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Abstract

Widespread galactic winds emanate from the Large Magellanic Cloud (LMC), with the 30 Doradus starburst region
generating the fastest and most concentrated gas flows. We report on the gas distribution, kinematics, and ionization
conditions of the near-side outflow along eight down-the-barrel sightlines using UV absorption-line observations from
the Hubble Space Telescope's Ultraviolet Legacy Library of Young Stars as Essential Standards (ULLYSES) program
for this region along with HI 21 cm observations from the Parkes Galactic All-Sky Survey (GASS) and Galactic
Australian Square Kilometre Array Pathfinder (GASKAP) survey. We find that within A@ < 1.7 from the center of 30
Doradus, the wind reaches maximum speeds of 100-150kms ™" from the LMC’s disk. The total integrated column
densities of low ions (O1, SiIl, and Fe II) in the blueshifted wind, up to v sg = 150 km s —1 are hlghest near the center
and decline radially outward. We estimate an outflow mass of Myypow, sin = (5.7-8.6) X 10° M., outflow rate of
Moutiow = 0.02M, yr !, and mass loading factor of 7 > 0.10 within A@ < 0.52 from the center of 30 Doradus. The
observed ion ratlos—together with photoionization modeling—reveal that this wind is roughly 40%—97% photoionized.
The metallicities and dust depletion patterns of the high-velocity absorbers at v; sg ~ +120km s~ can be explained by
either a foreground Milky Way (MW) halo cloud or an outflow from the LMC. For the high ions, SiIv and C1V are
broader and kinematically offset from the low ions, suggesting turbulent mixing layers existing in the wind. Finally, our
hydrodynamical simulations of the Magellanic Clouds and MW system suggest that the Magellanic Corona can protect
the LMC winds from the ram pressure forces exerted by the MW’s halo.
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1. Introduction

Galactic winds are high-speed outflows of gas and dust that
emanate from galaxies at large scales. They are driven by a
variety of processes, including the energy and momentum
generated by supernovae, active galactic nuclei (AGN), stellar
winds, and other sources of galactic feedback. The interplay
between outflows associated with galactic winds and inflows
represents a delicate balance that is a major part of the baryon
cycle. Star formation feedback can induce large-scale gas
circulation in the circumgalactic medium (CGM) and interstellar
medium (ISM) that help to regulate the galaxy’s star formation
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rate and chemical composition (S. Veilleux et al. 2005,
B. D. Oppenheimer & R. Davé 2008).

Despite the importance of galactic winds, our understanding
of their behavior and effects on both small (tens of parsec) and
large (tens of kiloparsec) scales is limited. Galactic winds are
diffuse and faint, and are therefore difficult to detect.
Absorption-line studies are far more sensitive than imaging
and emission-line studies to low-density material as they scale
linearly with density, as opposed to the density squared, but are
unable to map the wind’s properties. Further, degeneracies in
the measurable properties of CGM material typically limit our
ability to determine its origin, whether from an AGN, stellar
feedback, a neighboring galaxy, halo-gas condensations, or the
intergalactic medium. Accurately establishing the presence of
outflows is challenging except at the disk and halo interface.

The Large Magellanic Cloud (LMC) is an ideal galaxy for
studying the impact of stellar feedback due to its proximity at
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Table 1
Target Properties

D Background Stellar l b A3 por” AD30 por” UV Observing”

Target Type (deg) (deg) (deg) (kpc) Modes
[@))] BAT99 105 02 If* 279°46 —31°67 34 x 1073 29 x 1073 HST/STIS E140M+FUSE
2) Sk — 69°246 WNS5/6h+WN6/7h 279938 —31°66 6.5 x 1072 5.6 x 1072 HST/STIS E140M E230M+FUSE
3) Sk — 68°135 ONO.7la+ 279926 31977 1.9 x 107! 1.7 x 107! HST/STIS E140M E230M+FUSE
) BI214 06.5(n)(Hp 279289 —32°04 52 x 107! 45 x 107! HST/STIS E140M
5) Sk — 69°175 WNI11h 279955 —32°32 6.5 x 107! 57 x 107! HST/STIS E140M E230M+FUSE
(6) Sk — 68°112 O07.5(m)(Hp 278999 —32%41 8.4 x 107! 7.3 x 107! HST/STIS E140M
7 BI 173 (o211 279266 —32°68 1.0 9.0 x 107! HST/STIS E140M E230M+FUSE
®) Sk — 69°104 06Ib(f) 279292 —33938 1.7 1.5 HST/STIS E140M E230M+FUSE
Notes.

# These angular and projected distance offsets are from the center of 30 Doradus at (I, b) = (27946, —31°67) at an assumed distance of d-, = 50 kpc to our LMC

target.

® We assumed the following widths for the Gaussian-shaped line-spread function for the observing modes: FWHM,, =~ 6.5 km s~! (R & 45,800) for STIS E140M,
FWHM,, ~ 10 km s~! (R &~ 30,000) for STIS E230M, and FWHM,, ~ 20 km s~! (R & 15,000) for FUSE.

d-, = 50kpc away (R. de Grijs et al. 2014 and references
therein) and its face-on orientation at an inclination angle of
i ~ 23.4 (Y. Choi et al. 2022). This galaxy shows no sign of
AGN activity in X-ray emission (e.g., S. Kozlowski et al.
2012), which indicates that its galactic winds are mostly
powered by its stars. Elevated stellar activity is observed
extensively throughout the LMC’s disk, which encompasses
400 H I regions (e.g., R. D. Davies et al. 1976, E. W. Pellegrini
et al. 2012) and more than 50 supernova remnants (SNRs;
P. Maggi et al. 2016; D. A. Leahy 2017).

Several UV absorption-line studies have detected a large-
scale outflow from the LMC, including N. Lehner &
J. C. Howk (2007), K. A. Barger et al. (2016), Y. Zheng
et al. (2024), and references therein. Additionally, the studies of
L. Staveley-Smith et al. (2003) and D. A. Ciampa et al. (2021)
have mapped this wind in 2lcm HI and Ha emission,
respectively. K. A. Barger et al. (2016) confirmed that these
outflows are associated with a galactic wind due to their
symmetry on both sides of the galaxy, and estimated that the
winds have a mass of M;,q > 107M®. D. A. Ciampa et al.
(2021) established that the 30 Doradus region of the LMC—the
region with the most extreme stellar activity—is producing the
fastest and most concentrated winds.

In this study, we investigate the properties of the winds
produced by the 30 Doradus starburst using UV absorption-
and HT 21 cm emission-line observations toward LMC disk
stars. In Section 2, we describe these observations and their
reduction. We outline our process for identifying the LMC’s
wind in Section 3. In Section 4, we summarize our technique
for flux normalization, fitting Voigt profiles to the absorption
features, and handling overly saturated and blended lines. We
analyze the gas distribution in Section 5, followed by gas
kinematics in Section 6. We explore the ionization state of the
wind using ion ratios and CLOUDY radiative transfer simula-
tions in Section 7. In Section 8, we discuss the results from the
high-resolution simulation of the LMC. We discuss our results
and put them in context of previous studies in Section 9, and
summarize our main conclusions in Section 10.

2. Observation and Data Reduction

We explore the galactic wind along eight sightlines within
1.7 of 30 Doradus (see Table 1 and Figure 1). We choose these

sightlines to lie preferentially to one side of 30 Doradus to
avoid possible Magellanic tidal structures, such as the
Magellanic Stream (E. D’Onghia & A. J. Fox 2016). Below,
we discuss the observational details and data reduction steps for
the UV absorption-line and radio emission-line data utilized in
this work.

2.1. UV Absorption-line Data

All of our UV absorption-line observations are from the Hubble
Space Telescope's (HST's) Ultraviolet Legacy Library of Young
Stars as Essential Standards (ULLYSES; J. Roman-Duval et al.
2020) Director’s Discretionary Program. This science-ready
spectroscopic library includes observations of high-mass stars in
the LMC with typical signal-to-noise ratios (S/Ns) per resolution
element for the stellar continuum of 20 < S/N < 30. For our
sample, we selected the background O stars from the Data Release
5 catalog as this was the release that was available at the time of
our selection. Although we initially used that data release, we reran
our analysis scripts on the observations from Data Release 6 once
they became available, and present that analysis here. For
this study, we only included the HST Space Telescope
Imaging Spectrograph (STIS) observations for their higher
spectroscopic resolution at a full width at half-maximum of
FWHMgps ~ 6.5-10kms™" compared to the FWHMcos =~
17kms ™' for the Cosmic Origin Spectrograph (COS). These
sightlines were confined opposite to an HI overdensity filament
known as Arm B (see Figure 1) to minimize potential
contamination. D. L. Nidever et al. (2008) performed a Gaussian
decomposition of the LAB HI survey (AOLap.res = 0.6:
P. M. W. Kalberla et al. 2005) and kinematically traced Arm B
back to the region near 30 Doradus and then to the Magellanic
Stream. With these criteria, there were a total of 10 O stars;
however, two sightlines were removed from the final analysis due
to having a noisy continuum, resulting in a total sample size
of eight. Out of our eight background O stars, there are two
Wolf-Rayet (WR) stars (see Table 1).

The STIS observations have the additional benefit of being
less affected by atmospheric airglow that contaminates the
0O1A1302 and Si1IA1304 lines due to its much smaller aperture.
All of our targets were observed with the E140M diffraction
grating centered at Aceper = 1425 A, which covers a
wavelength range of 1140 < A < 1735 A. For five out of the
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Figure 1. Left: integrated H I emission map of the Large Magellanic Cloud's (LMC’s) disk over the range of +185 < vigp < +335km s~ ' using GASKAP
observations. Middle: 8 yum emission using Spitzer observations. Right: Ha emission from the Magellanic Cloud Emission-line Survey (MCELS; R. C. Smith &
MCELS Team 1999). The positions of our eight stellar targets are marked with white points and have labels that match the indices listed in Table 1. The two dashed
circles are centered at 30 Doradus and have radii of 0.5 and 1°. The small purple circle at the bottom of the H I map represents the kinematic H I center of the LMC,
and the arrow indicates the direction of the Small Magellanic Cloud (SMC). The dashed gray diagonal line at the top left of the map tracks the position of a gaseous H I
overdensity filament known as Arm B (S. Kim et al. 1998; L. Staveley-Smith et al. 2003). We choose background stellar targets that are confined within a downward
angular cone centered at 30 Doradus (marked by the two solid lines) to avoid the H I overdensity filament. The gray circle positioned at the bottom left of the left-hand
panel depicts the angular resolution of GASS at Afgassres = 16’, and the tiny black dot immediately above it represents the GASKAP angular resolution

at Afgaskap.res = 30" .

eight targets, the ULLYSES survey additionally observed them
with the E230M grating, which covers a wavelength range of
1700 < A < 3100 A. All UV observing modes are listed in
Table 1.

The data reduction procedure for the ULLYSES data
products is described in J. Roman-Duval et al. (2020) and at
the survey’s website.'"> Here we provide a brief summary of
their procedure. The STIS observations were run through the
calibration pipeline (CalSTIS), which calibrated the flux and
the wavelength and applied any wavelength shifts to align the
spectra. Observations that were taken with the same instrument
and diffraction grating were coadded. Observations taken with
different instruments or diffraction gratings were abutted when
the spectra did not overlap such that the wavelength arrays and
dispersion are discontinuous at the transition point; overlapping
spectra were truncated then abutted at a transition wavelength
and have a spectral sampling that is discontinuous at that
transition.

The ULLYSES archive additionally provides science-ready
Far-Ultraviolet Spectroscopic Explorer (FUSE) spectral pro-
ducts that we incorporate when available, as they also cover the
O1A1039 absorption features, which can be used when
O1XA1302 is saturated. Of our eight targets, five of them were
also observed with FUSE in the far-UV, which has a kinematic
resolution of FWHMpysg ~ 20km s~ ' and with typical S /Ns
per resolution element for the stellar continuum of S/N ~ 10
(see Table 1).

2.2. Radio Emission Line

To investigate the neutral hydrogen gas phase in the LMC
and its wind, we used HI 21 cm emission-line data from two
surveys that offer different advantages in terms of sensitivity
and resolution. We utilized the sensitive Galactic Australian
Square Kilometre Array Pathfinder (GASKAP) survey
(J. M. Dickey et al. 2013; N. M. Pingel et al. 2022) to explore

15 https:/ /ullyses.stsci.edu

the relatively bright gas within the disk of the LMC. The
GASKAP-HI Pilot Survey II data of the LMC that we used
here have a sensitivity of log (N, 3,/ cm~2) = 20.0 for typical
clouds with FWHM = 30kms~ !, and a spatial resolution of
Al = 30" . The raw kinematic resolution of these data is
Avpin, = 0.2km s ' we binned the data cubes to
Avpin = 1kms™! to smooth stochastic variations associated
with noise. Further, we constrain the kinematic extent of the
LMC’s H1 disk along our sightlines using this survey as it has a
higher spatial resolution; the smaller beam of GASKAP
translates to less blending of emission from gas surrounding
our UV sightlines (i.e., beam smearing), which broadens the
emission due to variations in gas motion.

Because GASKAP lacks the surface brightness sensitivity to
detect the LMC’s wind, we also employ data from the Parkes
Galactic All-Sky Survey (GASS; P. M. W. Kalberla et al.
2010) to measure H I column densities for the wind. The GASS
survey is 63 times more sensitive than GASKAP, at
log (N, 3,/ cm™2) = 18.2 for lines of FWHM = 30kms ',
but has a much larger spatial resolution of Afs = 16’ (32
times larger than GASKAP; see left-hand panel of Figure 1).

3. Wind Identification

Because of the physical placement of the targets within the
disk of the LMC, we are only sensitive to the nearside portion
of the LMC’s galactic wind, which is kinematically blueshifted.
Howeyver, besides the LMC wind, numerous absorbers such as
the Milky Way's (MW’s) ISM, intermediate-velocity clouds
(IVCs; 430 < visr S +90km s~ "), high-velocity clouds
(HVCs; 490 < v gr < +175km s~ 1), and the LMC’s ISM are
found between the systemic velocities of the MW and LMC
(N. Lehner & J. C. Howk 2007; J. Roman-Duval et al. 2019
and references therein). Additionally, there can also be
circumstellar absorbers associated with the background stellar
targets that are embedded in the LMC’s disk, and also
absorption features associated with coronal material in the
MW’s and LMC’s halo (see D. Krishnarao et al. 2022 for a
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recent discovery of the Magellanic Corona). In the sections
below, we outline our method for identifying the LMC’s wind.

3.1. Checking the Stellar Environment

Our UV background targets for this study include O and WR
stars that are luminous, hot, and massive. Their high
luminosities translate into higher radiation pressures at the
stellar surfaces, which can drive local stellar winds. The
radiation and cosmic rays that emanate from their stellar
surfaces ionize the surrounding circumstellar material, creating
H I regions. The approaching side of these H1I regions will be
blueshifted relative to the star and can be kinematically
confused with the LMC wind. For example, K. A. Barger
et al. (2016) found that the expanding H 1I region surrounding
the WR star HD33133—a star that lies in a relatively quiescent
quadrant of the LMC—reaches out to about 100 kms ™' from
the LMC’s systemic velocity in that direction. In active regions
of star formation, such as the core of 30 Doradus, stellar
contamination can be notably pronounced as the HI shells
from either stellar winds or supernovae explosions can overlap
(E. I. Doran et al. 2013; J. T. van Loon et al. 2013). As a
consequence, certain absorption features detected in the spectra
could potentially arise from the wind nebula enveloping the star
rather than from the LMC’s galactic winds.

To distinguish the absorption components originating from
the stellar nebula, we employed stellar catalogs, such as the one
compiled by C. W. Danforth et al. (2002). This resource
allowed us to investigate the circumstellar medium encom-
passing these background stars. Specifically, the work by
C. W. Danforth et al. (2002) presented Ho images of the
regions surrounding four sightlines studied in this paper:
Sk — 68°135, Sk — 69°175, Sk — 69°246, and BI 173. These
images illuminated the morphology of warm ionized gas in the
proximity of these stars. However, we found no morphological
indications of wind nebulae encircling these stars. Additionally,
we meticulously examined the locations of our sightlines using
the Magellanic Cloud Emission Line Survey (MCELS) in the
bright emissions of Ha [6563], [S1I] 6724, and [O 11] 5007
from the interstellar gas (see right panel in Figure 1 for the Ha
image). We do not observe circumstellar structures in the gas
surrounding most of our targets, with the exception of the
sightlines toward BAT99 105 and Sk — 69°104. In the
direction of these stellar targets, the Ha emission is elevated
and more structured (see the last panel in Figure 1). However,
the spectra for these two stars do not contain features that are
more distinct than those of the other stars, possibly suggesting
that the LMC wind largely dominates the absorption associated
with the circumstellar structures.

3.2. Conversion of Reference Frames

To assist in the identification and separation of the MW’s
HVCs, LMC’s winds, and LMC’s ISM, we explore the UV
spectra in both the kinematic local standard of rest (LSR) and the
LMC standard of rest (LMCSR) frames. We utilize the LMCSR
frame to identify wind components with respect to the center of
the LMC. We converted the ULLYSES observations from the
heliocentric reference frame to the kinematic LSR frame by
taking into account the velocity offset of the Sun with respect to
the LSR, which is approximately Avysgroftser = 20km s !
toward the direction of (R.A., decl.) = (18 hr, +30°).

Poudel et al.

We convert to the LMCSR reference frame by first
estimating a central velocity offset. This offset is a function
of the line-of-sight Galactic longitude (/) and Galactic latitude
(b), and is calculated as follows from D. A. Ciampa et al.
(2021):

% = 262.55 — 3.25(1 — 280) + 3.66(b + 33). (1)
m S

We subtract this offset from the LSR velocity to convert into
the LMCSR reference frame.

3.3. Separating the LMC’s Wind from the LMC’s Disk

The structure of the HI in the LMC’s disk varies a lot over
kiloparsec scales (roughly 1° at the distance of this galaxy). We
explored this using position—velocity plots that we generated
with the GASKAP data set in which we sliced through the disk
in both Galactic longitude and latitude (see Figure 2). Although
we can characterize the global behavior of the disk by finding
trends in the emission-weighted kinematic means and widths
(i.e., first and second moments) in these slices, there is too
much stochastic variation in the HI emission for these widths
to be a good representation of the gas along the probed
sightlines.

We therefore estimate the kinematic width of the HI disk
using the closest GASKAP spectrum to each of our background
stellar targets. We defined the kinematic boundaries of the disk
to be where the HI emission is at least 30 above the rms noise
in the continuum, as illustrated in Figure 3. The widths
obtained through this method generally match well with those
of low ions. In a few cases, there were slight inconsistencies of
about 5-10km s~' when comparing the HT emission with the
weak UV absorption metal lines, which may be attributed to the
larger HI beam. Additionally, the HI emission probes gas
through the entire thickness of the disk, while low ions probe
only the gas foreground to the star. While we use this definition
for consistency across all sightlines, we will also test different
velocity cutoffs, particularly on the blue side of the disk, to
determine if this causes any significant changes in the results
we obtained about the wind (see Section 9, where we estimate
the systematic error that might affect the outflow mass and
outflow rate of the wind). For most other results, we do not find
any significant changes. Moreover, the kinematic widths
determined using neutral hydrogen may not accurately
represent the characteristics of the disk for the high ions. The
visr velocities for the left (blueshifted) and right (redshifted)
disk boundaries that we define for all eight sightlines we probe
with UV observations are listed in Table 2. We shade the
region that we associate with the LMC’s disk as gray in
Figure 3 and in all of the plot stacks afterwards.

3.4. Separating the LMC’s Wind from the Milky Way’s HVCs

Numerous absorption features lie between the MW’s and
LMC’s systemic velocities, corresponding to redshifted material
with respect to the MW and blueshifted material with respect to
the LMC. In general, the absorption at visg < +90kms™'
corresponds to the MW ISM and MW IVCs. However, the
origin of the HVCs at 490 < visg < +175kms™" remains
unclear. Some studies conclude that high-velocity gas toward the
LMC is associated with the MW halo (B. D. Savage & K. S. de
Boer 1981; K. S. de Boer et al. 1990; P. Richter et al.
1999, 2015). Some of this high-velocity absorption is detected
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Figure 2. Position—velocity maps of the H I column density in the LMC’s disk using GASKAP observations for a positional slice through the total longitude and
latitude space comprised by the eight sightlines. The left panel includes a horizontal slice at Galactic latitude (—31.7), and the right panel a vertical slice at Galactic
longitude (279:5) of the sightlines. The vertical black dashed line represents the position of 30 Doradus. The thin solid black line is the kinematic center across the
sliced region, and the thick solid black lines at the top and bottom mark the boundary of the LMC’s disk.

many degrees away from the Magellanic Clouds. Most of the
MW’s HVCs are found to be within a distance of 10-20kpc
(N. Lehner et al. 2011, 2022). On the other hand, N. Lehner et al.
(2009) conducted an investigation of the gas in front of the LMC
using FUSE spectra of 139 early-type stars in the LMC as
background targets and HI 21 cm emission data. Their
examination of the HVCs spanning over the velocity range of
490 < visr < 175kms™ ' suggested an LMC origin based on
their distribution, metallicity, kinematics, and dust depletion
patterns. In the D. A. Ciampa et al. (2021) Ha emission-line
study of the LMC’s galactic winds, they found that the 30
Doradus region produces winds with the greatest speeds,
Vimesr > —175kms™, compared to the bulk material in the
galaxy’s global winds at vy ycsg < —110kms™'. Winds at these
extreme speeds exceed the escape velocity of the galaxy of
VLMCSR esc ~ 90 km s HK. A. Barger et al. 2016). D. A. Ciampa
et al. (2021) further found that the Ha morphology of the global
wind is asymmetric such that the wind is more concentrated in
the 30 Doradus quadrant of the galaxy. Given that absorption in
the range +90kms ' < visg < +175kms ' has been the
subject of debate regarding their origins, whether from the
MW’s HVC or the LMC’s wind, we thoroughly analyze them to
investigate their potential origins and properties in more detail in
Sections 5, 6, and 7.

4. UV Absorption-line Analysis

We explore LMC outflow and coincidental inflow absorption
features associated with the following spectral transitions that are
covered by the HST/STIS observations: O IA\1302, S TTAA1250,
1253, Fe TA1608, 2249, 2260, 2344, AITIA1670, AITIIAN1854,
1862, SillAA1526, 1808, SiIvA1393, 1402, and CIVAA1548,
1550. Additionally, in some cases we also explore the weaker
O1A1039 absorption features covered by FUSE because the
O1A1302 is often saturated. We do not examine absorption for
the C TA1334 transition because the MW’s C TTA1335 absorption
overwhelms any signatures of the LMC’s wind. We also exclude

the SillIA1206 line as it is in the wing of the MW’s Ly«
signature where the S/N is too low to reliably use that transition.

4.1. Continuum Normalization

For each of the low-ion transitions that we explored, we created
smaller spectral snippets that spanned —1500 <visg < +
1500kms ' for well-behaved continuum. We fit the stellar
continuum using polynomials that have a typical order of
3 < n < 8. These polynomial orders tend to be larger than those
typically used for observations with quasi-stellar objects, as the
background target of the stellar continuum of massive stars tends
to be intricate as it is imprinted by stellar winds and rotation.
These imprints tend to be more severe for the high-ion transitions.
We established best-fit polynomial orders using goodness-of-fit
tests by minimizing the reduced chi-squared (¢2), and used the
smallest order that resulted in a marginal change in the ¥2. The
spectral regions, which exhibited absorption features inconsistent
with the stellar continuum, were excluded from the fit. As an
example, the continuum fits for several key transitions toward the
sightline Sk — 69°246, along with the masked regions, are shown
in Figure 4.

For the high-ion species CIV and SilIVv, we used Legendre
polynomials of degrees 1-8 to fit each continuum. This fitting
was done within a velocity range of 500—1000 km s ' from the
absorption line of interest. The choice of polynomial degree
was determined by the complexity of the stellar continuum
around the absorption lines. When the continuum was well
behaved, we employed a low-degree Legendre polynomial,
typically less than 5 (see N. Lehner et al. 2011 for details). The
continuum for high ions in the Sk — 69°175 sightline is too
complex to reliably model, we therefore do not provide any
measurements of SiIV and CIV toward that star.

4.2. Voigt Profile Fitting

For all the absorption features, we fit the spectral lines with
Voigt line profiles using the VOIGTFIT Python software
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Figure 3. Determination of the kinematic width of the LMC’s disk by
comparing the HI emission line with the UV absorption lines for the
Sk — 69°246 sightline, which we have shaded in gray. In the upper panel, the
red curve represents the H1 emission data from GASKAP, and the black
dashed curve is the corresponding multi-Gaussian fit to the data. The shaded
region between the two vertical black dashed lines represents the estimated
LMC disk width, as described in Section 3.3. The lower panels display
examples of weak UV absorption lines associated with this sightline. The
horizontal line in red is drawn to show the position of the continuum, and the
profiles in different colors represent the individual components from the Voigt
profile fitting (see Section 4.2).

Table 2
LMC’s H1 Disk Boundaries

ID Sightline Left Boundary Right Boundary
(Lsr/kms™") (Lsr/kms™)

[€))] BAT99 105 +243.1 +299.8

2) Sk — 69°246 +233.4 +294.9

3) Sk — 68°135 +233.4 +292.9

“ BI214 238.2 +276.3

) Sk — 69°175 +232.4 +285.0

6) Sk — 68°112 +238.2 +281.2

@ BI 173 +203.1 +249.0

8) Sk — 69°104 +225.5 +276.3

(version 3.14.1.1; J.-K. Krogager 2018). This software utilizes
analytic approximation to the Voigt profile developed by
T. Tepper-Garcia (2006). We performed all of these fits using
already continuum-normalized spectral segments for each ion
transition. The VOIGTFIT program can fit various atomic lines
with multiple components simultaneously and hold the Doppler
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parameters (b), line centers (v), and column densities (N) fixed
or allow them to freely vary. To determine column densities,
the VOIGTFIT program uses atomic data (i.e., rest-frame
wavelengths and oscillator strengths of transitions) from both
the Vienna Atomic Line Data Base (or VALD; N. E. Piskunov
et al. 1995) and F. H. Cashman et al. (2017). This line-fitting
software determines the best fit through a nonlinear least-
squares minimization. As the current version of VOIGTFIT does
not have the functionality to use the tabulated line-spread
function (LSF) for STIS (VOIGTFIT only supports the tabulated
LSF for HST/COS), we accounted for the broadening
associated with the detector by using a LSF with a Gaussian
shape which has a FWHM that matches the spectral resolution
of the instrument and mode of the observation. For example,
we used a Gaussian profile with a FWHM,¢ ~ 6.5 km s~! for
the STIS E140M LSF that has a spectral resolution of
R =~ 45,800; we list all of the FWHMs for the LSFs that we
used for all observing modes in the footnotes of Table 1. The
potential effects of using a Gaussian approximation to the LSF
on the fit parameters, particularly column density and line
width, have been explored in previous studies. A. J. Fox et al.
(2020) specifically examined this for HST/COS observations
of HVCs, and found no significant difference in the component
parameters when using the tabulated LSF versus a Gaussian
LSF. We have also tested this for the C IV and SiIV ions using
a different software that utilizes the tabulated LSFs for the STIS
E140M grating, and the differences in the log N values were
less than 0.1dex. Doppler b-values were also consistent
within <0.50.

For the low ions, when multiple transitions of the same ion
were available we fitted them independently. We prioritized
lines based on their S/N and the degree of saturation, using the
weaker lines (with lower oscillator strengths) when possible to
avoid saturation effects. The stronger transitions (with higher
oscillator strengths) are generally chosen to analyze the weak
components in the wind, and the lines with weaker transitions
are better for the strong components in the disk that often
saturate. For example, we used the SiIlIA1808 transition for
very strong components in the slow-moving part of the wind
and in the LMC disk; however, we often used the SilI\1526
transition for the fast-moving wind components as they are
often too weak to be detected in SilIA1808. Occasionally, we
also compare the 30 upper limit in the column density for a
nondetection of the SilIA1808 line with the column density
measured from SiIllA1526. This comparison was helpful to
check for unresolved saturation of the stronger SiIIA1526 line.
Similarly, for Fell, we utilized the stronger Fe IIA1608 and
Fe11A2344 lines and the weaker Fe 11A2249 and Fe 1122260
lines. We used both the STTA1250 and S IIA1253 transitions to
measure the S II column density.

For neutral oxygen, we constrained its column density using
O1A1302 from STIS for most of our sightlines. However, for
the Sk — 69°175 and BI 173 sightlines, we additionally used
the O 1A1039 line that is available through FUSE observations.
For these two sightlines, this transition did not suffer from
obvious airglow emission contamination. Although H, absorp-
tion is littered across the continuum for this transition, the
LMC’s ISM and outflows were not significantly impacted.
However, H, contamination litters the other parts of this
spectral segment, impacting our continuum fit and adding
uncertainty in our normalization. We accounted for the
uncertainty in continuum placement by estimating the column
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Figure 4. Nonnormalized spectra and associated continuum fits for a few key transitions observed toward the Sk — 69°246 background stellar target. In each panel, the
data in black represents the observed flux, with the gray envelope indicating its uncertainty. The green lines mark the continuum fit. The absorption features shaded in
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yellow represent data excluded during the continuum-fitting process. The order of the polynomial fit “n” is provided in each panel. For C Iv, only a small portion of
the spectrum was used (see the region bounded by two vertical dashed lines in green) to fit the continuum due to the complexity of the stellar continuum.

densities based on the highest plausible continuum positions,
and propagated the corresponding errors. For the Sk — 69°175
sightline, we identified absorption from the MW molecular line
4-0 R(2) HoA1051.5 at vigg &~ +320km s~ '. However, since
we were not interested in this velocity region, we masked the
molecular hydrogen absorption components at this velocity
when performing the Voigt profile fitting. The LMC comp-
onent of the 5-0 R(2) H,A1038.7 line may be contaminated
with the OIA1039 absorption at visg ~ +120km s L. To
estimate the potential contribution to the O THVC profile from
this molecular line, we examined the absorption of the 4-0 R(2)
H,A1051.5 transition. This line was chosen because it is free
from contamination by other lines and the stellar continuum
near this region is clean. Moreover, the strengths of both of
these transitions are comparable. We found that the contrib-
ution from the molecular hydrogen line was insignificant.
While we generally allowed the velocity centroids for each ion
to vary freely, there were some instances where we opted to fix
them. In cases of saturation and blending (which is generally
the case in the disk region), we fixed the velocity centroids for
all blended or saturated lines to match lines produced by
elements in similar ionization states that had the least blending
and saturation.

In the case of high ions, we fitted the CIV and SilIV lines
independently. However, the CIV doublets were fitted
simultaneously, as were the doublets of SilVv. Moreover, we
allowed for all of their fit parameters to typically vary freely.
We list the Voigt profile fitting results used for our analysis for
both the low and high ions for sightline Sk — 69°246 in
Table 3. We list our fit results for all sightlines explored and
analyzed in this study in the full machine-readable version of
Table 3. While Table 3 lists the column densities and
uncertainties produced by VOIGTFIT, we treat them as a lower
limit in our analysis for cases of saturation. Such components
are provided with a footnote (“a” for a component which might
be saturated and “b” for a component which is saturated) in
Table 3. In situations where a line is not detected, we provide a
3¢ upper limit on the column density. We graphically illustrate
the fits for each component along sightline Sk — 69°246 in
Figures 3 and 5 and in Appendix A for all other sightlines.

We also rely on the apparent optical depth (AOD) method
(B. D. Savage & K. R. Sembach 1991) to obtain total column
densities within set velocity ranges that we use to explore
trends across all sightlines (for example, see Section 5.1). This
method involves converting the observed flux (F(v)) into an
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Table 3
Results of Voigt Profile Fitting Analysis
Ion VLSR VLMCSR log (N,/ cm™2) b
(kms™h (kms™ ") (kms™ ")
Sk — 69°246
O1 +103.7 £ 0.6 —165.7 13.94 + 0.03 7.7+ 09
+124.5 + 0.9 —1449 13.67 £+ 0.06 6.7+ 1.5
Sin +102.2 £ 09 —167.2 13.37 £ 0.05 69+ 13
+123.6 £ 0.9 —145.8 13.30 + 0.06 79 + 1.6
+177.6 + 0.0 —91.8 14.17 £ 0.02 185+ 1.0
+209.5 £ 0.0 -59.9 14.82 £+ 0.09 94 +2.7
Fell +103.1 £ 0.6 —167.9 13.03 £+ 0.04 54+14
+123.0 +£ 0.6 —146.9 12.93 £+ 0.04 48 +£ 1.7
+175.7 £ 0.9 -93.7 13.83 £ 0.02 19.6 £+ 1.1
+206.5 + 0.0 —62.9 13.78 + 0.04 7.8 + 1.0
Su +102.2 —167.2 <13.76
+123.6 —145.8 <13.60
+177.6 -91.8 <13.64
+214.5 £ 0.0 —54.9 14.56 £+ 0.18 104 + 3.1
+241.5 + 3.9° -27.9 15.55 £ 0.12 16.7 £ 4.1
Al +954 +£ 1.8 —174.0 12.11 £ 0.13 834+29
+117.0 £ 1.8 —152.4 12.31 £ 0.09 10.7 £ 2.7
+168.4 + 4.2° —101.0 12.74 £ 0.15 16.7 + 3.6
+206.5 + 0.0° —62.9 13.03 £ 0.11 19.5 £ 99
+235.4 + 0.0° —34.0 14.76 + 0.36 157 £ 0.8
Al 11 +103.8 £ 1.2 —165.6 11.65 £ 0.24 55+32
+1243 £ 2.2 —145.1 11.79 £ 0.19 6.8 £ 1.5
+177.6 £ 0.0 -91.8 11.51 £ 0.39 10.5 £ 2.2
+206.5 £+ 0.0° —62.9 13.31 £ 0.02 145 + 3.1
+2354 £ 0.0 —34.0 12.96 £+ 0.02 154 £2.7
Civ +100.2 £ 0.0 —169.2 13.23 + 0.07 28.2 £+ 6.1
+210.6 + 0.3° —58.8 14.37 £ 0.01 225+05
Siv +98.1 £+ 3.0 —171.3 12.34 + 0.01 144 + 43
+212.9 + 0.3° —56.5 14.06 £+ 0.01 226 £ 04

Notes. A summary of the Voigt profile fitting outcomes for +90 km s <
visk < LMC's disk boundary across various ion species along sightline
Sk — 69°246; we list the outcomes for all of our sightlines in the machine-
readable version. We exclude the results for the components which are
saturated and blended together as they may not represent the correct values.
While the table lists the errors in column densities produced by VOIGTFIT, we
treat them as a lower limit in cases of saturation, and such components are
marked with a corresponding footnote. Since the Voigt profile fitting may not
always provide a robust estimate of a lower limit on column density, we report
only those values which are also consistent with the values obtained from the
AOD method (for the components represented by the footnotes “a” and “b”).
For these saturated lines, although we provide the b-values, we stress they are
also less certain. In situations where a line is not detected, we provide a 30
upper limit on the column density. In some cases, when we need to fix the
velocity centroids, the errors for those particular components are set to
0.0 km s~ 1. The errors in vy pcsr are not listed in the table, as they are the same
as the errors in vy gg.

# These components could potentially be saturated.

® These components are saturated.

€ This component is affected by molecular absorption.

(This table is available in its entirety in machine-readable form in the online
article.)

apparent column density profile (N, = f N,(v)dv):

N, 3.768 x 10' cm~?
= a(V) ——dv, 2
cm~?2 o fT ) kms 1 @

where )\, is the rest wavelength of the transition in angstrom,
and fis the corresponding oscillator strength. The optical depth
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(7) is related to the observed flux and continuum flux (F.(v)) by

Fc(v))

3)

=1
Ta(V) n(F(v)

For lines with clear saturation (when the flux reaches zero), we
adopt the AOD column densities as lower limits. We
additionally compare the apparent column densities for
different transitions of the same ion to check and correct for
the unresolved saturation using the methods described in
E. B. Jenkins (1996) and B. D. Savage & K. R. Sembach
(1991). For unsaturated lines, the AOD column densities
obtained from both the strong and weak transitions should be
similar. Voigt profile fitting may not always provide a robust
estimate of a lower limit on column density as it depends on the
modeled b-value. Therefore, for the saturated components, we
report only those values from the profile fits which are also
consistent with the values obtained from the AOD method (see
the components with footnotes “a” and “b” in Table 3).

5. Gas Distribution

To investigate the origin of the gas absorption toward 30
Doradus, we explore the kinematic and radial distribution of
the gas using our eight stellar sightlines.

5.1. Radial Distribution of the Gas

We analyze the distribution of the gas absorption as a
function of the angular offset from the center of 30 Doradus.
For this, we calculated the total column densities for various
atomic species in different velocity regions. First, we estimate
the integrated column densities for Fell, Sill, and O1 for
velocities that range from vigg = +150km s! to the
kinematic boundary of the LMC’s galactic disk (see Table 4).
We prefer the AOD method to adding individual components
from the Voigt profile fitting to determine these column
densities as we want to compare the sightlines over consistent
velocity binning. Second, the kinematically neighboring
components to the LMC disk boundary in the closest sightlines
to 30 Doradus are mostly saturated, especially for O I. In cases
of saturation, we treat the column densities as lower limits. We
find that the integrated column densities of the blueshifted
absorbers relative to the LMC’s disk with v gg > +150 km s
decrease linearly as the angular offset from center of the 30
Doradus starburst region increases (see Figure 6). This
characteristic holds for all three of the aforementioned atomic
species. However, the most notable trend is observed in the
Fell column density distribution, which experiences less
saturation compared to Sill and O L.

To test the robustness of the declining column densities with
angular offsets, we perform a Kendall’s tau test, which
provides a reliable assessment of the monotonic association
between two variables. Specifically, we implement a censored
Kendall’s tau analysis to account for lower limits in column
density by treating censored values as greater than or equal to
their observed limits. The Kendall rank correlation coefficient 7
and the significance level of the correlation p for all the three
ions are listed in Table 5. We adopt a p-value threshold of 0.05
to compare the level of significance. We get a large negative
value of 7 = —0.64 with a value of p = 0.03, signifying a
negative correlation between the Fe I column density and the
angular offset from 30 Doradus. Although there is a negative
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Figure 5. Upper panel: HI 21 cm emission-line data using GASS
(P. M. W. Kalberla et al. 2010) for the Sk — 69°246 sightline (shown in
black). The spectrum is also presented in a logarithmic scale (shown in red) to
facilitate the visual magnification of possible weaker emission lines outside the
disk. The shaded region marks the boundaries for the LMC’s H1 disk (see
Section 3.3 for details). Lower panels: Voigt profile fits to various metal
absorption lines. The oscillator strength values for the corresponding transitions
are provided in each panel. The normalized flux is depicted as a black curve,
and the 1o error is represented by the gray envelope around the normalized
flux. The multicolored lines correspond to Voigt profile fits for individual
components, while the green line represents the total coadded fit for all
these components. As in the upper panel, the gray shaded region
indicates LMC disk absorption. The different shades of blue correspond to
the HVC (+490kms™' < vwgr < +175kms ') and the LMC wind
(+175km s < v gp < LMC's disk boundary). Similar plot stacks for the
sightlines explored in this study are included in Appendix A.

correlation between the column density and the angular offset
from 30 Doradus for Sill and OT, this correlation is not quite
significant and is likely attributed to the elevated level of
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saturation in the sightlines closest to this starburst region (see
Figure 5 and Appendix A plot stacks). The closer the sightlines
are to 30 Doradus, the larger is the radial velocity range in
which the profile goes all the way to zero flux. Accounting for
the saturation, the radial decrease of the column densities with
projected distance from 30 Doradus would be stronger than
suggested by the slopes in Figure 6.

We tested how varying the kinematic boundary affected how
the column densities vary with increased projection distance
from 30 Doradus. When we expanded the integration range by
a small amount of 10-20kms ', this did not have any
significant change in the trend we obtained earlier. This is
because there is a minimal contribution to the total integrated
column densities from the components that lie between
+130 < vigr < +150km s~ ', If we increased this integration
range by 50kms~' to v sg = +100kms ™', we still observe a
radial decrease in the column densities, though including the
absorbers in this region would soften the decline (see Figure 7).
Indeed, examining the total column density distribution
spanning the region +100 < visg < +150kms ', we do not
observe any specific trend in the data (see first panel in
Figure 8). Moreover, we find no specific pattern in the
integrated column density with respect to angular distance both
in the velocity range of vpgg = +50 to +100km s7! (see
middle panel in Figure 8) and in v gg = 450 to +150km s
(see third panel in Figure 8). This suggests that the absorption
at the vy g > +150kms ™" is more likely associated with the
LMC wind originating from 30 Doradus. The absorption at
visr = +100 to +150 km s~ may be associated both with the
MW HVCs and the LMC wind.

5.2. Kinematic Distribution of the Gas

We analyze the variations in component column densities
derived from Voigt profile fitting for Fe Il with respect to vy sg
in the entire velocity spectrum. We choose Fell due to the
availability of multiple transitions (Fe IA1608, 2249, 2260,
2344). The components associated with these transitions
exhibit fewer issues with blending and saturation when
compared to other ions, which enabled us to identify and
characterize the largest number of components.

Our examination reveals a pattern in the column densities
and velocities for absorbers within 0.52 from the center of 30
Doradus (see left panel of Figure 9). As we kinematically
progress from the LMC’s disk region toward the MW, the
column densities steadily decrease, reaching a minimum at
approximately visg ~ +100kms™' before starting to rise
again as we approach the MW. For the offset = 0.52 curve,
there appears to be a local minimum at vy sg &~ +200 km sfl,
which seems consistent with the column densities observed
near vigg ~ +100km s~ . However, the component at
visr &~ +200km s~ is less reliable due to its Very narrow
line width of 2.8 kms ' and a larger error in column density of
0.21 dex. Additionally, this component is not observed in other
ions along this sightline, suggesting it may not be a robust
feature. Therefore, we consider the more significant minimum
to be around visg ~ +100km s~ ! for most of these first four
sightlines, indicating a likely transition velocity. While some of
the FeII components in the LMC disk and the MW disk are
potentially saturated, this does not affect the region where the
column density is reaching toward the minimum value.

This trend is not obvious for the four farthest sightlines
located from the center (see right panel of Figure 9). For the
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Table 4
The Total AOD Column Densities Integrated between vy sg = +150 km s7! to the Left Boundary of the LMC’s H1 Disk (see Table 2)
Sightline Angular Offset log Nren log Nsin log Nox
(deg)
BAT99 105 0.003 >14.80 >14.73 >15.24
Sk — 69°246 0.06 >14.50 15.28 £+ 0.01 >15.16
Sk — 68°135 0.20 1420 + 0.04 15.30 £ 0.01 >15.12
BI214 0.52 1447 £+ 0.03 >14.79 >15.30
Sk — 69°175 0.65 1421 £+ 0.05 1442 £+ 0.09 15.32 £ 0.02
Sk — 68°112 0.84 14.01 £ 0.06 >14.34 >14.82
BI 173 1.03 14.34 £+ 0.19 >14.44 >15.02
Sk — 69°104 1.76 13.67 £+ 0.01 14.15 £ 0.06 >14.55

outer sightlines, one can speculate the minimum column density
may shift to v sg &~ +150 km s, as most of them show a local
minima in the column density close to that velocity. We
conducted a similar analysis for the high ions CIv and SiIV (see
Figure 10), and find no distinct minimum in their column
densities, though two sightlines near 30 Doradus exhibit
minimum column density at around vy sg ~ +100 km s L

If the lighter clouds ejected from a galaxy are more easily
accelerated by momentum-driven forces, they should reach
higher velocities. Additionally, if faster clouds traveling
through an ambient medium disperse more rapidly due to
stronger ram pressure effects, then we would expect higher-
velocity material to be more diffuse. Under these assumptions,
the observed trend—where the material moving at higher
velocities relative to the LMC’s disk exhibits lower column
densities—suggests that higher-speed gas is more diffuse. This
pattern aligns with the inverse relationship between cloud
speed (v.) and column density (v %) observed in galactic

winds (e.g., T. M. Heckman 2002; see also Appendix B).
Within this framework, we interpret the velocity at which the
column density reaches a minimum as the maximum speed at
which detectable diffuse gas can escape the LMC’s gravita-
tional pull. Beyond this minimum, the subsequent rise in
column densities at even higher velocities may indicate a
transition to material associated with the MW’s HVCs.

Under the assumption described above, the lack of a clear
trend for the outer four sightlines (see right panel of Figure 9)
may result from contamination of the LMC wind by the MW’s
HVC as well as the LMC’s CGM in the velocity range of
visg = +100 km s ' to visg = +150 km s~ A recent study
by S. Mishra et al. (2024) detected the LMC’s CGM in several
low-ionization species, including Fell, out to an impact
parameter of 17 kpc. While their column densities for Fe Il
are generally similar to the values we obtained for the wind
components, the population of Doppler b-values they observed
differs significantly from our results. However, we cannot
entirely rule out the possibility that the LMC wind may also be
contaminated by the LMC’s CGM. For the high ions, we
believe that the LMC wind may be polluted by the LMC’s
coronal gas (D. Krishnarao et al. 2022) at this high velocity,
resulting in an absence of the trend of column density versus
velocity obtained for the low ions. As the most active star-
forming region in the LMC, 30 Doradus is expected to drive
high-speed winds. D. A. Ciampa et al. (2021) have found
evidence of similar-velocity outflowing gas from this region,
reaching a maximum of 175 km s~ relative to the LMC disk
(or visg ~ 100 km s~ ") from Ho emission-line observations.

A recent study by Y. Zheng et al. (2024) only considered the
absorption at Vyejio > +175 km s L assuming that material at
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greater speeds relative to the LMC is less likely to be associated
with the galaxy’s outflows. Their interpretation was based on
the results from P. Richter et al. (2015), which reported an
HVC associated with the MW at vigr +115kms L
However, the sightline from P. Richter et al. (2015) was
several degrees away from 30 Doradus and even outside the
log(Ny/ cm~2) ~ 18.5 contour for the LMC’s disk.

Our primary focus in this study is the LMC’s outflows,
which are blueshifted in absorption compared to the systemic
velocity of the LMC using stars embedded within that galaxy’s
disk. Using the same procedure for defining the kinematic
bounds of the LMC’s gaseous disk that we used to identify
outflowing material from this galaxy, we additionally find
redshifted material that is presumably flowing toward it.
Specifically, for three sightlines—Sk — 68°135, BI214, and
Sk — 68°112—we observe redshifted absorption in the low
ions beyond the disk that is consistent with the weaker H I
components from the GASS data. J. C. Howk et al. (2002) also
reported a possible inflow toward a sightline, based on
redshifted O VI, just within ~072 of Sk — 68°112. We have
shaded the redshifted absorption associated with these
sightlines in red in Figure 21 in Appendix A. This redshifted
absorption might represent gas that is inflowing into the LMC
that could be recycling back from the outflows.

~
~

6. Kinematics

The Doppler b-parameter characterizes the velocity spread of
an absorption line. The b-values obtained through Voigt profile
fitting represent the combined effects of both the thermal and
nonthermal broadening in an absorption line. By comparing the
b-values for different ions and for various sightlines, we can
gain insight into the mechanisms that are responsible for the
broadening of the absorption lines. Additionally, comparing the
velocity centroids across different sightlines and various ions
within the same sightline can offer crucial information about
the potential origin of the gas and the distinct gas phases. We
investigate these aspects throughout the velocity spectrum,
extending from the MW to the LMC. Nevertheless, our main
emphasis is on the region associated with the LMC wind.

6.1. Doppler b-parameter Distributions

We compare the magnitude of b-values across the entire
velocity range from the MW to the LMC using Fe I (see details
in Appendix C). The average b-value and the standard deviation
from the mean for the LMC wind region (+150 <
visk < +210kms ") is found to be (h)pey = 11.6 +
7.7kms ' (see Table 6). These values for +100 < s <
+150km s ! are (b)pen =83 £3.4km s~'. We do not find any
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Figure 6. Variations in integrated column densities of Fe II, Si II, and O 1 as a
function of angular separation from 30 Doradus in a velocity range of +
150 kms™! < v gr < LMC’s disk boundary, where the disk boundaries are
defined in Table 2. The solid lines represent linear regression fits applied to the
observed data points depicted by the circles. The open circles are presented
without the error bars as these values are saturated. The upward-directed arrows
represent the extent of saturation, with larger arrows signifying a higher level of
saturation. The shaded region in blue shows the uncertainty in the fit.

significant differences in the average b-values between any of
these regions. Moreover, we also do not observe any specific
trend in the magnitude of b-values with respect to the angular
distance from 30 Doradus.

We also estimate the average b-values and the standard
deviations from the mean for the high ions to be (b)cw =
249 + 152kms ' and (b)s;y = 184 £ 11.9kms™" for the
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Figure 7. Similar to Figure 6, but for Fell in a velocity range of
+100 km s~ < v gg < LMC’s disk boundary.

Table §
Kendall’s Tau Tests between the Angular Offsets from 30 Doradus and the
Column Densities

Parameters Fell Sil O1
T —0.64 -0.57 —0.43
P 0.03 0.06 0.18

Note. Kendall rank correlation coefficient 7 and the significance level p to
measure the association between the angular offsets from 30 Doradus and the
column densities.

absorbers within the velocity range of +150 < v <
+210kms . These values significantly exceeded the average
values observed for their low-ion counterparts. The increased b-
values for the high ions is mostly because they typically probe a
distinct phase of the warm ionized gas compared to the low ions.
Despite the generally elevated average b-values observed for high
ions, a subset of components exhibits b-values <10kms . Such
weaker narrow SiIv and CIV components could potentially
indicate absorbers that are photoionized. However, there is also a
possibility that they may trace nonequilibrium collision ionization
(see N. Lehner et al. 2011). Additionally, the b > 50kms™" for
some of the CIV components may be an indication of more
nonthermal broadening, i.e., collisions, and possibly tracing a
warmer gas than SiIv. However, since the ionization potential of
C1V is higher than that of SilIV, it is not surprising that they do not
trace a multiphase gas in the same way. For three sightlines,
namely Sk — 69°246, Sk — 68°135, and BI 173, we also possess
measurements for the b-values of the intermediate-ion AlTI. The
average b-values and the standard deviation from the mean for the
Al ions are found to be (P)am = 13.9 + 80kms "
The average b-values for the Al ions are found to lie between
the values for the low ions (Fe IT) and high ions (SiIV and C IV), as
one would expect from the intermediate ionization potential of
Al at [P+ = 18.8 eV.

6.2. Alignment of the Absorption Profiles

We compare the magnitudes of the b-values and the velocity
centroids of the components between Sill and OT within the
velocity range of +100 < wsg < +220kms !, which
corresponds to the LMC wind region in Figure 11 (left). For the
purpose of comparing the low ions with the high ions, we also
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Figure 8. Variations in integrated column densities of Fe II as a function of
angular separation from 30 Doradus in various velocity ranges as shown on the
top of each panel.

display the b-value distributions for SiTv and Sill within the
wind velocities in Figure 11 (right). In cases of complex
profiles for the high ions, the application of Voigt fitting can
occasionally yield excessively large b-values in order to
minimize the y*. The components with b-values exceeding
~50km s~ may be less reliable due to potential blending with
other components or too low S/N and a smaller optical depth
(see N. Lehner et al. 2011 for details). Therefore, we need to be
careful when interpreting these broad components as they could
represent either a single broad component or a composite of
numerous narrower components.

Comparing the velocity centroid offsets between O T and Sill
can be informative, as OTI serves as a proxy for neutral
hydrogen, while Sill acts as a proxy for both neutral and
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ionized hydrogen. However, no significant offsets were
observed between O 1 and SiII within the velocity range where
we anticipated the presence of LMC winds. The similar
b-values and the absence of significant offsets is likely due to
our detection of predominantly single-phase gas in the winds
probed by the low ions, which is photoionized. When
comparing the positions of the components for Sill and SilV,
there are instances where they may share similar velocity
centroids. However, due to the significantly higher number of
components in the low ions compared to the high ions in the
velocity range of the wind probed by low ions, they
predominantly probe different phases of the gas. When
comparing the Doppler b-values associated with matching
components in SiIV and C IV, we observe that in four cases the
data fall near to the nonthermal line, and in three cases they are
closer to the pure thermal broadening line (see Figure 12). This
implies that both thermal and nonthermal motions are
important in producing the high ions.

Interestingly, we observe a consistent difference in the
absorption profiles redward to the disk between low ions and
high ions. In most cases, the absorption in low ions is more
redshifted compared to C IV and SiIv, and also in comparison to
Al for the two systems where Al data are available (see
Figure 5 and Figure 21 in Appendix A). This effect is particularly
pronounced in the closest sightlines to 30 Doradus, where we
observe the most concentrated and highest-speed wind probed by
low ions (see Section 5). For instance, in the BAT99 105 and
Sk — 69°246 sightlines, most of the low-ion absorption is detected
beyond visgr 2 +300kms~'. However, for the high ions, the

~

absorption is limited at vi gg < +300 km s L

7. Gas Ionization

To evaluate the ionization state of the gas, we analyze the
observed ion ratios for various low ions and the line ratios for
the high ions. Additionally, we also incorporate multidimen-
sional photoionization models using the radiative transfer code
CLOUDY (version 22.01; M. Chatzikos et al. 2023) to
characterize the physical and ionization properties of the gas.

7.1. Low lons

As we will discuss in Section 7.3, we lack direct
measurements of HI values for most of the wind components;
therefore, it is not feasible to conduct photoionization modeling
for all these components. However, we can assess the spatial
and kinematic variation in ionization and dust by comparing
multiple low-ionization species ratios and checking for any
associated trends (see N. Lehner et al. 2009). For this
exploration, we used the [Sill/OT1], [Fell/OT], and [Sill/
S 1] ion ratios, which are logarithmic with respect to the solar
abundances. We adopt the solar abundances from the
M. Asplund et al. (2009) catalog. We present those results in
Table 7 for different sightlines across a range of velocities.
When we observe saturation or nondetection of an ion, we
report only the corresponding limits. For S II, we rely on either
STA1250 or STA1253, while excluding STIA1259 due to
significant blending with the SilIA1260 line. It is important to
note that the STA1250 and STA1253 lines are weaker
transitions and are primarily detected in the slower-moving
portions of the wind, which are kinematically closer to the
LMC’s disk (vpmesk > —160kms™'). The mean and
dispersion values for [Sill/O1] and [Fel/O1] for the
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measurements.
Table 6

b-value Distributions
Region (bpen/kms™ ") (be 1v/kms ') (bsi v/km s~ ")
@D 11.1 £ 3.9
[0y 83+ 34
(IIT) 11.6 £ 7.7 249 + 152 184 £ 11.9
Iv) 11.8 £ 5.1

Note. The values given in the second, third, and fourth columns are (average +
standard deviation) of the b-values for different regions based on the expected
LMC wind region deduced from Section 5: Milky Way (Region I:
visr < 100kms™!), Region I 100kms™' < vigg < 150kms~!, LMC
winds (Region III: 150 km s ™" < vy gg < 210 km s™"), and LMC disk (Region
IV: vgr > 210 km s~ ') for various ions.
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components at visg > +100kms~' are 0.73 + 0.29 and
0.43 £ 0.25 dex, respectively. These dispersions substantially
exceed the measurement errors for individual components,
indicating the presence of genuine variations in ionization or
dust depletion conditions across different sightlines and
components. However, we do not find a clear trend in the
[Sin/O1] and [Fe1/OT] values concerning their proximity to
the 30 Doradus region. Also, there is not a discernible pattern
of these values kinematically. Below, we discuss the potential
factors, such as ionization or dust depletion effects, which may
be contributing to these variations in the ion ratios.

To accurately interpret ion ratios, we consider three fundamental
properties of atomic species: chemical evolution, ionization, and
dust depletion. Iron, for instance, is primarily produced during
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nonthermal motion, and the dashed line in black is the broadening assuming a
pure thermal motion.

Type I supernova explosions (K. Nomoto et al. 1997), while Type
II supermnovae produce « elements along with iron (K. Nomoto
et al. 2006). These distinct phenomena may cause variations in the
quantities of atomic species they disperse into the ISM. For
example, an a-element enhancement of ~0.26 dex is observed in
the neutral ISM in the LMC (A. De Cia et al. 2024). Therefore,
given the disparate timescales of these phenomena and the
variations they produce in the abundances of atomic species, it is
crucial to focus on elements with similar chemical evolution when
interpreting ion ratios. Moreover, the dust depletion level depends
on different density environments and may also correlate with the
metallicity (see A. De Cia et al. 2024 and references therein).
Furthermore, dust depletion patterns differ for refractory elements
like silicon and iron compared to volatile elements like sulfur,
oxygen, and phosphorus (B. D. Savage & K. R. Sembach 1996;
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E. B. Jenkins 2009; E. B. Jenkins & G. Wallerstein 2017). Silicon
and iron are subject to more extensive depletion than oxygen and
sulfur in the MW’s ISM (E. B. Jenkins 2009). Since silicon and
oxygen are both « elements, the [Sill/O1] ratio should remain
largely unaffected by chemical evolution. However, this ratio
is influenced by dust and ionization effects. Oxygen being a
volatile element, we do not anticipate significant dust depletion
(E. B. Jenkins 2009), and the ionization correction for oxygen is
also minimal (S. M. Viegas 1995). Therefore, to interpret [Si I/
O1], we must weigh the relative impact of dust depletion versus
ionization on Sill. In general, if moderate dust depletion is
expected in HVC gas, we might anticipate —0.3 < [Sill/
O1] < 0.0dex (see also N. Lehner et al. 2009). For example,
A.J. Fox et al. (2023) found the dust depletion for HVC Complex
C to be §(Si) =~ —0.29 dex, suggesting moderate dust depletion.
Therefore, our observed average value of [(Sill/OD)] =
0.73 £ 0.29dex is primarily driven by the ionization of Sill,
with the considerable dispersion in values stemming from spatial
and kinematic ionization variations (see N. Lehner et al. 2009). We
also estimate the ionization fraction by using OT as a proxy for
neutral hydrogen and Sill as a substitute for both neutral and
ionized hydrogen (HI+-HI; see N. Lehner et al. 2009, 2001;
K. A. Barger et al. 2016). The hydrogen ionization fraction can be
approximated using the following equation:

Xt = 1 = Xm “4)
- NOI . (SI/H)Q (5)
Nsin  (O/H)e
where the hydrogen ionization fraction iS xgu =

Nuu/(Nu1 + Nun), the fraction of neutral hydrogen is Xy 1,
and (Si/H)., and (O/H). represent the solar abundance of
silicon and oxygen, respectively. Using this method, we
estimated the hydrogen ionization fraction of the absorbers
along our eight sightlines, which we display in Figure 13. We
include only components which have both the O and Sill
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Table 7
Observed Ton Ratios
Sightline Angular Offset VLSR [Fe 11/0 1] [Sin/O1] [Sim/S 1] Comments
(deg) (kms™")

BAT99 105 0.003 +104.5 0.37 + 0.10 0.38 + 0.06 >—0.79 HVC/wind
+125.6 0.45 + 0.10 0.46 + 0.07 >—0.68 HVC/wind
+163.2 0.63 £+ 0.17 0.52 £ 0.18 —0.96 £+ 0.27 LMC wind

Sk — 69°246 0.06 +103.7 0.28 £+ 0.05 0.61 £+ 0.06 >—0.78 HVC/wind
+124.5 0.45 £+ 0.07 0.81 £+ 0.08 >—0.69 HVC/wind
+177.6 >0.14 LMC wind
+209.5 —0.13 £ 0.20 LMC wind

Sk — 68°135 0.20 +108.3 0.39 + 0.04 1.14 £ 0.04 >—0.01 HVC/wind
+150.2 <0.21 <1.12 >0.68 LMC wind
+191.3 <0.19 <1.18 0.03 £0.14 LMC wind
+212.0 0.49 £ 0.36 LMC wind

BI214 0.52 +85.7 —0.09 £+ 0.12 0.43 + 0.08 >0.17 HVC/wind
+118.1 0.07 £ 0.13 0.55 + 0.06 >—0.25 HVC/wind
+162.7 <0.21 >—0.39 LMC wind
+189.9 >—0.25 LMC wind

Sk — 69°175 0.65 +120.0 0.24 £+ 0.07 0.60 £+ 0.17 —0.48 £ 0.18 LMC wind®
+164.3 0.52 £0.23 0.17 £ 0.27 LMC wind
+200.9 —0.02 £ 0.11 0.30 £ 0.07 —0.74 £ 0.08 LMC wind

Sk — 68°112 0.84 +90.0 0.35 £ 0.12 0.77 £ 0.07 >—0.25 HVC/wind
+116.6 <0.13 >—0.01 HVC/wind
+166.6 0.17 £ 0.17 0.90 + 0.04 —0.81 £ 0.12 LMC wind
+205.4 <-0.21 0.76 £ 0.06 —0.60 £ 0.23 LMC wind

BI 173 1.03 +115.6 0.08 + 0.09 >—0.04 >0.11 MW HVC*
+167.3 —0.76 £ 0.18 LMC wind

Sk — 69°104 1.76 +94.1 0.07 + 0.30 0.70 £ 0.19 >—0.38 HVC/wind
+123.4 0.48 + 0.18 0.62 + 0.11 >0.12 HVC/wind
+141.2 0.35 £ 0.23 0.79 + 0.08 >—0.03 HVC/wind
+160.8 0.15 +£ 0.39 0.83 + 0.09 >—0.41 LMC wind
+183.2 0.74 £+ 0.08 0.91 £ 0.06 >—0.58 LMC wind

Notes. This table shows the ion ratios for the matching components in a velocity range of +90 km s ' < v gg < LMC’s disk boundary. For most of the components,
the v sr values are provided based on the velocity centroids for O 1. However, when a reliable O I measurement is not available, we provide this value based on Si II.
Sightlines are ordered in the increasing angular offsets from the center of 30 Doradus. The comments in the final column indicate the association of these absorption
components with either the MW HVCs, the LMC wind, or a combination of HVCs and wind when a distinct connection with the MW HVCs and/or LMC wind is not
evident. For all of the sightlines, the absorption at v; gg > 150 kms ™' is most likely associated with the LMC wind based on the discussion in Section 5. The
absorption at 4100 km s < v gg < 4150 km s™! does not have a clear association with the MW HVCs or the LMC wind, except for two components in two

sightlines where the photoionization modeling is available.
 Based on the photoionization modeling from Section 7.3.

detections. Generally, we observe that the wind components are
ionized to varying degrees, ranging from at least 40% to as
high as 90% based on the observation. It is important to note
that if silicon is depleted relative to oxygen, the estimated
[Sinl/O1] would provide a lower limit, and the gas could be
even more ionized. The data uncover both spatial and
kinematic anisotropy in the ionization fractions. However, no
clear trend in the ionization fraction concerning the distance
from 30 Doradus is evident.

To examine how the hydrogen ionization fraction varies
across different velocity regimes, we compute their weighted
averages in three distinct velocity bins. For the absorbers across
all eight sightlines, we find that (xypn) = 0.87 £ 0.03 at
VMW, disk < VLSRg +100 km Sil, <XHII> = 0.72 + 0.11 at
+100 <visg < +150kms™!, and (xyn) = 0.76 £ 0.14 at
+150kms ! < visk < Vimcadisk- Notably, the ionization
fraction of the gas at visg < +100km s~ ! that likely traces
MW material is higher than and does not overlap with the gas
moving at +100<vsg < +150km s . However, the
ionization fraction of the gas moving at this intermediate-
velocity bin does overlap with the highest-velocity bin material
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that is moving at speeds more closer with the LMC, albeit the
latter has a much larger spread. The overlap between these two
may indicate a causal connection between the gas in these two
velocity bins that would be speculated if they shared the same
physical origin. One might expect the LMC wind to be highly
ionized due to the stellar feedback that heats the gas through a
combination of photoionization and shock heating. However,
other factors—such as mixing with the surrounding media—
could promote cooling. Combined, this has led to a large spread
in ionization conditions in this region.

Another crucial ion ratio to consider is [SiIl/S II]. Since both
silicon and sulfur are a elements, this ratio depends on the
relative effects of dust and ionization. We compare the
distribution of this ratio across various offsets from 30 Doradus
and a wide range of velocities (see Figure 14). In the cases of
saturation of the Sill lines and nondetection of S1I lines, we
present the lower limit of the ratio, shown by the upward-
directed triangle. While there is not a distinct dependence of
[Sit/S 1] on velocity, a noticeable trend emerges regarding
projected distance from 30 Doradus, especially for slow-
moving components. Sightlines in close proximity to 30
Doradus tend to exhibit solar or occasionally supersolar values,
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Figure 13. Ionization fraction as a function of angular separation from the 30
Doradus region and vy sr as determined by employing O I as a proxy for neutral
hydrogen and Sill as a substitute for neutral and ionized hydrogen. Only
components where both O I and Si Il were detected are included in the analysis.
In a few cases, the upper limits in the values are depicted by the downward-
directed arrows. The horizontal dotted lines are drawn at the corresponding
angular separations of these sightlines from the center of 30 Doradus.

while those farther away predominantly have subsolar values.
If we consider sulfur as an undepleted element due to its lower
condensation temperature, the ratio might suggest a depletion
pattern that resulted from more dust destruction in the central
region of 30 Doradus by the higher number of SNRs (see
M. Lakiéevi¢ et al. 2015). However, we cannot draw a
conclusion from this ratio alone without considering the
ionization state of the gas, as the ionization potential for STI
is higher than that of Sill. Additionally, recent studies indicate
that there is evidence of sulfur depletion in the ISM (J. Roma-
n-Duval et al. 2022).

7.2. High Ions

While the neutral and low-ionization atomic species trace the
neutral and photoionized outflows from the LMC, the high ions,
CIv and Silv, may probe both the photoionized and
collisionally ionized gas. The theoretical models describing the
ionization mechanisms responsible for generating the high ions
present varying predictions for their ratios (L. Spitzer 1996). The
column density ratios of C IV and Si IV have been widely used to
understand the physical and ionization conditions in both the
MW and the LMC (N. Lehner et al. 2011; K. A. Barger et al.
2016; J. K. Werk et al. 2019; D. Krishnarao et al. 2022). To
accurately estimate the ratios, it is imperative that the SiIv and
CIV ions exhibit similar velocity structures and velocity
centroids. Across the first three sightlines, two components each
have matching counterparts between SiIV and CIV within the
velocity range of +90 < v sg < +220kms~'. However, the
outer sightlines generally lack matching pairs for both ions. We
compare the column density ratios for these matching
components as a function of C IV column density and bc v (see
Figure 15). We observe that the higher values of N¢ 1v/Ns; v are
typically associated with higher values of bc v. We estimate that
C1v and SilV ions sharing identical velocities exhibit a mean
and dispersion of (Nc/Nsirv) = 3.7 + 2.3, with values
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Figure 14. Variation of [Si 1I/S 11] with offset angle from 30 Doradus and vy sg.
The upward-directed triangles without the error bars are only the lower limits.

spanning from 1.5 to 7.8. Our N¢ v/Ns; v ratios and values of
bc v do not suggest that photoionization alone is influencing this
gas, as incident ionizing radiation is anticipated to produce
more Ns; v than Nc 1y due to the much lower ionization potential
of the silicon ions at IPg+ = 33.5eV compared to
IPos =479eV. Instead, this average ratio indicates a
preference for collisional ionization, with turbulent mixing
layers (TMLs; K. Kwak et al. 2015; R. L. Shelton &
K. Kwak 2018) which exist in the wind appearing to be the
best candidates for the production of these high ions (see
N. Lehner et al. 2011).

We also analyzed the line ratios for all sightlines that have
well-behaved continuum (seven out of eight) over velocities that
span from the MW to the LMC (v sg = —20 to 4300 km s h
by estimating the AOD column density for SiIv and CIV in
discrete 40 km s~ bins (see Figure 16). While these ratios vary
among different sightlines, we generally observe that they are
larger for the MW region than for the LMC. To compare them
further, we plotted the mean values for these ratios for each
sightline with a dotted line. For many of the sightlines, the ratios
for the bins located at vi gg > +150km s~ ' are smaller than the
mean value, possibly suggesting their association with the LMC.
In N. Lehner & J. C. Howk (2007), they observed that the line
ratios of OVI and CIV vary from sightline to sightline.
However, they also found that the MW and IVC components
had similar ratios and that the HVC and LMC components ratios
were similar, suggesting two different associations. If we
compare our global mean N v/Ns; v ratios across all sightlines
for each velocity bin, the ratio reaches its maximum at the bin
center of visg = + 80kms ™! and then decreases toward the
LMC, suggesting a transition region somewhere between
+80 < visg < +120kms~'. While the physical meaning of
this trend is unclear, it might indicate a transition similar to what
we observed in Section 5.2 for the column density versus
velocity of FellL

Our photoionization models (which we discuss in more
detail in Section 7.3) for the vigg = +115km s ! component
along sightline BI 173 and the v sg = +120 km s! component
along sightline Sk — 69°175 also predict the column densities
of SiIv and C1V in single-phase photoionized gas in which the
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low and high ions are well mixed. For the Sk — 69°175
sightline, the modeled photoionized column densities are
log(Nsiv/ cm ~2) = 14.24 and log(Ngw/cm~2) = 14.77. For
this component, the model predicts that the dominant phases
for silicon and carbon are in the form of Silll and CIIL
However, we lack the observed column densities of SiIv and
C 1V for this sightline to compare with the predictions. For the
BI 173 sightline, the predicted photoionized SiIv and CIV
column densities are extremely small, at log(Nsjy/cm2) =
8.86 and log(Ncy/cm~2) = 7.37. The much larger observed
value of log(Nsjry/ cm -2y = 13.02 for a component at a similar
velocity suggests that photoionization alone cannot account for
such a high column density for SiIV, and therefore requires a
higher contribution from the nonthermal motion of the gas.
From the average Doppler parameter values for the SiIv and
C1v, we estimate that the gas probed by these ions can
reflect temperatures of 7 < 8.5 x 10°K and <6.9 x 10°K,
respectively, suggesting TMLs being the most likely candidates
of these high ions. However, these ions may also be indicative
of probing the corona of the LMC or an interface region where
the wind feeds into the LMC’s halo.

7.3. Photoionization Modeling

While the observed ion ratios in Section 7.1 provide some
insight into the ionization conditions, we further assess the
physical and ionization properties through photoionization
modeling. The neutral and low-ionization species, i.e., O1, SiTl,
S 1, Al T, and Fe I, with narrow component structure should trace
the cool photoionized phase of the LMC’s outflow. We observe
multiple components of neutral, low, and intermediate ions in
each of our sightlines between the MW and the LMC; however,
the location of these components is not known for certain.
Components observed at v g > +100 km s~ ! can be associated
with MW halo HVCs as well as with the LMC wind. Given the
discussion in Sections 3.3, 3.4, and 5.2 above, and that we are
looking in the direction of an active star-forming region, we
explore if blueshifted absorbers that are kinematically offset from
the LMC’s H1 disk by more than 100 kms ™' could be part of a
high-velocity outflow from the LMC. For example, this would
include the visg ~ +120kms™' (mesr &~ —152kms™!)
components along the Sk — 69°175 sightline.
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To assess the role of photoionization in these components, as
well as to characterize their physical conditions and element
abundances, we include multidimensional photoionization
models using CLOUDY (M. Chatzikos et al. 2023) in our
analysis. These models aim to (i) provide measurements of
unseen ion stages in order to determine an elemental abundance,
(i1) quantify the amount of dust depletion, and (iii) provide a
constraint on the size and location of the cloud. All models
assume that the outflow component is a plane-parallel slab of
uniform density exposed to radiation fields from the MW disk,
Magellanic Clouds, and extragalactic background. We did not
use the direct radiation field from the 30 Doradus star-forming
region, as exposing these fast-moving clouds with a velocity of
Visr ~ +120km s ! to such field does not reproduce the
observed HI and O1 column densities as all of the oxygen and
hydrogen will be ionized under such exposure. The MW disk-
halo model that we used is a nonisotropic composite hard and
soft radiation field composed from the escaping UV flux of O-B
stars (J. Bland-Hawthorn & P. R. Maloney 1999; A. J. Fox et al.
2005, 2014; J. Bland-Hawthorn et al. 2019). The Magellanic
radiation fields from K. A. Barger et al. (2013) are rotated
versions of the MW's model that have been rescaled so they
match the observation of Ha emission toward the Magellanic
Bridge. We adopt the extragalactic UV background from
V. Khaire & R. Srianand (2019). With this coadded and 3D
reconstructed radiation field, we were able to intergolate its
strength at any distance between the MW and LMC.'

As we do not know the precise position of the gas along the
line of sight, we run our models over a large grid of flux values
that correspond to different physical positions between the MW
and LMC. Following the presentation of the disk-halo model in
J. Bland-Hawthorn et al. (2019), an absorber along the
line of sight to the LMC could be exposed to an
escaping hydrogen-ionizing flux in the range of 4.65 <
log (®y/photons cm~2 s1) < 7.05. We therefore ran all of
our CLOUDY photoionization models over this flux range in step
sizes of 0.15dex to match the contours of the model (see
J. Bland-Hawthorn et al. 2019). Thus, this modeling approach
will ascertain what range of flux values is permitted by the
observations to help narrow down the physical location of the
cloud components along the line of sight. We ran each of these
models over a range of hydrogen number densities from
—3 < log (ny/ cm™3) < 0 in steps of 0.1 dex.

We are only able to perform photoionization modeling for
high-velocity components toward two LMC stars, Sk — 69°175
and BI 173, as they have suitable HI emission data, which
serves as the model stopping criteria since HI should be
cospatial with our most robust metallicity tracers, O1 and S1I.
For our purposes, suitable HT data are detections of at least 3o
that are similar velocities to the observed neutral and low-ion
species. Details and results for each sightline are described in
the following subsections.

7.3.1. The +115 km s~ Component toward BI 173

We observe an absorption component of OI at
VISR = +115.6kms~' in the STIS UV spectrum toward
BI 173 that kinematically overlafl)s with the HI 21 cm emission
centered at v sg = +117.9km s~ (see Figure 21). Corresponding

16 The Milky Way Radiation Field and Ionization Photon Flux Tool, which
includes contributions from the Magellanic Clouds: https://github.com/
Deech08/galrad.
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components for Sill, FeII, and Al I are also observed within the
velocity range of +118 < v gr < +124kms ™. However, this
component does not have an adjacent ion ratio to constrain the
ionization parameter, therefore we designed a CLOUDY optim-
ization model to find model parameters that are consistent with the
observed column densities in this component (see Table 3).

We use CLOUDY’s built-in optimize command with two
free parameters: the hydrogen-ionizing photon flux ®y and the
total hydrogen number density ny. As described above, these
initial broad range requirements ensure that CLOUDY does not
settle at a local minima during the optimization process. The
neutral hydrogen column density measured in this component
(log (Ni/ cm™2) = 19.01 £ 0.10 from the GASS survey)
serves as our stopping criterion. Because HI and O 1 are known
in this component, we use the [OI/HI] = —0.69 + 0.13 dex
abundance as an additional input parameter. We want to
emphasize that this value of [OI/HI] is in excellent agreement
with the value estimated by N. Lehner et al. (2009). To fine-tune
the optimization model even further, we permit this metallicity to
vary within a margin of error of £0.15dex in 0.05dex
increments. After the optimization model returns the optimal
log ®y, log (ny), and metallicity, we run a final CLOUDY model
at those parameters to determine the best-matched model
predicted ion column densities, ionization corrections, and
potential dust depletion.

The results of the optimization model describe a cloud that is
predominately neutral, with log (Nyy/ cm2) = 18.31 and a
hydrogen ionization fraction of yy = 0.17. We find an optimal
hydrogen number density and hydrogen-ionizing photon flux of
log (ng/ cm™3) = —0.29 and log (®y/photons cm~? s71) =
5.16. The characteristic thickness of the absorbing neutral gas
layer is 6.5 pc, calculated from the hydrogen number density and
the neutral gas column density, i.e., ¥ = Nyp/ny. Thus, the model
predicts a small, mostly neutral cloudlet with log (7'/K) ~ 3.8.
Since this absorber lies somewhere along the line of sight
between the star BI 173 in the LMC and the Sun, exposure to
this ionizing photon flux places the receding cloud at a radial
distance of either 7.5 kpc from the center of the LMC or 4.3 kpc
from our position in the disk of the MW.

Because the ionic column density we observe may not be the
dominant ion stage present in the gas, we utilize the model
results to calculate ionization corrections for the observed ion
stages. The ionization correction can be expressed as a
difference between the true and observed ion abundance, i.e.,

IC(X)) = [X/H] — [X'//HI]. (6)
We find a low-ionization correction of IC(O) = —0.01, which
results in a low gas-phase oxygen abundance of [O/H] =
—0.70 £ 0.13 dex. We calculate ionization-corrected gas-phase
abundances of [Al/H]> -0.74, [Si/H]> -0.81, and
[Fe/H] = —0.68 + 0.12dex (see Table 8 and the top and
middle panels of Figure 17). The error bars on the ionization
corrections in the top panel represent the highest and lowest
possible correction to the ion abundance if the model column
density (i.e., O1, AlIL SiIl, or Fe II) were 10% higher or lower.
We include this range to demonstrate the low sensitivity this
change has on the ionization correction. This range of
sensitivity is also propagated through to the calculated element
abundance and the associated error.

We check for dust depletion effects in this component
following the convention that the depletion, 6o(X), of a
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Figure 17. Photoionization modeling results for the visg ~ +115km s !
component toward BI 173 with optimal hydrogen number density
log(ny/ cm™3) = —0.29 and  hydrogen-ionizing photon  flux  of
log (®y/photons cm~2 s~1) = 5.16. Top panel: ionization corrections for
the low ions O I, Al 11, Si II, and Fe 1I. The dashed gray horizontal line at zero
indicates no ionization correction. Middle panel: comparison of the elemental
abundances after correcting the ionization. The dashed gray horizontal line at
zero marks the solar abundance. Bottom: comparison of the levels of depletion
among different elements 6o(X) = [X/O]. The dashed gray horizontal line at
zero indicates no depletion relative to oxygen.

Table 8
Summary of Photoionization Modeling Results for visg &~ +115km s~
Component toward BI 173

1

Element (X) IC (X [X/H] o (X)

0 —0.01 + 0.04 —0.70 + 0.13

Al —0.06 + 0.04 >-0.74 >-0.04
Si —0.08 + 0.04 >-0.81 >-0.11
Fe —0.07 + 0.04 —0.68 + 0.12 —0.02 £ 0.11

refractory element X is measured as a difference between
ionization-corrected abundances of X and oxygen:

60(X) = [X/H] — [O/H]. (N

A negative value for 6o(X) indicates depletion of X with
respect to the volatile element oxygen, under the assumption
that the total (gas + dust) abundances are solar. The error for
the depletion depends only on the observed ion column density
errors and the IC sensitivity values for the refractory
and volatile elements. Overall, we find a lower limit for the
depletion level for both silicon and aluminum of 6o(Si) >
—0.11 and 6p(Al)> —0.04 dex, respectively. We find

19

Poudel et al.

bo(Fe) = —0.02 + 0.11 dex (see Table 8 and the bottom panel
of Figure 17). The dust depletion measurements suggest there
is no dust in this cloud. Overall, these physical characteristics
(i.e., mostly neutral, cool, low-metallicity, dust-free) suggest
the cloud seen near +115kms™ ' is a MW halo HVC.

7.3.2. The 4120 km s~ Component toward Sk — 69°175

Along the Sk — 69°175 sightline, we observe an absorption
component of O 1 that is centered at v sg = +120.0 km s~ in the
FUSE FUV spectrum that overlaps with the HI 21 cm emission
line at visg = +116.4kms ' (see Figure 21). N. Lehner et al.
(2009) measured log (Ny/ cm™2) = 19.18 & 0.10 for this
component using Parkes radio 21 cm data from the LMC HI
survey (L. Staveley-Smith et al. 2003). We also observe multiple
singly ionized species Al1l, Sill, SII, Fe II, and NilI that overlap
and with centroids within the velocity range of +108 <
VisR < +116km s’ We measure a lower limit of
log (Nsim/Nsin) = —1.16 dex (Silll is saturated) for this absor-
ber, which we can use to bound the ionization parameter.

We designed a CLOUDY optimization model to find the
optimal parameters that explain the observed column densities
for this absorber (see Table 3). We once again use CLOUDY’S
built-in optimize command with free parameters $y and ny,
where we used the neutral hydrogen column density measured
in this component of log (Ny;/ cm~2) = 19.18 dex as a model
stopping criterion. The model optimizes over the range of flux
values from 4.65 < log(®y/cm2s7!) < 7.05 in steps of
0.15dex and number density —3.0 < log (ny/ cm~3) < 0 in
steps of 0.10 dex, as we describe above in Section 7.3.1.

We looked to estimate the metallicity based on OI as
this element depletes very little in warm ionized gas and
has a negligible ionization correction for clouds with
log (Nig;/ em™2) > 19 due to charge exchange between hydrogen
and oxygen (S. M. Viegas 1995), which is consistent with what
we found in our photoionization models (see Figures 17 and 18).
However, given the FUSE resolution of 20 km s~!, we cannot rule
out that the O1 1039 A component at v; sg = +120km s may
be saturated, therefore we give a limit on [O1/HI] > —0.67.
Additionally, adopting the O1 column density as it is from the
profile fitting results in nonphysical outcomes from the photo-
ionization modeling. Fortunately, we have a good unsaturated
measurement for S which yields a sulfur ion abundance of
[SU/HI] = 40.24 4+ 0.11. Sulfur is also known to deplete very
little onto dust, but does require an ionization correction to the ion
abundance to account for the amount of sulfur present in other ion
stages. J. A. Collins et al. (2003) conducted a study to determine
the range of ionization corrections for S I as a function of log Ny;
in different density regimes, where the highest and lowest
ionization corrections corresponding to our HI column densities
range between —0.7 < ICsy < —0.3, respectively. This range
of correction values could result in an elemental abundance for
[S/H] from approximately —0.5 to nearly solar, therefore we
permitted the optimize model to vary over a larger range of
metallicity values to fully explore the effect of metallicity on the
model column densities. We chose a range from —0.76 to +0.06
in steps of 0.10 dex, which conservatively contains within it both
the observed [O1/HI] lower limit and the possibility of a solar
abundance.

The results of the optimization model describe a mostly
ionized cloud with a hydrogen ionization fraction of xy = 0.97
and log (T /K) = 4. The optimal hydrogen number density and
hydrogen-ionizing photon flux are log (ny/ cm—3) = —2.13 and
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Figure 18. Photoionization modeling results for the vigg ~ +120kms~'
component toward Sk — 69°175 with optimal hydrogen number density
log(ng/ cm™3) = —2.13  and  hydrogen-ionizing  photon  flux  of
log (®y/photons cm™2 s~!) = 5.85. Top panel: ionization corrections for the
six low ions (O I, Al 1L, Sill, S 11, Fe 11, and Ni II). The gray horizontal line at zero
marks no ionization correction. Middle panel: comparison of the ionization-
corrected elemental abundances. The gray dashed horizontal line marks solar
abundance. Bottom panel: comparison of the levels of depletion among different
elements 6s(X) = [X/S]. The gray horizontal line marks no depletion of the
element relative to sulfur, assuming a solar abundance.

log (dy/photons cm~2 s~!') = 5.85, respectively. The charac-

teristic thickness of the absorbing neutral gas layer is 0.67 kpc,
calculated from the hydrogen number density and the neutral gas
column density, i.e., r = Ny ;/ny. Since this component is seen
somewhere along the line of sight to Sk — 69°175 in the LMC,
exposure to this ionizing photon flux places the receding cloud at
a radial distance of either 3.6 kpc from the center of the LMC or
6.6 kpc from our position in the disk of the MW.

We find an ionization correction of IC(S) = —0.62 dex and a
gas-phase element abundance of [S/H] = —0.38 &+ 0.12. This is
consistent with the lower limit to the gas-phase oxygen element
abundance [O/H] > —0.67. We calculate ionization-corrected gas-
phase abundances of [Al/H] > —1.85, [Si/H] = —0.88 £ 0.13,
[Fe/H] = —0.80 £ 0.15, and [Ni/H]= —0.83 £ 0.13 (see Table 9
and the top and middle panels of Figure 18). We also checked for
UV dust depletion effects in this component using the same
procedure described above in Section 7.3.1. In this case, we
calculate the depletion of the refractory elements relative to the
unsaturated volatile element sulfur. For this component, we find
evidence of moderate dust depletion for silicon, iron, and nickel
of 6s(Si)= —050 + 0.16, és(Fe)= —042 £ 0.13, and
os(Ni) = —0.45 + 0.11.

Overall, these physical characteristics (i.e., mostly photo-
ionized, warm, subsolar metallicity, moderate dust depletion)
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Table 9
Summary of Photoionization Modeling Results for visg &~ +120 km s~
Component toward Sk — 69°175

1

Element (X) IC(XY) [X/H] 65(X)

0 —0.01 =+ 0.04 >-0.67 >-0.29
Al —1.34 £ 0.04 >-1.85 >-147

Si —0.67 £ 0.04 —0.88 £ 0.18 ~0.50 £ 0.16
S —0.62 + 0.04 —0.38 +0.12

Fe —0.26 £ 0.04 —0.80 £ 0.15 —0.42 £ 0.13
Ni —0.58 + 0.04 ~0.83 +£0.13 —0.45 £ 0.11

suggest the cloud seen near +120kms ' originates from
a galactic disk. We note that the subsolar element abundance
[S/H]= —0.38 £+ 0.12 (42f}8% solar) is consistent with the
current-day metallicity of the LMC of 46% (S. C. Russell &
M. A. Dopita 1992). For the cloud to have originated from the
MW Galactic disk, we expect that the cloud should have a solar
or supersolar metallicity unless the cloud has undergone
significant mixing (J. A. Gritton et al. 2014) over the predicted
distance from the MW of 6.6 kpc.

8. Galaxy Simulation

To aid in the interpretation of our observations, we
incorporate high-resolution hydrodynamic simulations of the
LMC, SMC, and MW galaxies. These GIZMO simulations
utilized a “meshless finite-mass” hydrodynamics scheme
(V. Springel 2005; P. F. Hopkins 2015). These simulated
galaxies consist of live dark matter halos that include coronal
gas at their respective virial temperatures. The LMC and SMC
have stellar and gaseous disks that are in agreement with
observations and follow the orbital history of the Magellanic
Clouds. This simulation follows the V. Springel & L. Hernquist
(2003) star formation, mechanical stellar feedback, and the
R. P. C. Wiersma et al. (2009) and P. F. Hopkins et al. (2018)
metal-dependent heating and cooling prescriptions. We outline
the details of these simulations in S. Lucchini et al. (2024).

Our simulation produces a starburst region that is similar to
30 Doradus, but one that has a less active history. This
simulated region formed 1.3 x 10° M, of stars in the past
2Myr and 2.4 x 10° M_, within the past 20 Myr. We include
snapshots of the low- and high-ion gas distribution of the
simulated 30 Doradus analog at the present day and 20 Myr in
the future in Figure 19. Due to the high present-day star
formation rate, a large (~1 kpc in diameter) bubble in the ISM
forms in 20 Myr as a consequence of the supernovae feedback.
The present-day morphology of the low-ionization species in
this simulation is similar to that of the HI gas distribution of 30
Doradus (see Figure 1), where the star formation activity is
being fed by high-column-density gas that is surrounded by
pockets of relatively lower-column-density gas in which
ejected material can more easily traverse.

As the LMC and SMC approach the MW, the LMC’s coronal
gas and wind interact with the MW’s halo, and they become
distorted due to a combination of ram pressure and tidal forces. We
include a schematic of the resultant geometry of the mangled
Magellanic Corona (S. Lucchini et al. 2020, 2021) relative to the
MW and SMC in Figure 20. The present-day warped Magellanic
Corona is shaded orange and the MW’s coronal gas is depicted in
purple. The arrows in blue emanating from the LMC’s disk
represent the LMC’s galactic wind, which is encapsulated within
the Magellanic Corona. While the Magellanic Corona is



THE ASTROPHYSICAL JOURNAL, 984:161 (30pp), 2025 May 9

y (kpc)

-50 -25 0.0

x (kpc)

25 5.0

-1.0

0.5

Poudel et al.

1022

1021

1020
1021

(z—wd) Asus@ uwnjo) pa1dafoid

1020

'~1.0-0.5 0.0 0.5 1.0 —0.5 0.0 0.5 1.0

Ax (kpc) Ax (kpc)

Figure 19. Face-on projection of the simulated LMC highlighting the 30 Doradus analog region. Color bars represent projected column density in cm 2. The left panel
depicts the entire face of the LMC disk, with the four panels on the right showing a zoomed-in region around the 30 Doradus analog. Of the four panels on the right,
the top two panels highlight the distribution of H I corresponding to the low ions, and the bottom panels highlight the H II corresponding to the high ions. The left two
panels feature the gas at the present day, having formed 1.2 x 10°M,, of stars within 2 Myr, and the right panels emphasize the appearance of the region at 20 Myr of
evolution. A supernova bubble is visible extending ~1 kpc in diameter. The gray dashed lines mark circles with radii of 0.5 and 1 kpc as in Figure 1.

Galactic corona

50 kpc

Figure 20. Schematic of the present-day, warped Magellanic Corona (in orange) in the y—z plane and the predicted position of the Magellanic Stream (in blue; S. Lucchini
et al. 2020, 2021). The present-day LMC velocity is indicated with a gray arrow and the opposing direction of the apparent wind through the MW’s coronal gas (in purple)
is marked with purple arrows. The blue arrows that emanate from the LMC’s disk represent the LMC’s galactic wind, which is encased within the Magellanic Corona.
The black line that extends between the Sun and a star embedded within the LMC’s disk illustrates the line of sight that we are able to probe in this absorption-line study.

significantly warped from its initially spherical shape, it still
surrounds the Clouds today and may shield the LMC’s wind from
the ram pressure effects associated with the MW’s gaseous halo.

9. Discussion

Below, we discuss the origin of the wind in detail and
compare our findings with the existing literature on 30 Doradus
and the global LMC wind in general. As previously detailed in
Section 5, our analysis of the radial distribution of the

21

blueshifted gas in the foreground to 30 Doradus, with velocities
reaching up to visgr &~ +150km s ™', suggests that this material
is primarily associated with the galactic wind driven by 30
Doradus. However, additional evidence—such as the relation-
ship between cloud speed and column density described in
Section 5.2, trends in ion ratios, and insights from photo-
ionization modeling—indicates that some of the absorption
within the range +100 < vigg < +150kms™' may also be

~

attributed to the LMC wind, along with contributions from the
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MW’s HVCs. In particular, the highest wind speeds based on
our lighter cloud assumption, as discussed in Section 5.2, are
observed along the first four sightlines, which are located near
the most highly ionized central region of 30 Doradus, where the
massive star cluster R136 resides (see N. R. Walborn 1991;
N. Castro et al. 2018 and references therein). Given the extreme
conditions in this region, the presence of concentrated, high-
velocity outflows along these sightlines is expected.

We estimate the outflow mass and the outflow rate from the
low ions for the 30 Doradus region encompassing these inner four
sightlines that lie out to a projected radial distance of R = 0.45 kpc
from the center of 30 Doradus. For this, we utilize the average Si Il
AOD column density of log(Nsy/cm~2) ~ 15.36 for the
sightlines Sk — 69°246 and Sk — 68°135 integrated in the
velocity range of +100kms ™' < v gg < LMC's disk boundary.
Both of these sightlines have SiIIA1808 measurements available
which offer unsaturated column densities. The total column
density measured this way is also consistent with the results from
the Voigt profile fitting. The outflowing mass (Mygow) 18 directly
proportional to the product of the column density of the ion ()
and the surface area of the outflow (A):

Moutﬂow =p <NH> A cos i, (8)

where we multiply by a factor of cosi to account for the LMC’s
inclination angle of i ~ 23.4 (Y. Choi et al. 2022) and we adopt
an average particle mass of p = 1.3m,. The surface area of the
outflow can be written as A = ¢ Rz, where we consider a
covering fraction of ¢, = 1.0 for the low-ionization species as this
region of 30 Doradus remains active across its entire area and we
detect the outflows in all the sightlines we studied. Assuming the
metallicity of the LMC (Z = 0.5Z.) from S. C. Russell &
M. A. Dopita (1992), the mass equation for the nearside outflow
can be written as follows (see K. A. Barger et al. 2016):

1.3mp (Nsiy) ™ R? cosi

T Z/Z, Si/H), ®

M, outflow

We estimate a low-ion probed baryon mass outflow of
Miaryon = 8.6 x 10°M_, within 0.5 of 30 Doradus. If we restrict
the maximum wind speed to vigg = 150kms™" instead of
visr = 100kms ™!, the average Sill AOD column density will
only decrease by —0.06 dex to a value of log(Nsj;/cm —2) ~
15.29, which does not result in any significant reduction in the
outflow mass. Based on the discussion in Section 3.3, extending
the LMC disk width by ~10kms™' in the blueshifted direc-
tion would reduce the total average column density to
log(Nsiy/ cm %) ~ 15.18 and the corresponding outflow mass
would be Mparyon = 5.7 % 10°M.,. Comparing with the outflow
mass estimated by K. A. Barger et al. (2016), 30 Doradus alone is
found to be contributing a significant fraction of the total
outflowing low ions from the entire LMC.

Considering the oldest star cluster, the age of 30 Doradus has
been determined to be between 26.5 and 31.5 Myr old (M. Cignoni
et al. 2016). Studies also indicate that the rate of star formation in
the 30 Doradus region surpassed the average rate in the LMC
around 20 Myr ago (M. Cignoni et al. 2015). Assuming an average
line-of-sight speed of 100 < (|v|) < 150 km s, the wind originat-
ing from 30 Doradus could have traveled a distance 2—4.6 kpc over
the time period of 20-30 Myr. Remarkably, this distance range
aligns with one of the solutions obtained from photoionization
modeling for a component at visg = +120km s~! toward
Sk — 69°175. This particular component is found to be at a radial
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distance of 3.6 kpc from the LMC, consistent with the observation.
Moreover, assuming a maximum outflow timescale of
foutflow = 31.5 Myr based on the oldest star cluster in 30 Doradus
(M. Cignoni et al. 2016), the outflow rate would be
Myugiow = 0.02M, yr~'. Comparing our measurement for the
outflow mass rate with the star formation rate of the 30 Doradus
region (SFR = 0.18 M., yr'; O. Nayak et al. 2023), we estimate a
mass loading factor of 1 2 0.10. Additionally, we also estimate the
outflow rate using the cloud velocity and column density relation
from T. M. Heckman (2002; see Appendix B) and based on our
previous assumption of the lighter cloud hypothesis discussed in
Section 5.2. Assuming a 30 Doradus starburst radius of
0.15kpe (L. A. Lopez et al. 2011) and an LMC metallicity of
Z = 05Z.,, we calculate an outflow rate of Myufow =
0.026 4 0.003M, yr ', consistent with the outflow rate obtained
from the conservative approach discussed above.

Our findings are in alignment with the results reported by
D. A. Ciampa et al. (2021) based on an Ha emission map of the
LMC. They observed that the 30 Doradus region generates winds
with significantly higher speeds, surpassing a velocity of
Vimcsk > —175kms ™!, in contrast to the more general galactic
winds, which exhibit velocities around vipcsg < —1 10kms™ %
Additionally, D. A. Ciampa et al. (2021) noted an asymmetry in the
morphology of the Ha emission associated with the global wind,
where the wind is notably more concentrated in the quadrant of the
galaxy that encompasses 30 Doradus. Based on high-resolution
emission data of [O IIT] from the 30 Doradus region, M. P. Redman
et al. (2003) also reported a wind velocity that closely matched the
velocities observed in the fast-moving components in our work.

Previously reported in the study by N. Lehner et al. (2009),
there is evidence of higher concentrations of HVCs in the
vicinity of the 30 Doradus region based on the gradient in the
average velocities of HVCs observed across the entire expanse
of the LMC. Similarly, S. Kim et al. (1999) suggested a higher
density of supergiant shells closer to the 30 Doradus region.
These HVCs near 30 Doradus may be linked with H 1 voids that
have been generated by explosive stellar events, including
supernova explosions. Indeed, L. Staveley-Smith et al. (2003)
found a connection between the formation of HI voids in the
LMC'’s disk and supergiant shells (see their Figures 10 and 11)
as a consequence of such explosive events.

We also compare the ionization properties of the winds between
the 30 Doradus region and the entire LMC by examining the
average [Sill/OT]. To facilitate the comparison, we contrasted our
values with the results presented in N. Lehner et al. (2009), which
specifically investigated the HVCs directed toward the LMC within
the velocity range of +90 < vgg < +175kms . Although
we find wind speeds reaching up to visg ~ +215kms™ ',
we focus solely on the wind components in the range of
490 < vgr S +175kms ™' to match with the observations in
N. Lehner et al. (2009) for comparison. Our findings for the
30 Doradus region reveal an average [Sill/O1] ratio of 0.69 dex
with a dispersion of 0.29 dex, compared to the average ratio of
0.48 dex with a similar dispersion reported by N. Lehner et al.
(2009). This relatively higher value observed in the 30 Doradus
region is in line with expectations, as it is a result of the elevated
radiation levels arising from the intense stellar activity in the area.
In contrast, the average value for the entire LMC represents a
mixture of active and passive regions, which naturally yields a
lower average [Sill/O1] ratio.

While there is substantial evidence supporting the notion that the
fast-moving winds originate from the intense stellar activities within
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the 30 Doradus region, it is important to explore the other
possibilities, such as the potential influence of the thick disk’s
motion and the gas dynamics resulting from tidal interactions.
Typically, a galaxy’s thick disk plays a dominant role in the overall
rotational dynamics of the galaxy, and may exhibit some lag
compared to the less dense thin disk (G. H. Heald et al. 2007;
P. Kamphuis et al. 2007; T. Oosterloo et al. 2007). However, given
the LMC’s nearly face-on orientation (i = 23'4; Y. Choi et al.
2022), we may not be sensitive to absorption resulting from the
thick disk’s lag, as such effects are typically more pronounced in
edge-on galaxies (see K. A. Barger et al. 2016 for details). Another
plausible source of influence is the gravitational interactions
between the Magellanic Clouds, which have given rise to various
structures, including the Leading Arm, Magellanic Bridge, and
Magellanic Stream (K. A. Barger et al. 2013; A. J. Fox et al. 2014).
While the Leading Arm and Magellanic Bridge are situated
relatively farther away from the 30 Doradus region, the proximity of
the Magellanic Stream to this area warrants consideration.
D. L. Nidever et al. (2008) traced one of the two filamentary
structures in the Magellanic Stream back to the quadrant of the
LMC that contains 30 Doradus. P. Richter et al. (2013) later found
that this filament also has a metallicity consistent with an LMC
origin. Nonetheless, our choice of sightlines on the opposite side of
30 Doradus to where that filament passes was deliberate, with
intentions of avoiding material from this structure.

Considering that some studies propose the association of HVCs
toward the LMC at a velocity of +90 < v sg < +150kms™" with
the MW halo, rather than the LMC, as discussed in Section 3.4
(B. D. Savage & K. S. de Boer 1981; K. S. de Boer et al. 1990;
P. Richter et al. 1999, 2015), it is crucial to explore these possibilities
in the context of the 30 Doradus region. In particular, P. Richter
et al. (2015) indicates that high-velocity absorption is identified in
the spectrum of a MW halo star located at d., < 13.3 kpc away or
within 5.6kpc from the Galactic disk, strongly indicating an
association with the MW rather than the LMC for this absorber in
this direction. However, our sightlines are specifically positioned
either in the immediate core of 30 Doradus or in its close vicinity.
The background halo star used by P. Richter et al. (2015) lies in the
opposite side of 30 Doradus and outside the H I contour of the LMC
disk based on the HI emission channel maps from D. A. Ciampa
et al. (2021); the fast-moving absorber along this sightline may not
represent the outflows from the LMC and could instead be
associated with an HVC that lies in the foreground of the LMC.

We further explore the origin and properties of the absorption at
+100 < vsg < +150kms " using photoionization modeling
available for two high-velocity components along two sightlines
located at an offset angle >0.65 from the center of 30 Doradus.
Photoionization modeling for the visg = +120km s~ ! absorber
toward Sk — 69°175 and the visg = +115kms™" absorber
toward BI 173 provides some insights into the dust depletion and
the metallicity, which may be traced back to a specific origin of
these absorbers. For the component toward BI173, we find
evidence of no dust depletion, with it being mostly neutral, cool,
and with a lower metallicity of about —0.7 dex (see Section 7.3.1).
For the component toward Sk — 69°175, we find evidence
of moderate dust depletion and a subsolar metallicity of
[S/H]= —0.38 + 0.12 (see Section 7.3.2), which is consistent
with the current-day metallicity of the LMC (S. C. Russell &
M. A. Dopita 1992).

However, there are several detections of dust depletion in
MW HVCs too, typically with low to moderate levels. The
oSi) = —050 + 0.16, 6(Fe) = —042 + 0.13, and
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O(Ni) = —0.45 4 0.11 dex depletion patterns that we measure
for the absorber along the Sk — 69°175 sightline are very similar to
what A. J. Fox et al. (2023) found for HVC Complex C at
6(Si) ~ —0.29, §(Fe) ~ —0.42, and 6(Al) ~ —0.53 dex. For an
HVC in the inner galaxy, F. H. Cashman et al. (2023) reported a
value of [Fe/O]= —0.3 + 0.20dex, suggesting moderate dust
depletion. While a metallicity of [S/H]= —0.38 + 0.12 for the
VISR = +120kms™! component toward Sk — 69°175 is close to
the LMC metallicity, it is also close to several MW HVCs, such as
the Smith Cloud of [S/H]= —0.28 + 0.14 dex (A. J. Fox et al.
2016) and Complex C of [S/H] = —0.51 4 0.16 dex (A. J. Fox
et al. 2023). However, the speed of the cloud at |v| ~ 145kms™'
relative to the LMC, the metallicity which agrees with that of the
present-day LMC, the dust depletion being consistent with a
galactic origin, and the alignment with the bursty 30 Doradus
region makes this absorber more likely to be associated with the
LMC wind than with the MW. In contrast, the high-velocity
absorber along the BI 173 sightline with a lower metallicity and no
signs of dust suggest that this material is more likely a MW HVC.
Therefore, the high-velocity gas at 490 < vigg < +150kms™
along the four outer sightlines may represent a combination of both
foreground MW HVCs and LMC wind.

As we observe significant outflows from 30 Doradus, questions
arise about how these outflows withstand the direct headwind as
the LMC orbits through the MW’s gaseous halo. Studies have
determined that this headwind directly impacts the leading edge of
the LMC, resulting in the suppression of outflows on the nearside,
while the effect is milder on the farside (C. Bustard et al. 2020,
D. A. Ciampa et al. 2021). However, these studies did not consider
the existence of the Magellanic Corona, which has been recently
discovered both in observations (D. Krishnarao et al. 2022) and in
simulations (S. Lucchini et al. 2020, 2021). From the galactic
simulation, discussed in Section 8, although the Magellanic Corona
has deviated significantly from its initially spherical shape, it still
envelops the Magellanic Clouds today, providing shielding from
the ram pressure effects of the MW’s gaseous halo (see Figure 20).
Furthermore, recent studies utilizing hydrodynamical simulations of
the LMC (D. J. Setton et al. 2023) have suggested that the LMC’s
motion may generate a bow shock ahead of it, which could also
help mitigate the effects of the ram pressure (see also Y. Zheng
et al. 2024). K. A. Barger et al. (2016), utilizing a quasar as a
background source to investigate the outflows from the LMC,
observed symmetrical absorption on both the near and farsides,
indicating that nearside outflows are not significantly suppressed.
This also supports our speculation that there must be a protective
mechanism against ram pressure affecting these outflows. Since the
LMC might be on its first infall to the MW (G. Besla et al. 2007)
and has a high velocity (N. Kallivayalil et al. 2013), both the bow
shock and Magellanic Corona play an important role in protecting
the LMC’s disk from the MW’s circumgalactic gas.

10. Summary

We investigate the absorption features along eight sightlines
located within 1.7 of 30 Doradus. We intentionally chose
sightlines residing on one side of 30 Doradus to avoid potential
interference from Magellanic tidal structures, such as the
Magellanic Stream. Our study combines UV absorption-line
observations obtained with HST/STIS E140M and E230M
gratings and FUSE, focusing on early-type stars in the LMC.
Additionally, we complement our observations with ancillary H I
21 cm radio emission-line GASS and GASKAP observations
associated with the LMC. Our primary findings are as follows:
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1. Origin and distribution of the gas. The blueshifted gas in
the foreground of 30 Doradus, with speeds up to
visr = +150kms ', is most likely associated with the
galactic wind originating from 30 Doradus, based on its
radial distribution (see Section 5.1). However, several
results—for example, those based on the cloud speed
versus column density relation (Section 5.2), trends in ion
ratios (Section 7.1), and photoionization modeling
(Section 7.3), in addition to those from other studies—
suggest that some of the +100 < vigg < +150kms ™!
absorption might also belong to the LMC wind in
addition to the MW HVCs.

2. Outflow mass and outflow rate. The integrated low-ion
column densities across all wind velocities suggest a
greater concentration of outflowing gas in the direction of
30 Doradus that gradually declines with the projected
distance from the center of this starburst region. We
estimate a low-ion probed baryon mass outflow of
Moutiow =~ (5.7-8.6) x 10°M., from within 0.52 of 30
Doradus. We further estimate a lower limit for the
outflow rate to be Moygiow >  0.02M., yr~! and a mass
loading factor of 7 2 0.10. We find that the outflows from
this region contribute a significant fraction of the total
low-ion outflow mass from the entire LMC.

3. Ionization. The observed ion ratios together with the
photoionization modeling reveal that the wind compo-
nents are multiphased, with the hydrogen ionization
fraction ranging from 40% to 97%. We observe both
spatial and kinematic variations in these ionization
fractions. The typical smaller average b-values and an
absence of significant offsets in the velocity centroids
between O1 and Sill suggest that the gas probed by the
low ions is photoionized. For the high ions, the SiIV and
CIV components are broader and kinematically offset
from the low ions, suggesting that they are susceptible to
collisions and are largely consistent with TMLs that exist
in the wind.

4. Metallicity and dust depletion. Our photoionization model-
ing reveals the properties for two absorbers that lie at (i)
VISR ~ +120kms' toward Sk — 69°175, and (i1)
visg &~ +115kms™' toward BI173. We find evidence
for moderate dust depletion for silicon, iron, and nickel of
0s(Si) = —0.50 £ 0.16, és(Fe) = —0.42 £ 0.13, and
0s(Ni) = —0.45 £ 0.11dex for the absorber along the
Sk — 69°175 sightline. This cloud also has a subsolar
element abundance of [S/H]= —0.38 + 0.12, which is
consistent with the current-day metallicity of the LMC.
However, for the cloud toward BI 173, we find no evidence
of dust (6p(Fe) = —0.02 £ 0.11 dex) and a lower metallicity
([O/H] = —0.70 &+ 0.13 dex). The mostly neutral, cool,
low-metallicity, and dust-free properties suggest that the
cloud seen near vigg = +115km s~ ' is a MW halo HVC.

Finally, our high-resolution hydrodynamical simulations of the
LMC, SMC, and MW system using the GIZMO code suggest
that the winds generated in our 30 Doradus-like region are only
weakly affected by the direct headwind from the MW’s halo.
This is because the LMC’s corona acts as a shield, protecting
the outflows. Given that the LMC might be on its first infall to
the MW (e.g., G. Besla et al. 2007) and moving at high velocity
(e.g., N. Kallivayalil et al. 2013), both the bow shock and the
Magellanic Corona play crucial roles in safeguarding the
LMC’s wind from the MW’s circumgalactic gas.
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This paper is the first in a series investigating the wind from
the LMC, and future efforts will include a comprehensive
analysis of its global wind patterns, its connection with the
activity occurring within this galaxy, and the LMC’s halo.
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Appendix A
Voigt Profile Fitting Results

We present the spectral plot stacks for all the sightlines
analyzed in this study in Figure 21, except for sightline
Sk — 69°246, which was presented in Figure 5. These plot
stacks are presented in increasing order of the angular
separation of these sightlines from the center of 30 Doradus.


https://ror.org/05qajvd42
https://www.astro.uni-bonn.de/hisurvey/AllSky_gauss/
https://doi.org/10.17909/fnra-7754
https://github.com/Deech08/galrad

THE ASTROPHYSICAL JOURNAL, 984:161 (30pp), 2025 May 9 Poudel et al.

BAT99—105 =~ sol-  Sk—68°135 =~
TT\ » »
) 1S S
= v Y2
= >4 4
[22] S~ ~
Ll o o
o o
1.0 1 - AsAe b
0.5 19052 0.052
011302 o O 1|3°2 |
00 1
1
1.0
0.127
0.5 0127 Sill 1526
Sill 1526 O 1
00 1 10
0.00208
05 £ 0.01 Sill 1808
Si 1253 ‘1) e ' ' ' '
00 1 | ]
1.0 hashAR & . Ab oo 0.01
Slil 1253
0.5 00052 o1
Sl 1250 1 |a —
3500 R
Lo o '
R g Fell 2344
N 5[0.0581 NoE. | 1 1
S [Fell 1608 g 1
500, | 5 t17
Z1.0 Z  [All1670
O 1
0.5 0-191 1
CIV 1548 0.56
Allll 1854
0.5 [0-0953
CIV 1550
00 | | | |
1.0
00 _2.”5361393 0:536
0.0 SilV 1393
1.0
0.5 [9-262
SilV 1402
00k . | | -
-100 0 100 200 300 400 -100 0 100 200 300 400
-1 -1
Visg (km's ) Visg (km's ')
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Figure 21. (Continued.)
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Appendix B
Column Density versus Velocity

The galactic wind model from T. M. Heckman (2002)
describes starburst-driven, multiphase outflows powered by
mechanical energy from supernovae and stellar winds. These
winds expel interstellar material into galactic halos and beyond,
with cloud velocities (V¢oug) determined by ram pressure
acceleration:

Vetoud ~ 600p/ 2 Q0,1 i VAN kms T, (B1)
where p,, represents the wind’s momentum flux in units of 10°*
dynes, 2,, is the wind’s solid angle, ry is considered to be the
radius of the star-forming region in kiloparsec, and Njouq, 21 1S
the cloud’s column density in units of 10°' cm~2. The inverse
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Figure 22. Neutral hydrogen column densities derived from the Ng. ; column
densities assuming an Z = 0.5 Z, abundance and no ionization correction. We
only include Voigt-fitted column densities for the four nearest sightlines to 30
Doradus, with velocities extending to vy pcsr &~ —175 km s~ L. The blue trend
line and the associated yellow 50 uncertainty envelope represent a fit to the
T. M. Heckman (2002) model, which describes the velocity trend of gas clouds
that are accelerated by a starburst-driven galactic wind.

dependence of Vvioug ON Nejoug, 21 implies that denser clouds
accelerate more slowly. We explore the relationship between the
speed of the cloud and component column density (see
Figure 22) following this model and under our assumption that
lower-column-density clouds move faster (see Section 5.2). We
demonstrate that our data can be well fitted under this
assumption, yielding an outflow mass rate comparable to our
more conservative estimate (see Section 9).

Appendix C
Doppler Parameters Distribution

We compare the magnitude of the b-values across the entire
velocity range from the MW to the LMC using Fell (see
Figure 23). We selected Fell because it offers multiple
transitions (Fe IIA1608, 2249, 2260, 2344), which aids in
obtaining robust measurements for the line widths. Also, the
combination of these lines has the advantage of providing a
substantial number of detectable components without being too
weak or too strong to saturate when compared to other ions.
Furthermore, to ensure the reliability of the b-values, we retained
those components that were significantly detected, specifically
those with a FWHM greater than the instrumental profile.

To test whether or not the line widths in these kinematically
different regions are drawn from the same underlying popula-
tion, we used the Anderson-Darling statistical test. We found
that there is no statistically significant differences in b-values
among these regions at the 95% confidence level. We subdivide
the galactic wind region further into two velocity regimes: (i) a
fast-moving component (+150 < vy sg < +175kms "), which
exhibits a mean b-value (10.1 & 9.7kms "), and (ii) a slower-
moving counterpart (+175 < visg < 4+210kms "), which
exhibits a larger mean b-value of 12.5 + 6.1 kms~". This small
contrast in b-values between these groups may be attributed to
the blending of weaker components within the slower-moving
ones. Moreover, we also do not observe any specific trend in the
magnitude of the b-values with respect to the angular distance
from 30 Doradus. We discuss the line widths of both the low and
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Figure 23. Comparison of Doppler b-values distribution across all eight
sightlines at varying angular separations from 30 Doradus for Fe Il lines
covering the entire velocity range from the MW to the LMC. The widths of the
rectangular boxes are equal to the magnitude of the Doppler b-value. The
centers of these boxes represent the velocity centroids of the individual
components. The horizontal dotted lines are drawn at the corresponding
angular separations of these sightlines from the center of 30 Doradus. The three
horizontal lines in black show the approximate velocity ranges for the MW,
HVC, and the LMC regions.

high ions further in Section 6.1. Overall, we did not find a
statistically significant difference in the mean b-values between
any of these velocity subregions.
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