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Abstract

Measuring the properties of the cold neutral medium (CNM) in low-metallicity galaxies provides insights into
heating and cooling mechanisms in early Universe-like environments. We report detections of two localized atomic
neutral hydrogen (H1) absorption features in NGC 6822, a low-metallicity (0.2 Z.) dwarf galaxy in the Local
Group. These are the first unambiguous CNM detections in a low-metallicity dwarf galaxy outside the Magellanic
Clouds. The Local Group L-band Survey (LGLBS) enabled these detections, due to its high spatial (15 pc for HI
emission) and spectral (0.4 km s~ ') resolution. We introduce LGLBS and describe a custom pipeline for searching
for HI absorption at high angular resolution and extracting associated HI emission. A detailed Gaussian
decomposition and radiative transfer analysis of the NGC 6822 detections reveals five CNM components with key
properties: a mean spin temperature of 32 & 6 K, a mean CNM column density of 3.1 x 10°° cm ™2, and CNM mass
fractions of 0.33 and 0.12 for the two sightlines. Stacking nondetections does not reveal low- level signals below
our median optical depth sensitivity of 0.05. One detection intercepts a star-forming region, with the H I absorption
profile encompassing the CO (2—1) emission, indicating coincident molecular gas and a depression in high-
resolution H I emission. We also analyze a nearby sightline with deep, narrow HT self-absorption dips, where the
background warm neutral medium is attenuated by intervening CNM. The association of CNM, CO, and Ha
emissions suggests a close link between the colder, denser HI phase and star formation in NGC 6822.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar absorption (831); Interstellar atomic
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gas (833); Dwarf galaxies (416)

1. Introduction

Atomic hydrogen (H1) gas is the primary component of the
interstellar medium (ISM) by mass in most galaxies and makes
up the majority of the baryonic mass in many low-mass
galaxies. It is used to form molecular hydrogen (H,) and has a
crucial role in the shielding of dense molecular gas, where stars
form, from photodissociation processes (McClure-Griffiths
et al. 2023). How giant molecular clouds (GMCs) form out
of the diffuse HT is still not well understood; the HI gas is
considered as the main formation reservoir of GMCs (Shu et al.
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1973; Audit & Hennebelle 2005; Heitsch et al. 2005; Kim &
Ostriker 2006; Blitz et al. 2007; Clark et al. 2012; Dobbs
et al. 2014).

Theoretical models of steady-state ISM heating and cooling
predict the nature of the HI thermal structure. In the Solar
neighborhood, two thermally stable phases—the cold neutral
medium (CNM) and warm neutral medium (WNM)—are
expected, with the kinetic temperature (7}) being mainly in the
ranges 25-250K and 5000-8000 K, respectively. These steady-
state models demonstrate that HI in the range of about
250K < T <5000K is thermally unstable and short-lived,
although this depends on the details of the local heating and
cooling processes (Field et al. 1969; Wolfire et al. 1995, 2003;
Bialy & Sternberg 2019). The local conditions of the ISM
influence the properties of distinct H1 phases. For example, in
metal-poor gas with low dust content, the photoelectric heating
from the surface of dust grains and polycyclic aromatic
hydrocarbons (PAHs) is less effective (Bialy & Sternberg 2019).
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As a result, at low metallicity, one might expect that the CNM
should be colder. Additionally, when the UV radiation field
increases by a factor of 10, the thermal equilibrium curve, which
marks where thermally stable CNM and WNM can co-exist, shifts
to higher pressures (McClure-Griffiths et al. 2023).

The CNM has low spin temperatures and high optical
depths, which influence the emission at small scales (<100 pc),
at least within the Milky Way. For example, Heiles & Troland
(2003) observed examples of narrow H I emission features that
are also seen in HI absorption at high Galactic latitudes.
Similarly, HI self-absorption (HISA) in the Milky Way
produces characteristic line profiles that can be used to extract
information about the properties of the CNM (e.g., Gibson
et al. 2005; Soler et al. 2020; Wang et al. 2020). However, in
other galaxies, the interpretation of HI emission profiles is
usually complicated by limitations in the spatial/spectral
resolution of the radio telescope and overall degeneracy in
the line broadening caused by turbulence and the blending of
emission components arising from velocity crowding and a mix
of thermal phases (Koch et al. 2021). Given this, the most
direct way of detecting the CNM is through HI 21cm
absorption against strong radio background sources (e.g.,
Murray et al. 2018; Jameson et al. 2019; Dempsey et al.
2022). Such measurements enable constraints of the spin
temperature and optical depth when the associated H I emission
spectrum is also considered. And because collisions are
sufficient to populate the energy levels at the volume densities
of the CNM (10-100 cm*3), a measurement of the spin
temperature becomes a useful proxy for 7j (Field 1958;
Liszt 2001).

Numerous studies have focused on sightlines through the
local Milky Way disk to study the H 1 emission and absorption
in conjunction with one another at high enough spectral and
angular resolution to provide constraints on CNM properties
(Heiles & Troland 2003; Dickey et al. 2009; Roy et al. 2013;
Murray et al. 2018). Recent sensitive widefield observations
enabled by the Australian Telescope Compact Array (ATCA)
and the Australian Square Kilometer Array Pathfinder
(ASKAP) have provided the first statistical samples of the H1
thermal structure at low metallicity by detecting H I absorption
in the direction of background radio continuum sources behind
the Magellanic Clouds (Dickey et al. 2000; Marx-Zimmer et al.
2000; Jameson et al. 2019; Dempsey et al. 2022). But due to
limitations in sensitivity, there have only been a handful of HI
absorption detections with associated HI emission in external
galaxies outside the Magellanic System, specifically M31 and
M33 (Dickey & Brinks 1988, 1993; Braun & Walterbos 1992).
A main goal of extragalactic HI surveys is to probe the
properties and abundance of the CNM in galaxies with
properties distinct from the Milky Way, but so far there have
been no detections of CNM absorption in any low-metallicity
galaxy beyond the LMC and SMC.

A new major survey called the Local Group L-band Survey
(LGLBS), using ~1700 hr of observing time with the post-
upgrade Karl G. Jansky Expanded Very Large Array (VLA),
combines high-spatial- and high-spectral-resolution line and
continuum observations of the six star-forming Local Group
galaxies visible to the VLA to probe a wide parameter space in
terms of astrophysical environments (E. Koch et al., 2024, in
preparation; N.Pingel et al. 2024, in preparation). With the
advent of the LGLBS, we now have the spectral resolution,
angular resolution, and sensitivity to detect 21 cm absorption
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against bright background or in-galaxy continuum sources
outside the Magellanic System for the first time.

This paper presents the first results of this effort and is
organized as follows: Section 2 provides a brief overview of the
findings from previous studies of NGC 6822; Section 3
presents a summary of LGLBS and outlines our methods for
the calibration and extraction of the absorption and emission
spectra; Section 4 discusses the characteristics of our
detections; Section 5 summarizes the joint decomposition
analysis of the emission and absorption spectra to measure
physical properties; Section 6 explores the spatial and spectral
association of the HI absorption with other tracers; Section 7
places the CNM properties in NGC 6822 in context with
previous studies of the high-latitude Milky Way and
Magellanic System and discusses the association with nearby
molecular gas; and, finally, we discuss future work and
summarize in Section 8.

2. Previous Studies of Cold Gas in NGC 6822

At a distance of 480 kpc, NGC 6822 is the nearest actively
star-forming low-metallicity galaxy beyond the SMC. In many
ways, NGC 6822 resembles the SMC. For example, it has
metallicity 12 + log;,(O/H) = 8.02 & 0.05 (Garcia-Rojas
et al. 2016), similar to that of the SMC (8.01 +0.02). It is
also similarly gas-rich, with an atomic mass of 1.3 x 10° M,
(de Blok & Walter 2006a). However, NGC 6822 has a star
formation rate (SFR) of 0.015 M, yrfl (Efremova et al. 2011),
which is roughly two times lower than that of the SMC (Bolatto
et al. 2011), and a global gas-to-dust ratio of ~480 (Schruba
et al. 2017).

Most of the star formation in NGC 6822 is occurring in four
massive cloud complexes (de Blok & Walter 2006b). These
together host about two-thirds of the total star formation
activity in the galaxy, have each been forming stars for at least
~10Myr, and host >100 OB stars (Schruba et al. 2017).
Because they represent key targets, these regions already have
high resolution, high sensitivity, multiwavelength data sets
(Cormier et al. 2014; Lenki¢ et al. 2024; Nally et al. 2024).
More recently, the CO mapping from the Atacama Large
Millimeter/submillimeter Array (ALMA) presented in Schruba
et al. (2017) reveals the presence of 2-3 pc sized CO cores
scattered across each region. Determining the density and
kinematic properties of the CNM that is associated with these
dense, star-forming CO structures will provide insights into the
physics of star-forming regions in low-metallicity environ-
ments, as well as studying the association with young stellar
objects from Spitzer (Hirschauer et al. 2020) and JWST
(Lenkic et al. 2024).

de Blok & Walter (2000), Park et al. (2022), and Namumba
et al. (2017) all observed and analyzed H I emission from 6822.
These studies considered the existence of narrowline HI
components in the emission profiles through Gaussian
decomposition techniques and the implications for gas stability,
but so far no HI has been detected in absorption. Thus, there
has been no unambiguous measurement of the abundance and
properties of the cold atomic gas in this galaxy.

3. Observations and Data Processing
3.1. LGLBS

LGLBS is an extra-large project that observed L-band line
and continuum emission from the Local Group spirals
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M31 and M33 and the dwarf galaxies IC 10, IC 1613,
NGC 6822, and WLM. The observations combine all
available VLA configurations, using a 1:1:1:0.5 ratio of
integration time between the A, B, C, and D configurations.
The full survey is described in E. Koch et al. (2024, in
preparation) and the 21 cm imaging in N. Pingel et al. (2024,
in preparation). The spectral setup covers the 21 cm line at
high velocity resolution, the four 18 cm OH lines, and the
polarized 1-2 GHz radio continuum.

For NGC 6822, we covered the 21 cm line with an 8§ MHz
(1700 km sfl) spectral window with 1.95kHz resolution
(0.4kms™ ') and dual polarization. The bandwidth of
1700kms™" allows for effective continuum subtraction, a
large search space for faint, extended H I, and fully captures the
Milky Way H1 foreground. The 0.4 km s~ velocity resolution
ensures that we can resolve the line profile down to a ~100 K
line (line width ~0.8 km sfl). We covered the HI disk of the
galaxy using three fields, which were observed using
integration times of 11 hr per field in each of the A, B, and
C configurations and 5.5 hr per field in the D configuration. All
VLA 21 cm HI observations obtained previously with the
WIDAR correlator are also incorporated here (project IDs:
13A-213, 14B-212, and 20A-346).

3.2. Calibration and Processing

The full pipeline processing of LGLBS is described in
E. Koch. et al. (2024, in preparation) and the 21 cm imaging
in N. Pingel et al. (2024, in preparation). Briefly, we calibrate
the data using the standard VLA pipeline (version 6.4.1), with
additional modifications appropriate for spectral line observa-
tions. Each observation is manually quality assured using
products created with our custom software QAP]otter.”, which
produces interactive summary plots of the visibilities and
coarse-resolution dirty science images of each spectral line. We
apply the manual flags generated by this process and then
iteratively re-run the pipeline until the calibrated visibilities are
sufficient science quality.

The HIemission data are imaged using a custom pipeline
described in detail by N. Pingel et al. (2024, in preparation).
This pipeline is designed to be run on the resources available
through the Center for High Throughput Computing (CHTC)
at the University of Wisconsin—-Madison. To take full
advantage of the ~20,000 available computing cores through
the CHTC, our imaging pipeline takes a directed acyclic
graph (DAG) approach, where relationships and dependencies
are established between subsequent steps in the processing.
The DAG approach is useful in workflows where jobs must be
run in a particular order without the need to cycle back to
previous processing steps. In other words, the steps in a
workflow are distinct, depend on one another, and will
never form a closed loop. DAGMan, the built-in workflow
manager within the HTConder scheduling software on
the CHTC, monitors the status of jobs associated with a
specific step in the workflow and will automatically submit
jobs linked to subsequent steps in the workflow to ensure the
workflow is executed in the correct order. For example, an
early step in the pipeline submits simultaneous jobs to run the
task MSTRANSFORM on the measurement sets from each VLA
track to ensure each possesses a uniform spectral axis. The
DAG approach verifies each of these jobs has been

17 https: //github.com/LocalGroup-VLALegacy /QAPlotter
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successfully completed before moving on to subsequent
processing steps, limiting the need for human interaction
during the imaging stage. This pipeline utilizes several tasks
available through the Common Astronomy Software Applica-
tion (CASA; CASA Team et al. 2022) package (ver-
sion 6.5.0).

As part of the HI emission processing, we perform a
visibility-based continuum subtraction. For each measurement
set, a first-order polynomial is fit across frequency, excludinfg
channels corresponding to LSR velocities —150 to 200 kms™ ",
to select emission-free channels around NGC 6822 and the
Milky Way foreground. The deconvolution step is efficiently
distributed across the cluster by splitting out each individual
0.4kms ' spectral channel to be imaged in individual jobs that
run in parallel before recombining into the final cube. During
deconvolution, we use the Briggs weighting scheme (Briggs
1995), with the robustness set to 1.0, to get the best compromise
between the angular resolution, noise, and sidelobe levels, and a
spatial pixel size of 0775 x 0”75.

The final beam size of the HI emission data cube is
7"0 x 5”2, or ~12 x 17 pc at the 480 kpc distance to NGC
6822, with a position angle of the major axis from the northern
direction of —3.0°. The rms noise is 7 K per 0.4 km ~! channel,
providing a 50 detection limit of 1.8 x 10*°cm 2 over a
20km s~ line for the H Icolumn density, under the assumption
that the emission is optically thin. This is similar to the ATCA
observations of de Blok & Walter (2000), while also resolving
physical scales 10 times smaller. The spectral axis of the final
cube is converted to the LSR reference frame.

The peak HItemperature distribution for NGC 6822 is
shown in Figure 1, with the overlaid symbols showing the
locations of the background sources used to search for
absorption from intervening cold HIclouds. There is a large
amount of detailed small-scale structure, including HI shells
marking the sites of energy injection into the ISM from recent
supernovae and filaments, where flows of denser gas
converge. Figure 2 shows the peak flux density of each of
our background sources as a function of projected distance
from the optical center of NGC 6822 (2000 = 19"44™57574,
Oy2000 = — 14 48™12.8363). 72% of our sightlines with no
detections at the velocities of NGC 6822 lie outside of the
mean radius of the 6 x 10%° cm 2 threshold for star formation,
while all sightlines without any absorption signal are toward
sources with peak flux densities below 5mlJybeam™'. Full
details about the emission imaging pipeline and properties of
the emission cube are discussed in N. Pingel et al. (2024, in
preparation).

3.3. Absorption Pipeline

The widefield nature of the LGLBS observations means
there will be potentially hundreds of sightlines to probe for HI
absorption, especially for the Local Group spiral galaxies M31
and M33. By leveraging the 20,0004+ computing cores
available through the CHTC, we designed a DAG to efficiently
extract science-quality absorption and emission profiles from
LGLBS data products, based on the data processing pipeline
developed by Dempsey et al. (2022) for the GASKAP-
HIsurvey. We use only measurement sets from the extended
A and B configurations to ensure that we filter out large-scale
emission structure that may affect the stability of our
continuum level. Below, we outline a high-level description
for the major components of the DAG, with the associated


http://github.com/LocalGroup-VLALegacy/QAPlotter

THE ASTROPHYSICAL JOURNAL, 974:93 (16pp), 2024 October 10 Pingel et al.
_ 140 15/ PRI M T S S U R S T N PR T [ S S U R S _:- 60
1 # non-detection - |
1 0O NGC 6822-only detection [ i
| @® MWe-only detection [ 50
30/4{ © NGC 6822 & MW detection _ I
—~ ] [
() 1 X
() - !
~ 45’ 1 -
ﬁ o L
~— ] |
) ] !
d‘-) ] i
—15°00/ -
15" -

T T T T T

19hg7m  4em

RA (J2000)

Figure 1. The peak H 1 brightness temperature image of NGC 6822 from LGLBS. This image does not contain single-dish observations to correct for the missing short
spacings. The locations of the background sources used in our search for absorption are denoted by the overlaid symbols. The different shapes classify our detections:
nondetections (blue crosses), absorption only at velocities corresponding to Milky Way foreground (green octagons), absorption at velocities corresponding to Milky
Way foreground and NGC 6822 (white circle), and absorption only reliably detected at the velocities of NGC 6822 (white square). The symbol sizes indicate the
relative flux density level of the background source. The two white symbols show the location of HI absorption at the LSR velocities of NGC 6822 and are
highlighted in the profiles shown in Figure 3. The dashed white circle shows the mean radius of the H T column density of 6 x 10** cm ™2,

— 1
2 25- .: #  non-detection
g : 00 NGC 6822-only detection
Q 1 1 @ @ MW-only detection
N 20 | T NGC 6822 & MW detection
g8 i
2157
g - @
A 101 @ :
o @ 1
= o)
P~ 51 1
5] .
-0~ -0~
d'j 01 -O-i T - *-: * - o
5 10 15 20 25 30 35

Ry, [arcmin]

Figure 2. The peak continuum flux density of suitably strong background
sources in our narrowband continuum image measured by the aegean source-
finding algorithm as a function of projected radial distance from the optical center
(Rga). The symbols and their relative sizes represent the same detection
classifications and flux levels as described in the caption of Figure 1. The vertical
dashed line shows the mean radius of the H I column density of 6 x 10 cm ™2,

CASA task names in a monospace font, and note that the code
and documentation are available as part of a public
GitHub repository.'®

18 https: //github.com/nipingel /LGLBS\_Absorption

1. Pre-processing: split out H1 spectral window split (),

resample all visibilities on the same spectral axis and
spectral reference frame mstransform(), combine
into a single measurement set concat (), and reweight
visibilities based on the rms measured in signal-free
channels statwt ().

2. Narrowband continuum image: we generate a multi-

frequency synthesis image of the source across a 4 MHz
bandwidth centered on 1420.6946 MHz in the LSR
reference frame, with channels corresponding to the
source and foreground Milky Way emission flagged out,
and use 20,000 Hogbom clean iterations. We refer to this
as the narrowband continuum image and obtain a
restoring beam size for the image of 3”26 x 2736.

. Source catalog: to identify continuum sources, we

run aegean, '’ an automated source-finding package
(Hancock et al. 2012, 2018) for radio astronomy sources.
This software is designed for use on widefield images
where many parameters may vary across its extent, in
addition to fitting models of source structure that are
spatially correlated. We adopt the default parameters and
produce a list of background sources with source
positions, source semi/major axis information, and flux
density.

19 https://github.com/PaulHancock /Aegean
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4. Absorption-line extraction: after parsing the source catalog
to select suitably strong background sources (see below),
we produce an HT spectral line subcube (we will refer to
these as ‘“cubelets”), spanning a field of 66" x 66",
centered on the source. When constructing this cubelet,
we include only baselines with lengths above 1km—
corresponding to projected physical scales <100 pc at the
distance to NGC 6822—to ensure as much extended
emission is resolved out as possible, allowing us to focus
on the spectrum associated with the compact background
source. We experimented with cutoffs up to 1.5 km and
found consistent results. Each cubelet was cleaned for
1000 Hogbom iterations with tclean(), has
0775 x 0”75 pixels and 700 spectral channels spanning
a total of 300kms~!, and was weighted naturally,
resulting in a Gaussian restoring beam size of
5”5 x 3”6. We extract HI absorption spectra in the
direction of each radio continuum source by analyzing
each cubelet. We define a radial pixel grid centered on the
position of each source. Only spatial pixels that fall within
the ellipse that defines the extent of the source as
determined by the source-finding algorithm are used to
construct the profile. For the relevant pixels, we measure
the mean brightness temperature along each line of sight in
line-free regions of the cubelet (—200 km s < vpsri <
—150kms~'and +35kms™' <visrk <+ 100kms™").
For each spectral channel, we sum the pixel values while
weighting their contribution to the final spectra by the
square of the line-of-sight mean brightness temperature
(Dickey et al. 1992). Last, we place the absorption spectra
in units of optical depth (¢~ 7) by dividing by its mean
value measured across line-free velocities.

5. Source selection: initially, we identify 151 individual radio
components in the narrowband continuum image with
peak flux densities ranging from 0.2 to 54 mJy beam .

The rms noise level measured in the image plane of

emission-free channels in the cubelets is 0.55 mJy beam ™.

To achieve a 3¢ detection in optical depth in units of e™ 7,
we require the 1o noise in the optical depth spectrum
to be less than 0.33 (see Equation (1) below and
note that, ideally, a noise-free and signal-free optical
depth spectrum is normalized to 1.0). Given the measured
noise level in the cubelets, sources stronger than
0.55 mJy beam71/0.33 =1.67mlybeam ' are therefore
required. After accounting for the differences in beam
sizes between the narrowband continuum image (3726
x236) and cubelets (5”5 x3”6), we parse the initial
source catalog to focus on the cubelets from sources with
cataloged peak flux density levels greater than
0.65 mJy beam ', reducing our total radio sources against
which we probe for HI absorption from 151 to 18.

6. Emission-line extraction: the calculation of important
physical properties, such as the spin temperature, requires
knowledge of the HI emission near the absorption
detection. For each suitable background source, we first
extract a 30’ diameter subregion around each source from
the continuum-subtracted emission cube (N. Pingel et al.,
2024, in preparation). We account for the missing short
spacings by combining our VLA data with single-dish
observations from the Green Bank Telescope (project ID:
AGBT13B_169). The details of the feathering process are
discussed in E. Koch et al. (2024, in preparation). We
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construct the final HI emission spectrum by measuring
the mean brightness temperature within an annulus of 14”
(20 pixels, ~2 beam widths) centered on each source,
with the central 7”7 (10 pixels, ~1 beamwidth) excluded
from the calculation.

3.4. Noise Estimates

We estimate the noise in the absorption spectra by following
the method outlined in Roy et al. (2013). We first measure the
standard deviation in the signal-free velocities (o¢on). Even
though we utilize only baselines above 1 km, interferometers
are not perfect high-pass filters, meaning some extended
emission will be detected and raise the system temperature in
spectral channels containing significant emission. We model
this increase in system temperature by measuring the average
brightness temperature spectrum (7.,(v)) in each of the
extracted and feathered emission subcubes that span the 30’
extent of the VLA primary beam at L band. The 1o optical
depth noise spectrum in units of e~ " (the gray band in the top
panels of Figure 3) is calculated as

Tsys + Nant Tom(v)

1
T, )

or (V) = Ocont (V)

where the system temperature 7y,=25K and antenna
efficiency 7,,,=0.35. The final rms noise in units of e~ "
(o) for a given absorption spectrum is taken to be the rms of
the noise spectrum in the signal-free spectral channels.

4. H1 Absorption in NGC 6822

Figure 1 shows the positions of 18 radio sources from the
4 MHz narrowband continuum image, with peak flux density
values (Spear) ranging from 0.66 to 54 mJy beam ™', overplotted
on the HI peak brightness temperature image. Eight of these
sources probe the central region of NGC 6822, with T}, of the
nearby HI emission peaking at 90 K. We detected clear HI
absorption only in the direction of two sources at velocities
consistent with NGC 6822, shown as the white symbols in
Figure 1. Our typical 1o optical depth sensitivity in units of
e~ 7, computed by taking the median rms across the signal-free
channels across these 18 sightlines, is 0.05. This value is
consistent with the best optical depth noise achieved by
Dempsey et al. (2022), which probes HI absorption in the
SMC, and is roughly a factor of 2 more sensitive than the
survey of Dickey & Brinks (1993) toward M31 and M33. This
sensitivity is also similar to that of many Milky Way HI
absorption surveys (e.g., Heiles & Troland 2003) and matches
the lowest noise levels in the sample presented by Dickey et al.
(2022), but is about an order of magnitude less sensitive than
the highly sensitive, high-latitude Milky Way HT absorption
survey by Murray et al. (2018). We note that because the
optical depth sensitivity depends on the strength of the
background source used to probe for absorption, our
sensitivities ultimately depend on the properties of the unique
set of background sources within our field of view (FOV).

4.1. Detections

The absorption and associated emission spectra for our two
detections are shown in Figure 3. In both cases, the background
continuum sources have been previously cataloged in the
NRAO VLA Sky Survey (NVSS; Condon et al. 1998), with the
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Figure 3. The absorption (top) and associated emission (bottom) spectra constructed using the methods outlined in Section 3.3 for our sightlines with detections of H 1
absorption at NGC 6822 velocities (< —10 km s~ "). The red horizontal line in the absorption spectra highlights the ¢~ " level of 1.0; the gray shaded region and orange
dashed line, respectively, show the 1o (in both emission and absorption) and 3¢ (absorption only) levels; and the purple shaded regions highlight the spectral channels

with H I absorption exceeding this 3o level.

names NVSS J194452-144311 and NVSS J194507-145233
and total fluxes 19.4 mJy and 33.8 mJy for the northern and
southern sources, respectively. We measure total fluxes of
5.2mly and 19.3 mJy, with the differences largely due to the
superior rms confusion flux density of LGLBS.

The two detections have peak optical depths (in units of 7)
of 0.7 to ~3, which again agree with previous work within the
SMC and other Local Group galaxies (Dickey & Brinks 1993;
Dempsey et al. 2022). In both directions, we see indications
of HI absorption at foreground Milky Way velocities, with
the more pronounced signal toward the southern source. The
HTI emission profiles for both sources, especially for the
second source, are broad, reflecting emission from a mixture
of cold and warm gas that remains spatially unresolved or
crowded in velocity along these sightlines. Clearly, con-
straints on both the cold and warm phases require joint
modeling.

The total optical-depth-corrected H I column densities, where

_ BT

T

Nurmick = 1.823 % 1018f dv 2)

— e

for the northern and southern detections measured over —100
to —5kms™', are, respectively, 3.2x10*'cm™® and
1.8 x 10* cm 2, exceeding the commonly adopted star
formation threshold of 6 x 10%° to 1 x 10*'cm™2 (e.g.,
Krumholz et al. 2009a; Wolfire et al. 2010; Sternberg et al.
2014) needed to shield molecular gas from photodissociation,
depending on the geometry (i.e., beamed or isotropic) of the
background radiation fields. The ratios of optical-depth-
corrected HI column density to that derived assuming the
emission is optically thin, where Ny gin = 1.82 X 10'8 fdev,
are, respectively, 1.2 and 1.13 for the northern and southern
detections. The northern and southern detections, respectively,
have optical depth rms values of 0.11 and 0.03, translating to
30 Nuimick detection thresholds of 6.0 x 10”cm ™ and
59%x10”cm ™ over a 5.0kms™' line width. The NVSS
names of the source, R.A. and decl. in J2000 coordinates, total
flux, and o, are summarized in the first five columns of Table 1.

4.2. Nondetections

A total of 16 of the 18 sightlines we investigated show no
indication of HI absorption near the —44kms~' systemic
velocity of NGC 6822. For all sightlines without detections,
Ny 1.min ranges from 2.5 x 10%° to 1.5 x 10*' cm 2, with only
four nondetection sightlines exceeding the star formation
threshold and intersecting the primary H1 disk of NGC 6822.

We search for extremely weak absorption signals at the
expected velocities of NGC 6822 by employing the spectral
stacking techniques used by Murray et al. (2014). Stacking
spectra requires determining an appropriate velocity shift to
align potential signals around the local systemic velocity of
NGC 6822 and so remove the effects of galactic rotation and
other large-scale flows. Then the aligned spectra can be
coherently averaged. Generally, the velocity shift is determined
by computing the first velocity moment of each HI emission
profile. But there is substantial overlap in the radial velocity
components between HI from NGC 6822 and HI from the
Milky Way, so overlapping signals must be carefully taken into
account to avoid misidentifying a stacked signal that arises
strictly from foreground gas. Fortunately, all of our sightlines
with detected HT emission are similar to those in the bottom
panels of Figure 3, such that the peaks associated with NGC
6822 and the Milky Way are separated in velocity by
10km s~ 'or more. We remove the Milky Way HT emission
components by fitting and subtracting a single Gaussian
function, restricted to having a mean within = 5km s~ in the
LSRK velocity frame. Similarly, we fit and subtract either one
or two Gaussian functions to the Milky Way HTI absorption
features within the same velocity range. We determine the
preferred model by comparing their respective reduced chi-
squares.

We need to determine the optimal velocity shift after
removing our models of the Milky Way emission and
absorption components. The stacking analysis in Koch et al.
(2019) reveals the H1 and CO (2—1) velocity at peak intensity
to be highly correlated in M33. To maximize the possibility of
extracting a stacked HI absorption signal from the CNM,
we determine the velocity shift to be Av= —Vjeax — Veyss
where vpe,i is the velocity of the peak HI intensity and vy, is



Table 1
Source and Fitting Properties

Phase and Component

Source R.A. Decl. Speak [ Jonm (T) Number T, Tk max Tpeak OF T peak Vpeak Avewnm Ny
(hms) (dms) (mJy) (K) (K) (K) (K) (kms ")  (kms " 10%%m2

NVSS J194452- 19"44™52578  —14%43™11588  19.4  0.11 0330 414 +54 CNM1 2770+ 1632 346.93 3.44 —44.54 3.98 737
144311

CNM2 31.59 + 17.58 178.23 1.00 —38.84 2.86 1.74

CNM3 39714+ 11.82  416.02 0.51 —50.33 436 1.72

WNMI 9611.40 43.09 —40.49 20.97 17.53

WNM2 3245.08 1891 —69.05 12.18 4.47

NVSS J194507- 19%45™7.570  —14952™32519 338 0.03  0.115 138+15 CNM1 46.61 +12.63 29478 0.41 —28.66 3.67 1.37
145233

CNM2 16.31 +12.78 194.74 0.69 —32.12 2.98 0.65

WNMI 17,145.83 28.85 —34.25 28.00 15.56
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Figure 4. The stacked absorption spectrum (top) and emission spectrum
(bottom) for 13 sightlines with no detections of H1 absorption at velocities
associated with NGC 6822. The applied velocity shift is the offset between the
—44km s~ systemic velocity of NGC 6822 (vertical dashed line) and the
velocity at the peak intensity of the HI emission between —150 and
+50km s~ ' in the LSRK reference frame. We fit and subtract Gaussian
functions to the emission and absorption features between = 5 km s~ " in eight
emission/absorption pairs to avoid introducing bias from Milky Way
foreground gas. The orange profile in the top panel shows the same stacked
absorption profile after applying a 5 pixel wide boxcar smoothing.

the systemic velocity of —44kms ' LSRK. We visually
inspect the H 1 emission spectra in each of the 16 nondetection
sightlines and remove an additional three emission /absorption
spectra from the stacking analysis due to the lack of emission
signal, as they lie considerably outside of the main body of
NGC 6822. In total, we therefore stack 13 emission/
absorption spectra, with eight instances where models for
the foreground Milky Way emission and absorption
components are subtracted out. As in Murray et al. (2014),
we maximize the signal-to-noise ratio by applying a weight of
W=1/0,, where o, is taken as the rms of e~ " measured in
signal-free velocities of —200 to —150km s~ 'and 35kms ™"
to 50kms~'. We multiply each absorption and emission
spectrum by these associated weights, sum over all n =13
profiles, and normalize by X,W,,.

The resulting stacked absorption and emission spectra are
shown, respectively, in the top and bottom panels of Figure 4.
While we increase our sensitivity (in units of 1—e™ ") by a
factor of ~4 relative to the median rms noise calculated in the
same velocity channels in the individual nondetection velocity
profiles (0.013 as opposed to 0.050), there is no discernible
signal revealed by the stacking at the systemic velocity of NGC
6822. This is still true after smoothing the stacked absorption
spectrum by a 5 pixel wide boxcar function to enhance the
signal-to-noise ratio. In units of 7, we are able to place a
30 upper limit on the HT absorption in these spectra at a level
of 7<0.04.

While no underlying weak absorption is detected from the
nondetections in NGC 6822 in this study, our stacking analysis
demonstrates the quality, stability, and flatness of the spectra
extracted using the LGLBS absorption pipeline. We will build
on this stacking analysis by including spectra from nondetec-
tions in other LGLBS sources to maximize the possibility of
revealing low-level absorption.

Pingel et al.

5. Properties of Individual Cold HI Structures
5.1. Gaussian Decomposition

We decompose the emission and absorption spectra to
estimate the physical properties of the individual clouds along
the line of sight. The method we use here originates from
Heiles & Troland (2003).

We assume HI clouds are multiphase, consisting of the
CNM and the WNM. The optical depth (absorption spectrum)
only comes from the CNM, while the brightness temperature
(emission spectrum) is produced by the combined contribution
from the CNM and the WNM. We first fit the optical depth
spectrum 7(v) with a set of N Gaussian-like functions,
corresponding to N CNM components:

N-1
T => To’ne—[2(v—w).n)/6vn]2’ 3)
0
where N is the minimum number of components necessary to
make the residuals of the fit smaller or comparable to the
estimated noise level of 7(v). 7y, is the peak optical depth, vy,
is the central velocity, and év,, is the 1/e width of component 7.

The total expected brightness temperature including con-

tributions from both the CNM and the WNM components is:

Texp(v) = Tp.enm(v) + Tpwnm(v), 4

where T cnm(v) 1s the HI emission from N CNM components,
which can be represented as:
Nl M-1
Tponm(¥) = 3 Tiu(l — e 70)e 20 ™), ©)
0

where 7,,(v) represents each of the M CNM clouds that lie in
front of cloud n and T, is the spin temperature of cloud n. For
multiple absorption components, we fit all possible orders
along the line of sight and choose the one that yields the
smallest residuals. The spin temperature 7, is generated from
this equation.

For the WNM part of the emission profile, we use K
Gaussian functions to represent the original unabsorbed
emission from the WNM. We account for the CNM absorption
by assuming that a fraction F; of the WNM remains
unabsorbed in front of all CNM components, with the
remainder located behind them:

K-1
Togwnm () = YO 1F + (1 = F)e ™) x Tyge 10 o0/onr,

0
(6)

where Tox, Vox and 6v, represent the Gaussian fitting
parameters (peak in units of brightness temperature, central
velocity, and 1/e line width) of the original unabsorbed kth
WNM component. We examine three specific values for the
fraction F: (0.0, 0.5, 1.0). The two extremes, where F; = 0 and
F; =1, correspond to situations where all the WNM lies behind
the CNM, resulting in the WNM being totally absorbed, and all
the WNM lies in front of the CNM, resulting in a complete lack
of absorption, respectively. Essentially, this places lower and
upper limits on Tz wnm-

There are a total of N! possible orderings for the N CNM
components. With k WNM components, and three possible
values for Fy, there are a total of 3* combinations for the WNM.
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Figure 5. Gaussian decomposition for two absorption-detected sources. The left source is NVSS J194452-144311 and the right source is NVSS J194507-145233. The
top two panels show the H I brightness temperature and its corresponding fitting residuals. The bottom two panels present the H I optical depth and its fitting residuals.
The top panel specifies the weighted mean spin temperature of the CNM. The “F” value following each “WNM?” label quantifies the fraction of the WNM absorbed by
the CNM, as stated in the text. The gray shaded area in the residual indicates the 1o error of the emission/absorption spectra.

Thus, the total number of possible orderings is given by [N!3].
The final best fit is selected with the least residuals, and the
final spin temperatures (7;) are calculated by a weighted
average over all trials (see Equations (21a) and (21b) of Heiles
& Troland 2003).

Our best-fitting results are shown in Figure 5, with the
corresponding parameters detailed in Table 1. It is important to
note that part of the absorption spectra for NVSS J194452-
144311 is saturated. Given that our fitting procedure targets the
T, the saturation will inevitably become an issue when applying
the Gaussian fit to 7. To address the potential infinite values
when converting 1 —e™ "to 7, we set 1 — e~ " = 0.96 for those
velocity channels that are saturated. This is the closet value to
1.0 that both avoids infinite values when converting to units of
7 and allows our fit to converge. To help with the fitting, we
slightly increase the signal-to-noise ratio by smoothing the
absorption spectrum toward NVSS J194452-144311, using
astropy.convolution.GaussianlDKernel with a
standard deviation of 0.5 pixels. This slightly decreases our
velocity resolution from 0.4 to 0.5 kms ',

For each component identified, the key fitting parameters
listed in Table 1 include the peak velocity (Vpea), the
FWHM (Avewnwm), the spin temperature from the fit (7%)
for the CNM, and the peak optical depth (7peu) for the
CNM or peak brightness temperature (Ty pea) for the
WNM. We also calculate the maximum kinetic temperature
Tk max = 21.86AVFZWHM) based on the line widths and HI
column density (Ny ). For the CNM, the HI column density is
given by Nyicnm = 1.823 X 10" x TSdev cm 2, and for the
WNM, it is Ny rwam = 1.823 x 10'3[Tpdvecm ™2 We derive

the CNM fraction as fonm = Nu renm/ (Vi Lenm + Ni wsm)-
We do not constrain or report T, for the fited WNM
components. For comparison with other literature, we also

include the density-weighted mean spin temperature (Dickey
Tg(v)dv
et al. 2000): (T) = %

To assess the uncertainties associated with (7;), we employ a
Monte Carlo method. Specifically, we generate 1000 samples
for both the optical depth and the brightness temperature,
drawing randomly from a normal distribution where the actual
spectrum value serves as the mean and the rms noise defines
the standard deviation. We then execute all calculations for
each sample, adopting the mean of the outcomes as the final
value for (T;) and the standard deviation of these results to
represent the 1o uncertainty.

5.2. Spin Temperature and CNM Fraction

The detected cold HI has Avewam ~ 3—4 km s! and
Tpeak ~ 0.4 to 3.4—both similar to what is found in the SMC
(Jameson et al. 2019; Dempsey et al. 2022). The implied 7; max
ranges between 200 and 400 K. The estimates for T fall within
20 and 50 K, which agree well with what was found for the
SMC (Dickey et al. 2000; Jameson et al. 2019; Dempsey et al.
2022; H. Chen et al. 2024, in preparation). We note that in
several cases, Ty has large uncertainties, due to the fact that
emission features are not well resolved relative to the pencil-
beam measurements of the absorption. The estimated Ny 1.cnm
for the detected absorption features is 0.6-2 x10?° cm ™2, with
only one component having 7 x 10**cm 2. The estimated
CNM fractions in two directions are 0.33 and 0.12, which are
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Figure 6. Left: map of the Ha intensity from Hunter & Elmegreen (2004), with the location of the northern H I absorption (cyan star) and contours of the CO (2—1)
overlaid. Right: the H I absorption spectra (blue) compared with a mean brightness
temperature spectrum of CO (2—1) (orange) measured within the red box overplotted on the Ha map. The purple shaded regions represent spectral channels with
absorption signal exceeding the 3¢ level. The left y-axis shows units of optical depth, while the right y-axis shows the mean brightness temperature of the CO.

observations from Schruba et al. (2017) at levels of 5, 10, and 15 K km s ™!

slightly higher than what has been found for the SMC
(typically <15%). In terms of the properties of the detected
cold HI, we find many similarities between NGC 6822 and
the SMC.

6. Association with Other ISM Tracers

While it is predominately molecular hydrogen (H,) that
fuels star formation via collapse, the abundance of CNM
within active star-forming regions plays a role in setting the
local SFR and star formation efficiency by shielding the star-
forming molecular phase from photodissociation caused by
penetrating far-ultraviolet (FUV) radiation. The left panel of
Figure 6 shows that our sightline toward NVSS 194452-
144311 intercepts a substantial star-forming region, contain-
ing over 100 OB-type stars and a significant fraction (22%) of
the total Ha luminosity from NGC 6822 (Hunter &
Elmegreen 2004). The line of sight is also spatially coincident
with CO (2—1) emission tracing molecular gas (Schruba et al.
2017). If the CNM is associated with and shielding the
molecular gas, we would expect the HI absorption and CO to
share similar spectral signatures. The average CO spectrum,
taken over the red rectangular region marking the FOV of the
CO observations, overlaps the HI absorption profile well,
though there is a <5kms ' offset between their respective
peaks. The slightly broader HI absorption profile fully
encompasses the CO spectral signature, indicating that CO-
bright molecular gas is associated with the CNM probed by
this sightline. This is in agreement with the findings of Park
et al. (2022), who show that CO-bright molecular gas
preferentially forms in high-H I column density environments
within the solar neighborhood. On the other hand, Busch et al.
(2021) and Rybarczyk et al. (2022), respectively, show that
the broad wings in OH emission profiles and HCO™
absorption profiles trace HI signal but not CO, indicating
that the gas in the broader, fainter wings may trace CO-dark
molecular gas. Regardless, we demonstrate a correlation of the
CNM with the molecular phase in a low-metallicity
environment, where the lack of prevalent cooling through

10

metal fine-structure line emission could suppress their
formation (Glover & Mac Low 2011).

6.1. HISA

We expand on the relationship between the atomic and
molecular gas phases in this region by showing select
channel maps from the high-resolution HI cube in Figure 7,
selected to span the velocity range covering the majority
of the CO emission. Throughout the entire velocity range,
the contours from the CO-bright molecular gas and HI
absorption sightline are located within a clear depression of
HT emission.

Furthermore, the two highest CO emission contours overlap
well with the depression seen in the individual channel maps
and are outlined by the lowest HI column density contours.
The individual HI spectra within the depression share narrow
dips near the systemic velocity of —44 kms™' for NGC 6822.
Given the spatial and spectral association between the HI and
CO, we believe this dip results from HISA, where the
foreground CNM attenuates the signal from the background
WNM. In the left panel of Figure 8, we show the sightline
exhibiting the deepest dip, identified through visual inspection,
at o000 = 19h44m52947, (5]2000 = —14°43™10%90. This Sight-
line is separated from the one with H T absorption by 4”64. This
is almost a full beamwidth away from the absorption,
indicating that the CNM traced by this HISA feature is likely
not included in the HI absorption detection. Nevertheless, the
close spatial and spectral proximity of the HISA and HI
absorption suggest they are associated in the overall CNM
distribution toward this sightline. The estimated = 0.5 from
the Gaussian decomposition analysis (see Section 5) is
consistent with the scenario that at least some WNM is
absorbed by the foreground CNM in this region. To our
knowledge, this is the first instance of HISA observed in an
external galaxy outside of the Magellanic Clouds, M31, and
M33. We follow methods common in the analysis of HISA
detected in the Milky Way (e.g., Gibson et al. 2005; McClure-
Griffiths et al. 2006; Wang et al. 2020) to estimate the physical
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Figure 7. Select channel maps of the high-resolution H 1 emission (background image and white contours), with contours from the CO (2—1) emission (green)
smoothed to the resolution of the H I emission data and the location of the sightline toward NVSS 194452-144311 (cyan star) overlaid. The contours representing H I
emission are at levels of 10, 30, and 50 K, while the CO (2—1) emission contours are at levels of 0.25, 0.5, and 0.75 K.

properties of the CNM involved in the HISA. In particular, we
estimate the optical depth by

THISA = —lﬂ(l - @)

where T, is the beam-weighted average H1 emission shown in
Figure 8, T is the spin temperature of the CNM involved in the
HISA, T, is the background continuum temperature, p is the
ratio of the WNM that lies behind and in front of the CNM
involved with the HISA, and T is a model of the H I emission
without HISA. We adopt T,=27 £ 16 K from the closest
CNM component in velocity, determined by our radiative
transfer decomposition analysis, and measure 7, =78 + 14 K
by taking the mean continuum level over the absorption-free
velocities in the associated cubelet for the sightline toward
NVSS J194452-144311, noting that we apply a gain based on
the beam size in the cubelet of 4785 x 3”21. We consider two
models for T.g by fitting a Gaussian and second-order

11

polynomial (P,(v)) to the broader H I emission feature between
—60 and —20km s, while excluding the approximate range
of the HISA feature extending between —47 and —42.5kms ™',
The fraction of background to foreground WNM p is difficult
to estimate and generally needs to be assumed based on the
properties of the particular sightline. We assume that there is
considerable foreground WNM, since we are analyzing HISA
in an external galaxy, and adopt p =0.1. The resulting HISA
spectrum (Toe — Top) is shown in the right panel of Figure 8,
using a Gaussian fit to model T, We measure a peak
Traisa = 0.7 £ 0.4. We estimate the HI column density for the
HISA feature USiIlg NH LHISA = 1.82 % 1018TXITHISA(V)dV as
(6.6 £4.1) x 10" cm > These values are similar to what we
found for several CNM structures seen in HI absorption. The
detection of HISA shows that the cold CNM is even more
prevalent in NGC 6822, but that often we are limited by the
location of bright background radio continuum sources.

The intensity-weighted velocity centroid of the HISA feature
is —44.4km s~', which is offset from the centroid of the
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Figure 8. Left: the H I spectrum extracted at o000 = 19"44™52547, 815000 = —14°43™10.590 (T,,). The narrow dip centered near —45 km s~ ! results from a potential
HISA feature. The orange and red dashed lines, respectively, represent fits from Gaussian and second-order polynomial functions over the H 1 emission feature
spanning from —60 to —20 km s~ ', with velocities from —42.5 to —47 km s~ excluded, as highlighted by the gray shaded region, to model an off-spectrum (Tog).
Right: the HISA spectrum (7o — Top), depicted in red (brightness temperature on the left y-axis), compared with a spatially matched CO (2 — 1) spectrum (brightness
temperature shown on the right y-axis). The vertical dashed lines denote the respective intensity-weighted velocity centroids.

spatial-resolution-matched CO spectrum shown in the same
panel by —4.5km s~ '. This agrees well with the kinematic
offsets observed between the CNM in the Milky Way and
molecular gas tracers (Wang et al. 2020; Park et al. 2022). Such
offsets have been attributed to the general relative motions of
the atomic and molecular phases set by the local conditions;
alternatively, it could be a signature of expansion driven by the
strong feedback present in the larger star-forming complex
traced by Ha emission.

We check whether this HISA feature results from residual
continuum absorption in the high-resolution H 1 cube by perform-
ing an additional image-based continuum subtraction by fitting
a zeroth-order polynomial over the emission-free velocity
ranges —120kms < Visrk < —90km s 'and +30kms ! <
visrk < +50kms~!. We find virtually no changes to the
estimated properties of this HISA feature. Given the spatial and
spectral association with a CO-bright molecular gas complex,
we are confident this is genuine HISA signal. Furthermore, hints
of HISA-like features are seen in the individual HI emission
spectra that intercept the CO detected by Schruba et al. (2017),
though not at a high statistical significance. While we can
incorporate the uncertainties for 7y and 7, in our estimates of
Taisa and Ny uisa, the variables in Equation (7), such as p and
Tofr, must be assumed. But we can quantify the variation in our
results by adopting the extreme ends of the allowable values. For
example, adopting a second-order polynomial to model 7, and
setting p =0.9—i.e., assuming a majority of the observed
emission lies behind the absorbing CNM that produces the
HISA—reduces the estimates for Tgsa and Ny gisa by about a
factor of 2. Our original Gaussian model for T, with p =0.1
adopted results in a peak Tiga value that is consistent with the
CNM components identified in our radiative transfer decom-
position analysis and an Ny grsa in agreement with the 30 Ny,
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Figure 9. A high-resolution H I column density image measured over —55 km
s ' < visrk < —35kms~! in the optically thin approximation showing the
region around the sightline toward NVSS 194452-144311 (cyan star), with the
beam shown in the lower corner. Overlaid in green are contours from the
convolved H, column density image (see the text for details). The faint white
contours represent HI column density levels at [1.0, 1.05, and
1.1] x 10*' ecm ™2, while the green H, column density contours are at levels
of [1.0, 2.0, and 3.0] x 10?*> cm~2. The white square marks the location of the
spectrum with the HISA feature shown in the left panel of Figure 8.

51°

threshold of 5.1 x 10"cm™2 for a 4.5kms™!
optically thin limit.

line in the

6.2. Molecular Fraction and a Comparison with Theoretical
Models

We adopt the CO-to-H, conversion factor, aco =85+
25 M pc> (Kkm s~ ™", for this specific region from Schruba
et al. (2017) to compare the HI and H, column density
distributions over —55 km s~ < vy srx < —35 km s~ in Figure 9.
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We convolve the H, column density distribution to the beam
size of the HI emission (7”70 x 572) for a more direct
comparison. The H, column density (NVy,) at the location of
the sightline toward NVSS 194452-144311 is (3.8 £0.6) x
10*2cm 2. We measure the optical-depth-corrected HI column
density using the equation (see, e.g., McClure-Griffiths et al.
2023)

“kms () 7(v)

dv cm™2
ey

Niteor = 1.82 x 1018 f ®)

—35kms! 1

toward this sightline to be (2.7 +0.06) x 10*' cm 2. The
Npg,-t0-Nyp 1o Tatio is therefore 14.0 £0.2, indicating this
sightline is H,-dominated.

We compare our observed Np,-t0-Niicor ratio with the
predictions from analytical models developed in the analytical
and numerical works of, e.g., Krumholz et al. (2008, 2009b),
McKee & Krumholz (2010), Sternberg et al. (2014), and Bialy
& Sternberg (2016).

Two important parameters to consider are the values for aG
and &,. The former is physically the ratio of the HI dust
absorption rate of H, photodissociation flux to the H, formation
rate. As defined in Equation (4) of Bialy et al. (2015), it
depends on: the field intensity relative to the mean Draine
(1978) field, the total hydrogen volume density, the dust
metallicity, and a factor of order unity that depends on the
specific grain composition and scattering and absorption
properties. The latter parameter is the dust cross section
normalized to 1.9 x 10~%' cm?, which is linearly proportional
to the dust metallicity and the same factor of unity that
describes the dust composition.

We place an observational constraint on oG by measuring the
mean UV flux density over the FOV of the ALMA CO 2—1)
observations on an image from the F169M medium-band filter
of the Ultraviolet Imaging Telescope (UVIT; Kumar et al. 2012)
on board the AstroSat satellite. We convert this flux density from
the calibrated units of A~' cm > ergs ' pix ' (where each pixel
is 0742 x 0”742) to 2.5 x 107> MJy st~ '. We estimate the mean
Draine (1978) field to be 1.3 x 1078 photon s'em2Hz ™! sr_l,
or equivalently 1.6 x 102 Mly st~ !, using the mean wavelength
in the F169M image of 1608 A. For simplicity, we assume the
dust and metal abundances are reduced by the same amount in
this region (0.2Z.). The steady-state model of Bialy &
Sternberg (2019) predicts a total hydrogen volume density of
~10 cm * at this metallicity, taking the mean spin temperature
of the CNM components as an approximation for the gas kinetic
temperature along this line of sight.

Figure 10 shows that a model taking our observationally
constrained values for aG=1.4 and 5, = 0.2 into account
predicts the HI column density should saturate at a value 60%
lower than our observed ratio. We also place the data point
from our nearby HISA detection and note the appropriate lower
limit for Ny corr and the resulting upper limit on the Ny,-to-
Ny 1 corr Tatio.

This steady-state analytical model slightly underpredicts the
saturation point for the Hp-to-H I transition in this sightline. It is
difficult to determine which observational constraint and to
what magnitude the assumptions in the observational
constraints need to be changed to produce a better match. For
example, if aG is 10 times higher, H; is easily photodissociated
until about Ny cor ~ 10** cm 2, when the H, self shielding
and dust opacity begins to attenuate the photodissociation
rate enough for the abundance of H1 to be saturated. If 5, were
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Figure 10. The observed Ny,-to-Ny ycor ratio (blue star) compared with
predictions from an analytical model developed in the analytical and numerical
works of Krumholz et al. (2008, 2009b), McKee & Krumholz (2010),
Sternberg et al. (2014), and Bialy & Sternberg (2016). Specifically, see the
procedure outlined in the introduction to Section 3 of Bialy & Sternberg
(2016). The black curve represents the model prediction with two
observationally constrained input parameters (see the text). The error bars for
the observed Ny,-to-Ny 1 corr ratio are shown, but are too small to see.

smaller, this saturation point would also shift to higher HI
column densities, due to decreased dust opacity. Similar H,-to-
H ratios need to be measured across a broad parameter space
of metallicity and interstellar radiation fields to obtain a better
understanding between the observed and predicted saturation of
HT column densities marking the transition to Ho.

7. Discussion
7.1. Comparison with Similar H I Absorption Measurements

We place our measured mass fraction of the CNM for
sightlines within NGC 6822 with detections in context with
previous absorption measurements in the Milky Way and other
nearby galaxies in Figure 11. For the sake of comparison and to
maintain consistency with the values found in the literature, we
define fcnwm as the fraction of cold gas along the line of sight
equal to the ratio of an assumed constant cold-gas temperature
(Teo1a =30K) to (T,) (Dickey & Brinks 1993), which utilizes
the proportionality between the temperature and the column
density of the CNM and CNM~+WNM, respectively. A low-
metallicity ISM will not benefit from efficient cooling from
fine-structure line emission of metals. At the same time, a
reduced dust abundance (assuming a constant dust-to-metal
ratio, which is reasonable for the range of metallicity
considered here; Roman-Duval et al. 2022) will decrease the
photoelectric heating from PAHs and small grains by FUV
(Wolfire et al. 2003, 2022). To the first order, the dependence
of cooling and heating to metallicity cancels out in the
metallicity range explored here (Z/Z® >0.1;see Bialy &
Sternberg 2019; Kim et al. 2023b). The thermal balance
between heating and cooling, and hence the CNM fraction, thus
depends more subtly on the metallicity via UV radiation
transfer and grain charging. Recent numerical simulations of
the star-forming ISM including an explicit UV radiation
transfer and photochemistry (Kim et al. 2023b, 2023a) show
that the reduced dust attenuation of FUV radiation at low
metallicity makes the photoelectric heating per stars formed
more efficient (Kim et al. 2024). For their solar neighborhood
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bars represent the 25th and 75th percentiles of the distributions of fen for each
galaxy. The Milky Way data are taken from McClure-Griffiths et al. (2023),
with only high latitudes (|b| > 10°) considered for isolating the local gas to
utilize the assumption of solar metallicity. The error bars on this point are
smaller than the symbol size. The M31 and M33 points are taken from the
integrated quantities summarized in Table 3 of Dickey & Brinks (1993),
converting from their assumption that 7T.oq =60 to T.oq = 30 K. Due to
sensitivity constraints, the distribution of fony values for M31 and M33 are
made up of primarily upper limits. The fony distributions compiled for the
LMC are taken from Table 2 of Marx-Zimmer et al. (2000), converting
Teora =27 K to T.q1a = 30 K. The SMC values are compiled from Dempsey
et al. (2022), where we only consider sightlines that have at least one feature
above a 5o detection and <7 > values above 100 K. The metallicity values are
from the catalogs of Karachentsev et al. (2004, 2013) and the measurements are
from Dominguez-Guzmén et al. (2022).

0.8 02 0.0

models, the resulting feny drops from 0.2-0.3 to ~0.1 at Z/
Z-=0.3 and ~0.05 at Z/Z., = 0.1 (C.-G. Kim et al. 2024, in
preparation). This is indeed the case in the SMC, with a median
Jonm around 11%, while the higher-metallicity Milky Way,
M31, and M33 possess median fony values almost two times
as high.

While our sample of HI absorption detections in NGC 6822
is relatively small compared to the approximately dozen
sightlines for M31 and M33, around 200 detections in the
SMC, and roughly 1000 sightlines included for the Milky Way,
our analysis reveals a qualitative trend. This trend is consistent
with theoretical expectations, showing a decrease in fony With
decreasing metallicity. Our findings demonstrate the types of
detailed comparisons we will undertake as we continue to build
our sample of HI absorption detections in the LGLBS targets.
The LGLBS targets intentionally span a wide range of
astrophysical environments (e.g., SFR, metallicity, and gas-
to-dust ratios), such that we will be able to break degeneracies
between trends in CNM properties and local environmental
factors that influence its formation, such as strong background
UV fields and gas-to-dust content.

7.2. Lack of Detections

Given the similar SFRs and metallicity, it is not surprising
that we estimate similar line-of-sight fean values (see
Section 7.1) between the SMC and NGC 6822. However, our
overall detection rate of 11% (2/18) of HI absorption at the
LSRK velocities of NGC 6822 is low in comparison to the
SMC, where Dempsey et al. (2022) found a detection rate of
38%. As we saw in Section 6.1, there is also some extended
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cold HT traced by self-absorption that we miss detecting in
absorption due to the lack of background radio sources. There
are four main reasons for our HI absorption detection rate
being lower than that of the SMC.

(1) A parallel comparison: the SMC study reported a total
detection rate of 38% across 162 individual sightlines, which
were roughly evenly distributed within the 6 x 10**cm™2 H1
column density level. If we consider the same column density
threshold to essentially avoid very diffuse areas in the outskirts
of NGC 6822, our detection rate increases to 25% across
eight individual sightlines, becoming much closer to that of
the SMC.

(2) Our continuum observations are slightly less sensitive:
while our median optical depth sensitivity of 0.05 is
comparable with Dempsey et al. (2022), the median peak flux
density of our background sources is about two times higher, at
2.0 mJy beam™', as opposed to 0.89 mJy beam ™', accounting
for the difference in beam sizes. This is expected, since we
utilize 4 MHz to generate our narrowband continuum image
used to build our catalog of background sources, as opposed to
the 18.5 MHz bandwidth used to construct the continuum
catalog used in Dempsey et al. (2022), meaning we are limited
to probing for absorption against stronger sources.

(3) NGC 6822 occupies a smaller solid angle: the solid angle
bounded by the 6 x 10*°cm 2 contour in the HI column
density image of NGC 6822, generated by integrating over
velocities ranging between LSRK velocities of —160 km s~
and —10kms ' to avoid introducing emission from the Milky
Way, is just 0.05 deg”. This is 2 orders of magnitude less than
the 21.6 deg” bounded by the same level in the SMC HI
column density image. The proximity of the SMC and a
slightly better sensitivity means the GASKAP-H I observations
are capable of detecting more suitable background sources over
a much larger FOV.

(4) NGC 6822 has a shorter line-of-sight path length: the 3D
structures of NGC 6822 and the SMC are different, and this
also has implications for the cold HI detection rate. NGC 6822
is more isolated than the SMC, though de Blok & Walter
(2000) attribute the prominent hole in the H I distribution to the
southeast to a potential interaction occurring within the past
100-200 Myr. The SMC is greatly affected by interactions with
the LMC and Milky Way, which introduce strong dynamical
tidal forces on the gas that will induce more density
enhancements through colliding flows to encourage the
formation of the dense CNM (Miville-Deschénes et al. 2017;
Tsuge et al. 2024). In addition, the frothy nature of the SMC’s
H 1, with over 400 expanding shells, is conducive to cold cloud
formation and displacement throughout the galaxy. The SMC is
also known to have a large line-of-sight depth, ~20 kpc (Kerr
et al. 1954; Johnson 1961; Hindman 1964; Murray et al. 2024),
due to its highly disrupted nature from the large tidal forces
applied from the LMC and the Milky Way. Therefore, HI
absorption in the SMC probes a ~20kpc total path length,
providing a significantly higher likelihood of intercepting cold
H1 for any given sightline. For example, the 60° inclination of
NGC 6822 and 0.28 kpc scale height (Puche et al. 1992; de
Blok & Walter 2000) mean we can potentially probe up to a
path length of 0.28 kpc/sin(i = 60°) = 0.32 kpc. Though we
note that this scale height is based strictly on dynamical mass
arguments, as opposed to a more robust direct fit to the HI
distribution. Nevertheless, the relatively isolated environment
of NGC 6822 compared to the SMC points to this being a
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reasonable estimate. Assuming that the mean path lengths
between CNM clouds and the filling factor are equal between
the SMC and NGC 6822, sightlines in the SMC could intercept
up to ~60 times as many individual CNM clouds.

All of the above reasons suggest that the CNM within NGC
6822 and the SMC has similar local properties, but is
distributed more favorably for detection in the SMC. We will
incorporate detection statistics for H1 absorption in the other
LGLBS galaxies to make a robust quantitative assessment of
our detection rate in future work.

8. Conclusions and Future Work

We have presented two detections of HI absorption and
HISA in the low-metallicity Local Group barred spiral galaxy
NGC 6822—the first such detections in a low-metallicity
environment outside of the Magellanic Clouds. We summarize
our analysis and results and present plans for future work
below:

1. The Gaussian decomposition and radiative transfer
analysis reveals a total of five separate CNM components
for the two sightlines. The T for these components range
from ~20 to 60 K, with a mean value of 32 £ 6 K. We
find column densities for the CNM ranging from 1.2 x 20
to 8.6 x 20 cm ™ 2; Avpwnm values ranging from 2.8 and
4.4kms™', corresponding to maximum 7T} ranging from
180 to 420 K; and integrated fenm of 0.16 and 0.37.

2. We find that our estimated integrated quantities, such as
the CNM mass fraction fonym and the density-weighted
mean spin temperature (7T;), agree well with the HI
absorption properties within the SMC, a dwarf galaxy
with similarly low metallicity and SFR. We have
presented a preliminary comparison of the fraction of
cold gas along the line of sight f. measured within other
nearby galaxies and the Milky Way that demonstrates a
slightly decreasing trend between f, with metallicity. A
future systematic investigation of f,. from other LGLBS
galaxies will disentangle the influence from different
mechanisms that dictate the thermal phase balance
between the WNM and the CNM, such as the strength
of background UV radiation and dust content.

3. We stack the HI absorption spectra of 13 nondetections
to search for indications of an average low-level signal.
We do not see any signatures of the CNM in the stacked
profile. We will continue to average down the noise by
adding spectra from the other LGLBS dwarf galaxy
targets in the future.

4. The sightline toward NVSS J194452-144311 intercepts
the strongest active star-forming region within NGC
6822, as traced by Ha emission. There is good spatial and
spectral agreement between the detected CNM, nearby
molecular gas traced by CO (2-1), and the Ha emission.
Our estimated Npg,-to-Npicorr ratio agrees well with
analytical models that accurately predict the saturation of
HI at levels >10*' cm ™2 This strong link demonstrates
that the CNM plays a prominent role in star formation by,
e.g., shielding star-forming molecular gas from becoming
photodissociated.

5. We find instances of HISA near the sightline toward
NVSS J194452-144311 that is spatially and spectrally
correlated with the nearby CO (2-1) complex. Modeling
the HI emission in the absence of HISA by fitting a
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Gaussian to the broader emission feature, adopting
T,=27+16K for the nearest CNM component in
velocity, and assuming 90% of the WNM falls in front
of the CNM responsible for the HISA, we estimate
Taisa = 0.7 2 0.4, consistent with the optical depth
estimates of the Gaussian decomposition analysis. To
our knowledge, this is the first characterization of HISA
in an external galaxy beyond the Magellanic Clouds,
M33, and M31. While marginal, this HISA signature
highlights the power of our combined sensitivity and
spectral resolution for LGLBS and provides a unique
combination of constraints on the physical properties of
the atomic and molecular gas phases of a low-metallicity
but actively star-forming ISM outside of the Magellanic
System. We plan to perform a detailed census of potential
HISA in all LGLBS targets in future studies.

Our detection rate was 2/18 or 11%. But this increases to
25% when focusing on sightlines that fall within the Ny,
contour of 6 x 10°°cm™2. This is slightly lower that the H1
absorption detection in the SMC, largely due to the small solid
angle (0.05 deg %) of NGC 6822 and the relatively small path
length due to the moderate 60° inclination. Systematic
investigations into the CNM properties of the entire LGLBS
sample, which intentionally spans a wide range of astrophysical
environments (e.g., star formation, dust content, and metalli-
city), along with HI absorption detected within the Milky Way
and Magellanic System from GASKAP-HI, will open up a
wide observation parameter space that will enhance our
understanding of the local conditions within the atomic ISM
that work to set SFR and efficiency.
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