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Abstract

We present the first localized detections of the cold neutral medium (CNM) in IC 10, offering a rare view of dense
atomic gas in a low-metallicity (Z/Z., ~ 0.27) dwarf galaxy. As a low-metallicity starburst, IC 10’s interstellar
medium conditions could reflect small scale physics conditions that mirror those of early galaxies providing a
unique window into the heating and cooling processes that shaped the 1nterstellar medium in early-Universe
environments. Leveraging the high angular (<5” ~ 15 pc) and spectral (0.4 km s ') resolution of the Local Group
L-band Survey, we searched for HI absorption against nine continuum radio sources and detected absorption
along three sightlines corresponding to internal radio emission sources within IC 10. Using Gaussian
decomposition and radiative transfer, we characterize the CNM, deriving spin temperatures of ~30-55 K, column
densities of (0.6-3.0) x 10*' cm ™2, cold H1 fractions of ~21%-37%, and line widths of ~5.6-13.6kms™'. For
each individual detection of HT absorption, we find corresponding molecular emission from '*CO (J = 1-0),
HCO" (J = 1-0), and HCN (J = 1-0) at similar velocities and with comparable line widths, indicating a well-
mixed cold atomic and molecular medium. In IC 10, the CNM shows a clear kinematic connection to the high-
density ISM, implying a stronger dynamical coupling with molecular gas than in the Milky Way, in line with
expectations for low-metallicity environments. At the ~15 pc scales probed by slightly extended HII regions in
IC 10, unresolved CNM clouds likely contribute to line blending, so the observed broad H I line widths may partly
reflect spatial and kinematic averaging.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar absorption (831); Dwarf
galaxies (416)

1. Introduction components, the gaseous phase of the ISM serves as a

reservoir of fuel for star formation. Among its components, the

atomic neutral hydrogen (H1) and its abundance is particularly

important because the transition from HI to molecular

hydrogen (H,) acts as a throttle in the interstellar gas cycle
5 _ _ (N. M. McClure-Griffiths et al. 2023).

Jansky Fellow of the National Radio Astronomy Observatory. HT can exist in multiple phases (G. B. Field et al. 1969;

‘ . M. G. Wolfire et al. 1995, 2003), with the long-lived thermally

Original content from this work may be used under the terms stable phases being the warm neutral medium (WNM) and the

BY of the Creative Commons Attribution 4.0 licence. Any further cold neutral medium (CNM). Theoretical models for Solar

distribution of this work must maintain attribution to the author(s) and the title . o . L
of the work, journal citation and DOIL. neighborhood conditions predict kinetic temperatures (7})

The interstellar medium (ISM) is a dynamic, multiphase
environment that plays a crucial role in the lifecycle of
galaxies. Comprised of ionized, molecular, and neutral
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ranging from 25 to 250 K for the CNM and 5000-8000 K for
the WNM (M. G. Wolfire et al. 2003; S. Bialy et al. 2019). The
CNM represents the primary reservoir of gas that transitions
into molecular hydrogen (L. Spitzer & E. B. Jenkins 1975).
Being more susceptible to gravitational collapse, the CNM
also serves as a precursor to giant molecular clouds (GMCs)
and stars (F. Heitsch et al. 2005; W.-T. Kim & E. C. Ostriker
2006; C. L. Dobbs et al. 2014). The fraction of HI in the CNM
thus provides vital constraints on the formation of molecular
clouds (L. Spitzer & E. B. Jenkins 1975; B. G. Elmegr-
een 1993; M. R. Krumholz et al. 2009; S. Bialy & A. Sternb-
erg 2016). The local ISM conditions, such as metallicity,
directly affect the abundance of the CNM and the physical
conditions within it (M. G. Wolfire et al. 1995, 2003; S. Bialy
et al. 2019; C.-G. Kim et al. 2024). Since metallicity serves as
a proxy for a galaxy’s evolutionary stage, studying the CNM
across a broad metallicity range is key to understanding its role
in galactic evolution. The nearby low-metallicity galaxies are
especially useful as they offer insights into CNM’s behavior in
high-redshift galactic environments.

The key CNM properties, e.g., excitation temperature of HI
(spin temperaturezl, T,) and the CNM fraction (fcnm), are best
constrained observationally by observing H 1 absorption in the
direction of background radio continuum sources. The HI
absorption directly measures the H I optical depth (7) along the
line of sight; however, an estimate of a nearby H 1 emission is
also needed to constrain excitation temperature via radiative
transfer equations (e.g., J. M. Dickey et al. 2003; C. Heiles &
T. H. Troland 2003). To solve radiative transfer equations, it is
essential that both H1 absorption and emission sample similar
solid angles, which results in the need for high-resolution HI
emission observations (for discussion of how a mismatch
between angular resolution of HI emission and absorption
affects T, calculations, see Section 4.2 in C. E. Murray
et al. 2018).

Since H1 absorption detections require bright background
sources and sensitive observations, there have only been a
handful of HI absorption detections in external galaxies
outside the Magellanic System, specifically M31, M33
(J. M. Dickey & E. Brinks 1988, 1993; R. Braun &
R. A. M. Walterbos 1992),and M82 (K. A. Wills et al.
1998). In addition, matching of pencil-beam sharp optical
depth spectra with high-resolution HI emission needed to
solve radiative transfer equations can be problematic, even at
the distance of the Magellanic Clouds (e.g., H. Chen et al.
2025a). As a result, characterizing CNM properties in external
galaxies to investigate the dependence of the CNM fraction on
metallicity has largely been limited to theoretical predictions
(M. G. Wolfire et al. 1995; R. J. Smith et al. 2023; C.-G. Kim
et al. 2024) and indirect observational constraints (e.g., the use
of [C1I] emission; R. Herrera-Camus et al. 2017). The width of
HT emission-line profiles has also been commonly used in
external galaxies to separate cold from warm HI and study
their spatial distribution (e.g., R. Braun 1997; W. J. G. de Blok
& F. Walter 2006; D. Tamburro et al. 2009; K. M. Mogotsi
et al. 2016). However, the interpretation of HI emission
profiles is usually complicated by limitations in the spatial/
spectral resolution and overall degeneracy in the line broad-
ening caused by turbulence and the blending of emission

2L At high densities, the excitation temperature closely traces the kinetic
temperature (G. B. Field 1958; H. Liszt 2001).
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components arising from velocity crowding and a mix of
thermal phases (E. W. Koch et al. 2021).

The Local Group L-band Survey (LGLBS) (E. W. Koch
et al. 2025) provides unprecedented spectral and angular
resolution 21 cm and 1-2 GHz radio continuum data of six
Local Group galaxies (M31, M33, and four star-forming
dwarfs—IC 10, NGC 6822, IC 1613, and WLM). With angular
resolutions of <57 for the 21 cm line (10-20 pc) and <27 for
continuum imaging (5-10 pc), along with a velocity resolution
of 0.4 km s~ ', LGLBS offers an excellent opportunity to study
cold neutral gas structure at individual cloud scales. Using
LGLBS data, N. M. Pingel et al. (2024) detected for the first
time five CNM components in NGC 6822 (N. M. Pingel et al.
2024). In this study, we search for cold HI in absorption in
another LGLBS low-metallicity dwarf galaxy—IC 10.

This paper is structured as follows. First, we provide
background information for IC 10 in Section 2. Then, in
Section 3 we summarize key survey specifications and
describe our analysis pipeline. In Section 4, we present our
sources and considerations for nondetections, while Section 5
details our radiative transfer methods. Section 6 presents the
derived physical properties of the CNM and compares them
with observations of similar dwarf galaxies in the Local
Group. Finally, in Section 7, we place our results in the
broader context of IC 10’s complex, turbulent, star-forming
ISM and discuss potential biases in our approach.

2. Previous Work on IC 10

IC 10 is a well-studied irregular, low-metallicity dwarf galaxy
in the Local Group, with a metallicity of 12 + log(O/H) = 8.37
(M. Cosens et al. 2024) (Z/Z., ~ 0.27; D. R. Garnett 1990;
L. Magrini & D. R. Gongalves 2009; 1. D. Karachentsev et al.
2004, 2013). Located at 770 + 100kpc (S. Sakai et al. 1999;
F. Dell’Agli et al. 2018),22 IC 10 is classified as a starburst
galaxy based on its rich population of Wolf—Rayet stars
(P. Massey & T. E. Armandroff 1995; P. Massey &
S. Holmes 2002) and elevated values of star formation rate
(SFR) for its mass and metallicity. SFR estimates range from
0.2 (R. C. Kennicutt et al. 1994) to 0.6 M, yr ' (H. Yang &
E. D. Skillman 1993; J. Borissova et al. 2000; A. Gil de Paz
et al. 2003) depending on the assumed extinction toward the
galaxy. These exceed the SFR of the more massive Small
Magellanic Cloud (SMC) (0.05 M, yr*1 K. Wilke et al. 2004)
and approach that of M33 (0.45 £ 0.10 M, yr~ ! over the past
100 Myr S. Verley et al. 2009). With its proximity, elevated
SFR, and central starburst, IC 10 presents a unique opportunity
to study the properties of the CNM in a low-metallicity, high-
feedback environment.

The HTI distribution in IC 10 is markedly irregular, with
disrupted kinematics that point to a turbulent evolutionary
history (e.g., G. S. Shostak & E. D. Skillman 1989;
E. M. Wilcots & B. W. Miller 1998; D. A. Hunter et al.
2012). Two dominant scenarios have been proposed to explain
the disturbed H I kinematics. First, IC 10 may be interacting or
merging with an undetected companion (D. L. Nidever et al.
2013; T. Ashley et al. 2014) or it could be affected by a close
passage to M31 based on proper motion measurements

22 The distance to IC 10 is uncertain due to differential extinction at low
Galactic latitudes. The reported value is from F. Dell’Agli et al. (2018) and is
an intermediate value between distances used by LITTLE THINGS, N. Sanna
et al. (2008), S. A. N. Gerbrandt et al. (2015), and M. E. Putman et al. (2021).
See E. W. Koch et al. (2025) for more information.
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(A. Brunthaler et al. 2007; P. Bennet et al. 2024). Second,
stellar winds and supernovae resulting from the intense recent
star formation are shaping the HI morphology (E. M. Wilcots
& B. W. Miller 1998).

A defining feature of IC 10’s disrupted morphology is the
presence of several large holes in its HI disk (G. S. Shostak &
E. D. Skillman 1989; E. M. Wilcots & B. W. Miller 1998;
N. R. Pokhrel et al. 2020). These cavities, requiring on the
order of 10°-10°' erg to form (E. M. Wilcots &
B. W. Miller 1998), highlight the impact of intense stellar
feedback in the galaxy’s ongoing starburst. Both stellar winds
from young massive stars and supernovae likely contribute to
their formation and expansion. The star formation induced
feedback is reflected in IC 10’s rich population of HII regions
(P. Hodge & M. G. Lee 1990) and young stellar clusters
(£ 10 Myr) concentrated in Ha-emitting regions (W. D. Vacca
et al. 2007; N. Sanna et al. 2009; J. Yin et al. 2010), whose
energetic outputs drive the disruption and shaping of the
surrounding atomic gas.

3. Observations and Data Processing

H1 observations of IC 10 used in this study were obtained
with the Very Large Arry (VLA) as part of the LGLBS
collaboration. Detailed information on the observing strategy,
data calibration, quality assurance, and correction for short
spacings using observations with the Green Bank Telescope
are provided in E. W. Koch et al. (2025). The final imaging
was performed on the University of Wisconsin—-Madison
Center for High Throughput Computing using the method
developed by N. Pingel et al. (2024, in preparation).

The resulting ABCD+GBT HI emission cube has a
synthesized beam size of 4.22 x 398, corresponding to
~14.5-15.4 pc at the distance of 770 £ 100 kpc to IC 10. This
is comparable to the spatial resolution achieved by observa-
tions of the nearer Magellanic Clouds (part of GASKAP-HI,
J. M. Dickey et al. 2013).

The rms noise of the ABCD+GBT HI emission cube is
23 K (corresponding to 0.6 mJy beam ') per 0.4 km s
velocity channel. Assuming optically thin emission, we reach
50 column density sensitivity of 4.2 x 10°° cm ™2, considering
a velocity line width of 10 km s~'. Our sensitivity is three
times better than the sensitivity achieved in previous VLA
D-configuration observations by E. M. Wilcots & B. W. Miller
(1998) and similar to the sensitivity reached by the LITTLE
THINGS survey which utilized VLA BCD configurations
(D. A. Hunter et al. 2012).23 The key advantage of our LGLBS
observations is higher angular resolution, achieved with the
addition of VLA A-configuration observations, and high
velocity resolution (0.4 km sfl).

3.1. Absorption and Emission Extraction in the Direction of
Radio Continuum Sources

We follow, with minor modifications, the HI absorption
spectrum extraction procedure from N. M. Pingel et al. (2024),
which builds on the method of J. Dempsey et al. (2022).

23 After smoothing our data cube to the E. M. Wilcots & B. W, Miller (1998)
resolution (117, 12.2 km s~ V), our 5¢ sensitivity is 5.6 x 10" cm ™2, nearly
three times better than their 1.6 x 10'® cm™2 When matched to D. A. Hunter
etal. (2012) (8'4, 2.5 km s '), we reach 2.1 x 10'® cm ™2, consistent with their
2.35 x 10" em ™2,
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Narrowband-continuum imaging. We first produce a
narrowband continuum image by resampling all continuum
visibilities to a common spectral axis and reference frame, and
combine data into a single measurement set. The visibilities
are reweighted based on noise measurements in channels free
of emission. We then create a narrowband continuum image
using spectral-line data from the A and B configurations by
performing a multifrequency synthesis imaging over a 4 MHz
bandwidth centered on 1420.6946 MHz (corresponding to the
21 cm line), while excluding foreground Milky Way emission.
This bandwidth is chosen to ensure the synthesized continuum
closely matches the line data, while remaining sensitive
enough for strong continuum detections in the 0.4 km s~
channels of the spectral cube. We apply 20,000 Hogbom clean
iterations to produce the narrowband continuum image with a
3726 x 2'36 beam size and 0.75 x 0.75 pixel size. This image
is used to search for discrete radio continuum sources.

Selection of target continuum sources. We identified 49
candidate continuum sources for the HI absorption searching
the narrowband-continuum image, using the automated
source-finding package aegean (P. J. Hancock et al.
2012, 2018) with default parameters. The resulting catalog
contains source positions, peak flux densities (Spear), inte-
grated flux densities (Sj,), and morphological information
(major/minor axes and position angles). These sources are
either compact objects within IC 10 (e.g., HII regions or
supernova remnants) or background radio sources (AGN, radio
galaxies) dominated by synchrotron emission. The Ilatter
appear as unresolved point sources, while the former present
modest spatial extent.

For all 49 candidates, we generated spectral-line subcubes
(“cubelets” hereinafter) to search for HI absorption. One such
cubelet has a synthesized beam of 4.92 x 4.58. To further
characterize the candidates, we ran aegean on these cubelets
and identified sources with flux densities ranging from 0.2 to
10.67 mJy beam'. Based on the measured rms noise in the
cubc:zlc:zts,24 the effective sensitivity requires continuum flux
densities of at least ~3 mJy beam™ ' to detect absorption with
optical depth 7 ~ 0.5, comparable to values reported in the
SMC (J. Dempsey et al. 2022). Accordingly, in Table 1 we list
the nine brightest sources (those that provide the best
sensitivity for CNM detection) together with their spatial
extents as measured from the spectral-line cubelets. These
sources are a mix of external background radio sources and
internal compact sources of radio emission within IC 10.

Furthermore, to ensure completeness, all 49 sightlines were
visually inspected in CARTA. This inspection revealed that
absorption features could still be identified toward fainter
sources, leading us to adopt a practical flux threshold of
S >1.67 mJy beam™ ' (optical depth rms ~0.33), sufficient for
detecting strong absorption features (e.g., 7 > 1).

Absorption-line extraction. We extract HI absorption
spectra from cubelets centered on the positions of selected
radio continuum sources. Each cubelet is a spectral-line
subcube with a 50” x 50” field of view. Like in the case of
imaging NGC 6822 (N. M. Pingel et al. 2024), we exclude
baselines shorter than 1 km during the spectral-line imaging
for IC10. The narrowband continuum image retains all
baselines to ensure accurate detection of compact sources.
From each cubelet, we extract the H1 absorption spectrum in

24 5§ = 0.41 mJy beam™ ' per 0.4 km s~ channel.
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Table 1

Observed Properties of Candidate Radio Continuum Sources, as Measured from the Spectral-line Cubelets (with Synthesized Beam of 4.92 x 4.58)
Source R.A. Source Decl. Sint Source Size O N 1, uncorr Notes
(hms) (dms) (mly) (arcsec X arcsec) (cm™ )
0h20m27° 59°17'06" 3.99 + 0.45 649 x 5.68" 0.36 5.64 x 10! WBBH J002027+591706.1 (J. Westcott et al. 2017)
oh20m27° 59°17/28" 2.13 + 0.28 4'94 x 4145 0.26 3.02 x 10*! WBBH J002027+591728.7 (J. Westcott et al. 2017)
0"20™178 59°18/39" 979 + 0.21 5172 x 504 0.41 1.57 x 10% WBBH J002017+591839.7 (J. Westcott et al. 2017)
oh20m57° 59°0124" 1047 + 0.27 4791 x 4!52 0.41 5.47 x 10" NVSS J002057+590122 (J. J. Condon et al. 1998)
oh21m02° 59°17'01" 422 + 024 6.45 x 5.66 0.60 1.13 x 10*! NVSS J002100+591659 (J. J. Condon et al. 1998)
0"21m09° 59°1134" 11.84 + 0.21 5.27 x 4'82 0.20 2.78 x 10%° NVSS J002108+591132 (J. J. Condon et al. 1998)
0"19™16° 59°20/15" 208 + 0.17 4791 x 4748 1.16 6.11 x 10 NVSS J001914+592008 (J. J. Condon et al. 1998)
0"20™15° 59°18/54" 1.96 + 0.15 4779 x 4762 0.70 5.63 x 10%° WBBH J002015+591853.9 (J. Westcott et al. 2017)
0"20m54° 59°10/51" 1.68 + 0.15 4775 x 4.44 0.80 443 x 10% NVSS J002054+591101 (JI. J. Condon et al. 1998)

Note. Columns include: (1) Right ascension (R.A.) in hms (J2000); (2) decl. in dms (J2000); (3) integrated continuum flux density (S;,.) in mJy, with uncertainties;
(4) source angular extent (minor and major axis, in arcsec) measured from the cubelets; (5) sensitivity to absorption (o, 7) expressed in units of ¢~ ; (6) uncorrected

optically thin H1 column density along the line of sight (Equation (2)); (7) name of the source across different catalogs.

the direction of the continuum source. To isolate the relevant
pixels, we use the elliptical fits from aegean to define a mask
that selects pixels spatially associated with the continuum
emission. In line-free velocity channels (—475 km s~ ' <
VLsrg < —230 km sfl), we compute the mean brightness
temperature (7p) along the line of sight for each pixel
associated with the continuum source. The final absorption
spectrum is obtained by summing over these pixels in each
spectral channel, weighting by the square of the corresponding
line-of-sight mean 7.

Emission-line extraction. For the purpose of radiative
transfer calculations, we extract the HI emission spectrum
along each absorption sightline from the continuum-subtracted
A+B+C+D emission cube. For each source, we construct the
final HI emission spectrum by measuring the mean 7 within
an annulus centered on the source, spanning from 4” to 8" in
radius (approximately 1-2 synthesized beam widths). This
approach minimizes contamination from strong absorption at
the source position, ensuring that the resulting emission profile
reflects the unabsorbed H1 along the same line of sight.
However, we note that a subset of the background sources
exhibit modest spatial extension. For these cases, we
conducted manual checks by redefining the radius of the inner
annulus based on the size of the source diameter rather than the
synthesized beam. These tests showed no significant differ-
ences in the shape or brightness temperature of the resulting
spectra.

3.2. Noise Estimates for H 1 Absorption and Emission Spectra

We calculate the noise in the emission spectrum by spatially
rebinning the cube, such that each pixel approximately
corresponds to one synthesized beam in area. This way, we
account for pixel correlation and obtain an independent
measurement of the uncertainty. The uncertainty in the
emission spectrum, o7", is then calculated as the channel-
by-channel standard deviation of T within the annular region
in the rebinned cube.

In the case of absorption, we calculate the 1o optical depth
noise spectrum in units of e~ " as outlined by N. Roy et al.
(2013), with further details provided in N. M. Pingel et al.
(2024). Namely, we first measure the standard deviation in
signal-free channels of the e~ 7 spectrum, oy, To account for
an increase in system temperature due to extended emission,
we compute the average brightness temperature spectrum,

Tem(v), from the ABCD emission cube. The resulting lo
optical depth noise profile is given by

Tiys + Nane Tem (V)

1
Ty o))

0; (V) = Ocont

where the system temperature T, = 25K and the antenna
efficiency 1., = 0.35, which accounts for the fraction of large-
scale emission coupled to the antenna and contributing to the
measured system noise.

4. H1 Absorption in IC 10

Figure 1 presents the peak HI brightness temperature
distribution of IC 10 from LGLBS, highlighting detailed small-
scale structure, including several prominent H1 shells. Over-
laid are nine radio continuum sources with flux density
>1.67 mJy beam ™" in the direction in which we searched for
HT1 absorption. These sources are a mix of both external
background sources (5) and internal (4) radio emission
sources. For each continuum source, we extracted absorption
and emission spectra as outlined in Section 3.1. The three
sources with detected HI absorption are marked with stars,
while directions with nondetections are shown with crosses.

Table 1 gives the key properties of the continuum sources
and the directions they probe. We include source names (for
detections, JRA—decl.), coordinates (R.A./decl. in hms/dms),
integrated flux (Sj,), and the estimated size (in arcseconds).
The noise level of the absorption spectra is (0, is provided in
units of e 7). The HT column density (N 1, uncorr) 18 calculated
under the optically thin assumption as

Nt uncor = 1.823 x 1018 f Ty(v) dv cm 2. @)

In the last column of the table, we list the names of each source
as they appear in different catalogs. Sources cataloged by
J. Westcott et al. (2017) are considered internal, while those
identified in the NVSS catalog (J. J. Condon et al. 1998) are
classified as external sources.

Since two of three detections have saturated optical depth
profiles, we set 1 — ¢~ 7 = 0.96, following a similar approach
to N. M. Pingel et al. (2024), when calculating the integrated
optical depth and fitting a Gaussian function later on.
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Figure 1. Peak H I brightness temperature map of IC 10. The nine radio continuum sources analyzed for H I absorption, a mix of internal and background sources,
are marked: three internal sources with detected absorption are shown as stars, and six nondetections (internal or background) as crosses. For each nondetection, the
integrated flux density (in mJy) is labeled. Integrated flux densities for all sources, including the detections, are listed in Table 1.
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Figure 2. Absorption (top) and emission (bottom) spectra for the three sightlines with detected H I absorption, constructed as described in Section 3.1. In both panels,

the gray shaded region shows the 1o noise level. In the absorption spectra, the red horizontal line indicates the e~

r

= 1.0 continuum level, and the dashed orange line

marks the 30 noise threshold. Green shaded regions highlight channels where H I absorption exceeds 3o.

4.1. Detections

We detect HI absorption toward three radio continuum
sources previously identified by J. Westcott et al. (2017). Two
lie within ~1.4-1.7" of IC 10’s optical center, which we refer
to as the central detections (WBBH J002027+591706.1 and
WBBH J002027+591728.7), while the third, the shell
detection (WBBH J002017+591839.7), is located along the
boundary of a shell-like structure near the edge of a large
HT hole.

The three radio continuum sources were classified as HII
regions within IC 10, based on their spectral indices (J. West-
cott et al. 2017). Two of these three continuum sources also
exhibit modest angular extent, presented in Table 1. Conse-
quently, directions toward these compact HII regions probe

active, star-forming regions, and may preferentially trace
denser, more turbulent CNM linked to feedback-driven
structures. This contrasts with previous extragalactic absorp-
tion surveys in systems of similar metallicity, such as the SMC
(e.g., J. M. Dickey et al. 2000; K. E. Jameson et al. 2019),
which probe HI along random lines of sight, mostly toward
background extragalactic point sources.

Figure 2 shows HT absorption spectra for the three sources
(top). All three spectra have significant peak optical depth,
Tpeak > 0.8. In the same figure (bottom), we show the
corresponding HI emission spectra that are used for radiative
transfer calculations in Section 6.1. The three directions probe
regions of strong CO and Ha emission, coinciding with star-
forming complexes. Namely, each HI absorber is cospatial with
GMCs in IC10 (WBBH J002027+591706.1-B10, WBBH
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Figure 3. Integrated H I intensity map (synthesized beam of 4.22 x 3798) alongside a wide-band L-band 1.0-2.0 GHz radio continuum image (synthesized beam of
1'5 x 1713 and rms sensitivity of ~4.5 pJy beam™'; H. Corbould et al. 2025, in preparation), with the beams shown in the lower left corner of each panel. Ha
(D. A. Hunter et al. 2012) and CO (H. Corbould et al. 2025, in preparation) contours are overlaid at 3o, 5o, and 100 levels, shown in purple and teal, respectively.

Stars indicate locations of H I absorption detections.

J002027+591728.7-B11, WBBH J002017+4591839.7-B5, as
discussed and identified in A. Leroy et al. 2006). The positions
of all three sources are shown in Figure 3, overlaid with CO
(teal) and Ho (purple) intensity contours.

WBBH J002027+591728.7 is the most compact of the three
continuum sources, and its H1 absorption spectrum exhibits a
narrow absorption line (~3km s' . WBBH J002027
+591706.1 and WBBH J002017+591839.7 are slightly
extended and their HI absorption profiles are very broad
(~13km s~ "). Broad absorption features may reflect enhanced
turbulence or multiple cold components blended along the line
of sight. A more detailed exploration of these possibilities is
provided in Section 7.

4.2. Nondetections

Out of nine potential sightlines with sufficiently strong
background sources, meeting the criteria outlined in Section 3,
only three show detections of HI absorption, yielding a
detection rate of 33% (3/9). This is comparable to the 38%
detection rate reported by J. Dempsey et al. (2022) for the
SMC. Their statistics are based on a much larger sample of
162 sightlines that were evenly distributed across regions with
column densities above 6 x 10%° cm_z, a threshold chosen by
the authors to enclose most of the SMC’s HI mass.

To compare the sensitivity achieved by LGLBS for IC 10
with that of the SMC, we first smooth our IC 10 absorption
spectra to match the 1 km s~ ' velocity resolution used in the
SMC study. Figure 4 shows the 1o rms noise in the absorption
spectra (e~ ") as a function of the integrated flux of the
background source. This figure demonstrates that, for our
detections, the optical depth sensitivity is comparable to that of
the SMC survey. However, in three out of six nondetections,

J o
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Figure 4. Peak continuum flux density versus 1o noise in e~ " for absorption
detections in IC 10 (pink stars), the SMC from J. Dempsey et al. (2022)
(circles, color-coded by peak optical depth 7), and NGC 6822 (green
triangles). IC 10 and NGC 6822 absorption spectra were smoothed using a
Gaussian kernel to achieve similar spectral resolution to GASKAP. The peak
flux density of the LGLBS background sources has been scaled to address the
difference in beam widths between the two surveys. IC 10 points lie
systematically below the SMC, since the surveyed region contains fewer
bright sources. Fluxes and 1o noise in e” " are scaled to the GASKAP beam
and spectral resolution for a fair comparison.

the noise levels are higher than those achieved in the SMC by
J. Dempsey et al. (2022), limiting our ability to detect weak
absorption features (7 < 0.1).

The continuum sources in IC 10 are also intrinsically fainter
than those in the GASKAP SMC survey, with integrated fluxes
typically below 15 mly, compared to 20-100 mJy for most
SMC sources (see Table 1). While the SMC and IC 10 have
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comparable physical sizes (radii of ~2.5-3 kpc), IC10’s
greater distance results in a 0.25 deg” solid angle area spanned
on the sky, which is two orders of magnitude smaller than the
~?25 deg” area covered by the SMC. This significantly limits
the number of bright background radio continuum sources
available for HT absorption studies toward IC 10. As a result,
our observations are mostly sensitive to absorption against the
few relatively strong continuum sources within the gas-rich
parts of the galaxy.

Most nondetections correspond to spectra with rms noise in
e~ 7 greater than 0.25, and are probing regions outside the
central region of IC 10, with a median HI column density of
N ~ 5.1 x 10°° cm 2. This is nearly an order of magnitude
lower than the typical column densities in regions where
absorption is detected (N > 1.57 x 10*' cm™?), highlighting
that the nondetections probe lower-density environments.

Future, more sensitive observations will be necessary to
probe a comparable population of CNM clouds as seen in the
SMC. Specifically, a 30 detection of 7 = 0.1 would require
sightlines with o, < 0.12. In the case of NGC 6822 which
was observed as part of LGLBS (N. Pingel et al. 2024, in
preparation), a similar sensitivity to the present study was
achieved in the emission-line cubelets. However, the two H1
absorption detections were measured against radio continuum
background sources with integrated fluxes an order of
magnitude higher than those available for IC 10 (19.4 and
33.8 mly).

5. Analysis

5.1. Gaussian Decomposition and Radiative Transfer
Calculations

We perform Gaussian decomposition of the absorption and
corresponding emission spectra to derive physical properties of
individual HT structures along each lines of sight. The method
we employ follows that originally outlined in C. Heiles &
T. H. Troland (2003) (hereafter referred to as HT03), with
additional optimizations and best-fit testing introduced by
H. Chen et al. (2025a).

Under a two-phase HI framework (J. M. Dickey et al.
2003), HTO3 assumes that the observed HI brightness
temperature is the sum of contributions from both the CNM
and WNM

T,0bs(v) = Tg,cnm (V) + Tz,wnm(v), 3)

where Tg cnm(v) represents the brightness temperature due to
gas detected in absorption, arising from the CNM, and
Ts wnm(v) denotes the contribution from WNM gas, which
is not seen in absorption and appears only in emission.

We begin by modeling the optical depth 7(v) from the
observed HT absorption spectrum. This is achieved by fitting
an appropriate number of N Gaussian functions, each
representing a distinct CNM structure along the line of sight.
The total sum of the N components makes up the total optical
depth contribution:

N—1
(V) = Z Tom X =4 2[(v=vo,)/ AP 4)
n=0

where 7y, is the peak optical depth, v, is the central velocity,
and Av, is the full width at half-maximum (FWHM) of
component n. Assuming that each fitted component is
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independent and isothermal, characterized by a spin temper-
ature T ,, the corresponding contribution of these N Gaussian
CNM components to the expected brightness temperature is
expressed as

N—1
Te.oom®) = . Tyu(l — e ) e 5 mw), Q)
n=0

Here, 7,,(v) denotes the optical depth of each of the m CNM
clouds located in front of cloud n, and the exponential term
accounts for their cumulative attenuation.

In modeling the remaining contribution to the expected
brightness temperature profile, we use k Gaussians to represent
the unabsorbed emission from the WNM

K-1
Tgwnm(V) = Y [Fe + (1 — F)e ™)
0
X Ty g4I 200=vo)/ Al (6)

Here, To4, voi and Ay, are the Gaussian fitting parameters
representing the peak brightness temperature, central velocity,
and FWHM of the unabsorbed k-th WNM component. The
parameter F characterizes the amount of WNM emission that
remains unattenuated, reflecting the fraction of WNM lying in
front of the CNM. Given a specified set of absorption
components, the expected profile in Equation (3) is fitted by
simultaneously solving for the spin temperatures of the N
CNM components and the Gaussian parameters of the K
WNM emission components. We set a minimum threshold on
To.x equal to the average 1-o noise level of the emission spectra
to prevent spurious low-amplitude components.

In our radiative transfer calculations, we adopt a fixed value
of F, = 0.5 for all WNM components. This choice is
physically motivated by the geometry of the system: the
continuum sources with detected H1 absorption are compact
H1I regions embedded within IC 10, rather than background
point sources. As such, the detection of HI absorption requires
that the absorbing CNM lies in front of the continuum source,
while a substantial portion of the neutral medium must reside
behind it to account for the galaxy’s full line of sight extent.
Fixing F) to 0.5 provides a reasonable approximation of this
configuration, reduces model degeneracy, and helps constrain
the spin temperature solutions (7s,), leading to lower
uncertainties compared to models with more flexible WNM
configurations.

Given this geometry, any CNM located behind the
continuum source does not contribute to the absorption but
still contributes to the emission. Likewise, the assumed
fraction of WNM lying in front of the CNM (F, = 0.5)
affects the absorption/emission modeling. As a result, the
derived CNM column densities and cold gas fractions (fcnwm)
should be interpreted as lower limits, since the clouds behind
the continuum or the WNM effectively treated as foreground
are counted as WNM in the model, and the true CNM content
could be higher.

The final best-fit model for each sightline is determined by
minimizing the residuals between the observed and modeled
spectra (see Section 4.1 of H. Chen et al. 2025a). The
corresponding spin temperature 7T, is then computed as a
weighted average across all fitting trials, following Equations
(21a) and (21b) of HTO3.
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Figure 5. Emission and absorption spectra for the three sources, along with their Gaussian decompositions and residuals. The top panels display the H I emission
spectra, while the bottom panels show the optical depth spectra, plotted as (1 — e~ 7). The original spectra are shown in blue, with the best-fit model from radiative
transfer calculations (see Section 5) overlaid in orange. In the emission panels, the contribution of each WNM component is plotted in red, and the contribution of

each CNM component to the emission is shown in green. In the absorption panels, the contribution of each individual CNM component is shown in green. The fitting
parameters are provided in Table 2.

Table 2
Radiative Transfer Results for CNM and WNM in IC 10, Obtained via Gaussian Decomposition
Source Name Jfonm Phase T, Tpeak OF Tp Vo Avy T max Ny 1
(K) (K) (km s™) (km s~ (K) 10*' em™3)
WBBH J002027+591706.1 0.37 + 0.06 CNM 547 + 33 2.12 £ 0.10 —328.66 + 0.28 12.44 + 0.66 3389 2.80 + 0.26
WNMI1 68.18 + 0.74 —327.67 + 3.32 33.72 + 8.78 24863 4,46+ 1.16
WNM2 21.82 £+ 0.39 —368.60 + 0.48 7.69 + 5.88 1295 0.32 £ 0.2
WBBH J002027+591728.7 0.21 + 0.04 CNM 37.7 £ 3.7 2.03 +0.10 —332.50 +£ 0.14 5.58 + 0.39 681 0.83 + 0.1
WNMI1 77.10 £+ 2.74 —334.80 + 3.71 19.23 + 8.95 8090 0.28 +0.13
WNM2 23.59 + 0.28 —354.20 + 0.30 4.00 + 8.14 349 0.18 + 0.37
WBBH J002017+591839.7 0.32 + 0.17 CNM 30.6 + 10.6 0.83 + 0.03 —341.42 + 0.22 13.58 + 0.54 4032 0.67 + 0.23
WNMI1 27.00 + 2.88 —329.20 + 10.6 24.65 + 17.45 13284 1.29 + 0.92
WNM2 15.96 + 1.40 —353.30 + 1.50 3.85 + 8.05 324 0.12 + 0.2

6. Physical Properties of CNM in IC 10
6.1. Fitting Results

the spin temperature (7), the peak optical depth (7peax) for the
CNM components or brightness temperature (7p) for the
WNM components, the peak central velocity (vo), the FWHM
(Avg), the maximum kinetic temperature (T max), and the
neutral hydrogen column density of each phase component

Figure 5 presents the H I emission and absorption spectra for
the three sources, along with their phase decomposition,

highlighting the contributions of the WNM and CNM
components. The corresponding Gaussian fitting parameters
are shown in Table 2, where we present the source name, the
fraction of cold gas (fcnwm), the gas phase (CNM or WNM),

(Nu D).

As described in Section 4.1, we refer to the two sources near
IC 10’s optical center as the central detections (WBBH
J0020274591706.1 and WBBH J002027+591728.7), and to
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the third, located along the boundary of a shell-like structure,
as the shell detection (WBBH J002017+591839.7).

The central detections exhibit saturated absorption spectra.
As previously discussed, for these considerably saturated
spectra, we set a maximum threshold of 1 — ¢~ " = 0.96 to
avoid infinite values when converting the absorption to optical
depth for fitting purposes. After applying this threshold, we
measure peak optical depths of 2.12 and 2.03, which should be
interpreted as lower limits. In such cases, the standard
optically thin approximation (Equation (2)) underestimates
the true HI column density. For the shell detection, the
absorption spectrum is not saturated, and we measure a peak
optical depth of 0.83.

For each of the three sources, the total corrected column
density (Ny 1), representing the sum of all the WNM and CNM
components along the line of sight, is: 7.5 x 10*' cm™2 for
WBBH J002027+591706.1, 3.8 x 10°' cm ? for WBBH
J002027+591728.7, and 2.1 x 10*' cm ™2 for WBBH J002017
+591839.7.

We can then estimate a lower limit on the correction factor,
P, defined as the ratio of Ny and Ny 1 uncorr- AS reported in
Table 1, the uncorrected column densities are 5.6 x 10?' cm ™2
for WBBH J002027+591706.1, 3.0 x 10*' cm™> for WBBH
J002027+591728.7, and 1.5 x 10*' cm™ > for WBBH J002017
+591839.7. For the three sources, we find %y = 1.34, 1.28,
and 1.32, respectively. This suggests that the bright central
star-forming regions of IC 10 have the HI mass under-
estimated by at least 20%—40% if the optically thin assumption
is applied.

We report similar central velocities for sources along similar
R.A. and decl.: absorption in the central detections peaks at
—328.66 km s~ and —332.50 km s, respectively, whereas
the shell detection has a central velocity for the HT absorption
component of —341.42 km s~ .

The resulting spin temperatures of the three CNM
components we have identified are in the range 30-60 K.
The lowest spin temperature is observed for WBBH J002017
+591839.7 (30.6 + 10.6 K), while WBBH J002027
+591706.1 exhibits the highest (54.7 + 3.3 K). WBBH
J002027+4-591728.7 shows an intermediate CNM temperature
of 377 £ 3.7 K.

The kinetic temperature, T max, is calculated from the
observed line widths under the assumption that the line
broadening is purely thermal. For a completely thermalized
gas, the maximum kinetic temperature is given by

my 2 2
Timax = ———Avy = 21.866 x Ay, 7
k, 8kB 1n2 0 0 ( )

where my is the hydrogen atom mass, kg is the Boltzmann
constant, and Avy is the FWHM of the line (B. T. Draine 2011).
We estimate Tx max = 3389 K for WBBH J002027+591706.1,
Tk max = 681 K for WBBH J0020274-591728.7, and T max=
4032 K for for WBBH J0020174-591839.7.

In terms of line width, for two identified CNM components,
we measure broad line widths (>12 km s ')—WBBH
J002027+591706.1 has an FWHM of 12.44 + 0.66 km s~
and WBBH J002017+4591839.7 has an FWHM of
13.58 £ 0.12 km s~ '. These profiles were obtained against
slightly extended background sources (see Table 1 for
information on their angular extent), which might contribute
to the line broadening. In contrast, WBBH J002027
+591728.7, extracted against a more compact source, exhibits
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the narrowest HI absorption line of the three sightlines of
558 £ 039 kms .

All three sources exhibit two distinct WNM components
that follow a consistent pattern: a broad WNM component
with a corresponding peak central velocity closely aligned with
the CNM component, and a second, narrower WNM
component whose line width is comparable to or even smaller
than that of the CNM in emission. Specifically, WBBH
J002027+4-591706.1 shows broad and narrow WNM compo-
nents with line widths of 33.72 + 8.78 and 7.69 + 5.88 km
s ! at Vpeak = —327.67 and —368.60 km s, respectively.
WBBH J002027+591728.7 exhibits components of 19.23 £
8.95 and 4.00 £ 8.14 km s~ " at vy = —334.80 and —354
km sfl, with the latter narrower than the CNM. Finally,
WBBH J002017+4-591839.7 shows line widths of 24.65 =+
17.45 and 3.85 4+ 8.05 km s ' at Vpeak = —329 and —353 km
s~'. The coexistence of broad and narrow WNM components
suggests the presence of multiple thermal phases along the
same line of sight, with the broad component tracing the
classical, thermally stable WNM, while the narrow component
may represent a thermally unstable neutral medium or
unresolved CNM substructure within the emission beam.

By directly probing the CNM through H I absorption, we are
able to estimate the cold gas fraction, fcnm. Given the derived
spin temperature Ty, we compute the CNM contribution to the
total H1 column density along each line of sight with detected
absorption. The total CNM and WNM column densities for
each line of sight are obtained by summing over all individual
components, denoted as Nyi cnm, an and Ny wawm, ans
respectively. The cold gas fraction is defined as

Nui, eNm, all

(®)

fonm = :
Nur, eNM, all + NHI, WM, all

For the three sightlines in IC 10 with detected absorption,
we estimate fonv = {0.37, 0.21, 0.32}. These values should be
considered lower limits, since our analysis is limited to
continuum sources embedded within IC 10 and two out of the
three sightlines suffer from additional saturation effects. Any
cold HT located behind these bright HII regions remains
undetectable in absorption, and thus does not contribute to our
estimate of N1, cnm. Consequently, the true cold gas fraction
along these lines of sight may be higher than what we
report here.

6.2. Line Widths of H 1 Absorption and Molecular Line
Emission

We compare the H I radiative transfer solutions to other cold
phases of the ISM, focusing in particular on the cold phase
traced by molecular line emission. Figure 6 shows the HCO™,
HCN, and '*CO(1-0) emission spectra from A. A. Kepley
et al. (2018) (green, orange, and blue, respectively), alongside
the HT absorption spectra from this work, smoothed to match
the 5 km s~ velocity resolution of the HCO™ and HCN data.
Measurements of the HCO" and HCN lines were obtained
using the GBT, which has a resolution of 8.5 corresponding to
~34 pc, approximately the size of an individual GMC.
12CO(l—O) data, hereinafter referred to as CO, is combined
from observations with CARMA and the IRAM 30m
telescope, yielding a synthesized beam of ~8.5 and a velocity
resolution of 2.5kms™ ' (for more information on these
observations, we refer the reader to A. A. Kepley et al. 2018).
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Figure 6. H 1 absorption and molecular line spectra toward WBBH J002027+591706.1 (left), WBBH J002027+-591728.7 (middle), and WBBH J002017+591839.7
(right). In each panel, the darker purple curves show smoothed H I absorption spectra, plotted as e~ "H! and scaled for clarity; the H I absorption was smoothed with a
Gaussian kernel matched to the spectral resolution of the molecular data (5 km s~ 1). Colored solid lines indicate emission from '>CO (1-0) (blue), HCO* (green),
and HCN (orange) (A. A. Kepley et al. 2018), each vertically offset to emphasize spectral features. The relative velocity alignment of the gas components highlight a

tightly coupled atomic and molecular medium.

Figure 6 shows that the HI absorption and molecular line
emission are found at similar radial velocities and all spectral
features have relatively similar line widths. This suggests that
the molecular gas is well mixed with the HI.

In the diffuse molecular regions in the Milky Way,
D. R. Rybarczyk et al. (2022) found that HI absorption
profiles are generally much broader than those of molecular
species such as HCO™, HCN, and HNC, with only their broad
and low optical depth HCO™ components approaching the
width of HI. In contrast, our observations in IC 10 show that
the CO, HCO™, and HCN emission features exhibit line widths
relatively comparable to those of the HI absorption. This
suggests that the CNM in IC 10 is denser than the CNM in the
Milky Way, as expected for low-metallicity conditions.

WBBH J002027+591706.1 exhibits an HI absorption
feature with an FWHM of 13.60 + 0.78 km s~ ' and a
central velocity of —328.93 + 0.03 km s~ ' from Gaussian
fitting. This line of sight intersects GMC B11 (as seen in
A. Leroy et al. 2006) and HII region [HL106]. The CO
emission has an FWHM = 11.2 + 0.07 km s~ ' and a central
velocity of veo = —331.6 km s™'. A young massive cluster
(YMC) candidate of stellar mass M, ~ (8.2 &+ 1.0) X 10° M
is also present at this exact location (Bouchereau et al. 2025, in
preparation). As reported by A. A. Kepley et al. (2018), the
HCO" line has an FWHM of 11.0 £ 0.6 km s ' at
ve = — 330.8 £ 0.3 km s~!. while the HCN line has an FWHM
of 112 + 03 kms 'atv. = — 3294 + 0.6 km s ..

WBBH J002027+591728.7 exhibits the narrowest HI
absorption line (FWHM of 5.58 + 0.39 km s ') and a
central velocity of —332.5 km s~ '. It is associated with GMC
B10, (vco = — 330.5 km s~!, FWHM = 12.06 km s }), HII
region [HL 111], and a YMC with M, =~ 1.6 £ 0.7 x 10* Mg,
(Bouchereau et al. 2025, in preparation). There were no
pointings toward this sightline in A. A. Kepley et al.’s (2018)
study.

WBBH J002017+591839.7 lies along the rim of the
expanding HI hole WM 7 with an expansion velocity of
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~16 km s~ (N. R. Pokhrel et al. 2020). The H1 absorption has
an FWHM of 13.58 + 0.12 km s~ ' and a central velocity of
—341.1 km s '. This source coincides with GMC B5
(vco = — 3353 km s ', FWHM = 84 km s ), HII region
[HL 45], and a YMC of mass M, ~ 2.3 + 0.6 x 10* Mg,
estimated from 225 GHz flux of (6.6 + 1.8) mJy (Bouchereau
et al. 2025, in preparation). At this sightline, only HCO™" was
found in emission, with an FWHM of 14.8 + 1.7 km s~/ at
ve=— 3356+ 0.7 kms .

We measure the velocity offset between CO and HI,
Av = |vco — vui| for each individual sightline in IC 10.
WBBH J0020274591706.1 and WBBH J0020274-591706.1
exhibit relatively small offsets, of 2.67 and 2 km s~
respectively, whereas WBBH J002017+591839.7 shows a
slightly larger offset of 5.8 km s, signaling a more dynamic
environment. The HCO™ line profile in the direction of WBBH
J002017+4-591839.7 exhibits an unusually large FWHM of
14.8 km s~ ' and elevated line intensities (A. A. Kepley et al.
2018). These features were difficult to explain solely as a
consequence of line blending within the GBT’s 8" beam.
A. A. Kepley et al. (2018) attributed the enhanced HCO™
emission to shock-driven processes, pointing out that the
sightline intersects several expanding bubbles (see Figure 1 in
A. A. Kepley et al. 2018; see also E. M. Wilcots &
B. W. Miller 1998; A. Leroy et al. 2006).

7. Discussion

Until LGLBS, the only high-resolution views of cold HI in
low-metallicity galaxies, directly detected via HI absorption,
were provided by the Magellanic Clouds (J. Dempsey et al.
2022; H. Chen et al. 2025a, 2025b, in preparation). In
particular, the SMC with its gas-phase metallicity of ~0.25 Z,
has served as an example of a primitive ISM environment,
similar to galaxies at high redshift. The high-resolution and
sensitivity observations with LGLBS provided direct
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Figure 7. Uncorrected HI column density (Ny runcor), derived under the
optically thin assumption (Equation (2)), versus integrated optical depth
( fr dv) for IC 10 (pink stars; this work). For comparison, measurements from
the SMC (light gray circles; J. Dempsey et al. 2022) and NGC 6822 (green
triangles; N. M. Pingel et al. 2024) are shown. Both axes are logarithmic; error
bars indicate 10. Negative SMC values are excluded.

detections of cold HI in absorption in NGC 6822 (N. M. Pingel
et al. 2024) and IC 10.

NGC 6822 and IC 10 cover a significantly smaller area on the
sky compared to the Magellanic Clouds (~0.25 deg” versus
~25 deg” respectively). As a result, the sample of H I absorption
measurements from LGLBS is limited by the small number of
bright continuum sources where our sensitivity is sufficient to
detect cold HI. In fact, while surveys of HI absorption in the
SMC largely sample background (point) sources, our IC 10
absorption detections are toward solely the brightest H II regions
in IC 10. With only three HI absorption spectra, it is not
possible to undertake a statistical analysis of cold H I properties;
however, we can provide a glimpse at key CNM characteristics
and compare CNM in IC 10 with what is known about CNM
properties in other low-metallicity galaxies.

7.1. Integrated Properties of Cold H1 in IC 10 and Other
Dwarf Galaxies

Figure 7 shows the integrated optical depth ( Jrav) as a
function of uncorrected column density, calculated under the
optically thin assumption (Ng1uncorr; Equation (2)) for our
three detections. To place the level of HI absorption detected
in IC 10 in context with other galaxies of similar metallicity,
measurements of the same physical quantities from the SMC
(J. Dempsey et al. 2022) and NGC 6822 (N. M. Pingel et al.
2024) are included.

In terms of integrated properties, the CNM detected in IC 10
traces the high column density (Ng; > 10* cm™?) and high
optical depth (7 > 0.8) end of the CNM population observed in
the SMC, resembling that found in NGC 6822. As shown in
Figure 7, the IC 10 detections clearly probe the high Jr dv/Ny,
regime of the CNM population, given our current sensitivity. This
suggests that future, deeper observations could potentially reveal
CNM components with lower optical depths and column densities.

7.2. Individual CNM Components in IC 10 and Other Dwarf
Galaxies

Similarly to our previous comparison, we next compare the
radiative transfer—derived cold gas properties of IC 10 with
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Figure 8. Comparison of CNM components properties across Local Group
galaxies. Peak optical depth (Tpeax) versus FWHM line width (Avg) for H1
absorption components detected toward background sources in IC 10 (this
work; pink stars), NGC 6822 (green triangles; N. Pingel et al. 2024, in
preparation), the SMC (purple pentagons; J. Dempsey et al. 2022), and the
LMC (blue circles; H. Chen et al. 2025b, in preparation). For the LMC
components, sightlines within 30’ away from 30 Dor complex are marked by
the gold crosses. A vertical dashed line marks the 30 optical depth sensitivity
threshold of this study (7peax = 0.51). Sources with broader components
(Avg > 10 km s~ ') are present in each sample, potentially indicating line
blending or turbulent gas structures.

those of dwarf galaxies of similar metallicity, namely
NGC 6822 (observed as part of LGLBS; N. M. Pingel et al.
2024), and the outskirts of the SMC and LMC (observed as
part of GASKAP-HT; J. Dempsey et al. 2022; H. Chen et al.
2025a). For the following, we also include measurements of
cold gas in the main body of the LMC (H. Chen et al. 2025b, in
preparation).

7.2.1. Spin Temperature

We measure spin temperatures of 30-60 K for our three
detections, with a mean value of 44 K. These values are
comparable to those of the five CNM components identified in
NGC 6822, which have a mean T of 32 K, and to those found
in the outskirts of the SMC (median 27 K; H. Chen et al.
2025a). In the outskirts of the LMC, CNM components exhibit
a similar median value of 24 K (H. Chen et al. 2025a), while in
its main body, the spin temperature is higher, with a median of
~35 K and a mean of ~50 K (H. Chen et al. 2025b, in
preparation). Across all dwarf galaxies the spin temperatures
are broadly consistent around ~25-60 K. For comparison,
the Milky Way exhibits a median CNM spin temperature
of ~50 K and a broader CNM temperature distribution
spanning ~50-200 K (N. M. McClure-Griffiths et al. 2023).
This implies that the CNM in dwarf galaxies is systematically
cooler by roughly a factor of 1.5-4 relative to the upper end of
the Milky Way CNM distribution, and remains confined to the
lower end of the Galactic temperature range.

7.2.2. Line Widths and Turbulent Broadening

Figure 8 shows the peak optical depth, Tpeax, and FWHM
Avq for the individual Gaussian components of absorption
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profiles observed in NGC 6822 (green triangles; N. M. Pingel
et al. 2024), the LMC (blue circles; H. Chen et al. 2025b, in
preparation), and the SMC (purple pentagons; J. Dempsey
et al. 2022). CNM components in the LMC in the vicinity of
the 30 Dor complex are additionally marked with yellow
crosses. The dashed horizontal line indicates the 3¢ sensitivity
in optical depth (0.51) of the LGLBS IC 10 data. Our current
sensitivity samples only the most opaque CNM structures,
with most of the CNM components in the Magellanic Clouds
falling below this threshold.

We use SMC data from J. Dempsey et al. (2022) to have a
robust number of CNM components. To that end, we note that
since no radiative transfer calculations were applied, we derive
the FWHM Av, using the provided equivalent width of the
absorption spectra ( Jrdv). We assume that each absorption
spectrum has a Gaussian line profile and that it can be
represented by a single component. While a single Gaussian
function is a simplification, since an absorption profile may
consist of multiple overlapping CNM components, we note
that H. Chen et al. (2025b, in preparation) found that 80% of
the absorption spectra in the outskirts of the SMC were well
described by a single Gaussian, making this a reasonable
approximation. Therefore, the equivalent width can be treated
as the area under the Gaussian curve, which can further be
related to the FWHM Ay, and the peak optical depth 7Tpcai as

Jrwadv

FWHMAyy = —L "
1.065 X Toeak

©)

In Figure 8 we can see the CNM components in NGC 6822
all display narrow lines (Avy, < 5kms '), spanning a wide
range of optical depths (0.4 < Tpeax < 3.4). In the SMC, most
sources also  exhibit narrow  absorption  features
(Avy < S5kms™'), with only a few broader profiles
(Avy ~ 7-10kms™') associated with higher optical depths
(Tpeak > 2)

By contrast, the IC 10 components show significantly larger
line widths (Avy ~ 13.6kms™ '), exceeding what is expected
from purely thermal broadening (~2kms ') and surpassing
those measured in the SMC (H. Chen et al. 2025a). In the
LMC, most CNM components also have Avy < 6 km s~1, but
a substantial subset exhibits broader features with no clear
correlation between line width and optical depth. Even within
the 30 Doradus region, where CNM components trace intense
star formation, line widths range from <5km s™' to over
20kms ', showing no preferred regime.

Although the scatter in the FWHM Avy—7,c.x plane appears
largely random, H. Chen et al. (2025b, in preparation) found
that CNM components in the LMC tend to be broader along
sightlines intersecting HI shells, likely reflecting enhanced
turbulence from stellar feedback and shell expansion. In our
sample, only one source lies toward an HI shell (WBBH
J002027+4591728.7), and its CNM component is indeed
relatively broad, consistent with this trend. However, because
two additional sightlines outside this shell region show one
broad and one narrow component, respectively, the interpreta-
tion remains uncertain. Moreover, since star-forming regions
also coincide with high-density environments, enhanced
cooling and fragmentation could produce a more clumpy
CNM, further complicating the interpretation.
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7.3. Fraction of Cold H1 in IC 10 and Other Dwarf Galaxies

Observationally, a global decreasing trend in fony With
metallicity is seen in absorption-line surveys of nearby low-
metallicity dwarfs such as the SMC (J. Dempsey et al. 2022)
and LMC (H. Chen et al. 2025b, in preparation), when
considering mean fcny values averaged over hundreds of
sightlines.

We measure significantly higher CNM fractions in IC 10 per
line of sight (20%—-33%) compared to other low-metallicity
galaxies. For instance, in the SMC’s inner body, J. Dempsey
et al. (2022) estimated fonm = 11% using background sources
and the relation fony =~ T./(T,), assuming 7, = 30K (see
J. M. Dickey et al. 2000). In the SMC outskirts, H. Chen et al.
(2025a) found even lower values (1%—11%). In NGC 6822,
N. M. Pingel et al. (2024) derived fonm = 11.5%—-33% based
on absorption toward background point sources. These
comparisons place IC 10 at the high end of cold gas fractions
observed in low-metallicity dwarfs, with values closer to those
measured for Galactic lines of sight (median ~30%;
C. E. Murray et al. 2018; N. M. McClure-Griffiths et al. 2023).

Theoretical predictions, such as those done with the
TIGRESS-NCR numerical simulations (C.-G. Kim et al.
2024), show that at low metallicity, the global CNM fraction
is expected to decrease, although the local CNM mass fraction
along individual lines of sight can remain similar. The balance
between heating and cooling, which regulates thermal pressure
equilibrium, is sensitive to the metallicity of the gas. When the
dust-to-metal ratio is fixed (as is the case in the TIGRESS-
NCR simulations except for the lowest metallicity models), the
effects of the metallicity in metal cooling and grain photo-
electric heating cancel out to the first order. In low-metallicity
environments, however, the reduced dust attenuation allows
far-ultraviolet radiation to penetrate more deeply, enhancing
photoelectric heating for a given SFR. This results in more
heating-dominated conditions at lower metallicities and,
consequently, lower CNM area-filling factors.

The elevated fenm in IC 10 likely reflects an observational
bias: our sightlines intersect dense environments near GMCs
and H II regions, where both the HI column density and CNM
fraction are naturally enhanced. This interpretation is con-
sistent with Galactic studies showing higher fcany near GMCs
compared to diffuse sightlines (33% versus 22%; S. Stanimir-
ovi¢ et al. 2014; H. Nguyen et al. 2019). In the LMC, H. Chen
et al. (2025b, in preparation) found that fonm spans 10%-—
100% (median 21%, mean 27%), also highlighting substantial
spatial variation within a single galaxy. Our small sample of
local line-of-sight measurements is not enough to draw
conclusions about the global fenn trends in IC 10. Future
observations with larger samples will be essential to
distinguish local from global dependencies of the CNM
fraction on metallicity and environment.

7.4. Line Blending

In Section 7.2.2, we examined whether the spatial
coincidence of HI absorption with regions of intense star
formation could explain broad FWHM (Avy) measured for
WBBH J002027+591706.1 and WBBH J002017+591839.7,
drawing a comparison with CNM components in 30 Dor of the
LMC. However, those LMC components show no systematic
increase in line width, despite residing in an extreme star-
forming environment. In what follows, we explore alternative
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explanations for the observed broadening, including the
influence of resolution effects and the relationship between
H I absorption and molecular tracers.

Other than a turbulent, feedback-driven environment such as
that of IC 10’s star-forming regions, resolution constraints
likely contribute to the observed line widths. Cold HT is
expected to be highly clumpy on scales far smaller than our
beam. Simulations suggest CNM forms at ~0.1 pc scales, set
by the WNM cooling length (P. Hennebelle & E. Audit 2007).
Observations in the Milky Way support this picture: CNM
filaments have widths below 0.3 pc, in some cases as small as
0.09 pc (P. M. W. Kalberla et al. 2016).%

This clumpiness parallels that observed in molecular gas.
The CNM envelopes molecular clouds (S. Stanimirovi¢ et al.
2014), which themselves are highly fragmented. High-resolu-
tion studies of low-metallicity galaxies such as the SMC show
hierarchical molecular cloud fragmentation from 9 pc down to
subparsec scales (e.g., K. E. Jameson et al. 2018; K. Tokuda
et al. 2021; H. P. Saldafio et al. 2023, 2024), with comparable
2 pc-scale structure reported in NGC 6822 and WLM
(A. Schruba et al. 2017; M. Rubio et al. 2015), highlighting
that molecular structures on scales from <2 pc down to
subparsec are ubiquitous and likely mirrored in the cold H1.

Absorption studies probe CNM at higher effective resolu-
tion, but, even on ~9 pc scales, blending and beam dilution
limit what can be resolved (H. Chen et al. 2025a). At our
~15 pc resolution, H1 measurements inevitably average over
many clumps, producing blended profiles.

8. Conclusions

We have presented new HI emission and absorption
observations of the low-metallicity Local Group starburst
dwarf galaxy IC 10, obtained by the LGLBS collaboration
using the VLA. We have detected HI absorption in the
direction of three radio continuum sources, which are among
the first such detections in a low-metallicity star-forming
environment beyond the Magellanic Clouds. The three
detections occur toward internal H1I regions of IC 10. This
effectively provides a direct probe of the densest cold gas
embedded within IC 10’s star-forming regions rather than
diffuse sightlines through the galaxy.

We summarize our analysis and results below:

1. We identified CNM components along three separate
lines of sight in IC 10 using Gaussian phase decomposi-
tion and radiative transfer. The spin temperature 7 of
these components range from ~30 — 54 K with a mean
value of 44 K. We find column densities for the CNM
ranging from 7.8 x 10%° to 3 x 10*' cm ™2 and Avewnm
ranging from 5.7 km s~ to 13.6 km s~ ', corresponding
to maximum 7} ranging from 681 to 4032 K; and cold
HT gas fraction fcny from 0.20 to 0.38.

2. We measure cold gas fractions in IC 10 that are higher
than those reported for the SMC and NGC 6822. This is
likely influenced by our source selection, which is biased
toward star-forming regions. Future studies of different
LGLBS targets will be critical for disentangling the
relative roles of local star-forming environments and
galaxy-wide metallicity in shaping the CNM fraction.

25 This estimate is based on H I emission data only, which has its own caveats.
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3. The HT absorption and molecular line emission (CO,
HCO', HCN) in IC10are found at similar radial
velocities, and their spectral features have comparable
line widths, indicating a well-mixed atomic and mole-
cular component along these sightlines, and a den-
ser CNM.

4. We find HI absorption in IC 10 with line widths
comparable to the CO, HCO', and HCN emission
features, i.e., for WBBH J002027+4591706.1 the HI
absorption feature has an FWHM of 13.60 £ 0.78 km
sfl, while the HCO™ emission line has an FWHM of
11.0 £ 0.6 km s~ '. This indicates a clear kinematic
relation that extends into the high-density ISM, con-
sistent with models predicting higher CNM densities in
low-metallicity conditions, though we note that selection
biases may contribute to this trend.

5. For IC 10, a spatial resolution of ~15 pc is insufficient to
resolve individual CNM clouds. In addition, the absorp-
tion spectra were obtained against slightly extended H I
regions internal to the galaxy. As a result, much of the
observed line broadening could be attributed to spatial
and kinematic averaging across extended background
sources.
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