CNM, and
emission line observations are essential for mapping its extended structure.

Numerical simulations of molecular cloud formation predict that the CNM emerges as a population
of compact clumps with multiple velocity components that overlap both spatially and spectrally (e.g.,
Inoue and Inutsuka, 2012; Kobayashi et al., 2020). These results imply that high angular resolution,
high spectral resolution, and high surface brightness sensitivity are all required to disentangle CNM
substructure, and to connect observed properties with theoretical models. SKA1-Mid will uniquely
provide these capabilities, enabling systematic studies of CNM structure and kinematics down to
∼1000 AU scales over spatially extended regions.

Interstellar magnetic fields exert a profound influence on the structure and evolution of the ISM.
Numerical simulations show that variations in magnetic field strength lead to markedly different
evolutionary pathways, underscoring the dominant role of magnetic fields in shaping interstellar
structure and dynamics (e.g., K ¥𝑜rtgen and Banerjee, 2015).

The Zeeman effect (Zeeman, 1897) provides a unique tool for measuring interstellar magnetic fields.
By fitting the Stokes V spectrum produced by the Zeeman effect, the strength of the interstellar
magnetic field can be directly determined (Crutcher and Athol, 2019; Pattle et al., 2023). The
Zeeman splitting coefficient for H i is 2.8 Hz 𝜇G−1. Accounting for Doppler shifts, H i exhibits
a comparatively large frequency displacement per unit velocity, making it a particularly effective
probe of magnetic field strengths. However, overlapping emission components along the line of
sight have historically limited Zeeman measurements in emission, leading most studies to rely on
absorption line observations (e.g., Heiles and Crutcher, 2005). Nevertheless, recent observations
have demonstrated that Zeeman measurements using H i emission can be achieved in carefully
selected regions. Ching et al. (2022) measured the line-of-sight magnetic field toward the L1544
region using H i emission and H i narrow self-absorption (HINSA) data. This demonstrates that
emission-based H i Zeeman measurements are feasible when the relevant cold components can
be sufficiently isolated. In addition, absorption measurements cannot deliver spatially resolved
magnetic field maps within the CNM. Therefore, in order to map the spatial distribution of magnetic
fields across the CNM, it is essential to establish Zeeman measurements in H i emission as a practical
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observational technique. In this work, we outline a science case in which advanced spectral
decomposition techniques are used to isolate individual CNM components in emission, and we
demonstrate, using existing data and simulations, that such an approach can enable robust Zeeman
measurements in the SKA era. This capability will provide a fundamentally new observational
window on the interplay between thermal instability, turbulence, and magnetic fields in shaping the
cold atomic phase of the ISM.

2 Science Goal at SKA1-Mid

2.1 How Does Thermal Instability Promote the Formation of the CNM ?

Thermal instability is widely considered to be one of the key mechanisms responsible for the
emergence of the cold neutral medium (CNM) from diffuse atomic gas. In the classical picture,
small perturbations in thermally unstable H i gas can grow through radiative cooling, leading to the
condensation of cold structures embedded within a warmer ambient medium. The minimum scale
on which such condensations can survive against thermal conduction is given by the Field length
(Field, 1965), 𝜆,

𝜆 =

√︂
𝐾𝑇

𝑛2Λ
, (1)

where 𝐾 denotes the thermal conductivity of hydrogen atoms, Λ is the cooling function, and 𝑛 and
𝑇 are the number density and temperature of the H i gas, respectively. Adopting 𝐾 = 2.5 × 103𝑇0.5

erg cm−1 K−1 s−1 (Parker, 1953) and Λ = 5.7× 10−26(𝑇/104)0.8 erg cm3 s−1 (Wolfire et al., 2003),
the Field length is estimated to be ∼2800 AU for typical CNM conditions of 𝑇 = 100 K and 𝑛 = 30
cm−3. This scale is of particular interest because it links the microphysics of cooling and conduction
to the observable structure of the atomic interstellar medium. More fundamentally, it marks the
characteristic boundary scale at which thermal conduction and radiative cooling balance each other,
so that the growth of thermal instability is suppressed below it. The Field length is therefore not
merely a small spatial scale within a turbulent hierarchy, but a physically motivated condensation
scale that sets the minimum size of long-lived CNM structures.

More recent theoretical work has extended this classical picture to a turbulent, multiphase medium.
The two-phase turbulent model provides a framework in which the small-scale structure of the
atomic interstellar medium emerges from the coupled effects of turbulence and thermally driven
phase transition. In this scenario, turbulent compression within the WNM triggers transitions into
the thermally unstable regime, followed by rapid cooling and condensation into CNM. Because these
phase transitions occur in a dynamical environment, the CNM is expected to exhibit complex spatial
and velocity structures, including sharp density contrasts, fragmented morphology, and non-uniform
internal motions. Testing these predictions requires observations that can simultaneously resolve
the spatial and kinematic structure of the CNM (e.g., Koyama and Inutsuka, 2002; Hennebelle and
Audit, 2007; Inoue and Inutsuka, 2012; Saury et al., 2014). Within this framework, the Field length
represents the minimum characteristic scale at which thermally unstable perturbations can condense
into long-lived CNM structures, while turbulent motions continuously reshape, merge, and disperse
them. The resulting CNM is therefore expected to retain signatures of both thermal instability and
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turbulence, making the observational characterization of its characteristic scales an important test
of multiphase ISM theory.

This scale regime is also directly relevant to the broader problem of molecular cloud formation.
If CNM structures formed near the Field length already contain significant internal motions, large
density contrasts, or persistent anisotropic morphologies, then they may provide the seeds from
which denser molecular structures subsequently develop. In that case, the physical state of the
CNM at its formation scale would set the initial conditions for later stages of molecule formation
and gravitational fragmentation. Conversely, if the smallest CNM condensations are controlled
primarily by thermal physics and remain dynamically simple, then turbulence may become dominant
only at somewhat larger scales. Determining the characteristic size, morphology, and internal
kinematics of CNM condensations is therefore essential for understanding not only how thermal
instability operates, but also how the atomic medium evolves toward the conditions required for
molecular cloud formation.

Observationally, however, this regime has remained poorly explored. The characteristic scale
associated with the Field length is far below that resolved in most existing H i studies, and the
physical properties of CNM structures at these scales are still uncertain. As described in Section
3.1, we adopt a synthesized beam of 4′′.84 × 3′′.59, which corresponds to ∼700 AU × ∼520 AU
at a source distance of 150 pc. This resolution is sufficient to resolve the Field length in nearby
atomic structures. A distance of 150 pc is adopted as a representative value because most of the
target clouds are located at approximately this distance. Further details are given in Section 3.3. At
this resolution, the surface distribution of the CNM can be characterized quantitatively in terms of
its column density, morphology, and large-scale kinematics. For individual CNM structures, it also
becomes possible to probe internal linewidths down to ∼0.2 km s−1 and to infer associated physical
conditions such as densities (𝑛 ∼101−2 cm−3) and temperatures (𝑇 ∼100 K). These measurements
will provide direct constraints on the scales and internal properties of CNM clumps that have so far
been discussed primarily on theoretical grounds.

This point is closely related to the question of whether the CNM near its condensation scale already
exhibits the dynamical signatures that later characterize molecular clouds. Observations of low-
density molecular clouds traced by the 12CO(𝐽=1–0) line almost always show linewidths larger
than expected from thermal broadening alone, indicating that even young molecular structures are
already turbulent. This suggests that turbulence is already present in the CNM before the onset of
molecule formation (Matsuzuki et al., 2026). For an H i cloud at 𝑇 ∼100 K, the thermal linewidth
is ∼2.1 km s−1, corresponding to a velocity dispersion of ∼0.9 km s−1. Because SKA1-Mid can
resolve both the Field length and the thermal linewidth of the CNM, it provides an opportunity
to investigate how thermal instability and turbulent motions combine to produce the cold atomic
structures that may later evolve into molecular clouds. These observations will also enable a
direct test of the two-phase turbulence models, in which the CNM and WNM are dynamically
coupled but exhibit distinct spatial and kinematic characteristics arising from thermal instability
and shock compression. By resolving CNM structures on sub-parsec and sub-Field length scales,
SKA1-Mid will make it possible to examine whether the cold atomic gas already preserves the
characteristic signatures of phase-coupled turbulence before molecule formation begins. Such
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observations will help clarify whether the CNM on these scales already contains the dynamical
seeds of molecular cloud formation, how those seeds emerge from the interplay between thermal
instability and turbulence, and whether they are consistent with the predictions of the two-phase
turbulent ISM framework.

2.2 What Role Does the Interstellar Magnetic Field Play in the Formation of the CNM?

Magnetic fields are a pervasive component of the Galactic interstellar medium and are widely
expected to influence the formation and evolution of cold atomic gas. All-sky dust polarization
maps reveal ordered magnetic field structures over a broad range of Galactic environments (Planck
Collaboration, 2018), while H i4PI data demonstrate that atomic hydrogen is distributed throughout
the sky (HI4PI Collaboration: et al., 2016). In addition, Booth et al. (2026) used Faraday depth
spectra over 500–1030 MHz to reveal the three-dimensional distribution of the local large-scale
interstellar magnetic field, showing that much of the observed Faraday sky may be dominated by
magnetic structure within ∼1 kpc of the Sun. These observations imply that magnetic fields and
atomic gas coexist essentially everywhere in the Galaxy. Nevertheless, the quantitative relationship
between magnetic fields and the physical properties of the CNM remains poorly constrained.

From a theoretical perspective, magnetic fields can influence CNM formation in several ways. They
can modify the compressibility of shocked gas, channel converging flows, alter the growth rate of
thermal instability, and affect the morphology and survival of condensed structures (e.g., Hennebelle
and Inutsuka, 2019). Numerical studies suggest that the efficiency of CNM condensation, the
characteristic sizes of CNM structures, and their subsequent transition toward molecular clouds
depend sensitively on both the strength and orientation of the magnetic field (e.g., Heitsch et al.,
2009). More specifically, magnetohydrodynamic simulations indicate that magnetic fields can
strongly inhibit or channel compression depending on the geometry of the converging flow relative
to the mean field direction. In particular, magnetic pressure can hinder strong compression when
converging motions are largely perpendicular to the field, while permitting condensation to proceed
more effectively under more favorable geometrical conditions (Inoue and Inutsuka, 2008, 2009).
Magnetic fields therefore regulate not only the efficiency of condensation, but also the anisotropy
and morphology of the structures that subsequently develop.

More recent simulations have reinforced and refined this picture. In colliding magnetized flows,
the magnetic field can regulate fragmentation by suppressing motions perpendicular to the field,
thereby altering or even weakening the formation of large-scale filamentary substructures, although
molecular clump and core formation can still proceed (Weis et al., 2024). In addition, simulations
of cloud formation in colliding flows show that the relative orientation between magnetic fields
and density structures is not fixed, but can change systematically with density and magnetization,
including transitions from predominantly parallel to predominantly perpendicular configurations
at high density (Seifried et al., 2020). Complementary work on thermally bistable MHD flows
further suggests that the alignment between CNM clouds and magnetic fields is closely linked to
the dynamics of shock compression itself: fast MHD shocks can generate field fluctuations, which
are then amplified by downstream compressive velocity gradients, providing a physical mechanism
for the observed relative orientations of magnetic fields and CNM structures (Granda-Muñoz et al.,
2025). Taken together, these results indicate that magnetic fields do not merely accompany CNM
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formation, but actively shape its fragmentation, morphology, and dynamical evolution.

These theoretical results imply that magnetic fields are likely to influence the earliest stages of
molecular cloud formation as well. Because the CNM is the immediate precursor of denser molec-
ular gas, any magnetic regulation of CNM condensation, fragmentation, or alignment may leave an
imprint on the structure and evolution of the gas that later becomes molecular. The geometry of the
field relative to converging flows may determine not only whether cold structures form efficiently,
but also whether they evolve into sheets, filaments, or more fragmented condensations. Magnetic
regulation at the CNM stage may therefore help set the initial conditions for the subsequent devel-
opment of molecular clouds, making observational tests of magnetic field strength and morphology
in the atomic phase especially important.

Observational constraints on magnetic fields in atomic gas have, however, been limited. Most direct
measurements rely on Zeeman splitting, either in absorption toward bright background sources
(Heiles and Troland, 2004) or, more indirectly, through comparisons with dust-based tracers (Planck
Collaboration, 2016). While these studies have provided valuable insight, they remain sparse and
do not easily yield spatially extended measurements of magnetic field strength in the cold atomic
phase itself. In particular, dust polarization probes somewhat different density and temperature
regimes and depends on assumptions about grain alignment and gas–dust coupling. Absorption-
line Zeeman observations provide more direct information, but are restricted to isolated sightlines
and therefore offer limited spatial coverage. According to the review by Heiles and Crutcher (2005),
the characteristic magnetic field strength in diffuse clouds is 6.0 ± 1.8 𝜇G, underscoring both the
astrophysical importance of the field and the observational difficulty of measuring such weak signals
directly.

Recent LOFAR studies have suggested that Faraday tomography can probe magnetic fields associ-
ated with the multiphase neutral ISM. Bracco et al. (2020) found significant morphological correla-
tions between LOFAR Faraday-depth structures and EBHIS H i emission in high-Galactic-latitude
fields. Using ROHSA to decompose the H i spectra into CNM, LNM, and WNM components, they
showed that the correlation is particularly strong for the CNM and LNM, indicating a close con-
nection between the magneto-ionic medium and phase transition in diffuse H i. However, because
the ionization fraction and path length of the CNM are generally too small to explain the observed
Faraday depths by the CNM alone, this correlation should be interpreted as an indirect tracer of the
magnetized environment surrounding CNM structures rather than as a direct measurement of CNM
magnetic fields.

This interpretation is supported by Boulanger et al. (2024), who combined LOFAR Faraday spectra,
Planck dust polarization, and FUSE ultraviolet absorption-line measurements and showed that a
slab of magnetized, partially ionized WNM in the local ISM can account for the observed LOFAR
Faraday structures. Furthermore, Berat et al. (2026) used MHD simulations of thermally bistable
H i gas and synthetic LOFAR observations to show that thermal electrons associated with neutral
H i can reproduce Faraday depths and polarized intensities comparable to those observed in the
3C196 field. Their results also indicate that CNM structures can be morphologically correlated
with Faraday tomographic features, although the relative contributions of CNM and WNM depend
on turbulence, magnetic-field orientation, observational noise, and line-of-sight geometry.
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These studies suggest that Faraday tomography is a promising indirect probe of magnetic-field
morphology in the multiphase neutral ISM. The WNM is likely to provide a substantial fraction of
the Faraday-rotating material because of its larger ionization fraction, whereas the CNM traces the
cold, dense structures that are dynamically coupled to this magnetized WNM/LNM environment.
Thus, Faraday tomography can link the magnetic field of partially ionized WNM to the formation
and morphology of CNM filaments, but it does not by itself yield a direct measurement of the
magnetic-field strength inside the CNM. It is therefore complementary to H i Zeeman observations,
which can directly measure the line-of-sight magnetic field in individual H i components.

The use of H i emission to trace Zeeman splitting has long been recognized as potentially power-
ful, but observationally challenging. Emission spectra often contain multiple velocity components
blended along the line of sight, which dilute the Zeeman signature of individual CNM structures.
Moreover, such measurements require both high sensitivity and very accurate polarization calibra-
tion (see Section 3.2). Even so, previous work has demonstrated that emission-based measurements
can be carried out in favorable cases. Heiles (1988, 1989) reported magnetic field measurements
from the Zeeman effect in H i emission toward high Galactic latitude molecular clouds, showing
that the method is feasible when the target morphology and instrumental systematics are carefully
controlled. For this reason, emission-based magnetic field measurements in the CNM should be re-
garded as difficult but achievable with sufficiently sensitive and well-calibrated facilities. We have
recently demonstrated that H i line components can be successfully separated through Gaussian
decomposition, and we adopt this technique here as a spectral decomposition method (Matsuzuki
et al., 2026). The sensitivity and full-polarization capability of SKA1-Mid, combined with this
spectral decomposition approach to isolate individual CNM components in both velocity and space,
offer a new route forward. By mitigating the effects of line blending, this method can make it
possible to recover weak Zeeman signatures directly from H i emission.

A particularly important aspect of this approach is that it enables spatially extended measurements
rather than isolated line of sight estimates. This makes it possible to investigate how magnetic field
strength varies across the CNM and how it correlates with density, temperature, velocity dispersion,
and spatial scale. Such information is needed to assess whether magnetic fields primarily suppress,
channel, or enhance CNM condensation driven by thermal instability, and to compare the relative
importance of magnetic, thermal, and turbulent pressures in the cold atomic medium. Because
H i emission is available over the entire sky, this methodology may ultimately provide a basis
for comparative studies of CNM magnetization across a wide variety of Galactic environments,
from diffuse high-latitude clouds to the atomic envelopes of molecular clouds. In this sense, the
combination of SKA1-Mid sensitivity, angular resolution, and polarization fidelity may open a new
observational window on the role of magnetic fields in structuring the cold atomic ISM and setting
the initial conditions for molecular cloud formation.

2.3 Why Is Spatially Resolved H i Imaging Essential for Understanding the Origin of CNM
Structure?

A major obstacle in understanding the origin of small-scale CNM structure is that existing studies
have relied predominantly on H i absorption measurements toward compact background sources
(e.g., Heiles and Troland, 2003a). These observations have been crucial in establishing the existence
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of tiny-scale opacity fluctuations in atomic gas (Stanimirovi𝑐 and Zweibel, 2018), but they provide
only pencil-beam information along isolated sightlines. As a result, they cannot recover the two-
dimensional morphology of the gas on the plane of the sky, nor can they determine whether the
detected fluctuations correspond to compact cloudlets, elongated filaments, sheets, or line-of-sight
superpositions. This limitation is particularly severe when addressing the physical origin of CNM
structure on scales approaching the Field length, where the first condensations of the cold atomic
medium are expected to emerge.

This scale regime is of central importance for CNM physics. Thermal instability provides the
basic route by which a thermally bistable atomic medium can condense into a cold phase (Field,
1965), but CNM formation is not determined by thermodynamics alone: converging flows can
nonlinearly trigger thermal instability and promote condensation (Koyama and Inutsuka, 2002;
Inoue and Inutsuka, 2012), while the resulting fragmentation can generate turbulent motions and
shape the spatial complexity of the cold gas (Audit and Hennebelle, 2005). Magnetic fields add
a further level of control, because they can strongly inhibit or channel compression depending on
the geometry of the converging flow relative to the mean field direction, thereby regulating the
efficiency of condensation as well as the anisotropy and morphology of the resulting structures
(Inoue and Inutsuka, 2008, 2009). The key unresolved question is therefore not whether these
processes matter, but which of them dominates the initial formation scale of the CNM and how
their relative importance changes with spatial scale.

The Field length is not simply another point along a turbulent hierarchy, but the physically defined
boundary scale below which thermal conduction suppresses the growth of thermal instability. Re-
solving CNM structures on scales comparable to and below the Field length therefore gives direct
observational access to the condensation scale itself. Such observations can test whether the small-
est CNM structures are fundamental products of thermal instability or instead reflect velocity and
density structure inherited from larger-scale turbulent or magnetically guided flows. Equally impor-
tantly, they can reveal the scale at which the velocity field becomes genuinely turbulence-dominated
rather than being governed primarily by thermal instability, phase transition, or condensation-driven
motions.

Spatially resolved H i imaging is therefore indispensable. As described in Section 3.1, we adopt a
synthesized beam of 4′′.84 × 3′′.59 (∼700 AU × ∼520 AU), which reaches the scale required to
resolve the Field length for nearby atomic structures. By mapping the H i emission over an extended
field with both high angular and high spectral resolution, one can isolate the CNM in both position
and velocity and directly measure its projected size, aspect ratio, column density, and linewidth. This
provides a qualitatively distinct form of information from that obtainable through absorption-line
studies alone. In particular, such observations will make it possible to detect a large population of
CNM clumps (e.g., Matsuzuki et al., 2026), thereby enabling a statistical characterization of CNM
structures spanning a wide range of environments, spatial scales, and evolutionary stages within
a single observational framework. Instead of relying on a sparse collection of one-dimensional
sightlines, one obtains a resolved population of CNM structures that can be studied in a unified way
across the sky.

A particularly important diagnostic in this context is the linewidth–size relation (Larson, 1981). For
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H i gas at𝑇 ∼100 K, the thermal linewidth is already ∼2.1 km s−1, whereas the non-thermal velocity
dispersion expected from a simple extrapolation of Larson’s relation to ∼103 AU is only ∼0.1–0.2
km s−1. Sparse absorption measurements are therefore fundamentally inadequate for distinguishing
whether the observed velocity widths at these scales arise from turbulence, thermal broadening,
or condensation-related motions. Spatially resolved emission-line mapping changes this situation
completely. By measuring linewidths for a large ensemble of CNM structures as a function of size
and environment, SKA1-Mid will make it possible not simply to ask whether a Larson-like relation
extends to very small scales, but to determine how the character of the velocity field changes as one
approaches the condensation scale of the CNM. In this way, the linewidth–size relation becomes
an empirical diagnostic of the CNM velocity field, rather than a direct proof of a fully developed
turbulent cascade.

This observational capability is also crucial for connecting CNM structure to the broader problem
of molecular cloud formation. The CNM is the immediate precursor of molecular clouds, and
the physical state of CNM condensations sets the initial conditions from which denser molecular
structures subsequently develop. Determining how thermal instability, turbulence, and magnetic
fields shape CNM structure at the Field length scale is therefore essential for understanding how cold
atomic gas evolves toward the conditions required for H2 formation and gravitational fragmentation.
In this sense, resolving the CNM at its characteristic condensation scale is not simply a technical
advance in H i imaging, but a decisive step toward establishing the physical origin of cold atomic
structure and the initial conditions of molecular cloud formation.

Taken together, this science case defines a uniquely powerful role for SKA1-Mid. It will provide
the first spatially resolved view of CNM structure at and below the Field length, the first statistical
access to the morphology and kinematics of CNM condensations at their formation scale, and the
first direct opportunity to test whether thermal instability, turbulence, or magnetic regulation is the
dominant driver of small-scale CNM structure. By resolving the CNM in both space and velocity,
SKA1-Mid will open a new observational window on how cold atomic structures emerge from the
diffuse ISM and how the atomic medium is prepared for subsequent molecular cloud formation.
While the CNM with narrow line width is a plausible candidate for the cold atomic cloud associated
with molecular cloud formation, comparison with tracer of molecular clouds such as CO or OH is
essential to strengthen its identification as the component physically linked to the site of molecular
cloud formation.

3 Requirements for SKA-Mid observations

3.1 Sensitivity

The objectives of the observation are the following two: (i) to detect CNM structures on ∼1000 AU
scales, and (ii) to obtain a two-dimensional map of the interstellar magnetic field strength. Although
the sensitivities required for these two goals differ, both can be achieved within a single observing
program. The relationship between Stokes I and Stokes V arising from the Zeeman effect can be
expressed as

(𝑆𝑡𝑜𝑘𝑒𝑠 𝑉)
(𝑆𝑡𝑜𝑘𝑒𝑠 𝐼) =

𝑍 × 𝐵𝐿𝑂𝑆

Δ𝜈line
(2)
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This formula follows from formula (3) of Crutcher and Athol (2019). Heiles and Crutcher (2005)
reported a magnetic field strength of 6.0±1.8 𝜇G in the CNM, while Boulanger et al. (2024)
estimated the magnetic field strength in the WNM to be a few 𝜇G. These results suggest that the
magnetic field strength in the regions targeted in this study is also expected to be on the order of a
few 𝜇G. We therefore adopt a field strength of a few 𝜇G in our sensitivity calculation. For magnetic
fields of a few 𝜇G, 𝑆𝑡𝑜𝑘𝑒𝑠𝑉

𝑆𝑡𝑜𝑘𝑒𝑠𝐼
is on the order of 10−4.

As representative values for a detectable CNM component, we adopt an H i spin temperature
of 𝑇s ∼100 K and an optical depth of 𝜏 ∼0.1, which are broadly consistent with Galactic CNM
components observed in H i emission–absorption studies (e.g., Heiles and Troland, 2003a,b; Murray
et al., 2018). For such a component detectable with SKA1-Mid AA4, the expected brightness
temperatures are ∼10 K for Stokes I spectrum, and ∼0.05 K for Stokes V spectrum. Based on
our experience with ROHSA analyses, the phase separation of the H i degrades when the velocity
resolution is coarser than 0.5 km s−1. To detect CNM on 1000 AU scales while maintaining S/N
∼20, we estimated the sensitivity using the parameters in Table 1 with the sensitivity calculator.
The synthesized beam is 4′′.84 × 3′′.59 (∼700 AU × ∼520 AU), yielding a per-channel (spectral)
surface-brightness sensitivity of ∼1.18 K. Applying spectral averaging by a factor of four in the
analysis gives an effective resolution of 1.26 kHz (266.0 m s−1), at which the per-channel surface-
brightness sensitivity improves to ∼0.48 K. A similar high spatial resolution and sensitivity can
also be achieved with SKA1-Mid AA∗. However, the required integration time is a∼25% longer
than that for SKA1-Mid AA4. Although MeerKAT can achieve a comparable angular resolution,
its sensitivity is far from sufficient. Therefore, the present study is expected to be feasible only with
SKA1-Mid.

For Stokes V, adopting a UV taper of 15′′.775 results in a synthesized beam of 44′′.24 × 31′′.18
(∼6400 AU × ∼4500 AU) and a per-channel surface-brightness sensitivity of ∼0.015 K. Thus,
Stokes V is detectable at ∼3𝜎. Although the Stokes V beam is roughly an order of magnitude
larger than that for Stokes I, analysis at this angular scale remains sufficiently informative. If SKA2
is realized, its resolution and sensitivity will be dramatically improved owing to 10 times better
sensitivity than SKA1 (Robert et al., 2019). It enables the derivation of Stokes I and Stokes V with a
spatial resolution of 1000 AU within a realistic observing time. This will make it possible to obtain
two-dimensional maps of magnetic field strength on the Field length scale.

Table 1: Input parameters to sensitivity calculator

Tsys 15−m 20 K
Center Frequency 1420 MHz
Band Width 3.125MHz
Spectral Resolution 0.21kHz
Image weighting Briggs
Robust +1
Tapering 0′′.986
Integ. time 100 hours
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3.2 The Required Accuracy of Polarization Calibration

For linearly polarized feeds, Stokes V is formed from the cross-hand correlations rather than from
the difference between the two parallel hands. Therefore, differential gain and phase errors between
the two linear receptors, as well as polarization leakage terms, can bias the recovered Stokes V.
In particular, residual cross-hand phase errors mix Stokes U and V, which is critical for Zeeman
measurements. For H i Zeeman measurements of magnetic field strength of a few 𝜇G, the expected
fractional level of Stokes V is only 𝑉

𝐼
∼10−4. Instrumental leakage into Stokes V must therefore

be controlled below this level. A relative gain stability below 0.1% and a residual cross-hand
phase error of 0.05◦ are desirable for robust measurements. For linearly polarized feeds, the cross-
hand phase calibration is particularly important because residual phase errors mix Stokes U and
V. Achieving these requirements critically depends on the choice of calibrator, and the calibration
cadence must be increased relative to that of standard observing procedures.

3.3 Candidates of the target on this study

To accomplish the objectives of this study, a spatial resolution better than 1000 AU is required. As
discussed in Section 3.2, from the viewpoint of the sensitivity achievable within a realistic observing
time, this requirement can only be met for targets located within a few hundred pc, for which an
angular resolution of ∼4 arcsec is needed. In addition, low Galactic latitude regions suffer from
severe line-of-sight contamination in H i emission, making high-Galactic-latitude targets, typically
at |𝑏 | ≳ several degrees, more suitable for this study.

Nearby star-forming regions, including Taurus, Lupus, and Ophiuchus, are associated with the
Local Bubble and are located at distances of ∼150 pc (Zucker et al., 2022). Distances have also
been estimated for several high Galactic latitude molecular clouds. MBM 53, 54, and 55, and the
Pegasus Loop are located at ∼150 pc and ∼100 pc, respectively (Yamamoto et al., 2003, 2006).
The Galactic coordinates of these objects are provided in the references cited above. These nearby
objects provide suitable targets for the present study because they meet the distance requirement
needed to resolve the Field length, and their high Galactic latitudes help minimize line of sight
contamination in H i emission. Targeting such objects at distances of order 150 pc therefore enables
us to spatially resolve the Field length and investigate the physical origin of CNM formation.

The objects listed above are primarily molecular cloud regions. In particular, for objects in the
solar neighborhood, stars provide the primary distance indicators, and distance to molecular clouds
have historically been constrained by those stars associated with them. Although our main interest
is atomic hydrogen clouds, and isolated H i clouds would in principle be ideal targets, regions
consisting only of atomic hydrogen clouds generally lack independent distance constraints. We
therefore focus on nearby molecular cloud complexes with known distances, but select their atomic
envelopes and inter molecular cloud regions rather than the molecular interiors. Although molecular
clouds are already evolved structures, their surroundings provide important laboratories for studying
the evolution of H i gas and the formation of CNM.

The maximum recoverable angular scale of the SKA1-Mid AA∗ and AA4 is ∼0.5◦ at 1.4 GHz,
corresponding to ∼1.3 pc at a distance of 150 pc. Using Equation (1), the Field length of the
WNM is estimated to be ∼1.6 pc for 𝑇 = 104 K and 𝑛 = 0.1 cm−3. This indicates that WNM
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structures will be significantly filtered out in observations with the SKA1-Mid AA∗ and AA4. By
contrast, the maximum diameter of the CNM clumps identified in the GALFA-H i data, which have
a spatial resolution of ∼0.17 pc, is ∼1.3 pc (Matsuzuki et al., 2026). This scale is comparable to
the maximum recoverable angular scale of the SKA1-Mid AA∗ and AA4 at 1.4 GHz. Therefore,
SKA-Mid AA∗ and AA4 observations will be sensitive to the full range of CNM structures in targets
at 150 pc, from the initial ≲1000 AU seeds of CNM formation to evolved structures of order ∼1 pc
that may represent the immediate precursors of molecular cloud formation. Such observations will
provide critical insight into the formation of the CNM and its connection to the subsequent onset
of molecular cloud formation.

4 Summary

The formation of the CNM is governed by thermal instability, turbulence, and magnetic fields, but
their relative roles at the CNM formation scale remain uncertain. Thermal instability provides the
basic route by which diffuse atomic gas condenses into a cold phase, while the Field length defines
the characteristic scale below which its growth is suppressed by thermal conduction. Because the
CNM is the immediate precursor of molecular clouds, understanding structure formation near the
Field length is essential for clarifying the origin of the initial conditions for molecule formation.
This requires spatially resolved H i observations on scales comparable to and below the Field
length. Existing absorption-line measurements sample only isolated sightlines and cannot recover
the morphology or internal kinematics of CNM structures. High-resolution H i emission mapping
with SKA1-Mid will instead make it possible to isolate CNM structures in both position and
velocity, measure their basic properties statistically, and determine whether their velocity field is
dominated by turbulence or by thermal instability and condensation-driven motions. Combined
with spatially extended H i Zeeman measurements, this approach will provide a new observational
basis for establishing how thermal instability, turbulence, and magnetic fields shape the CNM and
set the initial conditions for molecular cloud formation.
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