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H 1 and Star Formation Rosolowsky et al.

Since the 2015 SKA Chapters, the advent of panchromatic observations of nearby
galaxies—capable of resolving the interstellar medium (ISM) into individual star-
forming regions and molecular clouds—has revolutionized our understanding of
the star formation cycle in galaxies. Despite these advances, our understanding
of the gas cycle in galaxies remains limited because we know little about how
the cold atomic phase of the ISM, which dominates its mass budget, participates
in the cycle. Specifically, the processes regulating the condensation of atomic
gas into molecular gas, the balance between warm and cold atomic gas, and their
dependence on local environment and star formation activity have been explored
only in the Milky Way and the Magellanic Clouds.

The SKA presents a new opportunity to observe the atomic ISM within nearby
galaxies at comparable resolution to other facilities and is the only facility that can
make wide-area surveys of atomic gas across a statistical sample of galaxies at high
(< 100 pc) spatial resolution. Such observations will directly address the open
questions about the evolution of the star-forming ISM. We present recent results
from SKA-like observations of the Local Group made with SKA pathfinders and
the Jansky VLA to illustrate the promise of replicating those observations for
hundreds of nearby galaxies, reaching out to the Virgo cluster.
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1 Introduction

The internal processes of galaxy evolution are shaped by the matter cycle. This cycle encompasses
how baryonic matter is accreted into galaxies, changes phases in the interstellar medium (ISM), and
forms into stars. In this entire cycle, the key interface is the connection between the ISM of a galaxy
and the stars, mediated through star formation from the gas in the ISM and then the consequent
stellar and AGN feedback that reshapes and redistributes the ISM.

Since the publication of the first Advancing Astrophysics with the SKA proceedings (Bourke et al.,
2015), we have made great advances in understanding the matter cycle through resolved studies
of nearby galaxies. These have been driven by substantial investments in mapping out the gas
and stars using facilities like HST, JWST, ALMA, and the VLT/MUSE. These combined efforts
have provided a well resolved (< 100 pc) view of nearly all major mass phases in galaxies: stars,
molecular gas, dust, ionized gas, even hot plasma. (e.g., the PHANGS surveys, Leroy et al., 2021).
The community has developed a rich set of multi-wavelength data combined with a sample size that
is sufficiently large to resolve the underlying physical trends from the happenstance that shapes the
evolution of a single galaxy.

Since star formation at z = 0 happens in the molecular ISM, the study of star formation has focused
on the properties of that molecular gas. Thanks to ALMA’s transformational capability to make 10-
100 pc-resolution maps of CO in nearby galaxies using only short periods of time, the past decade
has seen observations of hundreds of galaxies developing a suite of highly-resolved gas maps.
By pairing these resolved gas maps with high resolution tracers of star formation (Ha and other
recombination line studies, far ultraviolet emission, and short wavelength radio observations), we
have been able to characterize the structure of molecular gas and calibrate how efficiently molecular
gas forms stars. Schinnerer and Leroy (2024) review recent progress in this field, highlighting that
molecular gas properties are shaped by the broader galactic environment and that molecular gas
appears to form stars rapidly and be destroyed efficiently by stellar feedback on few Myr timescales.
Stellar feedback plays a central role in regulating this process, establishing a vertical dynamical
equilibrium in disks (Sun et al., 2020). Finally, the star formation process is found to be globally
inefficient with a star formation efficiency per free fall time of eg ~ 0.5%.

This understanding of star formation is fairly simple. Star formation in a galaxy has a tight
correlation with the amount of the molecular gas (Leroy et al., 2013; de los Reyes and Kennicutt,
2019; Kennicutt and De Los Reyes, 2021). The local star formation rate volume density seems to
follow a model where 04 = € 0Omol/tF, Where pmo is the volume mass density of molecular gas and
tg is the free-fall time. Star formation is inefficient with eg < 1 with only modest sensitivity to
local gas conditions (e.g., Krumholz and McKee, 2005; Federrath and Klessen, 2012; Padoan et al.,
2012; Burkhart, 2018). Observations on 100-pc scales show that eg has a small value near what is
argued for theory, and the data show some variation with galactic environment (Leroy et al., 2025),
though these scalings are not readily explained by contemporary theories.

Because it is actively forming stars, the molecular phase appears to be short-lived (Schinnerer and
Leroy, 2024) with the molecular gas rapidly disrupted and converted to other phases of the ISM
through stellar feedback. This means that the key step for studying the star formation process has
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become the study of the formation of the molecular ISM from the cold atomic medium. At z = 0,
most of the mass of the ISM is in the atomic phase (Saintonge and Catinella, 2022), which is thought
to remain true at higher redshifts as well (Tacconi et al., 2020). Locally, there is a wide variation in
the mass fraction of the neutral ISM that is found in the molecular gas phase with Ry = Zmol/Zatom
ranging from < 107! to > 10> (Wong and Blitz, 2002; Blitz and Rosolowsky, 2004; Leroy et al.,
2013; Schruba et al., 2011; Eibensteiner et al., 2024). However, nearly all of our insights into galaxy
evolution focus on cases with Ry, > 1 where most of the neutral ISM is found in the molecular
phase, all of which have bolstered the relatively simple view on star formation indicated above.
These regions are intrinsically bright in star formation and gas tracers making them comparatively
easy to study.

This focus emphasizes the actively star forming regions along massive galaxies in the “star formation
main sequence.” These are, indeed, the environments where most of the star formation in the z = 0
Universe are taking place. However, it necessarily ignores both large areas in the outskirts of
galaxies as well as populations of molecule-faint galaxies. Regions like our solar neighborhood
are outside of the zone of regard for such studies, as are dwarf galaxies which can be intrinsically
faint in their molecular gas tracers because of their low metallicities (Bolatto et al., 2013; Hunter
et al., 2024), and the star forming discs of early-type galaxies, which can show a wide range of
atomic gas fractions (e.g. Serra et al., 2012). All these systems are nonetheless actively star forming
(Roychowdhury et al., 2014) and present an essential contrast to the steady state star formation cycle
that appears to typify the massive disks. In such cases, the main regulators of the star formation
process are (1) the amount of gas present but also (2) the conditions in the galactic environment
that convert that gas into the cold neutral and molecular phases of the ISM (Saintonge et al., 2016;
Saintonge and Catinella, 2022).

The phase balance of the ISM is thought to depend on the local galactic environment, and principally
on the gravitational potential that confines the gas to the galaxy. Strongly confined gas has a higher
volume density equilibrium, which favors cooling processes and thus efficient formation of the cold
media (Field et al., 1969; McKee and Ostriker, 1977; Draine, 2011). There is good evidence for
this general picture in the Milky Way through the gold-standard absorption line studies (e.g., Heiles
and Troland, 2003; Kanekar et al., 2011; Roy et al., 2013; Murray et al., 2018), though these studies
find significant fractions (~ 20%) of atomic gas mass in thermally unstable conditions, suggesting
rapid cycling between ISM phases. Extragalactic 21-cm absorption line studies are more limited
(Dickey and Brinks, 1993; Dickey et al., 2000; Allison, 2021; Dempsey et al., 2022) though the
SKA precursors and pathfinders are paving the way for the SKAO to transform this view (see for
example, the MeerKAT Absorption Line Survey, MALS, Gupta et al. 2025, or the GASKAP-HI
survey, Chen et al. 2025). Attempts to decompose the atomic medium based on line width have
faced both spatial and spectral resolution challenges (Stilp et al., 2013; Koch et al., 2018).

We are thus left with a picture that the atomic medium plays a central role in the star formation
process, particularly in the outskirts of galaxies and in dwarfs. However, our study of the physical
processes that govern the role of atomic gas in star formation is limited to the Milky Way and a
handful of the nearest galaxies. Extragalactic studies are particularly important because the outside
perspective makes it dramatically easier to place the atomic gas observations in the broader galactic
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context. In particular, they allow to directly compare the distribution of the different phases of the
ISM and determine the spatial and kinematical relationship between the ISM, the stars formed from
it, and the other components of a galaxy.

2 Motivation

In the past decade, a refined picture of galaxy evolution has emerged from high resolution observa-
tions (< 100 pc) of the molecular and ionised ISM across a large sample of galaxies, dramatically
improving on the previous generation of studies at kpc scales. These differences in resolution
match physically distinct scales: kpc-scales in galaxies can resolve the scale lengths of galaxy disks
whereas 100-pc scales resolve the typical scale heights of galaxies. Resolving a scale length indi-
cates how a galaxy is organized radially and illuminates broad evolutionary processes that describe
how matter moves through disks and how galaxies build up their mass, but this view treats matter
in terms of vertically integrated quantities (surface densities). It is necessary to resolve the scale
heights of galaxies, reach the scales where the ISM can be treated in terms of its three-dimensional
structure, thus making meaningful measurements of the intrinsic volumetric quantities that under-
pin theoretical models (volume densities). Further, the tight “star formation law” between gas and
star formation (e.g., Kennicutt and Evans, 2012) breaks down on these scales with star formation
appearing spatially distinct from the fueling molecular gas (Schruba et al., 2010; Onodera et al.,
2010; Kruijssen and Longmore, 2014). Thus, 100-pc scales represent a key threshold to reach for
transformational observations of the star forming ISM across a representative sample of galaxies.

High resolution observations enabled the progress outlined in the introduction (Schinnerer and
Leroy, 2024) but there remains a pressing need for similar observations of the atomic gas in galaxies.
These observations are essential in the atomic-dominated parts of the ISM. The long wavelength of
the H121-cm line, the best tracer of the atomic ISM, means that radio interferometers are needed for
high resolution (100 pc) observations. To access a broad range of galaxy types and environmental
conditions, we must be able to achieve this resolution out to a distance of 20 Mpc. This volume
includes 1400 star forming galaxies with M, > 108 M, and a similar number of systems in the
various stages of quenching their star formation. It also spans a range of environments in which
those galaxies reside.

Before the SKAO pathfinders and precursors, kpc resolution H 1 observations could reach galaxies
in the Virgo cluster (D = 16 Mpc, see for example the VLA Imaging of Virgo spirals in Atomic gas,
VIVA Chung et al., 2009), linking the detailed evolution of the star forming ISM to how the broader
galaxy cluster environment reshapes star formation, and allowing access to the most massive galaxies
in our local universe. H 1 observations of the nearby clusters Coma and Virgo provided one of the
first evidences ram-pressure from the environment stripping the gaseous disk of galaxies (Gavazzi,
1989; Kenney et al., 2004). Recently, in these extended tails, thanks to the new observing facilities,
it has been possible to detect and study new episodes of star formation (Poggianti et al., 2019).
Recently, the SKA-Mid precursor MeerKAT has allowed to expand these studies to higher distances
and lower density environments such as the Fornax cluster (D = 20 Mpc, Serra et al., 2023, 2024).
With resolved studies of H 1in nearby galaxies and their environment as a science driver, we would
need to be able to observe the H 121-cm line with 1" resolution (80 pc at the distance to Virgo; 100
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pc in Fornax).
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Figure 1: Massive galaxies from the zZOMGS sample (Leroy et al., 2019, complete to M, > 108 Mg
within d = 50 Mpc) showing the available populations of galaxies where current radio interferometers can
reach 100 pc resolution (D < 4 Mpc) and the vastly larger and representative z = 0 population that 1" HI
mapping with SKA-Mid AA4 can reach (D < 20 Mpc), including a representative dwarf galaxy populations
(M,. < 10® Mg). By reaching 1” scales with HI mapping, SKA-Mid AA4 enables resolved HI studies on
100 pc scales in Virgo, the nearest cluster environment.

Figure 1 compares the samples that can be obtained by the current generation of facilities, which
obtain high quality observations' out to D ~ 4 Mpc, to the samples that could be observed with
SKA-Mid. The survey volume and numbers of targets available grow with D3. The nearby galaxies
lack a broad sampling of the star formation patterns seen across galaxies as a whole. Notably
absent are the “quenched” or “retired” populations of galaxies. The aforementioned lack of any
galaxy cluster environments also misses one of the key drivers of galaxy evolution (Cortese et al.,
2021). This is especially important because the cluster environment most dramatically affects the
atomic neutral medium (see for example the Virgo, Fornax and Coma cluster, e.g., Chung et al.,
2009; Serra et al., 2023; Molnar et al., 2022, respectively) with less influence on the molecular gas
(Fumagalli et al., 2009; Watts et al., 2023). While less obvious, galaxies in lower density groups
also have their atomic medium affected by the environment Brown et al. (2017).

Unfortunately, ~ 100-pc resolution alone is insufficient. The key metric is surface brightness
sensitivity on these small angular scales, which requires substantial sensitivity on baselines of
~ 40 km. The 21-cm line emission is a thermal process, so it is limited to low received power,

I'We define “high quality” as meaning an rms column density sensitivity Ny < 1029 cm in 10 km s~! line width.
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Figure 2: Comparison of the collecting area by baseline length between AA* and AA4 for SKA-Mid. The
top shows the equivalent angular resolution at 1.42 GHz for the 21-cm HI line. Achieving 1” HI mapping,
equivalent to 100 pc in the Virgo Cluster (20 Mpc), is uniquely suited to reaching the full AA4 configuration
for SKA-MID.

especially from the cold phases of the ISM so tightly linked to star formation. Ambitiously, we
propose targeting a column density sensitivity of 10?° cm~2, while resolving a 10 km/s line width
with 100-pc resolution. This is readily exceeded in the Local Group with current facilities and will
be expanded to nearby targets D < 4 Mpc with AA*. However, using these facilities to extend
to more distant targets is punishing. Using a simple scaling, the observing time required for a
given facility to achieve a specified surface density sensitivity on a fixed physical scale scales like
D* where D is the distance to the target. This harsh scaling stems from the conversion from an
approximately constant flux density sensitivity (os) to a brightness temperature sensitivity (or)
that depends on beam solid angle (Q2): o « os/Q. Since the required solid angle of the beam to
achieve a required resolution scales like Q o« D=2 and the noise in an image os o t~'/2, a constant
o requires t o« D*. Increasing surveys to a large number of galaxies requires more sensitive
facilities, which practically requires the additional collecting area that AA4 provides.

Figure 2 illustrates this for SKA-Mid under AA* and AA4 configurations. While AA4 of SKA-Mid
will improve on collecting area at all baselines, it will most dramatically increase collecting area
from 20 to 70 km baselines, which makes sensitive 21-cm observations at 1”” possible (obtaining a
5-10x resolution gain at comparable column densities of VIVA). The AA* observations will provide
excellent resolved-gas studies of individual galaxies out to 10 Mpc, which will improve our statistical
treatment of the relation between atomic gas and star formation. However, transformational studies
will require observing targets out to D = 20 Mpc. In aspiring for this targets, we can access an
order of magnitude larger galaxy population by number and study galaxies inside galaxy clusters
including spanning the Virgo cluster (D = 16 Mpc) and the near side of Fornax (D = 20 Mpc). A
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Simulated 100 pc HI mapping in the Virgo Cluster (20 Mpc)
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Figure 3: Simulated 1° SKA-MID 21-cm HI observations of NGC 6822 placed at the distance to Virgo
(20 Mpc) using high-resolution VLA mapping from LGLBS (Koch et al., 2025, Pingel et al. in preparation).
Both simulations use noise levels derived from a channel width of 10 km/s and 100 hr on source with AA*
(left) and AA4 (right) configurations with varying weighting schemes to reach the target 1” beam size. The
AA4 simulated image matches the highest-resolution LGLBS column density sensitivity of 1 x 102 ¢cm™2
that represents the best-possible sensitivity of the VLA with a 4.5” beam. The noise level in AA* is 13x
higher than in AA4 with the same observing time, making it unfeasible to improve the above simulated image
due to the lack of long baseline coverage. For resolved HI surveys across nearby galaxies, AA4’s long
baseline coverage is essential for enabling this science.

complete picture of galaxy evolution necessary requires studing the environments of galaxies from
gas rich groups, to clusters, to voids.

Figure 3 vividly illustrates the need for AA4 in making galaxy cluster observations of well-resolved
(1’") atomic gas maps (D = 16 to 20 Mpc). These maps are completely out of reach with current
facilities because of their low surface brightness sensitivity or coarse resolution (e.g., Boselli et al.,
2023, which reaches good sensitivity but at 30’ resolution)

Even with 100 h integrations on target, the AA* observation requires aggressive weighting on
long baselines without substantial collecting area yielding poor quality maps. AA4 will make
substantially better maps of galaxies in these essential cluster environments. This figure represents
an extreme case: 100-pc resolution for a galaxy at 20 Mpc, which would be able to observe the
Fornax cluster along with Virgo thus expanding detailed HI studies to lower density environments.
The challenges can be alleviated by observing nearer targets. As an extreme illustration, 100 pc-
scale observations for a galaxy at 4 Mpc would only require 10 minutes of observing time with the
respective arrays. Indeed, nearby targets are already being observed with precursor facilities (e.g.
MHONGOOSE, LGLBS, de Blok et al., 2024; Koch et al., 2025).
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3 Precursor Studies

Observations of the nearest targets illustrate the scientific insights to be gained from high resolution
observations. Milky Way and Magellanic Cloud studies reveal the complex spatial structure from
AU to kpc scales (Stanimirovi¢ and Zweibel, 2018) and spectral structure ranging from the thermal
line width (1 km/s) of the cold neutral medium up to hundreds of km/s associated with galactic
rotation and inflow/outflow. These details are lost in studies of more distant targets. The previous
generation of extragalactic H 1 surveys with ~kpc-scale resolution, like the WHISP (Swaters et al.,
2002) THINGS (Walter et al., 2008), FIGGS (Begum et al., 2008), LITTLE-THINGS (Hunter
et al., 2012) HALOGAS (Heald et al., 2011), VIVA (Chung et al., 2009) and LVH 1S (Koribalski
et al., 2018), were transformational in illustrating the distribution and kinematics of atomic gas in
galaxies. However, the quality of their data could only sustain simple views of the ISM: smooth (15"
resolution) H 1 distributions and 1 or 2 component Gaussian spectral models, representing at most,
the cool and warm neutral gas. While molecular gas studies have realized an order-of-magnitude
jump in their spatial resolution (and sensitivity), analyses that combine the atomic and molecular
gas frequently resort to asserting the smoothness of the atomic gas on kpc-scales (e.g., Sun et al.,
2020) or assuming the atomic gas has a uniform surface density of X;om ~ 10 Mg pc‘2 (Npp ~ 10%!
cm~2) over the studied region.

In the past decade, there have been continued efforts to improve our samples of nearby galaxies, but
these remain limited by the capacity of the observatories at work. Combining the VLA B,C, and
D configurations achieves good surface brightness sensitivity but only to scales of ~ 8 for 21-cm
observations. The A-configuration is sparse are requires significant observing time to improve the
angular resolution below 6”. Similarly, good surface brightness sensitivity observations can be
done with GMRT down to ~ 5”. The SKA-precursor MeerKAT has excellent uv sampling at small
baselines, spanning the same uv distances as VLA B+C+D configuration imaging but with more
sensitivity than the VLA or GMRT on these scales. Even so, MeerKAT is also limited to ~ 6"
scales for good sensitivity of observations. Hence, there have not been significant gains in the
ability to make 1”’-scale maps of atomic gas. We have, however, dramatically expanded the sample
of galaxies with lower resolution (e.g., Laudage et al., 2024; Eibensteiner et al., 2024; de Gasperin
et al., 2025). Further, major investments of time to observe galaxies have expanded our awareness
of the low-column density gas in the outskirts of galaxies, notably the MHONGOOSE survey on
targetted nearby SF galaxies (< 20 Mpc) (de Blok et al., 2024) and the MeerKAT Fornax Survey
and VICTORIA on nearby clusters (Serra et al., 2023; Boselli et al., 2023; de Gasperin et al., 2025).

3.1 What High Resolution Observations Reveal

We can, however, still obtain sensitive < 100-pc scale observations in nearer targets beyond the
Milky Way and Magellanic clouds. The next obvious set of targets are more distant Local Group
targets, which have been extensively mapped in H 1 (Wilcots and Miller, 1998; Thilker et al., 2002;
Koch et al., 2018; Braun et al., 2009) at this resolution. Beyond that up to a distance of 3.5 Mpc,
the H 1 in star-forming dwarf galaxies from the FIGGS survey have been mapped at 200 pc scales
for the purpose of studying the relationship between atomic gas and star formation (Roychowdhury
et al., 2009, see also Section 3.2). More recently, the VLA Local Group L-Band Survey (LGLBS;
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M33 FUV, HI, and

1 kpc
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Figure 4: The Local Group galaxy M33 shows the integrate intensity for H 1 21-cm emission from the
LGLBS (yellow; Koch et al., 2025), far ultraviolet emission from GALEX (cyan; Gil de Paz et al., 2007) and
CO(2-1) emission (magenta and contours; Gratier et al., 2010). The atomic and molecular gas data have a
projected beam size of 80 pc and the 1 kpc scale bar indicates the typical resolution scale for data on nearby
star forming galaxies.

Koch et al., 2025), which used VLA ABCD imaging to map the targets in atomic gas and the radio
continuum. While imaging data of the 21-cm line at 4.5” =~ 20 pc is forthcoming, the survey has
released ~ 100 pc scale maps.

Figure 4 shows the relationship between H 1, molecular gas emission and star formation as traced by
the far ultraviolet emission in M33, which provides a reasonable model for the relationship between
these three tracers in a star forming disk galaxy. The most immediate result from this image is
the co-location of the atomic and molecular gas, as expected since the molecular gas forms from
the atomic medium, rapidly forms stars, and is disrupted by stellar feedback. A close correlation
between the atomic and molecular phases is expected for short lived molecular clouds.

In the central several kpc of the galaxy, the star formation is clearly associated with the molecular
gas emission. There are clear “bubbles” visible in the atomic gas that are clearly connected to
FUYV emission and are the signs of stellar feedback. These bubbles are best traced using atomic
gas since it fills a larger volume of galaxies than the molecular ISM and, with a lower density, is
more responsive to the stellar feedback. Spectrally resolved atomic gas measurements also provide
important kinematic tracers of super-novae feedback, which can directly measure the momentum
and energy in expanding shells (Bagetakos et al., 2011).

In the center of the galaxy, the atomic gas emission becomes weak compared to the molecular gas
emission showing a transition to a molecule- and feedback-dominated ISM. At larger radius, the

10
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atomic gas emission becomes stronger, both in an absolute sense and relative to the molecular gas.
Here, there are several star forming complexes visible in the FUV that are most closely associated
with the atomic gas. These stars almost certainly still formed in molecular clouds with efficiency
comparable to the molecule-rich parts of galaxies (Schruba et al., 2011), but those clouds are either
faint because of reduced CO emissivity at low metallicity or they have already been disrupted by
feedback. Either way, the pervasive atomic gas remains the tracer that highlights the ISM from
which the stars are forming.

All of these immediate results that we glean simply by looking at these resolved maps become washed
out at kpc-scale resolution. The broad correlations will persist at coarse scales (e.g., Boquien et al.,
2015), but the ability to discern structure, establish the relationship between atomic and molecular
gas, and connect the response of the ISM to stellar feedback is lost at coarser resolution.

3.2 Star Formation and Atomic Gas

We can directly quantify the relationship between the atomic gas and star formation, as demonstrated
in recent works, including Wagh et al. (2024). Figure 5 shows the resolved star formation law for
atomic gas in the Local Group, relating the surface density of atomic gas to the local star formation
rate. Just as is true with molecular gas at high surface densities, there is a clear power-law
relationship between the amount of atomic gas present in a system and the star formation rate, but
this trend only holds at low surface densities of gas: Zgs < 10 Mg pc~2. Above this threshold,
the ISM becomes saturated with molecular gas and the better studied molecular gas star formation

law emerges (Leroy et al., 2013; Kennicutt and Evans, 2012). The relationship also appears steeper

2.4 1.0
atom mol”

We also see significant galaxy-to-galaxy offsets and the transition to a molecule-dominated ISM

than the molecular gas star formation law: here Xgpr o = while we usually expect Xgpr o< X
occurs at slightly different surface densities. A steeper star formation relation has also been seen in
few-hundred pc to kpc scale resolved studies of dwarf galaxies and outer regions of massive spirals
within the Local Volume (Roychowdhury et al., 2009, 2011; Bigiel et al., 2010).

Atthe same time, the Kennicutt-Schmidt relation as defined by the optical disk-averaged values of the
surface densities of foral gas and SFR appear to form a universal relation across (non-starbursting)
galaxy types, even when dwarf galaxies are included for which atomic gas dominates the total gas
mass (de los Reyes and Kennicutt, 2019). There seems to be a mismatch between the empirical
determinations of the star formation relation involving atomic gas for galaxy-averaged and resolved
studies. When measuring the resolved relation in H 1-dominated ISM with low SFRs, measuring
the SFR itself becomes an important caveat (da Silva et al., 2012). Roychowdhury et al. (2015)
considered this and used the mean value of the SFR in H 1 column density bins from sub-kpc and
kpc scale measurements of the same in dwarf galaxies and outer disks of massive spirals within the
Local Volume. They not only found that the Kennicutt-Schmidt relation was identical for the two
different samples at the same spatial scale, but less steep than previously measured and matching the
expectations from models where the physical conditions in the ISM are set by stellar and supernova
feedback (Figure 6).

MeerKAT, though not improving the spatial resolution when compared to the previous generation of
radio interferometers, is enabling H 1 observations at much further distances because of its improved
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Figure 5: Resolved star formation law on 120 pc in scales in Local Group Galaxies (Eibensteiner et al.,
in preparation). This figure shows the star formation rate as a function of the atomic phase surface density
(including helium). Star formation rates are derived from far ultraviolet and WISE 22 pm image following
Leroy et al. (2019). Faint points indicate limits for the corresponding data. Star formation rates are correlated
with atomic gas surface up to Zgom ~ 10 Mg pc~2, above which the neutral ISM becomes dominated by the
molecular phase of the ISM.

sensitivity. A study similar to the above done using the preliminary data from MIGHTEE-HI a
large MeerKAT survey (Maddox et al., 2021) has looked the variation with redshift of the resolved
Kennicutt-Schmidt relation in the outer disks of massive spirals up to z ~ 0.1, though over scales
ranging from few kpc to tens of kpc (Roychowdhury et al. in preparation). Whereas Roychowdhury
et al. (2015) clearly demonstrated that lowering the spatial resolution for the same sample makes the
star formation law artificially less efficient, intriguingly the recent study finds that even though the
spatial resolution becomes coarser with redshift, the star formation relation becomes more efficient
(Figure 6), hinting at the possibility of more efficient star formation in the outer disks of spirals with
increasing redshift. SKA will start confirming such trends using methods similar to above but with
much better resolutions and to higher redshifts. And for the Local Volume galaxies which can be
resolved down to their scale heights, SKA will be able to directly quantify underlying the volumetric
Kennicutt-Schmidt relation in the H 1-dominated ISM (Bacchini et al., 2020; Wagh et al., 2024).
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Figure 6: The resolved atomic gas Kennicutt-Schmidt (K-S) relations as measured using the mean SFR
surface densities in H 1 column density bins, for H -domiated ISMs of dwarf galaxies and outer disks of
massive spirals colour coded by median distance to the samples, contrasted with the molecular K-S relation
in black (Leroy et al., 2013), and the total gas K-S relation within the optical disks of THINGS spiral
galaxies outlined by the brown contour (Bigiel et al., 2008). The dashed lines are from Roychowdhury et al.
(2015) for FIGGS dwarf galaxies and outer disks of THINGS spiral galaxies at 400 pc resolution (virtually
indistinguishable from each other) and for THINGS spirals at 1 kpc resolution (lower efficiency). The bold
lines are from the recent study using MeerKAT (Roychowdhury et al. in preparation), where the increasing
distances also correspond to increasing median resolutions of 7, 10 and 17 kpc respectively.

Recent studies by Wagh et al. (2024) have contributed significantly to advancing this picture by
investigating the connection between atomic gas and star formation in molecular hydrogen-rich
galaxies (MOHEGSs) at redshifts, z < 0.2 (Ogle et al., 2010). Their study shows that although
molecular gas remains the primary correlate of high star formation rates, atomic gas is detected
in roughly 70% of the sample and plays a substantial role in regulating star formation efficiency.
Wagh et al. (2024) suggest that this steeper relationship indicates a distinct mode of star formation
in atomic-dominated regions that is not fully explained by classical star formation models based on
molecular gas. These results highlight the need for high resolution H1 observations that the SKA
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will deliver.

These observations illustrate that star formation in the atomic-dominated parts of the ISM presents
an intriguing contrast to the molecule-rich disk mode that has been heavily studied to date. These
atomic-dominated regions are found in outer regions of massive star forming galaxies or throughout
dwarf galaxies. For nearby galaxies, these are also regions are also those for which we will gain the
most insight into the stellar populations from the multiwavelength observations making wide area
surveys from facilities like Euclid, Roman and Rubin. In the future, wide field (10”) integral field
spectrographs will allow us to correlate the kinematics of the stars and of the ionised ISM with the
SKA-Mid AA4 observations of the H 1.

3.3 Key Science Questions

High resolution observations of the atomic medium in a range of galaxies will answer key unknowns
for which the SKA-Mid, especially AA4, will be required.

How does the molecular medium form? Theoretical models and observations of the ISM support
the idea that molecular gas forms out of the cold neutral atomic gas (McKee and Ostriker, 2007) but
the details of this process remain unclear, especially as they pertain to star formation. One major
distinction between the diffuse and the star forming ISM is the role of self-gravitation. Viewed
through the lens of the Local Group, the molecular ISM is also the phase of the ISM where self-
gravity is a significant factor. In more molecule rich regions like galaxy centers or more massive
targets, the molecular medium is not necessarily synonymous with self-gravitation (Pety et al.,
2013).

While theoretical models understand the balance between the atomic and molecular gas in terms
of photodissociation models (Krumholz et al., 2009), but a complete picture requires predictions
in how the conditions in the atomic gas lead to self-gravitating structures (Krumholz, 2013). To
understand the atomic-molecular transition, we need to study atomic gas at high spatial resolution
to understand the interface of cold neutral medium (CNM) formation and the changing dynamical
properties of the ISM. This is clearly a function of environment (e.g., galactocentric radius as in
Figure 4). How does galactic environment and the conditions in the atomic ISM create the CNM
and what parts of the CNM go on to form molecular clouds? How efficient is the conversion of the
CNM into star forming molecular gas? What are the properties of those molecular clouds and how
are they related back to the atomic gas?

We also seek deeper insights on how galactic dynamical features shape star formation. For example,
spiral arms, bars, galaxy cluster environments, and galactic interactions all reshape a galaxy’s ISM
and star formation processes. While the influence of these effects on molecular gas is studied on
100-pc scales (e.g., Pessa et al., 2021), their influence of on the atomic gas is poorly known since
we are not able to resolve the atomic gas structure on similar scales. How do spiral arms and bars
change the properties and conditions of the atomic ISM? How do these changes compare to what
is seen in the molecular gas and star formation? How exactly do galactic interactions and galaxy
cluster environments quench galaxies through their effect on the atomic ISM?
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How efficiently does feedback connect to the ISM? Stellar winds, radiation, and supernova
shocks all inject energy and momentum back into a galaxy’s ISM, collectively resulting in stellar
feedback on a galaxy. The efficiencies, timescales, and global influence of feedback remain the
single largest unknown in understanding star formation and the evolution of isolated galaxies
(Grudi¢ and Hopkins, 2019). By identifying feedback structures in the atomic gas, we will be able
to measure the kinematics, swept up mass, and sizes of expanding feedback shells and connect
these gas structures back to their stellar populations that drove them. This will provide the cleanest
measurement of how much energy and momentum are deposited back into the galaxy. This requires
a large sample of feedback shells across a range of environments to understand how this coupling
efficiency relates to the local galactic environment, the original ISM structure, and the mass, age,
and metallicity of the driving stellar population. Since many SF galaxies in the nearby universe also
show an active galactic nucleus (often Seyfert galaxies with also radio jets of low-radio power) (see,
for example, Mingozzi et al., 2019). AGN feedback phenomena will also be investigated and it will
be possible to compare their impact on the evolution of their host with respect to SF feedback (see
Maccagni et al. in this book, for further details).

4 Towards a statistical sample of nearby galaxies

There are clear scientific opportunities for using the SKA to unravel the relationship between
the atomic gas in galaxies and star formation. While AA* will continue the evolution of our
understanding, fully answering these key questions will require AA4.

Figure 7 illustrates how observations of the SKA toward nearby galaxies maps effectively into the
relevant physical parameter spaces needed for highly resolved studies of the ISM adapted from
Koch et al. (2025). For a complete census of HI surveys in nearby galaxies see Maccagni and
de Blok (2024). The figure illustrates both AA* and AA4 expected sensitivity for 10 h and 100 h
observation times toward single targets under different weighting schemes for targets at a distance
of 20 Mpc. The comparator surveys shown as points illustrate how several different surveys relate
to these efforts. Baseline observations with the SKA will be comparable to previous generation
studies of modestly closer targets.

The reality is that sensitive observations of atomic gas at 100 pc resolution at the far edge of the
Virgo cluster or at the distance of Fornax requires a substantial investment of array time, even for
AA4. A large investment of 100 h would need to be reserved for essential targets that illustrate
unique parts of parameter space. This represents an outer limit that spans the necessary targets
to get a full perspective on galaxies, both in their star formation properties and in their cluster
environment. Observing closer targets requires dramatically less time to reach reasonable column
densities at high resolution.

An SKA-mid survey that is designed to answer the motivating questions about the relation of atomic
gas to star formation would consist of several tiers. With AA4, the core sample would likely consist
of every visible massive galaxy within 10 Mpc, which could be surveyed at 100 pc resolution to
good sensitivity (rms column density of 10'-> cm~2) in modest time (~ 6 hours). This core survey
would consist of at least 100 targets (for M, > 108 M) and could include several more factors to
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Figure 7: HI column density sensitivity of current surveys compared to SKA-Mid predictions for a galaxy
at 20 Mpc in the Virgo cluster (adapted from Maccagni and de Blok, 2024; Koch et al., 2025) The predicted
SKA-Mid values use show AA4 and AA* with integration times of 10 and 100 h. The connected lines show
the trade-off of resolution and sensitivity between Briggs weights (robust= 1) for high resolution and outer
uv-tapering with a 4" Gaussian taper for high sensitivity. Current surveys are shown for galaxies at a range of
distances, from within the Local Group (GASKAP-HI and LGLBS) to D = 25 Mpc with the MHONGOOSE
sample (de Blok et al., 2024) and various surveys indicated in the legend ( EveryTHINGS, 1. Chiang et al.
in preparation; HALOGAS, Heald et al. 2011; LITTLE THINGS, Hunter et al. 2012; LVHIS, Koribalski
et al. 2018; PHANGS-VLA, presented in Sun et al. 2023; THINGS, Walter et al. 2008; VIVA, Chung et al.
2009; VLA-ANGST, Ott et al. 2012; VLA-HERACLES, Schruba et al. 2011; MHONGOOSE, de Blok et al.
2024), and LMC and SMC (e.g., GASKAP-HI, Pingel et al. 2022), which are > 10X nearer than any of the
LGLBS targets. See also Maccagni and de Blok (2024). Relative to VICTORIA, the current state-of-the-art
MeerKAT survey of the Virgo Cluster (de Gasperin et al., 2025), SKA-Mid offers a 5—10x linear resolution
gain at comparable column density sensitivity.

sample lower mass dwarf galaxy targets. Nearer targets will achieve even higher physical resolution,
but extending across the Virgo and Fornax clusters requires either heavy investments of time or
compromising on survey metrics. Both cluster and isolated galaxies will be required for a complete
picture, identifying a few targets for detailed observation while spanning a large number of targets
to gain a statistical perspective. Many of these targets already have substantial investment from
complementary multiwavelength facilities: ALMA, HST, JWST, VLT/MUSE, etc. (Schinnerer and
Leroy, 2024). Only the atomic gas — the dominant mass phase of the ISM — is missing for a
near-complete complete picture of the matter in these galaxies.

Precursor data for these surveys exist now. With the closest targets (D < 4 Mpc), current facilities
produce maps with the requisite resolution. With the Milky Way and Magellanic Cloud studies
untangling physics at the smallest scales, the Local Group providing an efficient bridge to different
galaxy types and this larger “Local Volume” sample, we can carry out useful case studies to establish
the physics linking atomic gas, through the formation of the molecular medium, directly to star
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formation across entire galaxy disks.
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